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Abstract

Topological phases of matter are conventionally characterized at the non-interacting level through global
invariants, whose evaluation relies on tracking the evolution of occupied single-particle states across the
Brillouin zone. However, this paradigm becomes inadequate in the presence of disorder, which breaks trans-
lational symmetry, or strong electron—electron interactions, which invalidate the single-particle description.
In such regimes, new theoretical and computational approaches are required to properly characterize topolog-
ical properties. At the same time, the interplay between band topology, disorder, and correlations is expected
to give rise to a rich and unconventional phenomenology, including disorder-induced topological phases and
exotic states emerging from interaction.

This thesis investigates the effects of non-perturbative disorder and strong correlations in topological
insulators, combining methodological developments with numerical simulations. A central theme is the
extension of topological concepts beyond crystalline and non-interacting framework, with particular emphasis
on real-space formulations and many-body diagnostics.

In the first part, disorder is addressed from a methodological perspective by introducing a suite of tech-
niques for detecting topological phases in non-crystalline systems. In particular, we consider single-point
topological invariants defined within the framework of very large supercells, and topological local markers
applicable to both finite and extended systems. A key conceptual result is the demonstration that these
space-resolved topological markers can serve as genuine local order parameters for topological phases in
disordered systems, thereby challenging the conventional view that topological phase transitions can only
be described in terms of global quantities. Using tight-binding models—specifically the Haldane model for
quantum anomalous Hall insulators and the Kane-Mele model for quantum spin Hall insulators—extensive
numerical simulations are performed in the presence of different types of disorder. The analysis reveals that
topological local markers exhibit spatial fluctuations with well-defined statistical properties. These fluctua-
tions are short-ranged and vanish under coarse-graining, except at the phase transitions, where they persist
over large scales. By introducing a topological correlation function, correlation lengths and scaling behavior
are extracted at criticality. In particular, at phase transitions this topological correlation function is char-
acterized by universal critical exponents that appear independent of the type of disorder, while remaining
sensitive to the nature of the transition and the symmetry class of the model. From an applicative perspec-
tive, these methods are further employed to study realistic systems showing topological phases, such as a
monolayer of Jacutingaite, in the presence of vacancies, using effective Wannier Hamiltonians derived from
first-principle calculations.

The second part focuses on the role of strong electron—electron interactions in topological insulators,
treated within the variational Monte Carlo framework. Topological properties in interacting systems are
identified using many-body markers derived from the modern theory of polarization, here applied in a novel
way to large system sizes. The main achievement is the study of a one-dimensional two-orbital fermionic
model with on-site (intra-band Hubbard U) and nearest-neighbor (V') interactions, described using a multi-
orbital Jastrow—Slater variational wavefunction. The results reveal that electronic correlations do not simply
renormalize the non-interacting picture but instead give rise to new emergent phases. In particular, the
transition between trivial and topological phases becomes non-direct at finite U, with the emergence of
an intermediate insulating phase exhibiting signatures of gapless spin excitations, which cannot be simply
described within either the weak- or strong-coupling limits. A small-V interaction further stabilizes this
intermediate insulator, while a sufficiently large value of nearest-neighbor repulsion gives rise to two different
charge-density wave insulators. This approach is extended to the two-dimensional version of the model,
namely the Bernevig-Hughes—Zhang (BHZ) model for quantum spin Hall insulators, in the presence of both
intra- and inter-orbital interactions. In this setting, an antiferromagnetic phase can be stabilized in the
regime of strong intra-band interaction, while the inclusion of inter-orbital coupling provides evidence for the
emerging of an excitonic insulating phase in the strong-coupling regime. These results further highlight the
richness of correlation-driven topological phenomena in higher-dimensional systems.
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Dr. Favata presented a twofold study investigating the effects of interaction and disorder in
low-dimensional topological insulators. Regarding the former one, a variational quantum
Monte Carlo approach was applied to the Bernevig-Hughes-Zhang (BHZ) model. In one
dimension, a systematic analysis revealed an unexpected intermediate phase situated
between the topological and trivial insulators; this phase is characterized by an insulating
gap in the charge sector but gapless spin excitations. Furthermore, the study
demonstrated that sufficiently large nearest-neighbor interactions stabilize charge-density-
wave states. In two dimensions, the results confirmed the existence of an excitonic
insulator, previously suggested in the limit of infinite dimensions. In the second part of the
presentation, Dr. Favata investigated non-crystalline systems, by developing and applying
novel tools to characterize topological phase transitions driven by disorder. In particular,
real-space local markers have been introduced, showing that they can act as local order
parameters with meaningful spatial fluctuations and correlation functions. These methods
are also applied to realistic materials, such as a monolayer of Jacutingaite with vacancies,
using Wannier Hamiltonians derived from first-principles calculations.

The presentation underscored the conceptual complexity of the problems and the technical
details to assess the relevant physical aspects. The results achieved by the candidate are
of high caliber and were presented with clarity. Furthermore, Dr. Favata demonstrated a
profound mastery of the subjects, also addressing all questions with well-reasoned
responses.
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My research has focused on topological phases of matter beyond the band-theory paradigm, addressing the effects of strong
electronic correlations and disorder. Topological properties are commonly established at the non-interacting level in terms of
global invariants computed from single-particle states defined in the Brillouin zone. However, when the translational symmetry
is broken by disorder or strong correlations invalidate the single-particle picture, conventional tools fail and new strategies are
needed to characterize topology. My work explores these regimes, where the interplay between band topology, interactions
and disorder leads to novel and exotic phenomena.

The research developed along two main directions. One is the study of the effect of electronic interactions in topological
insulators through a variational Monte Carlo (VMC) approach, by employing many-body markers in a novel way on large
system sizes and finding very rich phase diagrams. The other is the investigation of disorder in topological insulators, first from
a methodological perspective, by developing topological invariants for non-crystalline systems, and further from an applicative
perspective, by proposing topological local order parameters to characterize disorder-driven phase transitions.

A major achievement is the study of a one-dimensional two-orbital fermionic model with on-site intra-band (U) and nearest-
neighbor (V) interactions, using a Jastrow-Slater wavefuntion within VMC. The results, published in PRB 111, 155105 (2025),
reveal that correlations induce emergent phases beyond the non-interacting picture. Notably, a spin-gapless insulating phase
appears between the trivial and topological states, demonstrating that the transition is not direct. We extended this approach to
the two-dimensional case with intra- and inter-band interactions, where signatures of excitonic insulating phases at strong
coupling are observed.

In parallel, the PhD activity has addressed topological systems in the presence of disorder. Alongside the development of
singlé-point invariants for disorder systems [Electron. Struct. 5, 014005 (2023)], we argued that local topological markers can
serve as local order parameters in disordered systems, against the common belief that topological phase transitions are only
described in terms of global quantities. In PRL 135, 026603 (2025), we show that these markers exhibit meaningful fluctuations
and correlation functions with a scaling behavior at criticality that is characterized by universal critical exponents. These
contributions have been implemented in a Python package, freely available on Github and actively updated with new features.
These methods are also applied to real systems which show topological phases, such as a monolayer of Jacutingaite in the

presence of vacancies, by using Wannier Hamiltonians extracted from first-principle calculations.
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