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OUTLINE o=

e’

= PT-symmetry, Hamiltonians, and Gain-Loss (with remindern

= Three flavours of PT-symmetries
e With waveguides
e With resonators
e With gratings

= Application with plasmonics (with IEF : A. Lupu, A. Degiron)
e Losses are now causing a singularity !
e Switches
e Real life ? (“healing” of smoothed singularity)

= PT -symmetry and (many) current photonic concepts
e from coherent perfect absorbers to lasers

& The brachistochrone problem (1696[!]-1990)
¢ Relevance for fast Quantum computation
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Reminder: ARe(g) classical waveguide coupler "
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controlled by (5, —p_)L

Initial motivation
neralized Quantum Mechanics

€

¢ Hermitian operator H

¢ Hermitian operator
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v Real Eigenvalues

—>

v Real Eigenvalues

A—ig)(A+ig)—k?=0
22 = k2 — g2

e Counter-example (Bender 1998)
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Afraid of Hamiltonians ? T
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Coupled waveguides !

0 (A A
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Koz (A2> [H] (Az) %Y = by
Guide 1 # Gain ?
e B O S— Anti-symmetry
/7R VAR ofxoreorg
Guide 2 # Losses 2
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Canonical eigenvalue msmr =~
behaviour vs. « gain-loss »

Exceptional Point

Eigenvalues
in complex plane

Im(-)

Propagation eignevalues (Re,Im)
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material gain ¢

Steep derivatives of
d(eigenvalue)/ dg
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eigenstate behaviour vs. e
« gain-loss »

Symmetry breaking

(*)

eSymmeiry-breaking

™ Re() : of eigenstates
& Im(-)

_ ( : )
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OUTLINE o=

= PT-symmetry, Hamiltonians, and Gain-Loss

= Three flavours of PT-symmetries
e With waveguides
e \With resonators
e With gratings

= Application with plasmonics (with IEF : A. Lupu, A. Degiron)
e Losses are now causing a singularity !
e Switches
e Real life ? (“healing” of smoothed singularity)

= PT -symmetry and (many) current photonic concepts
e from coherent perfect absorbers to lasers

& The brachistochrone problem (1696[!]-1990)
e Relevance for fast Quantum computation
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3 = INSTITUT ﬁ
PT-symmetry with two waveguides domon =

0 (A; Ay
az\4,) = HI4 .
dz \4; 2 I Kogelnik, 70’s
11
Guide 1 EE) Gain
e
)S& /A ~¥Up|/l /TN .
Guide 2 ) Losses b
log|T44] A(Re(¢))
i | 5
800 . ' '4
—_ g i K 3
£ 600 7 | 2
r E '/ . \l o
® 400 = abrupt behavioyr % A In Optics : ~ Ctyroky 1996 ! Klaiman
e N A 2 2008; --Guo 2009; --Riter 2010,..
2 - 4
2 2000 s
° 0. EP log10(T)
0 100 200 300
A(Im(g))
gain (cm-)
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= INSTITUT ﬁ
Serves as switch or modulator Fomal =
log|T 44|
800 N :
L o _ 5 0>1 ——
ia, 600 o - ' 1D e >
8 400 e " i ok
g P 3 : : . _
B a0 - ki | Differential gain| .~ A=(,
ol EP  logro(my | enhancer
0 100 200 300
gain (cm-)

AB~0 large dG/ dg
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Symmetry-breaking regime somon ==
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PT-symmetry in two resonators sorion ==

Easier !

R*LC
+RLC

v t}iﬁ

FIG. 1. Electronic implementation of a PT-symmetric dimer.
The negative resistance gain element is provided by feedback from
a voltage-doubling buffer. The coils are inductively coupled, and V,
and V; provide access 10 the system variables.

Phys. Rev. A, vol. 84,
p. 040101, 2011.

(Kottos, Christodoules,..)

Coupling Strength & /%y : o
Nonreciprocal light transmission in parity-time-symmetric
whispering-gallery microcavities
Bo Peng et al. Arxiv 2013 (coor author Lan Yang @ ese.wustl.edu)
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eigenfrequencies. The open circles in the lower panel are reflections
of the experimental data (lower curve) with respect to the Im(w) = 0
|axis.
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Laser studies (Wronskian attack ?) somov ==

PRL 108, 173901 (2012)

M. Lierzer,"* Li Ge,> A. Cerjan, A.D. Stone,” H. E. Tiireci,** and S, Rotter''

"
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FIG. 1 {color onling). Intensity output of a laser system con-

sisting of two 1D coupled ridge lasers, each of length 100 pm
with an air gap of size 10 gm and an (unpumped) index of
refraction n =3 + (L13i. For 0<d < 1, the pump in the lefi
ridge is linearly increased in the mnge 0 < D < 1.2 and. for

Won-Tien Tsang, one

of the three inventors

Stefano Longhi

PRL 105, 013903 (2010) PHYSICAL REV
(@) AT L
ML orEing - -
mn ES guiding Tayer 1
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-Li2 [ 2 x 0 L L]
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= 10? i E 29 -
5 RN r
& 101 3| |
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g 100 1 ;k%&*s" 5
T — 0 5 o Yoo E 1o
energy & Re(g)

Non-Hermitian Dirac equation and its optical realiza-
tion.—Let us consider the Dirac equation in one spatial

Bell Lab patent 1965
Tsang 1984

C3 laser

(Coupled cavity laser)

of the cleaved coupled-
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PT-symmetry with gratings somon ==
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As(x)~Ag, [ (expiGx) + eXX—Xc)]

= Ag; [cos(kx) + isin(kx)]

« Single sideband » grating (Fr:BLU)

/a
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PT-symmetry with gratings =

(Fr:BLU)DBR s W :
Kulishov et al.

Reflective end

Nonreflective end Nonreflective end
k L /\ L f/
[l

m/a N /
= JlF o Y e
M, e M, , 0
7=0 -

LETTERS

PUSLIHETS AL 75 MOV IMBIR 007 | D0 101330 WM AT

Experimental demonstration of a unidirectional
reflectionless parity-time metamaterial at
optical frequencies

Ae(x)~Agq [ cos(kx) + i(—1 + sin(kx))]

5
g %17 = 4 ho 1) g3 a3 g4 15

INTENSITY (a.u)

00 5000

TIME (ps)
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22 April 2013 | Vol. 21, No. 8 | DOL:10.1364/0E.21.009473 | OPTICS EXPRESS 9473

soo Lirwe'  1awt peenwt  vew’
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OUTLINE o=

= PT-symmetry, Hamiltonians, and Gain-Loss

= Three flavours of PT-symmetries
e With waveguides
e With resonators
e With gratings

= Application with plasmonics (with IEF : A. Lupu, A. Degiron)
e Losses are now causing a singularity !
e Switches
e Real life ? (“healing” of smoothed singularity)

= PT -symmetry and (many) current photonic concepts
e from coherent perfect absorbers to lasers

& The brachistochrone problem (1696[!]-1990)
¢ Relevance for fast Quantum computation
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CONTEXT : Gain with plasmons
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e SPASER (Stockman, Oulton with nanorodes, ...)

e Optical Amplifiers with LRSPP (Berini) | |

’v}‘ ‘
- T A
= - o
- &
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L - INSTITUTﬁ
PT -symmetry with relaxed gain-loss balance
previous ¢ i
representation - |« WL
2T 3 |7
broad view ‘ 2l Batanced
L @ P “s“ (c 0 1 2
% s“ . Im norm. gain g4/x
|loss| =gain  :
£
ag I &) Im
. >IN/ —°T
|loss| =& x gain 2o S 1 ......... {5‘
5 i e\
3L ~ |t
3 or S\ ) B Am ) Cte m
lloss| = Ct€ B
s 7 N, er
E Y = ‘s‘lrn
2 .3 » .‘s“ | | Larger fixed |OSE “o..;
-4 ‘ l ‘ 0 ‘ ‘ 4 -4 0 ‘ 4
norm. gain g4/x norm. gain g4/x
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PT -symmetry with plasmonics : fixed losses =

(@) _matched losses g;=-8,

E oz — — - 5
£ R me a0 [Tl - - L
B o ; -~ 2
= o] P >
o g 40 N ‘ 3
2 ‘"™ Re() = abrupt behaviour 2 EP
g im(:) 200888 r
3 ‘I.-L- oos ot Q1% 02 03 03 035 04 045 05 IOglO(T)
material gain g 0 1O%ain2(oc?n'1)300
GAIN e
LOSS -8,
(b) _fixed (metal) losses
E « active- PTjstructures »
N I
(]
[8)
c
g
[ ©
1’.-90 oaos o o1s -J: 0:3- 03 038 04 048 08 0 ‘ . . ‘ ’ . X
material gain g 0 100 200 300 « passive- PT-structures »
GAIN \:g—v gain (cm1)
K e.g. Guo et al. PRL 2009
FIXED LOSS"=2=eez22ee=2
0
g, and « should be "matched”| H, Benisty et al. Opt. Express, 19, 18004, 2011
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Whole coupler picture -
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MORE on SWITCHING ? ey ==

Switching using PT symmetry in plasmonic
systems: positive role of the losses

Anatole Lupu,”’ Henri Benisty,’ and Aloyse Degiron'”

9 September 2013 | Vol. 21, No. 18 | DOI:10.1364/0E 21.021651 | OPTICS EXPRESS 21651

| 1.5 C 5 9
Tl T
- 1.4} -§ sof
W
z 1.3t 2
c
12}, S S1
o . o s2
-5 14} £ 60 S3
o . S4
o 1} E S5
£ S 50 S6
-~ . o
S 0.9 £
& 08 gw
0.7 i I & 30 s i
0 0.2 0.4 0.6 0.8 1 0 0.2..,, 04 0.6 0.8 1
Normalized losses (units of k) Normalizéd losses (units of k)

Existence of optimal losses, minimizing
requirement for gain & amplification vs. K
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3 3 O INSTITUT ﬁ
Origin of complex coupling somon ==

microscopic picture

’”~
\
1
1
1
'y \'\
~
)

LOSS
[ -9
L e——)

coupling constant : «

g,

- —

GAIN |

- coupling value k5, also depends on g4
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« Differential gain » :
{Ideal} vs. {Fixed losses and Complex coupling}
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Ideal case

L=2.51/k -

- -
-7 -
- . b
~ g -
- pR

(©)

104 F

exp(@li2) _ -
- -

102 | FPEHA 7

100

absolute gain |T44|

2 |
10 -

200r

wo0r

differential gain (dB)

2
modal gain (units of k)

Fixed losses & complex coupling

- T
= h—/Z.Sﬂ:/K
- s
104 - %
£ pd V4
g exp(gLi2) -~ 1
o 2 _ Vs 1
— // /‘W,/
Sl i o
= 0.02
a1 o] -~ ¥
3 10F A1 ] —o0s
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— i
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o
-
"

) i
| \ =
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1= ey 4
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PT -symmetry with plasmonics
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» Exceptional point smoothed when complex

phase occurs in coupling

—ani(phase
Kok, =ei(Phase)

» Small margin to retain high differential gain 1« ,Kk,, = el(small phase)

-
-
-
-
-
-
-
-

I
1
1
1
1
1
1
1

with corhplex phasé:
EP missed

» smoothed singularity !

(*actual example below)
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« Active-PT-structures"

Ideal exceptional point
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=4

1 2

modal gain (units of k)
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Dielectric and plasmonic waveguides S
polymer + Au-LRSPP
New Journal of Physics 11 (2009) 015002 A. Degironetal. (@ Duke U.)
& 1OP Inatitite of Physics € 0E0TsoE mvsiKa 1l FLLSCHAFT
(a) (b) T o
' : i :
- X polgi:ior' |j|_nilf|E “ {b] j T

AT

Intensty

paSSive regime; EE Zéiluplling‘};ﬁgthl -j_urﬁ]ac | e
« Switching » based on
detuning of Re(¢)
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« Healing » in this realistic architecture ? S
A=1550 nm SU8: n=(1.57+ &n) +ig

Au: £=-132-12.65i

60 nm \, 1.50 pm
!
3 um

3.42 um 2um
\_BCB:n=1535
1073}
& | dn=-12810°
= on = - 6.41¢°
O L
origina{'

1.5392 1.5394 1.5396 1.5398 1.54 1.5402
IEEE J. Lightwave Technol., vol. 30, pp. 2675-2683, 2012. Re(nggf)
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Adaptation of geometry
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Targetting y, =0.42x, loss/coupling ratio
Air "

SiO, substrate,

n=1.44

BCB

£

&

- g Au stripe
© | I
(3}

€  d=3.845um 4.6um

™

)

5.6um

1
2

H

5

Switching ampli

8

o 0.2-., 04 05 0.8 1

NormalizZéif 1655es (units of x)
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==
REALISTIC LRSPP + SU8 SWITCH sorow
a . b Air C.
T . - 1 o
g 20 [ / = g BCB g 20 :cs;‘::?: g:_\:egume
E ___.__/ ‘with gain : E Au stripe E- 5 10 >
8 ? N\ : : - P o/
& 2um § d=3.845um 4.6um £ " /
§ = g \
F ~ -20
Si0, substrate, n=1.44 30

0.5 1 1.5 2

Gain g, (units of x) ’

oCMT
e real K

® x5 =0.42x, fixed losses

e variable g,
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o 0.0005  0.001  0.0015 0002  0.0025
Material gain

e FEM
¢ no « healing »

real
e variable Im(gg j5)

imperfections...
... less gain excursion




Hybrid plasmonic waveguide : the «<PIROW » o =
PIROW: Plasmonic Inverse-Rib Optical Waveguide |

n=1 (air}
(c) n~2 (sol-gel) | en
=633 nm) ~1 .4 y
(resist) n|_ Lip e X

— normal resist

*—hard-baked resist
d gold

e JAP 2010, H. Benisty and M. Besbes
E-field in 30-50 nm tip...

e Like Oulton’s nanorod/spaser, but deterministic
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Two coupled «<PIROWS » L=

A normal one and a gain one

GAIN FIXED LOSSES
£ (a) gain regions passive dielectric
5 L
3
= perfectly
® > matched
B I
= ayer
e
= : ]
g -1 05 1] 05 1
horizontal distance (um)
(b) (c)
1,648 0.01

Y
1.64 0.005
H. Benisty and M. Besbes, 0

"Confinement and optical i
properties of the plasmonic
inverse-rib waveguide,"

1.63‘/\ -
-0.01
JOSA. B, vol. 29,

anti-symetric

pp. 818-826, 2012. o 0,015

165502z 004 006 008
Im(n) in gain region

-0.02
0 0.02 0.04 0.06 0.08
Im(n) in gain region
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« Healing » of Two coupled PIROWSs

_ (a) gein regions  passive disleciric
s T m - X . _
|- = (Ry) = (ng) + ig(1 + ia) a=-0.174
N ““n
e ss— COUPLED PIROWS | jnyerse-rib+gain
0.015 +detuning g- _
. high index
air /
0.01 /
metal inverse-rib
_ (gold) 0w index
£ 0.005
E (6=0.0093) original
"healed!
0 >
-0.005
1.625 1.63 1.635 1.64 1.645

Re( n eff)

« Healing » obtained here by changing both Im(€) and Re(¢), the latter with a

small factor... equivalent to detuning of waveguides with fixed Re(¢) of EP...
31
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OUTLINE

= PT-symmetry, Hamiltonians, and Gain-Loss

= Three flavours of PT-symmetries
e With waveguides
e With resonators
e With gratings

= Application with plasmonics (with IEF : A. Lupu, A. Degiron)
e Losses are now causing a singularity !

e Switches
e Real life ? (“healing” of smoothed singularity)

= PT —symmetry and (many) current photonic concepts
e Trom conerent perrect absorbers 1o lasers

& The brachistochrone problem (1696[!]-1990)
e Relevance for fast Quantum computation

32
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= O = = INSTITUT ﬁ
General metamaterial scattering description---=

Jensen Li et al. work Y, = }’f 4 y}_lD% |

Kang et al. (Jensen Li) e iy K iyy 0
PRA 87, 053824 (2013) Hy = « o—in) T 0 iy ) (4)

b*, b~

\ HZ / zero > CPA
- !
/%&%p(’les > det(H, — l)
N7 det(s)

H, ~ det(Hy — wl)’

at,a” p
pole - laser
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o 0 . IP?ISTITUTé
Unification ? Each H, has its PT-sym event

eoscilla- e CPA=Coherent Perfect
tor PT.. Absorber

eLaser
T e
,:'_: . ! T Kang et al. (Jensen Li)
\ o x : = PRA 87, 053824 (2013)
b © o
15¢ ] ; i 8 P
- g i e
E L ! ; 0?
= 10[~, :
L . )
o’ i :
2 £
vy i
: ]
m— qr-refleétor
20 15 10 -5 0 5 10 15 20

Then, det(H; — @) = 0 implies a complete reflectionr = —1
and ¢t = 0 for one side of incidence.

eDescription based on a « rich dipole » (2 coupled degrees of freedom)
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The brachistochrone problem... somon =

Johann Bernoulli

dx 1
o '-11119:1_:_
pT NS 1696 . o ds o
a Quickest path
\. withgiveng? &
‘\\ g g ///
~ "Quickest
Hamiltonian"
[ Solution = Cycloid ]
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The quantum brachistochrone problem... =

Avs
, pTInSioe’ N

1 ret

(O) E.—E_ =w (b)

« g » €-> constraint on eigenvalues

[ Solution ~Rabi /2 oscillation]

T=7h/w
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Faster than Hermitian Quantum Mechanics

Bender et al...

PRL 98, 040403 (2007) New inner pl'OdllCt
C? =1, [CH]=0, and [C, PT]=0.
c = COLH(*'ST‘“ ﬂ_sliw)_ Seems to depend on H'! e

this would limit the applicability of a Hilbert-space worm-
hole to improve quantum algorithms.

PHYSICAL REVIEW A 85, 062122 (2012)
T. Kottos, Wesleyan Univ....

Bypassing the bandwidth theorem with P7 symmetry ‘

Faster
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INSTITUT ﬁ
CONCLUSION & PERSPECTIVES e
Attractive concepts from v PT insidé?
classical to quantum ?
Quite some potential to unify
several fields using Gain &
"Phase-transitions”
(lasers, CPA, EIT, metamaterial
2, strong coupling ?,...)
Can be combined
(...with care...)
with plasmonics to yield
singularity from losses !
38
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