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Abstract

This thesis is about topological Anderson insulators. It is divided into two parts: one
in which we study the so-called Strong Disorder Renormalization Group (SDRG)
analysis of a disordered wire, and other in which we use a Neural Network that
can recognize topological phases in clean insulators, with possibility of extension to
disordered insulators. In the first part, we start with a review of the basic concepts
about Anderson localization and one of the most known models for topological insu-
lators (named the Su-Schriefer-Heeger - SSH - model). Then, we study a disordered
wire with chiral symmetry, considering that the usual single parameter scaling hy-
pothesis is violated, and introducing a second scaling parameter. Using the SDRG
analysis, we show how to obtain the two-parameter flow diagram for this model.
The second part, in its turn, addresses a brief picture to what is a Machine Learn-
ing algorithm and more precisely, one with a Feed-forward Neural Network (FNN)
architecture. Our starting point is the question of how Machine Learning can be
useful to classify topological phases of matter. We found the phase diagram of a

clean insulator and extend the analysis for a disordered insulator.
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Chapter 1

Introduction

Many physical systems contain different types of impurities and imperfections that
naturally appear in the sample preparation process, influence the physical properties
and are source of a rich phenomenology. These imperfections are generally referred
to as disorder and understanding their impact is often challenging. In particular, for
phase-coherent systems, quantum interference resulting from disordered scattering
may lead to localization and consequently insulating behavior [1]. Indeed, in his
seminal work of 1958, P.W. Anderson observed that the electron wave function
in a three-dimensional system with a random potential completely changes upon
increasing the disorder strength [2]. That is, the system undergoes a transition
from a metallic phase at weak disorder - described by delocalized eigenstates and a
finite probability to find the particle throughout the entire sample - to an insulating
phase at strong disorder, where eigenfunctions are exponentially localized around
some region in space.

The nature of this localization transition stayed unclear for almost 20 years un-
til Thouless formulated in 1974 a scaling description of the localization problem of
non-interacting electrons in static disorder potentials [3]. Two years later, Wegner
conjectured the relation between this transition and the theory of critical phenomena
for continuous phase transitions [4]. Finally, in 1979, Abrahams, Anderson, Liccia-
rdello, and Ramakrishnan, the so-called “gang of four”, established a scaling theory
of localization, which describes how the dimensionless conductance of a disordered

single-particle system changes with increasing system size [5]. According to the sin-
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Chapter 1. Introduction 2

gle parameter scaling theory for non-interacting electrons, all states are localized in
a d < 2 phase coherent system in the thermodynamic limit. Localization induced by
static disorder is by now a well established paradigm in condensed matter physics,
and the resulting insulators are named Anderson insulators.

A different type of insulating behavior may be observed in clean single-particle
systems and understood within the band theory of translational invariant systems.
The band theory of electric conduction exists since the foundations of quantum
mechanics. It explains, among many physical properties of solids, how crystalline
materials are electric insulators, even with electrons hopping between the atoms
[6]. For insulators, in particular, the eigenstates form energy bands separated by
an energy gap where the lower band, the valence band, is completely filled and the
creation of electron excitation thus requires energies overcoming the energy gap (see
figure 1.1). For temperatures smaller than the gap such energy is not available and

the electronic state is insulating.

r==» Overlap Bandgap .,

Fermi level

Electron energy

Metal Semiconductor Insulator

Figure 1.1: Scheme for conductance and valence bands in a metal, semiconduc-
tor and insulator (with the bandgap). Adapted from https://commons.wikimedia.

org/wiki/File:Isolator-metal.svg.

It was realized only in 2005 that this is not the entire story and band insulators
can come in different topological realizations. In their pioneering work, Kane and
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Chapter 1. Introduction 3

Mele [7] realized that spin-orbit interactions in low energy electronic structures of
graphene lead to a new variant of the Quantum Hall phase, named Quantum Spin
Hall, which is characterized by a bulk energy band gap and gapless edge states on the
boundary. In the same year, they showed that a nontrivial topological number can
be associated to this phase [8], hence making it different from a normal insulator,
e.g. resulting from intervally scattering. These works showed for the first time
that topological trivial and non-trivial variants of band insulators can result from
perturbing a semi-metal. The non-trivial variant is now called topological insulator.
Soon after their first discovery, a periodic table for band insulators has been worked
out, indicating in which systems (here characterized by the fundamental symmetries)
and what space-dimension insulating behavior with non-trivial topology can occur
[9].

At this point, a natural question arises, namely how topological band insula-
tors get along with disorder. The first guess is that sufficiently strong disorder
will destroy topological insulators: A crucial ingredient for the latter is the band
gap which allows for the topological classification of band insulators. Disorder in-
troduces mid-gap states that eventually create disorder bands, invalidating thus
the necessary requirement of a bulk energy gap. On the other hand, in-gap states
in low-dimensional systems are Anderson localized, and one may suspect that the
notion of topology introduced for the band insulators may also survive in their An-
derson insulating cousins. A famous example where this second scenario applies
is the Quantum Hall effect. Historically, the discovery of the Quantum Hall (QH)
effect in the 1980’s introduced the idea that topology may play a central role in
distinguishing electronic phases. It was observed that in the low temperature quan-
tum limit the Hall resistivity assumes, differently from the classical behavior at high
temperatures, only integers values. It is here worthy noting that a macroscopic and
not microscopic physical property is quantized, hence stressing the importance of
topology of quantum systems. By now it has been recognized that Quantum Hall
insulators (close to the plateau transitions) are Anderson insulators with non-trivial
topology, that is, the Anderson insulating variant of a topological insulator.

In this thesis we study topological Anderson insulators, which can occur in one-
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Chapter 1. Introduction 4

dimensional systems with a specific lattice symmetry, labeled chiral symmetry. The
thesis consists of two parts: In the first one we perform a Strong Disorder Renor-
malization Group (SDRG) analysis of a disordered wire with chiral symmetry. We
derive the two-parameter scaling behavior which generalizes the single-parameter
scaling of the “gang of four” to scenarios in which non-trivial topology plays a role.
The SDRG is a powerful method to study the effect of disorder in quantum systems.
It was first developed by D. S. Fisher [10]-[12] to study the ground state properties
of disordered spin chains. In recent works, Mard, Hoyos, Miranda, and Dobrosavl-
jevic [13] used the SDRG to analyse the scaling behaviour of a disordered wire with
particle-hole/chiral symmetry, and observed that the usual single-parameter scaling
was violated. However, they did not relate this unusual behaviour to the flow of a
second relevant parameter: the (average) winding number accounting for non-trivial
topological properties. Here, we show how one can incorporate this second flow pa-
rameter into the SDRG analysis and how this completes the picture, resulting in a
flow diagram analogous to that of the Quantum Hall effect.

In the second part of the thesis, we take a different perspective and look at
the problem of topological phases in disordered systems from a Machine Learning
(ML) perspective. In the last years, the field of ML has appeared as a powerful
alternative tool to study physical systems. Examples range from numerical solutions
accelerating Monte Carlo simulations [14], classification of phases of matter [15], to
the detection of entanglement [16] and many more. In particular, the problem of
learning phases is quite challenging. In terms of a ML algorith, we can classify
phases for categorizing information or use regression to predict continuous values,
both cases are in general performed via supervised training. Topological phases of
matter are in this context challenging since they are characterized by a manifestly
non-local property, the topological number, while only local Hamiltonians are used
as inputs. Specifically, we look for a ML algorithm which is able to classify non-
trivial phases in disordered quantum wires with chiral symmetry. To make the
problem richer we change from the single channel wires, considered in the first part
of this thesis, to three-channel wires, since the latter allow for a larger number of

different topologically non-trivial phases. We first derive the phase diagram of the
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1.1. Outline 5

three channel wire as a function of hopping parameters and disorder strength from
a self-consistent Born approximation for the disorder induced self-energy. We then
train a Feedforward Neural Network on the clean wires using the eigenvectors of
the Hamiltonian as input data, and study if the neural network can reproduce, in
a next step, the phase diagram of the disordered system. This second part is not

concluded yet, and we here only report our first results.

1.1 Outline

Since different approaches for topological Anderson insulators are studied within
this work, it is divided into two parts. The first one addresses the SDRG analysis
of a disordered wire along with chapters 2 and 3, while the second part contains
a Machine Learning approach to the problem of classifying topological phases, on
chapters 4 and 5.

Chapter 2 contains a brief introduction to the theory of Anderson localization,
starting with a simple model of a one-dimensional quantum particle moving in a
random potential, then using the transfer matrix formalism in order to compute
transport properties in such system and performing some numerical experiments.
The main ideas behind the single parameter scaling of localization and its limits
of validity are also presented. To illustrate topological aspects, a review of the
paradigmatic Su-Schrieffer-Heeger (SSH) model is discussed, including ideas about
chiral symmetry and topological invariants.

The single channel disordered quantum wire is presented in chapter 3. In posses
of the SDRG decimation rules, the topological invariant defined in terms of a gener-
ating function is calculated. Finally, the two-parameter scaling flow and a discussion
of its properties is shown.

In chapter 4, the self-energies correction to the disordered topological invariant
is presented. The target is to present a model for N = 3 connected chains, that has
known phase diagram from the literature, for later comparison with the computed
phase diagrams from our algorithm. This is the first step to the data generation

process.

September 3, 2019



1.1. Outline 6

Chapter 5 addresses a brief introduction to Machine Learning algorithms, as well
as a detailed description of data generation and numerical implementations. The
last part contains conclusions and possible experiments to be explored in future

works.
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Chapter 2

A brief introduction to localization

and topological insulators

In this chapter, we review the two key concepts relevant for this thesis: Anderson
localization and topological insulators.

First, we review the phenomenon of wave localization in random media within
a simple tight-binding model for a disordered chain in section 2.1. To this end, we
compare transmission coefficients of the chain, which is related to its conductance,
in the classical and quantum limits. While in the classical limit strong dephasing
suppresses any quantum interferences, the quantum limit is characterized by perfect
phase coherence. This way we can see that the physical mechanism behind Anderson
localization is the interference in multiple scattering paths. We support this analysis
with some numerical experiments for this model.

In section 2.2 we discuss localization in higher dimensions by examining the effect
of scaling on the conductance in a general d dimensional disordered system. We also
discuss the main ideas underlying the scaling theory of localization, introduced by
“the gang of four”, following here a discussion in Ref. [5].

We then turn in section 2.3 to topological insulators. Concepts and properties
of topological insulators, in their turn, are probably best accessed and understood
within a concrete model. We, therefore, introduce the Su-Schrieffer-Heeger (SSH)
model, which describes a one-dimensional system with staggered hopping ampli-

tudes. It is one of the simplest models for a topological insulator, and we illustrate
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2.1. Introduction to Anderson localization 9

how topological properties arise in one of its insulating phases.

2.1 Introduction to Anderson localization

Consider a one-dimensional non-relativistic particle of mass m initially prepared in
a Gaussian wavepacket propagating along with some potential V' (z). The evolu-
tion of the wavefunction v (x,t) is given by the Schrodinger’s equation, that in one
dimension reads
h* o2
——— + V(2)| ¥(z,t) = ihop)(x,t). (2.1.1)

2m Ox?

We specify the potential V' to a series of obstacles j = 1,2, ..., N well separated and

placed at randomly chosen distances
Azj = (r; — zj-1),

and each obstacle in its turn described by a potential V;(z) (see fig. 2.1).

Figure 2.1: Each barrier j = 1,2,..., N is placed at x;. The transmission and
reflection coefficients are known for each scatter, and the question is to find the

total transmission across all barries.

For simplicity let us first consider the case of a single scatterer at x = 0. We

then decompose the wavefunction with respect to the left (L, z < 0) and right (R,
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2.1. Introduction to Anderson localization 10

x > 0) side of the sample:

_ ,IN jikx ouUT ,—ikx
W(x) = vele) = wp e gy , (2.1.2)

Yr(x) = PQUTeke 4 pIN oike
where IN (OUT) means ingoing (outgoing) amplitudes at the sample (see fig. 2.2).

These amplitudes are related by the reflection (r) and transmission (¢) coefficients

from the left side and " and ' from the right side. So we have

U9 = Y+ U

2.1.3
Y9UT = rpf 4 g o
In matrix form, the relations above can be written as
our / IN /
r 1 r 1
v = P, with S = : (2.1.4)
w}O{UT t 7 II%N t 7

where S is the scattering matrix relating incoming to outgoing amplitudes. No-
tice that the transmission and scattering coefficients are complex numbers, and the

probabilities for reflection and transmission from the left are given by
R=|rP=r" T=tf=tt' and R+T =1,

(equivalently from the right side).

iN t QEUT -
7"
r ‘ Sample ‘
o oy
tl

Figure 2.2: Scheme for ingoing/outgoing waves at the sample.

While the scattering matrix S allows for a very compact representation of the

scattering at a single impurity, it becomes rather involved once we consider a series
September 3, 2019



2.1. Introduction to Anderson localization 11

of scatterers. In this case, it is more convenient to use a description in terms of the
transfer matrix M, which follows a simple multiplication rule for scatterers in series.
To see this, we decompose first the wavefunctions into right/left moving amplitudes,
U(z) = Prethe 4 opme—ike,

The transfer matrix M then maps the amplitudes from the left side of the scat-
terer to that of the right side of the scatter,

+ +
vi ) _ [ v
Vg vy
Rewriting 2.1.3, we have
_ _ _ 1 _ r
P = =l Yy =Yg = ;wL - y@bz (2.1.5)
and analogously for ¥9YT. Combining both, we finally arrive at the the transfer
matrix:
i _r
M= " t*l : (2.1.6)
—r i

Since M maps the amplitudes from left to right across each scatterer, one can readily
extend the scattering from a single impurity to several impurities in series. The
total transfer matrix for IV scatterers is simply obtained from multiplying transfer

matrices M; for the i-th scatterer,
Mo, n = MyMpy_q...MyM;.

In an experiment with two barriers (fig. 2.3) My = MsM;, and we find

t1to

= — 2.1.7
1 —riry ( )

t12

The physical meaning of eq. (2.1.7) becomes more clear if we expand the right-

hand side in a power series

tlg = tl [1 + 7“27’/1 + (7’27"1)2 + (7’27",1)3 + ] t2. (218)
That is, the transmission amplitude is given by the sum of the contributions of all
possible paths v trough the two barriers,

ta= >t (2.1.9)

vy:1—=2
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2.1. Introduction to Anderson localization 12

tlt2
- Figure 2.3: Scheme of

the transmission across

- Tt two barriers. Notice that
———

the amplitude t;5 con-

tains terms from all pos-

trr,rr,t, .
— sible paths.

bﬁﬂ v—tﬂ
A
Y|y

ﬁ
Al
Y(YY

where the paths can be organized in the number of the internal reflections. So, in the
simplest path 7, the particle just propagates through the two potentials ¢, = ¢,
in the first nontrivial path there is one internal reflection ¢,, = t;7orits, etc. We
then recall that the transmission probability is given by the square of the amplitude,
and can be organized as follows

Tio=) it =Y tti+ > tith,. (2.1.10)

el v akani

In the expression above, the first contribution describes the classical transmission
probability, while the second contribution sums all the quantum interference cor-
rections to it. We next discuss that the latter drastically changes the transmission

probability through a series of N randomly placed scatterers.

2.1.1 Clasical limit

Let us first consider the classical limit in which strong dephasing is present and
the quantum interference corrections are strongly suppressed. One then finds the

transmission probability to propagate through two impurities

Tio = Y tth (2.1.11)
v
The geometric series then gives
TVT5
Ty = —7— 2.1.12
12 1— R1R27 ( )
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2.1. Introduction to Anderson localization 13

where T; and R; are, respectively, the total transmission and reflection probabilities
for each scatter i.
The element resistance of the obstacles, defined as (1 —T)/T, is calculated with

the classical transmission and sums in series classical behavior,

1—T12 o 1—T1+1—T2
T12 T1 T2 .

(2.1.13)
Across N identical impurities distributed with density n = N/L, the classical resis-
tance grows like

R Ry L

—=N— = — 2.1.14

in which l; = T1/(nR;) characterizes the backscattering strength of a single impurity.
Equation 2.1.14 simply states that the total classical resistance of a wire grows
linearly with its length L. This result is known as Ohm’s law and reflects that the

classical dynamics of the particle is diffusive.

2.1.2 Anderson localization

Consider now the opposite limit of perfect phase coherence, where the quantum
interference correction have to be accounted for. Again, in case of two scatterers,

the transmission probability now reads

VT
1 VR R

The difference with respect to the classical limit (in 2.1.12) is in the denominator,

9 marks a difference between the classical and quantum mechanical

where the phase e
limits and has a straightforward interpretation: It simply accounts for accumulated
dynamical phase during the internal reflection of the particle. While this latter
looks rather innocent it becomes very involved once N randomly placed scatterers
are considered.

In this case, the interference corrections will come with multiple phase factors
accumulated during propagation in between the randomly placed scatterers. This

random distances makes the phase factors randomly distributed in the interval [0, 27]

independently of the reflection phases, and a calculation of T" looks very complicated.
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2.1. Introduction to Anderson localization 14

However, the randomness can be taken as an advantage, once we consider the
logarithm of the transmission. Across long samples, when one averages the logarithm

in (2.1.15), the denominator drops out, since

2 d@ )
/ 2—1n|1— V RiRye?| =0, (2.1.16)
0 s

and so (InT') is additive: the total extinction of a channel with length L grows
like [(InT")| = nL|InTy|. With this scaling behavior, the log-averaged transmission
drops fast by increasing the length L,

exp({(InT)) = e (2.1.17)

Recalling that the transmission is related to the conductivity, we conclude that
the conductance in the fully phase-coherent regime becomes exponentially small.
Quantum interference thus drastically changes the classical diffusion: The particle
becomes Anderson localized.

The characteristic length scale for Anderson localization is the localization length

1

= —— 2.1.18
S n|InT| ( )

For weak scattering, nly = Ty R} > 1, and |InTy| ~ (nl;) ™!, with localization length
&1oe = 11 = 21. In one dimension, no matter how weak is the disorder, all states will
localize due to quantum interference. We will see in section 2.2 how this conclusion

can be also derived from a single parameter scaling hypothesis.

2.1.3 Numerical experiments in 1d

In this section, we perform two numerical experiments of the 1d Anderson model.
All codes are written in Python3 and the detailed scripts for this chapter can be
found at https://github.com/Danielaleite. Here, we use the following parameters:
the energy (F), the system size (L) and the number of realizations N.

Up to this point, we used the transfer matrix formalism to combine the discrete
scatters with the proper phases in a model of a propagating wave along a continuous

1d axis. We can also go further and build a discrete model in a 1d lattice, whose
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2.1. Introduction to Anderson localization 15

Hamiltonian is given by

H =Y (ea|n)(n| + tln)(n+ 1| + tin + 1)(n]), (2.1.19)

—c0
where |n) describes the occupation of site n and on-site energies ¢, are randomly
drawn from some gaussian distribution, and the hopping ¢ is set to have energy
units (t = 1). If ¢, is zero, the system is translational invariant and eigenstates are
discrete plane waves v, = ¢*", where k is the wavenumber and k € [—m,7[. The
dispersion relation is E(k) = 2cosk. We introduced disorder considering ¢, as a
random variable, distributed along the interval ¢, € [-W/2, W/2] [1].

In the first numerical experiment, we diagonalized the Hamiltonian 2.1.19 on a
finite lattice. Plot in fig. 2.4 contains an example of a typical localized wavefunction

of a given state with energy E = 0.005.

0.200 -
0.175 *
?
0.150 e
0.125 "
N o
S 0.100 .,
0.075 e
* &
o>
0.050 g o
..‘ L ] L]
L)
0.025 e o4
@0 s * ™
L] " -‘ '.-. -
O.OOO—JE 'ﬁh‘
0 20 400 600 800 1000

Figure 2.4: We notice that the eigenstates are localized in the presence of disorder.

In this example, we used W =1, L = 1000 and energy FE = 0.005.

We also estimated the localization length using the Inverse Particpation Ratio

(IPR), which is defined for each eigenstate by

PR = 3 il
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2.2. Scaling theory of localization 16

Essentially, this value carries all information about the localization properties of the
quantum state. The figure 2.5 shows how this ratio changes in terms of the energy,

and a comparision with the estimated localization length.

(@) o _ 50

-50

-100

-150

-200

—250

-10 -5 0 5
Energy

Figure 2.5: Numerical experiments of the 1d Anderson model: IPR vs. energy in

the (a) experimentand (b) Theory.

In a second experiment, we computed the intensity In|¢)?| for a given realiza-
tion of disorder. Starting from the reduced form of time-independent Schroedinger

equation for an eigenstate 1) =) 1,|n), with energy E, we have
enln) (nln|n) + |n)(n 4+ 1j,|n) + |n 4+ 1)(n|,|n) = Ev|n) (2.1.20)
Eutl) + U aln) + G ln) = Bgl),  (2.121)

that lead us to a recursive relation

¢n+1 = (En - E)¢n - wn—l- (2122)

We solved eq. 2.1.22 at some arbitrary energies and with periodic boundary condi-
tions (1, = 1 and v¢,,; = %), describing an outgoing wavevector k and amplitude

1. We plot the intensity In [¢,,|? in figure 2.6.

2.2 Scaling theory of localization

In this section, we present some of the key ideas behind the single parameter scaling

hypothesis, guided by the approach in Ref. [5].
September 3, 2019
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10

0 200 400 600 800 1000

Figure 2.6: The intensity |1,|*> decays exponentially for one realization of disorder.

Here, we set L = 1000, W =1 and E = 0.5.

A scaling theory describes how relevant physical properties of a system change
under a change of its size. It is one of the most influential applications of renormal-
ization group ideas. In 1979, the “gang of four” composed by Abrahams, Anderson,
Licciardello and Ramakrishnan [5] proposed a scaling theory of localization in the
context of transport properties of disordered conductors. Traditionally, this the-
ory is formulated in terms of a dimensionless parameter, namely the dimensionless

conductance or “Thouless number” [5], defined as

g(L) = % (2.2.23)

where h is the Planck’s constant, e the elementary charge, L is the size of the system
(in the original approach of the gang of four, the system is a finite hypercube) and
G(L) is the system conductance, defined by

G(L) = o L%, (2.2.24)

and o is the conductivity of the system. They suggested that scaling properties
September 3, 2019



2.2. Scaling theory of localization 18

of the conductance are determined by a single parameter - the conductance itself -

through a scaling equation
d(Ing)
d(In L)

Notice that if § is positive (5 > 0), L grows as we increase g and the system goes

= B(g)- (2.2.25)

to a conducting phase. If 8 is negative (f < 0), g decreases by increasing L and
the system flows to an insulating phase. When § = 0, the system is at a phase
transition point.

We can get asymptotic behaviour of 3 for both large and small g, from general

physical arguments [5]. For large g, from eq. 2.2.24, we have

lim B(g) = d — 2. (2.2.26)

g—o0

In the other limit ¢ — 0, the exponencial localization is valid, then ¢ falls off

exponentially: g ~ e~L, with a being the inverse of the localization length. So we
have
lim B(g) ~Ing < 0. (2.2.27)
g—0

From these asymptotics limits, we can build a curve for § in dimensions d = 1, 2
and 3. To do so, we need to assume that this curve is: (¢) monotonic and (i7)
continuous. Regarding the dimensions, according to eq. 2.2.26, if d = 1, no matter
how large is g, the [ function is always negative, so the f-flow is to an insulating
phase. If d =2, f = 0 and the prediction is that all states are localized, so the flow
is also to an insulating phase. In d = 3 dimensions, we have 3(g) > 0 for large values
of g and (g) < 0 for small values of g. So, there is a critical point - where 5 = 0
- that separates these behaviours, and the flow goes to either metallic or insulating
phase. Figure 2.7 summarizes these behaviours.

We will see in the next chapter that the scaling ideias are challenged in the con-
text of topological systems. The assumption that scaling properties of conductance
are governed by only one parameter is not valid in such systems anymore, and it
is necessary to introduce a second scaling parameter. In fact, the appearence of
a second scaling parameter was suggested first for the integer Quantum Hall ef-
fect, where an insulating state has a non-trivial topology. Specifically, Pruisken and

Khmelnitskii proposed in 1988 that the diagonal and off-diagonal elements of the
September 3, 2019
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_d!ng
B‘dfnl.

Figure 2.7: Qualitative behaviour of §(g) in dimensions d = 1,2,3. Taken from [5].

dimensionless conductance tensor g = ¢,, and gy = ¢, [24] are the relevant pa-
rameters determining the § function in this case. At this point, it is convenient to

introduce the main ideas behind topological systems.

2.3 Su-Schrieffer-Heeger (SSH) model

The Su-Schrieffer-Heeger (SSH) model [21] is one of the simplest to understand the
physical properties of a one-dimensional topological system. It is a tight-binding
model that exhibits a topological phase transition, and was first proposed to describe
topological solitons in polyacetylene, a linear polymer composed by quasi-1d chains
of Carbon-Hydrogen monomers (see figure). The spinless fermions can hop in the
chain (1d lattice) with alternating amplitudes. In this section, we describe this
model and introduce some relevant concepts as the chiral symmetry and topological
number. The material presented throughout this section is guided by the approach
in Ref. [6].

We consider a 1d chain with 2N sites and spinless fermions described by the
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t i 1 i 1 i 1 i
O—0—0—=0—0—"0+—0—=0—+0—=0:
Ve == V== L4 | - L4 | L4 Ve e === L4

Figure 2.8: Origin and geometry of the SSH model. Configuration of polyacetilene
molecule (above), and scheme for a 1D chain with two atoms in a unit cell, with
alternating hopping amplitudes ¢ (double line) and p (single line) intra-cell and

inter-cell, respectively.

following Hamiltonian

2N
H=> tiléiq +he. (2.3.28)

i=1
where “h.c.” means hermitian conjugate, cZT is the operator that creates a fermion
on site ¢ = 0,1,...,2N, and ¢; is the hopping amplitude. This model has no onsite
potential terms and we assume periodic boundary conditions (éJ;N 41 = c1). The
hopping amplitudes alternate between “weak” and “strong” hopping, so it’s more
convenient to change the notation to t5; = ¢ and ¢y, 11 = p, indicating even and odd

links,
2N
H = Z (té;i_légi + Mégié%—&-l + hC) (2329)
i=1

We can think of the system as an N site lattice with a two-component unit cell
(i.e. containing the two sites), which implies that it is described by two energy-
bands. If the latter are separated by a gap throughout the entire Brillouin zone, the
system is in an insulating phase.

Building on the two-component unit cell picture, it is convenient to introduce
é;r = (63,1763,2) = (égifhé;i)v (2~3-3O)

where ¢ labels the cell index. Rewriting the Hamiltonian in this new notation

N N
i=1 =1
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2.3. Su-Schrieffer-Heeger (SSH) model 21

Each component H;; is now a (2 x 2) matrix, and we will name 7; = H; ;1 hopping
matrices, and U; = Hj; onsite potentials. In a chain with 4 cells (8 sites), for

example, the entire Hamiltonian matrix H takes the form

U, T, 0 T
T U, T, 0 0 t 0 0
H = , where U = and T = . (2.3.32)
0 T Us Ty t* 0 w0
T, 0 T U,

We can write onsite and hopping matrices in terms of the Pauli matrices

U = to,, T = g(am —ig,), (2.3.33)
where we recall that
10 0 1 0 —1 1 0
o9 = , Oy = , Oy = and o, =
01 10 i 0 0 -1

If we apply a Fourier transform in 2.3.31 from real to k-space, we arrive at

H(k)=U+Te* +Tle ™ =U + (T + T") cosk +i(T — T") sink
= to, + pcos ko, + psin ko,
= hy(k)o, + hy(k)o, + h.(k)o. =h(k) - o

where in the last line we introduced
hy(k) =t+ pcosk, hy(k)=psink, h,(k)=0. (2.3.34)

Using anticommutation relations of the Pauli matrices it can be verified that [H (k)]* =

[E(k)]?00 and we thus obtain the dispersion relations for the two bands

Ei(k) = £t + pe ™| = £/t2 + p2 + 2tucos(k). (2.3.35)
We notice that for staggered hopping an energy gap of 2A, with
A =min E(k) = |t — pl, (2.3.36)

separates the two bands (see fig. 2.9), and the system is an insulating phase. For ¢ =

1, on the other hand, the SSH model is in a conducting phase. The staggering of the
September 3, 2019



2.3. Su-Schrieffer-Heeger (SSH) model 22

hopping amplitudes occurs naturally in many solid state systems, e.g., polyacetylene,
by what is known as the Peierls instability [6]. As the gap due to the staggering
of the hopping amplitudes opens, the energy of occupied states is lowered, while

unoccupied states move to higher energies. Thus, the staggering is energetically

favorable.
20
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Figure 2.9: Dispersion relations of the SSH model that determines the energy level
of each band. Values for hopping amplitudes are set according to: pu = 0; u = t;
u<t;t=0.

2.3.1 Chiral symmetry

The Hamiltonian (2.3.29) describes a bipartite system: there are no transitions

between sites within the same sublattice and we can define projectors in these sub-
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2.3. Su-Schrieffer-Heeger (SSH) model 23

lattices (say A and B) as

Py=> |r)(r| and Pp= Y [|r){r] (2.3.37)

r=2n r=2n+1

The chiral symmetry is represented by the operator ¥, = P4 — Pg: it is hermitean,

unitary and local. There are no onsite terms in the Hamiltonian, so
Y.HY., =—-H

(anticommutation). A consequence of this chirallity is the symmetry of the spec-

trum: every eigenstate I/ has a partner —F, that is
H,) = Eylt,) — HY |y) = =S, H|Y,) = =X, E,|,) = —E, 2. |1,) (2.3.38)

For any eigenstate with nonzero energy, flipping the sign of the wavefunction on the

odd sites gives another eigenstate with opposite energy.

2.3.2 Bulk winding number

Let us consider the bulk Hamiltonian H(k) = h(k) - o. As k goes through the
Brillouin Zone (k = 0 — 27), the tip of the vector h(k) runs through a closed path
in the (hy, hy) plane. One can associate to this closed path a winding number v,
which counts how many times this path circles around the origin. Notice that in the
insulating phase this path always avoids the origin because if there is a k at which
h = 0, the gap would close at this k, and we would not have an insulator. The
chiral symmetry, on the other hand, ensures that the vector h(k) is restricted to lie
on the XY plane.

To calculate this winding number consider a projection of the closed path to the
unit circle. Recall that the winding number is a topological property which does
not change under continuous deformations. One can then calculate the winding in

terms of the unit vector
h(k) = h(k)/|h(k)|

(see figure 2.10), by computing the area enclosed by h(k), and then dividing this
area by the surface of the unit circle [6],

v= % _7; dk (B(k:) X %B(k))z. (2.3.39)
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Since the bulk Hamiltonian is off-diagonal,

H(k) = - h(k) = ha(k) — ihy (k)
hi(k) 0

we can write the winding number as the following integral

1 T d

One can readily compute the winding number for the SSH model in the insulating
phase. It turns out to be 0 in cases the intracell hopping dominates over the intercell
(t > u), and 1 in cases the intercell hopping dominates over the intracell (¢ < ). We
say that the insulator is in the trivial phase if ¥ = 0 and otherwise in a topological
nontrivial phase, here characterized by v = 1.

Notice that there are two ways to change the winding number and get a topo-
logical transition: Either one has to deform the path through the origin in the
(ky, ky)-plane, or one lifts the path out of the plane. In the first case one makes
a transition through a metallic phase and in the second case one breaks the chiral
Symmetry.

We here close our introduction on Anderson localization and the SSH model as
one example of a topological insulator. In the next chapter, we turn to the main

system of interest for this thesis, the disordered SSH model.
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(c)

.
W

Figure 2.10: Winding number of the Bloch Hamiltonian of the SSH model. The loop
is performed by the vector h(k) on the plane (h,, h,), parametrized by: (a) t = 1,
pw=0.5 (b))t =05 =05 (c)t =04,p=0.8; (d) t =0.5,u = 0.5 now closing
the loop as k — 27. The number of times that the origin is encircled by the loop,
the topological invariant discontinuously changes, accompanied by a closing of the

band gap.
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Chapter 3

SDRG of a disordered SSH model

In this thesis we study the disordered SSH model as an example of a topologically
nontrivial Anderson insulator. This chapter contains a study of how the single-
parameter scaling of conventional Anderson insulators has to be generalized to ob-
tain a complete picture once non-trivial topology comes into play.

In section 3.1 we introduce the model, which generalizes the SSH model already
presented in chapter 2, to include disorder in form of random alternating hoppings
in a way to keep the chiral symmetry. We then generalize the topological invariant
to a disordered system, and derive in section 3.2 the second scaling parameter. The
main ideas behind the SDRG are introduced in section 3.3, where we derive the
decimation rules for the hoping terms in the SSH model. Also, we compute the
second scaling parameter to the disordered chain in section 3.3.2. We conclude with

a discussion of the two-parameter flow diagram in section 3.4.

3.1 The disordered SSH model

We consider a disordered single channel quantum wire with chiral symmetry, de-
scribed by the Hamiltonian
2L
H=> Ty, (3.1.1)

i,j=1
T

where ¢} (c;) is the canonical creation (annihilation) operator at site ¢ and L is the

physical length of the wire. The hopping amplitude has an alternating strength that
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3.2. Disordered system: topological invariant, two-parameter flow 27

can be written as

Toi1,2i = Tai2i-1 = (3.1.2)

Toiv12i = Toiiv1 = by (3.1.3)

where ¢; and p; are random variables with

(i) = o, (i) = 0205,

(3.1.4)
<t7,> = t, <t2t]> = Uféij.
We will later consider
ti = 1tvi, i = pvj,
(3.1.5)
<Ui> = 1, <UZ"U]'> == ’UQCSZ']‘.
Rewriting the Hamiltonian 3.1.1 in matrix form, we have
L n 1
0 i+ tita c;
H=Y"[d, o] o o (3.1.6)
ij=1 7 i + titcjl 0 Ci—

where ¢ is the single site translation operator.

3.2 Disordered system: topological invariant, two-
parameter flow

The first step is to obtain the topological invariant x for the disordered model.
Let us recall the standard winding number construction for the clean system [25]
previously mentioned. In the clean case, one can turn to the Fourier representation

with a given wavenumber k such that the matrix elements are [17]:
hi (k) = 055 (pe + te™),

and the topological number, introduced in 2.3.40,
1 2

x=gtm | dktr [~ (k)9h(k)] = ©(|t] — |ul). (3.2.7)

How can we generalize this number to a disordered system, i.e., without appealing

to the k space? The answer comes as a trick: we consider a system with L unit cells
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and periodic boundary conditions in a ring geometry (i = 2L + i), and introduce by

convenience the unit cell notation,
Coi — Cy Coi—1 — C—;. (328)

Through this ring, we insert a ’chiral flux’ that affects the block matrices h as

hij(k) = hij(k + /L)

. . (3.2.9)
hij(k) = hij(k - ¢/L)
In other words, the non-unitary axial transformation,
Ty s T = Teexp |~ (G- + k()] (3.2.10)
explicitly changes the hopping as
[ — ,u? = ,ujei%, t; — t? = tje_i% (3.2.11)

The second step is to define the zero energy retarded Green function G, =
(10 — H?)~!, and understand how it changes with the insertion of the chiral flux.

Considering first the translational invariant case, we notice that

ﬁln (%) = i/o Trdgotr(&p In(Gy)) (3.2.12)

_ i Z/O "ditr [0, (h(k + o/L) + k' (k — /1))]
(3.2.13)

where in the last line we used the translational invariance. We then use the identity

S S dpF(k+ /L) = L [ dkF(k), to obtain
ﬁln (%ie;t((i;;r))) - 2; L[mzk: /O " dktr 94 (n h(k))].

which is exactly the winding earlier introduced in eq. 3.2.7. Then, we see that

1 {det(G%)} '

Gl (3.2.14)

X = Elmln

This equation represents the topological invariant in terms of a “spectral flow”

[17]. As we earlier mentioned in section 2.2, this topological invariant becomes our
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second scaling parameter. We then define the 5 function associated with each scaling

parameter as

dlIny

and By (g,x) = YA (3.2.15)

_dlng
dinL

By(g,X)

Now we introduce the generating function [17]
f(g&) = —8¢<1n det G¢>|¢:cp~ (3216)

Finally, the idea is to compute the two physical quantities of interest (that is, the

two scaling parameters (g, x)), from this generating function

1 2m
9= -0 F@mo md = [ delmF), (3217
0

and then to derive the flow equations using the SDRG rules. In the following section,

we describe this procedure.

3.3 SDRG

Usually one uses the Strong Disorder Renormalization Group (SDRG) in the study
of disordered systems. This method was introduced by C. Dasgupta and S.K. Ma in
the 80’s [23] and was further developed by Fisher [10] in a context of disordered spin
chains. In this section, we describe the main RG-step in a SSH model of the previous
sections, where disorder has been introduced by taken staggered amplitudes from
some probability distribution. This step is the decimating procedure for hopping-
terms and onsite energies from the Hamiltonian. Our discussion here is guided by

the work in ref. [13].

3.3.1 The RG step: Decimating a hopping term

The basic idea behind a SDRG step, as in a normal RG step, is to successively
integrate out high-energy modes and renormalize the remaining degrees of freedom
(see figure 3.1). If the hopping terms are drawn from a random distribution, then
there will be one bond with a much larger coupling than those in the rest of the

system.
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Figure 3.1: Scheme for the SDRG step.

We first locate this bond in the Hamiltonian 3.1.1 and name it as the cuttoff
of our problem, that is 2 = max{|t;|, |u;|}. Let us consider, for example, the case
where the largest coupling is |t3]. In a language of perturbation theory, we can

separate the Hamiltonian in two parts:

H = H,+ Hy, (3.3.18)
where we treat
Hy = tyéhés + hec. (3.3.19)
exactly, and
N N
H1 = Z tié;i_lé% + Z ,uié;ié2i+1 -+ h.c. (3320)
i#2 i=1

in second order perturbation theory. The unperturbed Hamiltonian reads

0 ¢
Hy = 1. (3.3.21)
ty 0

The eigen-energies are just Ay = :I:\/g = +|ty|, with corresponding eigenvectors

_ [ +10)
+) = 7 (3.3.22)

_ 1) —=10)
)= (3.3.23)

Treating H; perturbatively, the first order correction is zero and we should find

the second order correction. Let’s use |1) = |14;0) to indicate a particle out of site
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2 and |0) = |0; +) for when the particle is at the highest energy state. The effective
hopping ¢ reads

[ Z (1x; 0| H110; 5)(0; s| Hy|1;; 0)

9 =

s==+ _)\S
£ Wi OLH0: 1)(0; +[ 15 0) (L 01 H1]0; =) {0; — | H1[13 0)
2= W * “x |

So we arrive at the renormalized hopping term t,:

i, = 1B (3.3.24)
to

and in a similar way, the renormalized hopping /i

tits

. 3.3.25
= (3.3.25)

flo =

3.3.2 Back to generating function for disordered SSH model

With these preparation we now return to the calculation of the disorder averaged
generating function F(¢) using the SDRG method. We eliminate sucessively largest
energies until we arrive at a two site problem described by a single unit cell Hamil-
tonian, then use the generating function to this two-site problem. The relations for
a single elimination step are exact transformations. We now rewrite our Hamilonian

considering transformations in eq. 3.2.11,

From the retarded Green’s function, we have

-1 ) 1

G, - ‘zO | —(pe +tet) _ g I
—(ue%w + te%) i0 3 i0
pe L +teL
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Then we can compute the generating funcion as defined in 3.2.16

.F(QO) = —8¢(ln det G¢>|¢=<P (3327)
- o | (3.3.28)
(e =" +teZ )?
=0,In [(,ue T4 te%)2] =20,1n [(ue 25 et )] (3.3.29)
— 20, 1n [tei‘P/L (1 n ﬁe’?“”ﬂ (3.3.30)
=20, Int + 20, In (/") 420, In <1+H : QZSO/L) : (3.3.31)
-1 ,Ul

where we used that eqs. 3.3.25 are exact transformations. In order to check the
consistency of our approach, let us recall the clean case, where we have ¢, = t and

i = . The above equation becomes

L
F(p) =~ 20,1n (1 + (%) eQW/L> , (3.3.32)

and from 3.2.17, we recover the topological winding number 2.3.40. Back to disorder,

L
Fp) = 20,1n <1 + <3> Me%m) . (3.3.33)

% V2Uy4... U9y,

we obtain

Following previous works [13], we consider a dimensionless scaling variable ¢(; =
In(Qp/v;) in which
¢ = —1In(v), (3.3.34)

V1V3...V2L—1

pts e is a random walk in (;-space. For large system sizes L > 1 is

where v =

gaussian distributed by the central limit theorem,

P(¢) = et (3.3.35)

7TU<

So, we can rewrite the topological invariant as

27rds0
X:/o E1m2&pln

and upon disorder average

1 (%) e<e2w/L] = O(Ln(t/p) — 20), (3.3.36)

X =

et (i )| (3:3.37)
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Notice that in the particle-hole symmetric point, t = p is an unstable fixed point

with xy = % On the other hand, the conductance will be

L
g=-0, [2(9@ In (1 + (3) Me—mﬂ) + O(l/L)]
©=0

M VoVy... Vg,

L
t :
= g=—0,|20,In (1 + <—) 26462“9”)
p _
=0
Now we can compute the conductance.
3.3.3 Exact results
From eq. 3.3.2 we obtain, for a single realization of disorder,
2
gc = — 5 s L = 4]6
sinh (22C — Ln(t/p)) (3.3.38)
= , L=4k+2
% cosh?(2¢ — L1n(t/p))
Upon disorder average, we obtain the average conductance:
200 s -
150
= 100 '
>
50
910 -8 -6 -4 -2 0

Figure 3.2: Ilustraive plot for the conductance.
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Typical vs. average conductance

Let us analyze the behavior of g in the limits of the system size L. From (3.3.38)

we compute the distribution of conductance samples. Using the fact that

1—e 2 14e2
inheg = ——— hey = —— 3.
sinh py— and coshz Sy (3.3.39)

and rewriting the argument as ¢ = 2 [¢ — L1n(t/u)], the conductance (one realization

of disorder) reads

16e~2%€ 16e~%€

(1— 6__2§>2a (L = 4k), and gc = m, (L =4k +2).

(3.3.40)

9¢ =

One can chose only one case, e.g. L = 4k, then the other will be analogous, so

trough (3.3.35) yelds the typical conductance

R - — 20 — _ X
Ing: =In Lzé(l - 625)21 = Ing=1In16—2(() <2ln(1 e )> .
Finally,
Ing=1In16 — 4([¢ — LIn(t/p)]) — (2In (1 — 6_4[<_L1n(t/“)])> : (3.3.41)

that lead us to the S-function defined in (3.2.15)

_ t Lin(t/p)
B, =4LIn (;) ~8 <e4[<Lln(t/u)] — ) (3.3.42)
We also compute (3, from (3.2.15) and (3.3.37), using the trick from the chain
rule
d(In x) dL d d
= = —(1 = L—(1 3.4

=L~ amzap ™Y = g (3.3.43)

and then

el
By = L% i {% [1 o (Wﬂ } B ﬁln(p/j)L[;rf L] -1]
(3.3.14)

Since we are interested in the limit L — oo, we can use the following divergent

asymptotic expansion

2 1
Erf(z)~1—e* (xym)! [1 ~ 5 + ] :
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and so

Erf [U% In (%)] ~1- \/;(E jjjﬂ) [1 —9 [U% ln(,u/t)] S

After some algebra and considering only the first two terms of the expansion, the

eq. (3.3.44) becomes

(3.3.45)

_ 2’1]( ’ _ UCQ
e~ [ﬁm(%)] [1 27 <%)] 540

3.4 Discussion

In this first part, we have studied a disordered one-dimensional wire with chiral sym-
metry. We have shown how the single parameter scaling hypothesis by the so called
“gang of four” has to be generalized to account for topologically nontrivial phases.
While topologically trivial systems follow single parameter flow, fully characterized
by the conductance, the topological index enters as second relevant parameter in
systems allowing for topologically non-trivial insulating phases. Specifically, we dis-
cussed how the winding number can be generalized from translational invariant to
disordered systems.

We obtained using the SDRG procedure, the flow of the two scaling parameters
and then analyzed the change of average winding in a disordered SSH chain. We
found a phase diagram summarized in fig. 3.3. Generically, the system flows to one
of two possible Anderson insulating phases characterized by windings 0, 1.

The disordered SSH chain has been previously analyzed in the limit of a large
number N > 1 of channels (i.e., quasi one-dimensional rather than one-dimensional
system) in ref. [17]. We obtained in the case N = 1, qualitatively, similar results
(same phase diagram, as expected), though scaling functions differ in detail. While
the field theory approach is rather involved and requires knowledge of advanced
methods, the SDRG approach, on the other hand, is rather simple. There however,
only the flow of the conductance was studied and we here presented how to complete

the picture taking into account the winding number.
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Figure 3.3: Two parameter flow (x(L),5(L)) diagram. Notice that when the system

is fine tuned to the critical state x = 1/2, the topological number does not flow.

Here, we close the first part. In the next chapter, we present a different perspec-
tive and look at the N = 3 connected channels, preparing the required parameters

to build a supervised Machine Learning algorithm.
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Machine Learning

37



Chapter 4

Special case: N = 3 connected

chains

In this second part, we aim to understand what a Machine Learning (ML) algorithm
can say about the topological phases of a finite disordered system.

In the first part, we argued that the field theory description for N connected
chains is not applicable in the case where N = 1. In the construction of this field
theory, the topological parameter is obtained by a perturbative self-consistent Born
approximation (SCBA). Along in ref. [17], they provided a numerical verification
of this approach, that worked well when N = 3 wires. They also obtained a phase
diagram in this particular case.

The idea in this second part is to reproduce the same phase diagram from a
Machine Learning algorithm. When one uses this approach, the data generated
is supposed to have a Hamiltonian (in the momentum-space representation) and
corresponding topological number. Here is useful to compute the topological number
in the real space.

In this chapter, we aim to analytically obtain the self-energy correction to com-
pute the topological invariant for N = 1 and N = 3 disordered chains. Our starting
point in section 4.1 is the self-consistent equation that defines the correction. We

finally arrive in the topological invariant in section 4.2.
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4.1 SCBA

It is known that an analytical approach for disordered topological insulators consists
of the disordered averaged self-energy ¥ using the Self-Consistent Born Approxima-
tion (SCBA) [26]. This approach is useful to our problem because a solution in

low-energy approximation for the self-energy is momentum-independent.

dp 1
Yo~ — . 4.1.1
g/(Qﬂ)dp2+r—Z ( )

The above equation is ”self-consistent” because the self-energies appears recursively

on the right-hand side of the equation. Using this approximation, we can include the

vertex corrections. The iteration generates an expansion in terms of the interaction

and the Green’s function will be a self-consistent solution of the Dyson equation.
In our model, we assume from symmetry arguments, that 3 can be expanded as

Y7o + 2.7, with

Y= Z % Z (UT)dié — Hol(k) — E(m’)d, (4.1.2)

where BZ means a summation over the Brillouin zone and Hy(k) is the SSH hamil-

tonian already presented in 3.1.1. We have

w? [T 1
EoTo—l-EZTZ: - dkO’x =
21 ) _» [i0 — Ho(k) — (Zo70 + 2.7.)]

o (4.1.3)

The disordered averaged propagator features renormalized mass and chemical po-

tential as
m =mg+ Re X, (4.1.4)
fi=p—ReX,. (4.1.5)
The left side of (4.1.3) is just
10 1 0 Yo+ 2, 0
I 4y, =
0 1 0 -1 0 Yo — 2,
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Let us denote as I the integral on the right side of 4.1.3, with the respective terms,

-1

pow [0 L) (S8 (et te) 01
2r ).\ 1 0 —(pte™) id— (2~ ) Lo
> m 01 i — o) + 5. +te 01
N ( w. g
2r /. A\ 1 o p+te (10 — ¥o) — 2. Lo
2 Q 1 10 — Xg) — EZ + te_ik
et o)' H , (4.1.6)
2n ) . A w+ tet® (i0 — Xo) + X,

where A = [(i0 — X0)? — X2 — (u + te”*)(u + te*)]. From now, we consider ¥, = 0
and 6 — 0, that lead us to

¥ 0 2 o -X +te~*
° :ﬂ/dm- oM , (4.1.7)
0 % 2 )w A pttet %,
where now A = 32 — (p? + t* + 2tp cos k). Finally,
2 U N
So = — o 0 (4.1.8)

—— dk )
2m ) X3 — (u?+t2 4+ 2tucosk)
This is clearly a trigonometric contour integral, so we solve it first locating the
poles inside the contour, finding the residues at these poles and then apply the
residue theorem. The limits of integration are finite, which allows us to change the

variables from k to z = e, with 0 < k < 2. Denoting the integral as I, we have

27
dz
I, =—2i _ 4.1.9
2 ! /0 2az + 22+ 1’ ( )
where a = £ il The denominator can be written as
- 2t :

202+ 22 +1=(2—r)(z—12), 7Ti+ro=-2a and riry=1. (4.1.10)
The residue theorem states that for any analytic function f(z) with a pole at 2

f(2)dz = £2imRes[f(2)].=2 (4.1.11)

INEY
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where I'[z] is an infinitesimal loop around zy. The sign plus (minus) indicates if
the loop goes counterclockwise (clockwise). With this, and considering the pole r;
inside the contour, we have

I, = 2miRes,, { ! ] = 47 lim { (z =) ] __An

(z=r1)(z—19) = [ (z—11)(2 —ro) (ry —m2)

Since r;1 = —a + va? — 1 and r, = —a — Va? — 1, the integral is just

2m
Iy = ——. 4.1.12
2 a?—1 ( )
And now we back to eq. (4.1.8),
—w? (—2m)

1=

2\ = SR - ()

w? = \/(u2 F2 =052 - (2tp)? = w'+ (2ut)? = (p + 17 - 5F)?

1/2
— zoz[uuﬂ— w4+(2tu)2] , (4.1.13)

which is the solution for the self-energy.

4.2 Topological invariant in a disordered system

We now compute the topological invariant n considering the self-energy correction,

n=— [ ak tr(o,GOLG™1), (4.2.14)

dam J_.

where the Green function G contains X,

> + tetk
G:—(Ho‘i‘z)il:— 0 ) ,U/ 5
pHte %,

1 > —(p + tet*
— G=-= ° (u ) , (4.2.15)
D\ —(u+te™ 5
where
Q=52 — (uA+te®)(u+ te™™). (4.2.16)
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The matrix product on the integral is just

L1 0 %o —(n+te™) 1 S0 —(ptte®)
O'Z.G:__ —_

@\ o -1 —(p + te™ ) Yo Q (p + te ) -

Introducing this matrix above in (4.2.14):

1 Q 1 b —pu — te'® 0 itet*
n=— [ dktr|= o | (4.2.17)
dim J_ . Q w4+ te -0 —ite™* 0
1 [ 1 [ite ™*(u + tet* —itYoe’®
— n=-— [ dktr{ = (n | ) T (4.2.18)
v o Q itzoefzk Z'tezk(lu + tefzk)

. g t —ik t ik t ik t —ik
— = ¢ lpttcdl) fietintile ) (4.2.19)
dim |, Y2 — pu? —t2 —tu(ett + e~k
The numerator can be analyzed as
tue™® 1% 4 tpe™ 417 = 262 + tu(e® + ™)
and dividing this integrand by tu, we obtain
. 2 ik —ik
” 24 (e" e
n= 4L/ di |t ‘ ' (4.2.20)
it ) . < i p ) — (eik + e=i)

This is another contour integral that can be solved as before, changing the variables

to z = e and dk:%:

. 2 2t -1 . 2
us d =4 _|_ z _|_ z _ us b 2 1
MUY 3 i ) :—Z/ PR ey (4.2.21)
dim Jo iz |2a— (z+271) 4t Jo 2(2a — 22 — 1)
with

¥2 12— 2 2t
2 = (0—”) and b= " (4.2.22)

th Y

The poles of the function are 2o = 0,21 = a — va? — 1 and 29 = a + va? — 1. This

implies that the residues are

b 2+1
Res,, = lim {(&> (z — O)} =—1;

2=0 |\ 2a22 — 23 — 2
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Res,, = lim
Z—2z21

[ bz+22+1 1 bz +2i+1
) ) T
[\ (2 = 21)(2 — 22) Z1 — %2

Z—29 29 — 21

[ b 2+1 1 o S+1
Res,, = lim ( i )(z—zz) :M'

(z —2z1)(z — 29)

Finally, the integral reads

b _ 2 2
[3:2i7r{—1+ (1) 44 22}

21 — 22

bla—+vVa>—1—(a+Va2=1))+(a—Va2—1)*+ (a+Va®> —1)2 +2
(a—+va2—1) - (a+ Va2 —1)

— L =2in(b+2a—1) (4.2.23)

Ig = ur —1+

and so the invariant takes the form
1 /2t X2 —2— 12
n== (— i Bt 1) . (4.2.24)
2\ p tu
Putting (4.1.13) into the above equation, we obtain the topological invariant in

terms of the disorder avegare and the self-energy 3,

1(2 Vwt + (2tp)?
n=- <_t _ Vwit @2t)? 1) : (4.2.25)
2\ p tp

or in its simplified form

t 1 N w 41
n=——|= — :
poo\2 (2tp)?

In the limit of weak disorder, we have |t — p| < w < t.

4.3 Self-energies for N = 3 chains
Let us consider a system with N chains of length L described by the Hamiltonian

H=%" [0} ((M S 4 (- t)ﬁ)} Crir + CViCriy + hec, (4.3.26)
l
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where C; = ¢ ; is the vector of fermion creation operators, the chain index is j =
1,...,N, [l = 1,...,L labels the chain sites, pCl,j = (—)l; is a parity operator,
and the matrix V; is a random inter-chain hopping, that has Gaussian distribution
W?2/N. Without disorder, the winding number is defined and calculated as in the
normal SSH chain. In this case, we use the same strategy as before to find the

self-energies correction. We begin start rewriting the Hamiltonian (N = 3) as

i = ZZ_: Lely T0)+ (= )] i+ ey [0+ 1) + (= ()] crar ot

o [0+ 8 + (= D(=)] s}

or in matrix form,

H=|cl ci, ¢i,,||0 H; o0 Cir s (4.3.27)
0 0 Hur| |Cm
where the index ¢ = I, II, 11 labels each chain and in the momentum space it can
be written as bloch matrices 2 X 2, remaining as in (3.1.6) with hy (k) = u + te**.
We then write the full shape of the hamiltonian as H; ® I, where I is the identity
matrix of order 3L x 3L. Also,

T_
O =ty dhy v i (o o o i (s ds o ]

This means that is posible to write the self-energy equations as we did before, now
taking into account that the Hamiltonian is a (3L x 3L) matrix, which means that
a factor of 3 proportional to the number of chains must appear. Eq. (4.1.8) after

symmetry considerations will be

w2 [T 1
Soio 00 =5 [ arieyen. CAR oL -Seen =Y
wr [T 1
:$W%Mﬁﬂffmmm2m®+mmme@m(“w

and the procedure is the same as we did before. In the limit of small disorder, we

again have that |t — u| < w < t, and we write the self-energies as

W =\ (2 4 12— S22 — (2)?
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W JUE T B SR GE = w2t = (R4 - 2

1/2
Sy = [,ﬁ N R (2w)2] , (4.3.20)

We introduce a gaussian disorder of type w?/N [17]. With this argument, we finally

arrive at the topological number (analougusly to the previous case)

B (_ ERVCGRACI ) | (£330)

2\ p tp

Comparing this equation with 4.2, the difference is in a factor of 3. In the general

case, where all chains are connected, we have an N factor. That is, the topological

LN (_ Vet ) | (4331)

invariant becomes

2\ p tu
We will use the result in eq. 4.3.30 in the generation of the datasets.
This particular case of N = 3 chains is interesting since its phase diagram was
already presented in ref. [31], so we can compare if the ML algorithm is able to

make the right classification. Fig. 4.1 shows this diagram.

Figure 4.1: Phase diagram of the A-III class 3-channel disordered wire. Taken from
[31].
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Chapter 5

Machine Learning

It is very notorious that machines are increasingly influencing everyday decision-
making: from web search results to spam filters, from suggestions on streaming
media platforms to friends in social networks. This is possible due to developments
in the field of Artificial Intelligence (AI) over the last decades. Machine Learning
(ML) is a sub-field of Al that combines Statistics and Computer Science to extract
knowledge from data, also known as predictive analysis or statistical Learning [29].
It has also a range of scientific applications like helping to discover distant planets
and new particles or providing personalized cancer treatments .

In this chapter, we answer the question of how ML can be useful in the problem
of classifying topological phases from data in the real space. We give a brief intro-
duction about ML and Neural Networks (NN) in section 5.1, and detail the process
of data generation for a topological insulator, with and without disorder, in section

5.1.1. Finally, in 5.2, some preliminary results are presented.

5.1 Brief introduction to ML

We classify machine learning systems in supervised, unsupervised, semi-supervised
and reinforcement learning, according to the type and amount of supervision they
get during training. The most used categories are the first two.

If a ML algorithm make predictions (outputs) from known data (inputs), we label

it as a supervised algorithm. It can decide to which classes a given new input belongs
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to, according with the training set of data. On the other hand, unsupervised learning
occurs if the prediction is made only with the input data known (no output is given):
the learner receives only unlabeled data and there are only inputs. Unsupervised
algorithms are harder to implement.

Every problem requires a good knowledge of the dataset. The first step for build
a ML algorithm is a good knowledge of the data you're working with and how it
relates the tasks you want to solve. We chose to implement a supervised algorithm,
but not discarding the idea of trying an unsupervised model in the future (in fact,
ref. [36] shows an example of such implementation in the classification of exotic

phases of matter).

5.1.1 Neural Networks

The process of building a NN consists of 4 steps: collect data, design features (fea-
tures are those defining characteristics of a given dataset that allow for optimal
learning [37]), train network and test network.

The basic unit in a NN is a neuron (in reference to the human brain. A neuron
receives the input data and comput the output. Perceptrons are considered the
simplest type of neurons, such they can process an input by computing a scalar

product with a given weight and feeding the results in terms of a © function:
a(z) =0O(x-w —b) = 0O(2), (5.1.1)

where a is the activation function, z is the weighted input, x is the input, w the
weght vector and b a bias. In our model, we used the sigmoid as the activation
function.

Among the many classes of NN, we chose by simplicity to use a Feedforward
Neural Network (FNN). In this type of network, the information moves in only one
direction (forward) from the input nodes trough the hidden layers/output nodes.
We first perform the trivial topological insulator (SSH without disorder) in a few
experiments, and later use the model for N = 3 connected chains presented in 4 to
illustrate the non-trivial insulator, repeating the same procedure. The 4 steps in

our experiments are: Creating datasets, which consists of generating Hamiltonians
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NN
KL
e

Figure 5.1: The layers in a neural network are in general structures where all neurons

are connected to each other.

and Winding numbers and splitting them into training, testing and validation sub-
sets; Training the eigenvectors in the real space, which consists of implement in a

Feedforward neural network; and test the model to take the its accuracy.

5.2 Data generation

Our input labels are Hamiltonians H;. In general, these Hamiltonians take a rep-
resentation in the momentum space [35], that is H = H(k). The targets are the
corresponding topological invariants W;. Guided by an approach made by Holanda
and Rufo [34], our Hamiltonians are in the real space.

We generate a grid with 500 Hamiltonians that has periodic boundary conditions
distributed in the parameter space u-t, in order to recover the phase diagram in this
space. Each Lattice had 30 unit cells. A plot for the spectrum is shown in fig. 5.2.
We set t = 1.
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Figure 5.2: Variation of the energy F vs. hopping p in the clean case. We set t = 0.5

In the disordered case, we generated a grid also with 500 Hamiltonians and pe-
riodic boundary conditions. An idea of how disorder can affect the energy spectrum
is shown in fig. 5.3, in which we used ¢t = 0.5 and a disorder of magnitude V5 = 0.8.

We created a matrix of features and targets of variables. There were some
columns that should be excluded from the analysis for not being usefull at all (this
data cleaning process is usually boring). We used 80% of the dataset for training,

10% for test and 10% for validation.
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Figure 5.3: Energy E versus hopping p in the disordered case. We set ¢ = 0.5.

5.2.1 Implementing the model and preliminary results

There are some libraries in Python that can make the process of dividing the data
into training/test and validation. We used a sequential model from Keras libraries,
and a sigmoid function to activate the layers. We used the accuracy to measure the
learning ratio, obtaining a value of 95.65%.

A plot with the accuracy vs. epochs is shown in fig. 5.4. We noticed from this

learning rate that our NN can recover topological phases from data in real space.
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Chapter 6

Conclusions and Perspectives

In the first part of this work, we presented a model for a 1d topological Anderson
insulator. We started introducing relevant concepts as Anderson localization, scaling
hypothesis and topological numbers. Then, we calculated the topological invariant
as a second scaling parameter, using the SDRG approach and arrived at the two-
parameter flow diagram, completing a scenario proposed by the work in refs. [13]
and [17].

In the second part, we went into a different perspective in order to unsderstand
how Machine Learning could be useful for classifying topological phases of matter.
We showed that in a clean insulator, the supervised algorithm worked really well, in
particular our accuracies on training eigenvectors were really high (95.65%). In order
to introduce disorder, we needed to calculate the self-energies correction to then re-
obtain the topological invariant. There is still a lot to be done in this disordered
scenario.

The next step is to make use of other activation functions and train with other
types of Neural Networks. We can go even further and build an unsupervised one,
and in such case, the topological numbers would be directly predicted from the

eigenvectors training.
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