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LECTURE 3

Ultrafast, Nonlinear, and Quantum Nanoplasmonics

1. Introduction: Problem of nanoscale control of local optical fields

2. Coherent control using pulse shapingg p p g

3. Two-pulse (interferometric) coherent control and visualization

4. Time-reversal and determination of controlling pulses4. Time reversal and determination of controlling pulses

5. Attosecond nanoplasmonics: attosecond plasmonic field microscope

6 Generation of high harmonics (EUV and XUV radiation)6. Generation of high harmonics (EUV and XUV radiation)

7. Surface plasmon amplification by stimulated emission of radiation 
(SPASER) and nanolasers
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PROBLEMS IN NANOOPTICS

Microscale

Delivery of energy 
t l

Ultrafast, 
li dto nanoscale: 

Conversion of 
propagating EM 

Enhancement and 
control of local

nonlinear, and 
quantum 
nanoplasmonics p p g g

wave to local fields
control of local 
nanoscale fields. 
Enhanced near-
fi ld

p
(SPASER)
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Nanoplasmonics is intrinsically ultrafast:

Best area for 
plasmonics

Spectrally, surface 
plasmon resonances in 
complex systems occupy 

n (fs)

p y py
a very wide frequency 
band

eV10~~ eV10~~ p
Corresponding 
shortest time of 

n (eV)

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

plasmonic responses 
~ 100 as

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.4
7/10/2015 10:08 AM

~10-100 fs range



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

COHERENT CONTROL ON NANOSCALE
Problem of dynamic spatial control at the nanoscale: TheProblem of dynamic spatial control at the nanoscale: The
wavelength of the excitation radiation is orders of magnitude
too large to control spatial distribution of local fields ong p
nanoscale by focusing

Thus, optical radiation does not have spatial degrees ofThus, optical radiation does not have spatial degrees of
freedom on the nanoscale

However it does possess spectral (phase or temporal)However, it does possess spectral (phase, or temporal)
degrees of freedom and polarization. These can be used
to dynamically control the optical energy localization at
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Schematic of Coherent Control by Frequency (Phase) Modulation
Different spectral components of 
h i i l ithe excitation pulse excite 

resonant surface plasmon modes.

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

This interference can be directed 
b h i h dby choosing phases and 
amplitudes of the different 
frequency components of the 
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Principles of coherent (quantum) control 
D. J. Tannor and S. A. Rice, Control of Selectivity of Chemical Reaction Via Control of Wave Packet 
Evolution The Journal of Chemical Physics 83 5013 5018 (1985); P Brumer and M Shapiro Principles ofEvolution, The Journal of Chemical Physics 83, 5013-5018 (1985); P. Brumer and M. Shapiro, Principles of 
the Quantum Control of Molecular Processes (Wiley, New York, 2003); R. S. Judson and H. Rabitz, 
Teaching Lasers to Control Molecules, Phys. Rev. Lett. 68, 1500 (1992); A. P. Heberle, J. J. Baumberg, and 
K. Kohler, Ultrafast Coherent Control and Destruction of Excitons in Quantum-Wells, Phys. Rev. Lett. 75, 
2598 2601 (1995)

REFERENCES ON COHERENT CONTROL OF OPTICAL ENERGY NANOLOCALIZATION

•M. I. Stockman, S. V. Faleev, and D. J. Bergman, Coherent Control of Femtosecond Energy Localization in 
N t Ph R L tt 88 67402 1 4 (2002)

2598-2601 (1995).

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, 054202-10 (2004)

A K b K O d H P t k Z S Y S J d H K Ki F t d I i f S f Pl•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, 1123-1127 (2005) 

•M. I. Stockman and P. Hewageegana, Nanolocalized Nonlinear Electron Photoemission under Coherent 
Control, Nano Lett. 5, 2325-2329 (2005), , ( )

•M. Aeschlimann, M. Bauer, D. Bayer, T. Brixner, F. J. G. d. Abajo, W. Pfeiffer, M. Rohmer, C. Spindler, and 
F. Steeb, Adaptive Subwavelength Control of Nano-Optical Fields, Nature 446, 301-304 (2007). 

•X. Li and M. I. Stockman, Highly Efficient Spatiotemporal Coherent Control in Nanoplasmonics on a 
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, g y ff p p p
Nanometer-Femtosecond Scale by Time Reversal, Phys. Rev. B 77, 195109-1-10 (2008).
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•Femtosecond local fields on nanoscale:
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Example to be considered: The exciting pulses are z-polarized, have
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Example to be considered: The exciting pulses are  z polarized, have 
Gaussian envelopes, and carry linear chirp,
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Possibility Coherent Control on Nanoscale Demonstrated

The nanosystems studied are an “engineered” V-shape and a
d l i ( ) i i d i h l h

z z

random planar composite (RPC) , positioned in the plane. The
material is silver; the spatial scale is 1-3 nm/grid unit.
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Linear responses

Exciting Pulse
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Spatial Distribution: Local Fields in V-shape, Negative Chirp 
t =57.3 fs
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Conclusion: There is a strong localization of the excitation energy at the tip of the
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Conclusion: There is a strong localization of the excitation energy at the tip of the 
nanostructure during a time interval on order of the pulse length
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Spatial Distribution: Local Fields in V shape Positive ChirpSpatial Distribution: Local Fields in V-shape, Positive Chirp 
t =58.5 fs
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Conclusion: Excitation energy is transferred between the tip and the opening of 
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gy p p g
the nanostructure. No spatial concentration of energy takes place.



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

< I >

Time-Averaged Responses
< I >€€€€€€€€€€€€€€€< I 0 > ‰10- 3 Ha=0L

4

6

< I >€€€€€€€€€€€€€€€< I 0 > ‰10- 3 Ha=- 0.3 L

4

6

< I >€€€€€€€€€€€€€€€< I 0 > ‰10- 3 Ha=0.3 L

4

6

< I >€€€€€€€€€€€€€€€< I 0 > ‰10- 3 Ha=0.3 L

4

6

Linear

0       10 3
0   II -0.3       10 3

0   II 0.3       10 3
0   II 0.3       10 3

0   II

zx
0

2

zx
0

2

zx
0

2

zx
0

2

< I 2 > 7 < I 2 > < I 2 > < I 2 >€€€€€€€€€€€€€€€€€‰10 7 H 0 3 L  72  2   72   72< I >€€€€€€€€€€€€€€€€€< I 02 > ‰10- 7 Ha=0L

2

4

< I 2 >€€€€€€€€€€€€€€€€€< I 02 > ‰10- 7 Ha=- 0.3 L

2

4

< I 2 >€€€€€€€€€€€€€€€€€< I 02 > ‰10- 7 Ha=0.3 L

2

4

< I >€€€€€€€€€€€€€€€€€< I 02 > ‰10- 7 Ha=0.3 L

2

4Two-
Photon

  0       10 7-2
0  II   -0.3       10 7-2

0  II   0.3       10 7-2
0  II   0.3      10 7-2

0  II

zx
0

zx
0

2

zx
0

2

zx
0

2

Same spectrumSame spectrum

Same average period
Same envelope

Conclusion: For averaged linear responses only spectrum is important
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Conclusion: For averaged linear responses, only spectrum is important.
In a nonlinear case, the phase is a controlling factor.
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Local Optical Fields in Random Planar Composite
at the Instants of their Maxima
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Conclusion: The phase is a controlling factor in random systems as well

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.14
7/10/2015 10:08 AM



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

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.15
7/10/2015 10:08 AM



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

Experimental Observation

Two-Photon Interferometric Coherent Control
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Two-Photon Interferometric Coherent Control (Movie as a 
function of the delay time between the pulses)
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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
PEEM Image as a Function of Delay (250 as per frame)

30 femtoseconds from life 
of a nanoplasmonic 

200 nm

p
systems
Localized SP hot spots are 
deeply subwavelength as 
seen in PEEM 
(photoemission electron 
microscope)
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Due to the low 
photoelectron energy and p gy
its large spread, there are 
large chromatic 
aberrations in the electronaberrations in the electron 
optics of the PEEM
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Theory: Spatial distributions of two-photon excitation as a function of 
delay between the two excitation pulses (Movie) max

z
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x0

Geometry of the system
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Coherent Control of Two-Photon Electron 
Emission in V-Shape Nanoantennas

max

Emission in V Shape Nanoantennas

(nm) (nm)

Time-integrated electron current as a function of interpulse delay

(nm) (nm)

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.21
7/10/2015 10:08 AM

Time integrated electron current as a function of interpulse delay
M.I. Stockman, Nano Lett. 5, 2325-2329 (2005). 0
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CONCLUSIONS

h d l i f h i i f d l id• Phase modulation of the excitation femtosecond pulse provides a 
functional degree of freedom necessary to control the spatial 
distribution of the local optical fields in nanosystems on the p y
femtosecond temporal and nanometer spatial scale.

• Both the spectral composition and the phase modulation 
determine femtosecond-nanometer dynamics of local fields. 

• For nonlinear photoprocesses, time-integral spatial distribution is 
ll d b b h h l d i h d l icontrolled by both the pulse spectrum and its phase modulation. 

Two-photon processes are locally enhanced at the optimum by a 
factor of up to 107.
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“Synthetic Aperture Radar” in Nanoplasmonics

M. Durach, A. Rusina, K. Nelson, and M. I. Stockman, Toward Full 
Spatio-Temporal Control on the Nanoscale, arXiv:0705.0725 
(2007); Nano Lett. 7, 3145-3149 (2007)
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Radar Basics: Synthetic Aperture 
Radar (SAR) or Active Phased Array 

Antenna Radar (APAR)Antenna Radar (APAR)

Planar array of a phased-array antenna 

φ = phase shift between two successive elements 
d di t b t th di ti l td = distance between the radiating elements 
Θ s= beam steering

Space Surveillance Radar
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Space Surveillance Radar
U.S. Space Command's largest surveillance radar. 
The world's first large phased array radar, the 
AN/FPS-85 was constructed in the 1960s at Eglin 
Air Force Base, Florida. 
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APAR: Active Phased Array Radar

AESA: Active Electronically Scanned Arrayy y
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An interference fringe of two coherent EM sources is a line of                  
;                                 

It i h b l Thi i th fi t l f h t t l d b th
,1,0   ,21  mmRR 

It is a hyperbola. This is the first example of coherent control used by the 
British in operation Oboe during WWII to guide bombers over Germany 
in complete radio silence

2

4

R
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M. Durach, A. Rusina, K. Nelson, and M. I. Stockman, Toward Full Spatio-Temporal 
Control on the Nanoscale, arXiv:0705.0725 (2007); Nano Lett. 7, 3145-3149 (2007)

Wave front

Polariton rays
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Problem: The pulses to control even simplest nanoplasmonic systems 
found by adaptive algorithms may be very complex.

How to determine a pulse that can localize optical energy at a given 
site of a nanosystem deterministically and robustly?

Solution: Time reversal approach

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) Xi 0705 0553(2008); arXiv:0705.0553
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N l i E L li ti Ti R l d C h tNanoplasmonic Energy Localization, Time Reversal, and Coherent 
Control
X. Li and M. I. Stockman, Highly efficient spatiotemporal coherent control in nanoplasmonics , g y ff p p p
on a nanometer-femtosecond scale by time reversal, Phys. Rev. B 77, 195109 (2008); 
arXiv:0705.0553

Idea of time reversal forIdea of time reversal for 
subwavelength EM-wave 
localization:
G Lerosey J de Rosny A Tourin and MG. 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 
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Antennas, Phys. Rev. Lett. 90, 014301 
(2003).
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Time-averaged two-photon 
excitation

Time-dependent local field intensity at the target 
points
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Schematic of proposed local excitation with adiabatic cones
M. I. Stockman, Nanofocusing of Optical Energy in Tapered Plasmonic Waveguides, Phys. Rev. 
Lett. 93, 137404-1-4 (2004)
F. De Angelis, G. Das, P. Candeloro, M. Patrini, M. Galli, A. Bek, M. Lazzarino, I. Maksymov, C. 
Liberale, L. C. Andreani, and E. Di Fabrizio, Nanoscale Chemical Mapping Using Three-
Dimensional Adiabatic Compression of Surface Plasmon Polaritons, Nature Nanotechnology 5, 
67-72 (2009)67-72 (2009).

5 nm radius
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CONCLUSIONS

•In nanoplasmonic systems, optical energy concentrates on the nanoscale 
in “hot spots” whose characteristic size is limited by the minimum size of 
the metal nanofeatures

Th l l ti l fi ld h t t th h t t b l•The local optical field enhancement at the hot spots may be very large, 
up to five orders of magnitude in intensity

•The local optical fields evolve in time on the femtosecond scale•The local optical fields evolve in time on the femtosecond scale, 
potentially on the attosecond scale

•The optical field nanolocalization is coherently controllable by pulseThe optical field nanolocalization is coherently controllable by pulse 
shaping

•Time reversal gives a convenient and powerful tool to determine the 
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Nature Photonics 2007 (In Print; Scheduled for September 2007 Issue)
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Nature Photonics 2007 (In Print; Scheduled for September 2007 Issue)
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Schematic of Attosecond 
Nanoplasmonic Field 

Microscope

PEEM Electron 
Optics Imaging 
with Energy MicroscopeResolution

XUV 
photoelectrons p
accelerated by 
enhanced  IR 

plasmonic localplasmonic local 
fields
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Energy of the Fermi-edge 
photoelectron is 
( ) h l l(~100±10) eV. The local 
potential of the 
instantaneous plasmonic p
fields at the instant of the 
attosecond pulse arrival 
adds to the kinetic energyadds to the kinetic energy 
of electrons, acting as a 
local electrostatic (van de 
G f) lGraaf) accelerator
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R i f El t E i iRegimes of Electron Emission
Escape (dwelling) time from the local field region: d
Oscillation period: TOscillation period: T

Local field-pulse duration: p

TInstantaneous regime: eV95as180  

Escape velocity:

Td Instantaneous regime: eV95  ,
nm

 180 XUV   d

In this case the XUV-electron energy is defined solely by the 
local instantaneous electrostatic potential
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Novel Regime of Electron Emission from Nanoplasmonic Systems

The time of flight through the region of local fields for ~100 eV XUV electrons is 
~300 as and much less then plasmonic near IR period Consequently electrons are~300 as and much less then plasmonic near-IR period. Consequently, electrons are 
electrostatically accelerated by the instantaneous local field electric potential

Escape (dwelling) time of electron from the local field region: d
Optical oscillation period: T

Local field-pulse duration: p XUV photon energy: X

Escape velocity: 

Td Instantaneous regime: eV 95   ,
nm
as 180 X   d

The XUV photoelectron energy Ee:

In this case the XUV-electron energy is defined solely by the 

),( XfXe teWE r  
p gy e
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Uncertainty Principle and Real-Time Measurement of Local Fields

For any practical purposes, from ),( XfXe teWE r  


it follows that uncertainty of the local potential

where is the spectral bandwidth of the XUV pulse.

)( XfXe 

Xe
 



Xwhere            is the spectral bandwidth of the XUV pulse.

The Heisenberg uncertainty relation is 

The precision of the instance of measurement is limited by

X

2
  XX t

tt The precision of the instance of measurement is limited by

Thus, the fundamental limitation on the measurement of             is 
Xtt 

),( tr
 and 

Thus, the instance and the potential cannot be (precisely) measured 
i lt l d th XUV l h ld t b t b db d d

e
t

2


 Xe
 


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simultaneously, and the XUV pulse should not be too broadband and 
too short (though it should have as high energy as possible).
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1.

t64.13 fs

Excitation field

tX = 14 fs

100 200
0. 10

t (fs)
tX 14 fs

100 200

1. 5
0

5


Local optical electric field
20

40
6020

40
60

z

10

40
60

Local optical electric field 
at the “hottest spot”

( )t (f )

100 200
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40
x20
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(nm)
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20 Attosecond pulse 
applied within a period 

of IR oscillations
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E hif ( V) f l i d b 95 V XUV d lEnergy shift (eV) of electrons emitted by a 95 eV XUV attosecond pulse as a 
function of the as pulse delay with respect to the infrared-visible excitation pulse 
(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

60

z
Energy change (eV) 
of 90 eV XUV

40

of 90 eV XUV 
photoelectrons from 
silver nanosystem for 
10 GW/ 2 800

0 20 40 60
x0

20 10 GW/cm2 800 nm 
IR power; × 1015

slowed down
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Nanosystem is 60x60 nm random silver film (50% filling factor)
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Dawn of the a new bold era: seminal first paper on 
laser (originally “optical maser” then laser)
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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)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)(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 M ll E S P L B S lb Y Zh M S P J V ldh E J G l k6. 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
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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), and many others
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Spaser is the ultimately smallest 
quantum nano-generator

For small nanoparticles, 
radiative loss is 
negligiblenegligible.

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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THEORETICAL APPROACH
B th h t i ti i f i h ll th thBecause the characteristic size of a spaser is much smaller than the
wavelength, the quasistatic approximation in field equations is valid.
Surface plasmon field equations and boundary conditions in a material-
independent form, where are eigenvalues and are eigenfunctions:ns n

  ,)()()( 2

2








nnn s  rrr

and0)()0(
  ; 0)e(   and   1)(   where

,)()()( 2
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 nnn

Lyxyx
lsewheremetal






rr
rrr

. 0),,(),,(

and,0),,()0,,( 











nn

znn

zyx
y

zyx
x

Lyxyx





Short Course Nanoplasmonics 
2015

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

Lecture 3    p.54
7/10/2015 10:08 AM

,0,0  
yx LyLx yx



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

1Spectral parameter:

Frequency and decay rate of surface plasmons:
  1( ) 1 ( ) /m ds      

n n

   
n

n
n

n

n
nnn d

sds
s
sss


 )(Re      where,)](Im[  , )(Re 




Quasielectrostatic Hamiltonian of an inhomogeneous dispersive
nanosystem:

nn

 nanosystem:   rdd
d

dH 3

2
),(),( ),( 

4
1








rErEr 



where is the electric field operator.),(),(  rrE 
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Q ti d t ti l t i f lQuantized potential operator as an expansion over surface plasmons:

'
4ˆ( , )  ( ) n ni t i tn

n n n
st a e a e       r r

where and are the surface plasmon creation and annihilation
operators. With this, the Hamiltonian becomes

( ) ( )n n nn
d ns

 
  

na
na

   aaH 1p ,

The interaction Hamiltonian of the surface plasmons and two-level
systems (quantum dots) of the active medium:

   n nnn aaH 2

systems (quantum dots) of the active medium:

),(ˆ)( tH aa
a rd  

Using the perturbation theory, kinetic equation for the population number
of surface plasmons in an n-th mode is:

. n ANBdN

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dt
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Th Ei i i l d i i ffi i iThe Einstein stimulated emission coefficient is

14
2

10
2

10 
QNqps

B QDnnn dd


Here pn is the spatial overlap factor, qn is the spectral overlap factor
b h i d i i d h l i i i i

1   
3 3 







Rs
B n

nnh
n 




between the eigenmode intensity and the population inversion, Γ is
the spectral width of the gain medium emission, Q=ωn /γ is the
plasmon quality factorplasmon quality factor.

        dFqrdp nnnnn
223

01

2
1)[(  ,  )()()( rrr

B Spaser gain

shows how many times faster the surface plasmons are born by the
n

n
n

B

 
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shows how many times faster the surface plasmons are born by the
stimulated emission than they decay.
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The local RMS field produced by spaser:   2/12)()( rr Ep y p
is calculated as:

 
2/1

 where,
2
1)()( 
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  rr nn NEE

.

 
2/1

2 )(4)(

2
















rr n
n

n
sE   





  n

nh
n s

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.58
7/10/2015 10:08 AM



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

RESULTS
The resonant nanoparticle is an “engineered” V-shape. The
material is silver; the spatial scale is 2-5 nm/grid unit.
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Calculated gain for thin (three
monolayers of quantum dots)
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active medium
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Eigenmodes with highest yields for the spectral maximum at 1.2 eV
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arXiv:0908.3559
Journal of Optics, 
024004-1-13 (2010).
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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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arXiv:0908.3559
Journal of Optics, 
024004-1-13 (2010).
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S AS C i i C i i 90 027402 1 4 (2003)]SPASER Threshold Condition [Consistent with PRL 90, 027402-1-4 (2003)]:

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

The spasing is 
essentially aessentially a 
quantum effect.

It is non-
relativistic: does 
not depend on c
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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 156802Stability in Plasmonic Systems with Gain, Phys. Rev. Lett. 106, 156802-
1-4 (2011); Phil. Trans. R. Soc. A 369, 3510 (2011).

)(Im)(Re


 sggg m

0)(Re1   ;
)(

)(

)(Re1
 ,
















ss

sc
ggg

d

d

m

d
thth

)( md

Realistic  gain for direct 
band-gap semiconductorsg p
with optical pumpimg 

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.65
7/10/2015 10:08 AM



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

Stationary (CW) 
spaser regime Inversion vs. 

pumping ratePlasmon number pumping ratePlasmon number 
vs. pumping rateThis quasilinear dependence 

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

Spectral shape 
of spaser line

the small modal volume

M I Stockman The

Line width vs

pM. I. Stockman, The 
Spaser as a 
Nanoscale Quantum 
Generator and Line width vs. 

pumping rate

S l h

Generator and 
Ultrafast Amplifier, 
Journal of Optics 12, 
024004-1-13 (2010)

Spectral shape 
of spaser line

Spectral shape 
of spaser line

SPN/1 width line Spectral 
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Thi i ti h d i ili ti k itThis invention changed civilization as we know it

This invention is used in more copies than all others combined 

This is the most valuable element of nanotechnology: nanoamplifier, 
which in c-MOS technology pairs forms a digital nanoamplifier and 
bistable element for information processing

MOSFET US Patent
bistable element for information processing
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To be revisited at the end

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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Th N lifiThe spaser as a Nanoamplifier

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

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

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

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
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Scaling of Spaser

Field in spaser:
3/ 2 MVRE N N 

 
 

Field in spaser:

Heat per flop: 

3/ 2~ ~  
10 nm cmp pE N N

R  
 

pNH 

Threshold: )(
)(    ,

)(Re1
)(Im)(Re   ,










md

dm

d
thth s

s
s

c
ggg







310 100 Switching time: 10 nm 100 ~  fs
pR N

  
 
 

Conclusion: Spaser is orders of magnitude more efficient (less heat per 
flop) and much faster than transistor. It can operate close to the quantum 
li i
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Amplification in Spaser without a 
Saturable Absorber

Stationary 
pumping

SP coherent population Population inversion

SP coherent population Population inversion

Pulse pumping
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Bandwidth ~ 10-100 THz

Very high resistance to ionizing radiation
Amplification in Spaser with a Saturable 
Absorber (1/3 of the gain chromophores)

Stationary 
pumping

SP coherent population Population inversion

SP coherent population Population inversion

Pulse pumping
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Experimental Observations of 
Spaser
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1d  plasmonic field confinement
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Smooth surface R h f
Random Spaser

Smooth surface Rough surface
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Phys. Rev. 
Lett. 110, 
206802-1-5 
(2013)

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)
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Explosive (DNT) 
detection
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V A lk d M I St k P d G h N NPG Li ht S i A l 3 191 (2014)V. Apalkov and M. I. Stockman, Proposed Graphene Nanospaser, NPG: Light Sci. Appl. 3, e191 (2014).
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Applications in Biomedicine: Why spaser is efficient as fluorescent, 
photothermal and photoacoustic agent? It does not saturate! 
Ab i i f i f h i f diffAbsorption cross section as a function of the pumping rate for different 
loads r of spaser

H. Koochaki and M. Stockman (In 
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(arXiv:1501.00342; 
Submitted)
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Spaser for biological applications 
a, Schematic of spaser as multifunctional 
i ll l b i l dintracellular nanoprobe. b, Stimulated 
emission in spaser suspension. c, 
Radiation spectrum of spaser in 
suspension at 528 nm at different pumpsuspension at 528 nm at different pump 
intensities. d, Spatially homogenous 
spaser’s emission at a relatively low pump 
intensity (30 MW/cm2 120-µm thickintensity (30 MW/cm , 120 µm thick 
spaser’s suspension); Middle: emission 
during the bubble formation around 
overheated spasers (150 MW/cm2); p ( );
Bottom: “directional” spaser emission in 
the presence of two large bubbles (200 
MW/cm2). Scale bars, 10 µm. 
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(PT) spectral microscopy of spasers a(PT) spectral microscopy of spasers. a, 
Absorption spectra, and linear and 
nonlinear PA spectra of spaser in 
suspension at laser energy fluence of 20 
mJ/cm2 and 150 mJ/cm2, respectively. b, PA 
signal dependence on laser pump energy 
fluence for dye and spaser in suspension 
and into cells. c-e, Images of single cancerand into cells. c e, Images of single cancer 
cell with spasers loaded through 
endocytosis .  (c)-scattering (dark field), (d) 
–photothermal (PT) ; (e)- stimulated 

i i f l l i di t d ll iemission for local irradiated cell zone in 
background of conventional fluorescence 
image. f, Spectral peak from single cancer 
cell with spasers at relatively low energy p y gy
fluence (80 mJ/cm2). Scale bars, 10 µm. g, 
Spectral peak single cancer cell with 
spasers showing spectral hole burning in 
stimulated emission spectra at moderate
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Imaging of spasers in viable cells in vitro
and in biotissue in vivo. a, Schematic in 
vitro. b, Optical transmission image. c, d,

l i i i i lFluorescence imaging using conventional 
optical source (lamp) of blood with cancer 
cells at depth of ~1 mm (top) and spaser 
emission from single cancer cell at depth ofemission from single cancer cell at depth of 
1 mm (bottom). e, Schematic of intradermal
injection of spaser suspension into top layer 
of mouse ear tissue f PA identification ofof mouse ear tissue. f, PA identification of 
spasers in ear tissue using laser spectral 
scanning (top). Laser parameters: beam 
diameter 15 µm, fluence 20 mJ/cm2. g,µ , g,
Spaser emission through ~250 µm ear tissue. 
Pump parameters: beam diameter: 10 µm; 
intensity, 30 MW/cm2.

Short Course Nanoplasmonics 
2015

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

Lecture 3    p.92
7/10/2015 10:08 AM



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

Demonstration of spaser as theranostic 
agent. a, Cell viability tests for different 
spaser concentration using two various kits 
without (blue, green) and after (red) laser 
irradiation (100 mJ/cm2 , 1 Hz, 3min). Inset: 
intact cell (left) and cells labeled with spasersintact cell (left) and cells labeled with spasers 
at different concentration (middle and right) 
after laser irradiation. b, Viability test for 
concentration 15.6 x 10-5 M as a function of 
l i ( l i dlaser exposure time (3s [3 pulses], 1 min, and 
3 min); c, Viability test for concentration 15.6 
x 10-5 M as a function of laser pulse number 
(1, 3 and 5) showing that even single laser(1, 3 and 5) showing that even single laser 
pulse at fluence of 500 mJ/cm2 is sufficient for 
significant damage of cancer cells labeled by 
spasers. The average SD for each column is 
15 20%
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The most important technological application: Information processing
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), g gy g g ( )
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  

MOSFET US 
Patent

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.

Patent

Speed ~ 100-300 GHzSpeed  100 300 GHz 
Low resistance to 
ionizing radiation
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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 

iblpossible

2

2
LRC
r

  

Charging time 
ddoes not  
depend on scale

No  electric 
charging of 
interconnects! 

D. Li and M. I. Stockman, 
Electric Spaser in the Extreme 
Q t Li it Ph R L tt
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Quantum Limit, Phys. Rev. Lett. 
110, 106803-1-5 (2013)
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BRIEF CONCLUSIONSBRIEF 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 fastercan perform the same functions but is 1000 times faster. 

3. SPASERs have been experimentally observed. The experiments are in an excellent 
qualitative agreement with theory

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

5. The most promising applications of the SPASER are  a ultrafast nanoamplifier, 
local optical energy source, and active non-saturable nano-label.
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