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Resonances in nanophotonics
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Photonic Crystal Defects
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Resonances in nanophotonics

Dielectric Resonators

Transparent, non-dissipating materials

* High quality factor (up to 101°)

Q)elocalized fields /
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Resonances in nanophotonics

Plasmonic Resonators

Surface Plasmon Resonance

Localized Surface Plasmon Resonance
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Resonances in nanophotonics

Plasmonic Resonators

ntrinsic Joule heating

 Low quality factor (10* — 10%)

&)eep-subwavelength field Iocalizatioy
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Resonances in nanophotonics

Dielectric Resonators Plasmonic Resonators

( Transparent, non-dissipating materQ ( Intrinsic Joule heating \

* High quality factor (up to 101Y) e Low quality factor (10 — 10?)

& Delocalized fields / & Deep-subwavelength field Iocalizatiy

Qs it possible to combine both advantages?)
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vbrid resonances

Collective
mode!

ELSPR
tPr |
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Applicati

Controlling quantum dot emission by
plasmonic nanoarrays

\ R. Guo,' 8. Derom,' A, L Viikeviiinen,' R. J. A. van Dijk-Moes,” P.

Liljeroth,’ D. Vanmaekelbergh,” and P, Tormi'"
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Emission

ko' lattices

Plasmonic gold mushroom arrays with refractive
index sensing figures of merit approaching
the theoretical limit

Yang Shen'*, lianhua Zhou*, Tianran Liu' Yuting Tao®, Ruibin Jiang3, Mingruan Lin', Guohui Xiao!,
linhao Zhu!, Zhang-Kai Zhou', ¥uehua Wang', Changjun lin' & Jianfang Wang?
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and Shuang Zhang™
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mode engineering
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Outline

* How do plasmonic lattices work?

* Interaction via waveguide modes and Rayleigh anomalies

* How to describe plasmonic lattices accurately?
* Hybrid computational approach: dipole approximation and Fourier modal method
* Dipole approximation validity
e Polarizability calculation
* Lattice sum calculation

* Applications
 Stack of plasmonic lattices
* Grating for routing circularly polarized light

* Conclusions

Ilia Fradkin "BASIS" Summer School 2024 July 29, 2024



Theoretical approaches

=0
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Gniversal methoda
y exact solution %

too computationally expensive
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Theoretical approaches

Gniversal methoda

y exact solution %
C FDTD ) —— ( FEM
too computationally expensive

Fourier modal method
(Rigorous coupled-wave analysis)

specialized for layered periodic structures

too many diffraction orders should be taken into account
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Theoretical approaches

Gniversal methoda

y exact solution %
C FDTD ) —— ( FEM
too computationally expensive

Fourier modal method
(Rigorous coupled-wave analysis)

specialized for layered periodic structures

too many diffraction orders should be taken into account

Giscrete dipole approximatioD

fast and efficient

hardly applicable for layered structures
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Effective polarizability
s P, = aE® A

E =E)+ ) G(r;,r;)
J71
We apply Bloch theorem and solve the

system of equations.

/P@- = oTEY & =a(l - c’i(k”)@)3

C(ky) =) Glri,xr;)e ™ Ers)

JF
And obtain generalized

\ effective polarizability tensor /
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ybrid resonances

a°ff = a(f — C(kpa)

N

4

/Localized resonance of \
individual nanoparticle

\_ Red 1 (w) =0 )
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Red™1(w) = ReC(w, Ky)

Hybrid lattice resonance

/
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ybrid resonances

a°ff = a(f — C(kpa)

N

4

/Localized resonance of \
individual nanoparticle

\_ Red 1 (w) =0 )

llia Fradkin "BASIS" Summer School 2024

\_

Red™1(w) = ReC(w, Ky)

Hybrid lattice resonance

/

Particles are small

\Y

a is small

¢

C should be large!
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Plasmonic lattices

Qnteraction via waveguide modes) ( Direct interaction via far-field )
. .
Gold B comple
nanoparticle - N/
ITO waveguide ‘ _i —
Substrate S
to detector l = iswgrmeter
() () () () ()
Linden, S., Kuhl, J., & Giessen, H. (2001), Physical review letters, 86(20), 4688. Guo, R., Hakala, T. K., & Torma, P. (2017), Physical Review B, 95(15), 155423.
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Plasmonic lattice on a waveguide

S. Linden, J. Kuhl and H. Giessen . .

Controlling the Interaction between Light and Gold Extinction _ln(IT/Io)
Nanoparticles:

Selective Suppression of Extinction .

PHYSICAL REVIEW LETTERS 86, 4688 (2001)
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experimental data
| Calculation time
- %\" This work = 5 minutes
S COMSOL: ~ 1 month

1 point ™ 1min 200x200 points ~ 40000 min
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Plasmonic lattice in homogeneous medium

R. Guo, T. K. Hakala, and P. Torma o 1_|T/|0

Geometry dependence of surface lattice resonances in S polarization
plasmonic nanoparticle arrays -5

PHYSICAL REVIEW B 95, 155423 (2017)
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Plasmonic lattices

qnteraction via waveguide modes) ( Direct interaction via far-field )
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ybrid resonances

Qnteraction via waveguide modes)

Let us consider a toy model:

(e
N

A

W — WLSPR

Cx

W — (UWG

B

a)—(’I)WG

(w— 1) (w — wz)/
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ybrid resonances
W — 6WG

aeff o — —
(w — &) (w — @3)
Polarizability (a.u.)
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ybrid resonances
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ybrid resonances
W — 6WG
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llia Fradkin

w—ﬁWG

ybrid resonances

(0 — @) (W — @)

Polarizability (a.u.)
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Full screening of
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2.5

“Localized Surface
Plasmon Resonance”

|af
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vbrid resonances

“Waveguide mode”
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vbrid resonances

(Waveguide modes fully compensate incident field)




ybrid resonances

( Direct interaction via far-field )

Let us consider a toy model:

A
a o< —
W — WLSPR

Coc IB LB x LB
k " [ew? -
/ \/ W — &EA

aeff x
3 — ~RA __;
Opening of new diffraction \ (w — @pspr)V 0 — &Y y

channels — Rayleigh Anomaly
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ybrid resonances

When resonant condition might be fulfilled?
Red™1(w) = ReC(w, ky)

Polarizability (a.u.)
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Polarizability (a.u.)

ybrid resonances

When resonant condition might be fulfilled?
Red™1(w) = ReC(w, ky)

Interaction constant (a.u.)

——Rea — Re(C'
M —1
ﬁ“ / Only below LSPR, &C
when Rea > 0 I
1
0.6 [ i
\ | il
P \ 04 / \
- P / \
02 - - S
\/ ; |
1 1 1 —0-2 L 1 1 1
0.5 1 1.5 2 0 0.5 1 1.5 2
w (a.u.) w (a.u.)
llia Fradkin "BASIS" Summer School 2024 July 29, 2024

29



“Localized Surface
Plasmon Resonance”

o
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vbrid resonances

“Rayleigh Anomaly”
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vbrid resonances

A

Gield of +1 diffraction orders fully compensate incident fieI(D




vbrid resonances

qnteraction via waveguide modes) C Direct interaction via far-field )
Classical Avoided Crossing “One-sided” hybridization
25 Iaeﬁl 5 |aeﬁ|

w (a.u.)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
kx (a.u.) kx (a.u.)
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Theoretical approaches

Gniversal methoda

y exact solution %
C FDTD ) —— ( FEM
too computationally expensive

Fourier modal method
(Rigorous coupled-wave analysis)

specialized for layered periodic structures

too many diffraction orders should be taken into account

Giscrete dipole approximatioD

fast and efficient

hardly applicable for layered structures
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Theoretical consideration

Gniversal methoda
y exact solution %

C FDTD ) F—— C FEM )
too computationally expensive

Fourier modal method
(Rigorous coupled-wave analysis)

specialized for layered periodic structures

We combine approaches

too many diffraction orders should be taken into accoun to consider plasmonic

lattices inside layered
structures

Giscrete dipole approximatioD

fast and efficient

hardly applicable for layered structures
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Scattering matrix calculation

_ Slocal

llia Fradkin

\SQQ = *:»2

Sz]_ —= S%l + Sl
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------ ST d9+46d
iy 5dsy 2
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Dipole approximation validity

( When our approximation breaks? )

AP AP
p a, a7 ... 1D
m| =|aqayy o ... V®E
- A& Q
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Dipole approximation validity

C When our approximation breaks? )

e Large particle
* High-multipole resonances

llia Fradkin "BASIS" Summer School 2024 July 29, 2024
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Dipole approximation validity

( When our approximation breaks? )

| %

_ 2
= a’g?
Q N

e Large particle
* High gradients (near field)
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Dipole approximation validity

( When our approximation breaks? )

ESC —

Dipole contribution might dominate in far-field, but not in
the near-field

AV

( No interfaces and other particles in dipole near field! )

2

qnterface should be already accounted for in & polarizabilityD
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Total/Scattered fields formulation

4 oD
tH= —71+ —
HO c I+ cot

t_/ /fffl'-ﬂ'la'fff'a'.’ff.’!l.’!-’d'//
/ / lNoenowaruwue epaHuyHsle ycrosus PML
LET LS ELELLLLLLELAET IS

/ 3onHa paccesHHoz20 nons (Scattered Field) // ’éw
B —_ - _
% l 3oHa cymmapHozo nonsA (Total Field) é rOtHO o C EngO Etot — EO ‘|_ Esc
/ | n— / 1w
c Hsc

|
é/, | it -"b/ I‘Ot]:_Itot — __gtotEtot Htot — HO +

OmpaxeHue om
obvekma

uccnedosaHus
4 I ¥

.
%
35
55
55
by

0505
e

L
55

&
s
5
!
!
!

0
L
L
e

.
%,
i)

S
o]
%
%

£33
byt

X%

25

>
L

bty
S
teted
S
o
S
S
Potee
bty
ety
"otaled
retale!
et talel
Pttt
2255
St
P
Pttt
tetele!
Salale!
Sl

R
e

*t
bt
by
o
!
5%
5%
2
!
4%
>

W
2
X
o5
X2
3¢5
%
&5
25055
&
s
¥
%
o
&
&

!
gt
st

&
!

2!

>

&
&
S5
XA
L

24

5

o
s

L

L
L

e
5
s

L
LR
et
L
D
i

-

£y
33
%
&
e
oty
o2
&%
&
S
oyl

e
-+
"y

L
0
i

Z

2ty
el
&

il

Sttty

etelatelet

* "‘“""é 15t step
/ rotHy + rotH.. = _i_w Ebg + Ag) Eg — iﬁetotESC
?»‘*L*”*”“’éft + 1ot — (eng + Ae) C\

Ilia Fradkin "BASIS" Summer School 2024 July 29, 2024 40

[




Total/Scattered fields formulation
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Total/Scattered fields formulation
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Total/Scattered fields formulation

A

3onHa paccesHHoz20 nons (Scattered Field)
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Polarizability tensor: examples

E, .+ E.  forz <0,

Eo = Ein Eo = - E, forz > 0.
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Lattice sum calculation

eikz’r

G (r) = k2 (5“ chQaa) -
r—0 y r >

(b)) C >

sum in real space sum in Fourier space

@wald summatiorD

Ewald, Paul P. Annalen der physik 369.3 (1921): 253-287.
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Lattice sum calculation

Homogeneous environment Interface
ikfr* .
GZ(I‘) = kg ((533 -+ kga 8) . M(kH f G I'H z..kHI‘I\dQI‘H
@wald summatiorD M= M+ M

dkz Lf" o ’Z't Ilif,-if 0
lr[) + 27-[‘{(0]2 ) ]‘i?_—;-;i'fy ﬂ-i 0 "
r 1,|

0 0 0
;AS }‘:'IL, il'.z'i‘-",d'lbt :F‘ZHML
r3 |:|| ::l oo | Kekyhe Kk TRy
| :Fk@rklﬁ :FZ, UZ‘ |T Aﬁ'/;.

sum in real space sum in Fourier space sum in Fourier space
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Lattice sum calculation

Homogeneous environment Interface
ikfr*
ij 2 —ikyr 72
Ge(r) = kg (% + kgaé‘) . M(k) = 3 [ G(r))e MM dr
: r 20 e
@wald summatlorD M =M +M
. k2 —koky O
— = : 9 —kky LT.% i o -+
0 0 0
, | Rk kkyk. Fhoki
3 +“l‘—” hokylts Bl Tkl
2rk2ks L
7" I\ Fhokd Fhh

sum in real space sum in Fourier space sum in Fourier space
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Lattice sum calculation

Homogeneous environment Interface
ikfr*
oy 9 —ikyr) 42
Gi(r) = kg (533 + kgé‘@) - M(k)) = 7 [ G(r))e MMid’r,
, T A0 rr
@wald summatlorD M = M+ M
I L2 B —k:ky O
M" = 2%t | r (k)—es | —k A,}, oo |-
— | 27'{}{:_._,1’1_'” ; 0 .
k. kekyke  kokio\
kok k. k2K A,,AH
—ko i —kyki —ki/k.

~ 1 ~ elk‘r -
G X _3 G X ol )—?AT] 2]
r r P ank e e
; K]

sum in Fourier space sum in Fourier space

sum in real space

July 29, 2024
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Lattice sum calculation

@oisson summatiorD

A _ V(. v \o—tk|(ri—r;) ) i
G(kl) = - G(r;,r;)e ™ zero term is missed )
e

a filter Gf
A A }
” : o] ! — /\ /\
., T ey T

k|| (Z: Gf —z'kllt;,j:(% Zj Mf(k” + gj))

sum over lattice nodes sum over diffraction orders

A A . - reciprocal latti t
(Bte(y) = gk J GelryeHaraze  §77 oroc esecer)

S - area of a unit cell
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Polarizability tensor: FEM

260 nm
_ > <20 nm
Silver v
nanodisk
5 o A
4 %10 | | | 6 x10 | | |
Bulk SiO, o ReaSiO: Bul!.()SiO2 o Imasio:
i ~air/Si0, - L ~air/Si0, |
— 3 o Interface 9 Redag 0 ©o0 Interface N Im(fﬁ{f_
™ Reagg mE Imam:
E 2T o = S 4t © o nnn
.'é‘ 1 i O '? o (o) o
r— E 3t o
% 0t o CIEI © o o
N o N & o
© o T 2¢ o o
C—D '1 C—D Oo o o -
o o o o . oL o
11 o
2r o JNHA %
2 2.5 3 2 2.5 3
Energy [eV] Energy [eV]
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Spectra of plasmonic lattices

air
400x400
points
=10-50ms
Extinction, -log T {
>

Extinction, -log T' Extinction, -log T'

o

0 0.2 0.4 :
k, [2m/al k. [27/a]
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Spectra of plasmonic lattices

. air |

Extinction, -log T’ Extinction, -log T’ Extinction, -log T’

0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
ky [2m/al ky [2m/a) k. [27/a)
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Energy [eV]

Spectra of plasmonic lattices

. air |

Extinction, -log T’ Extinction, -log T Extinction, -log T’

0.05 0.1 0.015 0 0.2 0.4
k. [27/al k, [27/al
llia Fradkin "BASIS" Summer School 2024 July 29, 2024

o

53



Spectra of plasmonic lattices

air air

2 . .
RCWA-+DDA
© FEeM

&~
S 15
<
g 1
S
§=
LE 0.5

0 Al A TP o) 2 @ ) CRERRR & ]

1.8 2 26 28 18 2 28 1.8

Photon energy, fiw (eV) Photon energy, hw (eV) Photon energy, hw (eV)
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.M. Fradkin, S.A.

Dyakov, and N.A.

Gippius, Phys. Rev. B

99, 075310
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.075310

0.3

0.25

o
N

o
—

Extinction at hAw = 2.3 eV

Remarks and questions

0.15}

0.05

llia Fradkin

FEM .. . RCWA+DDA
j— L -3&)&*5%
RCWA
4
. I 1 —
0.05 0.1 0.15 0.2
1/N,

"BASIS" Summer School 2024

* FEM calculations conducted in

COMSOL Multiphysics.

RCWA+DDA calculations from
this study.

RCWA calculations (based on
the original works of Prof.
Gippius and Tikhodeev).

calculations
conducted by Prof. Thomas
Weiss.
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Ilia Fradkin

Stack of plasmonic lattices

.M. Fradkin, S.A. Dyakov, and N.A.

Gippius, Phys. Rev. Applied 14, 054030
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.14.054030

Dipole model

Equations on dipole moments:

()= (3 2) (55)
P- 0 « &
P\ _ (a0 E(f) C1 Cr2 (Pl)
(PQ) - (0 ‘34) (Eg ' (021 022) Py ;vim;;ry
Change of the basis: C7 = Csy
(B o (BY 4 EY ™\ O =€
(PB) ~ 2 (E - E) '
(Cff 1y 0 ) (PA)
0 Cif — C1%
separates into >
even (A) and C ) /

odd (B) modes
\ / Amplltudes of even (A) and odd (B) mode:

GA _ E?w(l + eikH)/\/ﬁ PB _ Etljw(l . eikH)/\/i

gy — (CfF + C1F) az, — (CfF — CfF)
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Spectra of plasmonic lattices stack

even modes odd modes
=395nm a=395nm
Pi+P| =5 = Py Py =350
xx XX (@) |Pal= —|H (b) 1Psl=|——7%=| == ==
( Cin = (i, ) - V2 | V2 Cip =

S .
3 =
> 2.25 g\ 7 == i
> «,é
l G 2.2 k=2r/a Ray|eigh IC
0

2.15 _“anomal
C)rdinarylattic@ﬁ>1 —— -J’
2.05

Localized
plasmon plasmon

2
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Thickness H (nm) Thickness H (nm)

EDA _ Etl)x(l 4 eikH)/\/E on(l B ezkH)/\/_

Fp =

az, — (Cff + C17) g, — (Cff — C13)
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Spectra of plasmonic lattices stack

[Ollz?kj"‘cn 012:?]{; kH C'12( D

l Indeterminate term
/ oe;£4 ki;f + Cf5 =/ \
T ks ~Nxx ~Nxx
5 I (ekH_l)_ 1+ O (H) ~

-1 47rk0H B 4rks

2 ~Nxx ~Nxx
100 200 300 400 500 600 700 800 900 1000
Thickness H (nm) / \

EO:L' 1 — tkH
GDB ( - )/\/_) Determines Derivative

— (O — C19) resonance condition discontinuity
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Spectra of plasmonic lattices stack

Extinctionon RA —InT Extinction —InT

©)

100 200 300 400 500 600 700 800 900 1000 2 2.1 2.2 2.3 2 2.1 2.2 2.3 2.4 2.5
Thickness H (nm) Energy hw (eV) Energy fuw (eV)
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Dispersion of plasmonic modes

2.25

Resonance is pinned
to the Rayleigh
anomaly for the wide

range of thicknesses
> QVe find eigenenergie?
5 as follows:
> ! Raylelgh maxarg |Pa (F)|
B OdU SR omaly maxarg |Ps(E) )
/Energy is determined\ ~~ d

just by a period,
which is most stably
reproduced quantity

in experiment 2.1
\_ -/ 100 200 400 500 600 700 800 900 1000

Thickness H (nm)
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Routing waveguide modes

Vladimir Andrey e Viadimir
X ‘~ Kulakovskiy Demenev Antonov
Spp
Yivyy
AR
Yoo N NN
i e
WX N
:1'/ }/ :/ :/ :/
' o Vd r'd
NEN S A N
( ( 7 V4 Ve

Lin, J., Mueller, J. B., Wang, Q., Yuan, G., E
Antoniou, N., Yuan, X. C., & Capasso, F.,
[=]:

2013, Science, 340(6130), 331-334.

Fradkin, llia M., et al., Advanced Optical Materials (2024): 2303114.
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Routing waveguide modes

What is the handedness?

//\ ~
L\//A0
WL %

https://ru.wikipedia.org
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Routing waveguide modes

Right-handed screw

S S VNS
?—»
UV ——

https://fruitnice.ru
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Routing waveguide modes

Right-handed screw

() —
V —

https://fruitnice.ru

What is the handedness?

ANt

https://ru.wikipedia.org
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Routing waveguide modes
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Spontaneous emission control

ﬁ & & @ ﬁ ﬁ
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Andrey

Demenev
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E;“:.'E Fradkin, I. M., Demeneyv, A. A,,

, Kulakovskii, V. D., Antonov, V.
- ¥ N., & Gippius, N. A. Appl. Phys.

E . Lett., 2022, 120, 17, 171702.
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Photoluminescense

~ 30um emitted guided modes
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Conclusions

Lattices of plasmonic nanoparticles support hybrid optical
modes

Discrete dipole approximation + scattering matrix = efficient
numerical approach

JCoupling via waveguide modes and Rayleigh anomalies is
strongly different

JGrating coupler of plasmonic nanoparticles routs waveguide
modes (95% routing efficiency) and provides circularly-
polarized outcoupling (97% degree of circular polarization)
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LSPR

hw=2.28(eV)
Q=11.9

llia Fradkin

Polarizability tensor

LSPR + edge plasmons

i

hw=2.90(eV) hw=3.19(eV)

Q=52.6

"BASIS" Summer School 2024

Q=51.6
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Right-hand Circular
Polarization

Left-hand Circular
Polarization

llia Fradkin

Energy, [eV]

=
o

Energy, [eV]

Spectra of lattice with basis

RCWA+DDA

O FEM
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Spectra of lattice with basis

Right-hand Circular Polarization

Energy, [eV]
o >~

oxy
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Spectra of lattice with basis

Left-hand Circular Polarization

Energy, [eV]
%, & B 5

-
l w
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Remarks and questions

13. Some details of the geometry of interaction of light with the lattice of plasmonic particles

(Ch.2) are missing. Extinction, -log T

Indeed, it would have been
very useful to describe more
details of light interaction with
simple lattice of plasmonic
nanoparticles.

¢ &

o1 T
¢ ¢

Ilia Fradkin "BASIS" Summer School 2024 July 29, 2024 76

0 0.2 0.4
k, [27/al



Scattering matrix calculation

NG

. >z G(rp,rp,;)e™1Ea 50 for B =y
Cﬁy(k“) - é ik”(l‘,yj—l‘,y z) f
Ej (g, Ty 5)€ T or B #7
We solve the equations for several
particles in unit cell.

)

N

And obtain generalized

0

0y C : évy
x | A 8 : 0 s
. ' ’ o« o o .« o o ) * - 0 0

effective polarizability tensor

0
0

/
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