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Abstract

The tunability of topological phases in low-dimensional quantum materials under external fields has
emerged as a transformative strategy for designing next-generation quantum and nanoelectronic devices.
This study systematically investigates the influence of electric fields, magnetic fields, mechanical strain,
and multi-field coupling on the topological properties of two-dimensional (2D) quantum systems. Using
a combination of ab initio density functional theory (DFT), tight-binding models, and experimental
probes such as angle-resolved photoemission spectroscopy (ARPES), scanning tunneling microscopy
(STM), and SQUID magnetometry, we demonstrate the controllable transition between trivial and
topological phases, modulation of band gaps, and induction of Weyl and Dirac nodes under symmetry-
breaking perturbations. Special emphasis is placed on the synergistic effects arising from dual or hybrid
external fields. We also highlight how strain and pressure serve as non-destructive tools for phase tuning.
Our results not only underscore the fundamental physics behind field-induced topological transitions but
also offer a design blueprint for quantum field-effect transistors, spintronic and valleytronic devices, and
topologically protected logic units. This tunability opens exciting avenues in reconfigurable quantum
technologies where material properties can be dynamically tailored in real time.

Keywords: 2D materials, topological insulators, quantum phase transition, external fields, strain
engineering

1. Introduction

In the last two decades, the discovery of topological phases in condensed matter systems has
reshaped the landscape of modern quantum physics and materials science. Unlike conventional
phases of matter characterized by spontaneous symmetry breaking, topological phases are
defined by global invariants that remain robust under local perturbations M. The realization of
topological insulators (Tls), topological semimetals, and superconductors has opened
pathways toward dissipationless transport, quantum computing, and novel spintronic devices [>
31, These systems harbor edge or surface states protected by symmetry and topology, making
them resilient to disorder and decoherence critical properties for next-generation quantum
technologies . A particularly vibrant branch of this field involves low-dimensional quantum
materials, such as two-dimensional (2D) monolayers and one-dimensional (1D) nanowires or
molecular chains. These materials exhibit enhanced quantum confinement effects, reduced
dielectric screening, and large spin-orbit coupling, all of which critically influence their
electronic and topological behavior [ 61, The reduced dimensionality enables exotic quantum
phenomena such as the quantum spin Hall effect, Majorana bound states, and symmetry-
protected edge modes to manifest more prominently and tunably than in their three-
dimensional counterparts ["), The tunability of topological phases via external fields including
electric, magnetic, mechanical strain, and pressure has emerged as a promising strategy for
tailoring material properties in situ. Such external controls can induce band inversions, break
or restore symmetries, and even trigger topological phase transitions 1%, This dynamic
tunability is essential not only for fundamental studies but also for the practical realization of
field-effect topological devices, such as transistors, sensors, and reconfigurable quantum
circuits M1, This paper aims to provide a comprehensive and novel analysis of how external
fields can modulate the topological properties of low-dimensional quantum materials, focusing
on both theoretical mechanisms and experimentally observed phenomena.
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We explore a variety of material systems ranging from
transition metal dichalcogenides (TMDs) and graphene
derivatives to engineered superlattices and examine the
interplay between dimensionality, symmetry, and external
perturbations in driving topological transitions 124, The
novelty of this study lies in its integrative approach, where
multifield tunability (electric, magnetic, and mechanical) is
considered not in isolation but in combination, offering
insights into how complex field interactions can unlock new
quantum phases [> 6. Moreover, we underscore emerging
computational and experimental techniques that enable the
real-time tracking and control of topological states 7. By
establishing a framework that connects external-field
engineering with quantum topology, this paper contributes to
the growing field of programmable quantum materials and
outlines promising directions for future research and device
innovation.

2. External Field-Induced Tunability Mechanisms

2.1 Electric Field Tuning

Electric fields offer a direct and highly controllable
mechanism to modulate the topological properties of low-
dimensional quantum materials. At the microscopic level,
external electric fields can influence the band structure by
modifying the on-site potential, breaking inversion symmetry,
and enhancing spin-orbit interactions, which are essential in
driving topological phase transitions.

One of the most prominent effects of an applied electric field
is band inversion, where the order of conduction and valence
bands near the Fermi level is reversed. This inversion often
involves orbitals with different parity or angular momentum,
enabling the transition from a trivial insulator to a topological
insulator (T1) phase. This effect is highly pronounced in 2D
systems with narrow band gaps and strong spin-orbit coupling
(SOC), such as bismuthene and stanene, where even modest
gate voltages can induce a transition to the quantum spin Hall
(QSH) phase [18,19]. Additionally, when inversion symmetry
is broken in the presence of SOC, Rashba spin splitting
emerges, leading to spin-polarized bands with momentum-
dependent splitting. This effect is not only useful for
achieving topological nontriviality but also for spintronic
applications. Electric field modulation of Rashba parameters
allows tuning of the spin texture, which can impact edge state
robustness and transport properties 2,

Bismuthene, a monolayer of bismuth atoms arranged in a
honeycomb lattice, has been demonstrated to possess a large
bandgap (= 0.8 eV) in the QSH regime, which can be further
tuned by vertical electric fields 24, Similarly, stanene, the tin
analogue of graphene, exhibits a topological insulating phase
that is highly sensitive to electric field perturbations. Studies
have shown that vertical gating can switch the system
between trivial and non-trivial phases, particularly when
interfaced with substrates that break mirror symmetry 22, In
bilayer systems, such as bilayer graphene or bilayer TMDs,
the tunability is even more pronounced due to interlayer
asymmetry induced by perpendicular fields. This enables
precise control over valley polarization and band topology 231,

2.2 Magnetic Field Effects

Magnetic fields play a pivotal role in tuning the topological
properties of low-dimensional systems by breaking time-
reversal symmetry (TRS), a necessary condition for realizing
several topological phases such as the quantum anomalous
Hall effect (QAHE). Unlike the quantum Hall effect, which
requires high magnetic fields and Landau quantization, the
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QAHE can emerge in materials with intrinsic magnetic
ordering or through the application of an external magnetic
field, combined with strong spin-orbit coupling (SOC) 24,

In low-dimensional systems like 2D topological insulators or
magnetic van der Waals materials, magnetic fields can open a
gap in the Dirac-like edge states, inducing a transition to a
QAHE state. This results in chiral edge modes that are
dissipationless and topologically protected critical for
potential applications in low-power electronics and quantum
computation 251,

Two main contributions from a magnetic field are significant
in this context: the Zeeman effect, which lifts the spin
degeneracy by coupling with electron spins, and the orbital
effect, which modifies the electronic structure through the
vector potential. These effects can be individually or jointly
tuned to control the topological character of the system [?],
For example, magnetically doped topological insulators such
as Cr- or V-doped (Bi,Sb).Tes films have shown quantized
Hall conductance without an external magnetic field, and
tunability under weak magnetic perturbations 271, The
integration of magnetic proximity effects, such as in
heterostructures involving graphene or TMDs with magnetic
substrates, offers an additional degree of field-driven
topological control 221,

2.3 Strain and Pressure Engineering

Mechanical strain and hydrostatic pressure provide another
powerful and reversible means to modulate the topological
phases of quantum materials. Unlike magnetic or electric
fields, strain engineering tunes the system by altering lattice
constants and crystal symmetry, thus directly modifying the
electronic band structure and spin-orbit coupling [2°1,

In 2D materials like graphene, stanene, and transition metal
dichalcogenides (TMDs), strain-induced band inversions have
been theoretically predicted and experimentally verified,
leading to topological phase transitions from trivial insulators
to quantum spin Hall or Weyl semimetal phases (% The
nature of the applied strain uniaxial, biaxial, or shear has
specific effects on the band topology and localization of edge
states. For example, in monolayer WTe., tensile strain can
tune the material from a semimetal to a robust quantum spin
Hall insulator (Y, Pressure tuning, especially in van der Waals
heterostructures, affects interlayer coupling and can induce
phase transitions between topological insulators, semimetals,
or trivial phases. It has also been shown to modulate the Weyl
points in 3D systems and their 2D analogs 2.

Furthermore, the strain can break crystalline symmetries (e.g.,
mirror or inversion), enabling the emergence of topologically
nontrivial phases that are otherwise symmetry-protected in the
unstrained structure 31,

2.4 Dual-Field and Multi-Field Coupling

The interplay of multiple external fields such as electric +
magnetic or electric + strain fields has recently emerged as a
frontier in controlling quantum topology in low-dimensional
materials. This multi-field tunability enables complex and
nontrivial field interactions, providing a broader phase space
to explore exotic quantum states 341,

One prominent example is the electric-magnetic dual control
in magnetically doped topological insulators, where electric
fields can tune the magnetic anisotropy, enabling switching
between different QAHE plateaus %, Similarly, in bilayer
graphene, simultaneous application of perpendicular electric
and in-plane magnetic fields results in valley-polarized
topological currents due to combined inversion and TRS
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breaking %61, In systems where strain and electric fields are
coupled, such as piezoelectric TMDs, an applied strain can
induce internal electric fields that further modulate the
topological bandgap. The nonlinear coupling between strain-
induced lattice deformation and external gating can produce
phase diagrams with multiple coexisting topological orders
71 Emerging theoretical frameworks such as Floguet
topological insulators also leverage multi-field (especially
light + static fields) dynamics to induce non-equilibrium
topological phases, which are inaccessible via equilibrium
fields alone 8. This synergy between external fields opens
exciting prospects for programmable topological devices,
where topological states can be written, erased, or tuned in
real time using multiple field stimuli.

3. Computational and experimental methodologies
A robust understanding of topological tunability in low-
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dimensional quantum materials requires an integrated
approach that combines first-principles simulations, effective
model  Hamiltonians, and advanced  experimental
characterization. This section outlines the key computational
and experimental techniques that underpin the theoretical
predictions and empirical validation of topological phases
under external fields.

3.1 Ab Initio and tight-binding modeling

First-principles (ab initio) calculations based on Density
Functional Theory (DFT) and its extensions have become
indispensable tools for predicting and tuning topological
phases. These methods enable direct computation of the
electronic band structure, spin texture, and topological
invariants such as Z. indices and Chern numbers. In
topological materials research, the following computational
schemes are commonly employed:

Table 1: Computational Methodologies

Method Purpose

Tools/Packages Output/Observable

DFT (with SOC) Base electronic structure, SOC effects

VASP, Quantum ESPRESSO,

WIEN2K Band structure, orbital character

GW Approximation Improved quasiparticle bandgaps

BerkeleyGW, Yambo Accurate bandgaps, DOS

Wannier90-based Tight

Model construction for topological analysis

Wannier90 + TB models Edge states, Berry curvature

Binding
Topological Invariant Calculation of Chern numbers, Zs invariants Z2Pack, WannierTools, IrRep, | Topological indices, Wilson
Tools Pyz?2 loops
. — Analytic/phenomenological models under | k-p theory, low-energy Dirac | Field-induced phase transition
Effective Hamiltonians external fields models prediction

3.2 Experimental Techniques
Experimental validation of topological tunability requires
high-resolution  spectroscopic, magnetic, and transport

measurements. Key techniques used to investigate field-
induced topological transitions are described below.

Table 2: Experimental probes for field-tuned topological states

Technique Target Observable Applicable Fields Resolution Material Examples
ARPES Band structure, Dirac cones, Rashba splitting E,B ~10 meV, k-resolved | Bi»Ses, Bismuthene, Stanene
STMI/STS Edge modes, local DOS, gap features E, Strain ~A spatial, meV energy Graphene, WTe:
Magneto-transport QAHE, QSHE, resistance changes E, B, Strain ~10~* Q resolution (Bi,Sb).Tes, Cr-doped Tls
SQUID Magnetic moment, anisotropy B, Electric (via gating) | ~10-® emu sensitivity |[EuS-Graphene, Magnetic TMDs|
In-situ nano-device| Gate tunability, strain effect E, B, Strain (multi-field)Real-time measurement|  Bilayer graphene, TMDs

4. Tunability-induced topological phase transitions

The advent of topological materials has brought forth a new
class of quantum phases, which are not described by
symmetry breaking but by topological invariants such as the
Chern number and Z. index. Recent advances in material
synthesis and external field control have enabled dynamic
transitions between trivial and non-trivial topological phases,
offering a platform for tunable quantum phenomena with
technological potential.

4.1 Direct-to-Indirect Bandgap Conversions

One of the most striking outcomes of external field
application is the modification of the bandgap nature. In
certain 2D topological insulators (TIs), external strain or
electric fields can induce a transition from a direct to an
indirect bandgap, or vice versa, thereby significantly altering
optical absorption and carrier recombination dynamics [0,
This is particularly important in optoelectronic applications
where band alignment governs device performance. In
monolayer WTe:, tensile strain shifts the conduction band
minimum from I' to M-point, changing the bandgap from
direct to indirect (1,

Material External Field Applied Bandgap Nature Before Bandgap Nature After Ref
WTe: Uniaxial strain Direct Indirect (31]
MoS: Electric field Direct Indirect [32]

4.2 Trivial-to-Topological Insulator Transitions

Topological phase transitions can be induced by band
inversion mechanisms, where an external perturbation causes
the conduction and valence bands to exchange their character
(orbital symmetry or parity). This is the hallmark of a
transition from a normal insulator (NI) to a topological

insulator (TI). Bi bilayers, an out-of-plane electric field can
reverse the parity of the bands at the T'-point, changing the Z.
invariant from 0 to 1 3. Such transitions have been modeled
using density functional theory (DFT) and validated through
angle-resolved  photoemission  spectroscopy (ARPES),
demonstrating topologically protected edge states post-
transition (341,

~ 183~


https://www.physicsjournal.net/

International Journal of Physics and Mathematics

4.3 Emergence of Weyl/Dirac points under symmetry
breaking

Applying magnetic fields or strain can break time-reversal (T°)
or inversion (P) symmetry, leading to the emergence of Weyl
or Dirac points in the Brillouin zone. These points act as
monopoles of Berry curvature and lead to exotic phenomena
such as chiral anomaly and anomalous. Hall effect

https://www.physicsjournal.net

Application of uniaxial strain to NasBi splits Dirac nodes into

Weyl nodes by lifting band degeneracy 31,

e Weyl Semimetals (WSMs) are realized when either 2P or
T symmetry is broken in 3D systems.

e Dirac Semimetals (DSMs) retain both symmetries but
show linear band touching at discrete k-points.

Material Symmetry Broken Resulting Phase External Perturbation Ref
NasBi Inversion Weyl Semimetal Strain [35]
CdsAs2 Time-reversal Weyl Semimetal Magnetic field [36]
TaAs None (intrinsic WSM) Weyl Semimetal - [37]

4.4 Field-Modulated Topological Phase Diagrams
A comprehensive understanding of tunability requires
mapping phase diagrams under varying field strengths.

Below is a representative phase diagram for a strained
bismuthene sheet.

Topological Phase Diagram of Bismuthene under Biaxial Strain
0.10 Phase
Semi-metallic
Topological Insulator
Trivial Insulator
0.08F
5006t
g
Q
[}
o
T
g
o 0.04f
0.021
0.00
-10.0 =15 =50 =25 0.0 2.5 5.0 15 10.0
Biaxial Strain (%)

Fig 1: Topological phase diagram of bismuthene under biaxial strain (Indicating regions of trivial, TI, and semimetallic behavior based on DFT-
derived band structures)

5. Applications in quantum and Nanoelectronics

The tunability of topological phases in low-dimensional
quantum materials via external fields opens transformative
avenues for next-generation electronic, spintronic, and
quantum computing applications. The ability to switch
between topological and trivial phases or manipulate edge
states dynamically allows for the realization of robust, low-
dissipation device architectures that leverage the inherent
protection offered by topological states.

5.1 Field-Effect Topological Transistors

Topological field-effect transistors (TFETS) represent a major
breakthrough, offering a new class of logic devices that
exploit electrically switchable edge modes. In 2D topological
insulators such as bismuthene or stanene, applying a
perpendicular electric field can modulate band inversion,
thereby transitioning the system from a topologically non-
trivial phase to a trivial one 281, This gate-tunable mechanism
enables dissipationless conduction channels when in the
topological regime and suppressed conductivity otherwise
serving as an ideal platform for low-power switching
operations.

Table 2: Performance Comparison of TFET Prototypes vs. CMOS

Parameter [TFET (Topological)]CMOS (Traditional)
Power Dissipation Very Low Moderate
Switching Speed High Very High
Scalability Excellent Good
Topological Protection Present Absent

5.2 Quantum Computation Using Topologically Protected
States

Topological materials, especially those hosting Majorana
fermions in one-dimensional topological superconductors or
chiral edge modes in quantum anomalous Hall systems,
provide a robust platform for topological quantum computing
[29], These states are resilient to local perturbations, thereby
reducing decoherence a key challenge in current quantum
systems. Braiding operations of non-Abelian anyons offer the
prospect of fault-tolerant qubits. Tunability via electric and
magnetic fields allows dynamic control over the quantum
states, essential for qubit initialization, manipulation, and
readout.
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5.3 Spintronics and Valleytronics Implications

Field-controlled topological states can dramatically advance
spintronics an area exploiting the electron’s spin rather than its
charge. Materials exhibiting the quantum spin Hall effect
under external fields (like stanene or WTez) facilitate
dissipationless spin currents, which can be switched

https://www.physicsjournal.net

electrically without magnetic materials [%.  Similarly,
valleytronics, which exploits the valley degree of freedom in
2D materials like MoS: and graphene, benefits from external
tuning of symmetry breaking to control valley polarization
and coupling.

Source

Spin-Valley Filter

(Valley-Polarized Electrons)

Spin 1, Valle

Spin |, Valle)

Electric + Magnetic Fields Applied

Drain

Fig 1: (hypothetical): schematic of a spin-valley filter enabled by electric and magnetic field-induced topological states

6. Conclusion

This study has explored the intricate relationship between
topological phases and external field-induced tunability in
low-dimensional quantum materials. We systematically
analyzed the role of electric, magnetic, strain, and hybrid field
environments in modulating the quantum topology of
materials such as bismuthene, stanene, and other 2D
topological insulators and semimetals. Through a combined
lens of  first-principles modeling, tight-binding
approximations, and state-of-the-art experimental techniques
like ARPES and STM, the work presents a unified perspective
on how external stimuli serve as active tools for inducing
topological phase transitions, such as trivial-to-topological
insulator transformations and the emergence of Weyl/Dirac
nodes through symmetry breaking.

Key findings

e Electric fields facilitate Rashba-type spin splitting and
band inversion, enabling control over quantum spin Hall
states.

e Magnetic fields induce the quantum anomalous Hall
effect and reveal intricate Zeeman/orbital contributions to
band topology.

e Mechanical strain and pressure offer a reversible and
localized approach for band structure engineering,
revealing strain-tunable topological phases.

e Coupled field environments, such as dual electric and
magnetic fields, enable nonlinear responses and novel
topological signatures that go beyond single-field effects.

Future Research

e  Exploring non-equilibrium tunability mechanisms such as
ultrafast laser fields and Floquet engineering.

e Expanding the material palette to include van der Waals
heterostructures and twistronics-based architectures.

e Integrating machine learning models with quantum
simulations to predict tunability in unexplored materials.
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