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Optical spectroscopy: study of light-matter interaction as a function of the frequency
of the radiation
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Optical spectroscopy: study of light-matter interaction as a function of the frequency
of the radiation

Microscopic model of materials

* Classical equation of motion of charges (magnetic moments): free
electron gas, vibrations of molecules

* Quantum mechanics: excitation of electrons in atoms

Linear response theory

Optical response functions
* Refractive index, absorption coefficient, polarizability

Maxwell’s equations

Directly measured quantities
* Reflected, transmitted, scattered intensity

Experimental setups, methods



Electromagnetic wave propagation in vacuum

Maxwell’s equations in vacuum:
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Electromagnetic wave propagation in vacuum

Plane wave solution in free space:
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Isotropic dispersion relation:
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Z, vacuum impedance



Energy flux and intensity

From Maxwell’s Il and IV equations:
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Energy balance: 9 9
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Time averaged Poynting vector of a plane wave:
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Magnitude of typical E and B fields in light

5 mW LASER pointer:
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Linear optics is applicable below E<1IMV/m

Compare these values to static fields:
» dielectric strength of air: 3 MV/m (lightning)
e Earth’s magnetic field: 25 .. 65 pT




Magnitude of typical E and B fields in light
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Raighly-Jeans (small v limit): Bvd v~kT2 — dy small frequencies = high T source
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Example: a halogen lamp with T~3000 K and area of ~¥1 mm? emits P~5 W light over m solid angle

At around 600 nm in a ~1 nm broad spectra window the emitted power is ~2 mW for this lamp



Maxwell’s equations in materials

Maxwell’s equations:

1
V-E=—0p V-B=0
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Electric dipole density: P = — Magentic dipole density: M = — C
oV oV

\J

Free and bound charges: p0 = O: + 0, = P; - VP

Free and bound currents: j = jf + jb = jf +8tP+VX M

Electric displacement: D = ¢,E+ P Magnetic induction: B = ;Uo(H +M )
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Electromagnetic wave propagation in linear materials

Linear response for P(E) and M(H):
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Further response functions:
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Electromagnetic wave propagation in linear materials

Linear response for P(E) and M(H):
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Further response functions:
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Complex response functions

At finite frequencies charge susceptibility and conductivity appears similarly:
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Further response functions:
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Electromagnetic wave propagation in isotropic materials

Isotropic, linear materials: 8aﬂ = €5aﬁ

oo OB omalax)
Q- ptopH =0 9(q-E)-q'E =~ e
qxH=-we¢,sE
To satisfy Maxwell |, either =0 (comes Iattezr), or q-E=0 (transverse solution)
g°E = a)_2 guE
Isotrapic dispersion relation with enormalized speed of light:
= %q refractive index N =.\/eu =N+I1x

Ratio of E and H fields:
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Electromagnetic wave propagation in isotropic materials

Isotropic, linear materials: 8aﬂ = €5aﬁ

q-&,6E =0
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Propagation along the z direction
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Comparing with the Beer-Lambert law
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Electromagnetic wave propagation in isotropic materials

Isotropic, linear materials: 8aﬂ = €5aﬁ

q-&,6E =0
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Electromagnetic wave propagation in isotropic materials

Isotropic, linear materials: 8aﬂ = €5aﬁ

q-&,6E =0
x(qxE)=w x H
_ 2 ),
Q- popH =0 q-(q-E)—q E=—7aik
qxH=-we¢,sE
Both € and u are negative (for simplicity real as well)
E
S=ExH
S Refractive index is negativ!
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Snell’s law in (a) ordinaryand -~ superlens
(b) negativ index or left-handed A
materials:

I [wikipedia]



Complex response functions

Summary of response functions:

lo
Ey®
Mop = 1+ Z;nﬁm ~1 (far from spin resonances)
N=.eu= Je
20K — (isotropic materials)
o =——
c _

General linear response function:
(A(r,t)) = J.dr'dt';((r, r't,t')B(r',t")
Homogenous in material and time-independent:
(A(r, 1)) :jdr'dt';((r—r',t—t')B(r',t')

Fourier space

(A(Q, @) = 7(g,0)B(q, ®)

Long-wavelength limit (a<<A), =0
(A(w)) = x(w)B(w)




Complex response functions

If x(t) is real then x(w)=x(-w)*

x(®)=x@) x=x+y"
()= J‘)((a))e"wt do —| 7' (o) = 1 (-o)
‘. da) en do | x"(0)=-1"(-0)
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If a response is causal x(w)’ and x(w) are connected by the Kramers-Kroning relation

x(t) = p(t)+q(t)

p(t) = p(-t)
q(t) =-q(-t)
27(®) = j z(t)eldt = j p(t)e“dt + j g(t)e“dt

7@ (@)
Causality: x(t)=0 if t<0, thus p(t)=sgn(t)q(t) F [ p(t)] =F [Sgn(t)q(t)]
Flp(t)]=Flson®)]*Fla(®)]



Complex response functions

If x(t) is real then x(w)=x(-w)* .
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Kramers-Kronig transformation

Often only positive frequencies are known (absorption is measured)
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Kramers-Kronig transformation

Titchmarsh theorem:

The following statements are equivalent
 The real and imaginary part of x(w) are related by Kramers-Kronig transformation
* X(w) is causal (x(t)=0 if t<0)

* x(w)is analytic in the complex upper half-plane
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Kramers-Kronig transformation: applications

No strong static response without high-frequency losses:
l 2 0 le(a)l) l
70)=—p| ——do

/A7)

Restore phase, ¢ in the measurement of normal incidence reflectivity:

Ereri R:pZ

r=pe' Ry % )___SOI
Ny =In(p)+ig "N="—"+19

R(w ))

1-N 1—+Re"
Then the complex refractive index can be deduced I = 1+ N N = Y
1 % , + 1++Re
Cook book for practical Kramers-Kronig:

» Reflectivtiy should be measured
in a broad frequency range
* Join spectra in the different ranges
.. _* Extrapolate below w,,

using plausible models

and above w,_,






