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DISSERTATION TOPIC

Theoretical and experimental study of coherent properties of macroscopic systems
is one of the main goals of contemporary condensed matter physics. Meanwhile
disorder in such systems always is present in the form of defects and impurities with
a wide range of concentrations. Therefore, any relevant theoretical study naturally
has to include disorder into its framework. Such a study was first performed by
P. W. Anderson [1] who has shown that all or part of particle states undergo
localization transition at (finite) disorder. Wavefunctions of constituent quantum
particles get localized in real space, which becomes dramatic in lower dimensions,
d < 3. In the localized phase the transport of charge, spin or heat is suppressed.
Realization of this state of matter by the groups of A. Aspect and M. Inguscio [2,
3] in dilute quasi-one-dimensional systems of cold bosonic atoms has refreshed
research activities in the domain of disordered systems[4, 5]. Anderson localization
is the phenomenon of single-particle physics. The question of whether and how
interparticle interactions influence localization remained opened for a long of time.
In their seminal work Basko, Aleiner and Altshuler [6] have shown that the isolated
disordered quantum systems in the presence of interparticle interactions may exhibit
metal-insulator transition at finite energy densities - the phenomenon named as
many-body localization (MBL). In this work the authors considered many-body
Fock space constructed out of localized single-particle states and asked the question
of whether matrix elements of the interparticle interaction are sufficient to cause
delocalization within the considered Hilbert space. It was shown that this is indeed
the case if one considers finite energy densities. Several years later, the first numerical
evidence on support of the perturbative study was demonstrated by A. Pal and D.
Huse [7], which made the domain of MBL one of the active research frontiers of the
modern condensed matter physics [8, 9].

The topics covered in this Thesis are mainly formulated during the PhD study
of the author. All considered problems are quasi-one-dimensional, where effects of
quantum fluctuations are the strongest. An interplay of disorder with interparticle
interactions in such systems is an old problem [10, 11, 12, 13]. However, in this Thesis
we address localization-delocalization transitions in a family of non-traditional
models.

Aims and objectives

1. Possibility of new quantum phases and transitions in strongly disordered
quantum systems with imposed constraints. Obtaining phase diagram of the
considered models using the exact diagonalization technique. The study of
two-component disorder in the case of the Fermi-Hubbard model with infinite
on-site repulsion.
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2. Low-temperature phase diagram of the disordered model with pair hoppings
in one dimension using the Density-Matrix Renormalization group technique.
Possible mechanisms of the Berezinskii-Kosterlitz-Thouless transition which
occurs at a finite disorder strength for large pair hopping amplitudes.

3. Effects of a single impurity in the Tomonaga-Luttinger Liquid with coupled
spin and charge channels using bosonization method. Obtaining Kane-Fisher
phase diagram when such a coupling is caused by spin-orbit interactions.

KEY RESULTS

Key aspects to be defended

1. Many-body localization transition is studied for two 1D quantum systems with
imposed constraints on their local degrees of freedom. For the first time we
present a family of models which exhibit MBL, although no explicit interaction
terms are present in the corresponding Hamiltonians. The first model is the
one of hard-core bosons with the nearest and next-nearest neighbor (NNN)
hoppings. On the basis of finite-size numerical calculations it is demonstrated
that at finite NNN hopping the system is effectively interacting and one
observes the MBL transition, although no explicit interaction term is present
in the Hamiltonian. For vanishing NNN hoppings, the system undergoes
Anderson localization at any finite disoder. The second model is the 1D Fermi-
Hubbard model in the regime of infinite on-site repulsion. For this model it
is numerically shown that any finite potential disorder drives the system to
the Anderson insulator. On the contrary, effects of random magnetic field are
two-fold: on the one hand, at small but finite random fields the system remains
chaotic, on the other hand, large random fields cause the MBL transition.
Interplay between two types of disorder is studied and the finite-size phase
diagram of the model is obtained.

2. Effects of disorder are studied in a 1D system of fermions with single particle
and pair hoppings. Using large-scale numerical calculations the phase diagram
of the model in the clean limit is obtained. It is demonstrated that in
the regime of large pair hoppings the disorder term is irrelevant in the
renormalization group sense and one has electronic fluid with algebraically
decaying correlations at finite but small disorder. At large disorder the
system enters the localization phase via the Berezinskii-Kosterlitz-Thouless
mechanism. The phase diagram of the disordered model is obtained on the
basis of decay of real space correlators and the disorder-averaged liquid
parameter K. The found transition occurs via the Giamarchi-Schulz scenario.
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3. Effects of a single impurity on Luttinger liquid with coupled spin and
charge degrees of freedom are studied using bosonization and perturbative
renormalization techniques. The spin-charge coupling is caused by finite spin-
orbit interactions. The Kane-Fisher phase diagram obtained for the decoupled
modes is extended to the case of spin-charge coupling. The obtained results
refute previous predictions on the observation of spin-filtering effect in the
considered model. The results show that the effects of spin-orbit interaction
in the system with a single impurity are the strongest for strongly interacting
systems, whereas for a weakly interacting electronic gas the effects are weak.
Expressions for the Luttinger liquid parameters and excitation velocites of
newly emerging modes are also obtained.

Author’s personal contribution to the aspects to be defended

Significant part of Chapter 1 and Chapter 2 of the presented work, including
the selection of numerical methods, realization of the numerical algorithms, selection
of necessary quantities for calculations and data analysis was done by the author.
Analytical calculations and analysis of the obtained results of Chapter 3 are also
performed by the author. This work was performed in the Many-body theory
Laboratory of Russian Quantum Center and in the Physics Department of the
National Research University Higher School of Economics in the period from 2019
to 2023.
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• The first chapter of the Thesis is dedicated to two interesting models which
exhibit many-body localization (MBL) transition although no interaction
terms are present in the corresponding Hamiltonians. Instead, they obey
imposed constraints on their local degrees of freedom. The first set of models
are spin S = 1/2 models considered in a ladder geometry, whereas the second
model is the Fermi-Hubbard model in the limit of infinite on-site repulsion.
By means of large-scale exact diagonalization calculations we show that both
models exhibit MBL transition at finite disorder strength.

• In the second chapter we consider a quasi-1D fermionic disordered model at
low temperatures. On top of the disorder term, which is present in every lattice
site, the Hamiltonian of the system consists of single particle and pair hopping
terms. By means of large-scale numerical Density Matrix Renormalization
Group method we first show that the zero-temperature physics of the clean
system is well described within the framework of the Tomonaga-Luttinger
liquid (TLL) theory. Then we study the role of constituent Hamiltonian
terms and show that the pair hopping term can guarantee the survival of
the Luttinger liquid phase at finite disorder, if the hopping amplitude is
sufficiently large.

• The last chapter is dedicated to the study of a single impurity in a multichannel
Luttinger liquid at low temperatures. The TLL is composed of carriers ↑ / ↓
and consequently has two channels: spin and charge. In one dimension these
channels are decoupled and carry the corresponding carriers separately. In
the presence of spin-orbit interaction the two channels are coupled. In this
chapter we study effects of a single impurity in such electronic liquid using
bosonization and perturbative renormalization group techniques.
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