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Aerial view

1. Excitation transfer dynamics is important for spectroscopy (especially nonlinear
spectroscopy)
- Forster energy transfer for incoherent hopping
- The correlation function and spectral density characterise how the environment
facilitates energy transfer
- Redfield transfer for exciton relaxation
2. Nonlinear spectroscopy relates to the nonlinear response function
- Third-order response
- Pump-probe spectroscopy
- Two-dimensional electronic spectroscopy
3. Calculate absorption spectra (very quick tutorial)
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Figure credit: Jia, X., Meij, Y., Zhang, J. et al. Sci Rep 5, 17096 (2015). CC BY 4.0
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FOrster theory
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FOrster theory
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FOrster theory
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Redfield theory
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Nonlinear response
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Third-order response
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Third-order response
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Third-order response
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Third-order response

o0 o0 o0

P(S)(t) :/dTg/dTQ/dTln(B)(Tg,TQ,Tl)E(t—Tg)lE'(t—TP,—

TQ)lE(t—'Tg—TQ—Tl)

0 0 0

’
.

ol

B —

il
-

equilibrium ‘.,W ’




Third-order response
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Third-order response
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Heterodyne detection

o0 o0 o0

P(?’)(t) = /dTg/dTg/dTlR(3)(Tg,7‘2,7'1)E(t—Tg)lE'(t—T3—Tg)lE(t—’rg—Tg—Tl)

0 0 0

equilibrium ‘.,W ’




Heterodyne detection
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Pump-probe spectroscopy
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Pump-probe spectroscopy

equilibrium ‘QVN

T1 ',.‘ T2 73 Q
| —
" E e hM WUVUWW\ signal



Pump-probe spectroscopy
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Pump-probe spectroscopy

equilibrium

time




Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy

with pump

-

assell

i

AREPS

/

start

pump

probe



Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy
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Pump-probe spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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2D electronic spectroscopy
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
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Absorption spectroscopy tutorial
PLEASE SEE JUPYTER NOTEBOOK ON

ort numpy as np
scipy.interpolate ~t UnivariateSpline
matplotlib i t pyplot as plt

Kb = 8.695034800 3 5
SUBTRACTED_OMEGA_CONSTANT = 1:

FMO_Hamiltonian = .array(
[[ 1.241e+84, ] . 580e+08, . 980e+28, .788e+08, -1.370e+01, -9.988e+08],
-8.778e+81, 25 , .B80e+01, 200e+080, .BBBe-81, 1.180e+81, 4.308e+00],
. 5BBe+80, .83 ] 1.221e+84, 5Be+81, -2.200e+80, -9.608e+00, 6.000e+80],
-5.980e+88, 8. .350e+81, 1.232e+@4, -3 -6.330e+01],
6.708e+00, . ] B0e+08, .B870e+81, ] 1, -1.380e+00],
-1.37@e+81, 1.18 ] .680e+08, -1.700e+01, 3.978e+01],
-9.980e+08, . .080e+08, -6.330e+01, -1. B . ] 1.244e+084]])

[
[
[
[
[
[

FMO_dipole_moments

a, reorganization_en, gamma
overdamped_Cw = omega*gamma/(omega
rn overdamped_Cw

- get_g(time, omega, spectral_density, temperature):
eros(time.size, dtyp
i
g_integrand / **))*spectral_density\
/np.tanh(omega/( temperature) )\
s{omega*t) - 1)\
(np.sin(omega*t) - omeg ))
-UnivariateSpline(omega, np.real(g_integrand), s=0)\
.antiderivative() (omega[-1])
= -UnivariateSpline(omega, np.imag(g_integrand), s=8)\
.antiderivative()(omegal-1])




Absorption spectroscopy tutorial
PLEASE SEE JUPYTER NOTEBOOK ON

NITheCS WEBSITS

.antiderivative()(omega[-1])
g real + 1j*g imag

calculate_Redf_rates_matrix(exciton_energies, transformation_matrix,
reorganization_en, gamma, temperature):
beta = 1/(Kb*temperature)
rates_matrix D ros((exciton_energies.si iton_energies.size))
for ii in e(exciton_energies.
F (exciton_energies.size

ton_energies[ii] - exciton_energies[jj]
r nn in-r iton_energies.size):
rates_| ii,jj] += transformation_matrix[nn, ii
ransformation_matrix[nn, jj] \
1 + 1/np.tanh(@.5*(ex_energy diff)\
beta) )\
*get_overdamped_spectral_density(\
ex_energy_diff,
reorganization_en, gamma)

rates_matrix

time = np.linspace(®,0.3,2001)
omegas = np.linspace(-108@,1000,4680)
temperature = 388
reorganization_energy = 48

gamma = 4@

specdens = get overdamped_spectral density(omegas, reorganization_energy, gamma)
g = get_g(time, omegas, specdens, temperature)
exciton_energies, transformation_matrix = np.linalg.eigh(FMO_Hamiltonian)

g transformation_factor = np.sum(transformation_matris , axis=0)

exciton_dipole_moments = transformation_matrix.T @ FMO_dipole_moments

Redfield_rates = calculate Redf_rates_matrix({exciton_energies,\
transformation_matrix,?
reorganization_energy, gamma,’
temperature)

Redfield_population_decay = np.sum(Redfield_rates, axis=8)/2

spectrum = np.zeros(omegas.size)

00 i E
e(7):
spec += np.dot(exciton_dipole moments[ii], iton_dipole_moments[ii])Y
*np.real(np.trapz(np.exp(-1j*(omegas[oo] \




Absorption spectroscopy tutorial
PLEASE SEE JUPYTER NOTEBOOK ON
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1 rates_matrix

time = np.linspace(©,0.3,2001) #Arra
omegas = np.linspace(-10860,16060,400)
temperature = 308
reorganization_energy = 48

gamma = 48

specdens = get overdamped spectral density(omegas, reorganization energy, gamma)
g = get g(time, omegas, specdens, temperature)
exciton_energies, transformation matrix = np.linalg.eigh(FMO_Hamiltonian)

g_transformation factor = np.sum{transformation matrix®**4, axis=8) #s

= -

exciton_dipole moments = transformation_matrix.T @ FMO_dipole moments

Redfield rates = calculate Redf rates matrix(exciton_energies,)
transformation matrix,)\
reorganization_energy, gamma,’
temperature)

Redfield population_decay = np.sum{Redfield rates, axis=8)/2

pectrum = np.zeros(omegas.size)
r oo in r (omegas.size):
spec = @
for ii in range(7):
spec += np.dot(exciton_dipole_moments[ii], exciton_dipole_moments[ii])Y\
#np.real(np.trapz(np.exp(-1j*(omegas|[oco] Y\
SUBTRACTED OMEGA_CONSTANT \
exciton _energies[ii])*time\
g_transformation_factor[ii]*
Redfield population_decay[ii]*time), x=time))

spectrum[oo] = spec

plot(omegas + SUBTRACTED OMEGA_CONSTANT, spectrum)
.title( "Absorption spect iy 0")

.xlabel( "7

.ylabel( 'Absor

.show()




Absorption spectroscopy tutorial

Absorption spectrum of FMO
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nature » nature reviews methods primers > primers > article

Primer | Published: 09 November 2023

Two-dimensional electronic spectroscopy

Elisa Fresch, Franco V. A. Camargo, Qijie Shen, Caitlin C. Bellora, Ténu Pullerits, Gregory S. Engel, Giulio

Cerullo & Elisabetta Collini &

Nature Reviews Methods Primers 3, Article number: 84 (2023) | Cite this article

1892 Accesses | 16 Citations |? Altmetric | Metrics

BBA - Bicenergetics 1860 (2019) 271-285

Contents lists available at ScienceDirect

BBA - Bioenergetics

journal homepage: www.elsevier.com/locate/bbabio

Two-dimensional spectroscopy for non-specialists 7 |
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Nonlinear and Two-Dimensional Spectroscopy (Tokmakoff)
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APy, Andrei Tokmakoff A d T k m k ff

I‘Q/‘ University of Chicago n re I O a O
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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