Gain-Loss photonic structures:
formal analogy with quantum-mechanical

structures with P7 symmetry/breaking;

(non-Hermitean theory)
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Introduction: Early papers on gain-loss structures
(without any comment on PT symmetry/breaking)

Brief history of asymmetric complex grating-assisted coupler:
Basic theory:

L. Poladian, Phys. Rev. E, 54, 2963-2975, (1996).

M. Greenberg and M. Orenstein, Optics Express, 12, 4013-4018, 2004.

M. Greenberg and M. Orenstein, Optics Letters, 29, pp. 451-453, 2004.

M. Greenberg and M. Orenstein, IEEE J. Quantum Electron., 41, 1013-1023, 2005.

Application proposals:

M. Greenberg and M. Orenstein, Phot. Tech. Lett., 17, 1450-1452, 2005. (add mux)
M. Kulishov et al, Optics Express, 13, 3567-3578, 2005 (light trapping in ring resonator)
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ASYMMETRIC COMPLEX GRATING COUPLER

A
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Grating-assisted directional coupler using asymmetric complex grating

l‘;S“" |
5

E (z,2) = A (2)e,(z)exp(i0,2) + A,(2)e, () exp(10,2); complex, periodic in z

dilil(z) ~ in,,(2)A (2) + z'h:p(z)c_i(j‘_%):Aj(z) ffA z,z)e, (z)e, (z)dS
» 2 2

Lo o i (A 1 i ()AC), B A K K= 2nfA
p 2 2\#)4%

Fourier expansion contains only
positive exponentials (“SSB modulation”)
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ASYMMETRIC COMPLEX GRATING

Complex permittivity perturbation in individual grating segments:
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Re{!D(2)}, Im{x{D(2)}

Z - coordinate

ReEAs}

The second option seems
technologically simpler
since it requires

only two different values
of Ae’ and Ae”



SOLUTION OF COUPLED MODE EQUATIONS

Let us consider the following ideal case of the grating at synchronism,

k,@2) =0, k(@) =~k exp(iKz), Then, the coupled equations read
k,,(2) =0, k,()=0, dAl(z) e
AG=K (5, ~5)=0. )
dAZ(Z) ~0
dz

For A(0)=0, A0)=0

we get the solution

A(z)=A(0) =const., P(z)=P(0),
Az)=0, P, =0.

for A0)=0, A0)=0

A@ =irOA0R P =8| P,0)7,
A, (z) = A(0) =const., P,(z) =P,(0) = const.
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ACGC IS A RECIPROCAL DEVICE!

Forward propagation

Backward propagation
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STRAIGHFORWARD ACGC APPLICATIONS

Wideband ADD multiplexor

M. Greenberg and M. Orenstein,
PTL 17’ 1450-1452’ 2005 TR

Light trapping in a ring resonator
(a “dynamic memory cell”)

M. Kulishov et al., OE 13, 3567-3578, 2005

grating “switched on”: grating “switched off”:
B, guide #3 B, guide #3
Port B -) Port C Port B Port C
B guide 72 guide #2
i &
ﬁg Bf
Port A Port D Port A Port D
L L -



“SSB” MODULATION

For “unidirectional” behaviour, the condition A’ = A<” is of key importance:

14 1 I 1/
iIAe"—iAs" iAs"—iAs

A=A A —AS

Ae(z) = A’ cos Kz + iA<" sin Kz

= %(Aa’ + A") e 2(Ac — Ae")e ™

In the case of A’ = A" we get
Im{Ac} Im{A<}

A"
_/ "
U Re{AE}




NUMERICAL MODELLING OF ACGC

Method: Bi-directional mode expansion propagation based on harmonic expansion
with complex coordinate transformation as a PML (BEXX)

J. Ctyroky, OQE 38, pp. 45-62, 2006; JLT 25, No. 9, pp. 2321-2330, 2007; JLT 27, 2009 (in print)

Basic waveguide structure: asymmetric directional coupler of the InP/GalnAsP type

(V8]

IAs =120 nm

Asymmetric grating: 24 periods, 4 segments, 5 um long each
modulation format: alternative,
total length of the grating: 24x4x5 uym =480 um
central wavelength: A = 1.532 uym
Ae’ = A" = 0.48675 (") (gain/loss ~135 dB/mm!)
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“STANDARD” ACGC

Mode field distribution in the central part of the coupler
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“STANDARD” ACGC - RESULTS

Forward propagation Backward propagation

-0.73 dB
=) <
+0.19 dB
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FORMAL ANALOGY BETWEEN A PHOTONIC WAVEGUIDE
AND A POTENTIAL WELL IN QUANTUM MECHANICS

Schroédinger equation for a particle in

Eigenmode equation for TE modes

of a planar waveguide

1 d?E(x
&) + e(X)E(x) = N2E(x)
ki dx?
mode field distribution E(X)
wave number Kq
relative permittivity profile e(x)
effective refractive index N 2
Re{s(x)} i
N 2
~ SN\

i E v

o

X

Loss/gain structure; &(—X) = e (x)

(A

a 1D potential well

h? d%(x
- PEE0) v vt = Ev)
2m  dx
W(X) wave function
_“Zm mass; Planck constant
h
—V (X) potential
—E particle energy

RedV ()},

)

Y

_\\:F'

S V(—x) =V (X)

“PT symmetry”: complex potential(!),



PT-symmetric PT -symmetric
\_ coupled waveguide [1.34]/ \_ waveguide grating [1.74] J

~

»

PT—sy.mmetric PT-symmetric coupled
\_ ring grating [1.61] Y, \microresonators [1.11,1.58]/

1.34: C. E. Ruter et al., Nat. Phys. 6, 192-195 (2010). 1.74: L. Feng et al., Science 333, 729-733 (2011).
1.61: L. Feng et al., Science 346, 972-975 (2014). 1.11: L. Chang et al., Nat. Photonics 8, 524-529 (2014).
1.58: H. Hodaei et al., Science 346, 975-978 (2014).
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WAVEGUIDE STRUCTURE WITH LOSS/GAIN:
HISTORICAL REMARKS

= 1995: COST 240 Action: Loss/gain waveguide modelling task by H. P. Nolting (HHI)
(aimed at benchmarking of BPM methods)

]

_ ng = 3.169355 1 4x10® =
ns 3.169355 n = 3.252398 + in" a . 5
n, = 3.252398 ng =3.252398 - in" .~ ) 1 2x10 =
- a=4nn"/r i 3
n. =n E n” b eesesesesessosesooonn 10 9)
G~ 'w —1 W - o
§ j > i H1-2x10° 3
n =n, +in" Z 322 - e)
L Y ' 3 S
: - 3.21 0
[exp(—iwt)]
ﬁ% 3.20 Singl d Two-mode region, ]
w = 1um, Z 319 F T single-mode Two-mode NTE = (NTEY i
\ 61:) I region, region, 1 =Ny
le) i TE TE N TE
m_ = 2 ax107% [—; um, Cm_l], 318 realN real Ny~ N, ™ 2 i
317 | a. a _
)\ — 155 Hm’ [ .1 T .br|an9h. N B
0 2x10° 4x10° 6x10° 8x10° 1x10*

... "loss/gain coefficient" [cm™]
Loss/gain coefficient o cm™

1. H.-P. Nolting, G. Sztefka, J. Ctyroky, "Wave Propagation in a Waveguide with a Balance of Gain and Loss," Integrated Photonics Research '96, Boston, USA, 1996, pp. 76-79.
2. G. Guekos, Ed., Photonic Devices for telecommunications: how to model and measure. Berlin: Springer, 1998, pp. 76-78.
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DISPERSION EQUATION (TE modes)

DN, @) = 75 |75 C05(Kg16W) — g SiNK1sW) || 75 SINKy Y W) + 7, cos(Kyy W) | +
+ 7 | s coslkyy W) — v sin(Kyy W) [ 75 Sin(kyrgW) + g €os(KggW) | = 0

21
15 = yN?—ng, 3 =nf —=N? 95 =ng —N? Kk, Y
“Exceptional” point: ‘;_N — 0.
«
Since ®(N, a) = 0, 6(1)6N+8<I>:0 = a—N:—a—q) aq)—>oo = a—q)zo.
ON da Oa Oa da/ ON ON

Exceptional point is given by the simultaneous solution of the following two equations:

{@(NB,OJB) =0, @ = dq)(';'EI’O‘B) = o}j s ——_

Taylor expansion of ®(N,a) in the vicinity of N,y sounds -
®(N, ) ~ ®. (o — ag) + %(I),’\’, (N — NB)ZZO

Im{ N

from which it follows
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2D ANALYSIS (PLANAR WAVEGUIDES)
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WAVEGUIDE STRUCTURE WITH LOSS/GAIN

SURFACE WAVE

Non-attenuated TM surface wave
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J. Ctyroky et al., "Waveguide structures with antisymmetric gain/loss profile," Optics Express, vol. 18, pp. 21585-21593, 2010.



COUPLED WAVEGUIDES WITH LOSS/GAIN
Balanced loss/gain — ¢, =10.89, &/ =11.56

A

switching: Fa =g tlE, b7 w=15pm, h=075um,

e(=x,y)=¢ (X,Y) w g w g=1pm, 2=1.55pm.

. 0.003
3.3380 ]
] 0.002
3.3375 ]
1 TE 0,001
— ]
T 3.3370] z ]
£ : =Z§ 0.000
@ 3.3365 N £ ] i
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C. E. Ruter et al. "Observation of parity—time symmetry in optics,” Nature Physics, vol. 6, pp. 192-195, 2010.
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COUPLED WAVEGUIDES WITH LOSS/GAIN
Fixed loss/variable gain / _ £,=10.89, & =11.56

A

switching: 1 = &g Hig / o w=15pm, h=0.75 um,

8(—X, y) + 8*(X, y) g=1pm, A =2155pum.

3'3380'; 0.0005 ]
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COUPLED WAVEGUIDES WITH LOSS/GAIN
Balanced loss/gain = : :

_ : T £,=10.89+1g], &, =11.56 + ig;
with reduced gain: ~ fa =% *ie @ T Ww=15um, h=075um,
E(X, y, Z) = E(X, y) EXp(IkO NZ) !: W :!: £ e W > g :1 l..lm, }, :155 l..lm
Rigorous equation for transversal field components: Ae +V [V In g ]+ ki(e—N?)e, =0,

Small uniform permittivity modification: & (X, y) =¢&(x,y)+ig;, ‘%‘ < ‘5‘

ig/ : : : ” :
ALeL+VL{V{Inﬁ%j-q}kj[g+|gt’)’—(N2+|gg’)}eL:0; g—>e+igl =| N> >N’ +ig/
£

Uniform background loss can be used to reduce the required gain: Epaneny = £0.009
Eq 105 = 0.0105, & .., =—0.0065, g =0.002, Eq 10 = 0.0115, & ;. =-0.0075

Below 0 Above

critical . critical 1.6

point | point 14
0.6 2
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r 0.5 1 "
F10.4 0 L s
| loss channel == dos

02 -2

0.4

0.1 02

0 _40 1000 2000 3000 4000

0

0 1000 2000 3000 4000
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COUPLED WAVEGUIDES WITH LOSS/GAIN
— £, =10.89, &, =11.56

A

Un/balanced loss/gain: & +ie+ie’ n—

— w=1.5um, h=0.75 um,
) w o Y w g, +ig!
g=1lpum, A=1.55pum.

Structure with uniform background loss, & =0.002

Output power increase (from both waveguides!) by increasing loss of the lossy channel:

Lower loss, “subcritical” regime Higher loss, “supercritical” regime
Below Above
critical critical
point * I1 point ¢
3 3
" 2 Pe 8” =-0.0075>
&, ==0.0075, - gain channel 1
r 10.6
0 " 0
& =0.0105 _ L, & = 0.01151
= ~ loss channel =)

-2
02
-3

0 -4

-4
0 1000 2000 3000 4000

0 1000 2000 3000 4000
A. Guo et al., “Observation of PT-Symmetry Breaking in Complex Optical Potentials,” Physical Review Letters, vol. 103, no. 9, pp. 093902-1-4, 2009.
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Re{N_.}

PLASMONIC LOSS/GAIN STRUCTURES

A hypothetic “canonic” (balanced) plasmonic loss/gain structure:
Hybrid dielectric-plasmonic slot waveguide directional coupler with “tunable metal”

“Passive” structure:

1.672

g(_X’ y) - g*(X’ y)

1.670-.
1.668-.
1.666-.
1.664-.

1.662 -

"Antisymmetric"

Au with tunable loss / Au* with tunable gain

1.660
0

4

gAu

6

8

w =300 nm, _
SIO, S w
d =120 nm, P
h=30 nm, :; d
s =1000 nm, _h X
A =155 um Al Err T S
0.006 -
0.004 -
0.002 -
g 0.000
E 4
~ -0.002 -
-0.004 -
] "Gain"
-0.006 -
10 o 2 4 6 8 10

gAu

H. Benisty et al., "Implementation of PT symmetric devices using plasmonics: principle and applications,” Optics Express, vol. 19, pp. 18004-18019, 2011.
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PLASMONIC LOSS/GAIN STRUCTURES

A more realistic model of an unbalanced plasmonic loss/gain structure:
Hybrid dielectric-plasmonic slot waveguide directional coupler with gain section

w =300 nm,
i S
=19, W d=120nm, )
ﬁ— h=30nm, e(=xy) =& (XY)
s =1000 nm
Au
gain section Only gain (g4” ) in the gain section is now tuned: Egain = Esio, — 164
1.672 001
1.670-. "Symmetric" “Symmetric”
: 0.00
1.668 - ]
1.666- >° .0.01
E
1.664 - ]
-0.02
1.662- "Antisymmetric" ]
1.660 +—"—7—-—"—"—"—"+"7—-"+—"—+—-——-+—"—F—"F—"T—"——— 0.03
0.00 0.05 0.10 0.15 0.20 0.00 A
ggll (C;g



MORE COMPLEX GAIN-LOSS STRUCTURES

Linear arrays of coupled waveguides with loss and gain

(quasi-TE polarization)

g(_X’ y) - g*(X’ y)

4 coupled channel waveguides
W S A
R -
i
w=1i5 um,
h=0.75 pm,
S=1pum

£q=1156+ig;, &, =1156-1s/, & =10.89

8 coupled channel waveguides

gg
33381
3
=z
A F 3.3371
x
|
P BN BT BN R
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5
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g™ ]
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0.000

Im{N_.}
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0.000

0.002 4
0.001 4

* 0.000

Im{N_.}

-0.001 1

-0.002
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LINEAR ARRAY WITH UNBALANCED LOSS/GAIN

Coupled waveguides with fixed loss and variable gain

g(_X’ y) & g*(X’ y)

3.3390 -

6 coupled channel waveguides
A

3.33851

3.3380

_RECRE e

!
!
i @

Eq = 11.56 +0.011L,
&4, =11.56 - igé’,
g, =10.89
8 coupled channel waveguides

3.3360

4 ]
% 3.3370

3.33651

0

3.3355

0.000

0005 0010 0015 0020  0.025

£, =11.56 +0.0009i,
Eqs :11.56—i3é’,
g, =10.89

i

0.0015 -

0.00101
0.0005
0.00001
~ -0.0005 3
< ]
£ -0.0010
-0.0015 1
-0.0020 ]
-0.0025 1

-0.0030 3

0.000

0.001 A

0.005 0.010  0.015 0.020 0.025

0.000 A

-0.001 -

Im{N_}

-0.002 -

-0.003

0.000

0.005 0.010 0.015 0.020 0.025

0.000 0.005 0.010 0.015 0.020 0.025

gg & n

“Switching” by pure gain modulation is feasible also in loss/gain waveguide arrays
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MORE COMPLEX GAIN-LOSS STRUCTURES

“Circular” arrays of coupled waveguides with loss and gain

4 waveguides Yy

w=1pum
r=1.5w
£y =11.56 +ig],
Eqs :11.56—i5é’,
g, =10.89
6 waveguides

r=2w

8 waveguides

r =2.55w <~/

s(-x,y) =" (x,y) [
s(X,-y) =& (X, )

ufe

|
!
.\/"|

/..\‘ |r

!

X
7' (TE-like)

/7
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CIRCULAR ARRAYS WITH UNBALANCED LOSS/GAIN

Coupled waveguides with fixed loss and variable gain

6 waveguides .‘T'\-\.
w=1 pm / ! \,

r=2w B Sl .

£, =10.89

|
. | ,
[
£, =11.56 +0.017i, lq,-/

£, =11.56 —ic!

8 waveguides
r=2.55w /'/‘.\'\
/

L P
&y =11.56 +0.024i, .

£4, =11.56 —lig]

Re{N_.}

Re{N_}

3.339 1
3.338:
3.337:
3.336:
3.335:
3.334-

3.333 1

—

.——/
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“Switching” by pure gain modulation is feasible also in loss/gain waveguide arrays
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RESONANT FREQUENCIES

OF A PAIR OF COUPLED
PT-SYMMETRIC

RING RESONATORS

0.02 T T T T 0.02
0.015 0.015
0.01 1 0.01
7 0.005 7 _.0.005
@
& &
S], 0 5 0
i E
-0.005 1 -0.005
-0.01 7 -0.01
-0.015 -0.015
-0.02 . ! : ! -0.02
0 0.5 1 15 2 2.5 0 0.5 .5 5
Relative gain, g/n %1073 Relative gain, g/n %107
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