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The scientific importance of this research is about understanding how electrons move really fast. It
helps us_learn how materials behave when interact with light. This can be useful for making new_
technologies like faster computers and communication devices and improved ways to store information.

Owing to their extraordinary physical properties, 2D monolayers have become
an emerging field, featuring strong light-matter interactions and ultrafast broadband optical
responses. A comprehensive computational framework to explore and explain the different aspects of
ultrafast dynamics is urgently needed.

To address this, we used the formalism of TDDFT with Maxwell equations as a benchmark to study
ultrafast time-dependent electron dynamics. By incorporating spin-orbit couplings, our study
explores various aspects of electron dynamics in 2D materials. We examined 2D semiconductors and
semimetals, which can control electron dynamics on the sub-femtosecond timescale, faster than
electron-electron (tens of fs) and electron-phonon scattering (hundreds of fs). We found the
possibility to control carrier dynamics up to the femtosecond timescale through ultrashort pulses

and explored spintronics at the femtosecond scale, opening opportunities for extremely fast
information processing.
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Within awide class of 2D materials family, monolayers with strong spin-orbit coupling (SOC) are getting
special attention because SOC lifts the spin degeneracy without any external field. In this regard, two
different categories of 2D materials
0) Transition metal dichalcogenides (TMDC-materials) with broken inversion symmetry and
(i) Topological insulators such as Bi>Ses where the bulk is semiconducting and the surfaces are
semi-metallic presents an exotic state of matter, such as spin-valley locking, helical spin
structure, chiral anomaly, and dissipation-less currents.
Theresearch on TMDC and topological insulatorsthin layers has been revolved around the electron-phonon
interactions, excited electron relaxation times and other optical responses that are typically in the range of
pico (10'%?) to nano (10°°) second. On the other hand, very little attention is given to strong €l ectromagnetic
fields which can open the possibility of controlling electron dynamics on the fs or sub-fs timescale.
Nonetheless, the fs laser control of electron dynamicsin 2D strong SOC materials largely remains elusive.
Strong-field electron dynamicsisacomplex phenomenon dueto theinvolvement of intraband and interband
transitions, electron-hole couplings, and electron correlation which also depend on crystal symmetries and
laser polarization. Thus, a comprehensive theoretical and computational framework to explore and explain

the different aspects of ultrafast dynamicsisin urgent need which is missing right now.

Through this study, | intend to focus on these key issues,

0) How the shape of the incident electric field pulse (linear, circular, and asymmetric electric
field) controlled by the carrier-envelope phase (CEP) affect the charge and spin dynamicsin
the presence of SOC.

(i) How field strength affects the electron dynamicsin the linear and nonlinear optics limits
The characteristics and applications of 2D materials with ultrashort pulses are quite diverse in the presence
of strong SOC. In this regard, comprehensive theoretical and computational studies for the explanation of
underlying physics of different aspects of spintronics in WSe; and Bi»Se; due to SOC are lacking. These

physical aspects of electron spin are important as they interplay with the symmetries and incident light



polarization. Furthermore, understanding the roles of these physical aspectsin 2D TMDs and topological

insulators can accel erate the experimental research in the field of ultrafast opto-spintronics.

We employ real-time-dependent density functional theory (TDDFT) +Maxwell’s equation approach, which
is known for its efficiency in effectively describing linear and nonlinear electron dynamics. To fully
incorporate the spin-orbit coupling effect and correct description of charge carriers, the noncollinear version
of TDDFT is used. The theoretical formalism of the time-dependent Kohn-Sham (TDKS) method and
maxwell equations with SOC has already been implemented in SALMON.

Electron dynamicsin a unit cell:

TDKS equation for the Bloch orbital iswritten as,
h 2, (r,6) = [ (<R + 2 A@) + Rk ) = ep(r,t) + vion + o ()
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By using u, (7, t), one can calculate the electric current density /(t), which is averaged over the unit cell

as
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Propagation of electromagnetic fieds:

Maxwell equations describe the propagation of electromagnetic fields in the form of the vector potential
A,(t) described as,
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Thus, the TDK S Eq. (1) becomes as follows,
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Regarding the ultrafast electron dynamics in 2D layers of TMDC. | investigated the carrier dynamicsin
terms of valley polarization in WSe, monolayer via single and two-color laser field. The valley selection
rules suggest that linearly polarized light couples equally to both valleys and valley polarization cannot be

achieved by a linearly polarized field. | aimed to induce valley asymmetry by linearly polarized pulses



which are considered not achievable by a linearly polarized field. It is possible to create an asymmetric
laser field by mixing a fundamental frequency and its second harmonic. The two pulsesintensity ratio and
therelative carrier-envelope phase (CEP) control the valley polarization. | compared the valley polarization
results of two-color laser scheme results with the single-color pulse. | found that the valley polarization via
two-color control exceeds the single-color scheme by 1.2 times as the two-colors field exhibits more
asymmetry in its temporal shape. The results reveal a convenient new path toward the optical control of
valley pseudospins.

On the study of topological insulator, the linear and nonlinear optical response of a topological insulator
Bi>Se; is investigated. The electron dynamics along with the saturable absorption and high harmonic
generation are examined at weak and strong laser fields. This theoretical study provides insight into the
weak and strong-field-driven dynamics of Dirac-Fermionsin the ultrathin films of the topological insulators.
| have explored the bulk and surface state by weak and strong field responsein Bulk and in 3-layered system
of Bi,Ses. Our results demonstrate that a linearly polarized resonant pulse generates higher order odd

harmonics by strong field. The strength of harmonicsin bulk Bi>Ses is higher than in the layered system.
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