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1. Maxwell’s equations relate the induced 
polarization to the measured electric field. 
2. The different orders of polarization relate 
to different orders of spectroscopy (linear 
and nonlinear).
3. Spectral signals can be calculated from the 
system response functions.

classical

4. The polarization depends on the 
quantum dynamics in the material.
5. Calculate linear response function.
6. Discuss an exact method for calculating 
linear spectra.
7. Calculating approximate spectra.

quantum 
mechanics



Electric field and polarization

Gauss's law 

No magnetic monopoles

Faraday’s law of induction

Ampère's law

Tomáš Mančal, Charles University, Prague



• Derivation i.t.o. potentials

• in the Coulomb gauge

• Helmholtz theorem

• Relate current density to 
polarization density

Electric field and polarization
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nonlinear spectroscopy

Orders of polarization
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QM of linear response



FMO complex

Figure credit: Jia, X., Mei, Y., Zhang, J. et al. Sci Rep 5, 17096 (2015). CC BY 4.0



Quantum system: radiation-matter interaction
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Quantum system: electronic H
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Quantum system: electronic H



Quantum system: nuclear H



Full Hamiltonian

We have:
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Quantum Mechanics: density operator

1 2
S

Only pigment 1 excited Only pigment 2 excited

exciton (superposition) state
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Quantum Mechanics: equilibrium density operator
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At equilibrium:
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Back to linear response
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Absorption spectrum



Dipole factor matrix Spectral tensor

Absorption spectrum



Absorption and emission spectra
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Absorption spectroscopy

Light



Light
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Circular dichroism spectroscopy



Linear dichroism spectroscopy

Light
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Let’s define:
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Open quantum systems

Spectral tensor
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Interaction with 
huge number of 
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Full Cumulant expansion (FCE)

with

Calculation time:             Accuracy:

Ma et al. 2015. J. Chem. Phys. 142(9) II

Approximate methods



Complex time-dependent Redfield (ctR)

with

and

Calculation time:             Accuracy:

Gelzinis et al. 2015. J. Chem. Phys. 142(15)

Approximate methods



Approximate methods

Modified Redfield

with

Calculation time:             Accuracy:

Gelzinis et al. 2015. J. Chem. Phys. 142(15)



Redfield

with

Calculation time:             Accuracy:

Gelzinis et al. 2015. J. Chem. Phys. 142(15)
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Resources

Tomáš Mančal, Charles University, Prague. On YT

Andrei Tokmakoff
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