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We, theoreticians, like to calculate population dynamics ...
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What's about spectroscopic signals?
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Fundamental notions and models (1995)

Computer revolution in theoretical spectroscopy

e Al & ML & Quantum Computers

* Ab 1nitio parameterization of system Hamiltonians

e The use of more realistic (therefore complex and
multidimensional) models of molecular systems (HEOM and
MCTDH are the game changers)

e Simulation of spectroscopic signals on—the—fly
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Before:

efficient analytical methods in many-body quantum dynamics
 Memory function formalism, Mori1 formalism

* Projection operator formalism

» Variational methods

* Davydov Ansatz

* Thermo—Field Dynamic

* Doorway—-Window representation

Now:
efficient numerical methods in many—body quantum dynamics

and theoretical spectroscopy
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The doorway—-window representation
Developed by Yan & Mukamel,
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Extended by

Tanimura, Domcke & Stock, T >> pump & probe duration
NOVOdereZkin Doorway

Wis responsible for time- /\

frequency resolution

\ ’ time T
D 1is

Spp (T, a)pmbe) — <W((0 )G(];)D> responsible

probe
for wavepacket

/ \ excitation

Frequency of the second T;lme dlelay between
(probe) pulse the pulses

Window

Time evolution G(T) is not affected by optical dephasing:
We are seating in populations of the system density matrix
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General 4-wave-mixing signal
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Third-order
DW change of integration variables response functions

t=1t 4+ts, to=t +T —1,
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DW representation of 4-wave—mixing signals

Io(m.T.7) ~Re Y aTr [Wi(r) £(T)Do(7)] .
k=0,111

Dqo(7) = / dthy [ dtiEy(th)Ei(th + 7 — t1)elewr =D (1)

oo 0

Wi (T f dt’ dts Ey(t + t3 — 1) Es(t)e™rB=W, (13).

') 0
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DW representation vs exact calculation

Pump-probe Three-pulse photon echo
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For changing to classical trajectories, make three approximations

l. Classical approximation for electronic coherences:
; i U JiHipt —iHta| \ ~ iUs(R)t
<Q|€1H0t3ﬂ0,1":’- 1H1t3|f’> ~ EE{'QE{R)tBﬂge(R) (fle™ = py e 1% e) = e/ (R) gﬂfe(R)

L"Teg (R) = Vo(R)— T‘g (R) 'Ufe(R) - I}(R) - Ife(R)

Il. Classical averaging

Trace over nuclear degrees of freedom 1s replaced by the sampling of
classical trajectories from the classical Wigner distribution

pp = py (R, Py).

Trace over electronic degrees of freedom remains

lll. Classical population evolution
T-evolutions of

Wolwpr, 71, T) = T Wy (wyy, 1) e 0T,
I"']['fl(wpr- Tt, T) = E?i'HITI-’]['T[({,dp,.. Tt)e*’.HIT_ I"][-";H (Lupr. Tt T) = eiHITI,][,-"H (u/r'p'f’_- Tt)e*iHIT‘

are replaced by evolutions over trajectories in the electronic ground
state and lower-lying excited electronic states
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Sint (T, wpr) ~ (Do(wpu, Ry, Py)Wi™ (wy, Ry(T), P, (T)))+

<DI(E‘UP‘U=RQ?P )H mt(“"pr Re(T)Pe(T))> o <D1(wp'h‘»?RQ?P )U mt(“"pr Re(T)PE(T))>

Do(wpu: Ry, Py) Z (@ = Ueg (Ry))|11e(Ry) Ppy (Ry, Py),

—

Dl(wp-u:Rg:P ) = & (Wpu — UQQ(RQ))“‘LQG( )|2 ) 39(129:139)-

pu

W5 (wpr, R, (T 2: (wpr = Uy (R (1)) p1ge (R (T)) .

Wi (g R(T), Po(T)) = €20 — Uiy (R (D))t (R (TP,

W mt( “prs R ) PE(T)) — ZS}??’(LUPT - Ufe(T) (RE(T)))|p’e(T)f(Re(T))|2


https://china-uni-jobs.com/board/wp-content/uploads/2018/04/logo-1.png

JE 3K AT

HANGZHOU DIANZI UNIVERSITY

We need just electronic energies

and transition dipole moments Ueg(Ry(T)) #-ge(Rg(T))‘Q
along trajectories to calculate
any nonlinear spectroscopic signal — Uyp)o(Ro(T))  |igerr)(Re(T))|?

, | User)(Re(T))  1He(r)f (Be(T))
The numerical effort is comparable
to that for the calculation of

population evolutions
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Signals for pyrazine: TA PP integral
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Signals for pyrazine: photon—echo 2D

T=0fs T=20fs . T=35f T=60fs o
07 State E f

GSB 04 51 (Bgy) | 4.17 | D.006
y S, (A.) | 4.83 | 0.000
' Sy (Bay) | 5.07 | 0.009
0z 8, (Byy) | 5.85 | 0.000
0.02

SE 0.01

0.00

i -0.01 ’ -
i 0.2

-0.1

Probe Frequency (eV)
iy X

ESA 04
-0.7
-1.0
0.3
-0.0
Total
Signal 4 0.4

P 3 = -1.0

4 5 6 7
Pump Frequency (eV)


https://china-uni-jobs.com/board/wp-content/uploads/2018/04/logo-1.png

37
- 4 e 4 [ ]
> [ »
) 'z
0, @‘3
LAl

HANGZHOU DIANZI UNIVERSITY

What else?
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Combined Surface-Hopping, Dyson Orbital, and B-Spline Approach
for the Computation of Time-Resolved Photoelectron Spectroscopy
Signals: The Internal Conversion in Pyrazine

Tomislav Pitesa, Marin Sapunar, Aurora Ponzi, Maxim F. Gelin, Nada Doslic,* Wolfgang Domcke,
and Piero Decleva™

Cite This: J. Chem. Theory Comput. 2021, 17, 5098-5109 I: I Read Online

Theory Experiment
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Figure 2: (a) Structure of azomethane. (b) Time-dependent fractional occupations of the Sy
and S; electronic states of azomethane in non-adiabatic dynamics staring from the S; state.
(c) Dependence of the TMD of azomethane on the central torsional angle. Normalized (d)
GSB, (e) SE, and (f) ESA contributions to the integral TA PP signal of azomethane as a
function of the pump-probe delay time 7" and the probe-pulse carrier frequency wy,. Duration
of both pump and probe pulses is 5 fs. The carrier frequency wy, of the pump pulse is tuned

into resonance with the Si(n7*) state.

Society.

Adapted from'®3. Copyright American Chemical
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Tuning UV Pump X-ray Probe Spectroscopy on the Nitrogen K Edge
Reveals the Radiationless Relaxation of Pyrazine: Ab Initio
Simulations Using the Quasiclassical Doorway—Window
Approximation

Tobias Kaczun,* Adrian L. Dempwolff,* Xiang Huang, Maxim F. Gelin, Wolfgang Domcke,®
and Andreas Dreuw™

Cite This: L Phys. Chem. Left. 2023, 14, 5648-5656 I: I Read Onling
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ABSTRACT: Transient absorption UV pump X-ray probe spectroscopy has been S, T oo, b ~ — ReTr [J-JIWI_:H-"WI__ T
established as a versatile technique for the exploration of wltrafast photoinduced dynamics ) ) '
in valence-excited states. In this work, an ab initio theoretical framework for the simulation of !
time-resolved UV pump X-ray probe spectra is presented. The method is based on the i tf'
description of the radiation—matter interaction in the classical doorway—window ! h
approximation and a surface-hopping algorithm for the nonadiabatic nuclear excited-state »
dynamics. Using the second-order algebraic—diagrammatic construction scheme for excited "\
states, UV pump X-ray probe signals were simulated for the carbon and nitrogen K edges of "y
pyrazine, assuming a duration of 5 fs of the UV pump and X-ray probe pulses. It is predicted “ \
that spectra measured at the nitrogen K edge carry moch richer information about the rolm
ultrafast monadiabatic dynamics in the valence-excited states of pyrazine than those measured ,,,\\\
at the carbon K edge. \--”1 o U,,g-as"““r'L

'HEII.;._.J

Inha



https://china-uni-jobs.com/board/wp-content/uploads/2018/04/logo-1.png

On—-the-fly ML-enhanced
simulations
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Artificial-Intelligence-Enhanced On-the-Fly Simulation of Nonlinear

Time-Resolved Spectra
Sebastian V. Pios, Maxim F. Gelin, Arif Ullah, Pavlo O. Dral,* and Lipeng Chen*

Cite This: J. Phys. Chem. Lett. 2024, 15, 2325-2331 Read Online
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Figure 2: Integral time-resolved stimulated-emission spectrum [(7T,wy,) of pyrazine as a

function of the population time 7" and the carrier frequency wpy, of the probe pulse. (a).

The converged spectrum calculated with 600 ML-accelerated trajectories. (b). Reference
spectrum calculated with 600 pure ab-initio trajectories. (c¢). Spectrum calculated from 50
pure ab-initio trajectories (100 fs), which were used for the construction of the ML training

set.
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Plans for the future:

1. New signals

b—-wave mixing,

UV/Vis pump — IR probe,
Odd-wave—-mixing at interfaces

2. Better simulation methods
NAF (Jian Liu)
Account for electronic coherences

3. Comparison with numerically “exact” quantum
simulations
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The developed simulation method and protocol

 Requires — as input —— electronic energies and dipole moments along
classical trajectories in the electronic ground states and lower—-laying
excited electronic states

« Works for any (quasi)classical trajectory method: Tully’s surface
hopping, Ehrenfest, mapping approach, etc.

« Fully accounts for pulse effects (shapes, durations, chirps)

« Up to now, has been applied to the simulation of signals of
femtosecond UV/vis spectroscopy, photo—electron spectroscopy. and
visible pump X-ray probe spectroscopy

* Allows simulation of femtosecond spectroscopic signals of realistic
molecular systems under realistic experimental conditions (strong
pulses of any shape) by using ab initio methods
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Soft: WaveMixings.jl
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Signals for pyrazine: TA PP dispersed
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S (wr, T, wy) = Saplwn, T, we) + S50 (wr, Ty wr) + Sigga(wr, T, wr)

Stedp(we, T.wy) ~ Re(DEY (wr, Ry, Pg)Wo(ws, Ry(T), Py(T)))
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(if) On-the-fly simulations of nonlinear femtosecond spectroscopic signals
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