
Optical spectroscopy in materials science 7. 1

Optical spectroscopy in materials science 7.

Raman spectroscopy

Kamarás Katalin
MTA Wigner FK
kamaras.katalin@wigner.mta.hu



Optical spectroscopy in materials science 7. 2

Raman scattering: history

• C.V. Raman – K.S. Krishnan
• L. Mandelstam – G. Landsberg

(“combination scattering”)

Nobel prize for physics 1930

https://www.acs.org/content/acs/en/education/whatischemistry/landmarks/ramaneffect.html
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Infrared absorption and Raman scattering
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The Raman effect – classical picture

D. A. Long: Raman spectroscopy
McGraw-Hill, 1977
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The Raman effect – quantum picture

Álmosdi Péter, BME 2008
Source: Wikipedia
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Inelastic
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Spectrum of scattered light relative to the exciting 
light

 Inelastic scattering can only be 
observed if the polarizability of the 
medium changes during the 
scattering process

 The magnitude of the shift does not 
depend on the frequency of the 
exciting light

 The probability of inelastic scattering 
is small, every one of 108 photons
suffers inelastic scattering  

 The magnitude of the shift depends 
on the properties of the medium  

 Inelastic scattering happens on 
elementary excitations of the 
medium (usually phonons)  

Raman spectroscopy

Veres Miklós, MTA Wigner FK
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Ω±=  LS ωω
qkk ±= LS

kL, kS ≈ 104 cm-1

q ≈ 1010 cm-1

The change in wave vector of the photon has to be compensated by the phonon

kL, kS << q

Only phonons in the middle of the Brillouin zone take part in the scattering  

Raman scattering: energy and momentum conservation
Veres Miklós, MTA Wigner FK

Stokes anti-Stokes



Optical spectroscopy in materials science 7. 11

Experimental setup

Excitation: visible, monochromatic light (laser) ~ 104 cm-1

Frequency difference: infrared region, resolution: ~ 1 cm-1

Resolution of monochromator critical!

Álmosdi Péter, BME 2008
Source: Wikipedia
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Experimental arrangements

Mink János: Az infravörös és Raman spektroszkópia
alapjai. Veszprémi Egyetem Analitikai Kémiai Tanszék
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Raman microscope
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Raman spectrum of CCl4

Mink János: Az infravörös és Raman spektroszkópia
alapjai. Veszprémi Egyetem Analitikai Kémiai Tanszék

a) Raman shift (cm-1)
b) Absolute wavenumbers (cm-1)
c) Wavelength (nm) 

஺ௌௌ ି௛జ௞்Intensity ratio: 
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The Raman effect

Stokes scattering:
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If the energy of the exciting laser approaches the energy of a real transition in the medium, the 
intensity of the Raman scattering increases by orders of magnitude. This is the resonant 
Raman effect.  

Resonant Raman scattering is the strongest close to maxima in the density of states.

Resonant Raman scatteringVeres Miklós, MTA Wigner FK



Optical spectroscopy in materials science 7. 17

100 150 200 250 300
Raman shift (cm -1)

100 150 200 250 300
Raman shift (cm -1)

100 150 200 250 300
Raman shift (cm -1)

100 150 200 250 300
Raman shift (cm -1)

100 150 200 250 300
Raman shift (cm -1)

1.65 1.70 1.75 1.80 1.85 1.90 1.95

In
te

ns
ity

Excitation energy (eV)

Excitation energy

Resonant Raman excitation profile Veres Miklós, MTA Wigner FK
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A.Jorio et al.
Phys. Rev. B 63 (2001) 245416

Excitation: 1,623 - 1,722 eV Excitation profile of the 173,6 cm-1 mode

Excitation profile: example

Veres Miklós, MTA Wigner FK
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If the excited state exhibits 
fluorescence, that can suppress the 
Raman lines. In this case one has to 
find the ideal laser.  

Choice of laser for eliminating fluorescence
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Qualitative analysis

IR

Raman



Birefringence, linear dichroism

T, R can be measured in independent directions 
with light polarized in the respective direction 

max. 3 independent n, ε

• Kramers-Kronig relations hold in each direction independently
• selection rules depend on direction
• normal incidence: 3 measurements on at least two surfaces
• polarizer, analyzer in the same direction (one can be omitted)

Spectrum of one-dimensional organic conductor 

Optical spectroscopy in materials science 7. 21



Anisotropy in infrared and Raman spectra
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Polarization of incident and 
scattered light can differ
Need both polarizer and analyzer
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Scattering plane, scattering geometry

z(xz)x
Incident Scattered

direction
pol.
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I
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θ angle between incident and 
scattered light
upper index: polarization of 
incident light
lower index: polarization of 
scattered light
(E relative to scattering plane)

Depolarization ratio:

Optical spectroscopy in materials science 7. 23



Depolarization ratio

the relative values of the matrix elements 
can be obtained from 6 measurements 
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Polarizability tensor for randomly oriented objects
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α and γ2 are invariant to coordinate transformations



Depolarization ratio for randomly oriented objects

α and γ are symmetric towards rotation of coordinates:
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'',
'', yyxx

yx
yxxy = αα x,y can be x,y,z

Since α is a symmetric tensor (and we assume it to be real), αxy = αyx 
and averaging on the spatial orientation of the molecules: 

45
445 22

222 γααα +=== a
zzyyxx 15

2
222 γααα === zxyzyx 45

245 22 γαααααα −=== a
xxzzzzyyyyxx

The quantity determining the intensity: 'xy
xy

r
α

α
=








∂

∂

similar relations can be derived for these using α’ and γ’, from where 22

2

)'(4)'(45
)'(3

2 γ
γπρ
+

=







⊥ a

θ angle between incident and scattered light
upper index: polarization of incident light
lower index: polarization of scattered light
(E relative to scattering plane)
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Depolarization ratio

a’=0 
4
3=ρ depolarized

γ’=0 0=ρ fully polarized

4
30 << ρ partially polarized

Fully polarized mode: ρ=0
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„totally symmetric” mode (A, Ag)
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Depolarization ratio: example

cyclohexane

Optical spectroscopy in materials science 7. 28



Totally symmetric vibrational modes
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Take-home message

• Raman scattering: two-photon process (exciting photon – virtual excited state – photon 
emission) 

• measurement: with visible/NIR laser
• Raman shift is the difference of emitted and absorbed photon frequency, resolution 

depends on monochromator efficiency 
• resonance Raman scattering: exciting light frequency matches a real excitation in the 

system 
• polarization-dependent effects: three incoming, three scattered directions, two polarizers
• scattering plane, scattering geometry e.g. z(xz)x

• Depolarization ratio 

• Polarizability tensor for anisotropic materials
• Depolarization ratio 0 → totally symmetric modes
• qualitative analysis as with IR, quantitative is hindered by scattering into the whole space 

and by resonance effects
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Összefoglalás

• Raman-szórás: kétfotonos folyamat (gerjesző foton elnyelése – virtuális gerjesztett 
állapot – fotonkibocsátás) 

• gerjesztés látható/NIR lézerrel
• a Raman-eltolódás a kibocsátott és elnyelt foton frekvenciakülönbsége, a felbontást a 

monokromátor felbontása határozza meg
• rezonáns Raman-szórás: a gerjesztő fény frekvenciája megfelel a rendszer egy valódi 

gerjesztésének  
• Polarizációfüggő jelenségek: három bejövő, három szórt irány, két polarizátor
• szórási sík, szórási geometria, pl. z(xz)x

• Depolarizációs arány 

• Polarizálhatósági tenzor anizotróp anyagokra
• Depolarizációs arány 0 → teljesen szimmetrikus módusok
• kvalitatív analízis mint az infravörösben, kvantitatív meghatározást akadályozza a 

teljes térbe kibocsátott szórt fény és a rezonancia-effektusok 
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