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Concentration of optical energy on the nanoscale 

Photon: Quantum of 
electromagnetic field 

Surface Plasmon: Quantum of 
electromechanical oscillator 

Nanoplasmonics is about nanolocalization of 
optical energy 

nm 500m ~ 2
1 =µ



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

Complexity in Nanoplasmonics 
 2011 

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

Erice, Italy            p.4 
11/11/2011 4:30 AM 

© Trustees of British Museum 

I. Freestone, N. Meeks, M. 
Sax, and C. Higgitt, The 
Lycurgus Cup - a Roman 
Nanotechnology, Gold Bull. 
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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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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 [I.-Y. Park, S. Kim, J. Choi, D.-H. Lee, Y.-J. 

Kim, M. F. Kling, M. I. Stockman, and S.-W. Kim, Plasmonic Generation of Ultrashort Extreme-
Ultraviolet Light Pulses, Nat. Phot. advance online publication (2011). doi: 10.1038/nphoton.2011.258. 

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)  

• M. I. Stockman, Nanoplasmonics: The Physics Behind the Applications, Phys. Today 64, 39-44 (2011). 
DOI: 10.1063/1.3554315. 

• M. I. Stockman, Nanoplasmonics: Past, Present, and Glimpse into Future, Opt. Express 19, 22029-
22106 (2011). 10.1364/OE.19.022029. 
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Plasmonic Near-Field Hot Spots: 
Happy 17th 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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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 
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 

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 
n)compressio 3d(for   ~

nm 25 n),compressio 2d(for  ~

:tenhancemen Field
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MOSFET US Patent 

Bandwidth ~ 10-100 GHz  
Low resistance to ionizing radiation 

This invention changed civilization as we know it  
This invention is used many more times than all others combined  
This is the most valuable element of nanotechnology: nanoamplifier, whose pairs in c-MOS 
technology form digital bistable amplifiers and logical gates for information processing  

Goal of plasmonics is to keep, amplify, and 
manipulate optical energy on nanoscale, just 
like the transistor does with electric energy 

The FET transistor is extremely vulnerable to 
ionizing radiation damage of the gate oxide, 
catastrophic degradation 
Speed of a processor ~ 3 GHz is determined by 
electric interconnects 
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Quantum Nanoplasmonics: 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). DOI 
10.1038/nmat2919 

9. R. A. Flynn, C. S. Kim, I. Vurgaftman, M. Kim, J. R. Meyer, A. J. Mäkinen, K. Bussmann, L. Cheng, 
F. S. Choa, and J. P. Long, A Room-Temperature Semiconductor Spaser Operating near 1.5 Micron, 
Opt. Express 19, 8954-8961 (2011). 

10. I. D. Leon and P. Berini, Amplification of Long-Range Surface Plasmons by a Dipolar Gain Medium, 
Nat. Phot. 4, 382-387 (2010). doi:10.1038/nphoton.2010.37. 
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The original spaser geometry 

Spaser field per one 
plasmon in the core 

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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Spaser is the ultimately smallest 
quantum nano-generator For small nanoparticles, 

radiative loss is 
negligible. 
Spaser is fully scalable 
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arXiv:0908.3559 
Journal of Optics, 12, 
024004-1-13 (2010) 

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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Spectral width of spaser emission 
(Schawlow-type formula) 

These equations of spaser theory are nonlinear 
describing a non-equilibrium second-order phase 
transition to spasing  Quantum Theory of SPASER 

http://arxiv.org/abs/0908.3559�


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

Complexity in Nanoplasmonics 
 2011 

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

Erice, Italy            p.20 
11/11/2011 4:30 AM 

CONTENTS 
•Introduction 
• Applications of nanoplasmonics 
•Localization of optical energy in time and space: Hot spots and ultrafast 
plasmonics 
•Adiabatic compression and high-harmonic generation 
•Spaser as a quantum generator 
•Spaser in stationary (CW) mode 
•Spaser as a quantum nanoamplifier 
•Experimental observation of the spaser 
•Conclusions on spasers 
•Spasing and loss compensation in plasmonic systems with gain 
•Conclusions on loss compensation 



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

Complexity in Nanoplasmonics 
 2011 

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

Erice, Italy            p.21 
11/11/2011 4:30 AM 

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

http://arxiv.org/abs/0908.3559�
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SPASER Threshold Condition [Consistent with original PRL 90, 027402-1-4 (2003)]: 

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

The spasing is 
essentially a quantum 
effect. 
It is non-relativistic: 
does not depend on c 
The spasing condition 
does not  directly 
contain gain per cm 
and the Purcell factor 
[E. M. Purcell, Phys 
Rev 69, 681 (1946)] 
but is related to them 

http://arxiv.org/abs/0908.3559�
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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 

Mark I. Stockman, 
Journal of Optics, 12, 
024004-1-13 (2010). 
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Spasing-Required Gain of Bulk Gain Medium 

Realistic  gain for direct 
band-gap semiconductors 
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Scaling of Spaser 
 
Field in spaser: 
 
Heat per flop:  
 
Threshold: 
 
Switching time: 
 
Quantum limit: 
 
Conclusion: Spaser is orders of magnitude more efficient (less heat per 
flop) than transistor. It can operate at the quantum limit.    
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The spaser as a Nanoamplifier 

Strategic goal is all-optical ultrafast (multi-THz) processors of signals 
and information, which are also radiation hardened 

Major problem: any quantum amplifier (laser and spaser) in a CW regime possesses 
exactly zero amplification (it is actually a condition for the CW operation). 

We have proposed to set the spaser as a nanoamplifier in three ways: 

1. In transient mode (before reaching the CW regime), the spaser still possesses non-
zero amplification 

2. With a saturable absorber, the spaser can be bistable. There are two stable states: 
with the zero coherent SP population (“logical zero”) and with a high SP 
population that saturates the absorber (“logical one” state). Such a spaser will 
function as a threshold (digital) amplifier 

3. Removing or reducing feedback, polaritonic spaser can function just like an optical 
amplifier but with a nanoscale size 
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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, graceful degradation 

Mark I. Stockman, 
Journal of Optics, 12, 
024004-1-13 (2010). 
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Spaser Nanoamplifier in Direct Bandgap Semiconductors  

InGaNa doped 

N. Dietz and M. Stockman, In preparation. 
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Experimental Observations of Spaser 
•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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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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BRIEF CONCLUSIONS 
1. Spaser is a nanoscopic quantum generator of coherent and intense local optical 

fields 
2.  Spaser can also serve as a nanoscale 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.  

3. Spaser has been experimentally observed recently. This experiment is in an 
excellent qualitative agreement with theory. The observed spaser is single mode. Its 
pumping curve is linear with  a threshold. Its linewidth is inversely proportional to 
pumping rate. 

4.  Numerous plasmon-polariton spasers (plasmonic nanolasers) have been designed. 
In contrast to spaser, their length is on the order of micron (transverse mode size is 
nanometric).  

5. 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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Appendix 

This device is 
more like a 
spaser than an 
effective low-
loss medium 
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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 local field is 
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Then the effective permittivity becomes (where bn  >0 is a coefficient): 

In the case of the full inversion (maximum gain) and in exact resonance, 
the imaginary part of the host-medium permittivity describes stimulated 
emission as given by the standard expression 
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•This is a criterion for both the loss compensation and spasing, the latter obtained 
previously in: M. I. Stockman, The Spaser as a Nanoscale Quantum Generator and 
Ultrafast Amplifier, Journal of Optics 12, 024004-1-13 (2010)  
•This criterion is analytical and exact, provided that the metamaterials is resonant and 
dense, and that its eigenmodes are non-uniform in space -- hot spots or reflection from 
facets -- create a 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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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 nc = 6 x1018 cm-3 for the lower curve 
(black) and nc = 3x1019 cm-3 for the upper curve (blue). 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 nc = 3x1019 cm-3 for the lower curve (black) 
and nc =2x1020 cm-3 for the upper curve (blue). 
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BRIEF CONCLUSIONS 

•The same criterion is obtained 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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Lecture 1    p.50 

END 
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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 
 
 
 ccvp 2)1( >−= π

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, 
 
 
which for a macroscopic cloak is much 
larger than the period T (typically,         ) 
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