FIRST-PRINCIPLES STUDY ON STRAIN-ENGINEERED
TWO-DIMENSIONAL (2D) TOPOLOGICAL INSULATOR

1. Introduction

Two-dimensional topological insulators (2D TIs) provide a unique platform that bridges
fundamental physics with enabling technologies for quantum computing, spintronics, and
next-generation low-energy-consumption devices. These materials exhibit remarkable
symmetry-protected helical metallic edge states coexisting with an insulating bulk interior. A 2D
TI is characterized by a bulk bandgap induced primarily by spin-orbit coupling (SOC), which
arises due to inversion asymmetry and crystal structure asymmetry. One of the key advantages of
2D TIs is the tunability of their energy bands and spin properties through external stimuli such as
magnetic, electric, optical, and particularly strain fields. Studying 2D TIs not only deepens the
understanding of topological phases but also promises transformative impacts on electronic and
information technologies.

2. Objectives

e To investigate the electronic properties of 2D topological insulators under increasing
strain, recognizing strain as a viable path to convert normal insulators (NI) into
topological insulators (TT).

e To compare and identify differences in the electronic properties between pristine and
strain-induced materials.

e To conduct molecular dynamics (MD) simulations to evaluate the dynamic stability of the
materials.

e To demonstrate the potential scalability and cost-effectiveness of the materials for
practical applications.

3. Methodology

3.1 Material Selection and Design Strategy

e Identify candidate 2D materials through data mining of materials databases (e.g.,
Materials Project, AFLOW) or by rational orbital design principles, focusing on inducing
s—p band inversion for nontrivial topological phases.

e Employ strain-engineering methods to induce band inversion and achieve topological
phase transitions.

3.2 Computational Framework



Conduct first-principles calculations based on Density Functional Theory (DFT) utilizing
software such as VASP, Quantum Espresso, or ABINIT.

Use Projector Augmented-Wave (PAW) pseudopotentials incorporating spin-orbit
coupling (SOC) to capture quantum spin Hall (QSH) effects accurately.

3.3 Structural Optimization and Stability Tests

Confirm dynamic stability through phonon dispersion calculations using Density
Functional Perturbation Theory (DFPT).

Verify thermodynamic stability by calculating cohesive and formation energies.
Determine elastic constants and mechanical anisotropy to assess mechanical robustness
under strain, especially for flexible and strain-tunable materials.

3.4 Electronic and Topological Characterization

Analyze band inversion mechanisms at time-reversal invariant momentum points.
Calculate Z- topological invariants through WannierTools or Z2Pack to establish
nontrivial topology.

Compute Berry curvature and spin-texture mapping to confirm spin-momentum locking.
Model edge states via Green’s function methods or nanoribbon simulations to visualize
helical edge channels.

3.5 Experimental Feasibility and Validation

Predict suitable substrates or heterostructure templates (e.g., hexagonal boron nitride,
h-BN) to preserve quantum spin Hall phases.

Suggest feasible synthesis routes such as surface adsorption, mechanical exfoliation, or
chemical vapor deposition based on the material composition.

Propose validation techniques including Angle-Resolved Photoemission Spectroscopy
(ARPES) and Scanning Tunneling Microscopy/Spectroscopy (STM/STS) for probing
electronic band topology.

4. Characterization Techniques

Perform detailed density functional theory calculations to determine electronic structures.
Employ STM/STS to directly visualize edge states and local density of states.

Utilize ARPES to resolve band structure and confirm the presence of topologically
nontrivial gaps and edge state dispersions.



5. Expected Outcomes

e Prediction and experimental validation of new 2D topological insulators exhibiting
sizeable nontrivial band gaps suitable for room-temperature applications and device
integration.

e Demonstration of strain-induced tuning of electronic and topological properties, enabling
reversible switching between trivial and topological phases.

e Fabrication feasibility leading to scalable, low-cost material synthesis and device
manufacturing.

e Development potential for new classes of energy-efficient spintronic devices, quantum
information processors, and thermoelectric/optoelectronic technologies relying on
topological protection and suppressed backscattering.

6. Significance

e This research supports the advancement of next-generation spintronics, emphasizing
manipulation of electron spin instead of charge, thereby reducing energy dissipation.

e [t contributes to the development of fault-tolerant quantum bits and quantum computing
platforms aided by topological robustness.

e The findings may enable novel optoelectronic applications such as high-performance
photodetectors and solar cells, leveraging the unique band structure and spin properties of
2D TIs.
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