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Abstract

The main focus of this thesis is to investigate the effect of charge migration on

molecular dynamics. Upon the creation of a superposition of cationic states by a

short ionizing pulse in an attosecond pump-probe experiment, the electronic wave-

function is in a non-stationary state and the initial dynamics are purely electronic,

driven by Charge Migration (CM) before the onset of any nuclear motions. The

CM can be simulated using a frozen nuclear framework but its importance on

long-term dynamics and competition with vibrationally mediated charge motion

(i.e. Charge Transfer (CT)) remains unknown. Unravelling the mechanism behind

CM and its importance on electron and nuclear coherence can help in designing an

initial superposition of electronic states to steer nuclear motions toward a specific

product. Further control of the photo-reactivity could be achieved with the use

of probe/control laser pulses and open the door for more direct comparison with

experimental results.

In order to investigate the dynamics upon photoionization with an attosecond

pump-pulse, the coupled electron-nuclear dynamics of the system is simulated us-

ing nonadiabatic quantum dynamics techniques within the sudden approximation.

A single-set approach is adopted for the expansion of the nuclear wavefunction us-

ing a linear combination of Gaussian Wavepackets (GWP). The calculation is done

using the Quantum-Ehrenfest method (QuEh) and the time-dependent Potential

Energy Surfaces (PES) are evaluated with the Complete Active Space Configu-

ration Interatcion (CAS-CI) method. The resulting dynamics are analyzed with

adiabatic/diabatic state populations, Normal Mode (NM) displacements and bond

lengths averaged over the nuclear wavepacket using Gross Gaussian populations

(GGP).

To reduce the cost of computation, the algorithm implemented in QUANTICS



is parallelized with a Message Passing Interface (MPI). Further, the section of code

which interacts with the database that contains previously calculated points on

the PES is rewritten using the Structured Query Language (SQL) and the SQLite

engine.

For the purpose of unravelling the mechanism behind CM, the nonadiabatic

dynamics of a model retinal Protonated Schiff Base (rPSB) and benzene are in-

vestigated by defining the initial electronic wavefunction in a systematic way. As

demonstrated by the results on rPSB, the relaxation mechanism such as single

and double bond length alternation and isomerization can controlled by varying

the initial composition of electronic states. With the rich symmetry of benzene,

the initial nuclear dynamics which are controlled by an initial gradient and elec-

tron dynamics can be analyzed using symmetry rules. The initial gradient is a

combination of totally symmetric motion and non-symmetric components which

correspond to the intra- (eigenstate) and inter-state (couplings) gradients, respec-

tively. The electron dynamics and its associated nuclear motions can be examined

by grouping together the localized holes where the CM occurs. With the initial

gradient and CM, one can predict the initial nuclear relaxation and possibly con-

trol the photo-products formed by designing a specific superposition of electronic

eigenstates.

To explore the effect of laser pulses on dynamics, an implementation within

the dipole approximation using the dipole-electric field dot product is done in the

GAUSSIAN program. The dynamics in the presence of an infrared probe pulse is

simulated on model systems such as allene and the ethylene cation. The pulse is

able to induce change in the electron and nuclear dynamics of the system and some

of its effect can be explained using irreducible representations and the alignment

of the electric fields.

The work presented in this thesis offers an insight into the photocontrol of



molecules and opens the door for further investigation of charge-directed dynamics.



Impact Statement

The advent of attosecond spectroscopy has opened the door to monitoring ul-

trafast phenomena occurring on the timescale of electronic motion. An ultrashort

pulse in the ultraviolet (UV) to extreme ultraviolet (XUV) region will photoionize

the molecule onto multiple cationic states at the same time. Thus, the result-

ing dynamics are heavily controlled by electronic coherence depicted as Charge

Migration (CM) and the initial nuclear gradient. Understanding the reactivity

of molecular systems upon photoionization to multiple electronic states with a

broad energy laser requires us to employ nonadiabatic methods for the accurate

simulation of coupled electron-nuclear dynamics.

The work presented in this thesis has an important impact on the field of nona-

diabatic dynamics and attosecond spectroscopy where the quantum dynamics of

molecular system is simulated with the Quantum-Ehrenfest (QuEh) method. The

initial electronic wavefunction can be defined as a linear combination of electronic

states and the resulting nuclear dynamics are coupled gaussian wavepackets fol-

lowing quantum trajectories on a time-dependent potential energy surface.

Moreover, the method has been succesfully employed for the investigation of

nonadiabatic dynamics of model systems such as octa-3,5,6-trieniminium, benzene

and ethylene cations. The high symmetry and already known relaxation mecha-

nism allows us to easily rationalize the molecular dynamics and provide insight at

the fundamental level. The works on octa-3,5,6-trieniminium and benzene cation

have been submitted for publications and there is currently a manuscript in prepa-

ration for the research on the ethylene cation.

Finally, these findings improve our knowledge of CM and its effect on nuclear

dynamics. Thus, it possible in the future to design initial superposition of states

and steer the dynamics via means of a probe pulse to achieve control of the photo-



reactivity of molecules.
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Chapter 1

Introduction

A chemical reaction is a rearrangement of atoms involving formation and breaking

of bonds from a reactant to a product. Observing chemical reactivity with a laser

is one goal of spectroscopy. There are various techniques and schemes to study

ultrafast molecular processes using laser pulses. Events happening at the timescale

of nuclear dynamics such as molecular relaxation are monitored with femtosecond

pulses and the door for probing electron dynamics which occur in the attosecond

timescale has been opened thanks to the recent advance in attosecond technology.

Upon photoionization with an attosecond pulse, a localized hole (i.e. removal of an

electron) is created followed by a fast charge-directed motion (i.e. hole migration)

and this fast motion have been labelled as Charge Migration (CM).

However, experimental data provided in the form of spectra are not always easy

to interpret and only give indirect information on the dynamics of the molecule.

With the help of computer simulations, it is possible to assign a mechanism to the

experimental results by computing the time evolution of the system. Due to the

intrinsic quantum nature of molecules, a wavefunction approach is required for the

representation of the system which implies solving the time-dependent Schrödinger

equation (TDSE). By using a basis of electronic eigenstates which are the solutions

of the time-independent Schrödinger equation (TISE) for the electronic Hamilto-

nian, it is possible to represent a localized hole as a linear combination of these
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states and the non-stationary nature of the electronic wavefunction (i.e. not an

eigenstate) leads to electron dynamics. Thus, the CM is a direct consequence of

the superposition of electronic states.

To provide insight from a theoretical point of view, an appropriate level of the-

ory is required to properly model the molecular wavefunction. The time evolution

of a system on multiple electronic states is computed using nonadiabatic methods

and they can be categorized based on the expansion of the full wavefunction.

In this thesis, the simulation of CM in molecular systems as well as the compe-

tition with other form of electron dynamics such as Charge Transfer (CT) which

is a vibrationally-mediated charge motion (i.e. coupled with nuclear dynamics).

The nonadiabatic dynamics are simulated with the Quantum-Ehrenfest (QuEh)

method. The work presented will demonstrate that starting from a superposition

of electronic eigenstates leads to fast and periodic electron dynamics as well as a

specific initial gradient that can be tuned by changing the relative phase between

states. Both of these effects can have strong influences on the subsequent nuclear

dynamics. Furthermore, the coupled electron-nuclear dynamics will be rational-

ized using symmetry rules. Thus, the charge-directed motion could be controlled

and predicted (with symmetry) by carefully choosing the initial superposition and

the dynamics can be further tweaked by the use of a probe/control laser.

The structure of the thesis is organized as follows. Chapter 2 provides a lit-

erature review on experimental works focusing on spectroscopy with the possible

methods for generation of attosecond pulses and a brief discussion on the effect of

photoionization with ultrashort laser pulse. A comparative review of nonadiabatic

methods is also presented in this chapter with a discussion on how external electric

field interactions are commonly implemented for single-set approaches. The focus

of this thesis is on the usage of a full quantum method with an Ehrenfest approach

for the Potential Energy Surface (PES) for the simulation of nonadiabatic dynam-
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ics induced by broad energy pulse photoionization. Chapter 3 introduces the main

variational approaches for electronic structure methods and a derivation of the

main Equations-Of-Motion (EOM) used in the the Direct Dynamics variational

Multi-Configurational Gaussian method (DD-vMCG) and QuEh which are both

implemented in the QUANTICS package. One particular aspect of DD-vMCG

compared to QuEh is the use of a database which contains previously calculated

points of the PES and thus, running expensive electronic calculations can be min-

imized through an interpolation using the points in the database. For the repre-

sentation of the PES, a multiconfigurational approach is taken using the Complete

Active Space Configuration Interaction method (CAS-CI) which is based on the

Complete Active Space Self-Consistent Field method (CASSCF). A section is ded-

icated to the data analysis to show how the data from a quantum simulation can be

represented and how the expectation values (i.e. averages) are evaluated. Chap-

ter 4 shows the development done in the QUANTICS package for the DD-vMCG

and QuEh methods to circumvent the current limitations of the algorithm and

expand its execution to heavily parallel computing architecture system by further

parallelizing the program with a Message Passing Interface (MPI). The restriction

on the use of database with that specific parallel interface is solved by using the

Structured Query Language (SQL) for the handling of the database. Development

work is also done in the GAUSSIAN program on the CASSCF code to include

the effects of external electric field in QuEh simulations. In chapter 5, the data

from QuEh simulations on retinal Protonated Schiff Base (rPSB) and the benzene

and ethylene cations are presented. The dynamics induced by superposition of

eigenstates is rationalized in three steps. The first step is by unravelling the effect

of changing the composition of two cationic states on a rPSB model system. The

second step is the link between symmetry which can be employed to predict the

location of conical intersections (CoIn) between electronic states and the dynamics
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initiated on a coherent superposition of states. Thus, the work on benzene cation

rationalizes the dynamics using symmetry arguments. Finally, the photocontrol

of ethylene cation is attempted by using a control/probe infrared (IR) laser pulse

and the effects explained using symmetry rules.

By investigating the importance of CM on nuclear wavepackets dynamics, it

provides an insight into the coupled electron-nuclear dynamics observed indirectly

in attosecond spectroscopy experiments and that using a coherent superposition

of electronic states is required to be able to reproduce qualitatively the molecular

dynamics upon photionization with an attosecond pump-pulse. Furthermore, be-

ing able to predict the change in the geometry of the molecule allows us to create

initial superposition of electronic states in an attempt to guide the photo-reactivity

of the system. Finally, the investigation on the effect of a probe-pulse in dynamics

brings forth more options for photocontrol of the molecular wavefunction.
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Chapter 2

Theory

2.1 Introduction

The key concept explored here is electron correlation and its importance on the nu-

clear dynamics. From a classical point of view, the interaction of an electron with

its environment is purely electrostatic. By treating the electron quantum mechan-

ically, electronic correlation comes into picture, an important concept in chemistry

as well as molecular and atomic physics.1–3 It can be described as the interaction

between electrons where the motion of an electron is influenced by the presence

of other electrons. An accurate treatment of this interaction is required in order

to properly describe many molecular properties such as bond lengths, dissociation

energies and ionization potentials. A more thorough discussion on the treatment

of the electron from a computational point of view is given in chapter 3. Theo-

retically, it has been shown that dynamics purely driven by electron correlation

is possible by creating a superposition of eigenstates.4,5 Moreover, the dynamics

induced by this superposition has been shown to occur on the femtosecond to sub-

femtosecond timescales. Thus, it will require attosecond pulse technology which

have the sufficient time resolution to monitor these events.

The recent advance in attosecond spectroscopy has made possible the monitor-

ing of molecular phenomena which are faster than nuclear motions.6–9 The study

of a molecular system upon absorption of photons from an attosecond laser pulse
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requires a fundamental understanding of the nature of the pulse used in the ex-

periment. An interpretation of these results can be achieved through computer

simulations with an understanding of the mathematical models employed and their

limitations.

In this chapter, a short introduction on attosecond spectroscopy will be pre-

sented as well as the current technology employed to generate sub-femtosecond

laser pulses. An outlook is provided from theory by reviewing nonadiabatic dy-

namics methods and classifying them based on the expansion and parametrization

of the molecular wavefunction into either a single-set or multi-set formalism. In

the last Section, different approaches for the inclusion of a pulse in dynamic sim-

ulations are introduced for the single-set approach.

2.2 Attosecond Spectroscopy

To put perspective into the molecular timescale, it is known that nuclear motions

such as vibrations, rotations and translations occur normally in the femtosec-

ond range, whereas, electronic motion happens at an attosecond timescale (10−18

s).10,11 Femtosecond spectroscopy, which uses laser pulses in the visible (VIS) to

ultraviolet (UV) range, provides information about nuclear motion in molecules.12

Our understanding of intramolecular processes as well as the the dynamics of bond

breaking and bond formation has thus progressed thanks to this technique.

Using attosecond pulses for pump-probe experiments, it becomes feasible to

monitor electron dynamics, opening the possibility of exploring the effect of early

dynamics purely driven by electronic effects on the subsequent molecular mo-

tions.7,8,13,14 It is theoretically possible to generate attosecond pulse down to a

single cycle of oscillation of the electric field (i.e. with an oscillation period be-

low 1 fs) which would correspond to a photon energy in the visible region at the

minimum. With the current technology for the generation of stable attosecond
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pulses, spectroscopy experiments with these laser involve photon energies in the

range of UV to X-ray. The main difference between the two types of spectroscopy,

other than the pulse duration, is the type of molecular species monitored. With

UV/VIS photons, the main product is photo-excited molecules whereas higher

energy photons (UV to X-ray) create (core) ionized species.

Applications other than pump-probe experiments are well documented in the

literature for attosecond science such as molecular imaging.9

2.2.1 Laser Sources

Ultrashort laser pulses can be created by either of the following technologies: High-

Harmonic Generation (HHG)9,15 or Free-Electron Laser (FEL).9,16 The former

technology creates highly coherent photons in the UV to soft X-ray spectrum while

the latter generates photons in the extreme ultraviolet (XUV) to X-ray regime.

The process to generate attosecond pulse using HHG can be explained using the

semi-classical three step model.9,17 The first step involves the removal of an electron

from an atom in the gas phase through tunnel ionization. The ionization happens

using a laser (the driving laser) producing photons in the UV range. After the

ionization process, the electron moves freely away from the atom in the continuum

of state and is then accelerated back by the oscillating electric field of the laser pulse

reversing direction. The last step is the recombination of the accelerated electron

with the parent ion reforming the initial atom with an emission of a short pulse.

The whole process happens in the span of a full cycle of the oscillating electric field

from the driving laser. Thus, using a (sub-)femtosecond laser (from an UV source),

the process happening at the attoscecond timescale releases burst of photons at

different harmonic and it happens for every cycle of the electric field leading to

the formation of a train of attosecond pulses. An illustrative representation of

the three step model can be found in Fig. 2.1. The physical mechanism behind

it is that by focusing an intense short laser pulse into a gas medium, a nonlinear
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Fig. 2.1: Schematic of the three step model with (1) ionization, (2) motion and accel-
eration followed by (3) recollision. Reproduced with permission from Ref. 9. Copyright
2017 American Chemical Society.

effect is observed on the electrical response and thus, high-order harmonics of the

frequency driving laser are generated. The generation of isolated attosecond pulses

can be done using gating techniques.9,18–20 Only odd harmonics are generated and

from the review of Nisoli et al.,9 this has been explained in terms of a symmetric

response of the reversal of the driving field which cause a reversal of the nonlinear

polarization.

The HHG technique allows the generation of highly coherent pulses for the

purpose of pump-probe experiments. In the emission spectrum produced by HHG,

only the three first harmonics show a relative important intensity followed by

a plateau and a cut-off region. Thus, experiments involving pulse from higher

harmonics rely on a low pulse intensity (i.e. low photon counts). The type of

noble gas employed can affect up to which harmonic can be measured.

An different alternative to generate high energy photons (UV to X-ray range)

is through a FEL where the medium is a beam of free electrons rather than noble

gas. The electrons are propagated at a relativistic velocity in an undulator re-

gion consisting of a periodic arrangement of magnets where the electrons undergo

transverse oscillation and release photons in the forward direction of propagation.

A schematic of the mechanism in the undulator is shown in Fig. 2.2. As high-
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2.2 Attosecond Spectroscopy

Fig. 2.2: Schematic of the FEL operating principle with the path of the electrons in red
and the initial part (i.e. entrance) generating incoherent radiation and at later stage
(on the right) an in-phase oscillation and radiation until saturation. Reproduced with
permission from Ref. 16. Copyright 2010 Macmillan Publishers Limited.

lighted in the review of Nisoli et al.9 and the work of McNeil and Thompson,16 the

drawback is that the electrons oscillate with random phases in the entrance of the

undulator and thus, it generates highly incoherent radiation. As the group of elec-

trons interact with each other due to the collective radiations, the electrons start

to oscillate in phase at resonant wavelength until saturation of the process. In this

last regime known as self-amplified spontaneous emissions, a burst of photons is re-

leased with some drawbacks such as stochastic temporal structure and an intrinsic

time jitter due to electron propagating at relativistic speed and measurement done

in a lab frame.9,21–23 By isolating the emissions generated in that special regime,

isolated attosecond pulse has been successfully generated from FEL.24
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The two sources of lasers have been succesfully employed for attosecond science

and it was achieved by using isolated attosecond pulses for pump-probe scheme

experiment where a XUV is used for the pump process. The subsequent probe

pulse can be either another XUV pulse from the same source or a synchronized

infrared (IR) pulse.

2.2.2 Charge Migration

The actions responsible for the change (i.e. movement) of the electronic density

are commonly separated into either Charge Migration (CM) or Charge Transfer

(CT).25–27 The former case corresponds to fast motion of an electron (or hole)

happening on the femtosecond to sub-femtosecond timescale which takes place

over a static nuclear framework (i.e. almost no nuclear motion over the time

frame of electron dynamics).4,5,28,29 The second situation corresponds to a formal

motion of the charge from one part of the molecule to another and is mediated

by a change in nuclear arrangement. However, the competition between the two

phenomena and the nature/timescale of the transition between the two types of

regime still remain as open questions.25

For the description of electronic states, the term CT is also used for the char-

acterization of excited states involving a promotion of electrons between spatially

separated sites. In this work, such electronic states will be referred as CT-state

whereas CT will correspond to the vibrationally mediated charge dynamics.

From the experimental works of Weinkauf et al.,30,31 it has been shown that

for oligopeptide radical ions (after photoionization) a fast dissociation as well as a

selective bond-breaking are observed. In their experiments, the photodissociation

could be altered by using specific sequences of amino acids or with laser control.

The ’photocontrol’ is achieved by fine-tuning the local ionization energy (i.e. by

amino acid sequence engineering) and resonant laser ionization (i.e. targeted hole

formation). Thus, there is experimental evidence of fast electron dynamics and
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charge-driven dynamics.

Cederbaum and Zobeley showed that fast electron dynamics is a purely elec-

tronic correlation driven effect.4 In the creation of a localized hole, the system is on

a superposition of ionic eigenstates (i.e. non-stationary state) and the subsequent

hole dynamic is driven by the electronic correlation. Moreover, the CM happens

within a few femtoseconds and in that timescale, the nuclei would show very little

motion.

In the context of attosecond science, observations of phenomena driven by elec-

tron dynamics in cations have been experimentally reported such as in the works of

Sansone et al.32 and Jiang et al.33,34 In these works, an XUV/(IR or XUV) pump-

probe scheme has been employed to monitor the photodissociation of dihydrogen

upon photoionization. The pulse induced a coherent superposition cationic states

which leads to electron dynamics resulting in electron ejection with asymmetric

angular distribution and localization of the remaining electron. Furthermore, the

magnitude and direction of these two events are influenced by the pump-probe

delay.

2.3 Nonadiabatic dynamics

As shown by the experimental findings and highlighted by the review of Nisoli

et al.,9 electron dynamics with observed asymmetry are taking place, and thus

it has been hypothesized that the effect of the attosecond pulse is to generate a

non-stationary electronic wavepacket corresponding to a superposition of cationic

states. By using the uncertainty principle of Heisenberg on the relationship be-

tween energy and time, it can be rationalized that a very short pulse (in the

attosecond regime) must have a very broad energy range. Thus, the ionization

step can hit multiple cationic eigenstates and it has been shown from theoretical

simulations and experimental ionization cross-sections that the isolated attosecond
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pulses can indeed ionize to multiple states which would leads to CM due super-

position of electronic states and the cationic eigenstates being coupled by electron

correlation.

In the current work, the focus is on the CM taking place upon creation of a

coherent superposition of states and the ionization step is not explicitely taken into

account. Thus, all simulations and theoretical frameworks will be done in the sud-

den approximation and the interaction between the leaving electronic wavepacket

and molecular ion wavefunction happening during the ionization step is not con-

sidered. A review of methods to theoretically model the ionization process can

be found in Ref. 9 and the relevant finding for the current work is that even the-

oretical simulations show that the ionization involves the creation of a coherent

superposition of electronic states.

To simulate the event after photoionization, the method employed should be

able to treat dynamics on multiple electronic states or in a way of representat-

ing the electronic wavepacket in a non-eigenstate of the electronic Hamiltonian.

Such methods are called nonadiabatic dynamics. A theoretical background on the

definition of electronic state (eigenstate), Potential Energy Surface (PES), adia-

batic/diabatic representation are briefly presented in Appendix A starting from

the full molecular Hamiltonian for the non-relativistic case (i.e. no heavy atoms

and electron motion at relativistic speed). The current work focuses on an on-the-

fly approach for the dynamics thanks to the ability to explore the PES of system

with many degrees of freedom. The drawback of the on-the-fly methods is the

poor description of the nuclear wavepacket compared to highly accurate nuclear

wavepacket dynamics methods such Multi Configuration Time Dependent Hartree

(MCTDH)35–37 which uses a grid-based approach for the treatment of the nuclear

wavefunction and mapping of the PES as function of nuclear coordinate. The

main limitations of the method are the need of pre-fitted PES, with its own set of
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Fig. 2.3: Schematic representation of relationship between different nonadiabatic dy-
namics methods discussed in this work, based on the scheme of Vacher et al. in Ref. 38.
The methods of interest in this thesis are higlighted in red and are elaborated in details
in chapter 3

challenges compared to an on-the-fly approach, and simulations on systems with

small number of degrees of freedom due to the cost of computation. A short review

on nonadiabatic dynamics methods is presented here based on the classification

and relationship given by Vacher et al.38 as shown in Fig. 2.3.

In the list of methods presented by the authors, the electrons are all treated

quantum mechanically with the help of electronic structure programs. The major

differences are the treatment of the nuclear wavefunction and the approximations

included. The methods can be categorized into two sets of approach. In the multi-

set formalism, a set of basis functions is used for each electronic state and thus, the

individual basis function only perceives the gradient of a single adiabatic/diabatic

state. In the single-set approach, the nuclear motions are represented by one set

of fully coherent basis functions feeling the gradient of a linear combination of

electronic states (i.e. ’single’ time-dependent state). That single effective state is

often referred to as an Ehrenfest state. That categorization can also be linked to

the perspective works of Agostini and Curchod39,40 where the two formalisms can

be related to a different initial ansatz. A schematic representation of how a single

Gaussian wavepacket (GWP) evolves in the two formalisms is shown on Fig. 2.4.
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(a) (b)

Fig. 2.4: Schematic representation of the propagation of a single GWP in the multi-
set formalism (left) moving on a set of adiabatic states and in the single-set formalism
(right) moving on a single time-dependent PES (in red).

The categorization of the methods is done on the interpretation of the nuclear

dynamics and the gradient felt by the trajectories. Thus, the relational links

between methods are purely on a conceptual view of the approximations and we

do not go into the exact nature of the derivation of the Equations-Of-Motion

(EOM), integrators and the numerical challenges. As for the cost of computation,

one can easily guess, the more approximations are introduced, the simpler the

EOM and thus, a reduced cost of computation. The main nature of most of the

approximations in nonadiabatic dynamics are the representation of the nuclear

wavefunction with a discretized basis and the motion of the basis to reproduce as

closely as possible the ’ideal’ nuclear wavepacket motion. In the different methods

briefly reviewed here, only the main characteristics for comparison purpose are

listed.

For on-the-fly nonadiabatic dynamic methods, the accuracy of the represen-

tation of the electronic wavefunction and PES is down to the choice of electronic

structure method where one has to balance the cost of the computation and accura-
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cy/stability of the method. The other factor to take into account is the treatment

of the nonadiabatic effects and the diabatization of the PES which introduced

further approximation in the representation of the electronic wavefunction.

2.3.1 Multi-set

The multi-set approach can be started using the Born-Huang ansatz to expand the

molecular wavefunction Ψ.39,41 The important part is that the electronic wavefunc-

tion ψ is discretized as a linear combination of time-independent states s and that

a set of nuclear basis functions χ is defined for each state.

Ψ (RRR,rrr, t) =
∑
s

As (t)χs (RRR, t)ψs (rrr;RRR) (2.1)

The time dependency t is all put into the nuclear basis and the expansion coefficient

As that is related to the population of the electronic state. In that representation,

it gives rise to a picture of time-independent PES with CoIn in region of state

crossing and the resulting nuclear dynamics in that representation corresponds

to nuclear wavepackets moving on individual surfaces along nuclear coordinate

RRR. The time-independent electronic wavefunction is a function of the electron

coordinates rrr and shows a parametrical dependence on the nuclei positions RRR.

The Direct Dynamics variational Multi-Configurational Gaussian method (DD-

vMCG) of Worth et al.42–46 expand the nuclear wavefunction using a linear com-

bination of Gaussian Wavepacket (GWP) and approximating the effect of the

electron on the nuclei by a local expansion of the diabatic PES. By taking a vari-

ational approach for the derivation of the EOM, the simulation yields a dynamics

with a set of coupled quantum trajectories. The quantum motion is due to the

optimal propagation of the basis set to reproduce as closely as possible the ideal

exact nuclear wavefunction spreading. The main approximation in the nuclear

description is the truncation of the basis set which is set from the beginning of

the dynamics. Another restriction applied to the basis set for numerical stability
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is the use of frozen width GWP. The DD-vMCG dynamics can be done in the

multi-set or single-set formalism and in both case, the nuclear wavefunction χ is

expanded using a linear combination of GWP g. In the former approach, a set

of GWP is defined for each diabatic state s (see eq. 2.2) and only the gradient

and curvature of a single time-independent state is applied to the dynamics of the

basis functions.

χs (RRR, t) =
∑
j

A
(s)
j (t) gj (RRR, t) (2.2)

By introducing a classical approach for the EOM of the basis functions in

the multi-set approach leads to the Full Multiple Spawning (FMS) and Ab Initio

Multiple Spawning (AIMS) method of Mart́ınez et al.47,48 The important feature

of the AIMS method is the adaptive expansion of the basis set in region of strong

nonadiabatic couplings. The advantage of that approach is the efficient description

of the bifurcation in region of state crossings.

By further uncoupling the trajectories and using an independent trajectory ap-

proach leads to the Surface Hopping method.49 The trajectories feel the gradient

of a single electronic state and jump from one state to another (i.e. hop) based on

a hopping probability. That quantity is computed using nonadiabatic couplings

and the hopping event occurs based on random number generator (stochastic al-

gorithm). The advantage of the method is that classical EOM can be integrated

easily using very accurate numerical methods due to the straightforward descrip-

tion of the couplings and electronic states. However, semi-classical approaches

with uncoupled trajectories are known to suffer from slow convergence and thus,

a large number of trajectories is needed along a careful approach for the initial

condition samplings.
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2.3.2 Single-set

The methods that fall in the single-set formalism starts from the exact factorization

ansatz39,50 where the molecular wavefunction Ψ is written as a product of nuclear

χ and electronic wavefunction ψ.

Ψ (RRR,rrr, t) = χ (RRR, t)ψ (rrr, t;RRR) (2.3)

The electronic wavefunction is a function of the electrons position rrr and shows

a parametrical dependence on the nuclear position RRR. In the exact factorization

representation, the nuclear wavepacket spreads on a single time-dependent PES.40

The time-dependent electronic wavefunction can be projected at any time t at

a specific parametrization RRR (i.e. geometry) onto a set of adiabatic/diabatic states

and the main challenge is the overall definition (over the whole configuration space

RRR) of ψ. To be able to compute the dynamics using the exact factorization ansatz,

various approximations and nuclear/electronic ansatz are further introduced. The

localized time-dependent electronic state (at a given RRR) is known as the Ehrenfest

state which is generally defined as a superposition of electronic adiabatic/diabatic

states.

By introducing the classical limit to the nuclear motion leads to the Coupled-

Trajectory Mixed Quantum-Classical (CT-MQC) method of Agostini et al.51–55

where the coupling of the electrons on the nuclei is done through a vector potential

term. Thus the natural decoherence effect is captured by the quantum momentum

term included in the EOM. The nuclear density is constructed using a sum of

frozen width GWP.

The DD-vMCG method introduced before can also be run in the single-set

formalism where one set of j GWP g is defined for the nuclear wavefunction χ (see

eq. 2.4). The basis functions feel the shape of a time-dependent PES built on a

linear combination of time-independent states |s⟩ which yields an Ehrenfest-like

state. The coefficients for the electronic state s are contracted within the expansion
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coefficient Aj,s. A further push toward the Ehrenfest treatment is done with the

Quantum-Ehrenfest method (QuEh, see eq. 2.5a and 2.5b).38,56,57 In this approach,

the Ehrenfest part of the electron dynamics is done within the electronic structure

by multiconfigurational treatment for it. Thus, the nuclear dynamics is done with

the same framework as DD-vMCG with GWP running on a single Ehrenfest PES

expanded locally up to second order.

χ (RRR, t) =
∑
j

∑
s

Aj,s (t) gj (RRR, t) |s⟩ (2.4)

χ (RRR, t) =
∑
j

Aj (t) gj (RRR, t) |j⟩ (2.5a)

|j⟩ =
∑
s

cj,s |s⟩ (2.5b)

In the semi-classical approach adpoted by Shalashilin et al.58–61 in the Coupled-

Coherent States (CCS) and Multi-Configurational Ehrenfest (MCE), a set of cou-

pled classical trajectories evolves on a time-dependent PES built on Ehrenfest

trajectories. In these two methods, the general feature is that both employed a

basis of GWP in addition to the classical trajectories.

The Ehrenfest method62–66 takes the full classical localized approach for tra-

jectories by uncoupling them. In this method, the individual trajectory evolve

classically on a set of time-dependent Ehrenfest state. The trajectories evolve all

independently (no coupled motion) and they all start with a defined amplitude

(i.e. nuclear population) frozen throughout the propagation. Thus, a great em-

phasis is put on sampling for the initial condition in semi-classical method using

fully uncoupled trajectory like the Ehrenfest method or the multi-set equivalent,

the Tully Surface Hopping algorithm.67
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2.3.3 Simulation of pulse effects in dynamics

The current review only cover the inclusion of a pulse in the single-set formalism

method since the focus of the project is the simulation of control/probe pulse

following attosecond pulse photoionization. Due to the nature of the electronic

state being a superposition of cationic state, the single-set formalism seems to

be more straightforward to simulate fast electronic effect due to a non-stationary

state. Various approaches and approximations can be employed to simulate the

effect of a theoretical pulse in dynamics.

For the single-set method, throughout the literature, two main approaches

seems to be adopted for the inclusion of an external electric field in the dynamics.

The first one is through the use of a Floquet Hamiltonian formalism (i.e. time-

dependent electronic Hamiltonian) in the case of a periodic electric field.68,69 In

this approach, the time-dependent process is treated by extracting the eigenstate

(i.e. Floquet state) of the electronic Hamiltonian with the time-periodic term in it.

The physical interpretation of these states is that they do not correspond to a real

eigenstate of the time-independent electronic Hamiltonian but a state where the

PES has been ’dressed’ with the field. This is the approach employed by Agostini

et al.70 for the CT-MQC methods.

In the second method, the interaction is added through an electric field term

interaction within the dipole approximation and can be employed for any arbitrary

external electric field (no condition on being periodic). For Ehrenfest-based meth-

ods, it is the most popular approach as the electronic state is a single effective

time-dependent state and thus, the pulse interaction has to be included at the

electronic level. This is the approach also employed by the DD-vMCG method.

The particularity in that method is that the individual electronic state are still vis-

ible from an algorithmic perspective and thus, the extra term can be included by

adding a new operator in the nuclear Hamiltonian. Multiple overlapping external
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pulses can be defined explicitly and can be added as an intra- or inter-electronic

state effect by taking an electric field and dipole dot product. The dipole included

in question can be the transition dipole moment for excitation or the state dipole

for purely pulse-driven nuclear effect. This was done for the vMCG method in the

work of Penfold et al.71 and thus, a propagation with the presence of an external

pulse is possible for the direct dynamics version. In the QuEh method, only one

apparent effective state is seen from the perspective of the nuclear basis function

and thus, any electron-pulse interaction cannot be treated currently. In the MCE

method, the same approach has been used and some work has been done toward

simulating non-linear response with respect to field using a dipole-electric field

operator.72 Similar studies with a pulse effect using the same formalism can be

found using the classical Ehrenfest method.73

2.4 Summary

The progress in attosecond science has allowed the exploration of dynamics at the

electronic timescale. Due to the nature of the pulse, a large number of cationic state

are reached upon photoionization and events happening at the sub-femtosecond

timescale lead to asymmetry in the molecular dynamics. The use of a subsequent

probe pulse can push the molecular dynamics in a different direction (e.g. different

photo-products).

One can find an extensive list of available of methods for simulating the nonadi-

abatic dynamics of molecular system for the purpose of rationalizing spectroscopic

results. The current review took an approach by classifying the method based

on the expansion of the electronic wavefunction and the definition of nuclear ba-

sis function for the given expansion (i.e. single-set vs multi-set). The current

work is focused on the single-set formalism for a more straightforward approach

to dynamics involving electron dynamics built on a superposition states.
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For this work, an approach with quantum trajectories is taken due to the advan-

tage of faster convergence with respect to the nuclear wavefunction representation

and the ability to treat coherence and quantum nuclear effect without ad hoc cor-

rection scheme. Thus, the development and research are done for DD-vMCG and

its QuEh variant. However, some approximations are taken in these methods to

make the simulations computationally affordable and numerically stable such as

truncated (i.e. fixed) nuclear basis set, local definition of the PES, etc.

The emphasis is on the QuEh method where the full time-dependent treatment

of the electronic wavefunction is done within the electronic structure method. To

investigate the effect of an external pulse on the dynamics, a first simple imple-

mentation of it is done for this work and the algorithm and results are presented

in the Development chapter 4.
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Chapter 3

Methodology

3.1 Introduction

The interpretation of results from an attosecond spectroscopy experiments can be

achieved through the use of computer simulations to develop an understanding

at the molecular level. Due to the high complexity of the phenomena observed

(e.g. multiple electronic states, coherence, high energy photons, coupled nuclear-

electron dynamics), an appropriate level of theory should be employed to model

the dynamics of the molecular system. An application of the theory outlined in

chapter 2 is done with an accurate description of the electrons and nuclei at the

quantum level using a single-set approach. This chapter is focused on the methods

employed for the computation and the relevant data analysis.

Using electronic structure methods, different molecular properties can be com-

puted such as the energies, dipole moments, gradients, Hessians and nonadiabatic

couplings. The gradients and Hessians are the first and second derivatives of the

Potential Energy Suraces (PES) with respect to the nuclear coordinates. These

quantities are needed by the nuclear dynamics driver program in order to propagate

the nuclear wavefunction in time as in both the Direct Dynamics variational Multi-

Configuration Gaussian (DD-vMCG) and Quantum-Ehrenfest (QuEh) methods,

the information of the PES is expanded up to second order around the centre of

the Gaussian Wavepackets (GWP). The main consideration in the choice of the
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electronic structure method is to balance accuracy and cost of computation. In

this section, various variational methods are introduced with a particular emphasis

on multi-configuration approaches which would allow a balanced description of the

electronic states with analytical derivatives readily available for these methods.

The electronic structure methods that are used specifically for the QuEh al-

gorithm is presented in section 3.2. The nonadiabatic dynamics method used is

detailed in section 3.3. The data analysis protocol for the results presented in

chapter 4 and 5 are introduced in section 3.4.

3.2 Electronic Structure

The aim of electronic structure methods is to solve the time-independent Schrödinger

Equation (TISE) of the electronic Hamiltonian (see eq. A.11 in appendix). The

ansatz to solve that equation is by using a product of N one-electron functions ψi

for the representation of the full electronic wavefunction ψel containingN electrons.

ψel(r1, . . . , rN) = ψ1(r1)ψ2(r2) . . . ψN(rN) (3.1)

The equation shown in eq. 3.1 is called a Hartree product and doesn’t account

for interacting electrons. Moreover, it doesn’t include the fermionic nature of the

electron which leads to the Pauli exclusion principle (i.e. two fermions cannot have

the same exact quantum state) and the anti-symmetric nature of the fermionic

wavefunction when exchanging two indistinguishable electrons.

A way to account for the antisymmetric nature of the electronic wavefunction as

well as satisfy the Pauli exclusion principle is to write ψel using a Slater determinant

(SD)74,75
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∣∣ϕ1(r1)ϕ2(r1) . . . ϕN(r1)
∣∣ = 1√

N !

∣∣∣∣∣∣∣∣∣
ϕ1(r1) ϕ2(r1) . . . ϕN(r1)
ϕ1(r2) ϕ2(r2) . . . ϕN(r2)

...
...

. . .
...

ϕ1(rN) ϕ2(rN) . . . ϕN(rN)

∣∣∣∣∣∣∣∣∣ (3.2)

where ϕi(ri) are the one-electron Molecular Orbitals (MO) at coordinate ri. A

procedure to obtain the MO is by using a Linear Combination of k Atomic Orbitals

(LCAO)76–78

ϕi =

kN∑
k=1

dkiθk (3.3)

where dki is the atomic orbital coefficients and θk is the atomic orbitals. In elec-

tronic structure methods, the most common basis function is the gaussian function

for the construction of atomic orbitals due to better computational efficiency com-

pared to slater type functions.79–81

The exact electronic wavefunction is an eigenfunction of total spin and pro-

jected spin. However, the SD are only eigenfunctions of the projected spin. For

simplicity, it is advantageous to work with a basis of spin eigenfunctions which

are simultaneously eigenfunctions of one electron effective Hamiltonian and the

total/projected spin.82,83 Mathematically, this means that the commutator is zero

between the occupation N̂ operator

N̂p = N̂pα + N̂pβ (3.4)

which is an operator that counts the number of α and β electrons in an orbital p

and the spin operator (either projected Ŝz or total spin Ŝ2, see eq. 3.5a and 3.5b,

respectively).

[
N̂p, Ŝz

]
= 0 (3.5a)[

N̂p, Ŝ
2
]
= 0 (3.5b)
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This set of spin adapted basis functions are denoted as Configuration State

Functions (CSF). The CSF are built as linear combinations of degenerate SD of

the same orbital configuration. The number of SD for a given value of projected

spin MS and the number of CSF for a total spin of value S can be calculated with

the following equations

nSD =

(
M

N
2
+MS

)(
M

N
2
−MS

)
(3.6a)

nCSF =
2S + 1

M + 1

(
M + 1
N
2
− S

)(
M + 1

M − N
2
− S

)
(3.6b)

where M is the number of orbitals and N the number of electrons.

One can obtain the electronic energy Eel for a specific form (i.e. specific value

of the coefficient and basis parameters) of the wavefunction with the following

equation for the expectation value of the electronic Hamiltonian Ĥel (see eq. A.12

in appendix for definition of Ĥel)

Eel = ⟨ψel| Ĥel |ψel⟩ . (3.7)

The ground state solution can be obtained by minimizing the expectation value

of the energy with respect to a variational parameter V

∂

∂V

⟨ψel| Ĥel |ψel⟩
⟨ψel|ψel⟩

= 0 (3.8)

where any trial electronic wavefunction ψel, which is dependent on V, satisfies the

following inequality

Eel ≤
⟨ψel| Ĥel |ψel⟩
⟨ψel|ψel⟩

. (3.9)

An electronic structure method is called variational if the wavefunction pa-

rameters are optimized by minimizing the energy. For the optimization process,

an energy equation is defined for each method as a function of the variational

parameters and there is various way to find the stationary point (i.e. minimum
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energy). If the energy displays a linear dependency on the variable, a diagonal-

ization method can be employed to get the solutions. In the general case, the

solution is obtained by solving a set of linear equations using a quadratic model

of the energy (as function of the variational parameter) where the mathematical

expression is expanded up to second order as Taylor series. The first and second

order term are respectively the electronic gradients and Hessians. The optimiza-

tion here is done through an iterative process where the parameters are varied by

a step size using method such as Newton(-Raphson).82,83 The electronic gradient

is set to zero as a condition of convergence of the iterative process together with

the energy variation between two subsequent iterations.

The different methods introduced in this section will be written in the second

quantization formalism using annhilation and creation operators.

3.2.1 Hartree-Fock

In the Hartree-Fock (HF) method,84,85 the electronic wavefunction is parametrized

in the following way

|HF ⟩ = e−K̂ |0⟩ (3.10)

where |0⟩ is a single configuration (i.e. a SD) and e−K̂ is the operator that performs

a unitary transformation among the molecular orbitals. The matrix K̂ is an anti-

Hermitian matrix and the general form is written as

K̂ =
∑
pq

kpq

(
Êpq − Êqp

)
=
∑
pq

kpqÊ
−
pq (3.11)

where Êpq is the one-electron excitation operator written in second quantization

as a product of creation and annihilation operator and kpq is the element of the

anti-Hermitian matrix.82 The non-zero elements in the orbital-rotation matrix can

be separated into two categories, the redundant and non-redundant parameters.

The redundant parameters do not affect the description of the wavefunction for
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any order of K̂ and a parameter is said to be redundant if it satisfies the following

condition

Ê−
pq |0⟩ = 0. (3.12)

By applying the excitation operator Ê−
pq to the ground state configuration |0⟩,

one can identify the occupied-occupied and virtual-virtual orbital rotations as

being redundant and only the occupied-virtual rotation gives non-vanishing results.

Thus, only the elements mixing the occupied and virtual space are non-redundant.

The ground state HF solution is obtained by applying the variational principle

to the wavefunction in eq. 3.10 and it is done by minimizing the energy with

respect to the orbital-rotation parameter. Convergence is reached once the orbital

basis obtained yields a matrix K̂ of zero.

In the HF method, the solution obtained is for a set of non-interacting electrons

within a mean-field approach. The solution fulfills the Pauli exclusion principle

and the anti-symmetric nature of the wavefunction via the means of SD. Thus,

the solution can be found by solving a set of effective one-electron TISE called

Hartree-Fock equations with an associated Fock operator

f̂ =
∑
pq

fpqÊpq. (3.13)

For a closed-shell system, the matrix elements of the Fock operator are given by

the following equation

fpq = hpq +
∑
i

(2gpqii − gpiiq) (3.14)

where h and g are the matrix elements of the one- and two-electron operators,

respectively.

These equations are solved by diagonalizing the Fock matrix where the solutions

(i.e. eigenvectors) are the canonical spin orbitals of the molecular system and the

associated eigenvalues are the orbitals energies. The total HF energy is given by
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evaluating the expectation value of the energy

E = ⟨HF | Ĥ |HF ⟩ = 2
∑
i

hii +
∑
ij

(2giijj − gijji) + hnuc (3.15)

where hnuc is the nuclei-nuclei repulsion term (treated as a constant for a given

system and geometry). By expanding the energy up to second order, a step size

can be estimated to vary the orbital-rotation parameters. The energy is opti-

mized through an iterative process, called the Self-Consistent Field (SCF) method

where the Fock matrix is diagonalized and reconstructed at each step of the orbital

optimization until the electronic gradient reaches zero.

Two of the major challenges for electronic structure methods are the treatment

of electron correlation3,86 and the characterization of excited states.87 Electron

correlation is defined as the difference between the exact solution and the HF

solution for a given basis set. The electron correlation is separated into static and

dynamic contributions.3,86 The dynamic correlation arises from the coupling of

electronic motion, while the static correlation comes from the need to use multiple

(quasi)-degenerate electronic configurations to describe a specific electronic state.

The effect of electron correlation on the energy is geometry and state dependent

and the molecular properties are influenced by the accuracy of its description.

There are two major approaches for the inclusion of electron correlation: one

based on the electron density known as Density Functional Theory (DFT)1,2 and

one based on the wavefunction known as Post-HF methods.

An accurate and balanced description of the excited states can be achieved

with partial inclusion of the electronic correlation if a correct ordering of elec-

tronic states (with the correct character such as nπ or ππ states) is obtained with

an accurate gap between energy levels. The energy difference for the individual

states due to electronic correlation can be categorized as differential and external

contributions.88 In the former, the inclusion of correlation changes the relative

energy between electronic states and in the latter case, its effect is to shift (up
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or down) the energy of the individual state by the same value. Thus, a balanced

treatment can be achieved if the methods employed manage to capture most of

the differential contribution.

While DFT offers the possibility of exploring the nonadiabatic dynamics of

relatively large systems due to its low cost of computation, the treatment of excited

states with the Time-Dependent Density Functional Theory (TD-DFT)89 approach

can lead to instability or incorrect description of states (i.e. energy gap and state

ordering) near a region of degeneracy. Moreover, the ground state is treated at a

different level of theory (DFT) while the excited state are computed using a linear

response formalism using the reference ground state density. Response method

approaches are known to perform poorly in case of a degeneracy involving the

ground state as well as giving a poor description of the topology of the CoIn.87,90

In the current work, the initial condition of the electronic wavefunction in-

volves creating a superposition of multiple adiabatic/diabatic states including the

ground state in some cases. Thus, all electronic states should be treated at the

same level of theory and the proper topology of Conical Intersections (CoIn) is of

utmost importance to be able to qualitatively provide insight into the dynamics of

a molecule upon photoexcitation/ionization. This work thus focuses on the usage

of wavefunction approaches for the treatment of electrons.

3.2.2 Configuration Interaction

One approach to add the missing electronic correlation is by including more con-

figurations (CSF or SD) in the description of the wavefunction.

In the Configuration Interaction (CI) method,91,92 the electronic wavefunction

|C⟩ is expanded as a linear combination of configurations |i⟩

|CCC⟩ =
∑
i

Ci |i⟩ (3.16)

The two components of electron correlation can be captured up to a certain de-
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gree with the CI method. The static correlation arises from the multi-configuration

nature of the electronic states and thus, it can be recovered by including the domi-

nant configurations and the nearly degenerate configurations. This set of SD/CSF

are referred as the reference configuration and the dynamic correlation is obtained

by adding configurations that are generated by excitations of electrons in the ref-

erence space.

The solution is obtained by variationally optimizing the wavefunction with

respect to the Ci coefficients ∑
i

(Ci)
2 = 1. (3.17)

and because the CI ansatz is a linear expansion of the wavefunction, it is equivalent

to solving an eigenvalue problems of the form

Ĥ |CCC⟩ = E |CCC⟩ . (3.18)

The construction of the CI wavefunction is done by diagonalizing the electronic

Hamiltonian matrix in the basis of the configurations |i⟩.

In order to derive the CI energy expression for a variational optimization of the

electronic energy, it is more convenient to expand around a zero reference state

(i.e. solution at a given iteration). Thus, the energy variation is expressed as a

function of the change in the coefficient with respect to a normalized reference

state |0⟩ defined as

|0⟩ =
∑
i

C
(0)
i |i⟩ (3.19)

with the coefficients fulfilling the same normalization condition

∑
i

(
C

(0)
i

)2
= 1. (3.20)

Thus, the variation with respect to the reference state is evaluated using a projec-

tion operator

P̂ = 1− |0⟩ ⟨0| (3.21)
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and the parametrization of the CI wavefunction can be written as

|CCC⟩ = |0⟩+ P̂ |ccc⟩√
1 + ⟨ccc| P̂ |ccc⟩

(3.22)

where |ccc⟩ is the (non-projected) CI wavefunction

|ccc⟩ =
∑
i

ci |i⟩ . (3.23)

The energy as function of the variational parameters c is obtained by inserting

the expression of the CI wavefunction (eq. 3.22) into the expectation value of the

energy

E(c) = ⟨CCC| Ĥ |CCC⟩ = ⟨0| Ĥ |0⟩+ 2 ⟨ccc| P̂ Ĥ |0⟩+ ⟨ccc| P̂ ĤP̂ |ccc⟩
1 + ⟨ccc| P̂ |ccc⟩

(3.24)

To obtain the CI solution, there are two possible approaches. The first one

is to get the solution by directly solving the eigenvalue problems of eq. 3.18

by iterative methods or diagonalization of the matrix. The second option is to

employ iterative process to converge the energy with respect to the variational

parameters. In order to use the Newton-Raphson method for the optimization of

the CI energy, the energy evaluation is done up to second order by differentiating

the energy expression in eq. 3.24 with respect to the variational parameter c.

In the CI method, the orbitals are not optimized and thus, generally, the con-

figurations are generated based on set of orbital occupations in the canonical MO

basis which are obtained from an initial HF procedure.

In the case where an expansion is done in the full set of determinants by

distributing all electrons among all the available orbitals, the method is known as

Full Configuration Interaction (FCI). The cost of the computation and number of

configuration grows very rapidly with the number of electrons and orbitals. A more

affordable approach is where the configurations generated from excitation with

respect to a set of reference configurations (eg. ground state CSF) are truncated

up to a limited number of excitation. Such methods are called truncated CI and
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there are various versions such as Configuration Interaction Singles and Doubles

(CISD) and Configuration Interaction Singles, Doubles and Triples (CISDT) to

cite a few.93,94

The FCI method is generally consider as exact solution for a given basis set

and all correlation is included but the number of determinants grows exponentially

with the number of electrons and orbitals. Thus, the method is only affordable

for a very small molecular systems. The truncated CI method is able to capture

part of the missing dynamic and static correlation. However, it suffers the same

shortcoming as the FCI method with respect to the cost of computation, although

to a lesser extent.

3.2.3 Complete Active Space Self-Consistent Field

In the HF method, the orbitals obtained by the SCF procedure are optimized for

a single reference and thus, they are not optimal for the treatment of electronic

states described with more than one main configuration. In the MultiConfigura-

tional Self-Consistent Field method (MCSCF),95–99 both the orbitals and coeffi-

cient of electronic configuration are optimized simultaneously. The wavefunction

is parametrized in the following way

|MCSCF ⟩ = e−K̂
∑
i

Ci |i⟩ (3.25)

with a linear combination of electronic configurations |i⟩ and orbital-rotation ma-

trix K̂.

The MCSCF wavefunction is obtained by variationally optimizing the energy

with respect to these parameters. Similar to the HF method, at convergence, the

orbital-rotation matrix K̂ becomes zero and the set of orbitals obtained are called

canonical MO. The CI expansion is done in the basis of these MO.

Similar to the CI parametrization of the wavefunction, a projector operator

(see eq. 3.21) is employed to monitor the variation of the MCSCF wavefunction

Methodology 51



3.2 Electronic Structure

with respect to a reference state |0⟩

|MCSCF ⟩ = e−K̂ |0⟩+ P̂ |ccc⟩√
1 + ⟨ccc| P̂ |ccc⟩

(3.26)

The energy expression is then obtained by evaluating the expectation value of

the electronic Hamiltonian with the MCSCF parametrized wavefunction

E =

(
⟨ccc| P̂ + ⟨0|

)
eK̂Ĥe−K̂

(
|0⟩+ P̂ |ccc⟩

)
⟨0|0⟩+ ⟨ccc| P̂ |ccc⟩

(3.27)

where the variables are |c⟩ the CI coefficients and K̂ the orbital-rotation parame-

ters. For convenience, the energy function is expanded around the reference point

λλλ(0) with respect to a vector λλλ which contains both parameters

λλλ =

(
ccc

KKK

)
(3.28)

and it yields the resulting equation

E(λλλ) = E(0) +EEE(1)Tλλλ+
1

2
λλλTEEE(2)λλλ (3.29)

where E(0) is the MCSCF energy at the current iteration (i.e. expansion point),

EEE(1) the electronic gradient and EEE(2) the electronic Hessian. In the Taylor expan-

sion of the MCSCF energy, the energy is differentiated with respect to both the

CI and orbital-rotation parameters

E(0) = ⟨0| Ĥ |0⟩ (3.30a)

EEE(1) =

(
EEEC

EEEK

)
(3.30b)

EEE(2) =

(
EEECC EEECK

EEEKC EEEKK

)
(3.30c)

and all derivatives are evaluated at the expansion point (λλλ = 0).

The condition for the convergence is by setting the first derivative to be zero.

Thus, the wavefunction is obtained by varying optimally both the CI coefficients

and the orbitals. The optimization with respect to both parameters is done in a

Methodology 52



3.2 Electronic Structure

sequential order. For a given set of MO, a (partial) diagonalization of the Hamilto-

nian matrix is done to solve the CI eigenvalue problem and a step size is evaluated

for the orbital optimization using an intermediate Fock matrix which allows the

computation of the first EEEK and second EEEKK derivatives of the energy. Each

macro iteration corresponds to a step in the optimization of the MCSCF orbitals

and the micro iteration corresponds to obtaining the eigenvalues (energies) and

eigenvector (electronic state) of the Hamiltonian matrix in the configuration basis.

Due to the high cost of computation of any CI-based method, an accurate

description of the electronic states is restricted to small molecules and using MC-

SCF for the full set of configurations set up in the orbital space. Moreover, the

full MCSCF method is mostly a theoretical framework for getting a wavefunction

that is more suitable for describing state with strong static correlation (heavily

multiconfigurational). The FCI and MCSCF methods both theoretically yield the

same answer. The strengths and weaknesses of both approaches becomes apparent

when using truncated versions or partial expansions. In the case of MCSCF, the

truncated version can provide a set of better orbitals for description of electronic

state with restricted CI expansion compared to the truncated CI methods. A solu-

tion for the exponential rise of number of configurations is to constrain the number

of electrons and orbitals where the permutations occur. One straightforward way

of selecting the configurations is to partition the full set of orbitals into different

subspaces with a restriction on the occupancy. In the Complete Active Space Self-

Consistent Field (CASSCF) method,100 the orbital space is divided into a set of

occupied orbitals (doubly occupied in all configurations), virtual orbitals (empty

in all configurations) and active orbitals (no restriction). The list of configurations

is obtained by generating all the possible permutations of electrons in the set of

active orbitals (called the active space) using a method such as the Generalized

Unitary Graphical Approach (GUGA) of Shavitt.101,102

Methodology 53



3.2 Electronic Structure

A special way of using the CASSCF method is to disable the convergence in

the orbital-rotation optimization. This method is known Complete Active Space

Configuration Interaction (CAS-CI)56,103 where only one step in the orbital op-

timization is done. The solution from CAS-CI is exactly the same as CASSCF

for a set of optimized MO. Mathematically, in the energy expansion of eq. 3.28,

only the electronic gradient with respect to the CI coefficient is set to zero for the

convergence criteria.

In the case of CASSCF and CAS-CI, the energy (E(0)) can be written in a

similar manner as the HF SCF energy (see eq. 3.14) using the Fock operator

E(0) = ϵc +
val∑
mn

F c
mnAmn +

1

2

val∑
mnop

gmnopBmnop (3.31)

where ϵc is the ’HF’ energy of the core electrons (i.e. occupied orbitals)

ϵc = 2
core∑
i

hii +
core∑
ij

(2giijj − gijji) (3.32)

and F c
mn are the element of the Fock matrix for an effective 1 active electron

operator

F c
mn = hmn +

core∑
i

(2gmnii − gmiin) . (3.33)

Amn and Bmnop are elements of the one and two electron density matrix (sum over

all the configurations)

Amn =
∑
KL

CKCLA
KL
mn (3.34a)

Bmnop =
∑
KL

CKCLB
KL
mnop (3.34b)

where AKL and BKL are the symbolic matrix elements of the one and two electron

density matrix between two configuration K and L. C is the CI coefficient for a

given configuration.

The non-redundant parameters of the orbital-rotation are the ones involving or-

bitals of different subspaces and they are the occupied-active, occupied-virtual and
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active-virtual rotations. A Fock operator is defined for each set of non-redundant

parameters

1Fqr =
cFqr +

∑
mn

[
gmnqr −

1

2
gmqnr

]
Amn (3.35a)

2Fqm = 2
∑
n

cFqnAAAmn + 4
∑
n,o,p

gopqnBmnop (3.35b)

3Fmr =
1Fmr − 2Fmr (3.35c)

where 1Fqr is the Fock matrix element for the occupied-virtual rotation and 2Fqm

for the active-virtual rotation. The core-virtual contribution 3Fmr can be con-

structed as a combination of both. These quantities are needed for the evaluation

of the orbitals gradients EEEK and Hessians EEEKK .

For the optimization of several electronic states at the same time, a State-

Average (SA) formalism is employed to obtain a set of MO that provides a bal-

anced description for all states included.104,105 The former approach of CASSCF

presented is also known as state-specific. The state-average energy is defined as

followed

ESA =
∑
I

WIEI (3.36)

whereWI and EI are the weight and energy of the individual state I (i.e. eigenstate

of the Hamiltonian in the determinant basis). By introducing the state-average

ansatz in the full MCSCF parametrized wavefunction and by expanding it into a

quadratic function for the evaluation of the energy, the MO are optimized in a

balanced way for an arbitrary number of states based on their respective weights.

The vector λλλ will contain I + 1 parameters where I is the number of CI state

included in the state-average.

λλλSA =


ccc1
...
cccI
KKK

 (3.37)

The resulting electronic energy, gradient and Hessian in the SA formalism are
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given by the following set of equations

E
(0)
SA =

∑
I

WI ⟨0I | Ĥ |0I⟩ (3.38a)

EEE
(1)
SA =


EEEC

1
...
EEEC

I∑
I WIEEE

K
I

 (3.38b)

EEE
(2)
SA =


EEECC

1 0 0 EEECK
1

0
. . . 0

...
0 0 EEECC

I EEECK
I

W1EEE
KC
1 . . . WIEEE

KC
I

∑
I WIEEE

KK
I

 (3.38c)

where the subscript I denotes for which electronic state the quantities have been

evaluated. The simultaneous optimization of multiple states is reflected in the

electronic gradient where only the weighted average of the orbital gradient is set

to zero for convergence rather than the individual EEEK term. As for optimization

with respect to the CI parameters, the electronic states included in the state-

average are optimized individually (i.e eigenvector of the electronic Hamiltonian

in the CSF basis) and the energy of the state is evaluted by using the eigenvector

for a given set of MO.

The CASSCF method and its extensions are suitable for the treatment of static

correlation due to the inclusion of multiple configuration state functions for the

description of an electronic state. If the active space is built using only the valence

orbitals, barely any dynamic correlation is captured with CASSCF as most of

dynamic correlation is included by double excitations into the virtual orbitals.88

The inclusion of this correlation can be done by a variational approach by ex-

panding the active space using CASSCF or with the Restricted Active Space

Self-Consistent Field (RASSCF)106,107 where the active space is further divided

into three subspaces with different occupation restrictions. Another approach for

capturing electronic correlation is by using a perturbative approach such as the

Complete Active Space Perturbation Theory second order (CASPT2)108–110 where
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the missing correlation is added as a correction. The consequence of the perturba-

tive approach is that the variational condition is no longer fulfilled and thus, the

lower-bound set for the energy is not usable to assess the convergence of perbur-

bative methods.

The advantage of using CASSCF and RASSCF is the availability of analyti-

cal gradients and Hessians which allows affordable computations for on-the-fly ab

initio dynamics.

3.3 Nuclear dynamics

3.3.1 Direct Dynamics variational Multi-Congurational Gaus-
sian method

The methods described here is the variational Multi-Configurational Gaussian

(vMCG)111 and the variant where the PES is calculated on-the-fly using electronic

structure methods known as DD-vMCG.44,112,113 The QuEh method presented in

the next section is a variant of DD-vMCG where the basis function evolved on a

time-dependent PES (i.e. Ehrenfest PES).38,56,57

In this section, the Equations-Of-Motion (EOM) of DD-vMCG are derived

starting from the time-dependent Schrödinger equation (TDSE) for the nuclear

wavefunction and associated nuclear Hamiltonian ĤN (see eq. A.14 in appendix).

i
∂

∂t
χ(R, t) = ĤNχ(R, t) (3.39)

One approach in the single-set formalism presented previously in chapter 2 is to

expand the nuclear wavefunction

χ(R, t) =
∑
j

∑
s

Aj,s(t)gj(R, t) |s⟩ (3.40)

using a basis set of gaussian functions gj (referred as GWP) with their respec-

tive expansion coefficients Aj,s. In the single-set formalism, only one set of basis
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functions is defined for a manifold of electronic states |s⟩. The multidimensional

gaussian functions in matrix notation have the following form:

gj(R, t) = exp
(
RT · ζζζj ·R+ ξξξj ·R+ ηj

)
(3.41)

The complex parameters of the gaussian functions, generally time-dependent,

ΛΛΛj = {ζζζj, ξξξj, η} (3.42)

are represented by a square matrix ζζζj containing the widths of the gaussians, a

vector ξξξj which is the linear parameters containing the momentum and coordinate

of the centre of the function and a scalar ηj which corresponds to the phase.

The TDSE is solved using the ansatz provided in eq. 3.40 and the Dirac-Frenkel

variational principle114,115 〈
δχ

∣∣∣∣H − i ∂∂t
∣∣∣∣χ〉 = 0 (3.43)

to guarantee a variationally optimal time evolution of the approximate nuclear

wavefunction. This yields the EOM for the expansion coefficients in the following

form:

iȦ̇ȦAs = (SSS)−1

[(
HHH(ss) − iτττ

)
AAAs +

∑
s′ ̸=s

HHH(ss′)AAAs′

]
(3.44)

where SSS is the overlap matrix with the elements

Sjl = ⟨gj|gl⟩ , (3.45)

HHH is the nuclear Hamiltonian matrix with the elements

H
(ss′)
jl =

〈
gj, s

∣∣∣ĤN

∣∣∣gl, s′〉 (3.46)

with ĤN being the nuclear Hamiltonian operator (see eq. A.14 in appendix) and τττ

is the overlap time-derivative matrix where the diagonal elements are zero to keep

the gaussian normalised during the propagation and the off-diagonal element are

obtained using the chain rule,

τjl = ⟨gj|ġl⟩ =
∑
α

〈
gj

∣∣∣∣ ∂gl∂λlα
λ̇lα

〉
. (3.47)
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The gaussian parameters evolve in time according to the following EOM (in com-

pact matrix form):

iΛ̇ΛΛ = [CCC]−1YYY . (3.48)

The matrix CCC and the vector YYY are expanded:

Cjα,lβ =
∑
s

(
ρ
(ss)
jl

)(
S
(αβ)
jl −

[
SSSα0) (SSS)−1SSS(0β)

]
jl

)
(3.49a)

Yjα =
∑
s,s′

∑
l

ρ
(ss′)
jl

(
H

(ss′,α0)
jl −

[
SSS(α0) (SSS)−1HHH(ss′)

]
jl

)
, (3.49b)

where ρ is the density matrix with the elements,

ρ
(ss′)
jl = (Aj,s)

∗Al,s′ , (3.50)

and various derivatives of the overlap and Hamiltonian matrix,

S
(αβ)
jl =

〈
∂gj
∂λjα

∣∣∣∣ ∂gl∂λlβ

〉
(3.51a)

S
(α0)
jl =

〈
∂gj
∂λjα

∣∣∣∣gl〉 (3.51b)

H
(ss′,α0)
jl =

〈
∂gj
∂λjα

∣∣∣∣Hss′
∣∣∣∣gl〉 . (3.51c)

The nuclear Hamiltonian in the GWP basis in DD-vMCG is expanded using a

Local Harmonic Approximation (LHA) around the centre qj of each GWP gj

V
(s)
j (R) = V

(s)
j0 +

∑
κ

V
(s)′

j,κ (Rκ − qjκ) +
1

2

∑
κµ

V
(s)′′

j,κµ (Rκ − qjκ)(Rµ − qjµ) (3.52)

where the derivatives are evaluated at the GWP centres. In the DD-vMCG algo-

rithm, the electronic structure method has to provide the energy V0j, the gradient

V
′
j,κ in each nuclear degree of freedom κ and the Hessian V

′′
j,κµ in each nuclear degree

of freedom κ and µ. The LHA expansion is done for every electronic state s. Alter-

natively, the information on the PES can be retrieved from a database containing

previous electronic structure evaluations. The DD-vMCG method performs dy-

namics on diabatic surfaces, built from the adiabatic PES using a diabatisation

scheme due to the mathematical simplicity and smoothness of the diabatic PES.
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In this method, the main computational effort is on the evaluation of the PES

in the LHA expansion at each centre of GWP and the integration of the EOM.

For a small number of basis functions, most of the computational time is on the

electronic structure calculations which can be replaced by a data reading from a

database. However, a simulation with a large database has additional memory

requirement in order to save all the larges arrays such as gradients and Hessians.

3.3.2 Quantum-Ehrenfest method

Starting from the single-set DD-vMCG ansatz (see eq. 3.40), the set of electronic

states |s⟩ is contracted on a single weighted-average PES, the Ehrenfest PES.38,56,57

The individual weights of each electronic state are time-dependent and thus, the

single PES becomes time-dependent.

The evaluation of the relevant quantities for the propagation of the nuclear

wavefunction simplifies due to having only a single time-dependent electronic state.

The electronic wavefunction is propagated within the electronic structure method

to make use of the ability of evaluating the energy and derivatives of an Ehrenfest

state in the CASSCF algorithm of GAUSSIAN.

Within the time dependent section of CASSCF algorithm implemented in a

development version of GAUSSIAN, the electronic wavefunction ψ is expanded in

a basis set of orthonormal time-independent electronic functions ψs for a given

nuclear geometry R.

ψ(r, t;R) =
∑
s

cs(t)ψs(r;R) (3.53)

The EOM for the nuclear wavefunction (in the diabatic representation) is similar

to DD-vMCG without the coupling between different electronic states s and s′.

Then, the matrix elements of the nuclear Hamiltonian are written as follows

HN
ij = ⟨gi|T̂N |gj⟩+ ⟨gi|V̂ |gj⟩ (3.54)

where V̂ is the potential energy operator. The Ehrenfest PES Vii is evaluated at

Methodology 60



3.3 Nuclear dynamics

the center of each GWP and then expanded using a LHA for couplings between

different GWP

Vii =
∑
st

c∗sH
ss′

el cs′ . (3.55)

The EOM for the electronic state coefficient is

iċs(t) =
∑
s′

Hss′

el cs′(t). (3.56)

In QuEh, the electronic EOM are solved with a CAS-CI approach in a de-

velopment version of GAUSSIAN. From the nuclear dynamics driver, only one

time-dependent electronic state is considered for each GWP. Thus, the computa-

tional cost for the propagation of the nuclear wavefunction is reduced but at the

cost of a more complicated evaluation of the PES from the electronic structure

method.

3.3.3 Initial Conditions and Protocols

In QuEh, the initial conditions are defined in two separate ways for both the

electronic and nuclear wavefunction. The electronic wavepacket is defined in the

input of the electronic structure program and can be defined in three ways. The

first one is a combination of two diabatic states represented by vector in a 3-D

space (i.e. Bloch sphere) where the in-plane angle θ determines the weight of the

two states and the rotation of the plane defined by the angle ϕ corresponds to

the phase between the states (see Fig. 3.1).116 The second way is by defining a

linear combination of diabatic states using normalized coefficients for each state.

The final option is by entering an arbitrary CSF vector that can be projected as a

linear of combination of adiabatic states spawned by the number of CSF defined

by the active space size.

The initial nuclear wavepacket centered at the initial geometry is represented

as a linear combination of N GWP distributed in phase space with a momentum

distribution, i.e. they have the same initial geometry but different velocity for
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Fig. 3.1: Representation of the superposition of two orthogonal electronic diabatic states
|ΨI⟩ and |ΨII⟩ as vector on the Bloch sphere. The mixing angle is represented by θ and the
phase between state is defined ϕ. Reproduced with permission under Creative Commons
CC-BY from ref. 116.

the centre of the GWP. We also use a narrower width than the actual ground

vibrational eigenstate of a harmonic oscillator for the GWP to avoid numerical

problems for the integration in region of turning points in electron dynamics.

For the purpose of nonadiabatic dynamics with a method such as QuEh where

the electronic wavefunction is defined as a linear combination of configurations, a

rotation in the orbital space (even within active-active) is undesirable and thus,

using a CAS-CI algorithm will prevent that situation from occuring. The lack of

information on individual adiabatic/diabatic states from the electronic structure

program prevents the use of the database in the DD-vMCG algorithm for the

QuEh method. For both of these reasons, a very small time step has to be adopted

for the dynamics to ensure optimal relaxation of the orbitals between each steps

and consistency in the electron dynamics. The orbital guesses are projected and

renormalized at each step to adjust for the small change in geometry. Furthermore,

the small step size and non-full optimization of the MO ensure that the (quasi-

)diabatic electronic basis remains fairly unchanged throughout the dynamics.
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3.4 Data Analysis

In dynamics simulations with a trajectory approach, the averaged quantities are

computed by summing over the contribution of the individual trajectories (i.e.

weight). In DD-vMCG, the GWP basis possess a localized nature around their

centres and follow quantum trajectories. Due to the non-orthogonality of the set

of basis functions, the actual weight of the GWP cannot be defined just by the

gaussian populations GP

GP
(s)
i (t) =

∣∣∣A(s)
i (t)

∣∣∣2 (3.57)

as the GWP overlap matrixSSS (see eq. 3.45) contains non-zero off-diagonal elements

and thus, by using the vMCG ansatz for the wavefunction (see eq. 3.40), the

normalization condition for the nuclear can be written as∑
ij

∑
s

Sij(t)
(s)A

(s)∗
j (t)A

(s)
i (t) = 1. (3.58)

An approach to evaluate the effective weights of the individual GWP is by using a

method similar to the Mulliken formalism for the analysis of orbital populations.117

By applying this to the DD-vMCG method, the weight is then defined by the Gross

Gaussian Populations (GGP)45,118,119 given by the following equation

GGP
(s)
i (t) = Re

{∑
j

S
(s)
ij (t)A

(s)∗
j (t)A

(s)
i (t)

}
. (3.59)

where the population value accounts properly for the non-zero overlap between

basis functions. A direct consequence of the normalization condition is that the

sum over the imaginary terms yields zero and thus, the GGP can be calculated

directly by taking the real part of the product.

The expectation values for quantities such as the nuclear geometries, electronic

populations are approximated in the first instance as a weighted summation over

the individual quantum trajectories using the GGP values.

⟨o(t)⟩ ≈
∑
i

∑
s

GGP
(s)
i (t)o

(s)
i (t) (3.60)
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In QUANTICS, the nuclear degrees of freedom are defined using a set of vibra-

tional coordinates, called Normal Mode displacement (NM), as an orthogonal ba-

sis. The coordinates Q employed for the dynamics correspond to a mass-frequency

scaled NM displacement coordinate with respect to an initial reference geome-

try.120,121 The conversion between cartesian coordinate displacement (with respect

to the reference geometry) rrrα and the NM displacement Qi is given by eq. 3.61

below. A matrix KKK containing the NM i, expressed in mass-weighted coordinates

α, is required as input to transform the cartesian coordinates into NM coordinates

which have been obtained from a frequency calculation. The coordinate Qi is then

obtained by scaling it with the mass Mα of the atom of coordinate α and the

frequency ωi of NM i. From the mathematical expression and by taking stan-

dard quantum chemistry atomic unit, we can see that the NM unit is a mass and

frequency scaled atomic unit.

Qi =

√
ωi

ℏ
∑
α

Kαi

√
Mαrrrα (3.61)

For the data analysis, it is convenient to employ the set of NM as basis for repre-

senting the overall change in geometry of the system. Furthermore, the individual

degrees of freedom can be assigned an irreducible representation when the molecule

has a symmetry point group higher than C1. For systems with high symmetry,

the resulting dynamics can then be explained using group theory to rationalize the

observed behaviour.

The electronic wavefunction can be represented using various approaches. In

DD-vMCG, the electronic degree of freedom is defined by a single particle function

which contains the diabatic state vector. In QuEh, the QUANTICS program

does not possess any information related to the electronic state as it only sees an

effective time-dependent PES. The electronic wavepacket composition is defined

in GAUSSIAN and is stored as a vector of configuration’s (complex) coefficients
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which can be projected onto a set of adiabatic/diabatic states. A set of reference

diabatic states or pseudo diabatic states can be defined using a specific combination

of CSF to monitor the electron dynamics. An alternative method is to compute

the spin density for systems with unpaired electrons. In the development version

of GAUSSIAN, a procedure implemented by Polyak et al.122 allows us to retrieve

the spin density in the context of a CI type calculation using CSF that are S2

eigenfunctions. The spin density for a given total spin value is

ρS(r) =
M

S(S + 1)

N∑
i,j

ϕ∗
i (r)ϕj(r)

((
2 + n− N

2

)
⟨Ψ| Êij |Ψ⟩ −

∑
k

⟨Ψ| ÊikÊkj |Ψ⟩

)
(3.62)

where S is the spin, M the spin projection, n the number of spin-orbitals, N the

number of electrons, Êij the one electron excitation operator, ϕ the spin-orbital

and Ψ an arbitrary molecular wavefunction. The two last terms correspond to the

one- and two-electron density matrix. Thus, the spin operator is defined as

Q =
M

S(S + 1)

((
2− N

2

)
R1 − 2Sp2R

′
12

)
(3.63)

where R1 is the one-electron density matrix, R12 the two-electron density matrix

(the prime denote the transposition in the second pair of coordinate) and Sp2

defines the reduction with respect to the second electron coordinate. The den-

sity matrices are quantities that are computed in most of the electronic structure

methods and using a Mulliken formalism117 to account for the non-orthogonality

of the spin-orbital basis, the spin density can be partitioned (by atom for example)

to follow electron dynamics.

3.5 Summary

This chapter highlights the main methods and relevant equations to understand the

nature of the electron and nuclear dynamics simulated. The electronic structure

is treated using a multiconfiguration approach with CASSCF/CAS-CI to obtain a
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balanced treatment of excited states with diverse nature. The orbital optimization

in CAS-CI allows us to keep a set of pratically unchanged orbitals to define a

reference quasi-diabatic state in a unambiguous way.

The nuclear dynamics is treated within the framework of DD-vMCG where

the nuclear wavefunction feel the effect of a single time-dependent Ehrenfest PES.

Some approximations are made as a result for the overall definition of the molec-

ular wavefunction starting from the exact factorization. The Ehrenfest PES are

only defined properly locally within the centre of the GWP and a LHA expansion

is done with frozen parameters. The QuEh method expands the nuclear wavefunc-

tion as a linear combination of frozen width GWP with a local definition of the

electronic wavefunction. To ensure stability in the dynamics and account for the

nature of the fast electron dynamics, a small time step is required and a quan-

tum chemistry evaluation at fixed time step ensure a balanced treatment for the

electronic wavefunction of each GWP.

The basis function dynamics in DD-vMCG and QuEh can be seen as indi-

vidual GWP following quantum trajectories and each trajectory is assigned time-

dependent coefficients which can be used to extract the GGP. The GGP cor-

responds to the weight of the individual basis function and it accounts for the

non-orthogonal nature of the GWP. So the expectation values such as the geom-

etry, adiabatic/diabatic electronic population, spin density can be approximated

as a weighted sum over the GWP.
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Chapter 4

Development

4.1 Introduction

The Direct Dynamics variational Multi-Configurational Gaussian (DD-vMCG)

and Quantum-Ehrenfest (QuEh) methods introduced in chapter 3 are implemented

in the QUANTICS program.123 However, due to the expensive cost of the compu-

tations, only small organic systems can be studied within a reasonable time frame.

Both methods require information on the Potential Energy Surfaces (PES) com-

puted by an external quantum chemistry program which is the main limiting step

in the computational effort for a single iteration in the propagation of the nuclear

wavepacket. From a practical approach, QuEh and DD-vMCG are implemented

within the same portion of the code in QUANTICS and the former method is just

a particular case of the latter where the electronic structure provides information

about one single effective time-dependent PES rather than the full set of adiabatic

states employed in DD-vMCG.

Multiple developments has been implemented to improve the speed of these

methods such as parallelizing the interface to external programs and storing cal-

culated points of the PES in a database to circumvent the call to an expensive

computation. QUANTICS v1.3 currently has an Open Multi-Processing inter-

face (OpenMP) for the DD-vMCG and QuEh method and the database has been

implemented via the use of flat binary file containing the information required to
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build the PES. There are multiple restrictions on the current code such as database

readings and writings on a single computer node using shared memory protocols.

In this chapter, works toward further optimizing the code are presented. An

extra layer of parallelization using the Message Passing Interface (MPI) is added

to the existing OpenMP section of the DD-vMCG code. To reduce the impact of

single processor access to data in the section involving the database, an interface

employing Server Query Language (SQL) is written for a more optimal handling

of the database. These projects were conducted from 2020 to 2021 in collaboration

with Dr. Simon J. Clifford and Dr. Christopher Cave-Ayland from the Research

Software Engineer team at Imperial College London.

In the DD-vMCG method, the effect of an external pulse can be included

by defining a specific operator in the Hamiltonian section of the input file in

QUANTICS. Such an approach cannot be employed for the QuEh method due to

the nature of the time-dependent PES and the lack of information of individual

adiabatic/diabatic states. To solve this problem, an implementation of the pulse

incorporated directly within the electronic structure method is presented in the

last section of this chapter. The last part of this work is done in the development

version of GAUSSIAN within the Complete Active Space Self-Consistent Field

(CASSCF) code. The work in this last section has been published by Tran et

al.124 in the Journal of Chemical Physics 2020 (Vol. 153).

4.2 Parallelization with Message Passing Inter-

face

4.2.1 Overview of the DD-vMCG algorithm

In DD-vMCG, due to the coupled motion of the nuclear basis functions and the

evaluation of the PES, a single iteration in the dynamics loop can be rather ex-

pensive. Running a program on parallel architecture allows one to reduce the
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total time of computation at the cost of using more ressources (i.e. processors).

To build a parallel code, either an interface with shared memory system such as

OpenMP or a distributed memory system with MPI is employed to make use of

the multi-threading capability of the hardware.125–128

The advantage of using a shared memory architecture parallelization is that

the individual threads execute the instructions without any interaction between

processes thanks to the shared access to the memory. Thus, it yields a parallel en-

vironment with little overhead which is only limited by the memory bandwidth.127

Parallelization for nonadiabatic methods with independent trajectories such as

surface hopping49 is straightforward and efficient as they display a linear scaling

for the cost of computation with respect to the number of basis functions (i.e.

trajectories) as well as independent computation for each individual trajectory.

Whereas DD-vMCG with the coupled nature of the GWP, the cost of computation

for the propagation of the nuclear wavepacket shows a non-linear scaling with

respect to the number of GWP and thus, there is part of the algorithm that cannot

be parallelized in a simple way with respect to the number of GWP. An efficient

parallelization can be achieved for DD-vMCG in case where the main limiting step

is the evaluation of the PES.

The structure of the QUANTICS program is given in Fig. B.1 in Appendix B.

In the DD-vMCG algorithm, the main two limiting steps are the evaluation of the

matrix elements in the basis of the Gaussian Wavepackets (GWP) using a Local

Harmonic Approximation (LHA) expansion around the centre of each GWP and

the integration of the Equations-Of-Motion (EOM). Due to the coupled nature of

the motion of the basis functions, only a few sections of the code are currently

written in a parallelizeable way using a OpenMP/MPI layer.

There is already an existing layer of parallelization using OpenMP or MPI

in the QUANTICS program for Multi Configuration Time Dependent Hartree
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(MCTDH) calculations and for the relevant section of DD-vMCG, there is an

OpenMP parallelization for the evaluation of the PES and handling of the database.

The advantage of using an OpenMP approach is the straightforwardness of the im-

plementation around a parallelizeable loop (i.e. independent calculation for each

index of the loop). The work presented in this section involves adding an extra

layer of MPI on top of the existing OpenMP to allow a parallel execution of the

program on multiple nodes.

In the OpenMP section of DD-vMCG code, the parallelization is done over

the call to the external program for the evaluation of the PES up to second order

(adiabatic energy, first and second derivatives) and their values in the diabatic

representation in the getddpes subroutine. The full algorithm of the routine can

be found in Algorithm 1 in Appendix A. At the end of the direct dynamics section,

these values are written in the database and that section is handle by a single

processor.

The main consideration is properly defining the global and local variables. The

communication between OpenMP ’processes’ relies on a shared memory and thus,

it is straightforward to handle the evaluation of array elements such as the matrix

element of the Hamiltonian in the basis of the GWP. However, the biggest draw-

back of OpenMP is that it restricts the program’s execution to a single hardware

with shared memory (i.e. single computing rack/node in a cluster). Parallelization

across multiple hardwares requires a different protocol due to the lack of shared

memory.

4.2.2 Basic principle/structure of MPI

A parallelization with MPI relies on message/communication to circumvent the

lack of a shared memory system and thus, this interface is suitable for paralleliza-

tion of the code on distributed memory system such as internode multi-threadings

where only processors on the same node has a physical shared memory. The dis-
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advantage of the use of MPI is the increase in overhead compared to the OpenMP

parallelization since now, there is a need to synchronize and allow communications

between processes.

A program compiled with the MPI library can be run using the mpirun/mpiexec

executable to run multiple time the same program on different logical processor

unit in hardware with parallel computing architecture. The interface allows the

parallel execution of the program to interact with each other through message

passing (i.e. communication) without the need of a shared memory.

To ensure compability of the QUANTICS program for serial or OpenMP run

only (i.e. compilation without the MPI library), Fortran preprocessor directives are

employed to isolate the MPI sections of the code. These directives start with a #

character and by writing the code within a ”#ifdef MPI” and ”#endif” statement

will allow the compiler to ignore these section in case the parallel interface is not

used.

The protocol employed by MPI for the interaction between parallel processes

is through messages in a communicator (MPI COMM WORLD) where the in-

dividual processes are assigned an unique mpirank, starting from 0 for the first

one.

All parallel processes will run the program exactly the same way initially. One

way of separating the processes into a main one and multiple sub-unit is by using an

if condition with the value of the mpirank. In QUANTICS this is done during the

initialization part of the execution of the DD-vMCG algorithm and the processes

with a rank above 0 are sent into the mpipropmod subroutine and wait for a

communication from the main unit (see Fig. 4.2).

For the current development project, the main goal is to speed-up the DD-

vMCG code for the call to the external quantum chemistry program. The com-

munication in the parallel region is achieved through the use of four MPI routines
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which are MPI Barrier(), MPI Bcast(), MPI Scatter() and MPI Gatherv(). A vi-

sual representation of their task is shown in Fig. 4.1. A more detailed description

of the routines is given in Appendix B.2

MPI Barrier() MPI Bcast()

MPI Scatter() MPI Gatherv()

Fig. 4.1: A visual representation of the effect of the main MPI routine employed in the
parallelization of DD-vMCG. The number corresponds to the mpirank of the process in
the communicator and the squares represent data in an array.

4.2.3 MPI algorithm

To design the algorithm for the DD-vMCG method that can be run in parallel,

first there is a need to isolate a part of the code that can be run independently for

each computing unit. Furthermore, another restriction is to minimize the need of

reshuffling the code or making parallel adapted version of some subroutine.

For the main subroutine tasked with evaluation of the PES, a parallel adapted

version of it is written by isolating the OpenMP section of the subroutine getd-

dpes presented in the Algorithm 1 which are copied and transferred into a new
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Table 4.1: Input variable needed by the DD-vMCG code within the OpenMP section.
name type description
totdim1 Int Number of basis functions
ndofddpes Int Number of degrees of freedom
nddstate Int Number of electronic states
nsymop Int Number of replica (use in symmetry)
ddlaenge Int Length of the ddname string
dbdlength Int Length of the DB path string
nroot Int Number of root in CAS calculation
maxdim Int Maximum number of degrees of freedom
qcsubform Int Number of arguments to be taken by external program
nbasis Int Number of basis function for the MO
maxhpar Int Maximum number of parameters used in the Hamiltonian
maxhop Int Maximum number of primitive operators
lhaorder Int Order for the expansion around the center of GWP
dddiab Int Diabatization scheme
time DP Time
dde0 DP Reference energy (the zero value)
lpestest Bool Flag for testing the directdyn section
lupdhes Bool Flag for Hessian update
ldbsave Bool Flag for saving values in database
lddrddb Bool Flag for reading the values in database
lqcsaveall Bool Flag for concatenating quantum chemistry output file
ddextcmd Char(64) Command for executing the external program
fchkcmd Char(64) Command for formatting the chk file of Gaussian
ddname Char(240) Path to the direct dynamics directory
Int = Integer
DP = Float Double Precision
Bool = Boolean
Char = Character (with number of characters in parenthesis)

subroutine named mpigetddpes. The argument required for that MPI adapted

subroutine is reduced to a minimum by using some variable defined in the ini-

tialization section (i.e. global variable with fixed value). Inside the mpigetddpes

section, the OpenMP layer is still present and thus, a hybrid parallelization using

both interfaces are possible.

The parallel algorithm for the DD-vMCG is shown schematically in Fig 4.2,

4.3, and 4.4. The optimization of the parallel computing is done by minimising

the amount of communication between the processes and the amount of data
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Table 4.2: Input arrays of variable needed by the DD-vMCG code within the OpenMP
section for a single GWP.
name size description
eex2a ngp Mapping of required calculation and GWP
idbloca nsymop,ngp List of data to be read in database
hopipara maxhpar,maxhop Options for evaluating the Hamiltonian
r1b dbnrec,totdim1 Coordinates of points in database
xgpb ndd,nsymop,totdim1 Coordinates of the basis functions
atnamc natm,c1 List of atom label
a = Integer
b = Float Double Precision
c = Character
c1 = string with 16 characters length (global QUANTICS variable)
dbnrec = number of record in the database
natm = number of atoms
ndd = nddofddpes = number of degrees of freedom
ngp = number of basis function (equal to totdim1 in most cases)

communicated. Thus, the parallel execution of the program will only communicate

at two blocks. The first set of communications will consist of the main process

sending all the required information to be able to write the input to the external

electronic structure program and run it. The second block of communication

happens once all the electronic structure calculation for the current iteration has

been run (either successfully or failed which will require an interpolation through

the database).

The task of the mpigetddpes routine is to evaluate the PES around the cen-

ter of each GWP through a call to the lhaqchem subroutine which contains the

interface to various electronic structure program. The MPI adapted routine will

then diabatize the adiabatic energies, first and second derivatives returned from

the lhaqchem subroutine. The use of the global diabatization requires special at-

tention due to the use of the database in this method (see section on SQL). In the

case of a run using the Hessian update algorithm for the evaluation of the second

derivatives, the procedure is done at the end of mpigetddpes.

Before all the processes can run the central subroutine, there are three impor-
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Table 4.3: Output variables produced by the DD-vMCG code within the OpenMP sec-
tion. The size is given for each dimensions separated by a comma. The last dimension
which corresponds to the number of electronic calculation is not specified explicitly.

name size description
adva ndd, ndd, nsym Adiabatic energies
adder1a ndd, ndd, ndof, nsym Adiabatic first derivative
adder2a ndd, ndd, ndof, ndof Adiabatic second derivative
addipa ndd, ndd, 3 Adiabatic dipole
ddva ndd, ndd, nsym Diabatic energies
ddder1a ndd, ndd, ndof, nsym Diabatic first derivative
ddder2a ndd, ndd, ndof, ndof, nsym Diabatic second derivative
dddip ndd, ndd, 3 Diabatic dipole
naca ndd*(ndd-1)/2, ndof, nsym nonadiabatic coupling
soca ndd*(ndd-1)/2 Spin-orbit couplings
mocob nbasis, nbasis Molecular Orbitals
a = Float Double Precision
b = Float Single Precision
ndd = nddstate = number of electronic states
ndof = ndofddpes = number of degrees of freedom
nsym = nsymop = number of replica

tant sets of information that need to be known on all parallel computing units.

The first one is the number of quantum chemistry calculation required for the cur-

rent iteration. The second set of data needed is all the relevant input to be able

run the mpigetddpes routine and the last part is the output array to store all the

results which will be subsequently written in a database by the main process.

For the first requirement, the main process stores the number of calculations

required in the variable nex2 and its mapping with the correct basis function

in eex2. To make full use of the parallel capability, the number of electronic

calculations should be spread as much as possible among all the processes using

the arrays mpinex1 and mpinex2 that contain the starting and the final point,

respectively. The MPI Scatter routine is employed to distribute the number of

quantum chemistry evaluations and to make the arrays straightforward to send

with that routine (with size of mpinex1 and mpinex2 being the number of parallel

processes). A smaller communicator is initiated in order to exclude process that
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doesn’t have any electronic calculation to perform. This reduces the number of

communications required at each MPI routine employed.

For the second part, the input for that section of the code are given in Table

4.1 and 4.2 and thus, a communication between the main and sub-processes is

required before the call to mpigetddpes to obtain all the relevant quantities. Due

to the large number of variables required as ”input” to run the parallel section,

multiple broadcasts are needed to be able to transfer all the values of the relevant

variables to the sub-processes. To optimize that section and make the code clearer,

a data structure (QCalcData) is employed for the variables in Table 4.1. The data

structures are also known under the name of structured types or derived types.

The advantage of that approach is that only one communication is needed to send

the whole data structure to other processes. Furthermore, data structures can be

used through MPI which possess their own set of routine for dealing with it. The

array of variables required in the direct dynamics section need to be transfered

over a subsequent communication due to the need of knowing the size of the array

to allocate it beforehand. However, the value of these variable such as totdim1,

ngp, etc. are not known in the sub-processes. Thus, the structure needs to be sent

first and the global variables needed for direct dynamics are assigned the correct

value by unpacking the data structure.

To simplify the definition of the data structure QCalcData as well as avoid the

need of sending the information needed to create it, the data structure is declared

generally (as a global ’variable’, see Fig. 4.5) with a fixed size and number of

variables so that the information is consistent between each processes using the

data structure. The variable in the structure are accessed using the % symbol (eg.

struct%variable1 = value1).

Upon creation of the data structure, it will occupy a block in the memory

(i.e. without getting split) and thus, the variable can be accessed directly in
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integer ( long ) , parameter : : DATA N TYPES=4,&
DATA N INTS=19,DATA N REALS=2,DATA N LOGICALS=4,&
DATA N CHARS C3=2,DATA N CHARS C5=1

type : : QCalcData
integer ( long ) : : totdim1 , s1 , hl , ngp ,mxmpi , ndofddpes ,&

nddstate , nsymop , dbnrec , ddlaenge , dbdlength , nroot ,&
maxdim , qcsubform , nbas i s , maxhpar ,maxhop , lhaorder ,&
dddiab

real ( dop ) : : time , dde0
log ica l (kind=4) : : l p e s t e s t , lupdhes , ldbsave , lddrddb ,&

l q c s a v e a l l
character ( len=c3 ) : : ddextcmd , fchkcmd
character ( len=c5 ) : : ddname

end type QCalcData

Fig. 4.5: Definition of the QCalcData structure and its size given as Integer parameters
in the mpistructure.F90 source file in the include directory

a sequential way by knowing the memory address. In the current development

version of QUANTICS, the data structure (see top part of Fig. 4.5) consists of

4 types of data, 19 integers, 2 double precision float numbers, 4 booleans and 3

string of characters (2 with size c3 and 1 with size c5). The variable c3 and c5

are among the global variables with fixed value and thus known by all processes

as long as the module with the global variables is loaded.

Before the QCalcData can be broadcast between processes, there is a need to

create a MPI type of the data structure. This is achieved through the use of two

routines which are MPI TYPE CREATE STRUCT and MPI TYPE COMMIT.

The first routine deals with the layout of the data structure by taking in arguments

such as the number of datatypes, arrays containing the length of each datatype,

memory address displacements between each block and the variable’s type in each

block. The output parameter is the MPI datatype which is used as an argument

for MPI TYPE COMMIT to commits the datatype and thus, it will make the data

structure usable in MPI communications.

In the initialization process before the execution of the mpigetddpes routine,
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the main process assigns all the values to the variables in the data structure (i.e.

packing of QCalcData) and then both the main and sub-processes create the MPI

data structure to allow transfer over MPI communication routine. Once the broad-

cast of QCalcData by the main unit is finished, the sub-processes unpack the struc-

ture and then proceed to allocate all the relevant input arrays necessary for the

central routine evaluating the PES. Once the array are initialized and properly

allocated, the main process can broadcast all the array listed in Table 4.2 (with

the name block2 in Fig. 4.3).

The third part is the allocation of the arrays for the output of the quantum

chemistry calculations. The output of the subroutine mpigetddpes are the adiabat-

ic/diabatic energies, first and second derivatives as well as the dipole, Molecular

Orbitals (MO), nonadiabatic couplings and spin-orbit couplings (see Table 4.3).

To ensure consistency between the parallel process on the output array size and

number of arrays, a subroutine init qchem calc is written which main task is to

allocate all the arrays employed for storing the results from quantum chemistry

calculation and their diabatic representation. The other advantage of having that

separate small routine is the possibility to easily add new quantities if needed in

future development of the code.

Once all the MPI processes have finished the run through the mpigetddpes sub-

routine, the data are all communicated to the main unit through the MPI Gatherv.

Multiple wrapper functions around the MPI routine are written to handle arrays of

arbitrary number of dimensions to be able to send any result arrays in a straight-

forward way in the second block of communication of the parallel section. The

sub-processes are then sent back to the beginning of the mpipromod subroutine to

await further instruction from the main process which will execute the rest of the

DD-vMCG code for a propagation of the nuclear wavepacket.

Due to the restriction of the serial part of QUANTICS, the main MPI paral-
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lelization algorithm evaluates all the relevant quantities through a main process

and uses collective communication to let the sub-processes evaluate the matrix el-

ements in the parallel part of the code. Furthermore, any I/O with the database,

due to its heavy memory requirement, can only be done on the main process in

MPI due to the lack of shared memory.

4.2.4 Speed-up test

To evaluate the efficiency of the MPI parallelization of DD-vMCG, a test case was

used to monitor the total computation time (i.e. walltime) based on the number

of processors requested for the simulations. The model system used for the test

is the ethylene cation and the full computational details as well as the extensive

discussion on the results are given in chapter 5.

The simulation on the nonadiabatic dynamics of ethylene has been performed

using the QuEh method with a basis of 16 GWP to represent the nuclear wave-

function for the purpose of the test. A momentum distribution has been employed

for a set of Normal Mode (NM) defined by a frequency calculation at the neutral

ground state structure of ethylene with a B3LYP/6-31G* level of theory. The

integrator for the nuclear dynamics is Runge-Kutta 5th order and a time step of

0.01 fs is used for a total propagation time of 5 fs.

A benchmark of the speed-up with the number of processors employed is re-

ported in Fig. 4.6. The speed-up is defined as ratio of the walltime of the simula-

tion with N processors over the total walltime for the single MPI process run which

is 32 hours and 36 minutes. All simulations were done on the same computer node

with a dual Xeon Gold 5218R CPU which has 20 cores each with hyperthreading

and a base frequency of 2.10 GHz

The green line on Fig. 4.6 shows the ideal speed-up of N times where N is the

number of processors. With the current test set used on QuEh, a perfect speed-up

is almost achieved. There are three reasons for that optimal parallelization. The
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Fig. 4.6: Test of the MPI version of DD-vMCG with different number of parallel processes
and the reported speed-up in total walltime as a function of the number of processors.
The dynamics was run for a total simulation of 5 fs with a time step of 0.01 fs (walltime
of 32 hours and 36 minutes for the single MPI process run)

first one is that the number of MPI processes requested is a divider of the number of

quantum chemistry calculation at each step (i.e. GWP), so no idle process during

the evaluation of the PES. The second reason is that the QuEh method updates

the PES at each nuclear time step and cannot employ the database to circumvent

the need of an electronic structure calculation (due to the time-dependent nature

of the PES). Thus, at each time step, there is exactly N tasks to share among the

MPI processes where N is the number of GWP. The last justification is that the

main limiting step in the wavefunction propagation in that specific example is the

call to the external quantum chemistry software.

For these specific reasons, an almost ideal parallelization of the QuEh method

is possible. However, for simulations with very fast evaluation of the PES by the

external program, the limiting step can become the integration steps and thus, a

decrease in the speed-up with the number of processors is expected. Another way
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of increasing the cost of computation in the integration steps is by increasing the

number of GWP. The current simulations on ethylene are a representative test for

the speed-up of the QuEh method due to the fast evaluation of the PES (on aver-

age 30 seconds) and despite the fast electronic structure calculations, the limiting

steps still reside in the execution of the external program. So it is expected that as

molecular systems get bigger the time spent on the quantum chemistry software

will remain the main cost of computation and more GWP will be needed to prop-

erly describe the system due to the increase in number of degrees of freedom which

implies more electronic structure calculations at each step. Thus, the MPI paral-

lelization for QuEh will still provide a substantial speed-up for larger molecules.

The exact number of GWP needed for a system of a given size cannot be easily

determined as the convergence of the dynamics is heavily system dependent (i.e.

based on the shape of the PES for example).

In a propagation where the database is not used, it is easy to predict the

number of electronic structure calculations to do at every time step in method

like QuEh and the user can easily choose the number of MPI processes to achieve

optimal parallelization. In the test case presented here, the number of processors

requested are a divider of 16 which corresponds to the number of GWP. Thus,

each MPI process evaluates the same number of electronic structure calculations

without one or more process being idle. In case, there are idle processes, the MPI

algorithm has been written in a way to isolate them to reduce the overhead of the

communication.

In the case of a DD-vMCG simulation with global diabatization (i.e. imply use

of database) and Hessian updating, the number of electronic structure calculations

cannot be easily predicted at each step (both nuclear step and integration step)

and thus, an optimal parallelization for DD-vMCG won’t be possible unless with

small number of parallel processes. The general suggestion for running DD-vMCG
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is with multiple propagations to complete the database due to the nature of the

global diabatization where the database is rediabatized with all the available points

at the beginning of a simulation. In this kind of case, the parallelization can be

used in the initial runs to converge the database by spreading the GWP in the

configuration space and the final run is done with a database only (no call to

external quantum chemistry software).

4.3 Database with SQL

4.3.1 Usage of database for DD-vMCG

The use of a database allows the program to circumvent the expensive external

electronic structure calculations by interpolating the quantities of points close in

the configuration space (i.e. coordinates in NM). In the current development

version of QUANTICS (v1.3), the interaction with the database is through direct

data access in the memory and its content is also written on flat binary files.

There is one file per quantity provided in the DD-vMCG code. A list of all the

current outputs of the main subroutine can be found in Table 4.3 which consists

of the energies, first and second derivatives plus any couplings between states

of same spin multiplicity (nonadiabatic couplings) or different total spin (spin-

orbit couplings). In the DD-vMCG algorithm, a modified Shepard interpolation

algorithm129 is employed to approximate new data points that are close in NM

space. In case of a simulation employing the database, the main control a user has

over its usage is through the dbmin keyword which defines the maximum distance

(i.e. Euclidian norm of the vector difference for all NM between two points) to

employ the interpolation scheme. If the distance between a new point and any

previous points in the database is larger than dbmin, the quantum chemistry

program is invoked to evaluate the PES.

Any new data originating from an on-the-fly evaluation of PES are appended
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Table 4.4: List of file used for storing the database. The flat binary files has the ”.db”
extension and the ASCII formatted files has the ”.dba” extension.

name description
geo Geometry in cartesian
adpes Adiabatic energies
pes Diabatic energies
adgra Adiabatic gradients
gra Diabatic gradients
adhes Adiabatic Hessian
hes Diabatic Hessian
addip Adiabatic dipole
dip Diabatic dipole
nact Nonadiabatic couplings
adsoc Adiabatic spin-orbit couplings
soc Diabatic spin-orbit couplings
moco Molecular Orbitals
trans Adiabatic transformation Matrix
nmode Geometry in normal mode (with respect to a ref geo)
coord Coordinates for GAP potentials
civec Vector of configuration interactions coefficient

to the relevant file and thus, the data are not ordered in a specific way other than

in order of appearance. All data are related to each other by an unique record

number. At the initialization of any DD-vMCG run, the algorithm checks for the

existence of the database and loads its entire content in the memory. Any browsing

through the list of data is done in a sequential manner on the main process and

there is possibility of using OpenMP parallel code thanks to the existence of shared

memory protocol for that interface.

The database is also used for data analysis such as plotting the adiabatic/di-

abatic PES along specific NM coordinate. There is also the possibility to convert

the files from a binary to ASCII format and vice-versa using some QUANTICS

utilities.

The current limitations on the usage of the database is the low speed sequential

access to the data and the large memory requirement with the increasing number

of points. For a simulation on a shared memory system, the database reading has
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been parallelized using OpenMP. However, the data writing to the flat file can

only be done sequentially by the main thread.

4.3.2 Principle of SQL

The SQL is a standard query language used for the interaction with relational

databases. The information in the database is related to each other by means of

an unique number (ID) and a relational table which links data from different tables

together (see Fig. 4.7 ). Thus, a more intuitive handling of it would be storing

the results as a table with an ID assigned to each new data entry. In the case of

QUANTICS, a single relational table using the dbentry ID is enough to link all

the data between each tables together. The number of tables will depend on the

option specified by the user for a particular simulation.

Fig. 4.7: Example structure of the table used in QUANTICS for the storage of ge-
ometries, energies and gradients for an arbitrary system with 2 electronic states and 3
nuclear degrees of freedom (in cartesian). The relational table is the dbentry table with
the dbentry ID (in red) as the primary key and link to others table. The number of
rows for each entry is based on the dimensionality of the arrays, the number of electronic
state (State 1 and State 2) and number of atoms (coord, with 1,2 and 3 corresponding
to the x,y and z coordinates of each atoms).

By using SQL, all data quering to the database is done through the engine
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(i.e. using SQL commands) rather than a direct search by memory address in pre-

allocated arrays. There are different database manage software solution available

for the handling of the database and there is a need to compile QUANTICS with

the correct library. For the current development project, the SQLite database

engine has been chosen for multiple reasons over the more common OracleSQL:

• database handling without requiring a server to run

• self-contained (database engine runs as part of the program)

• low memory overheads

• Easy portability with all data stored in a single file

The main disadvantage is the poor scalability of SQLite compared to Ora-

cleSQL and the restriction to a single writing thread due to the lack of specific

thread management functionality. The first limitation is not a major drawback

considering the small volume of data needed for DD-vMCG (up to a few thousands

points). The second restrcition can be mitigated by rewriting part of the MPI code

to dedicate a thread for the interaction with the database engine to append new

data. However, considering the cost of the electronic structure calculations, the

overhead generated by the data writing should be very small in comparison.

The advantage of using SQL interface for the management of the database

rather than previous flat file based solution allows a more robust I/O with a

protocol in place to prevent corruption of the data upon appending new results.

Furthermore, the reading of a database using SQL is possible on multiple processes

without the need of a shared memory. Thus, it should make the handling of the

database compatible with an MPI parallelization of QUANTICS in addition to

reducing the requirement in memory for runs with a large database.
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4.3.3 SQL implementations

SQLite provides a C-language library and to use the database in QUANTICS, a

wrapper for Fortran is required. Thus, the fsqlite module created by Markus130

which has been developed to interact with SQLite3 is used and statically linked.

The quantum chemistry results are stored in their respective tables listed in

Table 4.4. The number of columns in each table is based on the dimensionality

of the array used to store the results in the getddpes routine for a single GWP.

This approach is to ensure flexibility of the implementation for arbitrary number

of states and degrees of freedom and thus all tables are created with a set number

of N columns based on their dimension (i.e. rank of arrays). The number of states

and nuclear degrees of freedom will determine the number of lines required for each

entry (i.e. geometry) in each table (see Fig. 4.7). For example, a gradient will

need s2 ·M lines to store the first derivative for a system with s electronic states

and M nuclear degrees of freedom. Two extra columns (one at the second column

and one at the end) is added to each table which contains the dbentry ID and the

value of the quantities (i.e. energies, gradients, etc.) at specific index respectively.

The dbentry ID allows the program to relate the data to a specific geometry and

the information stored in column 3 to N-1 correspond to the index of the location

of the value in the full array. In the case of the gradient for example, these indexes

related to the electronic states and nuclear dimensions.

The relational table is the dbentry table which is use to monitor the status

of each entry in the database. The other function of the dbentry table is to keep

track of the size of the database by using a SQL command for counting the number

of elements in the table.

To ensure compatibility between different versions of QUANTICS, two pro-

grams have been written to allow conversion of the database from SQL to flat

binary files and vice-versa. These two programs are named convdbfromsql and
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convdbtosql, respectively and they are part of the analysis program contained in

QUANTICS (see Fig. B.1. Thus, databases created by the new version of QUAN-

TICS with SQL can be used by older versions that only have database handling

with flat binary files and vice-versa.

At the start of the DD-vMCG algorithm, the program checks for the exis-

tence of a database file. The program then either creates the SQL database

(database.sql) or converts existing flat binary files into it. The general reading

of a database is done by first quering for the existence of a specific table in the

database and then initiating the read transaction followed by a retrieval of the

data corresponding to a dbentry ID in the appropriate array. All the data are

linked to a specific geometry which is tied to its entry number ID in the database.

Once the results of the saved PES, the processes finalize the reading transaction

with database for each table queried with the appropriate SQL command.

The writing of the database is done using the same order of instruction as the

reading procedure. In the dddb wr1 subroutine, a transaction is initiated with the

database and then all the data evaluated in the getddpes subroutine is written

to the database using the appropriate SQL command. Finally, once all data is

written for a single entry (i.e. one geometry), the transaction with the database

is committed.

As mentioned previously, the lack of multiple processes management in the

SQLite engine eliminates the possibility of having multiple threads writing to the

database at the same time. The advantage of using a SQL library for database is

that it provides a more efficient data searches/queries and minimizes risk of data

corruption. Moreover, the diabatization procedure or Hessian updating requiring

previous points could be done in parallel through the MPI and/or OpenMP section.

However, the database for a particular work is tied down to the molecule and

level of theory employed. Thus, the data is not flexible or restricted in its utility
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across different simulations. However, the quantities in the database could be

used for PES fitting for more accurate simulations with MCTDH and thus, the

easy portability could have further use for future development.

4.4 Implementing a pulse in the QuEh method

4.4.1 Pulse in DD-vMCG

In the QUANTICS package, it is possible to include the presence of an exter-

nal oscillating pulse in the dynamics for the Multi Configuration Time Dependent

Hartree (MCTDH) or DD-vMCG method by defining a new operator in the Hamil-

tonian section in the input file. The operator can be declared as a product of an

oscillatory function (sine, cosine) and an envelope function (eg. a gaussian). In the

general case of a DD-vMCG simulation, the dynamics occurs on PES of multiple

electronic states and the operator can be defined for interstate excitations in the

case of a resonant pulse (for photoexcitation) or for intrastate effects. In the latter

case, an extra time-dependent term is thus added to the diabatic state energy.

However, for the QuEh method, the nuclear dynamics driver on QUANTICS

only has information on a single effective PES and thus, no interstate couplings

can be added to include effect of a resonant excitation during the dynamics.

To include the time-dependent term in QuEh, a different approach from DD-

vMCG is employed where the operator for electric field is added directly at the

electronic level rather than in the nuclear Hamiltonian explicitly. Due to the nature

of the time-dependent PES for the QuEh nuclear Hamiltonian (see eq. 3.54), a

straighforward inclusion of the pulse involves putting all the time-dependent terms

together (i.e. put the electric field operator in the Ehrenfest PES V (R, t)).
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4.4.2 Implementation in CASSCF/CAS-CI

We now discuss including the effect of an external pulse in the QuEh dynamics

algorithm. This is accomplished by including the time-dependent term in the

electronic Hamiltonian.131–133

The interaction between the electronic wavefunction and the oscillating electric

field E⃗(t) is included by adding the dipole-electric field term ⟨i|h0|j⟩ · E⃗(t) to the

one-electron operator of the electronic Hamiltonian hel as shown in eq. 4.1. ⟨i|r⃗|j⟩

are the dipole integrals in an orbital basis |j⟩. In the current work, the interaction

between the field and the electronic wavefunction is only accounted for up to the

first order (i.e. dipole term only). The term ⟨i|h0|j⟩ > is simply the nuclear-

electron attraction term plus the electronic kinetic energy. This implementation

is straightforward in the QuEh method due to the use of a single time-dependent

PES and thus, all the time-dependent terms are added at the electronic level.

hel(t) = ⟨i|h0|j⟩+ ⟨i|r⃗|j⟩ · E⃗(t) (4.1)

The implementation is done in a development version of GAUSSIAN in the

MultiConfiguration Self-Consistent Field (MCSCF) code (link 510). The addi-

tional interaction term is added to the one-electron term of the Fock matrix (see

eq. 3.35a, 3.35b and 3.35c). The MCSCF wavefunction is optimized for a set of

”dressed” electronic states which correspond to a set of eigenstates of the time-

dependent electronic Hamiltonian with an external electric field. One particular

aspect of the CASSCF method is that all integral evaluations are in the MO basis.

In GAUSSIAN, the dipole-electric field integrals are computed by link 303 and

stored in the atomic orbital (AO) basis. Thus, an unitary transformation is re-

quired to transform the dipole-electric field integral from the atomic basis DAO to

the molecular basis DMO. This is accomplished through the matrix multiplcation

DMO = CDAOCT (4.2)
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where C is the unitary matrix transformation from the atomic to MO basis.

To properly interface the electronic structure evaluation with the external field

in QuEh, special attention is given in the template file reading (the file used by

QUANTICS to write input for the quantum chemistry calculation) in order to

properly assign the time value for the computation of the electric field at a time t

by using a tag for substitution ($time$ in QUANTICS).

4.4.3 Computational Details

To test the effect of the pulse in QuEh, we investigate the dynamics of the allene

cation. For allene, the Ehrenfest electronic structure method is used with Complete

Active Space Configuration Interaction (CAS-CI)56,103 formalism with an active

space of 3 electrons in 2 localized π orbitals shown in Fig. 4.8. The nuclear

dynamics is described within QuEh using a set of 16 GWP to represent the nuclear

wavefunction which evolves on the time-dependent Ehrenfest potential.50,134,135

The basis functions sample the initial nuclear wavefunction using a momentum

distribution and the width of the GWP is narrower than usual (0.1 instead of

the 0.7071 which corresponds to a ground state vibrational wavefunction in a

harmonic potential) to avoid numerical problems for the integration in regions of

turning points in electron dynamics.

The initial geometry is the neutral ground state structure with the dihedral

angle between the carbon and hydrogen atom set at 45°. The NM are defined

using a frequency calculation performed at that specific geometry with B3LYP/6-

31G* level of theory.

The pulse, employed for the current theoretical simulation, models an exper-

imental setup with a Ti:sapphire chirped-pulse amplification laser system with

short IR pulses. The pulse E(t) is represented (see eq. 4.3) by a gaussian with pa-

rameters given in Table 4.5). The field is polarized in the direction of the molecular

axis (along the C=C bond). In the GAUSSIAN program, the length of the pulse
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(a) (b)

Fig. 4.8: Localized π orbitals included in the active space

Table 4.5: Parameters of the pulse included in allene cation dynamics.
Quantity SI unit Atomic unit
E0 5 x 109 V/m 0.0098 a.u.
ω 3.7 x 1014 Hz 0.05625 a.u.
t0 15 fs 620.1206 a.u.
γ 0 0
W 15 fs 620.1206 a.u.
σ 0.0785 fs−1 0.001899 a.u.

is defined by the width σ parameters rather than the full width at half maximum

W and the mathematical relationship is given in eq. 4.4

E(t) = E0 · cos(ω(t− t0) + γ) · exp
(
−(σ(t− t0))2

)
(4.3)

σ =

√
2 ln(2)

W 2
(4.4)

The ionization process with the pump pulse is treated with the sudden approx-

imation where the dynamics is initiated on a superposition of the 2 lowest cationic

states. For the simulation, we assume an initial electronic state that corresponds

to the situation with a lone electron localized on one of the π orbitals (Fig. 4.8).

This situation corresponds to a superposition of the 2 adiabatic states wherein

each have an equal weight.
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4.4.4 Results

In previous theoretical work, the QuEh method was used to follow the electron

dynamics associated with a pulse that creates a superposition of adiabatic states.

In this work, we discuss incorporating a subsequent IR control pulse in the QuEh

simulations.

The interaction of an external electric field with the molecular wavefunction

is included only at the electronic level, directly in the one-electron Hamiltonian.

However, further terms could be added such as the molecular dipole moment in-

teraction for the equation of motion of the GWP or including the derivative dipole

moment in the calculation of the gradient. The pulse used in the dynamics as well

as the orientation of the field with respect to the molecule has been chosen for

investigating non-resonant interaction136 of the field with electron dynamics with

the purpose of steering the dynamics near a Conical Intersection (CoIn).

The time-evolution of the system can be followed either by monitoring the

evolution of centre of the nuclear wavefunction or by monitoring individual GWP.

We shall discuss the overall behaviour of the complete nuclear wavepacket first,

using the spin density, and then via NM displacement analysis. We focus our

analysis on the torsional motion and the asymmetric C=C bond stretching that

spans the branching space of the degenerate lowest 2 cationic states of allene.137 We

also look at the symmetric C=C stretching to monitor the overall change for the

C=C bond length due to the formation of localized hole (i.e. CM). Subsequently we

will also look at the behaviour, in detail, of GWP 6 that initially has an excitation

in momentum along the NM for torsion. The basis of 16 GWP was employed to

fill the half-shell in the momentum distribution (i.e. only the positive momentum

of each NM is described with a function). In the current work, we do not focus on

the convergence of the dynamics with the number of basis functions. However, it

is known in the literature that full quantum dynamics methods can converge with
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a small number of basis functions,46,138 and the basis chosen resulted in functions

that retains a low weight throughout the propagation, which is an indication that

it is large enough for reasonable results.

We have chosen to follow the spin density of the unpaired electron to under-

stand the electron dynamics. The spin density provides us with information about

the location of the lone electron and has the advantage that it is not dependent

on the details of the electronic structure method.122 The analysis of the propa-

gation of the nuclear wavefunction is done in the NM diplacement basis. We use

this representation for the GWP because of the orthogonality of this representa-

tion and the ability to easily identify the relevant degrees of freedom compared

to the cartesian representation where the degrees of freedom are strongly coupled

together.139

We first discuss the electron dynamics, which we visualize with the spin density

on the two terminal carbon atoms (C2 and C3) (averaged using the Gross Gaussian

Populations (GGP) of the GWP). The labelling of the atom can be found in Fig.

4.9. In Fig. 4.10, we show the average spin density (in white) as well as the

spread in this distribution (corresponding to contributions of the individual 16

GWP which are displayed using a blue colour gradient). In Fig. 4.11, we show

the corresponding averaged adiabatic populations.

Fig. 4.9: Scheme of allene with the labelled atoms.

In general, the period of the electron dynamics depends on the energy gap

between the two states that corresponds to the location of an unpaired electron on

either C2 or C3. Thus, the larger the energy difference is, the shorter the period
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of the oscillations will be. Thus, at a CoIn where the energy is zero, the period is

infinite and the electron dynamics collapses. Thus, the change in the period of the

electron dynamics reflects a change in the energy gap as the geometry is changed.

(a) (b)

(c) (d)

Fig. 4.10: Average spin density (in white) and its spread on the terminal carbon C2

(top) and C3 (bottom) for the 16 GWP dynamics without pulse (left) and with pulse
(right).

We now discuss the case where we have no pulse where the dynamics begins

with an equal superposition of the 2 adiabatic states. Looking at Fig. 4.10a and

4.10c, we can see there are 4 distinct segments of the electron dynamics: segment

1: 0-8 fs, where we have oscillatory electron dynamics and the unpaired electron

moves between the 2 carbon atoms, segment 2: 8-15 fs where the system passes

near the CoIn, segment 3: 15-35 fs where the electron dynamics revives again and

segment 4: 35-55 fs where we again pass the CoIn. In contrast, for the case where

the pulse switched on, Fig. 4.10b and 4.10d, we see that segments 1 up to 8 fs
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have not changed significantly. However, beginning in segment 2-3: 8-25 fs, we

see that the electron dynamics only partially collapses and continues with a longer

period (larger gap) until 25 fs. At 25 fs the electron dynamics partly recovers and is

composed of a slow and fast oscillation. Thus the electron dynamics of the average

of the 16 GWP for the dynamics is strongly affected by the pulse particularly in

the CoIn region near 15 fs. However, a large spread can also be observed for the

spin density on the individual GWP as displayed by the purple lines in Fig. 4.10.

Thus, one must look at the individual GWP for a detailed understanding and we

return to this subsequently.

The response to the pulse also manifests itself in the adiabatic state populations

shown in Fig. 4.11. On comparing segment 1 (0-8 fs) in Fig. 4.11a and 4.11b we

can see that pulse partly destroys the equal superposition of the 2 adiabatic states

from the outset (0 fs) and one has a partial collapse then revival of the adiabatic

populations in the CoIn region (segment 2). There remains an attempt to try to

understand this behaviour of the adiabatic state populations and the spin density

in terms of the nuclear motion.

Accordingly, we now turn to the motion of the nuclei in response to the electron

(a) (b)

Fig. 4.11: Adiabatic state populations averaged over GWP for (a) no pulse and (b) with
pulse dynamics (electric field of the pulse shown in red with a width of 15 fs and full
pulse parameters given in Table 4.5).
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dynamics. The motions of the nuclei are monitored either by following a given

NM displacement coordinate for the centre of the nuclear wavepacket or using

the nuclear displacement of a specific GWP. The changes in the period of the

electron dynamics arise from changes in the nuclear motion. Since the electron

dynamics involves the carbons of the two terminal methylenes, we expect that the

important nuclear motion involves the torsion and the C-C-C stretches. These

NM are displayed in Fig. 4.12 with arrows showing the direction of motion of the

individual atoms.

(a)

(b) (c)

Fig. 4.12: Vector representation for (a) NM 5 (torsional motion), (b) NM 8 (symmetric
C-C-C stretch coupled to HCH bend) and (c) NM 11 (C-C-C asymmetric stretch).

Table 4.6: Turning point (TP)/torsional angle of NM 5 in Fig. 4.13

Time (fs) No pulse Pulse
23 113 (TP) 95 (TP)
48 73 67 (TP)
60 58 81
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(a) (b)

(c) (d)

Fig. 4.13: NM displacement for the centre of nuclear wavefunction for (top) the torsional
motion with NM 5 and (bottom) C-C stretching and H-C-H bending with NM 8 and 11
for dynamics without pulse (left) and with pulse (right).

In Fig. 4.13a and 4.13b and Table 4.6 we collect the data for the torsional

motion (NM 5). In Table 4.6, we report the data for one specific dihedral angle

(H4-C2-C3-H6) to provide an alternative interpretation of Fig. 4.13a and 4.13b

which effectively show the combined motion of all four HCCH dihedral angle in

the dimensionless units used for NM motion. The plot of the dihedral angles for

the four HCCH can be found in Fig. 4.14. Without the pulse, the centre of the

Table 4.7: Bond length in angstrom for C1-C2 and C1-C3 for the sum of NM 8 and NM
11 in Fig. 4.13

Time (fs) No pulse Pulse
C1-C2 C1-C3 C1-C2 C1-C3

17 1.41 1.32 1.37 1.34
40 1.33 1.37 1.36 1.29
60 1.34 1.32 1.38 1.30
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nuclear wavefunction follows the path from 45° to 113° (turning point at 23 fs) and

thus goes through the CoIn (90° for dihedral angle and about -4 for NM 5) twice

as shown by Fig. 4.13a (the NM shows a motion down to –6 units and back).

With the presence of the pulse (see Fig. 4.13b), the turning point still occurs

at 23 fs with a smaller angle (95°) (with a value of -4 units). With the pulse,

there is a turning point at 67° at 48 fs. While for the case without the pulse, the

torsional motion continues. Thus, without the pulse, there is a larger torsional

motion observed compared to the simulations with the pulse.

Now, we focus on the C-C-C stretching motion represented by the symmetric

stretch with NM 8 and the asymmetric stretch with NM 11 (see Fig. 4.13c and

4.13d and Table 4.7). Without the pulse, NM 8 shows a motion up to a value of 2

units with NM 11 reaching a minimum of -1 units which corresponds roughly to a

bond length of C1-C2 of 1.41 Å and 1.32 Å for C1-C3 bond length. Both C-C bond

lengths show little variation over time oscillating between 1.3 and 1.4 Å . With the

presence of pulse, a smaller bond stretching is observed for the bond length which

is shown by a smaller amplitude for NM 8.

It now remains to understand the relationship of the nuclear motion (Fig. 4.13

and Table 4.6-4.7) and the electron dynamics (shown in Fig. 4.10) focusing on

(a) (b)

Fig. 4.14: Plot of the 4 dihedral angles of HCCH in allene (based on atom labelling given
in Fig. 4.9 average over the 16 GWP for dynamics (a) without pulse and (b) with pulse.
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the energy gap between the two electronic states. Let us look at the energy gap

for the GWP corresponding to NM 5 (GWP 6) shown in Fig. 4.15. The energy

gap plot for dynamics initiated in the direction of NM 8 and NM 11 with GWP

9 and NM 12 can be found in the supporting information of the full paper in

Ref. 124. NM 5 is the torsional motion which is one of the degrees of freedom

responsible for the nonadiabatic events between the two lowest cationic states.137

In contrast, NM 8 and NM 11 correspond to the symmetric and asymmetric C-C-C

stretches respectively and are useful for monitoring the asymmetry in the bond

lengths as a direct consequence of the asymmetry of the charge location (induced

by CM). In contrast in Fig. 4.15a and 4.15b we can see that the behaviour of

the energy gap before and after the pulse is very different. Thus, it would appear

that the electron dynamics and the torsional motion are strongly coupled, but the

stretching is hardly affected by the pulse. For example, at 15 fs without a pulse

(Fig. 4.15a) the energy gap is almost zero in correspondence with the collapse of

the electron dynamics between 5-15 fs in Fig. 4.10a and 4.10c. In contrast, in Fig.

4.15b we see a substantial gap at 15 fs. Thus between 5-15 fs, in the case of the

pulse, we see electron dynamics with a longer period (i.e. small but non-zero gap).

(a) (b)

Fig. 4.15: Energy gap between the 2 adiabatic states as a function of time for GWP 6
for dynamics (a) without pulse and (b) with pulse

The preceding discussion has been focused mainly on the NM motion averaged
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over the whole nuclear wavefunction. Furthermore, the adiabatic population shown

in Fig. 4.11 are for the complete nuclear wavefunction. In contrast, if we look at

individual GWP (isolated points from the complete nuclear wavefunction) as in

Fig. 4.15 we can obtain additional physical insight. The individual GWP represent

points that were initiated with velocity on a particular NM in the momentum

distribution. Thus, GWP 6 corresponds to the GWP that was started with NM 5

excited. For comparison with Fig. 4.15, Fig. 4.16 shows the adiabatic populations

and the associated spin density along GWP 6. Notice that GWP 6 decays to

the ground state at 15 fs. In contrast, the pulse maintains the mixed state that

leads to electron dynamics which manifests itself in the change in spin density.

Thus, without the pulse as shown in Fig. 4.16a and 4.16c the electron dynamics

collapses at 15 fs. In contrast, with the pulse the electron dynamics persists. The

effect of the pulse is shown more emphatically by examining the spin density of

the individual atoms (see Fig. 4.16c and 4.16d). Without the pulse, there is

oscillation of the spin density between the two terminal carbons for 30 fs before

the lone electron becomes localized onto one specific carbon (C2); whereas in the

presence of pulse, the CM persists beyond 30 fs with a spin density oscillation

between the two terminal carbons (C2 and C3).

In this work our objective has been to describe the effect, on nuclear-electron

dynamics, of including the field of a short probe IR pulse in the electronic structure

method. The pulse was applied near the CoIn geometry. We have used a two-

level electronic state model for the allene cation so that the results can be easily

understood. The electron dynamics was observed by monitoring the spin density

on the carbon atoms of the two methylene groups. The pulse strongly perturbs the

electron dynamics at the CoIn. As a consequence, the nuclear motion is changed,

and we observe a smaller displacement amplitude for both the torsional motion

and the C-C stretching with the presence of the pulse. The individual GWP have
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(a) (b)

(c) (d)

Fig. 4.16: Adiabatic populations along GWP 6 (a) no pulse adiabatic state populations
(b) adiabatic state populations with pulse and (c) and (d) their corresponding spin
densities.

a wide range of behaviours for the electron and nuclear motion. The expectation

values of the nuclear (NM) and electron (spin density) dynamics allows us to get

a global picture on the effect of the pulse in the dynamics of the complete nuclear

wavefunction. The possibility of a direct study on how a short pulse affects the

molecular wavefunction opens the door for investigating how fast electron dynamics

interacting with an electric field can influence the nuclear dynamics.

4.5 Summary

The purpose of this chapter is to show the development work on the QUANTICS

program for the QuEh method. To improve performance, a MPI layer has been

added on top of the existing OpenMP one for the subroutine responsible for eval-
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uating the PES at the center of GWP. A more optimized approach is employed

with the use of structure data to reduce the overhead of the communication. An

almost perfect speed-up is observed when running the dynamics in a set of spe-

cific options. Due to QuEh algorithm being part of the DD-vMCG one, the MPI

implementation have to be usable with the latter too. The main restriction in

the MPI parallelization is the lack of shared memory between the processes and

thus, the usage of a database using memory and flat files isn’t possible unless the

whole database is through communication which would multiply the requirement

in memory.

To solve this problem, a SQL implementation is written for the handling of

the database and various executables are written to allow retro-compatibility of

the QUANTICS program. The fastest method for database reading is through

the memory. However, the size of the arrays to hold in memory grows with the

number of degrees of freedom and states quadratically and linearly with the number

of points. Simulation with large databases becomes impracticable unless one has

access to a system with large memory.

Finally, to extend the scope of the application of QuEh, a dipole-electric field

integral is added to the Fock matrix in the CASSCF code of Gaussian. This

implementation will allow us to simulate the effect of external pulse on the nona-

diabatic dynamics of the system and rationalize the mechanism behind to achieve

photo-control of the molecules.
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Chapter 5

Results

5.1 Introduction

To rationalize the effect of electron dynamics and its effect on the nuclear mo-

tion, the nonadiabatic dynamics of three model systems are investigated using

the Quantum-Ehrenfest (QuEh) method presented in chapter 3 and the results

presented here are ordered following a gradual increase in the complexity of the

dynamics. The works shown in this chapter on octa-3,5,6-trieniminium cation and

benzene cation are published in the Journal of Physical Chemistry Letters 2021

(vol. 12)140 and Communication Chemistry 2021 (vol. 4),141 respectively. The

ethylene (ethene in IUPAC nomenclature) cation results are part of a manuscript

in preparation.

The first example is on the all-trans octa-3,5,6-trieniminium cation where the

control of the nuclear dynamics (photoisomerization of a double bond) is achieved

by carefully selecting the initial weight of the two lowest singlet excited states.

The application to benzene, with a D6h symmetry, allows the rationalization of

the effect of the coherent superposition of 8 electronic cationic states on the nu-

clear dynamics using symmetry arguments where only few selected nuclear modes

of correct symmetry can be activated due to the symmetry of the electronic state.

Finally, a pulse is employed to control the nuclear and electron dynamics (5 lowest

states) of the ethylene cation, with a D2h symmetry, where the effect will be ratio-
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nalized in term of symmetry and coherent superposition of states. The structure

of the chapter is as follows, each work is presented individually in a section with

a background on the chemical relevance of the molecule as well as previous theo-

retical and spectroscopic studies followed by the results obtained with the QuEh

method.

5.2 Controlling passage through a Conical Inter-

section with initial electronic state superpo-

sition

5.2.1 Isomerization in rhodopsin

The photoinduced isomerization of a double-bond is an important mechanism

in many biological systems (i.e. proteins). In some classes of proteins such

as rhodopsin, phytochromes and xanthopsins, the isomerization is the main in-

tramolecular process required for their biological activity whereas types of protein

such as Green Fluorescent Protein (GFP), the rotation around the double-bond is

a secondary process that can quench the fluorescence of the system.142 In the for-

mer group, the conformational change around one of the double-bonds is known

to happen on the picosecond to subpicosecond timescale. Thus, understanding

the ”unlocking” of the double C=C bond is of key importance to rationalize the

efficiency of such systems as well as controlling the formation of the photoproducts.

In vertebrates, rhodopsin is one of the photoactive proteins allowing dim-light

vision.142,143 The photoactive unit in rhodopsin is the retinal Protonated Schiff

Base (rPSB). For example, in bovine rhodopsin, upon absorption of a photon, the

11-cis rPSB (see Fig. 5.1a) undergoes a fast isomerization around the C11=C12

double bond inside the rhodopsin cavity which will interact with the rest of the

protein and initiate the function known as vision.142,144 The chromophore changes

into an all-trans isomer which is the key step of the protein’s photocycle and it
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rPSB11 rPSBAT

(a) (b)

me-PBS4

(c)

Fig. 5.1: Molecular structure of (a) rPSB11, (b) rPSBAT found in bovine and bacteria
rhodopsin, respectively. (c) Model system investigated with the atom labelling employed
in this work

happens on a sub 200 fs timescale upon photoexcitation in gas phase.142,143,145

Further details of the full cycle mechanism can be found in the literature.146

In bacterial rhodopsin, the chromophore is the all-trans isomer of rPSB (rPS-

BAT, see Fig. 5.1b) and it fulfills the function of light-dependent ion pumping pro-

tein.144,147 In this molecule, the photoisomerization happens around the C13=C14

double bonds yielding the rPSB13 product and is known to happen as a slower

timescale compared to the rPSB11 of bovine rhodopsin. Decay through a Coni-

cal Intersection (CoIn) occurs within 1 ps and the isomerization events take place

in 4 ps compared to rPSB11 in which the events happen in 50 fs and 200 fs,

respectively.142,143,145,148

The actual mechanism of rPSB has been extensively investigated from both

theoretical and experimental approaches. It has been found that the electron and

nuclear dynamics is heavily coupled (i.e. vibrationally coherent) in that chro-

mophore and the actual photophysics of the system involved multiple CoIn be-

tween the 3 lowest singlet states.142,145,148–151 In the literature, these three states
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are commonly labeled as 1Ag, 1Bu and 2Ag, respectively. The symmetry allows

one to relate the electronic character to the one in polyene hydrocarbon, described

using a C2h point group. The 2Ag-like state corresponds to a covalent or diradical

state and the 1Bu-like state to a Charge Transfer (CT) state.152

The critical nuclear motions responsible for excited state dynamics and passage

through the CoIn is the Bond Length Alternation (BLA) stretching, out-of-plane

hydrogen motion and the isomerization around the C=C bonds.150 The unlocking

event of the double-bonds happens through an alternation of single and double

bond (i.e. BLA) through the polyene chain driven by electron dynamics.142,151

In rPSB11, the main photophysics takes place on the S1 state where, upon

excitation from the Franck-Condon (FC) point, a decay to the ground state via an

energetically accessible CoIn is observed which leads to a fast isomerization. There

is also a CoIn between the S1 and S2 state relatively close to the FC point which

has been hypothesized as responsible for the slow mechanism observed in some of

the rhodopsin chromophores. Therefore, the unlocking of the double bond can be

affected by nonadiabatic events between the 2 lowest singlet excited states. From

previous theoretical works, it has been shown that a 3-state model is required to

properly describe the nonadiabatic dynamics of bacterial rhodopsin.142,144,153–157

In computational studies, it is commonly found in the literature that smaller

model system of the full rPSB are used for dynamics due to practical reasons

such as cost of computation.142,158 Furthermore, multiple theoretical works have

included the effect of solvation157,159 and shown that the main solvent action is to

slow down the processes observed in the gas phase. Thus, the main photochemistry

remains qualitatively the same for the different systems and environments. In the

case of the bacterial rhodopsin, the presence of a polar solvent has shown the

ability to further mix the 2 lowest excited states (S1/S2 CoIn more energetically

accessible from the FC point).154,160 For that reason, the current work is done on
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Fig. 5.2: Schematic representation of the reaction coordinate for the rPSB photoisomer-
ization. The Lewis formulas represent the electronic character of the ground state and
first two singlet excited states. The CoIn corresponds to a 1Bu/1Ag crossing delivering
the chromophore to S0. Notice during the initial BLA nuclear relaxation the 2Ag and
1Bu states transit in the vicinity of a 2Ag/1Bu CoIn, become nearly degenerate, and
mix

a small rPSB4 system where the environment presence is not considered.

By mixing the electronic states, it is possible to alter the main conformational

change and how fast the isomerization happens. Carefully selecting the initial

electronic wavepacket with a coherent superposition should allow us to rationalize

how electronic coherence affects the dynamics. Previous computational work by

Manathunga et al.154 highlighted the possibility of controlling the efficiency of the

molecular twisting responsible for the actual isomerization event by mixing the S1

and S2 states. It is possible to create such conditions experimentally by means of an

ultrafast laser (i.e. broad in energy) which will lead to a simultaneous population

transfer to multiple electronic states in a coherent way. While the coherent control

via mixing is still an open question, modulation of the rPSB electronic wavepacket

via a spectroscopically induced S1/S2 mixing could provide a novel experimental

tool to control an important photobiological event.
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5.2.2 Computational Details

The QuEh simulation on rPSB4 is done using 47 Gaussian Wavepackets (GWP)

to represent the nuclear wavefunction and a Complete Active Space Configura-

tion Interaction (CAS-CI(6,6)/6-31G*) level of theory for the electronic structure

method (see Fig. 5.3 for active space). The nonadiabatic dynamics is initiated

with different electronic initial conditions by varying the mixing ratio between the

S1 and S2 states. The simulation is run using a time step of 0.1 fs with the Runge-

Kutta 5th order integrator for a full propagation time of 20 fs. All dynamics are

initiated from the FC point, on the S0 ground state. The ground state optimiza-

tion and frequency calculation has been performed at the B3LYP/6-31G* level of

theory.

One important feature of the QuEh method is that the electronic wavepacket

is described using a linear combination of (quasi)-diabatic states and thus, the

gradient driving a specific electronic mixture is computed as the expectation value

of the derivative of the electronic Hamiltonian (off-diagonal gradient, i.e. derivative

couplings, are included in the full gradient). As shown in Fig. 5.5, one can predict

the initial nuclear relaxation by combining the gradient of the individual pure state

and the derivative coupling obtained as a consequence of the electronic mixing.

Another important consideration is that we assume that the dynamics start using

a sudden approximation. Thus, the change in electronic population due to the

pulse in a laser experiment is not included.

Fig. 5.3: Active space employed for the rPSB4 simulation.
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5.2.3 Results

For this work, we focus on the dynamics initiated on a pure S1 state and a mix

of S1/S2 with a ratio of 50:50 at the FC point. Furthermore, the objective is to

show where the initial vibrational energy is deposited for the first few fs of the

dynamics and thus, a short simulation time of 20 fs is adequate in that context.

By monitoring the critical Normal Mode (NM) motion and the C-C bond length

as a function of time, we can rationalize the effect of electron dynamics and initial

superposition of states on the resulting nuclear dynamics. Moreover, the C-C bond

length gives a visual cue on the BLA motion and allows us to determine how the

double-bond evolved for a specific electronic state mixing.

(a) (b)

(c) (d)

Fig. 5.4: Adiabatic electronic state population for rPSB4 with dynamics initiated on
(a) the S1 state and (c) a mix of 50/50 for the S1 and S2 states. The resulting nuclear
dynamics in term of C-C bond length are displayed on the right for (b) pure S1 and (d)
mixture of states.
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Table 5.1: Bond length in Ångstrom of rPSB4 optimized at the CASSCF(6,6)/6-31G*
level of theory and atoms labelling in Fig. 5.1c

N1-C2 C2-C3 C3-C4 C4-C5 C5-C6
S0 1.33 1.43 1.35 1.40 1.29
S1 1.45 1.36 1.49 1.37 1.34
S2 1.45 1.42 1.43 1.40 1.32

S1/S2 CoIn 1.51 1.46 1.45 1.41 1.28

By focusing first on the pure adiabatic state for the initial condition and the

location of minima and CoIn on the three states of interest, one can determine

the initial relaxation step from the FC point. The bond length of the S0 and

S1 optimized structures (see table 5.1) shows that initial excitation on the first

excited state will primarily lead to an inversion of single and double bond length

(i.e BLA). Thus, a fast unlocking of the double bond is observed which is then

followed by an isomerization.

Upon excitation to the S1 state (see Fig. 5.4a), we can observe some electronic

population transfer to the S2 state due to the CoIn being located close to the FC

point and the initial nuclear relaxation leading it close to the region of degener-

acy. Even by initially populating only the first excited state, the diradical state

does participate actively in the nonadiabatic dynamics and thus, the results are

consistent with the 3 state model suggested previously in the literature for bate-

rial rhodopsin.142,161 Furthermore, the single and double bond inversion happens

in a relatively short timescale, with a full oscillation cycle in 15 fs. This result

is consistent with the BLA reported in the literature from previous quantum-

classical trajectory calculations using a Quantum Mechanic/Molecular Mechanic

(QM/MM) model where the solvent effects are included.154

By initiating the dynamics with a coherent superposition of 50:50 for the 2

lowest singlet excited states, one can observe a fast nonadiabatic event at around

4 fs with a rapid rise and decrease of the S2 state population which then persists

at an almost constant value for the remaining part of the dynamics (up to 12
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fs). The nuclear dynamics shows similar BLA trends to the pure S1 dynamics.

The main difference appears after the inversion point (at around 4 fs) where the

elongated bonds stays at a similar value for a few fs and thus, the double bond

remains geometrically unlocked for a longer time. Whereas in the case of the single

state nonadiabatic dynamics, we could observe an oscillatory BLA motion. Using

a mixing of the two excited states, the dynamics enter a different regime where the

restraining force (i.e. gradient, shape of the Potential Energy Surface (PES)) of

the S1 state is mixed with the derivative couplings on top of the gradient coming

from the S2 state as shown by equation 5.1.

Generally, for a superposition of two electronic states |ψI⟩ and |ψII⟩, the nuclear

gradient , approximated by the Hellmann-Feynman term (i.e. only the derivative of

the electronic Hamiltonian Ĥel with respect to the nuclear coordinate is included),

is a sum of the two state gradients and the derivative couplings.116 The weight of

each term is dependent on the mixing angle θ and relative phase ϕ (see Fig. 3.1).

∇R ⟨ψel|Ĥel|ψel⟩ ≈ ⟨ψel|∇RĤel|ψel⟩

≈ cos2
(
θ

2

)
⟨ψI |∇RĤel|ψI⟩

+ sin2

(
θ

2

)
⟨ψII |∇RĤel|ψII⟩

+ sin (θ) cos (ϕ) ⟨ψI |∇RĤel|ψII⟩

(5.1)

The nuclear dynamics is thus directly controlled by the initial relaxation and the

electronic dynamics created as a consequence of the coherent superposition. By

visualizing the initial gradient of the mixed states (see Fig. 5.5), we can see that the

vectors are dominated by a type of bond-order inversion coordinate. However, the

gradient of the mixed initial conditions at the FC point also shows a clear nuclear

relaxation that is in a different direction to the BLA motion. Both dynamics

display fast BLA motion within the first 4 fs of the dynamics and the deviation

from the S1 dynamics is mainly due to the persistence of the superposition of

electronic states after the main nonadiabatic events. Thus, the nuclear dynamics
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Fig. 5.5: Initial gradient of the superposition of S1/S2 states.

of the superposition of states displayed some similarities to the dynamics through

a S1/S2 CoIn despite the two states being nondegenerate at the FC point and at

’longer’ timescale dynamics.

In conclusion, one may achieve control of the nuclear dynamics if the initial

superposition of electronic state can be tuned with a specific ultrashort laser pulse.

In the current work, we show that electronic coherence leads to a vibrational

coherence that can control the reactivity of the system. Another possibility of

achieving photocontrol is by the mean of a control/probe pulse.

5.3 Using symmetry to predict the outcome of

dynamics initiated on a superposition of states

5.3.1 Background on benzene cation

In the previous section, it was shown that one can control the photoisomerization

process of rPSB by controlling the initial superposition of the important spectro-

scopic states responsible for the nonadiabatic dynamics of the bacterial rhodopsin.

In the current section, the nuclear dynamics resulting from a specific superposition

of electronic states are analyzed using a symmetry model on the benzene system
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with a D6h symmetry point group.

We will demonstrate that a coherent superposition of adiabatic states can lead

to nonadiabatic effects that occur even far away from regions of degeneracy or for

nonadjacent adiabatic states. The current work is focused on the 8 lowest cationic

states of benzene which has been the subject of recent spectroscopic and theo-

retical works.162 In the work of Galbraith et al., they photoionized benzene with

an extreme ultraviolet (XUV) pulse generated from a High-Harmonic Generation

(HHG) source which populated multiple cationic states at the same time. Sub-

sequently, they probed the system with a visible/near-infrared (VIS/NIR) pulse

and the experimental observable is a time-resolved C4H
+
3 fragment yield. The

benzene in the neutral ground state has an ionization threshold of 17.5 eV for the

production of C4H
+
3 and C4H

+
2 fragments. Without a probe pulse, the main frag-

ments collected on the mass spectrum are the C3H
+
3 and C4H

+
4 fragments. Upon

probing with a VIS/NIR pulse, the mass spectrum displayed some intensity for a

C4H
+
3 and C4H

+
2 that is dependent on the time delay between the two pulses. The

experimental data for the C4H
+
3 fragment yield was fitted with a bi-exponential

decay with time constants of 11 fs and 110 fs. They performed nonadiabatic dy-

namics with the Multi Configuration Time Dependent Hartree (MCTDH) method

to unravel the mechanism following the photoionization event. In this work, they

employed a model Hamiltonian defined with a linear vibronic coupling model for

the 8 lowest cationic states (up to the E state) and 9 nuclear degrees of freedom.

The dynamics was initiated on the E state from the FC geometry of the neutral

ground state. The central conclusion of their work is that their XUV pulse is able

to simultaneously populate the 8 lowest cationic states of benzene and the two

measured lifetimes corresponds to a successive decay through CoIn between the

E/D states and D/B states (see Fig. 5.6).

In previous theoretical work in the field of attosecond science, much of the effort
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Fig. 5.6: Schematic of the dynamics of the benzene cation initiated on the E state
followed by successive decays through CoIn. The PES of the 8 cationic states are ex-
panded along a dimensionless effective nuclear coordinate Qeff . The photoionization
and two-photon process (photoexcitation) are shown by the purple and orange arrows,
respectively. Reproduced with permission under Creative Commons CC-BY from ref.
162

has been focused on electron dynamics, simulated within the framework of frozen

nuclei.163–165 However, some recent studies has shown the importance of the nuclear

motion on the electron dynamics as well as the lifetime of the coherence.57,166,167

Thus, the effect of moving nuclei cannot be neglected in order to rationalize the

mechanism upon photoionization to multiple states. In this work, we focus our

attention on the 8 lowest cationic states of benzene where we create initial coherent

superpositions to rationalize how the nuclear dynamics evolved based on a specific

state combination (by groups of two or three states) with equal weighting for each
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state. We also consider a full superposition of the 8 states where the weights

are obtained from photoelectron cross sections. However, we cannot determine to

what extent the states are coherently excited in the experimental part of the work

of Galbraith et al.162 We also assume a full coherent photoionization with a sudden

approximation approach where the effect of the width of the ionization pulse is

ignored. Thus, while we cannot provide a full comparison with the experiment,

the current work should unravel some general interpretation of the XUV induced

dynamics.

Using a model with successive CoIn, the system evolves from the E state and

descends to the D through the region of degeneracy where the derivative couplings

driving the nuclear dynamics can break the symmetry of the system. In this work,

we show that electron dynamics and the resulting gradient coming from a specific

coherent superposition of adiabatic states, where phase matters, is responsible for

the observed nuclear dynamics. By creating a superposition of two or more states,

the initial electronic wavepacket is no longer an eigenstate of the electronic Hamil-

tonian and thus, the electronic wavefunction will show an oscillatory behaviour

involving the initial composition of states. In a case of a two state system, it is

known that the weight of the 2 states oscillate in time with a frequency which

is inversely proportional to the energy gap between the states. Furthermore, the

individual term of the full gradient (see eq. 5.1) can be evaluated using symmetry

product and thus, we can determine which nuclear degrees of freedom Qi (i.e. NM)

can contribute to the overall gradient for a composition of electronic states I and

II. The term is non-zero when the product of irreducible representations α yields

the totally symmetric term E. Thus, the intrastate gradient is along the totally

symmetric direction and the non-totally symmetric contributions come from the

derivative couplings. In the case of benzene, the totally symmetric character is

A1g in the D6h point group and Ag for the subgroup D2h.
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(a) (b)

Fig. 5.7: (a) Diabatic states (at time 0) in the permutation representation. E D B
are spectroscopic notation (the π states are shown with orbital plots in Fig. 5.8), E1u,
E2g, etc. refer to D6h symmetry while the additional labels in brackets (B2u) refer
to irreducible representations in the D2h symmetry point group. Each shaded lobe
represents a positive contribution while an unshaded lobe is negative. (b) Computed
NM spanned by the same permutation representation. They are ordered from lowest
energy to highest. The nature of the symmetry lowering for each NM is indicated in
parenthesis. The couplings of the electronic states and NM are indicated on Table 5.2

αI ⊗ αQi ⊗ αII = E (5.2)

The main results shown in this section are presented as the average NM dis-

placement and diabatic state populations (based on the initial quasi-diabatic states

at the reference geometry). The reference states are defined using the Configura-

tion State Functions (CSF) vector for the adiabatic states computed at the opti-

mized geometry. The expectation values of these quantities are computed using a

Gross Gaussian Populations (GGP) weighted average among all the 25 GWP. The

reference diabatic states are given in Fig. 5.7a with their corresponding symmetry

label.
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As introduced before, there are two main driving factors for the nuclear and

electron dynamics. The first one is the initial gradient (at time zero) that has com-

ponents along non-totally symmetric modes due to the initial electronic state being

a linear combination of two or more eigenstates. Because of the non-stationnary

nature of the electronic wavefunction, the individual eigenstates population will

oscillate in time and this phenomenon is referred to as Charge Migration (CM).

Thanks to the rich symmetry of the benzene molecule, much of the electronic

structure and nuclear dynamics is governed by symmetry rules.162,168,169 Using the

symmetry tools to determine the NM responsible for spawning the CoIn between

pair of states, we can relate the specific compositions of electronic states to a spe-

cific set of nuclear motions (i.e. C-C stretches) and these NM would be part of the

initial gradient. The other components of the nuclear dynamics we can predict are

the NM that arises from CM due to the asymmetry of the electronic wavefunction

(i.e. localized hole). The cationic eigenstates that are part of the superposition

will display an oscillation in the diabatic state populations and by varying the

weight of these cationic states, we can qualitatively determine the localized holes

where the CM will occur. These oscillation patterns can be related to specific

NM by visual correspondence using permutations representations by applying the

symmetry operations on the localized hole using a localized orbital basis such as

the 2p orbital on the carbon atoms in benzene. Thus, we can qualitatively de-

termine where the CM occurs using the permutation obtained by applying the

symmetry operation of the D6h point group. Alternatively, the patterns of the CM

can be determined by performing a simulation using frozen nuclei where there is

no decoherence or dampening of the electron dynamics.41,170

5.3.2 Computational Details

In this work, we employed an active space of 15 electrons in 8 orbitals (see

Fig. 5.8)with the initial orbitals optimized at the Complete Active Space Self-

Results 120



5.3
Using symmetry to predict the outcome of dynamics initiated on a

superposition of states

Table 5.2: Nuclear degrees of freedom (NM) that displayed non-zero (i.e. asymmetric)
gradient at the FC point due to derivative couplings and electron dynamics from a
superposition of pair of states.

S Btates NM from electronic coupling NM from electron dynamics
E8 B3 19 22 19 23
E8 B4 21 19 24
E8 D7/D6 23/24 19 21/19 22
B4 B3 24 23 24
D7 D6 24 21 22

Consistent Field (CASSCF) level at the benzene D6h neutral equilibrium geome-

try. The NM definition and geometry optimization of the neutral ground state of

the molecule has been done using B3LYP/6-31G* level of theory. The dynamics

have been performed in a reduced dimensionality where only 12 nuclear degrees of

freedom are considered out of all 30 available for benzene. The degrees of freedom

included in the dynamics are the in-plane C-C stretches and C-C-C angle bends.

The nuclear wavefunction is described using a linear combination of 25 GWP, with

a width of 0.1 NM unit (frequency and mass scaled atomic units) in position, using

a momentum distribution around the FC point of the neutral optimized geometry

and is propagated for 50 fs using a time step of 0.1 fs with the Runge-Kutta 5th

order integrator. The initial electronic wavepacket is built using positive weights

for all 8 states considered.

5.3.3 Results

The main objective is to rationalize how various initial combinations of adiabatic

states can activate a specific nuclear motion and which component involved in

the electronic mixing is responsible for the observed fragmentation patterns. The

highest state considered is the 8th cationic state (labelled as E) and is the main

state of interest in the work of Galbraith et al.162 where they suggested a successive

decay from the E states to lower states to explain the different lifetimes reported

experimentally. The first result corresponds to a QuEh dynamics initiated on the
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Fig. 5.8: CASSCF active space employed for the simulation. The symmetry labels for
the MO are given in D6h (right) and D2h (left) symmetry point groups.

E state. Then, we rationalize how different ’pairs’ of superpositions can steer the

dynamics in a specific direction using symmetry arguments. Based on the work of

Galbraith et al.,162 we focus the mixing on the E, D and B states based on their

importance in the nonadiabatic dynamics of the cationic benzene. Due to the

nature of the B and D states being doubly degenerate, any superposition involving

these states will include both degenerate states at the FC point. In the rest of the

section, the results are presented in increasing order of number of adiabatic states

involved in the initial superposition. The final goal is to explain the origin of the
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different fragmentation patterns (C3H
+
3 and C4H

+
4 ) observed upon photoionization

to the 8 cationic states without including the effect or the presence of the probing

pulse.

Dynamics initiated on the E state

We begin with the nonadiabatic dynamics starting on the E states within the

sudden approximation approach. The main goal of the dynamics initiated on a

pure E state is the comparison of the QuEh results to the MCTDH simulation of

Galbraith et al.162 We can see that a simulation initiated on a single state only

starts showing substantial electron dynamics once the nuclear wavepacket gets

close to a region of degeneracy. Thus, pure state dynamics can be rationalized

directly using a CoIn model with the underlying symmetry rules. After 7 fs,

there is an electronic population decay from the E8 state to the D7 state and a

large portion of it is transferred within 20 fs. Population transfer to the D6 only

becomes significant at a longer time and this is a consequence of the separation

of degenerate components when the symmetry of the system is lowered. Another

important aspect is that while the D state is doubly degenerate at the FC point,

in practice the D7 state is slightly higher in energy (by 0.0001 Hartree). Thus,

D7 gets a faster population transfer from the E state compared to the D6 state.

Furthermore, NM 23 is stimulated upon decay to the D state due to the symmetry

nature of the mixing of E8 and D7.

E/D and E/B superpositions

From the dynamics initiated on the E state, we observe substantial nonadiabatic

events leading to population transfer to the D state. By starting the dynamics on

a superposition of E8 and D7/D6 states, a similar E/D population transfer can be

seen at around 10 fs followed by a E/D7 and E/D6 electron dynamics (see Fig.

5.10). From the symmetry rule, a CoIn between E8/D7 or E8/D6 is spawned by
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(a) (b)

Fig. 5.9: Decay of state E at an E/D CoIn and its resulting (a) electron dynamics
(diabatic population) and (b) NM. All averages are computed using the GGP.

NM 23 and 24. In the case of dynamics on a pure E state, a decay to the D states

slightly enhanced motion along NM 23 whereas starting from an initial coherent

superposition, the dynamics are steered strongly along NM 23 and 24 from the

beginning. One important note is that a small asymmetric motion along NM 19,

21 and 22 can be observed resulting from the E/D electron dynamics.

(a) (b)

Fig. 5.10: Dynamics with an initial superposition of E/D (E8, D7 and D6) and the
resulting (a) diabatic state population and (b) NM. All averages are computed using the
GGP.

In the case of a E/B mixing , as well as the D/B combination, the initial

electronic wavepacket involves a superposition of non-adjacent electronic states

(energy-wise at the FC point). By initiating the dynamics on a E/B mixing,
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(a)

(b)

(c)

Fig. 5.11: (a) The superposition of a component of the B state (B3, part i) which is a
component of the B state (with symmetry E2g in D6h and Ag in D2h), mixed with E8
(part ii) (with symmetry B2u) and a similar relation forNM 23 (part iv), and NM 19
(part v). A similar symmetry analysis is done for the mixing (b) B4 E8 (parts i and ii)
and (c) B3 B4 (parts iv and v)

there is asymmetric motion for the nuclear wavepacket along multiple NM. Using

symmetry, one can rationalize which pair of states is responsible for the observed

nuclear motion components. A mixing of B states (B3 and B4) yields derivative

couplings along NM 23/24 whereas the E/B3 and E/B4 superposition produces

off-diagonal gradients along NM 19/23 and 19/24, respectively. A scheme of the

symmetry analysis for the mixing of E/B states can be found in Fig. 5.11 The

nonadiabatic dynamics of the combination E/B3 and E/B4 displays the typical

type of motion normally seen at a Jahn-Teller CoIn.171 Furthermore, the coherent

superposition of E and B states shows population transfer to the D state after a

few fs of dynamics.
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(a)

(b) (c)

Fig. 5.12: Results of E/B, 3-state initial superposition with QuEh dynamics. The label
E8, D (D6,D7), etc. refer to the singly ionized states in Fig. 5.7a. The atom labels 1-6
in the carbon atoms start at the top of the hexagon and follow the order clockwise. The
results shown are the (a) diabatic state populations, (b) NM and (c) bond vibrations for
dominant stretches.

The pair of states involved in the initial superposition yield different initial

nuclear motion which in turn leads to a potentially different fragmentation pattern.

With the E8/B3 mix, the combination of NM 19 and 23 gives rise to C2H2 and

C4H4 fragment. A similar pattern is observed for the E8/B4 mix but the potential

C-C bond-breaking occurs on a different part of the benzene molecule. In the case

of equivalent carbon and hydrogen atoms, no difference would be found between

these two pairs but from a point of view of symmetry, it displays a different energy

transfer along some specific C-C stretching. In Fig. 5.12c, one can observe a

coherent stretch of a pair of C-C bonds which is either a combination of C3-

C4/C5-C6 or C2-C3/C4-C5. Both of these motions are individual precursors to
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the C2H2 and C4H4 fragmentation patterns. Fig. 5.12b shows the nuclear motion

in terms of NM which allows us to highlight the symmetry rules resulting from the

superposition of electronic states. The comparison between Fig. 5.12c and 5.12b

give us the links between the resulting C-C bond stretch to a combination of NM

motion at a specific time. In the case of B3/B4 mixing, the initial bond stretching

leads to a formation of two C3H3 unit. The initial motion of the E/B mixing

(either B3 or B4) produces vibrations that lower the symmetry of the molecule to

a C2v point group while the resulting nuclear motions from a B3/B4 superposition

correspond to a lowering of the symmetry to C2h.

The relative phase between the states involved in the initial superposition also

plays a role depending on which specific C-C bond is stretched. Taking differ-

ent mixing phases, without changing the weight, yields multiple equivalent sets

of results with different fragmentation pattern for the C2H2 and C4H4 part and

they can be related to each other using symmetry operations. The results show

the energy deposition into specific nuclear motion based on a set of specific initial

conditions. However, due to the numerical challenge of the dynamics some discon-

tinuity can be observed on Fig. 5.12b and 5.12c. These can arise from the fast

electron dynamics and it can become difficult to smoothly integrate the electronic

EOM. Thus, the current simulations only aim to provide a qualitative picture.

B/D superposition

A superposition of B/D states also results in electron dynamics between non-

adjacent states similar to the case of the B/E mixing. The results are shown in

Fig. 5.13 The D6/D7 and B3/B4 couplings yield a gradient along NM 24 which

corresponds to a Jahn-Teller dynamics. We can also observe an asymmetric motion

along NM 21 and 23 resulting from the electron dynamics. A similar dynamics

with motion along NM 23 and 24 can be seen on the B3/B4 superposition (as a

consequence of the electron dynamics too). An important aspect of the results
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is the electron dynamics and population transfer between adiabatic states when

starting on a superposition of non-adjacent states (as shown in the B/E and B/D

mixing) and that the nonadiabatic events take place without an explicit motion

through a CoIn leading to a state population decay. Furthermore, the B/E and

B/D mixing can control the initial coherent bond stretching leading to either a

C2H2 and C4H4 fragment or two C3H3 moieties.

(a)

(b) (c)

Fig. 5.13: Results of D/B, initiated on a 4-state superposition with QuEh dynamics,
for the (a) diabatic state populations, (b) NM and (c) bond vibrations for dominant
stretches.

8-states dynamics

We now focus on the dynamics initiated on a coherent superposition of the 8

cationic states. Using the photoelectron cross section from the work of Galbraith

et al., the initial electronic wavepacket was built using the weight X1 0.051, X2

0.051, B3 0.179, B4 0.179, C5 0.449, D6 0.028, D7 0.028, and E8 0.0311. From
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(a)

(b) (c)

Fig. 5.14: Results of the 8-state QuEh dynamics using the coherent superposition ob-
tained from the photoelectron cross sections. The labels E8, D7, and D6 refer to the
singly ionized diabatic states according to Fig. 2a in Ref. 162. The atom labels 1-6 on
the carbon atoms start at the top of the hexagon and increment clockwise. (a) Popula-
tions of the diabatic states. (b), (c) Bond vibrations for dominant stretches. The data
in all panels is obtained by weighting the GWP by their GGP

the experimental cross section, we cannot determine to which extent the states

are populated coherently from the photoionization pulse and furthermore, we do

not have any information on the relative phase between each state. The two main

assumptions we are making for the dynamics is (i) fully coherent population of

the cationic states and (ii) a coefficient with positive and real values for all states

involved. Upon absorption of the XUV pulse, it has been shown experimentally

that the molecules will either fragment into two C3H3 parts or a C2H2 and a C4H4

part.

From the dynamics initiated on the 8 states, we can identify different types of

coherent C-C bond oscillations. Using the positive electronic state’s coefficient,
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the coherent bond oscillation involves the pair C1-C6/C3-C4 and C1-C2/C5-C6

as shown in Fig. 5.14 which is consistent with the potential fragmentation pattern

observed experimentally later on. Different fragmentation patterns yielding the

same final fragment can be obtained by changing the relative sign of the electronic

state’s coefficients. However, the actual fragmentation phenomenon occurs at a

longer timescale and relies on multiple factors such as the vibrational energy depo-

sition, energy barrier to bond-breaking and orientation effects. From the current

nonadiabatic dynamics, we can provide insights into where the vibrational en-

ergy is deposited and which nuclear motion are enhanced based on specific initial

electronic conditions.

5.4 Controlling nuclear-electronic dynamics with

a pulse

5.4.1 Background on ethylene cation

Using the rich symmetry of benzene, we were able to predict the initial outcome

of the dynamics in terms of initial gradients and electron dynamics using group

theory. In this section, we include the effect of a femtosecond IR laser in the

simulations and we will rationalize its mechanism by comparison with simulations

without pulse.

For that purpose, Ethylene is used as the simple model for investigating the

dynamics of a π radical system which has been extensively studied both in an

experimental and theoretical approaches. Furthermore, it is a system that possess

a fairly rich symmetry with a D2h symmetry point group.

From the work of Ludwig et al.,172 it is shown that after photoionization of

ethylene with an XUV pulse from HHG source, the fragment yields can be altered

with an IR probe pulse. The XUV photon energy allows the ionization of ethylene

up to 6 states and the excitation spectrum shows that all states can be populated
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(a) (b)

Fig. 5.15: (a) PES of the 4 lowest electronic states of ethylene cation along the CH
stretch coordinate and torsional motion. Reproduced with permission from Ref. 172.
Copyright 2016 American Chemical Society. (b) Model for coupled electron-nuclear
dynamics starting from (left) a coherent superposition of states with the resulting initial
gradients or a pure adiabatic dynamics on the right. The two symmetrical structure
represent the pairs of ’localized’ holes for a given mixing of adiabatic states.

with a single pulse with most of the population on the 4 lowest states. The

dynamics was then probed by a IR pulse to determine the timescale of the internal

relaxation (isomerization) and it was reported to be 30±3 fs. Combined with

previous theoretical works,172,173 the mechanism of the excited state decay in the

cationic manifold of ethylene is explained in term of successive decay through CoIn

driven by a torsional motion and an in-plane C-H motion as show by the model in

Fig. 5.15a. The overall dynamic observed experimentally upon photoionization to

multiple cationic states was explained using an incoherent superposition of states

which is simply a weighted contribution from individual simulation initiated on a

different cationic state.

In a more recent experimental work, Lucchini et al. initially pump the ethylene

on a superposition of 5 states with three different harmonics from a HHG laser

source.174 They observed different fragment yields based on the harmonics used

Results 131



5.4 Controlling nuclear-electronic dynamics with a pulse

and they shows the dependence of these fragment yields on the time delay between

the XUV pump and IR probe pulses.

While previous theoretical works used an incoherent superposition of state

to rationalize the experimental results, we attempt to rationalize the dynamics

as a coherent superposition of cationic states by using the QuEh method. The

Ehrenfest approach of this method allow us to define coherent superposition of

states and simulate the subsequent nuclear dynamics.

As introduced before, with a coherent superposition of states, there are two

driving forces for the short-term dynamics: The initial gradient (see eq. 5.1)

and the CM that arises because of the non-stationary nature of the electronic

wavefunction (see Fig. 5.15b). The initial gradient can be determined qualitatively

from symmetry product (see eq. 5.2) where the nuclear degrees of freedom that

coupled the states (i.e. derivative coupling) are part of the initial gradient on top

of the intrastate (i.e. adiabatic) gradient of the individual electronic state. The

second component is the electron dynamics (i.e. electronic population transfer)

which is a well known aspect of the coupled electron-nuclear dynamics at a CoIn

and we expect to observe it at a lesser amplitude outside of regions of degeneracy

as a result of coherent state mixing.

In this work we will study different coherent superpositions of 3 of 5 cationic

states: those associated mainly with the CH bonds. The weights of the 3 adiabatic

states have been chosen in a systematic pair wise way to rationalize the dynamics.

In addition, the nuclear dynamics was steered via means of a control IR pulse.

5.4.2 Computational Details

The CAS-CI active space is generated using the cationic state-average CASSCF

(over 5 states) canonical Molecular Orbitals (MO) at the neutral ground state

geometry and consists of 11 electrons in 7 orbitals (see Fig. 5.16). The initial

electronic wavefuncion is defined as a linear combination of two adiabatic state
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Ag B1u B2u

Ag B3g B3u

B1g

Fig. 5.16: CASSCF active space employed for the ethylene cation simulation defined at
the FC geometry.

with positive coefficients at the initial geometry.

The nuclear wavefunction is represented as a linear combination of 25 GWP in

a full shell around the neutral ground state S0 FC point in momentum distribution

using a Local Harmonic Approximation (LHA) expansion from a frequency calcu-

lation at B3LYP/6-31G* level of theory. The Runge-Kutta 5th order integrator is

used and the wavefunction is propagated for a total simulation time of 50 fs with

a time step of 0.01 fs.

The electric field of the pulse E(t) used in the dynamics is defined by a gaussian

function (see eq. 5.3) with the parameters given in Table 5.3 and is linearly

polarized along the molecule axis (i.e. C=C double bond).
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E(t) = E0 · cos(ω(t− t0) + γ) · exp

−(√2 ln(2)

w2
(t− t0)

)2
 (5.3)

5.4.3 Results

The dynamics is initialized on a superposition of pair of cationic states with a

focus on the one relevant for the formation of hole in CH bonds. Thus, the re-

sults presented here are for a mixing of the 2B3u,
2B3g and 2B1u states (at the FC

point). The current work is focused mainly on comparing the difference in dynam-

ics between the simulations with the presence of an IR pulse and without it. All

NM are included in simulations. However, the attention is focused on the nuclear

motions responsible for the CH bond stretching and couplings between electronic

states. The symmetry notation is used to refer to the (initial) state mixing at the

FC point and the cationic state labels Dx refer to the adiabatic state ordered by

energy.

As introduced before, the short-term dynamics, in absence of pulse, is con-

trolled by the initial gradient of the superpositions of states and the resulting CM

producing instantaneous gradient. From the symmetry rules, we can determine the

degrees of freedom that will contribute to the gradient but there is no information

on the individual amplitude which can only be determined via an electronic struc-

ture calculation. As for the CM, we can determine the groups of localized holes

related to each other under permutation representations which are the turning

points of the electron dynamics.

Table 5.3: Parameters of the pulse included in ethylene cation dynamics.
Quantity SI units Atomic units
E0 5 x 109 V/m 0.0098 a.u.
ω 3.7 x 1014 Hz 0.05625 a.u.
t0 20 fs 826.8275 a.u.
γ 0 0
w 15 fs 620.1206 a.u.
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Table 5.4: Irreducible representation in the D2h point group of the symmetry products
between two cationic states of ethylene with the symmetry label given in parenthesis.

D0 (2B3u) D1 (2B3g) D2 (2Ag) D3 (2B2u)
D0

2(B3u) Ag Au B3u B1g

D1 (2B3g) Au Ag B3g B1u

D2 (2Ag) B3u B3g Ag B2u

D3 (2B2u) B1g B1u B2u Ag

From the resulting symmetry products in Table 5.4 and the irreducible charac-

ters of the NM given in Fig. 5.17, we can rationalize the initial nuclear dynamics

observed in Fig. 5.18b and 5.18f. In both results, the nuclear wavepackets show

substantial motion along NM 10 which corresponds to the symmetric CH stretch-

ing. Moreover, an oscillatory pattern with relatively small amplitudes for NM 4

(torsion, Au) and 9 (asymmetric CH2 stretching, B1u) is observed for the 2B3u/
2B3g

and 2B3g/
2B1u mixing, respectively. These two nuclear degrees of freedom of sym-

metry correspond to motion that can couple the states involved in their respective

superpositions (see Table 5.4). Furthermore, these periodic changes in the value

along NM 4 and 9 are caused by the electron dynamics as the change in the elec-

tronic state coefficients leads to a different weight for the individual term of the

gradient. In both cases, the oscillatory motion lasts up to around 5 fs. Around

that point, one can observed substantial asymmetry (i.e. a non-zero average value)

slowly building up along NM that were initially inaccessible due to symmetry.

As for the electron dynamics, one can observe minor adiabatic state population

transfers from the D1 to D2 when the simulation is initiated on a superposition

of 2B3u/
2B3g (see Fig. 5.18a). Moreover, almost no decay to the ground state is

observed despite previous theoretical results identifying a fast decay mechanism

through the torsional channel.173 Whereas for dynamic initiated on the 2B3g/
2B1u

mix, rich electron dynamics can be observed in Fig. 5.18e with a fast population

decay from the D3 state to D2 state in about 10 fs. Additionally, substantial

population transfer to the D0 can be seen at 30 fs.
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NM 1
B2u

NM 2
B2g

NM 3
B3u

NM 4
Au

NM 5
B3g

NM 6
Ag

NM 7
B1u

NM 8
Ag

NM 9
B1u

NM 10
Ag

NM 11
B3g

NM 12
B2u

Fig. 5.17: NM basis obtained from a B3LYP/6-31G* frequency calculation at the op-
timized neutral ground state of ethylene. and their irreducible representations written
below with the totally symmetric motion in red.

For the 2B3u/
2B3g superposition of states (see Fig. 5.18d), upon inclusion of

the pulse in the simulation, the displacement along NM 4 is greatly enhanced.

As a consequence of motion along non-totally symmetric NM such as torsion, the

symmetry point group of the molecule is lowered and thus, more nuclear degrees of

freedom become symmetry allowed given rise to a Jahn-Teller like effect. Despite

the large changes observed in the nuclear dynamics, the adiabatic state populations

are barely affected by the presence of the pulse (see Fig. 5.18c). A slightly bigger

difference can be observed at longer timescale. It appears that for a superposition

of 2B3u/
2B3g states the oscillating electric field does not provide substantial photo-

excitation to a different electronic state and thus, the pulse seems to induce non-

resonant changes in the molecular dynamics.

By including the pulse in the dynamics initiated on superposition of 2B3g/
2B1u

states, a greater decay to the D2 followed by the D1 state is observed (see Fig.

5.18g) and the associated nuclear motion shows a different behaviour for NM 9

(see Fig. 5.18h). By comparing the nuclear dynamics in Fig. 5.18f and 5.18h, one

can observed a slight change initially along the other three NM for CH stretch and

the difference grows bigger as the dynamics progress. In comparison to the super-

position of 2B3u/
2B3g states, the electron and nuclear dynamics of the 2B3g/

2B1u
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demonstrate a greater difference with the inclusion of an oscillating electric field.

Whilst the current results show that the use of an IR pulse centred at 20 fs

can affect the molecular dynamics, the coupled electron-nuclear dynamics seems

to be relatively complex. However, an attempt at rationalizing the pulse can be

done using group theory by evaluating the motion that will interact with the pulse

based on its alignment. In other words, a motion along a specific NM is enhanced

if the product of the individual irreducible character of the electronic states I and

II , pulse direction E and NM Qi yields the totally symmetric term which is Ag

in the case of ethylene.

αI ⊗ αE ⊗ αQi ⊗ αII = Ag (5.4)

Thus, the pulse can yield an intra and interstate states and we can use symmetry

product to determine the nuclear modes enhanced by applying an electric field in

a specific direction. By orienting the oscillating electric field along the molecular

axis, NM 7 and 9 spanned by B1u will be changed due to the interaction of the

electronic wavefunction and electric field along that direction for the intrastate

effect. It is rather challenging to separate the ’natural’ nonadiabatic events from

the interference of the electron dynamics with the pulse. From the results, it seems

that the pulse doesn’t greatly affect the population transfer between electronic

states and thus, a change is induced in the molecular dynamics with a non-resonant

pulse (i.e. no visible photoexcitation).

The current preliminary work on ethylene cation only provides an insight into

the effect of the pulse in dynamics. Further analysis of the electric field induced

dynamics with symmetry will require simulation by aligning the pulse in different

directions.
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D
0
/D

1
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Fig. 5.18: Average adiabatic state populations and associated NM displacement for
simulation initiated on a superposition of (top) 2B3u/

2B3g and (bottom) 2B3g/
2B1u.

The average is done over the 25 GWP with their GGP. The oscillating electric field of
the pulse is shown in red (with electric field in atomic unit, right vertical axis)
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5.5 Summary

The nonadiabatic dynamics of the cation of all-trans octa-3,5,6-trieniminium (rPSB4),

benzene and ethylene has been simulated using the QuEh method for investigating

the importance of CM for nuclear dynamics and its potential control with a laser

pulse. From the results of rPSB, it is shown that the deactivation mechanism of

the photoexcited species can be controlled by designing a coherent superposition

of electronic eigenstates. The coupled electron-nuclear dynamics of the molecule

is driven by two main factors: the initial gradient and the CM due to the non-

staionary nature of the electronic wavefunction. The initial gradient is a linear

composition of intra and inter-state gradients.

The results on benzene cation shown that the initial electron and nuclear dy-

namics can be explained using group theory by determining the symmetry allowed

motion arising from a superposition of electronic states. In the case of an electronic

eigenstate, the only possible direction of the nuclear gradient is along the totally

symmetric NM. To determine the non-totally symmetric components of the initial

gradient, we identify the nuclear degrees of freedom responsible for coupling the

pair of states considered symmetry wise. Thus, by creating a coherent superpo-

sition of states, it possible to steer the nuclear dynamics in specific direction and

the system will display CoIn like dynamics even outside of region of degeneracy as

shown by the results on benzene cation.

By introducing a pulse in the simulation, one can induce change in the nuclear

dynamics of the system. Furthermore, the effect of the pulse can be partially

rationalized using symmetry arguments and thus, the alignment of electric field

can play a role in the dynamics. However, from the results of ethylene cation, it can

be seen that the coupled electron-nuclear dynamics is relatively complicated and

further data is needed to provide a more complete description of the mechanism

of the pulse in the simulation.
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The short-term dynamics provide rich electron dynamics induced by superpo-

sition of states and it opens a possible path for possible coherent control. For a

short propagation, the real quantum nuclear wavepackets can be well represented

with a small basis but as the simulation progresses, the nuclear wavepackets spread

further and further in configuration space and thus, a larger number of GWP is

required to more accurately reproduce its evolution in time. However, with the

numerical challenges of the method such as small integration steps and potential

linear dependency of the GWP, the simulation can only provide qualitative results

for the dynamics of the system.
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Conclusions

The aim of this thesis is to show how one can try to control chemical photore-

activity by rationalizing the results observed in attosecond spectroscopy. The

experimental background and theoretical methods introduced in chapter 2 gives

a framework for the investigation of Charge Migration (CM) using a fully quan-

tum treatment starting from the time-dependent Schrödinger equation (TDSE).

The CM is a purely electron correlation driven effect and the resulting dynam-

ics originate from the non-stationary nature of the electronic wavefunction (i.e.

superposition of eigenstates).

The full methodology and protocols are presented in chapter 3. The dynamics

in the Direct Dynamics variational Multi-Configurational Gaussian (DD-vMCG)

method can be seen as a set of coupled basis functions following quantum trajec-

tories. The Equations-Of-Motion (EOM) are obtained by expanding the nuclear

wavefunction as a linear combination of Gaussian Wavepackets (GWP) and by ap-

plying the Dirac-Frenkel variational principle. By taking the single-set formalism,

the GWP evolves on a Potential Energy Surface (PES) that is a linear combination

of diabatic states with time-dependent coefficients. This yields an Ehrenfest-like

PES and by taking a further step into the construction of the electronic wave-

function with an Ehrenfest approach, the resulting method is Quantum-Ehrenfest

(QuEh). The advantage of doing the full Ehrenfest approach within the electronic
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structure is the lower computation cost for the evaluation of the time-dependent

PES compared to evaluating the same quantities for N electronic states. However,

it comes at the cost of evaluating the derivatives of the PES of a non-eigenstate

of the electronic Hamiltonian which is more costly than for eigenstate (i.e. due

to some terms being zero for an eigenstate). Furthermore, a Complete Active

Space Configuration Interaction (CAS-CI) method is employed for the electronic

structure method which means that the wavefunction is optimized with respect

to the configuration interaction coefficients but only a single second order step is

employed for the orbital optimization.

The QuEh method requires the use of very small time steps to allow stable and

smooth integration due to the fast electron dynamics (e.g. a full cycle of electronic

population oscillation within 1 femtosecond). As the small time step and integrator

for the electron dynamics are within the electronic structure method (i.e. prevent

the use of a database), there is a predictable number of evaluations of the PES at

each time step and thus, optimal speed-up can be achieved with parallelization by

performing the electronic structure calculation on multiple processes at the same

time. To further enhance the preexisting parallel interface of DD-vMCG (done

with Open Multi-Processing Interface (OpenMP)), an extra layer of paralleliza-

tion is added with the Message Passing Interface (MPI). This allows an execution

of the program on computing architecture without shared memory such as paral-

lelization across computing nodes. To allow usage of DD-vMCG with both parallel

interfaces and the various possible options such as use of a database and diabati-

zation method, the code sections related to database handling are rewritten using

Structured Query Language (SQL). Finally, the last development involves imple-

menting a light pulse interaction in the QuEh method. This is done within the

dipole approximation and the dipole-electric field term is added within the Fock

matrix construction of the Complete Active Space Self-Consistent Field (CASSCF)
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code in GAUSSIAN.

In chapter 5, the development version of QuEh which has a MPI parallelization

layer (and SQL code) has been employed for various applications on molecular

systems in the context of simulating photoionized induced dynamics. By carefully

selecting the initial coherent superposition of electronic states the nuclear dynamics

can be steered in a specific direction by tuning the weight of the individual states.

It was first demonstrated by the example on retinal Protonated Schiff Base (rPSB)

that the alternation of single and double bonds can be controlled by varying the

initial conditions for the electronic wavefunction.

Furthermore, the resulting dynamics from a specific superposition of states can

be predicted using symmetry rules. By applying the symmetry analysis for Conical

Intersections (CoIn) between electronic states of specific character (i.e. irreducible

representation), one can evaluate which nuclear degrees of freedom can be consid-

ered as active (responsible for nonadiabatic events) or as spectatory motion (i.e.

bath vibrational mode). The same analysis can be done for a superposition of

electronic states even away from region of degeneracy and a similar CoIn electron

dynamics can be seen with fast population oscillation within a few femtoseconds.

By using the benzene cation and its rich symmetry, short-term nuclear dynam-

ics based on the initial gradient and CM with a period based on the energy gap

between states can be predicted using symmetry rules.

Finally, the work on ethylene cation shows how one could control the cou-

pled electron-nuclear dynamics with a subsequent probe/control laser pulse. The

mechanism of the infrared (IR) laser on the dynamics is being explained in term

of symmetry but further works are needed to investigate effects such as the orien-

tation of the pulse and time delay on the molecular dynamics.

Using the QuEh method, it is possible to simulate coupled electron-nuclear

dynamics for system initiated on a superposition of eigenstates. The nuclear dy-

Conclusions 143



6.0 Conclusions

namics with GWP following quantum trajectory provide us the ability to quickly

converge to the ideal nuclear wavepackets dynamics using a relatively small num-

ber of basis functions. The symmetry of the initial molecular wavefunction based

on its electronic composition offer us the possibility of predicting short-term dy-

namics where the molecular wavefunction still has its symmetry and coherence in

term of totally and non-totally symmetric motion. Furthermore, the inclusion of

the pulse in dynamics opens the door for the coherent control of molecules at a

short timescale. However, the use of a truncated nuclear basis can lead to uncon-

verged dynamics at longer timescales due to the need of more basis function to

properly map the whole nuclear wavepacket. Starting the simulation with a larger

number of basis functions can mitigate the poorer convergence at longer time but

it can lead to linear dependency of the nuclear basis which can give rise to numer-

ical instability during the propagation. Furthermore, the fast electron dynamics

require the use of small time step size for the simulation and the evaluation of

the time-dependent PES with a fast oscillation in the electronic coefficient can

lead to unsmooth integration for the time evolution of the electronic wavefunc-

tion. Despite the computational effort gain of only calculating the derivatives for

an effective single time-dependent state, the numerical instability in the evaluation

of these nuclear gradients and Hessians can lead to a substantial error build-up

over time. Thus, currently, the QuEh method can provide accurate insight in

the molecular dynamics at short-time but the longer timescale dynamics is only

qualitative.

Further development work on the QuEh method is required to expand its scope

and reliability for simulation of charge-drive dynamics. Using different (adaptive)

step size for electronic step or interpolation of the electronic population changes

could provide a more robust propagation scheme and potentially solve the numer-

ical instability encountered in the evaluation of the derivatives of the PES.
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Future works on coherent control with QuEh will focus on how the parameters

of the laser pulse such as the time delay, width and phase can affect differently the

molecular dynamics . In the last case, multiple theoretical works can be found in

the literature on how the Carrier-Envelope Phase (CEP) of short pulse (i.e. few

cycles) can affect the coupled electron-nuclear dynamics close to the vicinity of a

CoIn.175,176
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Theory

A.1 Molecular dynamics

A.1.1 The Schrödringer Equation

The quantum mechanical study of molecular systems is done by solving the Schrö-

dinger equation, named after Erwin Schrödinger for his work on the formalism on

the description of atoms and molecules using a wave equation.177 The equation

has a time-independent and time-dependent formulation. The different states of

a system with N nuclei and n electrons are obtained through the solution of the

time-independent Schrödinger equation (TISE),

Ĥtot(R, r)Ψtot(R, r) = EtotΨtot(R, r) (A.1)

whereR and r are the coordinate variables of the nuclei and electrons, respectively.

Ψtot is the wavefunction representing the full molecular system and Etot is the total

energy associated with it through the many-body Hamiltonian operator Ĥ. The

set of solutions for the TISE forms the eigenstates of the system and the associated

energies are the eigenvalues.

The evolution of a molecular system in time is described using the time-

dependent Schrödinger equation (TDSE)

i
∂

∂t
Ψtot(R, r, t) = ĤtotΨtot(R, r, t) (A.2)

where i is the imaginary number.
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The molecular Hamiltonian formulated in terms of Coulombic interactions is

given as

Ĥtot(R, r) = T̂N(R) + T̂n(r) + V̂NN(R) + V̂ee(r) + V̂Ne(R, r) (A.3)

where T̂N and T̂e are the kinetic energy operators for the nuclei and electrons,

respectively.

T̂N(R) = −
N∑
I

(
1

2MI

)
∇2

I (A.4)

T̂e(r) = −
1

2

n∑
I

∇2
i (A.5)

M corresponds to the mass of the nuclei and ∇2 is the Laplacian operator which

in Cartesian coordinates is written:

∇2 =
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2
. (A.6)

V̂NN and V̂ee are Coulombic repulsions between the nuclei and between the elec-

trons, respectively. V̂Ne is the attractive interaction between the nuclei and the

electrons.

V̂NN =
1

2

N−1∑
I=1

N∑
J=I+1

ZIZJ

|RI −RJ |
(A.7)

V̂ee =
1

2

n−1∑
i=1

n∑
j=i+1

1

|ri − rj|
(A.8)

V̂Ne = −
N∑
I=1

n∑
i=1

ZI

|RI − ri|
(A.9)

ZI and ZJ are the atomic number of nuclei I and J .

A.1.2 The Born-Oppenheimer Approximation

The Schrödinger equation can only be solved exactly for a 2-particle system. In

bigger systems, the number of degrees of freedom scales with 3N spatial coor-

dinates for the nuclei and 3n for the electrons. The use of an approximation is

required for these calculations to be affordable. One common approach is the
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Born-Oppenheimer approximation (BOA)178 where the nuclear frame is consid-

ered stationary with respect to the electrons. The rational for this approximation

is that electrons are much lighter than nuclei (there is a ratio of 1836 between

the mass of an electron and a proton) and thus, the motion of the electrons is

much quicker compared to the nuclei. Additionally, it is considered that electron

rearrangement is instantaneous with respect to the motion of nuclei. Thus, the

total wavefunction can be written as a product of a nuclear wavefunction χ and

an electronic wavefunction ψ.

Ψtot(R, r) = χ(R)ψ(r;R) (A.10)

The electronic wavefunction is obtained by solving the electronic Schrödinger equa-

tion

Ĥelψs(r;R) = Es(R)ψs(r;R) (A.11)

where the electronic Hamiltonian Ĥel contains the electronic kinetic operator and

all Coulombic interations.

Ĥel = T̂e + V̂NN + V̂ee + V̂Ne (A.12)

The nuclear wavefunction is obtained by solving the rewritten Schrödinger equation

in the BOA

ĤNχ(R) = ENχ(R) (A.13)

where ĤN is the nuclear Hamiltonian

ĤN = T̂N + V̂ (A.14)

where V̂ is the potential energy operator and EN is the molecular energy associated

to the different nuclear eigenstates. In the BOA, the full wavefunction is obtained

by first solving the electronic equation with a given set of position R for the

nuclei and then, the nuclear eigenstates are obtained for a potential energy surface
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(PES) described by the electronic energy Es explicitely dependent on R. The PES

describes the energy of the system for a given electronic state as a function of the

nuclear coordinates and it corresponds to a hypersurface with a dimension of 3N -

6 where the degrees of freedom related to translation and rotation of the nuclear

frame are removed (3 for each). In a case of linear molecules, the dimension of the

hypersurface is 3N -5.

For a propagation in time of the nuclear wavefunction using the TDSE,

(
T̂N + V̂

)
χ(R) = i

∂χ(R)

∂t
(A.15)

the nuclei evolve on a PES described by the electronic energy dependent only on

the parameter R and it is considered independent of time (due to instantaneous

rearrangement of electrons around the nuclei). This type of dynamics is known as

Born-Oppenheimer dynamics. In that representation, the motion of electrons and

nuclei are said to be decoupled.

In the BOA, the solutions of the eigenvalue problem for the electronic Hamilto-

nian are often termed then adiabatic representation where a surface is associated to

each electronic state (i.e. eigenvalue), ordered in energy. The dynamics occurring

on such surface is called adiabatic dynamics.

The lowest eletronic state (called the ground state) is often the most relevant

for many applications and studies such as chemical reactions or molecular spec-

troscopy. The pathway for a chemical reactions can be followed along a reaction

coordinate by finding the stationary points on the PES with 2 minima corre-

sponding to the product and the reactant linked together through one or multiple

maxima (i.e. transition states).

A.1.3 Beyond the Born-Oppenheimer Approximation

The BOA is not suitable for treating cases where the coupling between electronic

and nuclear motions is not negligible.179–185 The dynamics involving electronic
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excited states cannot be treated correctly within the adiabatic approximation due

to the presence of these couplings.186 These effects are stronger for molecular

geometries where two or more electronic states are very close in energy. The regions

of degeneracies are known as conical intersections and they form seams of crossing

points on a hypersurface of 3N -8 dimension (for a two state degeneracy).187–191

Such couplings between the electronic states are called nonadiabatic couplings or

derivative couplings and, mathematically, these terms arise from the application

of the nuclear kinetic operator on the electronic wavefunctions that are not an

eigenfunction of that operator. The coupling between the electronic and nuclear

motion

Fji = ⟨ψj(R, r)|∇Rψi(R, r)⟩ (A.16)

corresponds to a mixing of different electronic states i and j due to nuclear motion

(represented by the derivative with respect to the nuclear coordinate R). When

the coupling becomes non-negligible, the BOA breaks down.121,192–197

An alternative picture for PES is the diabatic representation198 where the re-

sulting TDSE for the nuclear wavefunction is

(T̂N1+ Ŵ )χ(R) = i
∂χ(R)

∂t
(A.17)

Using this representation, the kinetic operator T̂N is diagonal and Ŵ corresponds

to the diabatic energy operator containing the electronic energy, in the diagonal

and the coupling in the off-diagonal elements.

Another representation of the electronic PES is the Ehrenfest state62 where

only a single PES is considered. The single state is a weighted average of adia-

batic electronic states based on the electronic population. The coefficients of the

individual electronic states usually vary in time, thus making the Ehrenfest surface

a time-dependent PES.
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Development

B.1 QUANTICS structure and DD-vMCG algo-

rithm

Fig. B.1: Structure of the main QUANTICS program with the individual modules rep-
resented by square boxes and input/output represented by ovals. Reproduced with
permission from Ref. 199. Copyright 2019 Elsevier B.V.
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Algorithm 1 Algorithm for the direct dynamics part of vMCG

1: procedure getddpes
2: Allocate array xgp for coordinate of all GWP
3: xgp← Coordinate of centre of GWP
4: if use db and dbnrec = 0 then:
5: xgp0← Coordinate of the first GWP in xgp
6: Allocate array for output of quantum chemistry calculation
7: Call interface to quantum chemistry software
8: ddv, ddder1, ddder2← diabatization of adv, adder1, adder2
9: Write results to database
10: Deallocate array for output of quantum chemistry calculation
11: end if
12: Allocate array lrddb for reading database
13: for all GWP do:
14: gwpdist← distance between GWP and points in database
15: if gwpdist < ddmindb then:
16: lrddb← true
17: end if
18: end for
19: Allocate eex2 with number of GWP
20: nex2← 0
21: for all GWP do: ▷ Evaluate number of calculation to do
22: if lrddb = false then:
23: nex2← nex2 + 1
24: Map which calculation to which GWP in eex2
25: end if
26: end for
27: Allocate array for output of quantum chemistry
28: Allocate array hopiparp ▷ Array containing the quantum chemistry option
29: OpenMP section start
30: for e = 1,nex2 do:
31: if method = CAS and dbnec! = 0 then:
32: ddmoco← MO guess from database
33: end if
34: Call interface to quantum chemistry
35: ddv, ddder1, ddder2← diabatization of adv, adder1, adder2
36: if lupdhes = true then:
37: Evaluate ddder2, adder2 with Hessian update
38: end if
39: end for
40: OpenMP section end
41: Write results to database
42: Deallocate array for output of quantum chemistry
43: end procedure
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B.2 MPI routine

The MPI Barrier() routine is used to synchronize all the processes where the in-

dividual unit can only execute the next directive if all processes in the same com-

municator has reached that barrier. This routine is useful to ensure that all the

parallel run of the program has reached the same place in the code such as after a

block of communication to confirm that all of them have received all the necessary

information to execute the next part of the algorithm.

The MPI Bcast() routine is the main line employed for communication between

processes in the same communicator. By using this command, the root process,

specified by its mpirank, broadcast the data to all other processess which will fill

the data variable from the value of the root process. This routine is used whenever

similar data need to be exactly copied from one unit to all the others. In a case of

partial data collection or sending such as matrix elements of a part of large array,

a more efficient routine should be used since only a section of the array is actively

used/evaluated. By using the scatter and gather routine of MPI, it is possible to

reduce the amount of data sent to each process by splitting the whole array based

on the number of MPI processor requested by the users.

In the MPI Scatter() routine, the root process distributes the element from an

array to the other process in the order of the rank (from lowest to highest). The

main advantage is the reduction of information being effectively transmitted to

each individual process.

The MPI Gatherv() routine achieved the opposite effect of the scatter com-

mand. In this routine, the root process gathers the elements that has been evalu-

ated on all the MPI processes in the same communicator (including the root itself)

and concatenate all the data into an array in a sequential way based on the rank

of the process sending the information.

In both the scatter and gatherv command, the handling of the array and its
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size require some careful consideration. The splitting of the data is not managed

automatically by the routine based on the number of data in the array and the

number of MPI processes in the communicator. The use of these routines requires

the number of elements sent/received by the root process as an argument. Thus,

the exact same number of elements are send to/from all MPI processes. Arrays

with number of elements divisible by the number of MPI processes are the easiest

to handle with these two routines.

In the development of the MPI algorithm for DD-vMCG, the root process in

all of the routine described above are the main process.

MPI Barrier (
MPI Comm communicator ,
Int mpierror )

Fig. B.2: MPI Barrier() routine with the arguments (and their type) required to execute
it. The mpierror argument is optional.

MPI Bcast (
Void∗ data ,
Int count ,
MPI Datatype datatype ,
Int root ,
MPI Comm communicator ,
Int mpierror )

Fig. B.3: MPI Bcast() routine with the arguments required to execute it. The ”root”
process transfer the array ”data” with the size of ”count” to all processes in the ”com-
municator”. The ”mpierror” argument is optional
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MPI Scatter /Gatherv (
Void∗ send data ,
Int send count ,
MPI Datatype send datatype ,
Void∗ r e cv data
Int recv count
MPI Datatype recv datatype
Int root ,
MPI Comm communicator ,
Int mpierror )

Fig. B.4: General form of the MPI Scatter() and MPI Gatherv() routines with the
arguments required to execute it. The ”root” process send/receive the array ”data”
with the size of ”count” to all processes in the ”communicator”. The value to put for
the relevant ”data” and ”count” depends on the number of elements dealt individually
for each process and not the total number of data on the root process. The ”mpierror”
argument is optional.
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free-electron laser. Nat. Photonics 2010, 4, 641–647.

[23] Ackermann, W.; Asova, G.; Ayvazyan, V.; Azima, A.; Baboi, N.; Bähr, J.;
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[71] Penfold, T. J.; Pápai, M.; Møller, K. B.; Worth, G. A. Excited state dy-

namics initiated by an electromagnetic field within the Variational Multi-

Bibliography 165



Bibliography

Configurational Gaussian (vMCG) method. Comput. Theo. Chem. 2019,

1160, 24–30.

[72] Chen, L.; Sun, K.; Shalashilin, D. V.; Gelin, M. F.; Zhao, Y. Efficient simu-

lation of time- and frequency-resolved four-wave-mixing signals with a mul-

ticonfigurational Ehrenfest approach. J. Chem. Phys. 2021, 154, 054105.

[73] Chang, B. Y.; Shin, S.; Malinovsky, V. S.; Sola, I. R. Grid-Based Ehrenfest

Model To Study Electron-Nuclear Processes. J. Phys. Chem. A 2019, 123,

7171–7176.

[74] Hartree, D. R.; Hartree, W. Self-consistent field, with exchange, for beryl-

lium. Proc. R. Soc. Lond. A 1935, 150, 9–33.

[75] Slater, J. C. The theory of complex spectra. Phys. Rev. 1929, 34, 1293–1322.

[76] Roothaan, C. C. J. New Developments in Molecular Orbital Theory. Rev.

Mod. Phys. 1951, 23, 69–89.

[77] Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self—Consistent Molecular Orbital

Methods. XII. Further Extensions of Gaussian—Type Basis Sets for Use in

Molecular Orbital Studies of Organic Molecules. J. Chem. Phys. 1972, 56,

2257–2261.

[78] Del Bene, J. E.; Ditchfield, R.; Pople, J. A. Self-Consistent Molecular Orbital

Methods. X. Molecular Orbital Studies of Excited States with Minimal and

Extended Basis Sets. J. Chem. Phys. 1971, 55, 2236–2241.

[79] Binkley, J. S.; Pople, J. A.; Hehre, W. J. Self-Consistent Molecular-Orbital

Methods. 21. Small Split-Valence Basis-Sets for 1st-Row Elements. J. Am.

Chem. Soc. 1980, 102, 939–947.

Bibliography 166



Bibliography

[80] Davidson, E. R.; Feller, D. Basis set selection for molecular calculations.

Chem. Rev. 1986, 86, 681–696.

[81] Jensen, F. Atomic orbital basis sets. WIREs Comput. Mol. Sci. 2013, 3,

273–295.

[82] Helgaker, T.; Jørgensen, P.; Olsen, J.Molecular Electronic-Structure Theory ;

John Wiley and Sons, Ltd, 2000.
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