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Part 1:

Fano resonances

http://wwwrsphysse.anu.edu.au/nonlinear/



Fano and his formula

PHYSICAL REVIEW VOLUME 124, NUMBER 6 DECEMBER 15, 1961

Effects of Configuration Interaction on Intensities and Phase Shifts*

U. Fano
National Bureaw of Standards, Washington, D, C.

(Received July 14, 1961)
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This function is plotted in Fig. 1 for a number of values

of g, which is regarded as constant in the range of 1 | 2
Ugo Fano (1912_2001) interest. Notice that g

narrow band flat background Fano resonance
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FiG. 1. Natural line shapes for different values of g. (Reverse the
scale of abscizsas for negative g.)



Our review paper in Rev Mod Phys
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The simplest model




Fano resonances in Mie scattering
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Fano resonances Iin photonic crystals
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Waveguide + defect coupling

Interference between different photon pathways

Bandwidth modulation with small refractive index
variation (6n/n<104)




Fano resonance and nonlinear switch
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Concepts of nonlinear devices

Stanford, 2003

Canberra, 2002

MIT, 2002 Sydney, 2003



Fano resonance with nanoantennas

M. Rybin et al, PRB (2013)



RF experimental Fano antennas

9.06 GHz 9.55 GHz

M. Rybin et al, PRB (2013)



Fano effect and disorder




Part 2:

Airy beams
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Airy Function

Widely used :
o0 3 +o0
cos z +rz|dz Ai(z) = i ei(zsfa"'”)dz
! ( 3 ) ﬂfr_‘i
n A
% -10 0 10 20

T | Ai (X)) dx = oo

O. Vallée, and M. Soares, Airy functions and applications to physics (World Scientific, NJ, 2004).



Airy wave packets

Features:

Free particle Schrodinger equation: o Asymmetric field Profile

_ R
2m dx? o’ o Non-spreading
Initial Airy distribution: [ 1AICOPdx = oo
¥(x,0) = Ai(Bx/h?/3), — _
Airy solution: o  Self-deflection

S
7

gg, X = X, -+ 'f;’] (Py = P)

t=0, X, = —

M. V. Berry, and N. L. Balazs, Am J Phys 47, 264-267(1979).




Finite energy Airy beams

Free particle Schrodinger equation: Paraxial wave equation in free space:

n Oy . Oy _ 156 06 _ /K
Y g e o0 (5=, £=1fl)
(1) Initial distribution (extended): (2) Initial distribution (truncated):

G. A. Siviloglou et. al, Phys. Rev. Lett. 99, 213901 (2007).



Airy beam generation

Initial Airy distribution

After Fourier transform:

Airy beam generation:

I \ G. A. Siviloglou, and D. N. Christodoulides, Opt Lett 32, 979-981 (2007).
T. Ellenbogen et. al, Nat Photonics 3, 395-398 (2009).
Y. Hu et. al, Opt Lett 35, 2260-2262 (2010).



Airy beam manipulation

Tilting incident beam Phase mask arrangement Nonlinear process
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G. A. Siviloglou et. al, Yi Hu et. al, T. Ellenbogen et. al,

Opt Lett 33, 207-209 (2008). Opt. Lett. 35, 2260-2262 (2010) Nat Photonics 3, 395-398 (2009).



Self —healing properties of Airy Beams

Self-healing: restore the initial beam profiles after perturbations

Airy Caustic Babinet’s Principle

Perturbation
diffraction

Nat Photonics 2, 675-678 (2008). Opt Commun 151, 207-211 (1996).

J. Baumgartl et. al, Z. Bouchal et. al,
M. Born, and E. Wolf, Principles of optics



Energy flow during self-healing

J. Broky et. al, Opt Express 16, 12880-12891 (2008).



Airy bullets

Paraxial wave equation in spatiotemporal domain

Spatial Bessel (U)+Temporal Airy (¢) Spatial Airy (U)+Temporal Airy (¢) (Airy3)

A. Chong et, al, D. Abdollahpour et. al,
Nat Photonics 4, 103-106 (2010). Phys. Rev. Lett. 105, 253901 (2010).



Plasmonic Airy Beam

A. Salandrino, and D. N. Christodoulides, Opt Lett 35,
2082-2084 (2010).



Airy plasmons: Experimental generation

FIB FEI Helios 600
150nm thick gold film

11 periods of

200nm thick slits (in z-
direction) and varying
width in x-direction
from 2um to 200nm

NSOM imaging of the
Airy plasmon




Near field imaging

Experiment Numerics



Airy plasmonics: publicity

Accepted Paper in Condensed Matter: Electronic Properties, etc. close or Esc Key
=Prev |
Mext =
Generation and near-field imaging of Airy surface
plasmons

Alexander Minovich, Angela E. Klein, Nonk Janunis, Thomas Pertsch, Dragomir .
Meshev, and Yur S. Kivshar

Accepted Tuesday Jul 12, 2011

We demonstrate experimentally the generation and near-field imaging of nondiffracting
surface waves-plasmonic Airy beams, propagating on the surface of a gold metal film.
The Airy plasmons are excited by an engineered nanoscale phase grating. and
demonstrate significant beam bending over their propagation. We show that the
observed Airy plasmons exhibit self-healing properties. suggesting novel applications
in plasmaonic circuitry and surface optical manipulation.




Scattering of Airy plasmons
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Strong sensitivity to the beam tilt <
Control of the focusing spot
m
X
Good agreement with the theory o
=
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A. Klein et al. Opt Lett 2012 (one of 10 most downloaded papers of August)



Plasmonic potentials

W. Liu et. al, “Polychromatic nanofocusing of surface
plasmon polaritons”, PRB (2012)



Plasmonic Airy beam in linear potentials

linear potential:

rd N\

Eigen field  Envelope function



Plasmonic Airy beam in linear potentials

when

Solution (Fresnel transform):

For incident truncated Airy beam:

Corresponding solution:

---------------------------



Airy plasmons in linear potentials

\0
S

Paraxial wave equation

Stationary solution



Self-healing properties

Solution (Fresnel transform):



Different wavelength for Airy beams in liner potentials

Wavelength dependent



Part 3:

Parity-time symmetric systems
and their applications in optics
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Complex quantum potentials



Parity-Time (PT) symmetric quantum potentials

Is it possible that, despite W # 0, all eigenvalues are real?

Yes! Example:
U(x) = —(ix)N, N real

@ N > 2: infinite sequence of real, positive, eigenvalues
@ 1 < N < 2: finite number of real positive + infinite sequence of
complex conjugate pairs
@ N < 1: noreal eigenvalues
(C M Bender & S Boettchner, PRL 80 5243 (1998))

The necessary condition for the entirely real spectrum is P7T
symmetry:

U(—x)=U(x), = V(—x)=V(x), W(—x)=-W(x)



Parity-Time (PT) Symmetry

Parity operator: P

~ ~ R A Quantum field theory
P=>=p  x—>-—x Complex Lie algebra
Time operator: 7' Complex crystals
p——p, x—>x,  i——i Condensed matter system
Population biology

Hamiltonian: H

H=7 124V ()

Requirement: V(x)=V (-x)




Linear PT-symmetric optical couplers

Observation of PT-symmetry breaking in complex optical potentials
Guo et al. PRL (2009)

 PT symmetry:
supermodes do not
experience gain or loss;
zero gain/loss on average

Observation of parity-time symmetry in optics for arbitrary inputs

 Broken PT symmetry
(unbalanced gain and
loss): mode confinement
and/or amplification in the
waveguide with gain

Ruter et al., Nature Physics (2010)



Nonlinear P T-symmetric coupler—a dimer

Optical coupler

in
T loss
Model
|Ci%+|pa +Ca, +ylala =0
|ddiz—|pa +Ca, +7\a\ a, =0




Properties of nonlinear modes

Stationary states:

a, =~/1 cos[0(2)]exp[+ip(2)/2+iB(2)]
a, =1 sin[6(z)]exp[—ip(2) /2 +i B(2)]

B.=yl,/2+Ccos(e,),
| =1,,0=7/4,8=p.1,
sin(,) = p/C,

cos(p,) =F\/1-(p/C)

Phys. Rev. A, 82, 043818 (2010)



Propagation dynamics of nonlinear modes

Periodic evolution of nonlinear modes

Nonlinearity-induced symmetry breaking

Phys. Rev. A, 82, 043818 (2010)



PT-symmetric dimer in a linear chain

* a,— mode amplitudes at waveguides
« C — coupling coefficient between the waveguide modes
« p — coefficient of gain/loss in waveguides 0,1

Opt. Lett. 37, 2148 (2012)



PT symmetry breaking for planar lattice

 Boundary conditions anyi2 =0, a_-y_1=0

« Consider eigenmodes:

 PT symmetry:

* For n#0,1 Cllaﬁ‘ [Sin(‘i’fwl - ¢FF)|GFF+1‘ +sin(@,—1 — @) |an—1 H =0
* For |n|>1

 Consider n=0,1

« Solvability of last relation defines PT symmetry



PT symmetry breaking for a straight array

 Stability condition

« Same stability condition as
for isolated PT coupler!

« Does not depend on lattice
coupling outside the active
region

Opt. Lett. 37, 2148 (2012)



PT symmetry breaking for a circular array

 Consider ratio

 PT symmetry breaking occurs at a given k
when solutions disappear

 Threshold corresponds to real k
 Stability condition:

* Threshold depends on
all lattice parameters

Opt. Lett. 37, 2148 (2012)



 PT-defect — non-Hermitian

 Quantum-mechanical context: interaction of a non-Hermitian
system with the Hermitian world

* Dynamics can be sensitive to a potential at distant locations

« Continuing debate on the meaning of nonlocality and
relevance to real physical systems

H. F. Jones, Phys. Rev. D 76, 125003 (2007); M. Znqjil, Phys. Rev. D 80,
045009 (2009); ...



PT-symmetric dimer in a nonlinear chain

« Distant boundaries (infinite lattice limit)

» Kerr-type nonlinearity

« Conservative solitons exist on either sides of PT coupler



Soliton scattering by a PT-symmetric dimer

Soliton scattering
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Phys. Rev. A 82, 013833 (2011)



Soliton scattering by PT coupler

« Lattice parameters

« Soliton velocity

* Localized mode at PT coupler is excited when soliton
amplitude is increased (right)



Controlling soliton scattering with localized PT modes

Soliton scattering 2.0

* o - soliton phase

 Labels — localized PT 15F
mode amplitude Z-%

1.0}

PT symmetry breaking 05,
 Mode amplitude 1.4

¢ Left: a =3.67
PT symmetry
preserved

* Right: o =3.75
nonlinear PT
symmetry breaking




Unidirectional soliton scattering

Multi-soliton
scattering




PT symmetric waveguide arrays

I;L.J'n -+ C(Un+1 — 2Un —+ Un_‘1) -+ 2|Un|2Un = —Vh + I’}Un
I;Vn —I_ C(Vn+1 — 2Vn —I_ Vn_‘|) + 2|Vn|2Vn — _u” — i’-:r'JVn

S Suchkov, B Malomed, S Dmitriev, and Y Kivshar, PRE 84 (2011)

U‘n—z un—l un l"J'r_+l ur_+2




Invariant manifolds and solitons

ius + Uxy + 2|ul?u = —v + i,
iVt + Vxx + 2|V[2V = —u — iv.
Change of variables:
u(x,t) =e' U (x,t), v(x.t)=e"V(x,t).
sinf = ~,
casts the P7 -system to
iUt + Uyy — QU + 2|U|1*U = —cos 8 V + iv(U — V)
iVi+ Vix — QV +2|V[?V = —cos O U + i~n(U — V),
whose U = V reduction is
idr + dxx — %0+ 2|0)°0 =0, Q= a’+cosb

¢(x) = asech(ax)



Soliton dynamics and instabilities

High-frequency solitons Low-frequency solitons

R

A new type of breathers
.

Related publications from our group

Z. Xu, A. Sukhorukov, and Yu.S. Kivshar, Phys. Rev. A82, 043818 (2010)

S. Dmitriev, S. Suchkov, A. Sukhorukov, and Yu. Kivshar, Phys. Rev. A 82, 013833 (2011)

A. Sukhorukov, S. Dmitriev, S. Suchkov, and Yu. Kivshar, Opt. Lett. 37, 2148 (2012)

N. Alexeeva, |. Barashenkov, A. Sukhorukov, and Yu. Kivshar, Phys Rev A 85, 063837 (2012)



Pseudo-PT symmetric systems




