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Interaction between light and particles
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The EM response is described by the polarisability:
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Mie scattering coefficients
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Electromagnetic resonances
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Pole w, in the complex w-plane

If the particle is illuminated at w=Re(w), resonant response
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Analytic expression of the polarisability
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Quasi-static approximation: o, , =47
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Radiative correction: L -1 _ik
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Plasmonic resonance on metallic particles

Resonance :

Pole of the polarisability in the complex w-plane
eE(w)-¢e (w

aeo=4nr3 1( ) 2( )

’ £ (w)+2e (w)
Drude-Lorentz’s model: W’ K

€ (w) — 1_ plasma
1 w +ilTw
Resonance condition:
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Advanced materials 19 (22), 3771-3782 (2007)



The Drude-Sommerfeld’s model

This model accounts for (i) a negative real part and (ii) a significant imaginary
part

The optical response in metals is dominated by the collective behavior of the
free electron gas.

To a first approximation,the conduction electrons in the metal can be treated
as an ideal electron gas moving in the background of the positive metal ions.
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Using the Drude—Sommerfeld model, the
dielectric function of the metal can be
expressed as:
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Resonant light interaction with particles:
Lycurgus cup (4th century BC)

Scene showing the triumph of Dionysus on Lycurgus
Dichroism: green in reflection, red in transmission.
1st report in 1845.
1st studies in 1950.



Lycurgus cup

r—y

50nm

Detection of particles 50-100 nm
In diameter, alloy:
gold (30%) / silver (70%)
Traces of copper




’ °
The Wood’s anomalies
« One of the most interesting problems that | have ever met with »R.W. Wood, 1902

AIP Emilio Segre Visual Archives,
. gt of David L. MecAdam

Robert W. Wood: The Scientist who Played with Optics
Wood at Johns Hopkins University, with his mosaic replica diffraction
grating. Optics&Photonics News (october 2009)

R. W. Wood, Philos. Mag. 4, 396-402 (1902)
R. W. Wood, Philos. Mag. 23, 310 (1912)

L. R. Ingersoll, Astrophys. J. 51, 129 (1920)
R. W. Wood, Phys. Rev. 48, 928-936 (1935)
J. Strong, Phys. Rev. 49, 291-296 (1936)

« On mounting the grating on the table of a spectrometer | was astounded to find that under
certain conditions the drop from maximum illumination to minimum, a drop certainly of from
10to 1. »

« So far as | know, polarization has never been introduced into the theory of gratings »

« On turning the nicol through a right angle all trace of the bright and dark bands
disappeared »



1976: Complete light absorption
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Dratic fall of the reflectance from
90% to 0 below 1%
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Manipulating the spontaneous
emission with metallic particles

2 levels system Oscillating dipole
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Coupling of 2 gold nanoparticles linked by a
double DNA strand

Q—Pr—QQ—QQ

Dimer of 36 nm diameter.
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M. P. Busson et al., Nano Lett. 11, 5060-5065 (2011)



50bp

OMOO“waCwOw

Probability

Fast Single photon source
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Decay rate enhancement, T(I)
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['/T, increased by 2 orders of
magnitude: the lifetime fluorescence
is decreased from 3 ns to 35 ps.

M. P. Busson, B. Rolly, B. Stout, N. Bonod, S. Bidault, Nature Commun. 3, 962 (2012) 17



‘Meta’ molecule: organo-metallic emitter

Colloidal ‘meta’ chromophores that can be characterized as
classical emitters in solution with standard fluorescent
correlation spectroscopy.
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Molar extinction
coefficient

Organo-metallic particle

Lifetime Quantum effiency

Sample Fluorescence 1 (ps) € o (%)

enhancement (M"cm'1)

factor ™
ATTO 1 4300 10° P 65!l
mono50 0.51 615 3.4 10° 9.3
mono30 0.35 135 1.2 10° 1.8
dim50 0.76 185 1.1 10° 4.8
dim30 1.35 65 5.7 10° 1.6

M. P. Busson et al., Angew. Chem. Int. Ed. 51, 11083-11087 (2012)
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First experimental demonstration
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A. B. Evlyukhin et al., Nanolett. 12, 3749-3755 (2012)

-Resonant interaction between light and individual particles
-Structural color of silicon particles

-Electric and magnetic response with similar amplitudes



Current research projects

Photonic cavity:
Enhancement of the purcell factor,
Electric and magnetic spontaneous emission

Gap antenna:
Enhancement of the electric and
magnetic fields

Under progress

B. Rolly, B. Bebey, S. Bidault, B. Stout, N. Bonod, Phys. Rev. B 85, 245432 (2012) G. Boudarham, R. Abdeddaim, N. Bonod, Appl. Phys. Lett.

X. Zambrana-Puyalto, N. Bonod, Phys. Rev. B 91, 195422 (2015)

Mirrors:

P. Moitra, B. A. Slovick, W. Li, I. I. Kravchencko, D. P. Briggs, S.
Krishnamurthy, J. Valentine, ACS Photonics 2, 692-698 (2015)
See N&Vs: N. Bonod, Nature Mat. 14, 664-665 (2015)

104, 021117 (2014)

Nanoprinters:

Under progress

Silicon nanopillars
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Pixel = 1 pm?

100 pm

Glass substrate
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B. Rolly, B. Bebey, S. Bidault, B. Stout, N. Bonod, Phys. Rev. B 85, 245432 (2012)



Struct

Silicon
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Experimental Dark-Field Images
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4. Equivalence between dielectric and metallic particles

Alexis Devilez Xavier Zambrana Puyalto  Brian Stout
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Is it possible to reproduce the electromagnetic
response of metallic particles with insulators?
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Dipolar model of equivalence

ae = .73 al 40_.
ik 35 4

q = jl(Zb) gs(pl(zb)_gb(pl(zs) zz:
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bw 15

10
Equivalence:

a, (ZO,EZ.H) =d, (ZO,Eeq) 0

€. 9 (Zo ) — @ (Zm ) _ %P (Zo ) A (Zeq)
8in¢1+ (Zo ) — @ (Zin ) geq¢1+ (Zo ) Lz (Zeq )

Equation to solve: , ,
Numerical solving

?(z,) olz)
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/ \

eq

Analytic solving




The @, functions

x = kR

(1)

@ 7’ Is a quasi-periodic function and looks like a tan function

) 99(11) has poles on the real axis which are the zeros of the

Bessel functions



Numerical solving: recursivity

(1) 1
Pnl1(z) =n
i 1 571)(2) —I— n/22

() = ———
/22 — 9,7 (2)

— N

No clear physical insight



Small & dipolar particles

sin(z)  cos(z)

jl(z) — 2 - S
1), JA(2)
p1(z) =1+ ji(Z)

As kR = z << 1 : The Taylor Expansion seems a natural way

2

ji(2) = 2/3+ 2 + o(2%)

p17(2)=2- 5 +o(2%)



Taylor expansion

_2I.Z3 £21 — 1 2i25 (621 — 2)(621 — 1)

ai1(z) =

3 621+2— 5 €21 + 2
47 [(e91 — 1 -

O
9 (521+2)+ ')

bu(2) = —'Z (e +2) + O(<"

As in the quasi-static models, no explicit resonance appears for
dielectric materials.



Taylor expression & polarisability
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Weierstrass factorization of the Bessel function

jn(z) = (Qninl)!! klj (1 - (3;)2)

G. Watson, A treatise on the theory of Bessel functions, (Cambridge University Press, 1944)

Expression of ¢, (1)

o) = 2 Gy

Jn(z)
()(z)—n—i—l—l—i 272
k=1 n,

where a, i are the zeros of the j, function



Analytic solution of the equivalence problem

Special functions in the multipolar Mie theory:

G I G R G

£ £ e jl(Z)

in eq

Factorization of the Bessel function: _
a :zeros of Besssel

n 00 2 n,a .
7 (Z)= z 1—[ 1 22 funct!ons (and poles of
! 2n+D!- functions o)

a
G. Watson, A treatise on the theory of Bessel functions, (Cambridge University Press, 1944)

n,o

To get: ( )2
o0 2 2 N 1- Z/b
o()-mre 32 el

The zeros of the Bessel functions¢ @ and b are 2 constants:
a=a, ,=4,493; b=a, ,/v2=3.177



Analytic relation between
dielectrics and metals

2"d order polynomial equation:
2 2
. I-¢,(z, /b)2 ] I-¢,(z, /b)2
l—eeq(zo/a) I—Sin(zo/a)

eq
The non trivial solution is:

le(z/a)2
18 Z/b

A. Devilez et al., Phys. Rev. B 92, 241412(R) (2015)

g =

35



Metal/dielectric equivalence
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The strong field enhancements yielded by localized surface plasmon resonances with
metallic particles in the visible spectrum can be reproduced by dielectric particles in
other frequency domains
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A. Devilez et al., Phys. Rev. B 92, 241412(R) (2015)
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Particle polarizability
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Localized magnetic « plasmons »

%=@r

r<< A

AC)
" on(a)
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-1, (z,)
- W, (Zs)
b(z.e,)=0b(z,1,)

We get a 2"9 order polynomial equation whose non trivial solution
can be cast:

ne,
ue,

(u,.,, -t (z,/a) v (zo/by)

o2 )=<p1(zm) . : : : 2 : ;
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A. Devilez, X. Zambrana-Puyalto, B. Stout, N. Bonod, Arxiv 1506.09180 (2015)



Magnetic ‘plasmon’ resonance

0.20 0.30 0.40 0.50 0.20 0.30 0.40 0.50

log(|H/H ;|%)

yIA

93.99 +11.86

X/A

Dielectric material can reproduce the electromagnetic
resonances of exotic materials with u<0

A. Devilez, X. Zambrana-Puyalto, B. Stout, N. Bonod, Arxiv 1506.09180 (2015)



Conclusions

Two particles made of different materials can scatter the same
electromagnetic fields

Dielectric particles, characterized by positive dielectrics (no free
electrons) can yield the same fields than metallic particles (with
free electrons).

Dielectric particles can yield the same fields than those produced
by exotic magnetic metals (characterized by negative permeability)

Dielectric particles can enhance the electric and the magnetic fields
at a sub-A scale.
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Purcell factor of silicon Mie resonators

3
F(a)) — brc Q Defined by E.M. Purcell in the radio regime (Phys. Rev.
Purcell Factor =— 60. 681 (1946

-Dipole located in the field’s maximum
-Dipole ‘oriented’ along the field’s polarization
-Only one resonant mode in the cavity

In nanophotonics:
-the state of the resonator cannot be described with only 1 electromagnetic mode.
-The definition of effective volume fv IEu(rawu)Ide does not work very well

A. F. Koenderink, Opt. Lett. 35, 4208 (2010)

If a suitable normalization is used, a modal expression can be used:

67T C <« .
Flw) = | e Im{p* - G (8)(1'0,1‘0) - p}
w

2

3nc’ 1 . ]
Zlm with v, = 5
w p Vuwu(wll — ) (llp . E/,L(rpaa)/.l,))-

C. Sauvan, J.-P. Hugonin, I. Maksymov, and P. Lalanne, Phys. Rev. Lett. 110, 237401 (2013).
P. T. Kristensen and S. Hughes, ACS Photon. 1, 2 (2014). /39 43
E. A. Muljarov, M. B. Doost, and W. Langbein, arXiv:1409.6877.



Multipolar fields

System: Homogeneous, isotropic sphere embedded in a homogeneous, isotropic,
lossless medium

Eigenmodes of the system are called
multipolar Fields:

2 [ (X) . (x) Eigenfrequencies can be obtained with a
J [Ej,m;,q] =J0U+ 1)Ej,m;,q transcendental equation that does not depend
on m,, So:
(x) (x) () _ ™)
JZ[Ej,m:,q] = mZEj,mz,q wj,mz,q w,,
(—)E"
l'I[Em ]_ » Jjimz,q The parameter g orders the real part of the
jsmzql (_)j+1E(e) frequency:
j’mbq.
" < <o <.
J-l J-2 j-3

44
M. E. Rose, Multipole Fields (Wiley, New York, 1955)



Eigenfrequencies and eigenvectors

Transcendental equations. 1 for x=e, 1 for x=m

l

'
J-4q

l

Complex eigenfrequencies

1 oY, ~ OY;:, -
(m m (m Jmyz Jmy
E™  =A"R;(k ))[ [rag ]

jsmz.q ia) | sing 3¢ a6
E¢ _ A j(G + DR;(KO)Y; .
It " () I\l Complex eigenvectors

d(rR; (kje()])) Y m, »
+ 7]
ar a6
LOORIKEY)) 1 oY,
ar sinf d¢

/39 45
X. Zambrana-Puyalto et al., Phys. Rev. B 91, 195422 (2015)



Modal expression of the Purcell factor

61 C 4
F@) = ——Im({p* - G “(ro.ro) - p)
Pl @
3nc’ i 1 ]
"
w p V,o,(w, — o)
where the effective volume is computed as: 1 — (p E®™ )2
V™ "im,.q
j:my.q

Multimodal expression :

3nc’ 1 1
F(w) = Im +Im
) b [ M R
Jomo g j.q J4 Jamg g j.q J4
\ ]\ J

Electric modes Magnetic modes

X. Zambrana-Puyalto et al., Phys. Rev. B 91, 195422 (2015)



Purcell factor with respect to the dipole position

3nc’ 1 1
Fw)= Imq —————— tmy o
| @ E V mea® (@)~ ) V a4 (@5 = )
\ J }
R Y Y
Electric modes Magnetic modes

F.(«) for (e) modes. p = px Fyu(w) for (m) modes. p = px

9
w (rad/s) w (rad/s)
V(x) 3r2drdQ
Jimz, q Q[f- E(m) ]2 0 E® 12 + [¢ E® 2
Jmz.q JiBe. .q

X. Zambrana-Puyalto et al., Phys. Rev. B 91, 195422 (2015)



Multipolar Mie theory

Solution of Maxwell equations in spherical coordinates
(1908)

Gustav Mie
1868 -1957



Scalar solutions in spherical coordinates

Helmoltz equation in a homogenous, isotropic medium, no source:

AA(r,w) + k3A(r,w) =0
The outgoing waves are defined as:

+ .
Anm(ke) = hi" (kr) Y m(6, 6)
The regular waves without any singularity at r=0 are defined as:

Rg {Anm(kr)} = jn(kr)Ynm(0, 0)



lllustration of the spherical wave function basis

Spherical Harmonics : Y, . (9, ¢)
m=0 m=1

Bessel functions 7, (r )
n=1

0.4 J1

n:

N \\/\\/\P\/\
b )\

n=3

m:

Bessel functions describe the radial dependency, while the
spherical harmonics describe the angular dependency.



Vector Partial Wave Functions

Mn,m(kr) = V X [rAn,m(kr)]

k
N m(kr) = ¥ M:,m(kr)

Rg {Mym(kr)} =~ Ann KO

Rg{Nn,m(kr)} - V x Rg{Mn,m(kr)}

k



E and H field expansions on Vector Spherical
Wave functions

EX = EY Mum(ke)fshh + Npm(kr)f5)

E = EZ Rg {Mn,m(kr)} @/(7{7/37 + Rg {Nn,m(kr)} 67/(7.6/17

= SN (k) My (k)£
’W#ON

__ (h)
= Z Rg {Npnm(kt)} &) + Rg {Mp m(kv)} e,




n,m

Transfert Matrix

Incident field scattered field
Q' a / fn m

Sn.m
Internal field

T T g T
(e) o O t,(76) (€)




Mie scattering coefficients

(ki R) [521 o0 (kiR) — ;(nl)(sz)]
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(0 R) (22t (aR) = - (kR

1 1
o alaR) e (aR) — oD (kR
,, _

b (kiR) (21657 (KiR) — o (KkaR)|



