The Abdus Salam
International Centre for Theoretical Physics

T=HO-

2328-5

Preparatory School to the Winter College on Optics and the Winter
College on Optics: Advances in Nano-Optics and Plasmonics

30 January - 17 February, 2012

Nanoplasmonics: Optical Properties of Plasmonic Nanosytems Il

M.l. Stockmani

Georgia State University
Atlanta
U.S.A.

Strada Costiera | I, 34151 Trieste, ltaly - Tel.+39 040 2240 || 1; Fax +39 040 224 163 - sci_info@ictp.it



) \QS’ Department of Physics and Astronomy
Georgastate - Georgia State University

Unesy Atlanta, GA 30303-3083 Support:
US Israel
Py Binational Science
Nanoplasmonics: o

Optical Properties of Plasmonic Nanosystems
Mark |. Stockman
Department of Physics and Astronomy, Georgia State
University, Atlanta, GA 30303, USA

Lecture 3:
Ultrafast, Nonlinear, and Quantum
Nanoplasmonics

Short Course Nanoplasmonics http://www.phy-astr.gsu.edu/stockman Lecture3 p.l
SPIE Photonics West 2012 E-mail: mstockman@asu.edu 1/24/2012 7:32 PM



N o 0o s~ WD E

) \QS’ Department of Physics and Astronomy
beorgastae - Georgia State University
AVErsiy - Atlanta, GA 30303-3083

LECTURE 3

Ultrafast, Nonlinear, and Quantum Nanoplasmonics
Introduction: Problem of nanoscale control of local optical fields

Coherent control using pulse shaping

Two-pulse (interferometric) coherent control and visualization
Time-reversal and determination of controlling pulses

Attosecond nanoplasmonics: attosecond plasmonic field microscope
Generation of high harmonics (EUV and XUV radiation)

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

Microscale
Delivery of energy Ultrafast,
to nanoscale: nonlinear, and
Conversion of guantum
propagating EM nanoplasmonics
wave to local fields (SPASER)
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Nanoplasmonics is intrinsically ultrafast:

7n (Fs) Best area for Spectrally, surface
7E - plasmonics plasmon resonances in
complex systems occupy
50+ a very wide frequency
band
25 Ao~ w,~10eV
| | wn (eV) Corresponding
1 2 3 shortest time of
plasmonic responses
Surface plasmon relaxation times are in ~ 100 as

~10-100 fs range
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COHERENT CONTROL ON NANOSCALE

Problem 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 on
nanoscale by focusing

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

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
the nanoscale
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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

A E/E,
+ 100

This interference can be directed
by choosing phases and
amplitudes of the different
frequency components of the
excitation pulse (pulse shaping)
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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 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
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. 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
Nanometer-Femtosecond Scale by Time Reversal, Phys. Rev. B 77, 195109-1-10 (2008).
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eFemtosecond local fields on nanoscale:
o(r,t) = @o(r,t) — j 0o (r' t)V2G(r,r’;t—t') d3r dt

Example to be considered: The exciting pulses are z-polarized, have
Gaussian envelopes, and carry linear chirp,

EO(t) = exp
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Possibility Coherent Control on Nanoscale Demonstrated

The nanosystems studied are an *“engineered” V-shape and a
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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Spatial Distribution: Local Fields in V-shape, Negative Chirp
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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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Conclusion: Excitation energy is transferred between the tip and the opening of
the nanostructure. No spatial concentration of energy takes place.
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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
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Plasmon Dynamics in a Nanostructured 1123—1127
Silver Film

Atsushi Kubo,"$ Ken Onda,’ Hrvoje Petek,*!$ Zhijun Sun,*$ Yun S. Jung}$ and
Hong Koo Kim!$

Department of Physics and Astronomy, Department of Electrical Engineering,
and Institute of NanoScience and Engineering, University of Pitisburgh,
Pittsburgh, Pennsylvania 15260

Received Apnl 10 2005, Revised Manuscript Received May 6, 2005

ABSTRACT

Light interacting with nanostructured metals excites the collective charge density fluctuations known as surface plasmons (SP). Through
excitation of the localized SP eigenmodes incident light is trapped on the nanometer spatial and femtosecond temporal scales and its field
is enhanced. Here we demonstrate the imaging and quantum control of SP dynamics in a nanostructured silver film. By inducing and imaging
the nonlinear two-photon photoemission from the sample with a pair of identical 10-fs laser pulses while scanning the pulse delay, we record
a movie of SP fields at a rate of 330-attoseconds/frame.
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Two-Photon Interferometric Coherent Control

Delay

Photoemission =

(1,=19.62 fs) Phase delay (X 2m) (21.95 fs)
-1/4 15 +1/4 +/2  +3/4 16 +1/4  +1/2

230
nm
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Two-Photon Interferometric Coherent Control (Movie as a
function of the delay time between the pulses)

Dt =009.75 x 2=
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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). PEEM Image as a Function of Delay (250 as per frame

ZQQ»nm

30 femtoseconds from life
of a nanoplasmonic
systems

Localized SP hot spots are |
deeply subwavelength as
seen in PEEM
(photoemission electron
MICcroscope)
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Due to the low Two-Photon Electron Emission

photoelectron energy and
Its large spread, there are
large chromatic

aberrations in the electron 1 eV
optics of the PEEM

5 eV Workfunction
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Theory: Spatial distributions of two-photon excitation as a function of
delay between the two excitation pulses (Movie) ”ﬁ

* £=5.27 f=, Max=0.091

{

"
i
. TR

Geometry of the system

o)
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Coherent Control of Two-Photon Electron max
Emission in V-Shape Nanoantennas

' g=3.00 = Max=l.

' (nm
L= } 4 b X
1] 10 20 30

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

Adaptive subwavelength control of nano-optical
fields

Martin Aeschlimann’, Michael Bauer’, Daniela Bayer', Tobias Brixner’, F. Javier Garcia de Abajo’, Walter Pfeiffer®,
Martin Rohmer', Christian Spindler’® & Felix Steeb'
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CONCLUSIONS

» 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
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
controlled by both the pulse spectrum and its phase modulation.
Two-photon processes are locally enhanced at the optimum by a
factor of up to 10-.
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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: Phased Array Antenna
(Synthetic Aperture Array, or Beam

X = d+sin &g (Sinussatz)

360°_ A Dreisat . .
P - x (breisatz) ¢ = phase shift between two successive elements

d = distance between the radiating elements
©® s= beam steering

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 ww.phy-astr.gsu.edu/stockman Lecture 3 p.25
Air Force Base, Florida. nail: mstockman@agsu.edu 1/24/2012 7:32 PM
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APAR: Active Phased Array Radar

AESA: Active Electronically Scanned Array

(a) Straight beam (b) Steering

—te
A I et
I W
A ‘-
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An interference fringe of two coherent EM sources is a line of

; R —R,=mA, m=0,+l,--

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
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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. Liand M. I. Stockman, Highly efficient spatiotemporal
coherent control in nanoplasmonics on a nanometer-
femtosecond scale by time reversal, Phys. Rev. B 77, 195109
(2008); arXiv:0705.0553
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fields
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Focusing Beyond the Diffraction
Limit with Far-Field Time Reversal

Geoffroy Lerosey, Julien de Rosny, Arnaud Tourin, Mathias Fink*

1120 23 FEBRUARY 2007 VOL 315 SCIENCE

8-antenna TRM

insulating
layer

metallic

core ground

coaxial line

1-m® reverberation chamber

12345678

\_v_/
A 8-channel micro- B c
structured array
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Fig. 2. Focusing beyond the diffraction limit. (A and B) show the signal
received at one antenna of the TRM when a 10-ns pulse is sent from antennas
3 and 4, respectively, of the microstructured array. The signals in (A) and (B)
look considerably different, although antennas 3 and 4 are only %/30 apart.
(C and D) show the time compression obtained at antennas 3 and 4,
respectively, when the eight signals coming from antennas 3 and 4 are time-
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Normalized amplitude

0
0 0.05 0.1
position in A

0.15 0.2

reversed and sent back from the TRM. (E) In full line are shown the focusing
spots obtained around antennas 3 and 4. Their typical width is 7/30. Thus,
antennas 3 and 4 can be addressed independently. The focal spots obtained
when there are no copper wires are shown for comparison (dashed-dotted
line). All maxima have been normalized by scaling factors in the ratios: 1 (red
and blue dashed-dotted lines), 2.2 (red full line), 2.5 (blue full line).
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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);
arXiv:0705.0553

Idea of time reversal for y

subwavelength EM-wave @)

localization: Z

G. Lerosey, J. de Rosny, A. Tourin, and M. QMN\

Fink, Focusing Beyond the Diffraction t
.. ] ) . 10 nMm \ e

Limit with Far-Field Time Reversal, —

Science 315, 1120-1122 (2007). X

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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PRL 104, 203901 (2010) PHYSICAL REVIEW LETTERS 21 MAY 2010

Resonant Metalenses for Breaking the Diffraction Barrier

Fabrice Lemoult, Geoffroy Lerosey,” Julien de Rosny, and Mathias Fink

Institut Langevin, ESPCI ParisTech & CNRS, Laboratoire Ondes et Acoustique, 10 rue Vauquelin, 75231 Paris Cedex 05, France
(Received 8 January 2010; revised manuscript received 14 April 2010; published 18 May 2010)

We introduce the resonant metalens, a cluster of coupled subwavelength resonators. Dispersion allows
the conversion of subwavelength wave fields into temporal signatures while the Purcell effect permits an
efficient radiation of this information in the far field. The study of an amray of resonant wires using
microwaves provides a physical understanding of the underlying mechanism. We experimentally
demonstrate imaging and focusing from the far field with resolutions far below the diffraction limit.
This concept is realizable at any frequency where subwavelength resonators can be designed.

DOI: 10.1103/PhysRevLett.104.203901 PACS numbers: 41.20.—q, 78.67.Pt, 81.05.Xj
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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,

5 nm radius

67-72 (2009).
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Bergin Gjonaj'*, Jochen Aulbach’, Patrick M. Johnson', Allard P. Mosk?, L. Kuipers' and Ad Lagendijk’

'FOM-Institute for Atomic and Molecular Physics AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands, “Complex Photonic Systemns, Faculty of
Sdence and Technology, and MESA+ Institute for Manotechnology, University of Twente, PO Box 217, 7500 AE Enschede, The Metherlands.
*e-mail: bgjonaj@amolf.nl

Amplituda

modulator

0

Short Course Nanoplasmonics http://www.phy-astr.gsu.edu/stockman Lecture3 p.39
SPIE Photonics West 2012 E-mail: mstockman@agsu.edu 1/24/2012 7:32 PM



\QS’ DepartmenNAN&w
GeorgaState - Georgia St dx.doi.org/10.1021/nl2023299  Pbsecorg/ende

University Atlanta GA
Femtosecond Nanofocusing with Full Optical Waveform Control

Samuel Berweger,;r Joanna M. Atkin," Xiaoji G. Xu, Robert L. Olmon, and Markus B. Raschke*

it of Chemistry, and JILA, University of Colorado at Boulder, Boulder, Colorado 80309, United States
0 12 24

Tip

Ti:Sa Pulse
shaper Lens

[ s ey e

E-Y
[4%]
o

420

410

400

SHG wavelength (nm)

390

T T
Ips 1fs

Time Scale

1ns

380

- 4 —b) T _‘_l T T /2 -g}
E 0.75 | n 8
2 — R
£ 05F — -0 B
E 0.25 :/ ] 2
=] ™)
1 - T T T = 0 1 1 1 1 1 -‘.ltfz&
)
] 750 800 850 900
o8p — At 1 Wavelength (nm)
00 Experimental
0.6 /2

=
.

o
o

Normalized SHG Intensity

(=]

=
Norm. Amplitude

=]
(pey) eseyq "dws]

0.2 0.4 0.6 0.8 1
Normalized Incident Intensity

Short Course Nanoplasmonics htuy.rwwwv.priy-asu.ysu.euu,
SPIE Photonics West 2012 E-mail: mstockman@aqs

-mf2

0
Time (fs)



) \QS’ Department of Physics and Astronomy
beorgastae - Georgia State University
AVErsiy - Atlanta, GA 30303-3083

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

*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,
potentially on the attosecond scale

*The optical field nanolocalization is coherently controllable by pulse
shaping

*Time reversal gives a convenient and powerful tool to determine the
pulse shaping
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Energy of the Fermi-edge 0\0&““&
photoelectron is )

(~100%10) eV. The local -

~10 eV local plasmonic field potential

fields at the instant of the
attosecond pulse arrival
adds to the Kinetic energy

of electrons, acting as a |
local electrostatic (van de o e
Graaf) accelerator
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Regimes of Electron Emission

Escape (dwelling) time from the local field region:
Oscillation period: T

Local field-pulse duration: 7,

va =/ 2( hwx — I-T"Tf‘);'f'ﬂl = 5.4 x 10% cm/s

: as
Instantaneous regime: 7, <<T 7, =180—, #hw,,, =95eV
nm

Exuvy =hwx — Wy + Eﬁd)(r?tx)

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
electrostatically accelerated by the instantaneous local field electric potential

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

Local field-pulse duration: 7, XUV photon energy: 7wy

Escape velocity: v, = \/ 2 (o — T-T-"Tf},;-"-r?z. = 5.4 x 10% cm/s

. as
Instantaneous regime: 7, <<T 7, =180—, hwy =95¢eV

nm
The XUV photoelectron energy E.:

E,=hw, —W, +e¢(r,t,)

In this case the XUV-electron energy is defined solely by the
local, instantaneous electrostatic potential
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Uncertainty Principle and Real-Time Measurement of Local Fields

For any practical purposes, from E_ = 7w, —W. +eg(r,t,)
h

it follows that uncertainty of the local potential A¢ =—A®,
e

where Aw, Is the spectral bandwidth of the XUV pulse.

The Heisenberg uncertainty relation is 7A@, At, > h

The precision of the instance of measurement is limited by At = At,

Thus, the fundamental limitation on the measurement of @(I,1) is

A¢-At22z and A¢:EAwX
e e
Thus, the instance and the potential cannot be (precisely) measured

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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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

4

Energy change (eV)
of 90 eV XUV
photoelectrons from
silver nanosystem for
10 GW/cm? 800 nm
IR power; x 10%°
slowed down

20 -

O _I 1 1 1
O 20 40 60
Nanosystem is 60x60 nm random silver film (50% filling factor)
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LETTERS

High-harmonic generation by resonant plasmon
field enhancement

Seungchul Kim'*, Jonghan Jin'¥, Young-Jin Kim', In-Yong Park’, Yunseok Kim' & Seung-Woo Kim'
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Figure 4 | Measured spectrum of generated high harmonics. A varied-line-
Figure 3 | Scanning electron microscope image of the nanostructure used ' a o T o
for high-harmonic generation. Bow-tie elements were arranged ina two-

dimensional, 36 ¥ 15 array with an area of 10 pm < 10 pm. The inset shows

the magnified image of a single bow-tie element with the important

dimensions marked. Owing to the high magnification, edge lines are seen

blurred by multiple scattering of electrons in imaging,
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MATURE|[Vol 453|5 June 2008 NEWS & VIEWS

ATTOSECOND PHYSICS

. - 2. Corkum, P.B. Phys. Rev. Lett. 71,1994-1997 (1993),
An easier route to high harmony : & i v s
Kapteyn, H. C. Phys. Rev. Lett. 79, 2967-2970 (1997).
Mark |. Stockman 4. Paul, P.M. et al. Science 292, 1689-1692 (2001).

The generation of ultrashort light pulses by atomic ionization and
recombination doesn’t come cheap. But by niftily exploiting the play of light
on a nanostructured surface, it can be done on a table-top.

140
120

100

“ AI’ >
* Euy,
Figure 1| Stripping on the table-top. The

bow-tie-shaped gold nanoantennas used by Kim http://www.phy-astr.gsu.edu/stockman Lecture3 p.52
et al.' develop electric-field strengths in the gap E-mail: mstockman@agsu.edu 1/24/2012 7:32 PM




... Quantum Nanoplasmonics: Surface Plasmon Amplification
[ by Stimulated Emission of Radiation (SPASER)

D. J. Bergman and M. |. Stockman, Surface Plasmon Amplification by Stimulated Emission of
Radiation: Quantum Generation of Coherent Surface Plasmons in Nanosystems, Phys. Rev. Lett. 90,
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Spaser is the ultimately smallest ‘mioen.
guantum nano-generator e For small nanoparticles, [§

number of leading lab{

applications, including rad i ative I OSS iS

a 6.V b eV .-
(a) 10 (b) 15:106 negllglble.
Spaser Is fully scalable
e-h pairs O
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D
Exciton & Plasmon
L 7 3
)
|
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THEORETICAL APPROACH
Because 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 S, are eigenvalues and @,, are eigenfunctions:
3 2

0 0
—O(r)=—@,(r) =5, =@, (r),
or ()ar¢n() n6r2¢n()

where 6(r e metal)=1 and &O(r elsewhere) =0;
20 (%, Y,0) =95 (X,y,L,)=0,and

0 0
= (% y.2) = Pn(%.Y.2) =0.
X X:O, LX y y:o, L
y
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Spectral parameter: () = 1-c(w)/e |
Frequency , and decay rate 7. of surface plasmons:

Im[s(@)] e o = GRE[S(e,)]
s/ ! dew

Rels(w,)]=s,, 7, =

n

Quasielectrostatic Hamiltonian of an inhomogeneous dispersive

nanosystem: | | ;
H=t [ dlesr o) E(r, 0)E* (1, w)——d°r
A7 I dw 2

where IS E(r,0)=-V¢(r,») the electric field operator.
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Quantized potentlal operator as an expansion over surface plasmons:

¢(r ) = Z A7hs,

where a, and @, are the surface plasmon creation and annihilation

operators. With this, the Hamiltonian becomes H — Zn hoo, (arfan +%)

gon(r)[a e ' +ae'™ ]

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

/ a 7
H' = Zad( WV h(r,,t)
Using the perturbation theory, kinetic equation for the population number
of surface plasmons in an n-th mode is:

dN
(B, -7,)N
dt (n ?/n) n+A1

Short Course Nanoplasmonics http://www.phy-astr.gsu.edu/stockman Lecture3 p.57
SPIE Photonics West 2012 E-mail: mstockman@asu.edu 1/24/2012 7:32 PM




) \QS’ Department of Physics and Astronomy
beorgastae - Georgia State University
AVErsiy - Atlanta, GA 30303-3083

The Einstein stimulated emission coefficient is

2 2
= A7 Sn‘dlo‘ P4, Sy = ‘le‘ I:IQDQ >1
3h &, hAR°T
Here p, Is the spatial overlap factor, g, Is the spectral overlap factor
between the eigenmode intensity and the population inversion, " IS
the spectral width of the gain medium emission, Q=w, /y Is the

plasmon quality factor.
p, = [[Vo, (O] [ou(1) — £y (N]d°r, q, = [F(@)1+ (0 -, ridw
_B-y,
B A
shows how many times faster the surface plasmons are born by the
stimulated emission than they decay.
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1/2
The local RMS field produced by spaser: E(r) = <[V¢(r)]2>

IS calculated as: 1 1/2
E(r) = En(r)(Nn +§j , wWhere

4 h - 1/2
NS 2
_ n
E, (1) =1——"([Ve,(n])
ghsn
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RESULTS
The resonant nanoparticle is an “engineered” V-shape. The

material is silver; the spatial scale is 2-5 nm/grid unit.
Z

30

20

10

0 X
0 10 20 30
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Eigenmodes with highest yields for the spectral maximum at 1.2 eV

hw=1.15eV ho=1.18 eV
a=12, £=0.005 a=11, f=10"°
5%x10"T 7x107 T
V/im | V/m
30 30
30
Bright mode Dark mode
Short Course Nanoplasmonics http://www.phy-astr.gsu.edu/stockman Lecture3 p.62

SPIE Photonics West 2012 E-mail: mstockman@agsu.edu 1/24/2012 7:32 PM



\QS’ Department of Physics and Astronomy

Quantum Theory of SPASER

Quantization of the SP system, valid in the quasistatic
regime for times shorter than the SP lifetime 7, = 1/7y,.
1s carried out by using the following approximate expres-
sion for the energy H of an electric field E(r, 1), which is
obtained for a dispersive system by following Ref. [13],

_ | J’m dlwe(r, )]
47T

dew
d’r.

H Eir, w)E(r, —w)

_— dw 2
(2)

The electric field operator?” of the quantized SPs is?

1/2
Amhs,, ) /

= !
£48,

E(I‘} - _ZATLT&:‘?L(IJ{&?L+&IEJ : An - (
L - . R
s(w) = g4/ [eqa — em(w)] is Bergman’s spectral parame-
ter, £4 is the permittivity of the ambient dielectric, and
£m(w) is the metal permittivity.
The spaser Hamiltonian has the form

H="Hy+ ﬁ'z L"‘Tt&-jﬁ-n - Z E(r, }dipﬁ ?
T

P

where H, is the Hamiltonian of the gain medium,

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)

O 1 IF1TIULWUIITILD VVEDSL £LVUlL

y-astr.gsu.edu/stockman
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Introducing a rate constant I'ys to describe the polar-
ization relaxation and a difference nl;) = pi5 —p'») as the
population inversion on this spasing transition, we derive
an equation of motion for the non-diagonal element of the
density matrix as

+(p) y 1) . (p)(a)®
Py = —[i(w —wia) + Tio] piy +ing' Q5" . (4)
(1) (p' i . . .
where Q3% = —And.LLEJ‘F@n(rp](Lgn;ﬁ. is the Rabi fre-

quency for the spasing transition in a pth chromophore,
and d %J is the corresponding transitional dipole element.

ﬁ.gf"" = —4Im Lﬁ"lg] .Qg.f:"} — 9 (1 + né"f') + g (1 — ?1.“{"")

Ao = ? {4'.:.1 — ;'.:Jn:l - '.}"n: agn + 1 Z ﬁ!lj.‘;:ll'.ﬂl‘phz
L

As in Schawlow-Towns theory of laser-line width, this

spontaneous emission of SPs leads to the diffusion of the

phase of the spasing state. This defines width ~; of the

spasing line as

Esa (1 + ”éﬁj) ,.;,.épﬁ'
Ys = AronT 1 ' (R}I
2(_.)_-""'-;, +1)
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Theory of Spaser in Stationary Regime

Physically, the spaser action is a result of spontaneous
symmetry breaking when the phase of the coherent SP
field is established from the spontaneous noise. Mathe-
matically, the spaser is described by homogeneous differ-
ential Eqgs. (4)-(6) derived and solved in Sec. II B. These
equations become homogeneous algebraic equations for
the stationary (CW) ease. These equations always have
a trivial, zero solution. However, when their determinant
vanishes, they also possess a nontrivial solution describ-
ing spasing, whose condition is

(u-"s — Wp T+ i'}h}_l X (9)

N
1 ~
(ws —wa1 +il'12) E ‘QE? né’i) =1,
P

ay -
—And%} Vgu(ry)/R is the single-plasmon Rabi fre-

where w, 1is the spasing frequency,

quency, d%) is the transition dipole moment of a pth
chromophore, ¢, (r,) is the electric potential of the
spasing mode at the position this chromophore, =,

(p) _

ngy = (g9 —72) x (10)

9 —1
/[(ws — wy)? +T%2} }
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arXiv:0908.3559
Journal of Optics,
024004-1-13 (2010).

From the imaginary part of Eq. (10) we immediately
find the spasing frequency

ws = (Ynwo1 + Tiown) /(n +T12) (11)

which generally does not coincide with either the gain
transition frequency ws; or the SP frequency w,,, but is
between them (this is a frequency walk-off phenomenon
similar to that of laser physics). Substituting Eq. (11)
back to Eqgs. (10)-(11), we obtain a system of equations

(’}“'n + ]-_[lQ)2

2 2
Ynl'12 [(wm —wn) + (Tio + ) }

— 2
Z\Q;{fg n® =1, (12)
il

X

ngy = (g —72) x

AN, ﬁ [i:gj (]-_"12 + 'Tn}

2 2
(wIQ - "-‘-'111) + (TIQ + Tn}

[ )

g+ + . (13)

This system defines the stationary (CW) number of SPs
per spasing mode N,.
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SPASER Threshold Condition [Consistent with PRL 90, 027402-1-4 (2003)]:

Since néﬁ) < 1, from Egs. (12), (13) we immediately
obtain a necessary condition of the existence of spasing,

_ 2
(Y +T'12) 3 ‘ a®|’ 1. arXiv:0908.3559
YnI'12 [(wm —wn)® + (T2 + ’Tn)gl b Journal of Optics,

(14) 024004-1-13 (2010).

This expression is fully consistent with [4]. The following The Spasing is
order of magnitude estimate of this spasing condition has a i
transparent physical meaning and is of heuristic value: essentla“y d

gquantum effect.

d, 0 Ne - ]

15
IIr-T"rllvn ~ )

It Is non-

where 0 = w/y, 1s the quality factor of SPs, V,, is the relativistic: does
volume of the spasing SP mode, and N, is the number of

gain medium chromophores within this volume. Deriving this not depend onc

estimate, we have neglected the detuning, 1.e., set wp) —w, = 0.
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Required Gain for Spasing

—-é _o Res(w) Ime (o)

% 30000 9204 I ¢ 1-Res(w)

.% s(w) = — ¢

= 25000 £y — &n(0)
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E S >
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& 10000]
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Stationary (CW)
spaser regime

N.(g) is a result of the very

strong feedback in spaser due to

the small modal volume

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

Spectral line width oc 1/ N,
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This 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

Aug. 27, 1963 DAWON KAHNG 3,102,230
ELECTRIC FIELD CONTROLLED SEMICONDUCTOR DEVICE
Filed May 31, 1960

channel
silicon waver

| ) i Metal-Oxide Field-Eftect Transistor (MOSFET)
Bandwidth ~ 10-100 GHz
Low resistance to ionizing radiation
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The spaser as a Nanoamplifier

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 two ways:

1. Intransient 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
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Amplification in Spaser without a
Saturable Absorber
Stationary SP coherent F;pulation Population inversion
: N, b
pumping . " (b)
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Amplification in Spaser with a Saturable
Absorber (1/3 of the gain chromophores)
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11 May 2009 / Vol. 17, No. 10/ OPTICS EXPRESS 8548 g pium," V. A. Fedotov.! P. Kuo. D. P. Tsai,* and N. . Zheludev""
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Fig. 1. Photonic metamaterial hybridized with semiconductor quantum dots. The insets show Wavelength (hm)
the metamaterial unit cell and an SEM image of the actual metamaterial structure.
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LETTERS

Demonstration of a spaser-based nanolaser

M. A. Noginov', G. Zhu', A. M. Belgrave', R. Bakker*, V. M. Shalaev?, E. E. Narimanov, S. Stout"?, E. Herz’,
T. Suteewong” & U. Wiesner

a 0G-488dye PF =
Gold core doped B % S
Alicashell & 0 0
Sodium & 4
silicate shell i

14 nm .'p- 44 nm

Figure 1| Spaser design. a, Diagram of the hybrid nanoparticle architecture  (in false colour), with A =525 nm and Q = 14.8; the inner and the outer
(not to scale), indicating dye molecules throughout the silica shell. circles represent the 14-nm core and the 44-nm shell, respectively. The field

b, Transmission electron microscope image of Au core. ¢, Scanning electron  strength colour scheme is shown on the right.
microscope image of Au/silica/dye core-shell nanoparticles. d, Spaser mode

'Center for Materials Research, Norfolk State University, Norfolk, Virginia 23504, USA. ?School of Electrical & Computer Engineering and Birck Manotechnology Center, Purdue
University, West Lafayette, Indiana 47907, USA. *Materials Science and Engineering Department, Cornell University, Ithaca, New York 14850, USA.

Short Course Nanoplasmonics http://www.phy-astr.gsu.edu/stockman Lecture3 p.73
SPIE Photonics West 2012 E-mail: mstockman@agsu.edu 1/24/2012 7:32 PM



) \QS) Department of Physics and Astronomy
GC&I}}?@&?_% Georgia State University
VS Atlanta, GA 30303-3083

1.2

—k
o
I |

ot
[as]
T I

Emission, extinction (rel. units)
© o
" T

o
Ma
T I I |

Wavelength (nm)

Figure 2 | Spectroscopic results. Normalized extinction (1), excitation (2),
spontaneous emission (3), and stimulated emission (4) spectra of Au/silica/
dye nanoparticles. The peak extinction cross-section of the nanoparticles is
1.1 X 10~ "* cm?. The emission and excitation spectra were measured in a
spectrofluorometer at low fluence.
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Figure 4 | Stimulated emission. a, Main panel, stimulated emission spectra
of the nanoparticle sample pumped with 22.5 mJ (1}, 9m] (2}, 4.5m] (3),
2m] (4) and 1.25m] (5) 5-ns optical parametric oscillator pulses at

A =488 nm. b, Main panel, corresponding input—output curve (lower axis,
total launched pumping energy; upper axis, absorbed pumping energy per
nanoparticle); for most experimental points, ~5% error bars (determined
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b Absorbed pumping per nanoparticle (10713 J)
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by the noise of the photodetector and the instability of the pumping laser) do
not exceed the size of the symbol. Inset of a, stimulated emission spectrum at
more than 100-fold dilution of the sample. Inset of b, the ratio of the
stimulated emission intensity (integrated between 526 nm and 537 nm) to
the spontaneous emission background (integrated at <<526 nm and

=537 nm).
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o Lasing in metal-insulator-metal sub-wavelength
i plasmonic waveguides

Martin T. Hill"", Milan Marell', Eunice S. P. Leong’, Barry Smalbrugge', Youcai Zhu',
Minghua Sun"‘, Peter J. van Veldhuvenl, Erik Jan Gelukl, Fouad Kamutal, Yok-Siang
Oei', Richard Notzel', Cun-Zheng Ning”, and Meint K. Smit'

"COBRA Research Institute, Technische Universiteit Eindhoven, Postbus 513, 5600 MB Eindhoven, The Netherlands

: Department of Electrical Engineering, Arizona State University, Tempe AZ 85287, USA
m.rhill@ieee.org

{ﬂ] M= mm;r:!{:t (b}
Silver gl
encapsulation

n-InGaAs p - contact
i (AU/PYTI)

Fig. 1. Structure of cavity formed by a rectangular semiconductor pillar encapsulated in Silver.
(a) Schematic showing the device layer structure. (b) Scanning electron microscope image
showing the semiconductor core of one of the devices. The scale bar is 1 micron.
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Fig. 2. Spectra and near field patterns showing lasing in devices. (a) Above threshold emission
spectrum for 3 micron long device with semiconductor core width d~130nm ( + 20nm), with
pump current 180 pA at 78K. Inset: emission spectra for 20 (green), 40 (blue) and 60 (red) pA,
all at 78K. (b) Lasing mode light output (red crosses), integrated luminescence (blue circles),
versus pump current for 78K, (c) Actual near field pattern (in x-y plane) for 6 micron (d =
130nm) device captured with 100x, 0.7 NA long working distance microscope objective and
infrared camera, the scale bar is 2 micron, for below threshold 30 pA, and (d) above threshold
320 pA. (e) Simulated vertical (z) component of the Poynting vector taken at 0.7 microns
below the pillar base, shows most emitted light at ends of device. (f) Spectra for a 6 micron
long device with d~310nm at 298K, pulsed operation (28 ns wide pulses, IMHz repetition).
Spectra for peak currents of 5.2mA (red), 5.9mA (green) and 7.4mA (blue), (currents were
estimated from the applied voltage pulse amplitude). The spectra for 5.9 and 7.4 mA are offset
from 0 for clarity. Inset shows the total light collected by the spectrometer from the device for
currents ranging from 0 to 10mA.
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LETTERS

Plasmon lasers at deep subwavelength scale

Rupert F. Oulton'*, Volker J. Sorger'*, Thomas Zentgraf'*, Ren-Min Ma®, Christopher Gladden', Lun Dai’,
Guy Bartal' & Xiang Zhang'?
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Room-temperature sub-diffraction-limited
plasmon laser by total internal reflection

Ren-Min Ma'®. Runert F. Oulton'™ Violker J. Sorger', Guv Bartal' and Xiang Zhang?*
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. A room-temperature semiconductor spaser
Georgaf operating near 1.5 pm

Unive
R. A. Fly 1111, C. S. Klm, I. Vul gaftmau. M. Iul:ﬂ,.1 J. R. Mever, A J Miikinen,'
K. Bussmﬂnn, L. Cheng, F.-S. Choa,” and J. P. Lﬂng
JOpncaF Sciences Division, Naval Research Laboratory, Washington, DC 203753, USA
] “Materials Science and Technology Division, Naval Research Laboratory, Washington, DC 20373, USA
*Department of Electrical Engineering, University of Marviand Baltimore County, Baltimore, Maryiand 21250, USA
'C hemistry Division, Naval Research Laboratory, Washington, DC 20373, USA
*ip.long@nril.navy.mil
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Fig. 2. Log-log plot comparing the strength of diagnostic radiation from the spaser (circles) and
a control device with air above the Au-film waveguide (squares) vs the instantaneous pump-
wntensity. The control exhibited only spontaneous emussion. Solid line shows expectations from
our wave-equation model. Inset: L-L plot with linear axes showing threshold at ~60 kW/cm®

puimnp.
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Plasmonic Green Nanolaser Based on a Metal—Oxide—Semiconductor
Structure

Chen-Ying W, i Cheng-Tai Kuo, T Chun-Yuan Wang, Chieh-Lun He,* Meng-Hsien Lin,* Hyeyoung Ahn,” §
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COMPARISON OF THE SPASER AND NANOLASERS
(POLARITONIC SPASERS)

Spaser’s size is below the skin depth (25
nm for gold and silver and 16 nm for
aluminum) in all directions, limited from
the bottom by the nonlocality length of ~2
nm. The modal volume in the spaser is
~1000 times smaller than in a typical
nanolaser. Spaser generates very high
local fields on the nanoscale, emits very
little light. It can generate dark modes.

Spaser spases at ~10 -100 SPs per mode.
Feedback in the spaser is much stronger
than in nanolaser, inversely proportional to
modal volume. Energy dissipation is
proportionally smaller

The optical fields in the spaser are
inversely proportional to its linear size and
are realistically ~10%-108 VV/cm. This leads
to much stronger feedback and much faster
switching than for nanolasers, giving 10-

{ 100 THz bandwidth

SPIE Photonics West 2012 E-mail; mst(

Nanolasers are of two types. One has a
~10 nm confinement in the transverse
direction but is ~microns in the
longitudinal direction. The second type is
a patch-type nanolaser which is fractions
of micron in all directions. Nanolasers do
generate light.

Nanolaser lases at ~104 — 106 quanta per
mode, proportional to its modal volume.

Conventional laser lases at ~1018 — 1020
guanta per mode

The feedback of the nanolasers is much
weaker than in the spaser inversely
proportionally to its modal volume.
Correspondingly the maximum
modulation rate and bandwidth of the
spaser are proportionally slower.
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Potential Applications of the Spaser and Nanolasers

The spaser is a source of optical fields
and optical energy on the nanoscale with
the same size on the order of magnitude
as nanoparticles and biological molecules
(proteins, nuclear acids, viruses ...)

Radiation of a spaser can be fed to any
waveguide

The spaser can function as an ultrafast
amplifier and memory cell with the same
form factor as MOSFET, but ~1000
times faster

Other possible applications of spaser:
local optical excitation of nanosystems,
nanomodification (ultrastrong local
fields), and active labels for bio-objects
and ultramicroscopy.

A nanolaser is a source of optical fields
with cross extension on the nanoscale.
However the total size of a nanolaser is
much greater than a biological molecule
such as DNA or protein and their
complexes

Radiation of a nanolaser can be fed into
most waveguides

A nanolaser has a much weaker feedback
and would be much slower and larger
amplifier

As a source of optical energy on the
nanoscale, a nanolaser has an uphill
competition with adiabatic plasmonic
concentrators (tapers)

astr.gsu.edu/stockman
ockman@agsu.edu
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BRIEF CONCLUSIONS

SPASER is a nanoscopic quantum generator of coherent and intense local optical
fields

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.

SPASER has been experimentally observed recently. This experiment in in
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.

Two plasmon-polariton spasers (nanolasers) have been designed. In contrast to
spaser, their length i1s on micron order (transverse mode size is nanometric). Their
emission is multimode.

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