Part 3 :

= Light matter interactions in terms of response functions

= Scattering theory :
= Applications and basics of Mie theory
= Electric polarizability theory for small scatterers
= Radiation reactions

= Multipole theory :
= Multipole basis functions
» Expansions of Green’s functions
= Purcell factor/Decay rate modifications



Drude-Lorentz model of material media

Frequency dispersion of permittivity
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Drude model for the permittivity of silver (Ag)
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Drude-Lorentz model of material media
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Electric constitutive relations
(adimensioned units)

Homogeneous media
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Isotropic media Convolution integral
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_ The Heaviside Function
Fourier transform
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Susceptibility : ¥.(w)  &w) =1+ 5, (w)
Fourier transform

7o) = | " dt e9t0 6y, (6) B(r, ) = 5(@)E(r,0) = {1+ 7,(@)}E(r, o)

1.(t) is areal — valued function =)  Fe(—w*) = ¥e(w)

Inverse Fourier transform
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Time harmonic formalism : E(r,t) = E,(r)cos(wt — @) = %{EO (r)e¥e @t + E\(r)e”Wel®t}

= Re{Ey(r)e¥Pe i@t} :



Magnetic constitutive relations
(adimensioned units)

Homogeneous media

t t
B(r,t) = j w(r,t —t')-H(r, tdt' ) B(r,t) = j wt—t)-H(r, thdt

Convolution integral

Isotropic media
P (with Heaviside (1))

m) B(r,t) = j t u(t —t") H(r, t)dt'
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_ The Heaviside Function
Fourier transform

flw) = joodw et () u(t) B(r,w) = joodw e “tB(r,t) Hr w) = jwdw e'“tH(r,t)

E(r, w) = ﬁ(a))ﬁ(r, w) ={1+ ¥p ((U)}ﬁ(r; w) In most materials at optical frequencies y,,~0



Kramers-Krdnig relations : causality

Theory of distributions
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The Heaviside Function
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Causality: y(t) = y(©)0(t) ===  y(w) = f°° dza;

mem) y(w) = %P.V.foo , dw x(w) = y'(w) + iy (w)



Kramers-Krdnig relations : causality

cw)=1+ y(w)
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Permittivity of actual materials is complicated

wavelength (um)
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How do simulate light scattering in the “real world” ?

“Seeing 1s believing and all we see 1s scattered light” J.C. Stover
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Simplification : piecewise continuous media

Q

\\\% Constitutive parameters

D,(r) = &(w) - E,(r)

H,(F) = [i(w) - B, (1)
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Scattering by a spherically symmetric object

Lorenz - Mie - Debye theory
(1890)  (1908)  (1909)

Outgoing scattered field
Incident -"excitation’ field : o~

Exact solution !

12



Lorenz(1890)-Mie(1908)-Debye(1909) theory ?
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Gustav Mie (1868-1957) “Contributions to the Optics of Turbid Media, particularly of colloidal metal solutions”

Translation (Royal Aircraft Establishment (1976). (1908)
Ludvig Lorenz (1829-91) “Light scattering and reflection by a transparent sphere (surface)”

in Oeuvres scientifiques de L. Lorenz. 1898, p 403-529 (1890).
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Mie theory : multipole expansion (= N

Dielectric scatterers are often called ‘Mie resonators’ but Mie theory is applicable
to arbitrary temporal dispersion.
(In fact, Gustav Mie developed his theory to describe dispersive particles)

Fields expanded on the multipolar basis
b‘l

n

Magnetic type
Electric type

Mie, G. Ann. Phys. 25, 377 (1908).

14



a

A lot of physics is hidden in the Mie coefficients
Long winded to derive but easy to use!

::_Zjn (ksR)lp’n (kR) - l/),n (ksR)jn (kR)

i T nUes RO (eR) = W' (kR)j (kR)

£ Ju (ks RYE'n (KR) = ' (kRO ey (R) " L (kRO (kR = 9 (ks Ry (KR)

an(X) = xjn(x) k
£.00) =xha() k.

Cross sectios : o

2T -
Extinction : Oe =737 Z(Zn + 1)Re{a,, + b, }
n=1
: 21 N 2 2
Scattering : 05= EZ(ZTI + D(lanl® + [b,[%)
n=1

Absorption : Oq = Oe¢ — O
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Interaction of light with subwavelength structures

Weak interaction

Bohren, C. F., & Huffman, D. R. (2008). Absorption
and scattering of light by small particles. John Wiley
& Sons.
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Resonant optical interaction

Extinction cross sections

Eines-offenergy. flux

Sext T Sinc = Stot — Sscat
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Mie theory from nano to milli-metric particles

+4n[n(n+2) Re{@ a1 +bobei) 4 2n+1 Re(a b*}l
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Rayleigh scattering ’ ke[ a1 REICERY
Radiation pressure

Glory — backscattering Rainbows, clouds
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Photonics : polarizability approach light interacting with a small material sphere)

Electric dipole moment and polarizability, o (@)

P = €oep(w)Egyc @ &

Quasi-static polarizability

€ — €p
& + 2¢,

ay(w) = kl}%rg()a(w) = 4nR3
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Quasi-static limit of the electric dipole in Mie theory

a, = -t by = —tS" x = kR
220 (n 4 1) -1
lima,(x) = — a
x—0 (Zn — 1)!! (Zn + 1)!! n + (Tl + 1)

Electric dipole term (n=1) dominates for small particle sizes :
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Photonics : polarizability approach to cross section
(case of a material sphere)

Electric dipole moment and polarizability, ()

P = eogba(w)Eexc @ e,
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Cross sections :

k* _
Oext = KIm{c(w)} Oscat = P la(w)|? Oabs = Oext — Oscat
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