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Spectral response of a solid in the visible

T T LI | T | T
160 = s ]

: W
Lc
- 2
Z120f - g
5 z
S 80 F - =
= 40| - 2

0 ] : ] 1 ] 1 | ] I |

150 200 250 300 350 150 200 250 300 350
(a) Wellenzahl &/ cm! (b) Wellenzahl %/ cm-1

Bild 13.10: Dielektrische Funktion von Kadmiumsulfid. a) Imaginirteil ", b) Realteiteil ' Die
gestrichelten Linien markieren die Werte von w¢ bzw. w,. (Nach M. Balkanski, in Optical Properties
of Solids (F. Abeles ed.), North-Holland Publishing, Amsterdam, 1972).

From Hunklinger / TO phonon on CdS / note that 240 cm™ ~ 30 meV



Spectral response of a molecular system in the visible

C4,H,g - Molecule (Rubrene)
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e ook for general relationship
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E field iIn a medium
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Polarisation of a medium: P =¢€xLl
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Totalfield: D = e + P =€ (14 x) E = €6, E

Susceptibility is frequency-dependent: X — X@j(&))
(and in general a tensor)

Permittivity / dielectric function: €r = 1 + X(LLJ) — € (UJ)



EM wave In a medium

Solution of Maxwell equations: E = ED ) e’i(km—“}t)

New index of refraction:

In medium:

Complex quantities:

Phase and absorption:

Absorption coefficient:
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Lorentz model of a spectral resonance

Spectral dependence of permittivity ?
Classical Lorentz model of dispersion and absorption:

e harmonic coupling of electron to nucleus

e damping (friction) and periodic external force (oscillating el. field)
* solve equation of motion, obtain polarization and permittivity
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Real and imaginary part of resonance
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* |ooks like real and imaginary part are related (integral or derivative or alike ?)
e ook for general relationship

https://en.wikipedia.org/wiki/Kramers-Kronig_relations
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Derivation & mathematical excursion (Cauchy et al.)

e see blackboard for details of calculation
* note that there are several versions / approaches, all with the same result
e all have in common the key assumptions

... linear response
... causality (response does not come before stimulus cause)
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Kramers-Kronig relations (KKR)

With the above we find X(z) = Xl(z) + 1Y2 (2:)

X1(z) = +£CH/ X?(Z)dz’
T oo 2= 2
1 > 2
x2(2) = —;CH/ );(_;dz

e The KKR connect real and imaginary part of a complex function!

e |llustration: Integral “compares” areas left and right of z
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Execution

xi1(2) = +%CH/ x2(z) .

/
oo 2 =2

Function compares the areas right and left “near” the point:
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Kramers-Kronig relations (KKR) for permittivity

Frequency-dependent, complex susceptibility: X(w) = X1 (w) + X2 (w)

KKR of susceptibility so far:

o0 /
x1(w) = +ECH/ Xf(w)dw’
T oo W —w
1 > Xl(w") /
Y2 (w) = —?TCH/_DOM_Md

After extension:
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Kramers-Kronig relations (KKR) for permittivity

Additional assumption: y1(w)is gerade, Ya(w) ungerade function (even and odd):

o0 / /
X1(w) = +ECH/ xeW)w
0

T w:? _ w2
— QW CH > Xl(wr) duj.f
Xﬁ(w) — _? 0 w2 — 2

Definition of permittivity: e=1+ X = 1+ X1 - in

Kramers-Kronig-Relations of permittivity:

o0 / /
L2 CHf QW)W
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Kramers-Kronig relations (KKR) for spectroscopy

Spectroscopy of condensed matter
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Kramers-Kronig relations (KKR) for spectroscopy
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Note:

* unambiguous relation between spectral dependence of both quantities

* applies to all spectral ranges, from IR to magnetic resonance to optics to X-rays to ...

* applies also locally: (very) distant frequencies are (linearly) suppressed
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Kramers-Kronig relations (KKR) for spectroscopy

E(U.))“
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Applications:

* Complementarity: get dispersion from absorption (if hard to measure; e.g. for X-rays)
* Consistency: check, if both dispersion and absorption are known

* Correction: absolute values hard to measure

* Calculation: complex n for multilayers with complex response

* Modelling: additional consistency check for fit
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What to remember -

Kramers-Kronig relations

- connecting dispersion with dissipation (real and imaginary part of response)
- for linear response and causality, so rather universal
- but note that in principle the integral runs from + o - «

Useful from IR to magnetic resonance to optical spectroscopy to X-rays to ...
- If one part is known, the other can be calculated
- helps with consistency checks of experiment and also theory
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Literature

* Claus F. Klingshirn, Semiconductor Optics, Third Edition, Springer-Verlag

* Hans Kuzmany, Festkorperspektroskopie — Eine Einfihrung, Springer-Verlag

* Elektrodynamik Skript von Prof. Dr. Wolf Gero Schmidt, Universitat Paderborn
http://homepages.uni-paderborn.de/wgs/Dlehre/ED_Skript.pdf

* Wikipedia-Artikel: Kramers-Kronig-Relationen (de, en)
https://en.wikipedia.org/wiki/Kramers%E2 %80%93Kronig_relations

* Wikipedia-Artikel: Lorentzoszillator (de)
https.//de.wikipedia.org/wiki/Lorentzoszillator

Images

* http://resources.huygens.knaw.nl/bwn1880-2000/lemmata/bwnl/kramers Hans Kramers

* http://www.tau.ac.il/~tsirel/dump/Static/knowino.org/wiki/Ralph_Kronig.html Ralph Kronig

* http.//www.radartutorial.eu/10.processing/pic/fourier2.print.png Rechteck-Fouriertransformierte

* M. Kytka, L. Gisslen, A. Gerlach, U. Heinemeyer, J. Kovdc, R. Scholz, F. Schreiber; Diagramme und Bilder zu Rubren
J. Chem. Phys. 130, 214507 (2009) gesamtes Absorptionsspektrum

* https://de.wikipedia.org/wiki/Permittivit%C3%A4t Frequenzabhdngige Permittivitat
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