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Plasmon—soliton wave building blocks
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What is a plasmon—soliton wave?

single propagation constant

A nonlinear optical wave combining a spatial soliton and a plasmon field with a J
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Introduction

What is a plasmon—soliton wave?

A nonlinear optical wave combining a spatial soliton and a plasmon field with a
single propagation constant
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Introduction Context

Motivation — Plasmon-soliton coupling in the semi-infinite NL region case

Yy
Nonlinear dielectric External
Metal medium
2
enL = €1+ alE| .
2 2 €3
0 d

Geometry of the 3-layer nonlinear model

@ Seminal articles:
B V. M. Agranovich et al.

Nonlinear surface polaritons

Sov. Phys. JETP, 32(8):512, M N >

1980. VET ¥<
ﬁ J. Ariyasu et al. LIN K—/ L~ —

Nonlinear surface polaritons .
guided by metal films. POWER
J. Appl. Phys., 58(7):2460,

1985.
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Introduction Context

Motivation — Plasmon-soliton coupling in the semi-infinite NL region case

More recent articles:
@ Using the 'interaction picture’ approach:

ﬁ K. Y. Bliokh, Y. P. Bliokh, and A. Ferrando.
Resonant plasmon-soliton interaction.
Phys. Rev. A, 79:41803, 2009.

ﬁ C. Milidn, D. E. Ceballos-Herrera, D. V. Skryabin, and A. Ferrando.
Soliton-plasmon resonances as Maxwell nonlinear bound states.
Opt. Lett., 37(20):4221-4223, 2012.

o Starting from nonlinear Schrédinger's equation:
ﬁ A. Baron, T. B. Hoang, C. Fang, M. H. Mikkelsen, and D. R. Smith.

Ultrafast self-action of surface-plasmon polaritons at an air/metal interface.
Phys. Rev. B, 91, 195412, 2015



Introduction Context

Motivation — Plasmon-soliton coupling in the semi-infinite NL region case

More recent articles:
@ Starting from Maxwell's equations:

@ A. R. Davoyan, I. V. Shadrivov, and Y. S. Kivshar.
Self-focusing and spatial plasmon-polariton solitons.
Opt. Express, 16(24):21732-21737, 20009.
-W. Walasik, V. Nazabal, M. Chauvet, Y. Kartashov, and G. Renversez,

Low-power plasmon-soliton in realistic nonlinear planar structures, Opt. Lett.,
37(22): 4579, (2012)

-W. Walasik, G. Renversez, and Y. Kartashov,
Stationary plasmon-soliton waves in nonlinear planar structures: modeling and
properties. Phys. Rev. A, 89: 023816, (2014)
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Nonlinear slot waveguide — Introduction

Y
Metal Nonlinear dielectric
€1 = €1 2 €3 = €12+ OZ|E|2

Metal
€3 = €1,3

Linear case:

[@ V.R. Almeida et al.
Guiding and confining light in void
nanostructure,
Opt. Lett, 29:1209-1211, (2004)

ﬁ J. A. Dionne et al.
Plasmon slot waveguides: Towards
chip-scale propagation with
subwavelength-scale localization,
Phys. Rev. B, 73(3):035407,
(2006)
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Nonlinear slot waveguide — Introduction

Y
Metal Nonlinear dielectric Metal
ea=e1 |, e=qz+alEP €3 = €3

Nonlinear case:

ﬁ E. Feigenbaum and M. Orenstein.
Plasmon—soliton.
Opt. Lett., 32(6):674, (2007)

ﬁ A. Davoyan, |. Shadrivov, and Y.
Kivshar,
Nonlinear plasmonic slot
waveguides,
Opt. Express, 16(26), (2008)

No experimental results on plasmon—soliton in nonlinear slot

Too high nonlinear index change An = ny/

TO7S7
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Nonlinear slot waveguide — Introduction

Y
Metal Nonlinear dielectric Metal
ea=e1 |, e=qz+alEP €3 = €3

o Waveguide configuration
o Subwavelength focusing
@ Control the solutions with the power

@ Peculiar nonlinear effects

11 /57
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Nonlinear slot waveguide — Models

Metal Nonlinear dielectric Metal
€1 = €1 ~ €2 =€+ 01|E|2 €3 = €13

Focusing Kerr effect J

Approach: the spatial dependency of transverse field components is kept

"Modal” nonlinear solutions of Maxwell's equations for TM stationary waves
using field continuity conditions in 1D structure
Both nes and field profiles that depend on total power P:,: are computed

12 /57
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Conclusion

Nonlinear slot waveguide — Models

Metal Nonlinear dielectric Metal
€1 = €1 ~ €2 =€+ Oz|E|2 €3 = €13

Common hypotheses to our two models

o Stationary solutions of Maxwell’s equations:
E(x,z,t) | _ [Exu(x) .
{H(x, z, t)} - {HNL(X)} expli(Brrkoz — wt)]
ko = 27/, and OxL is the effective index nes of this nonlinear wave

e TM waves:
E = [E., 0, E;] and H = [0, H,, 0]

o Kerr nonlinearity

o Maxwell's equations + boundary conditions
— Nonlinear dispersion relation

o
13757
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<An>

a= D W A a0 o N

Jacobi Elliptic function based Model
(JEM)

Extension to slot configuration of
W. Chen and A. A. Maradudin
J. Opt. Soc. Am. B, 5, 529 (1988)

a= D W A oo N ®
4 L 4 e e L

Finite Element Method (FEM)

Adaptation to slot configuration of:
F. Drouart, G. Renversez, et al.
J. Opt. A: Pure Appl. Opt., 10, 125101J
(2008)

— Low nonlinearity depending only on
the transverse electric field

+ Analytical formulas for field shapes
and nonlinear dispersion relation

+ Exact treatment of Kerr-type
nonlinearity

— Field shapes and dispersion curves
obtained numerically

4
14757
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Introduction

Nonlinear slot waveguide — Models

Jacobi Elliptic function based Model Finite Element Method (FEM)
(JEM) Adaptation to slot configuration of:
Extension to slot configuration of F. Drouart, G. Renversez, et al.
W. Chen and A. A. Maradudin J. Opt. A: Pure Appl. Opt., 10, 125101J
J. Opt. Soc. Am. B, 5, 529 (1988) (2008)
— Low nonlinearity depending only on + Exact treatment of Kerr-type
the transverse electric field nonlinearity
+ Analytical formulas for field shapes — Field shapes and dispersion curves
and nonlinear dispersion relation obtained numerically
FOyr
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Nonlinear slot wavegunde — Dlsper5|on relations
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ﬁ A. Davoyan, |. Shadrivov, and Y. Kivshar, Nonlinear plasmonic slot waveguides,
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Simple NL slots

Nonlinear slot waveguide — Dispersion relations
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Nonlinear slot waveguide — Dispersion rel
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ations

12
=%
9l
6
<An>
400 15 400
0)-si () - Sl (1) - AS2
300 300
! £
200 3 S 200
= >
I 05 T
100 100
o o 0
-0.2 0 02 04 06 -0.2 0 02 04 06 -0.2 0 02 04 06
X [um] X [um] x [um]

H, [GA/m]

15
(m) - AS3
1
05
0
02 0 02 04
X [um]

0.6

18 /57



Impre Metamaterial N

Simple NL slots

Introduction

Size and permittivity con%rast effects in nonlinear slot

Metal Nonlinear dielectric Metal
€eL=€1 |y e =€ +alE]? € =€,1
0 d T
10! ‘ ‘
107
A
@ 3
\%
10°
bifurcation ——
5| AB=01 ——
3 L 10°
103 102 10! 10° 01 02 0.5 1 2
d [um]

@ Bifurcation — spontaneous symmetry breaking

@ Asymmetric modes in symmetric structures
o Parameter rules to lower power needed for nonlinear effects

19 /57
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Size and permittivity con%rast effects in nonlinear slot

bifurcation ——

Metal Nonlinear dielectric Metal
€eL=€1 |y e =€ +alE]? € =€,1
0 d T
8 100 — i i
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L 10
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|4l

@ Bifurcation — spontaneous symmetry breaking
@ Asymmetric modes in symmetric structures

o Parameter rules to lower power needed for nonlinear effects
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= |eg|
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Simple NL slots
00080

Improved NL

Metamaterial NL slots Conclusion

Stability analysis: summary of results from

our 2 numerical methods

" 161 (GVrmy

Temporal propagation simulation over 15\
for the asymmetric mode |E| (comsol based)J

Temporal propagation simulation over 15\
MEEP full vector nonlinear FDTD
simulation for the asymmetric mode H,

Il I DD

o stability of the asymmetric mode

21/57
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[ ]
Intermediate conclusions
@ Two semi-analytical models for nonlinear slot waveguide configuration with a finite
size nonlinear core

@ Prediction of the existence of higher order modes in nonlinear slot waveguides

@ Study of size and permittivity contrast effects on bifurcation threshold
— ways to reduce it

o Stability study of plasmon—solitons using two numerical methods
— stable asymmetric mode

-W. Walasik, A. Rodriguez, G. Renversez, Symmetric Plasmonic Slot Waveguides with a
Nonlinear Dielectric Core: Bifurcations, Size Effects, and Higher Order Modes,
Plasmonics, 10, 33, (2015)

-W. Walasik, G. Renversez, Plasmon—soliton waves in planar slot waveguides: |I.
Modeling. Phys. Rev. A, 93: 013825, (2016)

-W. Walasik, G. Renversez, F. Ye, Plasmon—soliton waves in planar slot waveguides: II.
Results for stationary waves and stability analysis. Phys. Rev. A, 93: 013825, (2016) o



Simple NL slots

Intermediate conclusions

@ Two semi-analytical models for nonlinear slot waveguide configuration with a finite
size nonlinear core

@ Prediction of the existence of higher order modes in nonlinear slot waveguides

Study of size and permittivity contrast effects on bifurcation threshold
— ways to reduce it

Stability study of plasmon—solitons using two numerical methods
— stable asymmetric mode

o But losses and bifurcation threshold are still high for realistic and useful
parameters.
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Nonlinear slot waveguide configurations — Improved structures

v
Semi-infinite|Linear [Nonlinear|dielectric |Linear| Semi-infinite

buffer 2 buffer al
el et aEw) et
met EBuf ’ o %uf Emet
Z
¢ \d:m L X
@ Reduce the overall losses
o Modify the type of solutions J

Realistic parameters:

A =155 uym

deore = 400 nm

€Emet — —90 + I].O

€l,core = 3.467 +i107%, no = 107 m*/w

ﬁ C. Lacava et al.
Nonlinear characterization of hydrogenated amorphous silicon waveguides and
analysis of carrier dynamics.
Appl. Phys. Lett, 103: 141103 (2013)
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NpuF2.5; deore=400NM =

Plasmonic type mode

Relng)=346
Core localized mode

20 40 60 80 100
dydnml]
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Linear TM waves

NpuF2.5; deore=400NM =
338
Plasmonic type mode
'5 3.6
] R =3.46
< 34 w
32 Core localized mode

30 20 40 60 80 100
dydnml]

08 dpy=15nm =
T 065 f\/1 =
< ° °
=04 = core =
0.2
-0.2 0 0.2
x[um]
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Simple NL slots Improved NL slots | al NL slots

Linear TM waves

NpuF2.5; deore=400NM =
338
Plasmonic type mode
'5 3.6
] R =3.46
< 34 w
32 Core localized mode

30 20 40 60 80 100
dydnml]

dpy=15nm = dp,;=30.82nm =

0.8 0.8
T06g f\/T 5| 063 5
I ° o < ° @
204 = core = 04 = core =

0.2 0.2

-0.2 0 0.2 -0.2 0 0.2
x[um] x[um]



Introduction

\ple NL slots

Improved NL slots

Aetamaterial NL slots

Linear TM waves

NpuF2.5; deore=400NM =
338
Plasmonic type mode
} 3.6
k7]
< 34
32 Core localized mode
3020 40 60 8 100
dydnml]
dpy=15nm = dp,;=30.82nm = dpy=40nm =
0.8 0.8 0.8
_ _ _ | e
E0GT f\/T T| EO06s S| EO06g T
P @ o g 1) o < o) D
204 = core = 04 = core = 04 = core 2
0.2 0.2 0.2
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Linear TM waves

NpuF2.5; deore=400NM =
338
Plasmonic type mode
'5 3.6
] R =3.46
< 34 w
32 Core localized mode

30 20 40 60 80 100
dydnml]

Analytical evaluation of d,".

d:ff ~ A Re(fmet) V Re(ﬁl core — €buf — Epuf \/Re(fl core Re(emst)
A/ Re(fl,core) - 5buf Re(fmet)\/ Re(ﬂ core) — €buf + Cbuf\/Re(El core) Re(ﬁmet)
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Linear TM waves: Different buffer layer thicknesses
Npu2-5, dore=300NM =

case I
. case II
5 3.6 Plasmonic type mode
2 34 Re(ne)=3.46
case III
3.2 -

Core localized mode

30 20 40 60 8 100
dp,dAnm]

case | (limit case): dw,sr = Onm — simple slot configuration )

case Il: dpr < d,”. (The main linear symmetric mode is of plasmonic type) J

case llI: dpur > d,5- (The main linear symmetric mode is mostly core localized) » SJ




Improved NL slots
00O@000000

S0-plas ==
AS1-plas ===
_ 45 ANO-plas —
4.0
T
r35
3.0

10 10° 10® 10° 10" 10"
Pyl W/m]
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ole 00O@000000

) S0-plas =
AS1-plas ===
A4'5 ANO-plas =
é’4.0
[}]
€35
3.0
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2.0e07 S0-plas,P=1.5¢09 — 408+ 07 Ko plas,Pod 5e09 —,
1.50407 Z0e 7]
E £
Z1.0e+07 2 o
T T
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00O@000000

Nonlinear TM waves: case | dy,,r = 0 nm — Simple slot configuration

5.0
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Y] ANO-plas ==
=
4.0
N
[}]
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Improved NL slots

000@00000

Nonlinear TM waves. case | dy,,r = 0 nm — Simple slot configuration
(Losses)

0.06

2.0x10%
0.045 4
- 1.5x10° 2
€ 0.03 43
= 1.0<10° g
= 0.01 SO0-plas = 3

0.015 AS1_plas - 5.0x10

ANO-plas =
10° 10° 108 10° 10" 10"
P, [W/m]

Losses increase with the increase of the power )
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Nonlinear TM waves: case Il dy,r < d;', dpur = 15 nm
e SO-plas == S0-soll ==
ASl-plas =  ASl-soll =
ANO-plas =+ ANO-soll =
—~5.0 /
5 /
=
4.0
3.0
106 10" 10® 10° 10" 10"
Piot[W/m]

Nonlinear spatial modal transition

J
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000080000

terial NL slots

Conclusion

Nonlinear TM waves: case Il dy,r < d;', dpur = 15 nm

SO0-plas == SO0-soll ==
ASl-plas =  ASl-soll =
_5.0 ANO-plas =+ ANO-soll =
5
=
£4.0
3.0
10° 107 10® 10° 10" 10"
Piot[W/m]

Nonlinear spatial modal transition

J

8.00:07 [S0-plas,P=6.74e]j09
Oex S0-s0lL,P=3.88¢}10 =
_ 6.0e+07
E
<
% 4.0e+07
I
2.0e+07]

04 -0.2 0 0.2

0.4
xfuml
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0080000
Nonlinear TM waves: case Il dy,r < d;', dpur = 15 nm

SO0-plas == SO0-soll ==
AS1-plas =+  ASl-soll ==
.0 ANO-plas == ANO-soll =

>
0 S ‘v"

- ;“ ’QQ

e

o
““‘

10° 10° 10® 10° 10" 10"
Py o[W/m]

Nonlinear spatial modal transition )

" [S0-plas,P=6.74e409 - NO-plas,P=8.19¢+09 -
.0e+
-solI,P=3.88e1/10 = ANO-solL,P=1.33¢+11 =
S0-soll,P=3.88e 10 8.00+07] NO-sol 33e+
— 6.0e+07 — 4.0e+07
£ £
< <
;;. 4.0e+07| } -2.0e+07| r
2.0e+07| -8.0e+07|
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000000
Nonlinear TM waves: case Il dy,r < d;', dpur = 15 nm

' SO0—plas = SO0-soll ==
AS1-plas =+  ASl-soll ==
5.0 ANO-plas =  ANO-soll —

10° 10° 10® 10° 10" 10"

Nonlinear spatial modal transition )

oo S0-plas,P=6.74e409 - NO-plas,P=8.19¢+09 --| [AS1-plas,P=8.4¢{+09 -
e+ S0-s0l1,P=3.88¢410 = ANO-solL,P=1.33¢+11 = AS1-50lLP=4.7+10 =
8.0e+07 8.00407
_. 6.0e+07] — 4.0e+07 = o
£ £ £6.0e407
=.4.0e+07, —-2.0e+07] =
= = T 4.0e+07,
2.0e+07, -8.0e+07 oo e
/ -
-04 -0.2 1] 0.2 0.4 -04 -0.2 0 0.2 0.4 -0.4 -02 0 0.2 0.4 2 -
xfuml xfuml xfuml 38 /57



Improved NL slots

00000@000

Nonlinear TM waves: case Il dy,r < d,), dpyr = 15 nm (Losses)

0.

SO-plas === SO-soll == 2.0x10"
AS1-plas ===  ASl-soll ==
0.045 ANO-plas === ANO-soll == 1.5><104'§

(4
o.omrlllllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.II-III ~
,\\1.(><104 e

0.015

F.......llllllllllllllllllllllllllllllllllll‘...... 5.0<10‘3 -

Im(neﬁ)

10° 100 104 10° 100 10Y
Pyl W/mI

Losses decrease with the increase of the power J




Improved NL slots

000000800

3 SO0—soll ==
a. AS1-soll —
— ANOQ-soll =
%54
© 3
3'({
10° 100 108 10° 10 10!
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ANO-soll =

§0-s0l,P=1.8¢10 |1
6.0e+07] 5()-sol,P=3.57¢10 | ==

4.0e+07,
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Hy[

2.0e+07)

-04 -02 0 0.2 0.4
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(e]o]e] )

Nonlinear TM waves: case Il dp,r > d,>, dpur =40 nm
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Improved NL slots

000000080

Nonlinear TM waves: case Il dp,r > d,, dpur =40 nm (Losses)

0.06 SO-soll = 2.0x10%
AS1-soll =
e ANO-soll = 1.5x10% =
& 0.030 43
E C 1.0x10 a
0.015 © \5.0x10° "~

10° 10° 10®8 10° 10 10"
Pyo[W/m]

Losses decrease with the increase of the power J
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Nonlinear TM waves in improved slot: nonlinear phase diagram
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Nonlinear TM waves in improved slot: nonlinear phase diagram
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Nonlinear TM waves in improved slot: nonlinear phase diagram
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Nonlinear TM waves in improved slot: nonlinear phase diagram
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Nonlinear TM waves in improved slot: nonlinear phase diagram
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Nonlinear TM waves in improved slot: nonlinear phase diagram
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-M. M. R. Elsawy and G. Renversez, Improved nonlinear slot waveguides using dielectric
buffer layers: properties of TM waves., Opt. Lett., 41, 1542-1545, (2016)

-M. M. R. Elsawy, V. Nazabal, M. Chauvet, G. Renversez, Improved nonlinear plasmonic
slot waveguide: a full study.,Proc. SPIE 9884, Nanophotonics VI, 98840J, (2016)

50/57



Introduction c Simple NL

Metamaterial NL slots

Slot with a metamaterial nonlinear core — Introduction

The idea to use metamaterial and/or epsilon-near-zero (ENZ) materials to enhance
nonlinear effects was already proposed several times:

B A. Husakou and J. Hermann
Steplike transmission of light through a Metal-Dielectric Mutilayer Structure due to
an Intensity-Dependent Sign of the Effective Dielectric Constant
Phys. Rev. Lett., 99, 127402, (2007)

ﬁ A. Ciattoni et al.
Extreme nonlinear electrodynamics in metamaterials with very small linear
permittivity,
Phys. Rev. A., 81, 043839, (2011)

[@ A. D. Neira et al.

Eliminating material constraints for nonlinearity with plasmonic metamaterials
Nature Comm., 6, 7757, (2015)

Nevertheless, nonlinear ENZ waveguide problems and the key role of anisotropy
seem to have been partially overlooked.
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Slot with a metamaterial nonlinear core

Yy NL Y
5 Metal Anisotropic Metal 5
Kerr-type
43

a3
Metamaterial based nonlinear core Full slot with its metamaterial nonlinear core
Ex =€ 0 0
Ecore — Ecore = 0 Ey =¢y, 0 (1)
0 0 E; = 6//

o Effective Medium Theory (EMT) — & tensor for uniaxial anisotropic medium as:

gy = e =raa+(l-rla=¢y

g = — 2 ¢
“ T ra+(0-ne *

d . . -
—=2__is the ratio of the 2nd material in the layered structure
di 4+ d>
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o

Slot with a metamaterial nonlinear core

Yy NL Y
5 Metal Anisotropic Metal 5
Kerr-type
43

a3
Metamaterial based nonlinear core Full slot with its metamaterial nonlinear core
Ex =€ 0 0
Ecore — Ecore = 0 Ey =¢y, 0 (1)
0 0 E; = 6//

@ As first order approximation, the nonlinear part of the permittivity is isotropic. This
hypothesis can be overcame in the nonlinear FEM method if needed.
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Slot with a metamaterial nonlinear core — Effective nonlinearity

@ In the frame of our semi-analytical 1D model (Maxwell's equations & stationnary
TM waves), we obtain for the effective nonlinearity o using Eq.(1):

- 2 2
QANISOTROPIC X —5— (neff (Ei - E//) - EL) QUSOTROPIC (2)
€1
@ aanisoTROPIC — QusoTRopic When el — €/
© Metamaterial properties = €1 = f(e1,d1,€2,d2) and €, = g(e1, d1, €2, d)
@ ner depends on the total power Pyt and on the opto-geometric parameters of the

slot

Consequences in the elliptical case

o Lowering the bifurcation threshold for symmetry breaking :
1 GW/cm? — 1 MW/cm?

Elliptical and hyperbolic cases: M. M. R. Elsawy and G. Renversez, Spatial nonlinearity at
low power in metamaterial plasmonic slot waveguides, submitted, (2016)
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Slot with a metamaterial nonlinear core — Numerical results
with our 2 models: semi-analytical Jacobi Elliptic function based Model (JEM) and
nonlinear FEM (adapted)

0.3 T
S0-plas JEM .
AS1-plas JEM -
0.28
S0-plas FEM Adapted JEM ]
AS1-plas FEM Adapted JEM - - 5
= 0.26 V4
1) 4
o yd
T &
024 .
_ P >
022 7 EmE
0.2 : L
10° 108 107
Piot[W/m]

Full nonlinear dispersion relation for the symmetric and asymmetric modes as a function of total
power Pior. A =1.55um &1 = 0.042 £/, = 9.07, deore = 400 nm and n = 2.10"m?/W.

@ Here, in the FEM Adapted JEM only E, is in the nonlinear term so as to correspond
with JEM
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Slot with a metamaterial nonlinear core — Numerical results
with our 2 models : JEM and nonlinear FEM (adapted and full)

0.3
0.28 H
] .
) .
I L]
0.26 L o
S0-plas JEM o

AS1-plas JEM -
S0-plas FEM Adapted JEM
AS1-plas FEM Adapted JEM ==

Re(ngg)

0.24

0.22 -
S0-plas FEM Full NL ==
AS1-plas FEM Full NL ==
0.2 5 5 o
10 10
Piot[W/m]

Zoom of the nonlinear dispersion relation for the symmetric and asymmetric modes as a function
of total power P:or, around the bifurcation.

@ Here, our 2 FEM models: full nonlinearity and Ex only in the nonlinear term
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Conclusions |

Stability of the asymmetric mode

Loss reduction and new nonlinear spatial modal transitions for the buffer improved
isotropic structure

2 or 3 orders of magnitude reduction of the bifurcation threshold using
realistic metamaterial based nonlinear core

— Important nonlinear effects in plasmonic waveguides at low power

Perspectives |

o Fabrication of the designed waveguides by technological facilities
-Use of recent ENZ materials like ITO in Alam, De Leon and R. Boyd's article in
Science April 2016 or like Al-doped ZnO in Caspani et al. PRL article June 2016
-Use of enhanced manufacturing capabilities (like CEA-LETI ones, or see E.
Shkondin and A. V. Lavrinenko works shown yesterday in 2-A24 session)

o Experimental observations of the predicted waves in collaboration with
experimental groups
Job opening in my group: Post-doc in computational photonics (semi-analytical
approach, FEM, FDTD, GNLSE) to work on integrated nonlinear plasmonics with

metamaterials
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