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I. Introduction

During my research, I studied light-induced non-adiabatic properties in

diatomics and polyatomics using theoretical calculations.

The Born-Oppenheimer approximation (BOA) is one of the funda-

mental methods for investigating atomic and molecular physics. This

approximation is based on separating nuclear and electronic motions be-

cause the heavy nucleus moves much faster than the light electrons. Al-

though this approximation usually works well and gives reasonable results

in molecular dynamical processes, it does lose its validity near degeneracy

points between molecules’ potential energy surfaces. Such degeneracies

between potential energy surfaces give rise to non-adiabatic phenomena

in molecules. In non-adiabatic processes, the potential energy surfaces

of molecular systems might intersect or approach each other, which are

referred to as conical intersections (CIs) and avoided crossings (ACs),

respectively. Non-adiabatic effects [P1, P2] play an essential role in in-

vestigating the properties of molecules, particularly molecular dynamics

and spectroscopy, energy transfer, or topological properties. A large mag-

nitude of non-adiabatic coupling terms (NACTs) near degeneracies (CIs

or ACs) allows wave functions to propagate from one adiabatic potential

energy surface to another. In such cases, the large magnitude of NACTs

can create effective funnels for ultra-fast energy exchange between the

electrons and nuclei in molecules.

It has been known that a molecule must hold at least two independent

degrees of freedom (DOFs) to form a CI. CIs (occurring in nature) can

never be formed in diatomic molecules because of one DOF in diatomics,

but only AC can emerge. However,it is possible to get light-induced

avoided crossings (LIACs) and light-induced conical intersections (LICIs)

by employing external fields like intense laser pulses or optical cavities,

even in diatomic molecules. External fields can provide the rotational

DOF by rotating the molecule around the polarization direction of the
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system’s TDMs. Apart from natural non-adiabatic processes, the param-

eters of light-induced CIs and ACs can be easily modified in light-induced

non-adiabatic processes by altering the characteristics of external fields.

Therefore, light-induced non-adiabatic dynamics of molecules can be con-

trolled by the external classical or quantized fields.

Light-induced non-adiabatic phenomena can be studied in the pres-

ence of light-matter interaction between a molecular system and an ap-

plied external field. The non-adiabatic processes can provide the source

for a wide-range of interesting phenomena in nature.
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II. Objectives

During my research, I investigated light-induced non-adiabatic proper-

ties of the NaH and H2CO molecules. Extensive numerical theoretical

investigations have been conducted using an external field to explore the

light-induced non-adiabatic characteristics of molecular systems.

Dissociation dynamics in molecules can be essential in energy transfer,

molecular spectroscopy and chemical reactions. One of my main goals

was to investigate the light-induced dissociation of NaH, together with

the fragment kinetic energy release spectra and angular distributions in

the presence of LICIs and LIAC formed by an electric field. Another

assignment in this research was to study the effect of this system’s PDM

on dissociation processes.

I studied light-induced degeneracies in the H2CO molecule by evaluat-

ing the non-adiabatic coupling terms and geometric phases in the vicinity

of LICI created by a confined cavity quantum light.
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III. Results

Below, I provide a summary of my results on the topic of light-induced

non-adiabatic properties in molecular systems.

1. I carried out ab initio calculations of electronic orbitals to obtain the

potential energy surfaces (PESs) and dipole moments (permanent

dipole moments (PDMs) and transition dipole moments (TDMs))

for the NaH system by using the multi-reference configuration inter-

action (MRCI) at the high-level basis set in the MOLPRO package.

I prepared the input/output files and carried out various calculations

using the multi-configuration time-dependent Hartree (MCTDH) to

obtain the dissociation probabilities of individual electronic states.

The computational simulations have been performed in the 1D and

2D cases.

While investigating the dissociation dynamics of NaH, the pump

and probe laser pulses that create two LICIs and one LIAC have

been applied. These two pulses were utilized in our simulations as

follows: first, the pump pulse was applied into the system to transfer

some amount of the ground electronic state population to the VA(R)

and VB(R) states; in the further step, the probe was placed with

different starting times (to obtain various delay times) to transfer

some amount of the first excited electronic state population to the

other two electronic states.

I studied the influence of the LICIs/LIAC and molecular motion on

the dissociation dynamics in the presence of the pump and probe

lasers.

Furthermore, I carried out numerical calculations of the fragment

kinetic energy release spectra (KER) and angular distributions of

individual electronic states as a function of the delay time using

the MCTDH method in order to further analyze the dissociation
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dynamics of the NaH molecule. The numerical calculations have

been done in 1D and 2D.

In order to study the impact of the system’s PDM on dissociation,

I performed some calculations in the 1D and 2D frameworks with

and without PDM [P1].

2. I studied the topological features of light-induced degeneracies of

the system in the presence of LICI between the shifted ground and

the first excited states created by the single cavity mode.

Molecular electronic structure calculations have been done for the

H2CO system to acquire the PESs, PDMs and TDMs. The GSL

package is used to obtain the interpolation data in the high-level

spline type.

The diagonalization method is used to obtain the polaritonic or

adiabatic electronic states in numerical calculations.

The NACTs between the two (upper and lower) adiabatic surfaces

have been calculated to study the geometric features of the system

around the point of the polaritonic LICI. Also, the absolute val-

ues of the NACTs have been calculated to investigate the effect of

polaritonic LICI.

In addition, I studied the Berry phase for the two various closed

paths; one encompassed the point of LICI, while the second did not

[P2].
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