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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
guantum 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

V-E = B Gauss's law
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Electric field and polarization
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Derivation i.t.o. potentiam

B=VxA E:—(%A—FV@

in the Coulomb gauge
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Helmholtz theorem
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Relate current density to
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Electric field and polarization
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1 Fourier transform
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Linear polarization

1 0?2 1 02
72 1 I 1 -
V2E-(t) + = 8t2E (t) e atQP(t)

1 Fourier transform




Linear polarization
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Linear polarization and absorption
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Linear polarization and absorption
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Orders of polarization
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Orders of polarization

P=PFP+ GOX(DE + GOX(Z)E2 + €0X(3)E3 4+ ...
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linear spectroscopy



Orders of polarization
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nonlinear spectroscopy



Susceptibility
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P In the time domain
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Response functions
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Response functions
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Response functions
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Summary
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QM of linear response



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



Quantum system: radiation-matter interaction

ﬁrad—mat (t) — _ﬂ ’ E(t)
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Quantum system: electronic H
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Quantum system: electronic H
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Quantum system: electronic H
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Quantum system: nuclear H

Huwe = Y 5| (52 4+ @) 1) (9l + (57 + (@ — d1)?) le) el |
k=1

Energy

9)

Nuclear coordinate



We have:

Full Hamiltonian



Full Hamiltonian

We have:

I:Irad-mat (t) — _ﬂ ’ E(t)



Quantum Mechanics: density operator
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Quantum Mechanics: density operator
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Quantum Mechanics: density operator
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Quantum Mechanics: density operator
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Quantum Mechanics: density operator
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Quantum Mechanics: density operator
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Quantum Mechanics: equilibrium density operator

At equilibrium:
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Quantum Mechanics: superoperators




Quantum Mechanics: superoperators
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QM of response
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QM of response
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QM of linear response
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Back to linear response
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linear response function




Back to linear response

R(l = i Tr[ o1 (1) V p°9]
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Back to linear response

R(l = i Tr[ o1 (1) V p°9]
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Back to linear response
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Back to linear response
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Absorption spectrum
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Absorption spectrum
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Absorption and emission spectra
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Summary
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Summary
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Absorption spectroscopy
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Circular dichroism spectroscopy
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Linear dichroism spectroscopy
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Spectral tensor
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Spectral tensor
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Spectral tensor
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Spectral tensor

~

Hrad-mat (t) — _ﬂ ) E(t)

N N N

He = Z en |1} (| + Z Z Jmn [m) (N},
nzio n=1 nﬂ;,;%

2 WE | (2 | 2

Howe = Y 5| (B2 +02) l9) (9] + (57 +

Let’s define:

I:Irnol — I_jS + IA{B small

HS:Hel

=Wk

Hy =) (b} + d3)
k=1l 5o N

k=1n=1

Open quantum systems

THE THEORY OF

open quantum systems

H.-P. BREUER AND F. PETRUCCIONE

| ku’

"

r

-
.




Spectral tensor
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Spectral tensor
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Spectral tensor
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Spectral tensor
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Exact method

t

14 (t) = Trp {exij [—i(ﬁst-F dTﬁsB(T)”ﬁe;]a
0

| a IP The Journal of
Chemical Physics
Forster resonance energy transfer, absorption and emission spectra in

multichromophoric systems. lll. Exact stochastic path integral evaluation
Jeremy M. Moix, Jian Ma, and Jianshu Cao

Citation: The Journal of Chemical Physics 142, 094108 (2015); doi: 10.1063/1.4908601
View online: http://dx.doi.org/10.1063/1.4908601

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/142/9?ver=pdfcov
Published by the AIP Publishing



Exact method

14 (t) = Trp {exij [—i(ﬁst+/ dTﬁSB(T))}ﬁ

0

t

eq

B

|

|

= (")




Exact method

14 (t) = Trp {exij [—i(ﬁst+/ dTﬁSB(T))}ﬁ

0

t

eq

B

|




Exact method
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Exact method
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energy deviation

Approximate methods

TA(f) = Trp [eXer [—z@ /Ot d’f@(T))}ﬁ?}a

(ekt>B

0 mean

C,(t — t’) variance



Approximate methods
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Approximate methods
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Approximate methods
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Approximate methods
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Approximate methods
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Approximate methods
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Approximate methods
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Spectroscopy comes from the Latin “spectron” for spirit or ghost and the Greek “okorev” for to see. These roots are very telling, because in molecular spectroscopy
you use light to interrogate matter, but you actually never see the molecules, only their influence on the light. Different spectroscopies give you different
perspectives. This indirect contact with the microscopic targets means that the interpretation of spectroscopy in some manner requires a model, whether it is stated
or not. Linear spectroscopy commonly refers to light-matter interaction with one primary incident radiation field which is weak, and can be treated as a linear
response between the incident light and the matter. From a quantum mechanical view of the light field, it is often conceived as a “one photon in/one photon out”
measurement. Nonlinear spectroscopy is used to refer to cases that fall outside this view
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