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Raman scattering

Raman and Krishnan, 1928

Landsberg and Mandelstam, 1928

The normal Raman signals represent the inelastic scattering
of the incident light after its absorption by the molecule
induces a vibrational and rotational excitation.

https://www.nanophoton.net/raman/raman-spectroscopy.html 2



Raman selection rules

( Τ𝝏𝜶 𝝏𝑸𝑲)𝑸𝒌=𝟎 ≠0

Bernath, P. F., Spectra of atoms and molecules. Oxford university press: 2015.

-CO2 example:

During this phenomena, the change in the polarizability of the system for each
normal mode gives rise to the intensity of the Raman bands
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Raman scattering calculations in Orca

In order to predict the Raman spectrum of a compound one has to know the
derivatives of the polarizability with respect to the normal modes.

In Orca, a numerical  frequency run combined with a polarizability calculation will 
calculate the Raman spectrum too.

Key words:

NumFreq: command, runs a numerical frequency calculation.
%elprop Polar 1 end: block, runs a polarizability calculation.
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Raman practice:

Calculate the static Raman spectrum for H2CO molecule using the 
following coordinates, at  RHF/STO-3G level of theory.
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Open a text editor of your choice (like NotePad or NotePad++) and start making 
the ORCA input file. After you are finished save the file with the .inp extension.
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Before the calculation of Raman activities, 
the numerical frequency calculation is 

performed.

Check the output file for normal termination and analyse/visualize the results of 
the calculation.
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Check the output file for normal termination and analyse/visualize the results of 
the calculation.
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Under the title “RAMAN SPECTRUM” we can find the activities (in Å4/AMU) and the 
Raman depolarization ratios: 



Visualize the Raman spectrum using “orca_mapspc myoutput.out raman -w50” in the 
command line in the folder of the output.

For more details on the basic 
options, call orca mapspc

without any input.
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We can also use Avogadro to visualize the Raman spectrum.
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We can also use Avogadro to visualize the Raman spectrum.

11



UV-Visible spectroscopy

Most molecules and ions absorb energy in the ultraviolet or visible range. The
absorbed photon excites an electron to higher energy molecular orbitals, an
excited state.
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Excited-state calculations with ORCA

The simplest input only requires the number of roots in the %TDDFT NROOTS 10
END block.

We can determine the triplet excitation energies in addition to the singlets for
closed shell reference systems using the %TDDFT TRIPLETS TRUE END block.

With ORCA, we can use TD-DFT, single-excitation CI (CIS) and RPA to calculate
excitation energies, absorption intensities and CD intensities. Here we focus on
TD-DFT method.

For methods with implemented analytical gradient calculation, a given state can
be selected for geometry optimization with the help of the Iroot keyword.

Key words:
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In TD-DFT, the oscillator strength fI, which determines the probability of a singlet
excitation happening through the absorption of light, is given by

Here 𝑑𝑖𝑎 is the transition dipole moment of the single orbital transition i → a.

Their linear combination determines the transition dipole moment 𝑑𝐼 of the
excitation, from which the oscillator strength is then calculated.
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UV-Visible spectroscopy practice:

predict the absorption spectrum for COH2, using the following 
coordinates, at  B3LYP/DEF2-SVP level of theory.
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After the termination of the calculations, we can find the excitation energies, the
single orbital transitions involved and their contribution under “TD-DFT/TDA
EXCITED STATES (SINGLETS)” in the output.
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We can also find the oscillator strengths and transition electric dipole moments
under “ABSORPTION SPECTRUM VIA TRANSITION ELECTRIC DIPOLE MOMENTS”
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The visualization of the absorption spectrum can be done in Avogadro using
spectra in extensions menu and then changing to absorption:
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We can change the units, peak width and other spectral characteristic through
Advanced>>Absorption Settings.
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Further analysis can be 
done on the nature of 
the orbitals involved in 
each excitation using 
Charge difference 
density (CDD) figures 
using “orca_plot
gbwfilename –i”. 
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Further analysis can be 
done on the nature of 
the orbitals involved in 
each excitation using 
Charge difference 
density (CDD) figures 
using “orca_plot
gbwfilename –i”. 

21



We can then visualize the CDD cubes using GaussView > results >
surfaces/contours > surface actions > new surface.

St1: 7a ⟶ 8a
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The absorption rates between an initial and final electronic states under the
Born- Oppenheimer and harmonic approximations, converted to the time domain
are as follows:

Absorption spectroscopy

With 𝜔 being the incident photon frequency,

𝜇𝑒 being the electronic transition dipole,
ۧ|Θ the vibrational wavefunction of the initial or final state, 

𝑒
−𝜖𝑖
𝑘𝐵𝑇 is the Boltzmann population of a given initial state at temperature T,

𝐸𝑖 and 𝐸𝑓 are the initial and final vibronic energies, 

and 𝜖𝑖 is the total vibrational energy of state I. 23



The Excited State Dynamics (ESD) module of ORCA solves an analytic solution to
the path integral of the Multidimensional Harmonic Oscillator absorption rate.
(keyword ESD(ABS))

If one considers that the electronic part of the transition dipole varies with 
nuclear displacements and we allow for it to depend on the normal coordinates 
(Q), such as:

we can even include vibronic coupling or the so-called Herzberg-Teller (HT) effect. 
(block %ESD DOHT TRUE END)

Absorption calculations with ORCA_ESD
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Excited state (ES) geometry and Hessian in ORCA_ESD

In order to predict absorption or emission rates, one needs both the ground state 
(GS) and excited state (ES) geometries and Hessians. 

In ORCA, we have seven different ways to approximate this ES PES: AHAS, VH, VG, 
HHBS, HHAS, UFBS and UFAS (only available for Absorption, Fluorescence and 

resonant Raman).

▪ When you optimize the ES geometry and input the Hessian.
▪ No keyword must be given on the input.
▪ Although the ideal model, it is challenging and time consuming!

Adiabatic Hessian (AH) method
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The idea behind these approximations is to do a geometry update step (∆qc = -gB-1

for Quasi-Newton and ∆qc = -g(B + S)-1 for Augmented Hessian) to obtain the ES
structure and somehow approximate the ES Hessian.
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Vertical Gradient (VG) model, the minimal approximation

▪ The excited state (ES) Hessian is equal to the GS, from which we extrapolate
the ES geometry from the ES gradient and that Hessian using some step
(Quasi-Newton or Augmented Hessian, which is the default here).

▪ The default method in ORCA.

Adiabatic Hessian After a Step (AHAS) model

▪ A reasonable compromise between a full geometry optimization and a simple
step with the same Hessian is to do a step and then recalculate the ES Hessian
at that geometry.

▪ Highly recommended by ORCA developers in general.
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Absorption using ESD module practice:

predict the absorption spectrum for benzene, which has one band 
above 220 nm corresponding to a symmetry forbidden excitation to 
the S1 state, using the following coordinates, at  B3LYP/DEF2-SVP 
level of theory. Use VG, AHAS and AH methods and compare the 
results.

First step: the GS information is obtained through an optimization and frequency 
calculation.
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Second step: Using the optimized geometry, the absorption spectrum with the VG 
method can be done by calling the ESD module with the VG method in %ESD block 
with Herzberg-Teller approximation.
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Third step: Using the optimized geometry, the absorption spectrum can be done 
by calling the ESD module with the AHAS method in %ESD block with Herzberg-
Teller approximation:

30



Fourth step: For the AH method, the ES S1 information is obtained through an 
optimization and frequency calculation for the desired excited state (IROOT in 
%TDDFT).
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Fifth step: Having both Hessians, we call the ESD module and specify the desired 
excited state number, ground and excited Hessians and performance of Herzberg-
Teller calculations:
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As you can see the FC intensity is less than 1% of the HT intensity here,
so the need to include HT effect.

It is important to say that, in theory, the absorbance intensity values correspond
to the experimental 𝜀 (in L mol cm−1), and they are dependent on the spectral
lineshape.
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As we see, even the defaults produce a close spectrum to experiment and it can 
become much better using better approximations.
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Thank you for your attention


