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o (Resonant) Raman spectra

• Derivation from Kramers/Heisenberg/Dirac

• Placzek vs Albrecht approximations

o Molecular forces

• Mechanochromophors

• 3 segment COGEF
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Raman spectra of amorphous C
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Profeta PRB 2001
Piscanec DiamRelMat 2005

Raman spectra vary with 
excitation wavelength



Cross section and matrix element
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Scattering matrix element

Kramers-Heisenberg-Dirac

𝑑𝜎

𝑑Ω
=

𝜔𝐿𝜔𝑆
3

ℏ2𝑐4
𝑉𝐹𝐼

2𝛿(𝐸𝐼 +𝜔𝐿 − 𝐸𝐹 −𝜔𝑆)

𝑉𝐹𝐼 = 

𝐾≠𝐼

𝐹 𝒖𝑆 ∙ 𝑫 𝐾 𝐾 𝒖𝐿 ∙ 𝑫 𝐼

𝐸𝐼 +𝜔𝐿 − 𝐸𝐾
+

𝐹 𝒖𝐿 ∙ 𝑫 𝐾 𝐾 𝒖𝑆 ∙ 𝑫 𝐼

𝐸𝐼 − 𝐸𝐾 −𝜔𝑆

𝜔𝐿
𝜔𝑆



Born-Oppenheimer to Placzeck
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Separation of nuclear and electronic terms

𝐼 𝒖 ∙ 𝑫 𝐾 = 𝑚𝑢|0,0ۦ
𝑒 𝑹 | ۧ𝑒, 𝑘

𝐸𝑒 − 𝐸0 + (휀𝑘
𝑒−휀𝑖

0) ≈ 𝐸vert

𝑉𝐹𝐼 ∝ 0, 𝑖 𝛼(𝜔𝐿) 0, 𝑓

Semiclassical approximation for transition energies



Placzek aproximation
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𝛼𝐿𝑆 𝜔,𝑹 = 𝛼𝐿𝑆 𝜔,𝑹0 +

𝑣

𝜕𝛼𝐿𝑆 𝜔,𝑹0

𝜕𝑄𝑣
𝑄𝑣 + 𝑂(𝑄𝑣

2)

Expansion in normal coordinates

“Absolute” Raman intensity

𝐼𝑅𝑎𝑚~
𝜕𝛼𝐿𝑆 𝜔 = 0,𝑹0

𝜕𝑄𝑣

2



Example: water
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𝑣2 𝑣1 𝑣3

„Static“ Raman intensities

mode 𝑰𝐑𝐚𝐦ours 𝑰𝐑𝐚𝐦 others 𝑰𝐑𝐚𝐦exp

𝑣2 bend 3 0.9 0.8

𝑣1 symmetric 95 108 120

𝑣3 asymmetric 26 19 30



Beyond Placzek: Albrecht approx.
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Taylor expansion of electronic ME

𝑚 𝑸 = 𝑚 𝑹0 + 𝑸 ቤ
𝜕𝑚 𝑸

𝜕𝑸
𝑸=0

+ 𝑂(𝑸2)

A term

𝑉𝑓𝑖
0 =

𝑒,𝑘

0, 𝑖 𝑒, 𝑘 𝑒, 𝑘 0, 𝑓 𝑚𝐿
𝑒𝑚𝑆

𝑒∗

𝐸𝑒 − 𝐸0 + (휀𝑘
𝑒−휀𝑖

0) − 𝜔𝐿

+
0, 𝑖 𝑒, 𝑘 𝑒, 𝑘 0, 𝑓 𝑚𝑆

𝑒𝑚𝐿
𝑒∗

𝐸𝑒 − 𝐸0 + (휀𝑘
𝑒−휀𝑖

0) + 𝜔𝑆

B and C terms

𝑉𝑓𝑖
𝐵 =

𝑒,𝑘



𝑣

0, 𝑖 𝑒, 𝑘 𝑒, 𝑘 𝑄𝑣 0, 𝑓 𝑚𝐿
𝑒𝑚𝑆,𝑣

𝑒∗ + 0, 𝑖 𝑄𝑣 𝑒, 𝑘 𝑒, 𝑘 0, 𝑓 𝑚𝐿,𝑣
𝑒 𝑚𝑆

𝑒∗

𝐸𝑒 − 𝐸0 + (휀𝑘
𝑒−휀𝑖

0) − 𝜔𝐿

𝑉𝑓𝑖
𝐶 =

𝑒,𝑘



𝑣

0, 𝑖 𝑒, 𝑘 𝑒, 𝑘 𝑄𝑣 0, 𝑓 𝑚𝑆
𝑒𝑚𝐿,𝑣

𝑒∗ + 0, 𝑖 𝑄𝑣 𝑒, 𝑘 𝑒, 𝑘 0, 𝑓 𝑚𝑆,𝑣
𝑒 𝑚𝐿

𝑒∗

𝐸𝑒 − 𝐸0 + (휀𝑘
𝑒−휀𝑖

0) + 𝜔𝑆



Connection to Placzek
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Sum over states form of polarizability

𝛼𝐿𝑆 𝜔 =

𝑒

2𝐸𝑒,vert 𝑚𝐿
𝑒𝑚𝑆

𝑒

𝐸𝑒,vert
2 − (ℏ𝜔)2

Derivative
𝜕𝛼

𝜕𝑄
=

𝜕𝛼

𝜕𝐸vert

𝜕𝐸vert
𝜕𝑄

𝐀𝐥𝐛𝐫𝐞𝐜𝐡𝐭 𝐀

+
𝜕𝛼

𝜕𝑚

𝜕𝑚

𝜕𝑄
𝐀𝐥𝐛𝐫𝐞𝐜𝐡𝐭 𝐁/𝐂



Wavelength dependent Raman of H2
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Walter and Moseler arXiv:1806.03840



Albrecht only: overtones
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Walter and Moseler arXiv:1806.03840
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Molecular force sensors

Davis Nature  459 (2009) 68
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Forces on atomic scale

4.5 nN



Energy contribution of the force
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ഥ𝑈 𝑑 = 𝑈 𝑑 − 𝐹 [𝑑 − 𝑑0]

𝐹=2 nN

2.3 nN



Simplified model: definition

22.11.2019 ASE workshop Chalmers - Michael Walter 17

Bond-potential Universal extrema



Simplified model: external force
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ഥ𝑈 𝑑, 𝑏 = 𝑈 𝑑, 𝑏 − 𝐹 𝑑
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0.4 nN

2D picture in spiropyran

O. Brügner and MW
Phys. Rev. Mat.
2 (2018) 113603
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Tough polyarene + spiropyrane

F. Kempe, O. Brügner, H. Buchheit, S. Momm, F. Riehle, S. Hameury, MW, M. Sommer
Angew. Chemie 57 (2018) 997-1000

0.2-0.4 nN
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ASE-cogef module

Oliver Brügner



Thanks
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