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The glossary list

AC avoided crossing
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aug-cc-pV5Z augmented correlation-consistent quintuple zeta

BOA Born-Oppenheimer approximation

CAP complex absorbing potential
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DOF degree of freedom
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FC Franck-Condon

FFT fast fourier transformation

GP geometric phase

HF Hartree-Fock

KER kinetic energy release spectra
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LIAC light-induced avoided crossing

LICI light-induced conical intersection

MCTDH multi-configuration time-dependent Hartree

MRCI multi-reference configuration interaction

NACT non-adiabatic coupling term

PDM permanent dipole moment

PES potential energy surface

SPF single-particle function

TD time-dependent

TDH time-dependent Hartree

TDM transition dipole moment

TDSE time-dependent Schrödinger equation

TI time-independent

TISE time-independent Schrödinger equation

VP variational principle

WF wave function
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Introduction

During my PhD program, I studied light-induced non-adiabatic features in

diatomic and polyatomic systems through the use of theoretical simulations.

In this Thesis, I will detail what I have researched during my study period

from 2020 to 2024.

The Born-Oppenheimer approximation (BOA) [1, 2] is the most com-

monly used approach in atomic and molecular physics. In this approach, the

heavy nucleus moves much slower compared to the light electrons; there-

fore, the electron and nuclear motions can be treated separately. This

approximation usually works well and provides reasonable results in molec-

ular dynamical processes. However, the BOA becomes invalid at specific

nuclear configurations, particularly near degeneracy points between poten-

tial energy surfaces of molecules [3–6]. Such cases are called non-adiabatic

processes, in which strong and non-negligible non-adiabatic coupling terms

(NACTs) [4, 7, 8] couple the various electronic energy states in molecules.

The non-adiabatic effects [7, 9–18] can play an essential role in molecular

physics and photochemistry, especially in molecular fragmentation, proton

transfer or isomerization processes. The non-adiabatic effects result in sig-

nificant changes in molecular spectroscopy, dissociation, geometric features,

proton transfer, and so forth...[3, 19–21].

In non-adiabatic processes, the potential energy surfaces of molecular

systems might intersect, and this type of intersection is known as a conical

intersection (CI) [19, 20, 22, 23]. It is a usual phenomenon that CIs (or

degeneracy of states) can exist abundantly in polyatomic molecules because
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of the existence of many degrees of freedom. This type of CI occurring in

nature is called natural CI.

It is well known that a molecular system has to hold at least two inde-

pendent nuclear degrees of freedom in order to form a CI. Because there

is only one vibrational degree of freedom (DOF) in diatomic molecules in

field-free space, CIs can never be built up; only avoided crossings (ACs)

(approaching of states each other) can emerge [9, 19]. However, when an

external (classical or quantum light) field is applied to molecular systems,

light-induced avoided crossings (LIACs) or light-induced conical intersec-

tions (LICIs) [11, 12, 20, 24–27] can appear, even in diatomics. By in-

serting an external field into the molecular system, light-matter interaction

between an applied field and the molecular system appears [28, 29]. Due to

this interplay, molecular dynamics such as light-induced dissociation and

spectroscopic and geometric features of molecules can be studied in detail

[8, 15, 16, 19, 21, 30–34]. The inserted external field can provide a rota-

tional motion (or rotational DOF) by rotating the molecular system around

the polarization direction of the external field. Unlike the natural CIs and

ACs, the energy position of the LICIs and LIAC and their non-adiabatic

strengths can be governed by external field parameters (like frequency and

intensity in classical light). As a result, altering the parameters of an ex-

ternal field might control the non-adiabatic dynamics in molecules.

To explore the system’s nuclear dynamics, one first needs to solve the

time-independent (TI) problem by properly explaining the molecular elec-

tronic structure. The data obtained from the TI solutions can be the po-

tential energy surfaces and dipole moments of a molecular system [35, 36].

As a next step, the time-dependent (TD) problem is solved by using the

TI data so as to investigate the molecular dynamics.

In the present Thesis, I studied the light-induced non-adiabatic nuclear

dynamics in molecular systems by performing computational calculations.

For the diatomic NaH molecule, photodissociation dynamics are studied

along with the fragment kinetic energy release spectra (KER) as well as the
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fragment angular distributions of individual electronic states in the pump-

probe scheme. I studied the impact of LICIs and LIAC on light-induced

dissociation dynamics and the effect of this system’s permanent dipole mo-

ment (PDM) on dissociation yields. The results are compared with and

without the PDMs by solving both one-dimensional and two-dimensional

time-dependent Schrödinger equations for nuclear motion. Furthermore, I

investigated the topological properties of polyatomic formaldehyde H2CO

molecule in the presence of LICI created by a cavity quantum light. I did

some research in exploring the Berry phase (or geometric phase) as well as

the NACTs between two polaritonic states of this system in the vicinity of

the light-induced conical intersection.

This Thesis is structured as follows: chapter 1 briefly explains the theo-

retical background of non-adiabatic processes, quantum chemistry calcula-

tions, light-matter interactions and molecular nuclear dynamics. Chapter

2 is devoted to studying light-induced photodissociation dynamics of NaH

with the help of the pump-probe model. This chapter initially reports the

electronic structure calculations and the pump and probe pulses’ descrip-

tions. In the later sections, dissociation dynamics, along with the fragment

KER and angular distributions, are given in detail. Chapter 3 details the

investigations of the topological properties of the formaldehyde molecule in

the presence of LICI created by an optical cavity. Moreover, a short con-

clusion will be given at the end of each discussion chapter. The summary

of the attained results will be presented in chapter 4.
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Chapter 1

Theoretical background

This chapter gives detailed explanations of the theoretical background of

topics related to my investigation areas, from molecular electronic structure

calculations to nuclear dynamical processes. These topics help to under-

stand the physical-chemical phenomena in the theoretical treatments of

molecular systems. My research study can be partitioned into two vari-

ous parts. The first part involves working with molecular electronic struc-

tures by finding potential energy surfaces (PESs), permanent and tran-

sition dipole moments (PDMs and TDMs). Usually, these data can be

obtained from one of the efficient quantum packages, Molpro [35, 36]. In

the second part, molecular dynamics can be calculated by using the data

obtained in the first part. The nuclear dynamics can be investigated em-

ploying the multi-configuration time-dependent Hartree (MCTDH) [37–40]

method, which is very accurate.

This chapter explains the theoretical background of topics involving the

two parts mentioned above. At the beginning of this chapter, fundamental

concepts of the BOA for many-electron molecular systems will be given.

After that, the fundamental theory of molecular electronic structure cal-

culations and the method used are discussed. The adiabatic and diabatic

representations, as well as the CIs, will be detailed in the next sections.

Subsequently, the fundamental theories of the interaction of molecular sys-
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tems with classical and quantized external fields are discussed. At the end

of this chapter, molecular nuclear dynamics are reported in detail.

1.1 The Born-Oppenheimer approximation

If we consider the polyatomic molecule having ne electrons, N nuclei, and

the corresponding masses me and Mα of these particles, respectively, the

system’s total TI Hamiltonian can include the kinetic energy operators

of electrons (T̂e) and nuclei (T̂N), electron-electron potential energy (Vee),

nuclear-nuclear potential energy (VNN), and electron-nuclear potential en-

ergy (VeN):

Ĥ = T̂N(R⃗) + Ĥe(r⃗, R⃗) = T̂N(R⃗) + T̂e(r⃗) + Vee(r⃗) + VNN(R⃗) + VeN(r⃗, R⃗)

= −
N∑

α=1

ℏ2

2Mα
∇2

Rα
−

ne∑
i=1

ℏ2

2me
∇2

ri
+

ne∑
i=1

ne∑
j=1
j>i

1

4πε0

e2

|r⃗i − r⃗j|

+
N∑

α=1

N∑
β=1
β>α

1

4πε0

ZαZβe
2

|R⃗α − R⃗β|
−

N∑
α=1

ne∑
i=1

1

4πε0

Zαe
2

|R⃗α − r⃗i|
,

(1.1.1)

where Ĥe(r⃗, R⃗) stands for the electronic Hamiltonian, and its variables, r⃗i

and R⃗α are the positions of the ith electron and αth nuclei in the molecular

system. ∇2
ri
and ∇2

Rα
are the second-order derivatives with respect to these

( r⃗i and R⃗α) coordinates, respectively. ℏ and ε0 stand for the constant of

the reduced Planck’s and the vacuum permittivity. Zαe is a charge of the

αth nuclei.

Generally, the mass of the nuclei is heavy compared to that of the elec-

tron, which means that the light electron can move more rapidly than heavy
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nuclei. The BOA [1, 2] is based on this theory, and it allows us to simplify

the TI Schrödinger equation to solve the nuclear and the electronic motions

separately. The system’s total wave function in the Born-Oppenheimer

framework can be formulated as a product of the electronic and nuclear

wave functions, namely

Ψ(r⃗, R⃗) = ψ(r⃗, R⃗) · ϕ(R⃗). (1.1.2)

Here, the electronic wave function ψ(r⃗, R⃗) depends on both the electronic

(r⃗) and nuclear (R⃗) coordinates, whereas the nuclear wave function ϕ(R⃗)

relies on only the nuclear (R⃗) coordinates. From now on, I will use atomic

units because of convenience; that is, ℏ = me = e = 1
4πε0

= 1 atomic unit

(or au for a short form).

By taking into account the Born-Oppenheimer Hamiltonian (eq. 1.1.1)

and its total wave function (eq. 1.1.2), the time-independent Schrödinger

equation (TISE) takes the following form

ĤΨ(r⃗, R⃗) =
[
T̂N + T̂e + Vee + VNN + VeN

]
ψ(r⃗, R⃗) · ϕ(R⃗)

=
[
T̂N

]
ψ(r⃗, R⃗) · ϕ(R⃗) +

[
Ĥe

]
ψ(r⃗, R⃗)ϕ(R⃗)

= Eψ(r⃗, R⃗) · ϕ(R⃗).

(1.1.3)

Let’s calculate the nuclear kinetic operator term in eq 1.1.3 with the total

wave function,

T̂Nψ(r⃗, R⃗) · ϕ(R⃗) = −
N∑

α=1

1

2Mα
∇2

Rα
ψ(r⃗, R⃗) · ϕ(R⃗)

= ψ(r⃗, R⃗)T̂Nϕ(R⃗)−
N∑

α=1

1

2Mα
Γ(ψ, ϕ),

(1.1.4)

where the Γ(ψ, ϕ) contains the non-adiabatic coupling terms, expressing

non-adiabatic effects between the electronic states in a molecule: Γ(ψ, ϕ) =
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ϕ(R⃗)∇2
Rα
ψ(r⃗, R⃗) + 2 ·

(
∇Rα

ψ(r⃗, R⃗)
)
·
(
∇Rα

ϕ(R⃗)
)
. On the other hand, if

we multiply equation 1.1.3 by ψ(r⃗, R⃗) on the left-hand side and compute

the integral of the electronic coordinates, the term (Γ(ψ, ϕ)) can have two

parts (in matrix form) [7]:

Γ(ψ, ϕ)ji = 2τ
(1)
ji · ∇Rα

ϕ(R⃗) + τ
(2)
ji ϕ(R⃗), (1.1.5)

containing the non-adiabatic coupling vector (τ
(1)
ji ) and non-adiabatic cou-

pling scalar (τ
(2)
ji ) terms in matrix forms,

τ
(1)
ji = ⟨ψj(r⃗, R⃗)|∇Rα

ψi(r⃗, R⃗)⟩ =
⟨ψj(r⃗, R⃗)|∇Rα

H⃗e|ψi(r⃗, R⃗)⟩
Vi − Vj

(1.1.6)

and

τ
(2)
ji = ⟨ψj(r⃗, R⃗)|∇2

Rα
ψi(r⃗, R⃗)⟩ = (∇Rα

τ (1))ji + (τ (1)τ (1))ji, (1.1.7)

respectively. The Γ(ψ, ϕ) terms couple the system’s electronic and nuclear

motions. If Γ(ψ, ϕ) are neglected due to their very small value compared to

the ψ(r⃗, R⃗)T̂Nϕ(R⃗), the Born-Oppenheimer approximation perfectly works.

In this representation, the nuclear and electronic motions can be decoupled,

and the nuclei move on a single electronic potential energy surface. Thus,

in the Born-Oppenheimer approximation equation 1.1.3 gives the following

1.1.9 form by considering the condition of

T̂Nψ(r⃗, R⃗) · ϕ(R⃗) ≈ ψ(r⃗, R⃗)T̂Nϕ(R⃗), (1.1.8)

Ĥψ(r⃗, R⃗)ϕ(R⃗) = ψ(r⃗, R⃗)T̂Nϕ(R⃗) + Ĥelψ(r⃗, R⃗)ϕ(R⃗)

= ψ(r⃗, R⃗)
[
T̂Nϕ(R⃗)

]
+
[
Ĥeψ(r⃗, R⃗)

]
ϕ(R⃗)

= Eψ(r⃗, R⃗)ϕ(R⃗).

(1.1.9)

Equation 1.1.9 can be solved for the electronic and nuclear motions indi-
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vidually. First, let’s write TISE for the electronic DOFs by ignoring the

nuclear motion (Mα >> me or T̂e >> T̂N) due to its very slow magnitude

of motion compared with the electronic motion

Ĥeψ(r⃗, R⃗) = Eψ(r⃗, R⃗) = Eei(R)ψi(r⃗, R⃗). (1.1.10)

This equation is just an eigenvalue problem that is not related to the time,

where Eei(R) is eigenvalues for a set of fixed geometry R⃗ of nuclei. After

obtaining each electronic energy (Eei(R)) for certain points of R⃗, we can

move on to solve the system’s nuclear motion by putting the values of

Eei(R) into the eq. 1.1.9; that is,

Ĥψi(r⃗, R⃗)ϕ(R⃗) = ψi(r⃗, R⃗)
[
T̂Nϕ(R⃗)

]
+ Eei(R)ψi(r⃗, R⃗)ϕ(R⃗)

= Eψi(r⃗, R⃗)ϕ(R⃗)
(1.1.11)

or

T̂Nϕ(R⃗) + Eei(R)ϕ(R⃗) = Eϕ(R⃗) = ENi
ϕ(R⃗). (1.1.12)

Equation 1.1.12 gives the eigenenergies ENi
for the nuclear motion using

the values of eigenenergies (Eei(R)) of the electronic motion.

In the BOA, the electronic and nuclear motions are solved independently

using equations 1.1.8 and 1.1.9 by neglecting the non-adiabatic coupling

terms (Γ(ψ, ϕ) ≈ 0). However, there is a limit to this approximation;

whenever the electronic states get closer to each other or cross one another,

the magnitude of the Γ(ψ, ϕ) becomes significantly large. This is because

the NACTs are inversely proportional to the differences in energy levels

between corresponding electronic states (see equations 1.1.6 and 1.1.7).

Therefore, we cannot omit the Γ(ψ, ϕ) terms because of the significant

contributions; thus, the Born-Oppenheimer model does not work at all in

such cases.
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1.2 Molecular electronic structure methods

Electronic structure calculations are used to investigate the electronic fea-

tures of molecules. These calculations provide valuable insights into the

characteristics of electrons within molecular systems, allowing us to under-

stand and predict molecular properties such as geometry, electronic energy

states, dipole moments, etc.

Potential energy surfaces (PESs), PDM, and transition dipole moment

(TDM) dependent on nuclear coordinates can be obtained by solving the

time-independent form of the electronic Schrödinger equation (described

in eq. 1.1.10). This field is called electronic structure theory, in which

computer programs such as Molpro [35, 36] can make calculations. These

electronic structure data (PESs, PDMs, TDMs and so forth...) can be

employed to study nuclear dynamics (which will be detailed in section

1.6). A primary difficulty in quantum chemistry is that the Schrödinger

equation cannot be solved precisely due to the electron-electron interac-

tion term present in the Hamiltonian (in eq. 1.1.1). Quantum-chemical

methods search for approximate and reasonable solutions to the equation,

employing various computational methods. Both the eigenvalues and eigen-

functions depend on the type of applied method of the electronic structure

calculations.

In accordance with the number of configurations employed to construct

the reference wave function, the ab initio calculations might be classified

into two categories: single-configuration and multi-configurational meth-

ods [41]. The single-configuration cases are usually based on the single

Hartree–Fock reference determining the system’s optimal lowest energy

state and molecular orbital arrangement. Post-HF methods introduce the

electron correlation, usually coupled-cluster or perturbative Møller–Plesset

levels at the configuration interaction. In the multi-configurational meth-

ods, the electronic correlation is already incorporated in the reference wave

function by using a multi-configurational self-consistent-field (MCSCF) wave
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function, multi-reference configuration interaction (MRCI), multi-reference

coupled-cluster (MRCC) or multi-reference perturbative Møller–Plesset (MRPT)

techniques, which can determine a set of molecular orbitals. The primary

benefit of the multi-configurational approaches is that we can deal with

many ranges of applicability, for example, ground as well as excited states,

and transition between electronic states, which we cannot calculate in the

single-reference methods.

In the following subsection, we will discuss the multi-reference config-

uration interaction (MRCI) method (which is multi-configurational) and

the related wave function of the electronic motion. I used this method in

the calculations with the Molpro quantum package for the NaH system.

This method is chosen to calculate the electronic structure calculations be-

cause it can involve considering all states (including excited states) simul-

taneously by combining truncated configurations from all reference states.

Moreover, this approach is highly accurate and can give us an accurate

depiction of degeneracies (ACs and CIs), for example, in the non-adiabatic

phenomenon.

1.2.1 Multi-reference configuration interaction

Because the Hartree-Fock (HF) approach cannot give us the exact solutions

in many cases due to its only single determinant, I will start with a more ac-

curate method, the multi-reference configuration interaction method used

during my calculations for the NaH system. In the HF approximation, the

electrons are repelled by the mean fields if two of the electrons correlate

their motions to each other, resulting in a lowering of energy, which is part

of the correlation energy. Unlike the HF method, where each electron in-

teracts with the average field created by all remaining electron impacts,

the MRCI considers the electron correlation interactions between electrons

10



in a many-electron system. Thus, the multi-reference configuration inter-

action [42] is one of the simplest and most effective methods to calculate

the electron correlation in many-electron systems. The energy of electron

correlation due to the correlated (not independent) motion of electrons can

be formulated as the contrast between the system’s exact (or true) nonrel-

ativistic energy (Eex) and the HF energy (EHF )

Ecorr = Eex − EHF . (1.2.1)

Electron correlation might be classified into dynamical and static (non-

dynamical) electron correlations [43]. In dynamic electron correlation, the

correlation between the spatial position of electrons with opposite spin due

to their Coulomb repulsion is not considered. In contrast, in static cor-

relation, the electronic state can be well described only with more than

one degenerate determinants. This type of electron correlation is known

as near-degeneracy correlation, which arises from electronic configurations’

near-degeneracy cases, including conical intersections and avoided cross-

ings. The MRCI method can simultaneously consider dynamical and static

electron correlations, which suits my research area related to non-adiabatic

phenomena.

As for the wave function of the MRCI approach, it cannot be expressed

as one Slater (or HF) determinant, but it can be obtained by a linear

combination of an infinite number of Slater determinants [42]:

|Φ0⟩ = c0|Ψ0⟩+
∑
a,r

cra|Ψr
a⟩+

∑
a<b
r<s

crsab|Ψrs
ab⟩+

∑
a<b<c
r<s<t

crstabc|Ψrst
abc⟩+ ..., (1.2.2)

where the a, b, c, ... stand for occupied orbitals, while r, s, t, ... label

virtual orbitals in the many-electron determinants. c0, c
r
a, c

rs
ab, c

rst
abc ... are

the expansion coefficients. |Ψ0⟩, |Ψr
a⟩, |Ψrs

ab⟩ and |Ψrst
abc⟩ wave functions de-

fine the (one-electron) HF, singly, doubly and triply excited determinants,

respectively. If we have some arbitrary 2K spin orbitals, N will be occupied
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in |Ψ0⟩, while 2K-N will be unoccupied. In this case, we can construct

different

(
2K

N

)
N-electron Slater determinants, which are extremely large

numbers of Slater determinants, even for small systems to be calculated.

Therefore, the full (configuration interaction) wave function (1.2.2) has to

be truncated.

The system’s exact nonrelativistic energy, where its full configuration

interaction wave function described in eq 1.2.2 can be defined as

Ĥ|Φ0⟩ = Eex|Φ0⟩. (1.2.3)

Here, the Ĥ is referred to as the electron Hamiltonian discussed in the

previous section. The linear variation principle is one of the best possible

ways to get the electron correlation energy in the configuration interaction

method. Thus, equation 1.2.2 has to be multiplied first by |Ψ0⟩, then by

|Ψr
a⟩, then |Ψrs

ab⟩ etc. Equation 1.2.3 can be rewritten after the multiple

multiplications:

(Ĥ − EHF )|Φ0⟩ = (Eex − EHF )|Φ0⟩ = Ecorr|Φ0⟩. (1.2.4)

This equation 1.2.4 can also make it difficult to calculate if all possible exci-

tation Slater determinants are included as in equation 1.2.2. As discussed

above, this equation also might be truncated along with eq. 1.2.2, and

usually reasonable truncation can be obtained by considering single and

double excitations. Single excitations and ground state are not coupled,

so ⟨Ψ0|Ĥ|Ψr
a⟩ = 0. Additionally, the triples and quadruples do not mix

directly with |Ψ0⟩; therefore, these couplings can be expected to contribute

very little to the ground state energy. All the above is considered, the

above equations can be rewritten for the electron correlations and the full
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configuration interaction in truncated versions:∑
c<d
t<u

ctucd⟨Ψ0|Ĥ|Ψtu
cd⟩ = Ecorr (1.2.5)

and

⟨Ψrs
ab|Ĥ|Ψ0⟩+

∑
c<d
t<u

ctucd⟨Ψrs
ab|(Ĥ − EHF )|Ψtu

cd⟩ = crsabEcorr, (1.2.6)

respectively. By using the truncations, we can determine the electron cor-

relation energy more easily, the so-called double configuration interaction

variant of the full CI method:

Ecorr
∼= −

∑
a<b
r<s

⟨Ψ0|Ĥ|Ψrs
ab⟩⟨Ψrs

ab|Ĥ|Ψ0⟩
⟨Ψrs

ab|(Ĥ − EHF )|Ψrs
ab⟩

=
∑
a<b
r<s

Ecorr

(
rs

ab

)
, (1.2.7)

where the notation Ecorr

(
rs

ab

)
expresses the contribution of the double ex-

citation of the correlation energy. The notation

(
rs

ab

)
has been introduced

in the reference [42], meaning the double excitation (|Ψrs
ab⟩) because it has

two virtual orbitals (rs) and two occupied orbitals (ab).

So, the MRCI approach is one of the most accurate methods to get

electronic structure data by considering all states, and at the same time by

combining contracted configurations from all reference states. In contrast to

the HF method, we can involve electron-electron interaction by calculating

electron correlation energy in a truncated way.
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1.3 Adiabatic versus diabatic representations

We discussed in the earlier section that the Born-Oppenheimer assumes

that the electronic and nuclear motions are decoupled, allowing us to treat

these motions separately. On the other hand, it has been shown that two

or more electronic states can get closer to each other or even intersect in

polyatomic systems [19, 22], and they are named avoided crossing (AC)

and conical intersection (CI), respectively. In the case of AC or CI in the

system, the electronic states are strongly coupled to each other, and we

should take into account the non-adiabatic coupling terms (in equation

1.1.5). For a simple two-level system, the adiabatic Hamiltonian takes the

following form:

Ĥadi =

(
T̂N + τ11 τ12

τ21 T̂N + τ22

)
+

(
W1 0

0 W2

)
(1.3.1)

where T̂N is the nuclear kinetic energy operator (eq. 1.1.8), and τij are

the non-adiabatic (vector) coupling terms (eq. 1.1.6). W1 and W2 are

the adiabatic potential energy surfaces calculated in the framework of the

Born–Oppenheimer. In the adiabatic model, all the coupling matrix el-

ements through potential energies are zero (off-diagonal elements of the

second term in equation 1.3.1), and the coupling between different elec-

tronic states occurs through the nuclear kinetic energy terms. As we see,

the Born–Oppenheimer treatment leads to the adiabatic framework, in

which the non-adiabatic (matrix) terms are responsible for the coupling

between adiabatic states through the nuclear kinetic operators. However,

the main disadvantage of this adiabatic treatment is that calculating the

non-adiabatic coupling terms (τij) along with the kinetic energy opera-

tors brings difficulty in computational simulations since the nuclear kinetic

energy operator (T̂N) contains derivatives. Therefore, expressing the non-

adiabatic coupling terms in the potential energy matrix rather than the
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kinetic energy matrix is convenient. In order to transfer the non-adiabatic

coupling terms from the kinetic energy operator into potential energy, we

can use a transformation operator called adiabatic-to-diabatic transforma-

tion (ADT). For a two-state system, it can be expressed as:

ÛADT =

(
cos γ(R⃗) sin γ(R⃗)

− sin γ(R⃗) cos γ(R⃗)

)
, (1.3.2)

where cos γ(R⃗) and sin γ(R⃗) can be defined as follows:

sin γ(R) =
V12√

∆2 + V 2
12

(1.3.3)

cos γ(R) =
V11 − V22

2
√

∆2 + V 2
12

. (1.3.4)

Here, γ(R⃗) is the ADT angle that depends on the nuclear geometry (R⃗).

V11 and V22 are the diabatic potential energy surfaces, while V12 (or V21 in

equation 1.3.5) is the coupling term transformed from adiabatic to diabatic

representation. The notation ∆ = 1
2(V11 − V22) is introduced to get a com-

pact form. After the transformation is performed, the diabatic Hamiltonian

can be obtained as:

Ĥdia = T̂N .1̂ +

(
V11 V12

V21 V22

)
, (1.3.5)

where 1̂ is the two-dimensional unit matrix. Due to this transformation,

the diabatic potential energy matrix has not only diagonal elements but

also non-zero off-diagonal elements. The derivative coupling (in the nuclear

kinetic energy matrix) cannot vanish completely for every nuclear geometry

(R⃗), but it can become negligibly small.

In the diabatic picture, not only the Hamiltonian matrix but also the

electron-nuclear wave functions have to change their forms using the ADT
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described in equation 1.3.2{
ψdia(r⃗, R⃗) = Û †

ADTψ
adi(r⃗, R⃗)

ϕdia(R⃗) = ÛATDϕ
adi(R⃗),

(1.3.6)

or

(
ψdia
1 (r⃗, R⃗)

ψdia
2 (r⃗, R⃗)

)
=

(
cos γ(R⃗) − sin γ(R⃗)

sin γ(R⃗) cos γ(R⃗)

)(
ψadi
1 (r⃗, R⃗)

ψadi
2 (r⃗, R⃗)

)
(
ϕdia1 (R⃗)

ϕdia2 (R⃗)

)
=

(
cos γ(R⃗) sin γ(R⃗)

− sin γ(R⃗) cos γ(R⃗)

)(
ϕadi1 (R⃗)

ϕadi2 (R⃗)

)
.

(1.3.7)

For the two-state system in matrix form, the indexes (1 and 2) in the

wave functions express the number of states. The modified wave functions,

ψdia(r⃗, R⃗) and ϕdia(R⃗), are related to the diabatic electronic and nuclear mo-

tions, while the ψadi(r⃗, R⃗) and ϕadi(R⃗) are adiabatic electronic and nuclear

wave functions, respectively. Thus, we can express electronic and nuclear

motions in adiabatic and diabatic pictures. The diabatic expressions are

very common in the investigation of non-adiabatic nuclear dynamics.

1.4 Conical intersection in molecular systems

Conical intersections do not exist as isolated points in space; instead, they

comprise an infinite number of connected points forming the seam [22].

Conical intersections are degeneracy between potential energy surfaces in

a molecular system at a particular internuclear coordinate. Non-adiabatic

phenomena describe the concepts of conical intersections where the BOA

does not hold. It has been shown that non-adiabatic processes usually occur

on a femtosecond timescale [22, 44]. The adiabatic picture is widely used

16



to study the non-adiabatic nuclear dynamics in molecules. The adiabatic

potential (W ) can be obtained using the ADT operator [19, 22]

W = ÛADTV Û
†
ADT (or V = Û †

ADTWÛADT ). (1.4.1)

Here, the lower (W1) and upper (W2) adiabatic potential energies for a

two-level system can be taken by diagonalizing the diabatic potential (V )

matrix:

W1,2 =
1

2
(V11 + V22)±

1

2

√
(V11 − V22)2 + 4V 2

12, (1.4.2)

where W1,2 and Vij are the adiabatic and diabatic potential energies (the

matrix forms of them are given in equations 1.3.1 and 1.3.5), respectively.

If we introduce notation, Σ = 1
2(V11+V22), and consider ∆ (described in the

previous section), the equation 1.4.2 can be expressed in a compact form,

that is,

W1,2 = Σ±
√

∆2 + V 2
12. (1.4.3)

We can define the conical intersection in adiabatic representation by using

equation 1.4.3. In a two-level system, the upper and lower adiabatic po-

tential energies degenerate at a particular nuclear geometry (R⃗) whenever

the condition W2 = W1 is fulfilled. In the case of eq. 1.4.3, we can get the

two conditions to attain the degeneracy condition by making both terms

under the square root zero, {
V11 = V22

V12 = 0.
(1.4.4)

These two conditions in eq. 1.4.4 are satisfied in a N int − 2 subspace (or

seam space), where N int stands for internal nuclear coordinate came from

N int = 3N−5 (N is the number of atoms in the molecule) for diatomic and

N int = 3N−6 for polyatomic molecules. For a diatomic molecule with only

one degree of freedom (N int = 1), it is not possible for two electronic states

having the same symmetry to become degenerate (except in rare cases),
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and this restriction is typically named the noncrossing rule in the literature

[22].

According to the symmetry type, conical intersections can be classified

into the following categories: symmetry-required and symmetry-allowed

(or different symmetry) [22]. In the former case, conical intersections in

molecules can occur when the two electronic states hold the same symmetry

(or the same multiplicity defined as 2S+1, where S is the total spin angular

momentum). The requirements for degeneracy (equation 1.4.4) are satisfied

by symmetry alone. In the symmetry-allowed conical intersection case, the

symmetries of intersections are not required to be the same. One of the

requirements is that V12 = 0 is satisfied by symmetry, while the second

one (V11 = V22) is satisfied in a subspace of dimension N int − 1. In some

literature, an accidental conical intersection can occur in some molecules in

nature that have little or no symmetry. Yet, this topic is beyond the scope

of this Thesis.

Conical intersections can play an essential role in the photophysics,

photochemistry and spectroscopy of molecular systems, especially when

the ground state is one of the intersecting states. Conical intersections can

be used to explain the mechanism of non-adiabatic processes in molecular

systems.

1.5 Light-matter interaction within classical

electromagnetic and quantized fields

The light-matter interaction appears when molecular systems are placed

in an applied external field. External fields and the resulting light-matter

interaction (between light and a molecule) are pivotal in exploring light-

induced non-adiabatic features in molecules. I will give general explana-
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tions of two types of external fields used to study some molecular systems’

properties.

A. Classical approach

Let’s first start with the classical electromagnetic (EM) field, which in-

cludes electric (E⃗(r, t)) and magnetic (B⃗(r, t)) fields satisfying the Maxwell’s

equations [29, 45]:

E⃗(r, t) = −1

c

∂

∂t
A⃗(r, t) (1.5.1)

and

B⃗(r, t) = ∇× A⃗(r, t), (1.5.2)

where A⃗(r, t) expresses a vector potential that can be defined as a linear

superposition of plane waves (k = ωk/c),

A⃗(r, t) =
∑
kλ

êkλ

[
Akλe

i(k·r−ωkt) + A∗
kλe

−i(k·r−ωkt)
]
. (1.5.3)

Here, êkλ indicates the linear polarization (vector), which depends on the

wave (or propagation) vector, where k = 2π
λ . Akλ is a constant amplitude

of the real A⃗(r, t) vector for the mode kλ, and ωk is the angular frequency

of the EM field. By considering equation 1.5.3, the electric field (eq. 1.5.1)

can be rewritten in the form

E⃗(r, t) = −1

c

∂

∂t
A⃗(r, t)

=
i

c

∑
kλ

ωkêkλ

[
Akλe

i(k·r−ωkt) − A∗
kλe

−i(k·r−ωkt)
]
.

(1.5.4)

If the vector product of three elements is considered

∇× (ϕA⃗) = ∇ϕ× A⃗+ ϕ∇× A⃗, (1.5.5)
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and if we apply this to our case, we will get the following equation

∇×Akλe
i(k·r−ωkt)êkλ = ∇Akλe

i(k·r−ωkt)×êkλ+Akλe
i(k·r−ωkt)∇×êkλ. (1.5.6)

The second term of equation 1.5.6 vanishes due to the constants Akλ and

êkλ:

∇× Akλe
i(k·r−ωkt)êkλ = Akλ∇ei(k·r−ωkt) × êkλ = i

ωk

c
Akλe

i(k·r−ωkt)k̂× êkλ.

(1.5.7)

By considering the above equation, we can obtain the magnetic part of the

EM field using the vector potential in the following form

B⃗(r, t) = ∇× A⃗(r, t)

=
i

c

∑
kλ

ωk(k̂× êkλ)
[
Akλe

i(k·r−ωkt) − A∗
kλe

−i(k·r−ωkt)
]
.

(1.5.8)

Using Euler’s formula, cos(k·r−ωkt) =
1
2

(
ek·r−ωkt − e−k·r+ωkt

)
, and eiπ+1 =

0 (or i = eiπ/2), equations 1.5.4 and 1.5.8 can be simplified for the classical

EM radiation case.

The total energy of the classical electromagnetic field (ĤCM
field) in volume

V is equal to the sum of the electric and magnetic energy parts:

ĤCM
field =

1

2

∫
V

dV

[
ϵ0E⃗

2(r, t) +
1

µ0
B⃗2(r, t)

]
, (1.5.9)

where ϵ0 and µ0 are the vacuum permittivity and magnetic constant, re-

spectively. The total Hamiltonian (ĤCM
tot ) takes the following parts in the

case of an external classical EM field [46, 47]:

ĤCM
tot = Ĥmol + ĤCM

int , (1.5.10)

where the term Ĥmol indicates the Hamiltonian corresponding to the zero-

order molecule, which includes the PESs and kinetic energy operators. The
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last term (ĤCM
int ) is the time-dependent interaction term between a molec-

ular system and the EM field.

B. Quantum approach: Fock states

As for the quantized EM field, all vector quantities should be expressed

as operators. The Fock space can be used to depict the confined photonic

mode of a cavity [46, 48]. Fock states can describe the quantum states of

systems with a variable number of particles, such as photons, in the case

of the quantized EMs. In Fock states, ladder operators serve to destroy or

create photons in the system:

âkλ =
1√

2mωkℏ
(mωkx̂kλ + ip̂kλ) (1.5.11)

â†kλ =
1√

2mωkℏ
(mωkx̂kλ − ip̂kλ), (1.5.12)

where x̂kλ and p̂kλ stand for the unit-less photon displacement (or position)

coordinate and momentum operators, respectively, while m is the mass

unity (m = 1 in atomic unit).

When the ladder operators act on the quantum state |nkλ⟩, the lowering
operator âkλ can annihilate photons, while the raising operator â†k,λ creates

photons in the system:

âkλ|nkλ⟩ =
√
nkλ|nkλ − 1⟩, (1.5.13)

â†kλ|nkλ⟩ =
√
nkλ + 1|nkλ + 1⟩. (1.5.14)

Here, the quantum state |nkλ⟩ is named the Fock state, indicating the

number of photons applied to the system (n=0,1,2,3,...). The lowering

operator, âkλ acting on |nkλ⟩ quantum (or Fock) state, decreases the photon

number by one photon. Hence, the eigenvalue energy of the system will be

reduced by ℏωk, changing the quantum state from |nkλ⟩ to |nkλ − 1⟩. As

to the raising operator, â†kλ, it increases the photon number (as well as the
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eigenvalue energy of the system) by one photon and modifies the quantum

state from |nkλ⟩ to |nkλ+1⟩. The total Hamiltonian in the Fock-space-based

quantum state can be written in the form [46, 47]:

Ĥfock
tot =Ĥmol + Ĥfock

field + Ĥint

=Ĥmol + ℏωkâ
†
kλâkλ − g ˆ⃗µêkλ(â

†
kλ + âkλ),

(1.5.15)

where g is the coupling strength.

The general form of the interaction term for both classical and quantized

EM fields can be expressed as a scalar product of the applied EM field and

the molecule’s dipole moment. Understanding the properties of molecular

systems in the presence of external fields is crucial for various applications.

In the following chapters, I will discuss some of these properties in detail.
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1.6 Nuclear dynamics

In molecular dynamics, the purpose is to solve the time-dependent Schrödinger

equation (TDSE) for the motion of nuclei. In general, the TDSE for the

nuclear motion can be written [38] as:

Ĥϕ(R⃗, t) = iℏ
∂ϕ(R⃗, t)

∂t
, (1.6.1)

where the nuclear wave function ϕ(R⃗, t) and the Hamiltonian (Ĥ) are time-

dependent instead of TI. Unlike quantum chemistry calculations, molecular

quantum dynamics is complex and numerically demanding. Generally, the

time-dependent solutions are more intuitive, connecting directly with the

motion of the system. As discussed in the previous section, external fields

such as laser pulses or optical cavities can be added to the total Hamiltonian

(see equations 1.5.10 or 1.5.15), which can provide better and more compli-

cated investigations of molecular systems. Furthermore, the wave function

(ϕ(R⃗, t)) in quantum dynamics should be much more structured due to the

nuclear motion. The nuclear motion can be evaluated in terms of a nuclear

wave packet moving over the electronic potential surfaces in the system,

where the nuclear wave packet can usually be chosen as a superposition of

the eigenstates of the system.

One of the most simplest methods for solving the TDSE is the stan-

dard method. This method involves expanding the nuclear wave function

(WF) (ϕ(R⃗, t)) into a product of a time-independent basis set for a chosen
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electronic state (q) [37, 38]:

ϕ(q)(R⃗, t) = ϕ(q)(R⃗1, R⃗2, · · · , R⃗f , t)

=

n1∑
j1=1

· · ·
nf∑

jf=1

C
(q)
j1···jf (t)χ

(1)
j1
(R⃗1) · · ·χ(f)

jf
(R⃗f)

=
∑
j1···jf

C
(q)
j1···jf (t)

f∏
k=1

χ
(k)
jk
(R⃗k).

(1.6.2)

Here, f is the number of nuclear DOFs, nk is the (nuclear) basis function for

the kth (k = 1, 2, ..., f) DOF, and R⃗1, · · · , R⃗f are the nuclear coordinates.

χ
(k)
jk
(R⃗k) specifies the time-independent basis functions corresponding to

the kth DOF, while C
(q)
j1···jf (t) are expansion coefficients that are dependent

on time for the electronic state (q).

The Dirac-Frenkel variational principle (VP) can be used to derive equa-

tions of motion for the expansion coefficients Cj1···jf (t),

⟨δϕ(R⃗, t)|Ĥ − i
∂

∂t
|ϕ(R⃗, t)⟩ = ⟨δϕ(R⃗, t)|Ĥϕ(R⃗, t)− iϕ̇(R⃗, t)⟩ = 0, (1.6.3)

where the terms δϕ and ϕ̇ are given by the following two equations [49]:

δϕ(R⃗, t) =
∑
l1...lf

∂ϕ(R⃗, t)

∂Cl1...lf (t)
δCl1...lf (t) =

∑
l1...lf

χ
(1)
l1
(R⃗1) · · ·χ(f)

lf
(R⃗f)δCl1...lf (t)

(1.6.4)

and

ϕ̇(R⃗, t) =
∑
j1···jf

Ċj1···jf (t)χ
(1)
j1
(R⃗1) · · ·χ(f)

jf
(R⃗f). (1.6.5)

By substituting the above two equations for eq. 1.6.3, the first-order dif-

ferential equation with constant coefficients can be obtained

iĊL(t) =
∑
J

⟨χL(R⃗)|Ĥ|χJ(R⃗)⟩CJ(t) =
∑
J

ĤLJCJ(t), (1.6.6)
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where J = (j1, · · · , jf) and χJ(R⃗) =
∏f

k=1 χJk(R⃗) for J , and similar no-

tations for L are introduced. The matrix representation of the Hamiltonian

can be given in the product basis set χ
(k)
jk
: ĤLJ = ⟨χ(1)

l1
· · ·χ(f)

lf
|Ĥ|χ(1)

j1
· · ·χ(f)

jf
⟩.

With this method, the computational calculations are costly due to the de-

pendence of the number of coupled equations on the number of DOFs f . For

example, suppose we have five atoms and twenty basis functions selected

per degree of freedom. The number of coupled equations equals 20(f) = 209,

which makes it almost impossible to calculate such a huge equation ensem-

ble with current computers. So, this approximation can allow us to deal

with only three- or four-atom molecules, but we can still face difficulties in

computational time and memory.

Therefore, we will move on to the next type of method, the so-called

time-dependent Hartree (TDH) (also referred to as the time-dependent self-

consistent field), which is more straightforward and cleverer than the stan-

dard method, to avoid the calculations of many coupled equations. In the

TDH approach, the nuclear WF can be expressed as [49]:

ϕ(R⃗1, R⃗2, · · · , R⃗f , t) = a(t)φ1(R⃗1, t) · · ·φf(R⃗f , t)

= a(t)

f∏
k=1

φk(R⃗k, t) = a(t)Φ(t),
(1.6.7)

where a(t) is the time-dependent expansion coefficient that may include

both real and complex parts, φk(R⃗k, t) are single-particle functions (SPFs)

or orbitals for the kth degree of freedom of nuclei, and the terms

φ1(R⃗1, t) · · ·φf(R⃗f , t), (or Φ(t)) are called a Hartree product. Equation

1.6.7 may not determine the single-particle functions uniquely because

phase and normalization factors might be shifted from one to another

among SPFs. To gain unique equations of motion, one should introduce

constraints that remove the non-uniqueness of the SPFs

i⟨φk(t)|φ̇k(t)⟩ = gk(t), (1.6.8)
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where gk(t) is an arbitrary (but mostly real) function that we can choose

according to the conditions. We can reach equations of motion by using

VP as we did above for the standard method as follows (see ref. [37, 49]

for more detail):

iφ̇k(t) =
[
H(k) − E + gk(t)

]
φk(t) (1.6.9)

i ˙a(t) =

[
E −

f∑
k=1

gk(t)

]
a(t). (1.6.10)

Here the eigenvalues E and Hamiltonian H(k) can be specified by the forms:

E = ⟨Φ|Ĥ|Φ⟩ (1.6.11)

and

H(k) = ⟨Φ(k)|Ĥ|Φ(k)⟩. (1.6.12)

Here, the eigenvalues (E) of the system can be time-dependent because

the Hartree product Φ depends on time. Although many DOFs can be

included in the calculations using this TDH method, they are not accurate

enough due to restrictions imparted to the WF. In the next subsection, we

will discuss the TDH by taking several configurations into account.

1.6.1 Multi-configuration time-dependent Hartree method

In this subsection, we will take a look at the multi-configuration time-

dependent Hartree (MCTDH) [37–39, 49] method that combines standard,

numerically exact wave function propagation and the time-dependent Hartree

approximations. The MCTDH package [40] is extensively employed in

many fields like scattering processes [50], photodissociation reactions [51,

52], and application of the complex absorbing potential (CAP) [53], absorp-
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tion spectra calculations [54, 55]. Furthermore, in the MCTDH package,

many types of programs are included to analyze the results of calculations

obtained and compute observable quantities.

In the MCTDH approach, the nuclear WF can be considered a linear

combination of Hartree products [37]:

ϕ(R⃗, t) = ϕ(R⃗1, · · · , R⃗f , t)

=

n1∑
j1=1

· · ·
nf∑

jf=1

Aj1···jf (t)φ
(1)
1 (R⃗1, t) · · ·φ(f)

f (R⃗f , t)

=

n1∑
j1=1

· · ·
nf∑

jf=1

Aj1···jf (t)
f∏

k=1

φ
(k)
jk
(R⃗k, t),

(1.6.13)

where coefficients Aj1···jf (t) are the MCTDH expansion coefficients that

are the time-dependent, and the φ
(k)
jk
(R⃗k, t) are the time-dependent single

particle functions for the kth DOF. The SPFs can be expressed on a time-

independent basis set:

φ
(k)
jk
(R⃗k, t) =

Nk∑
i1=1

c
(k,jk)
ik

(t)χ
(k)
ik
(R⃗k), (1.6.14)

where the χ
(k)
ik
(R⃗k) are the primitive basis functions, in general, a discrete

variable representation (DVR) or fast fourier transformation (FFT) func-

tion that depends on the nuclear coordinate R⃗k. Because the MCTDH wave

function representation (in eq. 1.6.13) is not unique (as in the case of the

TDH approximation), but uniquely defined propagation can be obtained

by introducing the constraints

⟨φi(t = 0)|φj(t = 0)⟩ = δij (1.6.15)

and

⟨φ(k)
i (t)|φ̇(k)

j (t)⟩ = −i⟨φ(k)
i (t)|ĝ(k)|φ(k)

j (t)⟩ (1.6.16)
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on the single particle functions. Here, ĝ(k) is a constraint operator that

might be a Hermitian or arbitrary operator acting on the kth DOF.

The Dirac-Frenkel variational principle (equation 1.6.3 used for the stan-

dard and TDH approximations) can also be used to describe equations of

motion in the MCTDH method, where the varied ϕ
′
and variation δϕ wave

functions take the following forms, respectively:

ϕ
′
=

n1∑
j1

· · ·
nf∑
jf

(Aj1···jf + δAj1···jf )(ϕ
(1)
j1

+ δϕ
(1)
j1
) · · · (ϕ(f)jf

+ δϕ
(f)
jf
)

=

n1∑
j1

· · ·
nf∑
jf

Aj1···jf (ϕ
(1)
j1

+ δϕ
(1)
j1
) · · · (ϕ(f)jf

+ δϕ
(f)
jf
)+

n1∑
j1

· · ·
nf∑
jf

δAj1···jf (ϕ
(1)
j1

+ δϕ
(1)
j1
) · · · (ϕ(f)jf

+ δϕ
(f)
jf
)

(1.6.17)

and

δϕ = ϕ
′ − ϕ =

n1∑
j1

· · ·
nf∑
jf

Aj1···jf
∑
k

δφ
(k)
jk

∏
k′ ̸=k

φ
(k

′
)

j
k
′ +

n1∑
j1

· · ·
nf∑
jf

δAj1···jf
∏
k

φ
(k)
jk
.

(1.6.18)

Here, the ΦJ =
∏

k φ
(k)
jk

and AJ = Aj1···jf (in eq. 1.6.18) are notation as

we did in the previous section. In equation 1.6.17 only up to first-order

variations are considered for the sake of simplicity. As for the first-order
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derivative ϕ̇ (in eq. 1.6.3), one takes the form

ϕ̇ =

n1∑
j1

· · ·
nf∑
jf

Ȧj1···jf
∏
k

φ
(k)
jk

+

n1∑
j1

· · ·
nf∑
jf

Aj1···jf φ̇
(1)
j1
φ
(2)
(j2)

· · ·φ(f)
jf

+ · · ·

+

n1∑
j1

· · ·
nf∑
jf

Aj1···jf φ̇
(f)
jf
φ
(1)
(j1)

· · ·φ(f−1)
jf−1

+ · · ·

=

n1∑
j1

· · ·
nf∑
jf

Ȧj1···jf
∏
k

φ
(k)
jk

+
∑
k

∑
j1

· · ·
∑
jf

Aj1···jf φ̇
(k)
jk

∏
k′ ̸=k

φ
(k

′
)

j
k
′ .

(1.6.19)

After some notation and algebra, the MCTDH working coupled equations

can be obtained as follows:

iȦJ =
∑
L

⟨ΦJ |Ĥ|ΦL⟩AL −
f∑

k=1

nk∑
l=1

ĝ
(k)
jkl
AJk

l
(1.6.20)

and

iφ̇(k) = ĝ(k)1nk
φ(k) + (1− P (k))

[
(ρ(k))−1⟨Ĥ⟩(k) − ĝ(k)1nk

]
φ(k) (1.6.21)

where 1nk
is the nk × nk unit matrix, the vector notation for the single-

particle functions has been adopted as φ(k) = (φ
(1)
1 , · · · , φ(k)

nk )
T , and ⟨Ĥ⟩(k)

stands for the mean-field operator with respect to the single-hole functions.

The density matrix ρ(k)) can be adopted in the form

ρ
(k)
jl = ⟨ϕ(k)j |ϕ(k)l ⟩

=
∑
j1

· · ·
∑
jk−1

∑
jk+1

· · ·
∑
jf

A∗
j1···jk−1jk+1···jfAj1···jk−1ljk+1···jf

=
K∑
J

A∗
Jk
j
AJk

l
.

(1.6.22)
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The term P (k) (in eq. 1.6.21) is the projector introduced on the space

spanned by the single-particle functions for the nuclear degree of freedom

kth

P (k) =

nk∑
j=1

|φ(k)
j ⟩⟨φ(k)

j |, (1.6.23)

and the notation for constraining g
(k)
jkl

(in eq. 1.6.21) gets the form

g
(k)
jkl

= ⟨φ(k)
jk
|g(k)|φ(k)

l ⟩. (1.6.24)

The choice of this operator g(k) is arbitrary that does not affect the quality of

the MCTDH wave function. However, a reasonable choice of this operator

can reduce the performance of calculations [37].

The MCTDH scheme is a very efficient and accurate wave packet prop-

agation method developed by the Heidelberg group [38, 40]. It employs

the DVR basis functions. With the DVR basis, both the potential and ki-

netic energy operators (using a FFT) can be simply evaluated as diagonal

elements in matrix representation.
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Chapter 2

Light-induced

dissociation dynamics of

the NaH molecule

Because NaH is a heteronuclear diatomic molecule, it has only one nuclear

vibrational DOF in field-free space. Nevertheless, it has been known that

the second DOF might be artificially created by applying an external field

to the molecular system [26, 27, 56–61]. In such cases, the formation of

light-induced CIs/ACs and their impacts on molecular dynamics can be

investigated.

In this chapter, I investigate non-adiabatic molecular photodissociation

dynamics by applying a classical EM field in the case of NaH (based on the

work [62]). To understand the molecular dynamics of the sodium hydride

molecule, the dissociation yields, the kinetic energy release spectra (KER)

and the angular distributions of the dissociation fragments are computed

employing pump and probe laser pulses. In addition, studying the influence

of LICI and LIAC on the permanent dipole moments of NaH is another goal

of this chapter.

This chapter is structured as follows: the first section 2.1 discusses the

sodium hydride molecule and its working Hamiltonian, whereas the pump-
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probe scheme and propagation of nuclear wave packet are presented in

sections 2.2 and 2.3, respectively. The remaining two large sections are

devoted to the results attained and the discussion parts of the work. At

the end, a short conclusion for this chapter will be presented.

2.1 The NaH system and its Hamiltonian

The field-free Hamiltonian of a molecule can be computed using standard

methods of quantum chemistry calculations, as discussed in section 1.2.

Having obtained the relevant data, like the molecule’s field-free potential

energy surfaces, PDMs and TDMs, the subsequent step is to construct the

working Hamiltonian by including these above-mentioned data and the ex-

ternal electric field. Because of the strong couplings between the electronic

states in the presence of external electric fields with proper parameters, con-

siderable changes can be observed in the molecular dynamics [17, 18, 63–70].

The three electronic states of NaH are considered in our numerical cal-

culations, and they are labeled as X1Σ+ (VX(R)), A
1Σ+ (VA(R)) and B

1Π

(VB(R)) shown in Figure 2.1a, whereas panels (b) and (c) demonstrate the

transition (µ⃗XA, µ⃗XB, µ⃗AB) and the permanent (µ⃗X , µ⃗A, µ⃗B) dipole mo-

ments of the system as a function of the internuclear distance (R). It is

clear from panel (b) that the TDM between VX(R) and VA(R) states (µ⃗XA)

is essential and effective in the region between R=6 and 9 au, whereas this

region for the µ⃗AB corresponds to less than R=8 au because of their large

magnitudes. Also, as we will see in the next section, these regions corre-

spond to the positions of LICIs and LIAC. The transition and permanent

dipole moments can be defined by the forms

ˆ⃗µij(R) = −⟨ψe
i |
∑
k

rk|ψe
j⟩ (2.1.1)
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ˆ⃗µi(R) = −⟨ψe
i |
∑
k

rk|ψe
i ⟩, (2.1.2)

respectively, where ψe
i and ψe

j are the wave functions of the relevant elec-

tronic states (i,j=1,2,3).

Although the earlier works [71–73] have done simulations to gain the

electronic structure calculations for the NaH system using the multiconfig-

uration self-consistent field, we decided to get the PESs, TDMs and PDMs

quantities (for this project [62]) using one of the most accurate and pro-

ductive ab initio calculations, the Molpro quantum package [35, 36]. The

method that we have used is the multi-reference configuration interaction

[42] at the level of the augmented correlation-consistent quintuple zeta (aug-

cc-pV5Z). The molecule has the C2ν symmetry point group, which has four

irreducible representations: A1, B1, B2 and A2. The number of active elec-

trons and molecular orbitals in each irreducible representation is equal to

A1 → 2/5, B1 → 0/2, B2 → 0/2 and A2 → 0/0.

In our numerical simulations, the total Hamiltonian Ĥtot consists of the

isolated molecular Hamiltonian (Ĥmol) and the interaction (Ĥinter) part

with the pump and probe lasers; namely, Ĥtot = Ĥmol+ Ĥinter, as discussed

in section 1.5. While the first term, Ĥmol, contains the potential kinetic

energies and permanent dipole moments of each electronic state, the in-

teraction term Ĥinter expresses the scalar product of an external field and

dipole moments: Ĥinter = −E⃗(t) · ˆ⃗µ(R). In case the three singlet electronic

states VX(R), VA(R) and VB(R) (in Fig. 2.1a) of NaH are taken into ac-

count, our total working Hamiltonian can have the three-by-three matrix
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Figure 2.1: (a) Three lowest singlet adiabatic potential energy surfaces of the NaH
molecule as a function of internuclear distance (R). (b) Panel shows transition dipole
moments (µij) between electronic states, while permanent dipole moments (µi) of each
electronic state are visualized in panel (c).
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form

Ĥtot =

T̂ + VX(R) 0 0

0 T̂ + VA(R) 0

0 0 T̂ + VB(R)

+

− E⃗(t)

 µ⃗X(R) cos(θ) µ⃗XA(R) cos(θ) µ⃗XB(R) sin(θ)

µ⃗AX(R) cos(θ) µ⃗A(R) cos(θ) µ⃗AB(R) sin(θ)

µ⃗BX(R) sin(θ) µ⃗BA(R) sin(θ) µ⃗B(R) cos(θ)

 , (2.1.3)

where T̂ = T̂vib + T̂rot = − 1
2Mr

∂2

∂R2 +
L2
θϕ

2MrR2 are the kinetic energy oper-

ators related to the vibrational and rotational motions in the molecule,

respectively. R and (θ, ϕ) are the vibrational and rotational coordinates

of the molecule, respectively. Mr is the reduced mass, and Lθϕ is the an-

gular momentum operator of the system, while the rotational coordinate,

θ, expresses the angle between the internuclear axis of the system and the

polarization direction of the applied laser field E⃗(t) comprising pump and

probe pulses. It needs to be noted that the each permanent dipole moment

and the transition dipole moments between VX(R) and VA(R) states (µ⃗AX

or µ⃗XA) are parallel with the molecule’s axis (cos(θ) in eq. 2.1.3), while the

transition dipole moments corresponding to the Σ ↔ Π transitions (µ⃗XB

and µ⃗AB) possess a perpendicular direction with the molecular axis (sin(θ)).

In addition, the rotational coordinate (θ) is considered a constant parame-

ter in the 1D simulations, whereas it is set to the dynamical variable in the

2D simulations.
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2.2 Description of the pump-probe scheme

Usually, when the molecule is exposed to the classic electromagnetic field,

the interaction terms between the applied electric field and the molecule

appear (see the second matrix of eq. 2.1.3). Throughout the whole com-

putational simulation, the linearly polarized laser pulse (marked as E⃗(t) in

equation 2.1.3) has been chosen to investigate the molecular dissociation

dynamics, comprising the sum of the pump and probe pulses:

E⃗(t) =E⃗pm(t) + E⃗pr(t) =

Epm0
fpm(t) cos(ωpmt) + Epr0fpr(t) cos(ωprt),

(2.2.1)

where the term E⃗pm(t) stands for the pump pulse carrying energy ωpm and

amplitude Epm0
to transfer the molecular dynamics of the system from the

VX(R) state to the VA(R) state, while the probe pulse E⃗pr(t) carrying energy

ωpr and amplitude Epr0 can transfer the subsequent population from VA(R)

to the others, VX(R) and VB(R) states. The envelope functions fpm(t)

and fpr(t) (in eq. 2.2.1), which possess cos-square-shaped pulses, take the

following forms

fpm(t) = Θstep(t− T ) cos2(
π(t− tpm0

)

τpm
)

fpr(t) = Θstep(t− T ) cos2(
π(t− tpr0)

τpr
),

(2.2.2)

where Θstep(t − T ) is Heaviside’s step function used to confine the laser

waves to the desired position. For the time periods t− T ≥ 0, Heaviside’s

step function switches on the field, while the field is switched off for times

t− T < 0, where T is a parameter controlling the pulse duration.

Figure 2.2 gives a description of the pump-probe scheme applied to the

three singlet electronic states of NaH. First, the pump pulse is used to

transfer some amount of the population of VX(R) to VA(R) by ℏωpm, and
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a crossing LICIpump (at around R ≈ 3.56 au) between the shifted ground

[VX(R) + ℏωpm] state and the excited VA(R) state is formed. In the second

step, the probe pulse is applied with different delay times in order to make

the VA(R) state couple with the remaining two states. The VA(R) state can

be shifted upwards and downwards (the dotted green lies in figure 2.2a) by

the probe energy ℏωpr in the Floquet framework [26, 27, 65]. Two LICIs

between the upward shifted first excited state [VA(R)+ℏωpr] and the second

excited VB(R) state (see upper or lower LICI1 and LICI2 points at R ≈
4.85 and 7.47 au, respectively in Fig. 2.2a), and one LIAC between the

downward shifted first excited state [VA(R)− ℏωpr] and the ground VX(R)

state (at R ≈ 7.8 au in Fig. 2.2a) are formed.
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Figure 2.2: The pump-probe scheme. (a) The solid curves show the three singlet adi-
abatic potential energies in the field-free space. The relevant dashed curves demonstrate
the field-dressed states due to the pump (ωpm=3.24 eV) and probe (ωpr=1.08 eV) laser
pulses. The location of the LICIs (LICIpump , LICI1 and LICI2) and LIAC are also
indicated. (b) A cut of light-induced three adiabatic PESs computed for the probe pulse
intensity (Ipr = 1 ·1012W/cm2) is demonstrated. The coloring indicates the diabatic states
that make up the different points of the adiabatic surfaces: red, VX(R); green, VA(R); and
blue, VB(R)

In the whole computational simulations, the pump and probe pulse

durations are fixed as τpm = 8 fs and τpr = 20 fs, respectively. The starting

points of the corresponding pulses are set to tpm0
= 0 and tpr0 = 0...1000

fs. The delay time is the difference between the centers of the two pulses.

Because the pump and probe pulse durations and the starting time of the
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pump pulse are fixed for all numerical simulations, the delay time depends

only on the starting time of the probe pulse in our case (tdel = tpr0 + 6).

The energy of the pump needed to excite the system from the ground

state into the first excited one in the vicinity of the Franck-Condon (FC)

region is set to 3.24 eV, and the intensity and pulse duration of the pump

are set to 1 · 1013W/cm2 and 8 femtoseconds (fs), respectively. These three

parameters for the probe equal 1.08 eV, 1·1012W/cm2 and 20 femtoseconds,

respectively.

Unlike natural CIs, LICIs can be manipulated using the parameters of

the applied laser pulse. The laser frequency, for example, helps to modify

the position of LICI in molecules, and the strength of the couplings between

electronic states can be controlled by the intensity of the electric laser

applied. Increasing the frequency shifts the CI to a smaller internuclear

distance and lower energy state, whereas decreasing the frequency has the

opposite tendency. Because only constant-frequency laser pulses have been

used in this work, the position of none of the LICIs and LIACs and their

energy values have changed during the whole dynamical process.
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2.3 Wave packet dynamics and numerical quan-

tities

Once the eigenvalue problem or the time-independent Schrödinger equation

(discussed in the preceding subsection 1.2) has been solved, we can move

on to deal with the nuclear dynamics of a molecular system by using our

working Hamiltonian given in eq. 2.1.3. One of the most elaborate and effi-

cient time-dependent methods to study molecular dynamics is the MCTDH

approach [37–40]. During the calculations, the Fast fourier transformation-

discrete variable representation (FFT-DVR) was used to describe the vi-

brational degree of freedom (DOF), where the number of grid points was

set to NR=512 with a range of R=2.0 to 50.0 au. For describing the rota-

tional DOF, Legendre polynomials (Pj(cos θ)j=0,1,2,3,...,Nθ
) were employed in

our simulations with Nθ=91. The number of single particle functions was

selected as nR = nθ = 28 for both vibrational and rotational DOFs. All

calculations correctly converged with these applied parameters.

By using the solution of the MCTDH equations (1.6.13 and 1.6.14)

along with single particle as well as primitive basis functions, the kinetic

energy release Pker(E), the total dissociation probability Pdiss, and the

angular distributions PAng(θj) of the molecular dissociation fragments can

be calculated [37]. The KER typically refers to the energy that is released

while a molecule is in the process of dissociation, which can be evaluated

in the form:

Pker(E) =

∫ ∞

0

dt

∫ ∞

0

dt
′⟨ϕ(R⃗, t)|W (R)|ϕ(R⃗, t′)⟩e−iE(t−t

′
). (2.3.1)

Here, -iW indicates the complex absorbing potential (CAP) employed for

the grid of the vibrational degree of freedom, taking the form

−iW (R) = −iη|R−Rc|bΘstep(±(R−Rst)). (2.3.2)
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Here, the parameters Rst, η, and b indicate the starting point, strength, and

the order of the CAP, respectively, while the Θstep(±(R − Rst)) denotes

Heaviside’s step function. Heaviside function switches on the CAP for

the internuclear distances R ≥ Rst au. In our simulations, W = 1.2 ×
10−5 · (R− 40)3 parameters have been selected carefully for all three states,

which are satisfied with convergence conditions (selecting carefully these

parameters and other conditions are described in the ref. [40]). The angular

distributions of molecular fragments can supply dissociation yields while the

molecule is rotating, and its form can be defined by equation 2.3.3:

PAng(θj) =
1

wj

∫ ∞

0

dt⟨ϕ(R⃗, t)|Wθj |ϕ(R⃗, t)⟩, (2.3.3)

where the term −iWθ is the projection of the CAP to a specific point of

the angular grids (j = 0, 1, . . . , Nθ), and wj is the weight related to these

grid points in accordance with the used DVR. Another important physical

quantity is the probability of the dissociation of a molecular system; it can

be determined by eq. 2.3.4

Pdiss =

∫ ∞

0

dt⟨ϕ(R⃗, t)|W |ϕ(R⃗, t)⟩. (2.3.4)
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2.4 Light-induced dissociation

In this section, light-induced molecular dissociation of NaH is discussed

with the help of the applied pump-probe scheme. Before discussing the

dissociation dynamics of the system, it is important to examine the field-

free vibrational motion of the wave packet on the initially populated VA(R)

potential energy surface (see Fig. 2.3). The field-free nuclear wave packet
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Figure 2.3: Field-free nuclear wave packet vibrational motion on the VA(R) state where
propagation time t = 0 − 196 fs and 784-980 fs for panels (a) and (b), respectively. The
color map shows the time-dependent density of the nuclear wave packet: the darker the
color, the larger the nuclear density value. Besides, the time-dependent average of the
internuclear distance, ⟨ψ(R, t)|R|Ψ(R, t)⟩, is also demonstrated with dashed line. For
both panels, the horizontal dashed lines (at around R ≈ 4.85 and R ≈ 7.5 au) are the
locations of the LICI1 and LICI2 between VA(R) and VB(R), whereas the horizontal
dotted line (at around R ≈ 7.8 au) is the location of the LIAC between VX(R) and VA(R).

motion on VA(R) as a function of propagation time is visualized in Fig.

2.3 when only the pump pulse has been applied. As the pump is utilized,

about 51% of the ground state population is moved to the first excited state

VA(R), whereas nearly 2.2% of the ground state population is transferred

to the VB(R) state. The transferred nuclear wave packet on VA(R) moves

periodically back and forth within an interval of R ≈ 3 − 11 au. A cut

for the nuclear density corresponding to the initial propagation time (for

t = 0− 196 fs) is relatively well-localized (see the color map in Fig. 2.3a),

while the second time domain cut (t = 784 − 980 fs) is quite diffused (see
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panel (b)). Another interesting and noticeable thing is that the VA(R) state

nuclear wave packet motion intersects with the locations of the degeneracy

points (LICI1, LICI2 and LIAC) at some points of propagation times (see

Fig. 2.3). These crossing points of the wave packet can play a crucial role in

dissociation yields. To explain this relation between dissociation yields and

the positions of LICI1, LICI2 and LIAC on the molecular dissociation,

let’s address Fig. 2.4.

In Fig.2.4, dissociation probabilities of each singlet electronic state as

a function of the delay time in the range from 0 to 937 femtoseconds are

calculated in 1D and 2D. It is evident that the VB(R) state is repulsive,

while the VX(R) and VA(R) potentials support bound states (Fig. 2.1a). At
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Figure 2.4: The red, green and blue curves denote the dissociation probabilities of
the ground (VX(R)), the first excited (VA(R)), and the second excited (VB(R)) states,
respectively, while the black curve is the total dissociation probability of the NaH molecule.
The range of the delay time is 0-937 fs on the X-axis. The comparisons of the probability
of the dissociation in 1D and 2D are depicted in panels (a) and (b).

first sight, the dissociation probability mostly occurs on the second excited

state (blue curve) in both 1D and 2D calculations, oscillating roughly from

2% to 42% during the whole delay time period, whereas similar oscillations

are repeating in the case of the VX(R) state, with a range up to 12%. The

VA(R) state dissociation yield (green line) is almost invisible on the scale

used, and we will go back to this later when we discuss the influence of the

42



PDM on the dissociation.

The periodicity of the dissociation probability oscillations of VX(R) and

VB(R) depends on the field-free nuclear wave packet vibrational motion on

VA(R), which reaches the positions of the degeneracy points. As shown in

Fig. 2.3, the field-free nuclear wave packet on the VA(R) state intersects

with the positions of LICI1, LICI2 and LIAC at particular propagation

times. To illustrate, at t=15, 91, 114, 192... fs points, some amount of wave

packet of VA(R) can pass to the VB(R) state through LICI1 (see Fig. 2.3).

As a result, when the delay time approaches these propagation times, the

peaks of dissociation probability on the VB(R) state can be seen (see Fig.

2.4). The same holds for the case of VX(R), at t=30, 75, 130... fs points,

some amount of wave packet of VA(R) can pass to the VX(R) state through

LIAC. As a result, as the delay time approaches these propagation times,

the peaks of dissociation probability on the VX(R) state can be observed

(see Fig. 2.4). The position of LICI2 between the two excited states does

not have a strong effect (as compared with LICI1) on the VB(R) state

dissociation probability because of the value of µAB at LICI1 and LICI2:

µABLICI1
≈ −2 au at R ≈ 4.85 au, and µABLICI2

≈ −1.1 au at R ≈ 7.5 au

(see Fig. 2.1b).

Once only the pump is applied, nearly 2.2% of the population is disso-

ciated on VB(R), but no dissociation occurs from VX(R). When the probe

pulse is applied, as a next step, with various delay times, a large amount

of the population of VA(R) is transferred to VB(R), while a smaller por-

tion of the VA(R) population is transferred to VX(R). These populations

are transferred through the LICIs and LIAC. Eventually, these transferred

populations cause dissociation in the VX(R) and VB(R) states to some ex-

tent. Therefore, the main reason for the dissociation yields of the VX(R)

and VB(R) states is related to the probe pulse effect.

It can be seen in Fig. 2.4 that the amplitude of the dissociation prob-

abilities on VX(R) and VB(R) as a function of the delay time goes down

monotonically, and this decrease is more noticeable in the 2D case (see Fig.
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2.4b). Even though the maximum values of dissociation yields continuously

go down, their minimum values continuously go up. This pattern can be

interpreted as an effect of the increasing blurring of the nuclear wave packet

with increasing delay time (tdel) values (see Fig. 2.3b). The difference in

dissociation yields between 1D and 2D becomes noticeable from tdel ≈ 220

fs and can reach up to 3.4% in VX(R) and 8% in VB(R). The variations

between the 1D and 2D findings can be explained as a characteristic feature

of the molecular rotation combined with the effects of the LICIs/LIAC and

the various magnitudes/directions of the each TDM. During the pumping

process, the axis of the molecular system rotates closer to the pump pulse

polarization direction as time increases. A further population from VA(R)

to VB(R) is transferred as the probe is applied. Less population from VA(R)

to VB(R) can be transferred in the case of 2D since the the direction of µAB

is perpendicular to the molecular axis. The less population to the VB(R),

the less dissociation yield on this state.

The probe laser, on the other hand, couples the VA(R) and VX(R) states,

and it supplies more efficient population transfer because µXA is parallel

to the polarization direction of the probe pulse. As a result, Rabi oscil-

lation starts between these two states, transferring some portions of the

population back to the VA(R) state.

2.5 The flux analysis

Analyzing the flux results can help us understand detailed investigations

and further descriptions of the system’s dissociation dynamics. Therefore,

in the following subsections, the fragment KER and angular distributions

of each electronic state will be discussed to better interpret the results of

the dissociation yields.
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2.5.1 Kinetic energy release spectra

The system’s photofragment kinetic energy release spectra of the can be

calculated by using equation 2.3.1. The results for individual electronic

states are given in Fig. 2.5 for the 1D and 2D frameworks, containing 12

panels from (a) to (l). We have chosen two delay time periods: shorter

(tdel = 0-196 fs) and longer (tdel = 784-980 fs) time delays. It is obvious
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Figure 2.5: Color maps of KER of the photofragment of NaH as a function of delay
time are depicted. Results obtained for individual channels are demonstrated in both 1D
and 2D models. Panels (a)-(d) show the comparative results for the ground electronic
state, while panels (e)-(h) and (i)-(l) show the same comparative results for the first and
second excited states, respectively. The darker the color, the larger the value of the energy
dissociated (the color scale is shown on the left-hand side of each panel).

that the 1D and 2D cases are almost identical for the shorter delay time

periods for each electronic state (for example, panels (a) and (b) for the

VX(R) state). It means that rotation initialized by the pump on surface
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VA(R) has not yet achieved significant development for the shorter delay

times prior to the probe pulse reaches the system. In other words, the

system’s rotation is not actively participating for this period. Unlike the

shorter time delays, the discrepancy between the 1D and 2D models is

already considerable for longer delay times. The 1D framework always

supplies a more noticeable dissociation yield on the VX(R) and VB(R) states

compared with the 2D case. Put differently, the molecular rotation is more

significant as propagation time increases. The dissociation energy for the

ground electronic state takes place around 0.2 eV (panels (a) to (d)), while

the energy has been dissociated around 2-2.5 eV for the excited states

(panels (e)-(l)).

2.5.2 The angular distributions

In this subsection, we discuss the dissociation yields of the system under two

conditions: (i) θ is considered as a parameter (1D model); (ii) θ is considered

as a variable, or the molecule is rotating between 0 and 180 degrees (2D

model). In the 1D calculations, the kinetic energy related to the rotational

motion (T̂rot =
L2
θϕ

2MrR2 ) is negligible in the calculations (so the molecule

is frozen, with no rotation). In contrast, the term is included in the 2D

calculations. Due to the symmetry of the angular distributions, the results

are obtained from 0 to π/2 radians for all calculations. Figure 2.6 shows the

phot-fragment angular distribution for the shorter and longer delay time

periods in the 1D and 2D frameworks. As mentioned, the dissociation on

VX(R) is only due to the transferred population from VA(R). The angle

between the molecular axis and the polarization direction of the µXA is

parallel (cos θ). Therefore, the dissociated population between the VX(R)

and VA(R) states is zero at θ = π/2 radians (panels (a) and (b)). For

Figure 2.6b, the fragment angular distribution is much more spread out for

46



0

/6

/3

/2

A
n

g
le

,
[

ra
d

]

0 20 40 60 80 100 120 140 160 180

Delay time [ fs ]

0.0 0.5 1.0 1.5 2.0

Completed vibrational periods (approx.)

surface X (1D) (a)

0

0.3

0

0.1

0.2

0.3

0 --- 194

(a)

0

/6

/3

/2

A
n

g
le

,
[

ra
d

]

780 800 820 840 860 880 900 920 940 960

Delay time [ fs ]

8.0 8.5 9.0 9.5 10.0

Completed vibrational periods (approx.)

surface X (1D) (b)

0

0.3

0

0.1

0.2

0.3

776 --- 970

(b)

0

/6

/3

/2

A
n

g
le

,
[

ra
d

]

0 20 40 60 80 100 120 140 160 180

Delay time [ fs ]

0.0 0.5 1.0 1.5 2.0

Completed vibrational periods (approx.)

surface X (2D) (c)

0

0.3

0

0.1

0.2

0.3

0 --- 194

(c)

0

/6

/3

/2

A
n

g
le

,
[

ra
d

]

780 800 820 840 860 880 900 920 940 960

Delay time [ fs ]

8.0 8.5 9.0 9.5 10.0

Completed vibrational periods (approx.)

surface X (2D) (d)

0

0.3

0

0.1

0.2

0.3

776 --- 970

(d)

Figure 2.6: Photofragment angular distribution of the sodium hydride molecule for the
VX(R) electronic state as a function of delay time. The obtained results are revealed for
the shorter (panels (a), (c)) and longer delay time (panels (b), (d)) periods in the 1D and
2D frameworks.

the longer delay time period, which is associated with the diffuse nature of

the field-free nuclear wave packet on VA(R) (see Fig. 2.3b). Nevertheless,

the highest values of dissociation between the shorter and longer delay time

periods remained in the same position. The results of the 2D calculations

are demonstrated in Fig. 2.6c for the shorter delay times. The highest

values of the angular distributions remain in the 2D cases at the same

place as for the 1D cases, but the impact of the molecular rotation also

appears. Unlike the 1D model for the short delay time, dissociation in

the 2D case takes place at nearly θ = π/2 radians, and more dissociation
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happens at around tdel = 60 and 160 fs at θ = 0 radian in the 2D case

owing to the effect of the rotation in the molecule. The former case can

be interpreted by the fact that the probe can turn the molecular system

towards θ = 0 radians on the lower adiabatic surface and θ = π/2 radians

on the upper adiabatic surface. So, the probe rotates our system towards

θ = 0 or θ = π/2 radians during the dissociation in the case of the shorter

delay time period in 2D. For the longer delay time case (Fig. 2.6d), the

landscape is totally different from the shorter case. The reason is associated

with the influence of the pump pulse; namely, after applying the pump, the

molecule has already had sufficient time to rotate toward the polarization

direction of the pump. As a result, the large amount of dissociation yields

can be collected at around θ = 0 radians.

As for the dissociation yield on the VA(R) state demonstrated in Fig.

2.7, it is almost negligible in both 1D and 2D models due to the strong

bound state (green curves in Figures 2.4a and 2.4b). Nevertheless, ana-

lyzing the structure of these panels is still worthwhile. The 1D and 2D

results obtained are almost identical for the short delay times (panels (a)

and (c)). In contrast, these results are totally different for the long delay

times (panels (b) and (d)). The main noticeable difference between 1D and

2D for the long delay times is the increase in dissociation yield in the 2D

scheme, particularly at around tdel=850 and 950 fs. The reasons might be

interpreted as follows: (i) the pump pulse does not only transfer the pop-

ulations from VX(R) to the other two states but also rotates the systems,

and the molecule might rotate closer to the polarization direction of the

pump pulse at longer delay times before the probe pulse is turned on; (ii)

due to the influence of the presence of a two-photon process, the probe can

also transfer back some amount of populations from the states VX(R) and

VB(R) to the state VA(R).

The fragment angular distribution of the second excited electronic state

is presented in Fig. 2.8. In the 1D model, it can be obliviously seen that

dissociation yield does not occur either at θ= 0 or at θ = π/2 radians
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Figure 2.7: Photofragment angular distribution of the sodium hydride molecule for the
VA(R) electronic state as a function of delay time. The obtained results are revealed for
the shorter (panels (a), (c)) and longer delay time (panels (b), (d)) periods in the 1D and
2D frameworks.

(panels (a) and (b)). At θ = 0 radians, there is no population transfer

from either VX(R) or VA(R) to the state VB(R) due to the perpendicular

angle between the polarization direction of the pump (as well as the probe)

pulse and the molecule (sin θ = 0 at θ=0 degree). The reason for the

lack of dissociation yield at θ = π/2 radians can be explained as follows:

because the pump pulse is not able to transfer any amount of population

transfer from the VX(R) to VA(R) (cos θ = 0 at θ = π/2), and hence

the probe pulse cannot transfer further the population from the VA(R) to

VB(R) states at this radian (θ = π/2) at least when the system is frozen
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Figure 2.8: Photofragment angular distribution of the sodium hydride molecule for the
VB(R) electronic state as a function of time delay. The obtained results are revealed for
the shorter (panels (a), (c)) and longer delay time (panels (b), (d)) periods in the 1D and
2D frameworks.

(panels (a) and (b)). Conversely, at θ=0, dissociation on the VB(R) occurs

in 2D and even becomes stronger in the long-time delay case (panel (d)). In

2D, the results can be interpreted as follows: when the pump is exploited,

it builds up an anisotropic angular distribution of population in VA(R).

Also, it evokes a rotational motion, which further amplifies this asymmetry

as the delay time increases. More dissociated populations occur due to

the probe effect that passes these populations from VA(R) to VB(R). The

transferred molecules keep rotating further and further on VB(R) during the

dissociation process and eventually are aligned parallel to the polarization
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direction. The rotation effect becomes more and more important as the

delay time increases further and the probe pulse detects molecules nearer

to the polarization direction of the probe. Therefore, the larger values of

the fragment angular distribution are shifted towards smaller θ angles, even

at θ = 0 radian (see Fig. 2.8c and 2.8d). As discussed in Fig. 2.6 and 2.7,

the periodicity of the fragment angular distribution of the VB(R) state can

again be explained as the result of the nature of the field-free vibrational

motion of the nuclear wave packet on VA(R) (see Fig. 2.3).

2.6 The impact of the permanent dipole mo-

ment on dissociation

The NaH system has a large enough PDM owing to the heteronuclear

molecule (see Fig. 2.1c). Some theoretical works[69, 72, 74] studied the

NaH system where the PDMs were not included in their simulations. In

this section, we will discuss the effect of PDMs on the molecular photodisso-

ciation yields and fragment angular distribution by including and excluding

the PDMs of the system and compare the results obtained for the 1D and

2D frameworks. Fig. 2.9 shows the dissociation yields for all individual

states with and without the permanent dipole moment in 1D and 2D. It

is evident from panel (a) that there is no effect of the PDMs of NaH on

the dissociation probability of the VX(R) state because dissociation yields

of the VX(R) state with and without PDMs in 1D are almost identical and

the same holds for 2D. As for the second excited state (Fig. 2.9b), minor

differences between with and without PDM can be seen in both 1D and

2D results. The ’no PDM’ case has higher dissociation yields (compared

to that including PDM) for 1D as well as for 2D. On the other hand, the

role of the permanent dipole moment on the dissociation is significant for
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Figure 2.9: Dissociation yields for each individual state as a function of the delay time
are shown between the pump and probe pulses. Panels (a) to (c) compare the dissociation
probabilities in the 1D and 2D models by neglecting the PDMs (’no PDM’ case in the title
of the curves) for the ground, the first excited and the second excited states, respectively.
Panel (d) shows the results for the 2D dissociation yield of the state VA(R) with PDM
(scaled on the left side with percent) and the field-free nuclear wave packet motion (scaled
on the right side with atomic units).
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the VA(R) state (see panel (c)). The form of the ’with PDM’ case displays

a relatively complicated arrangement. It exhibits several consistent spike-

shaped peaks, contrasting with the straightforward pattern of dissociation

yield when the PDM is not used. Further numerical simulations have in-

dicated that the background curve for the dissociation probability depends

on the population that is passed from the dissociation region of surface

VB(R) to surface VA(R) back with the help of the probe laser. Neverthe-

less, the decrease in the VA(R) dissociation, starting at tdel ≈ 220 fs, results

from an artificial effect caused by the nuclear wave packet absorption in

the CAP region at the end of the grid. Upon further analysis of the results,

it becomes evident that the peaks manifest when the nuclear wave packet

returns from the right-hand side of the VA(R) state to the minima of the

potential energy surface (see Fig. 2.9d). To enhance our understanding

of the dissociation process occurring on the VA(R) surface, we conducted

various simulations by artificially changing the values of PDMs and TDMs.

Initially, we established the PDM value as µA = 2.5 au. In this scenario,

the peaks do not manifest, and the resulting outcome is nearly identical to

the curve computed with µA = 0 au (’no PDM’ case in Fig. 2.9c). The

magnitude of the spikes, on the other hand, is significantly affected by the

slope of the µA function. If the permanent dipole function has a steeper

slope, the peaks of the spikes are higher, whereas if the function is less

steep, the peaks of the spikes become lower.

In Fig. 2.10, the fragment angular distribution for the VA(R) state is

demonstrated with and without PDM in the 2D model. It is clear in all

panels that there is no dissociated population at θ = π/2 radians due to

the parallel angle between the µXA and molecular axis. However, in the

vicinity of θ=0 radian, it should be noted that the dissociation probability

significantly increases, which can be seen as the direct consequence of the

joint impact of the rotation as well as LICIs/LIAC. The impact of the rota-

tion becomes more efficient owing to the influence of the PDM (see panels

(c) and (d)). Also, since a substantial two-photon effect can be caused by
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Figure 2.10: Photofragment angular distribution of the sodium hydride system for the
first excited electronic state. The obtained results are manifested for the 2D scheme by
neglecting (panels (a) and (b)) and including (panels (c) and (d)) the permanent dipole
moments.

the probe pulse, a greater amount of population could revert with adequate

kinetic energy from the VX(R) and VB(R) states to the VA(R) state, thereby

augmenting the dissociation process. The spikes appearing around θ = 0

radians at short delay times are also attributed to the existence of PDM.

These spikes become more pronounced at longer delay times as a result of

the heightened kinetic energy accumulated from the rotation.
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2.7 Conclusions

The effect of the light-induced non-adiabatic phenomenon and the molec-

ular rotational motion on the molecular dissociation dynamics have been

studied for the NaH system involving the three singlet electronic states.

All computational calculations are performed using the pump and probe

pulses in 1D and 2D.

The influence of molecular rotational motion, LICIs/LIAC, and different

magnitudes/directions of the system’s TDMs resulted in discrepancies in

the dissociation yields between the 1D and 2D calculations.

The dissociation yields of the system have been also investigated with

the help of the data attained from the KER and the angular distribution

of the photo fragments in the 1D and 2D cases.

The acquired findings clearly showed that the permanent dipole mo-

ments of the molecule did not play a significant role in the total dissoci-

ation probability, at least for the laser parameters that we applied. The

impact of PDM on the dissociation yields of the VX(R) and VB(R) states

is practically negligible.

Nevertheless, a rich pattern of the dissociation probability on the VA(R)

curve was observed when the permanent dipole moment of the VA(R) state

was included in the calculations. The structure of the curve itself originated

from the back-transferred population to the VA(R) state. However, the

fundamental physical mechanism responsible for the emergence of these

peaks remains unclear. To this end, further investigations will be conducted

by altering the external field’s parameters.
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Chapter 3

Topological aspects of

cavity-induced

degeneracies

In this chapter, a general overview of the topological aspects of cavity-

induced degeneracy and the effect of LICI on the geometric phase will be

discussed. Both natural and light induced CIs play a significant role in

non-adiabatic processes as they serve as an efficient funnel to transfer en-

ergy from an upper adiabatic surface to a lower one. The presence of LICI

can be determined by checking the valuedness of the wave function. The

confined photonic mode couples the electronic states of the molecule, caus-

ing a strong mixing between these electronic states. As a result, mixed

polaritonic states having both photonic and excitonic features appear in a

molecular system. These polaritonic states arising from light-matter inter-

action can change the various dynamical, spectroscopic and other features

of the molecules [13, 19, 21, 33, 34]. This was first highlighted by Herzberg

and H.C. Longuet-Higgins [75, 76] that a real field-free adiabatic electronic

state has a double value (plus and minus signs) around the degeneracy

(LICI) points. Mead and Truhlar [77] introduced the effect of the geometric

phase into a single electronic state problem, and later, Berry generalized
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the ”Berry phase” theory [78]. The total electron-nuclear wave function

(WF) must be single-valued. Therefore, to maintain the single-valued na-

ture of the total wave function, it is necessary to introduce a phase factor

to the electronic wave function in the adiabatic representation. This phase

factor ensures that the total wave function is single-valued.

In the first section of the chapter, the polyatomic formaldehyde (H2CO)

system will be the focus of discussion. The results (based on the work

[8]) obtained for the non-adiabatic coupling terms between the adiabatic

electronic states of the system and the Berry phase will be presented in

sequential order. At the end, a short conclusion will be given.

3.1 The H2CO system

The H2CO, being a polyatomic molecule, has been selected for two major

reasons: the first one is that the molecule lacks the natural LICI in the area

that is close to the Franck-Condon region, and the second cause is that there

are not any first-order non-adiabatic couplings between the ground and

first singlet excited states near its equilibrium configuration. The planar

equilibrium structure of the formaldehyde molecule with C2ν symmetry in

its ground electronic state (VX(R)) and its normal modes are depicted in

Figure 3.1. The VA(R) state holds a double-well structure along the ν4

mode.

The time-independent problem has been solved at the level of CAM-

B3LYP/6-31G* by making displacements along the two active normal modes,

ν2 (C=O stretch) and ν4 (out-of-plane bend), while the other four modes

(ν1, ν4, ν5 and ν6) have been made inactive (see panel (A) in Fig. 3.1).

The values of PESs and TDMs have been interpolated with the help of the

GLS package [79]. The only non-zero component of the TDM in the y-

direction (with B1 symmetry) exists, and the angle between the PDM and
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Figure 3.1: Various normal modes with C2ν symmetry labels (panel A) and equilibrium
structure (panel B) of the H2CO molecule in its ground electronic state are demonstrated.
Panel B illustrates the description of the body-fixed coordinate system, with the x-axis
oriented outward, as denoted by the + sign.

TDM directions is perpendicular to each other. Having obtained electronic

structure calculations, the time-dependent problem can be solved, in which

the total molecule-cavity Hamiltonian (Ĥtot) takes three components: the

isolated molecule (Ĥmol), cavity (Ĥcav) and the molecule-cavity interaction

(Ĥint) Hamiltonians

Ĥtot = Ĥmol + Ĥcav + Ĥint = Ĥmol + ℏωcâ
†â− g ˆ⃗µe⃗(â† + â). (3.1.1)

Here Ĥmol contains the PESs (VX(R) and VA(R)) and the kinetic energy

related to the vibrational motion, T̂vib = − 1
2Mr

∂2

∂R2 where Mr is the reduced

mass. â† and â are the creation and annihilation operators, while ωc, g and

e⃗ stand for cavity frequency, coupling strength and the polarization vector

of the cavity mode, respectively. ˆ⃗µ is the molecule’s electric dipole moment

operator. If two singlet electronic states S0 (X
1A1) and S1 (A

1A2) of H2CO
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are considered, the matrix representation of the diabatic Hamiltonian, Ĥ,

in the direct product basis of the two electronic states and Fock states |n >
(n=0,1,2,...) is given by the following form [80]:

Ĥ =



T̂ + VX 0 WX
1 WXA

1 0 0 ...

0 T̂ + VA WXA
1 WA

1 0 0 ...

WX
1 WXA

1 T̂ + VX + ℏωc 0 WX
2 WXA

2 ...

WXA
1 WA

1 0 T̂ + VA + ℏωc WXA
2 WA

2 ...

0 0 WX
2 WXA

2 T̂ + VX + 2ℏωc 0 ...

0 0 WXA
2 WX

2 0 T̂ + VA + 2ℏωc ...
...

...
...

...
...

...
. . .


(3.1.2)

where T̂ the kinetic energy operators including vibrational motion. WXA
n =

−g√nµ⃗XAe⃗,W
X
n = −g√nµ⃗X e⃗ andWA

n = −g√nµ⃗Ae⃗ are coupling terms be-

tween molecule and cavity interaction, where µ⃗XA and µ⃗X/µ⃗A are the tran-

sition dipole moment and permanent dipole moments, respectively. The po-

laritonic (or adiabatic) potential energy curves can be taken as the eigenval-

ues of the potential energy component (namely, Ĥ− T̂ I, where I represents
the identity matrix of appropriate dimension) of the Hamiltonian given in

Equation (3.1.2) for each nuclear configuration. Representing the working

Hamiltonian in the adiabatic picture is quite beneficial in most cases be-

cause the coupling matrix elements between different electronic states take

place through only the nuclear kinetic energy terms (these couplings are

zero through potential energies, as discussed in section 1.3). For two elec-

tronic states, adiabatic Hamiltonian can be obtained by diagonalizing the

diabatic 2× 2 matrix elements of Ĥ (in eq. 3.1.2)[
VA(R) WXA

1

WXA
1 VX(R) + ℏωc

]
. (3.1.3)

This matrix pertains to the so-called singly-excited subspace having zero

photon in the excited electronic state and one photon (ℏωc) in the ground

electronic state. This singly-excited subspace gives rise to two adiabatic or

polaritonic states in our system. These two polaritonic PESs can cross each

other and form LICI whenever the two conditionsQ4 = 0 and VX(R)(Q
CI
2 ;Q4 =
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0) = VA(R)(Q
CI
2 ;Q4 = 0)−ℏωc are simultaneously fulfilled (see Figure 3.3).

Here, Q2 and Q4 represent the active vibrational modes ν2 (C=O stretch)

and ν4 (out-of-plane bend), respectively (see Fig. 3.1). The vibrational

mode ν2 (A1 symmetry) serves as the tuning mode, while ν4 is the coupling

mode.

3.2 Results and discussions

In Fig. 3.2, the second and third lowest polaritonic curves as a function of

normal coordinates (Q2 and Q4) of H2CO coupled to a single cavity mode

are demonstrated. The cavity frequency and coupling strength values are

equal to ωc = 29 000 cm−1 and g = 5.34 × 10−2 au, respectively. The

Figure 3.2: Two (upper and lower) polaritonic surfaces as a function of normal coordi-
nates (Q2 and Q4) of the H2CO system coupled to a single cavity mode are demonstrated.
The frequency and coupling strength of the cavity are set to ωc = 29 000 cm−1 and
g = 5.34 × 10−2 au, respectively. In the inset, the area of the cavity-induced conical
intersection between these two polaritonic surfaces is depicted. Additionally, the inset
shows two black curves illustrating various closed paths used in the topological phase
calculations. The characteristics of the polaritonic potential energy surfaces (PoPESs) is
represented by various colors, with the legend provided on the left, where the labels S0

and S1 denote the ground and excited electronic states of the molecule.
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polaritonic light-induced conical intersection between the second and third

polaritonic surfaces is depicted in the inset. The character of the polaritonic

potential energy surfaces (PoPESs) is indicated by various colors, with the

legend provided on the left, where the labels S0 and S1 denote the ground

and excited electronic states of the molecule.

The two subsequent subsections are devoted to investigating the non-

adiabatic coupling terms and the Berry phase when LICI is formed.

3.2.1 The non-adiabatic coupling terms

Non-adiabatic coupling terms can have a large magnitude near degeneracy

between potential energy surfaces, making them pivotal in studying non-

adiabatic phenomena in molecules. The NACTs (τ23Q2
and τ23Q4

) between

the second and third (lower and upper) polaritonic states can be calcu-

lated as the derivatives of Φ with respect to the relevant nuclear degrees of

freedom (Q2, Q4) [4]:

τ23Q2
=

∂Φ

∂Q2

τ23Q4
=

∂Φ

∂Q4
,

(3.2.1)

where Φ is the transformation angle of the ADT matrix. Fig. 3.3a shows

the NAC terms (τ23Q2
and τ23Q4

) between 2nd and 3rd electronic states,

whereas panel (b) displays the absolute value of the NAC vector, |τ23| =√
τ 223Q2

+ τ 223Q2
around the LICI. The used frequency of coupling strength

of the cavity are equal to ωc = 29, 000 cm−1 and g = 5.34 × 10−2 au,

respectively. It is clear that the NAC terms (panel (a)) are extremely large

around the LICI point (Q2 ≈ 4.8 and Q4 = 0). We can see the same

fingerprint in the calculations of their absolute value shown in panel (b).
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(a)

Figure 3.3: Panel (a) shows the non-adiabatic coupling terms (τ23Q2 and τ23Q4) between
polaritonic surfaces of H2CO with respect to the Q2 and Q4 coordinates, respectively.

Panel (b) shows the absolute values of these coupling terms (|τ23| =
√
τ 223Q2

+ τ 223Q2
). The

same cavity parameters are employed: ωc = 29 000 cm−1 au and g = 5.34× 10−2.
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3.2.2 The presence of the geometric phase

In this subsection, we will continue our research to study the topologi-

cal properties of the H2CO molecule by calculating the Berry phase. As

discussed earlier, the total molecular wave function must possess a single

value. We introduce the geometric phase (GP) factor into the adiabatic

wave functions to provide the single-valued nature of the total wave func-

tion.

The Berry (or geometric) phase can be calculated by using the line

integral technique [4, 7, 21], in which the value of the line integral of the

NACT over a contour Γcon within the configuration space equals the ADT

angle (γ), which can be calculated according to the form:

γ23(Γcon) =

∫
Γcon

τ23(s
′) · ds′, (3.2.2)

where τ23 is the NAC term between the lower and upper polaritonic PESs

(eq. 3.2.1). The Berry phase α23 can be obtained if the contour Γcon is

closed,

α23 =

∮
Γcon

τ23(s
′) · ds′. (3.2.3)

The corresponding adiabatic states alter their signs while being transported

continuously along a closed contour near the point of conical intersection.

As a result of the sign change of the adiabatic states, it can be confirmed

that the form (in eq. 3.2.4) can also determine the value of the Berry phase:

α23 = π ×

2n+ 1, if Γ encircles an odd number of CIs

2n, if Γ encircles an even number of CIs
(3.2.4)

where the n = 0,±1,±2,±3, ... It is much easier to determine the number

of CIs in the system by checking the value of α23 related to the ADT angle

γ23(Γcon) (see eq. 3.2.2).

In Figure 3.4, the geometric arrangement of the two various paths ap-
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plied in the geometric phase calculations is demonstrated with three distinct

coupling strengths (g = 5.34×10−3 au, g = 5.34×10−2 au, g = 5.34×10−1

au) and a frequency (ωc = 29 000 cm−1). In the top panel, the two distinct

paths, P0 and P1, are shown near the LICI. Only one of them, P1, encom-

passes the point of the light-induced conical intersection. In the middle

panel, the transformation angle’s values for these two distinct counters are

demonstrated. It is clear that the Berry phase values for the two closed

paths equal 0 and −π, respectively, regardless of the applied three differ-

ent cavity coupling strengths (see the middle panel in Fig. 3.4). These

obtained values of α23 fully corroborate the statements of equations 3.2.3

and 3.2.4. The NACT’s line integral value must equal zero whenever the

value of the ADT angle does not alter near the closed circle. Therefore, a

zero value of α23 means that any LICI is not found in the case of the P0,

while the value of α23 corresponds to the odd number of the CIs (that is,

one LICI) for the case of the P1 closed path.

In order to gain deeper insight into the numerical findings, a three-

dimensional figure reveals the ADT transformation angle over the branching

space (Q2, Q4) in the bottom panel of Figure 3.4. The cavity parameters

have been chosen as g = 5.34 × 10−2 au and ωc = 29 000 cm−1. It can be

seen that the curve corresponding to the P0 closed path does not have any

shift along the one-circle path of Φ. In contrast, a shift along the one-circle

path of Φ equals π for the case of the P1 closed path encircling the point of

LICI. The shift is closely associated with the Berry phase calculated from

the line integral of the non-adiabatic coupling terms. In addition to the

line integral technique (eq. 3.2.3), it is possible to evaluate the Berry phase

by obtaining the difference of Φ for a closed path as follows:

α23 = Φ(s0)end of the path − Φ(s0)beginning of the path. (3.2.5)

The results from the bottom panel of Figure 3.4 fully verify the statement

of eq. 3.2.5.
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Figure 3.4: Geometric configuration of the two various paths utilized in geometric
phase calculations is depicted. These two distinct paths, P0 and P1, are illustrated. Only
the P1 closed path encompasses the cavity-induced conical intersection (top panel). In
the middle panel, the line integral of the non-adiabatic couplings (NACs) with respect
to position along the two studied circles are presented. The curves marked with filled
markers correspond to calculations along a contour surrounding the LICI. A single cavity
frequency (ωc = 29 000 cm−1) with three various coupling strengths (g = 5.34 × 10−3

au, g = 5.34 × 10−2 au, g = 5.34 × 10−1 au) is utilized. In the bottom panel, a three-
dimensional figure that illustrates the transformation angle as functions of Q2 and Q4 is
displayed, where the applied frequency and coupling strength of the cavity equal ωc = 29
000 cm−1 and g = 5.34× 10−2 au, respectively.
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3.3 Conclusion

The light-induced topological features of the H2CO molecule are studied in

the confined optical cavity. The non-adiabatic coupling terms between two

polaritonic states and their absolute values are calculated in the vicinity

of the LICI created by the cavity. The numerical results obtained for the

NAC terms and their absolute values clearly show the fingerprint of cavity-

induced non-adiabatic properties near the LICI.

The Berry phase is calculated using the line integral technique around

the LICI. The Berry phase calculations are equal to α23 = π for the closed

path encompassing the LICI and α23 = 0 for the closed path not encompass-

ing the LICI. As known from the natural conical intersection theory, these

results can provide clear evidence of the existence of LICI in the system.
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Chapter 4

Summary

In this thesis, I present the results of investigations into the light-induced

non-adiabatic molecular properties of diatomic and polyatomic molecular

systems under external fields.

Any numerical calculations of the nuclear dynamics of molecules may

not be done without the proper explanation of the molecular electronic

structure data. These relevant data are the potential energy surfaces and

dipole moments (PDMs, TDMs). These electronic structure computations

were always needed to study the nuclear dynamics of the system using the

time-dependent Schrödinger equation. To study time-dependent molecular

dynamics, I utilized today’s modern numerical package, MCTDH, devel-

oped by the Heidelberg group.

One of my works focused on laser-induced molecular dissociation dy-

namics in the presence of two LICIs and one LIAC created by the pump

and probe pulses and the impact of the system’s PDMs on the dissociation.

My second project investigated the topological aspects of cavity-induced

degeneracies in H2CO.

Electronic structure calculations

I carried out ab initio calculations of electronic orbitals to obtain the PDMs,

TDMs and PESs for the NaH system (chapter 2) using the MRCI method at
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the high-level basis set in the MOLPRO package. In the calculations, only

two electrons out of twelve are active in two molecular orbitals (in the A1

irreducible representation). In contrast, the remaining electrons are fully

occupied in the A1, B1 and B2 irreducible representations. This electron

structure of this molecule gives us reasonable data that agrees with others

in the literature.

For the H2CO molecule (chapter 3), the electronic structure calculations

have been calculated to get the PDMs, TDMs, and PESs at the CAM-

B3LYP/6-31G* level of theory. These data are interpolated using the GSL

package in the high-level spline type.

Molecular dissociation dynamics in NaH

In the pump-probe scheme, I investigated the molecular dissociation dy-

namics of NaH involving the three lowest electronic states and the influence

of the system’s rotational motion on the dissociation. When the pump and

probe pulses are applied to the system, two LICIs are formed between the

two excited states and a LIAC between the ground and the first excited

states. Two LICIs between the two excited states and a LIAC between the

ground and the first excited states are formed when the pump and probe

pulses are applied to the system. In the presence of these LICIs and LIAC, I

investigated the dissociation probabilities of the individual electronic states

of this system as a function of delay time.

The results show that dissociation occurs mainly in the second excited

electronic state due to the dissociative state and the pulses used. Similarly,

the dissociation happens in the ground electronic state due to the probe

effect. However, a rich pattern of the dissociation probability on the VA(R)

state has been observed. This complexity of the dissociation is partially

explained by several factors, like the two-photon effect, transferring the

population back to the VB(R) state from the VA(R) state. I also did some

additional calculations by artificially changing the values of the PDMs, even

TDMs, so as to explain the spike-like peaks on the dissociation of VA(R).
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To fully explain the properties of the dissociation on the VA(R) state, some

additional simulations need to be performed by changing the parameters

of the pump and the probe; this will be our next project.

To further analyze the system’s dissociation dynamics, I carried out

numerical simulations of the fragment KER and angular distributions of the

individual electronic states as a function of delay time. These calculations

are performed for the short and long delay periods in 1D and 2D. The

results have shown that the effects of the molecular rotation, LICIs/LIAC,

and the different magnitudes/directions of the TDMs led to discrepancies

in results between the 1D and 2D calculations.

The impact of the PDM on the dissociation
dynamics in NaH

To study the influence of the PDM of the NaH system on the dissociation

dynamics, I performed additional calculations in the 1D and 2D frame-

works with and without PDMs. The attained data has clearly shown that

this molecule’s permanent dipole moment played a minor role in the to-

tal dissociation probability, at least for the applied laser parameters. The

impact of PDM on the dissociation yields of the VX(R) and VB(R) states

is practically negligible. Conversely, the PDM significantly influences the

dissociation of VA(R). When the system’s PDM is included in the calcu-

lations, pronounced peak-like patterns appear in the dissociation yield on

VA(R).

Topological features

Chapter 3 was dedicated to studying the topological features of the poly-

atomic formaldehyde (H2CO) molecule in an optical cavity. This system

has no natural conical intersection around the FC region and any first-

order non-adiabatic coupling between the ground and first excited elec-

tronic states near its equilibrium arrangement. Therefore, with the help of
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the single cavity mode, two polaritonic or adiabatic electronic states and

the resulting LICI between these polaritonic states are created to investi-

gate the topological aspects of this system. The diagonalization method is

used to obtain the polaritonic electronic states in numerical calculations.

All computational calculations are conducted in the two-dimensional model

(ν2, ν4), where the vibrational mode ν2 is considered as the tuning mode,

while the mode ν4 is considered as the coupling mode.

The line integral technique is used to compute the geometric (or Berry)

phase near LICI. The obtained results have shown that the Berry phase

equals π for the closed path encompassing the LICI and 0 for the closed

path not encompassing the LICI. As known from the theory of the natural

conical intersection, only the closed path, which encompasses the LICI,

discovered one LICI (already created by the cavity quantum light) in the

system.

The non-adiabatic coupling terms between the two polaritonic states

and the absolute values of the NACTs around LICI are computed. The

results obtained from the NAC terms clearly show the fingerprint of light-

induced non-adiabatic phenomena.
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tersections: theory, computation and experiment, volume 17. World

Scientific, 2011.
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polaritons: nonadiabatic fingerprints in an entangled atom–molecule–

photon system. New Journal of Physics, 22(5):053001, 2020.
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Signatures of light-induced nonadiabaticity in the field-dressed vibronic

spectrum of formaldehyde. The Journal of Chemical Physics, 154(12),

2021.
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Ágnes Vibók. Classical and quantum light-induced non-adiabaticity in

molecular systems. AVS Quantum Science, 6(2), 2024.

[48] Arkajit Mandal, Sebastian Montillo Vega, and Pengfei Huo. Polar-

ized fock states and the dynamical casimir effect in molecular cavity

79



quantum electrodynamics. The Journal of Physical Chemistry Letters,

11(21):9215–9223, 2020.

[49] Hans-Dieter Meyer. Introduction to mctdh. 2011.
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