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“We can only see a short distance ahead, but we can see plenty there that needs to be done”

Alan Turing
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by Amanda Teodora PREDA

Device modeling based on material simulations and transport models are indis-
pensable in order to carry out low-cost exploration and open new pathways into
the experimental investigation of low-dimensional nano-electronic devices. The re-
search presented in this doctoral thesis aims to employ state of the art computational
methods of quantum transport combined with innovative models based on machine
learning techniques to provide a versatile device modeling approach. We explored
a range of low-dimensional systems with potential applications in information tech-
nology by employing several methods, from ab initio calculations based on density
functional theory, to tight binding based models, exact diagonalization and the R-
matrix formalism.
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Theoretical Overview






Introduction

"The underlying physical laws necessary for the mathematical
theory of a large part of physics and the whole of chemistry are thus
completely known, and the difficulty is only that the exact application of
these laws leads to equations much too complicated to be soluble. It therefore
becomes desirable that approximate practical methods of applying quantum
mechanics should be developed, which can lead to an explanation of the main
features of complex atomic systems without too much computation."

Paul Dirac (1929)

1.1 Motivation and scope of the thesis

The field of condensed matter physics (CMP) holds tremendous importance in both
theoretical science and industry-oriented technology. Considering the amount of
progress made in this area, it is astonishing to realize that condensed matter physics
is a relatively new area of physics. In the 1950s, only a couple of laboratories con-
ducted research programs in condensed matter [1] and university courses on solid
state physics were recent additions to the curriculum. Over the course of the next 70
years, condensed matter physics evolved at the highest pace, due to a couple of fac-
tors: novel experimental discoveries and more efficient experimental techniques for
materials characterization, new theoretical concepts, models and methods that ad-
vanced the reach of condensed matter and, last but not least, multiple numerically-
based approaches that lead to the programming of highly effective simulation pro-
grams.

Condensed matter physics already overlaps with various other branches of the
physical sciences, such as statistical and theoretical physics, chemistry, materials sci-
ence, magnetism and spintronics and, over the last decades, high performance com-
puting. The computational side of CMP has become a fundamental area of research
on its own, aiming to open novel pathways into the future of technological progress.
The established numerical methods of condensed matter play an essential role not
only in the description of systems with thousands of atoms, that cannot be solved
otherwise, but also in the design of low dimensional devices that perform at a quan-
tum scale and require precise control of the quantum states. On top of this, with the
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FIGURE 1.1: The simulation methods and programs employed
throughout the thesis, ranging from techniques that focus on accu-
rately describing systems of only a couple of particles to tight binding
and effective mass formalisms that model solids at mesoscopic scales.

rapid advancements in artificial intelligence and machine learning (ML) techniques,
there is a growing interest in employing ML schemes to resolve CMP problems [2].

This thesis is focused on a set of well-established computational methods used in
conjunction with machine learning techniques for the purpose of simulating quantum-
scale two-dimensional devices with applications in information technology. Since
this is the era of swift development of quantum technologies, one needs to acquire
a wide and encompassing view of the numerical approaches employed in quantum
transport and use them to simulate and guide the design of novel low-dimensional
devices. In Figure 1.1, we highlighted the main computational simulation programs
that we utilized, covering the spectrum that lies between atomistic approaches and
effective mass formalisms. Our goal is to model and simulate low dimensional single
and multi-particle systems, providing the building blocks for a new era of quantum-
engineered devices that meet the requirements of energy efficiency and scalability.
For example, the exact description and control of quantum states is critical to the
design of quantum computing architectures. In novel nano-transistor prototypes,
quantum transport takes precedence over the classical drift-diffusion models, due
to the continuous down-scaling imposed by the prompt technological advances. We
explore these avenues of device modeling in the second part of the thesis and the
devices that we simulated are presented in Figure 1.2. Also, computational accuracy
and time effectiveness must be both accounted for, and to this end we also propose
the use of ML techniques in order to aid the device modeling process.

1.2 Chapter summaries

In the second chapter, we introduce the theoretical fundamentals of quantum trans-
port, starting from the well-known Landauer-Buttiker formalism. Along with the
down-scaling of solid-state devices, there has been a great effort dedicated to a de-
tailed understanding of the transport phenomena in nano-structures like quantum
dots, quantum rings or wires. To this end, the Landauer-Buttiker formalism remains
the most popular, by providing a simple, yet elegant description of transport that
links the conductance of the mesoscopic device to the transmission function. In turn,
the transmission is computed with the aid of the scattering matrix (S-matrix), one of
the most relevant mathematical tools employed to describe the transport properties
in nanostructures. Moving to a more formal and rigorous approach, we introduce
Green’s functions and briefly discuss their wide reach in theoretical physics. We
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FIGURE 1.2: Low dimensional devices proposed and studied in the
thesis, described in detail throughout the final chapters that present
the main results.

end this introductory chapter with a section on topological insulators, where we in-
troduce the BHZ model, one of the most popular models that aims to describe the
properties of this new class of materials with exotic transport properties.

In Chapter 3, we present a theoretical overview of the computational methods
employed in quantum transport. We begin with an introduction into the density
functional theory (DFT), which is built onto the work of Hohenberg and Kohn and,
subsequently, Kohn and Sham. Due to the accuracy and efficiency of the functionals
used to solve the Kohn-Sham auxiliary system, DFT became the standard method
in computational materials science. DFT can also be extended to non-equilibrium
transport, by means of the non-equilibrium Green’s functions formalism, which we
introduce in the second section of the chapter. From atomistic simulations, we move
on to describe effective-mass approximation models, starting with the R-matrix for-
malism, an efficient numerical approach that is described in detail in this thesis. We
also present the tight binding model and the wavefunction matching method, which
are intrinsically connected to the Kwant simulation package, employed extensively
in this thesis.

In Chapter 4, we pivot towards a new paradigm in computational condensed
matter, namely the use of machine learning (ML) techniques in order to improve
and add to the well-established simulation tools. We discuss in this chapter the
theory behind some of the most popular ML algorithms: feed forward neural net-
works, convolutional neural networks, generative adversarial networks and condi-
tional generative adversarial networks.

Chapters 5, 6 and 7 are dedicated to the presentation of the most important orig-
inal results. In Chapter 5, we introduce an extension of the R-matrix formalism
to bi-particle scattering problems, which was previously presented in detail in [3].
Chapter 6 focuses on the modeling and simulation of various low-dimensional de-
vices with potential applications in information technology. We begin by thoroughly
describing a two-dimensional bi-particle system where the confining potential of the
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electrons is controlled by a top gate potential. Employing simulation techniques de-
scribed in the previous chapters, along with machine learning models, we are able to
determine the energy spectra with a high degree of accuracy. Subsequently, we ad-
vance to the modeling of periodic systems, focusing on Lieb lattices as a prototype.
The next step is to move towards a reconfigurable device, with potential applications
in the field of neuromorphic computing. The last section of Chapter 6 is dedicated
to the in depth study of a two-channel nanotransistor, where we employed both R-
matrix and tight binding based simulations in order to compute the transmission
functions and I-V characteristics of a novel prototype of a nanotransistor. Its work-
ing principle relies on lateral resonant tunneling and paves the way to low-energy
applications.

In Chapter 7 we discuss two 2D multi-terminal devices that work as probabilistic
quantum sorters. We explore the possibility of tuning the scattering potential in a
low dimensional device such that one can separate the outgoing states by both their
transversal mode and spin, providing a way to determine the state of a quantum
system by simply measuring the current in an output port. We also explore the
possibility of creating such a device with topological insulators and exploiting their
unique transport properties in order to increase the accuracy of the quantum sorter.
The final chapter presents the summary and conclusions. It is followed by a series of
Appendixes that aim to further explain concepts that were not fully detailed in the
main part of the thesis and to list some of the codes used in the quantum transport
simulations.



Fundamentals of quantum transport

2.1 Mesoscopic systems and the Landauer-Biittiker
formalism

Historically, quantum transport was built upon a field that appeared around four
decades ago, in the 1980s, known as mesoscopic physics. The name emphasized an ex-
ploration of phenomena that lied between the microscopic and macroscopic realms,
using methods from both semi-classical transport and quantum mechanics. The
mesoscopic regime became recognized as the bridge between quantum and clas-
sical, being materialized into electronic devices along with the down-scaling of all
technologies that stand at the core of information processing. Dimensionality itself
is not enough to label a system and assign a transport regime, so there are other
length scales to be considered: the coherence length £, the energy relaxation length,
lin , the elastic mean free path, ¢y, the Fermi wave length of the electron, Ar [4, 5]. If
the size £ of the sample is much smaller than the energy relaxation length, ¢;, and
the phase breaking length, /,, we reside in the mesoscopic regime and the trans-
port is coherent. Now the question that arises is what formalism we employ to
describe such a situation. We discuss in this section the Landauer-Biittiker approach
to coherent transport in mesoscopic structures and use it as a building block to intro-
duce fundamental mathematical tools for quantum transport. Then, we shall shift
slightly to a new direction of condensed matter, namely topological phenomena and
familiarize ourselves with some of the most popular theoretical model that describes
topological insulators.

Mesoscopic systems Conventional systems
Ballistic £ < 4, Diffusive £ > 4,
Phase coherent £ < / Incoherent £ >

Quantum confinement effect L < Ar No quantum confinement effect £ > Ar

TABLE 2.1: Characteristic quantities of mesoscopic and conventional
transport, in terms of the system size £
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2.1.1 The Landauer formula

Consider a 1D wire connected to two reservoirs (represented as leads) to its left and
right, with fixed chemical potentials denoted by i = y1 and ugr = yo. We assume
that there is a net current flowing from left to right, so that y; > u». If we consider a
cross sectional surface denoted as () (see Figure 2.1) near the right lead, the current
can be expressed as:

1= [ dEg(E)o(E) [T(E)F (B~ i) + RUEVF (E-pia) — f (E— )], @)

where g(E) is the density of states in the leads, v(E) is the velocity, and f (E — p17)
are the Fermi distributions in the left and right leads respectively. Also, 7 (E) is
the transmission probability for the electrons from the left leads to end up in right
reservoir; R'(E) is the reflection probability of the electrons from the right reservoir
to return into the same reservoir. If we consider R to be the reflection probability of
the left electrons to return, then, in this simple two terminal case, we consider that
R'(E) = R(E). Also, since the total probability must be equal to unity, we use the
fact that R(E) + 7 (E) = 1, hence equation 2.1 becomes:

In =~ [ dEg(E)o(EYT(E) [ (B~ ) ~ £ (E ~ o). 2)

If the applied voltage difference Vi, is small, y; — pa = |e|Vin < kgT, we are in
the linear response regime, we can use the expansion:

fE=p2)=f(E—p)+f (E—p1) (g1 —p2) +... (2.3)
Therefore,

fi(E) = f2(E) = afégs) (11— p2) = _afgéE) le|Via.

Using the formula for the density of states in the 1D case (g(e) = 1/hv(e)), we
obtain the result

1= e () [ aEg(Ep(E) (<5 ) T

(=) [ dE (=55 ) T(E).

At low temperatures, we can assume that T — 0, which allows us to replace the
derivative of the Fermi distribution with df/0E — —¢ (E — Eg), where ¢ (x — xo) is
the Dirac delta function. Hence, the current is rewritten as:

(2.4)

=

e

A (ur —mL) T (Ep). (2.5)

If we take note of the fact that the conductance in the system is G = dI/dV, we
easily obtain the well-known Landauer formula:

I

2
G= %T (Er) (per spin channel)
(2.6)

2 2
G = %7' (EF) (spin degeneracy included)
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-

FIGURE 2.1: (a) A schematic representation of an ideal two-terminal

system, with leads indexed by p and g, where T),—,; = T is the trans-

mission probability of an electron injected into terminal p to reach 4.

(b) Transverse modes into one of the ideal leads, considered to be

translationally invariant along the transport direction and supplied
with particles from the reservoirs.

For a case when we have N perfectly conducting channels:

6’2
GO = gsﬁN’ (27)

where g accounts for the spin degeneracy.

Before we move on to the next section, there is one important observation to
make about the formalism derived above. The Landauer formula is highly intuitive
from a quantum mechanical perspective, since it directly relates the transmission
probability to the conductance of the sample. It is to be expected that if the trans-
mission through the quantum system is null, then the conductance should be zero
as well. An interesting question arises in the opposite case, when the transmission is
equal to unity and G = e?/h, which is, of course, a finite value. The same reasoning
applied before would lead us to believe that a wire with no scattering would have
infinite conductance, which is clearly not the case. The solution to this is to associate
the resistance /1 /e? with the contact resistance, due to the coupling between the ideal
wire and the leads. Therefore,

Gl =Gah+ 1

total wire + 67 : (28)

Conductance quantization

The first experimental proof of conductance quantization in two-dimensional (2D)
systems came in the form of two seminal papers published independently in 1988,
by van Wees et al. [6] and Wharam et al. [7]. In these papers, the authors presented
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FIGURE 2.2: (a) Resistance of the quantum point contact as a function

of the gate voltage. In the inset, the authors represented a schematic

top view of the split gate structure. (b) Conductance of the same

quantum point contact as a function of gate voltage after subtracting

the contact conductance G¢. Reprinted with permission from Physical
Review Letters [6]

their surprising results on the low temperature conductance of quantum point con-
tacts. They reported the first experimental results on the resistance quantization
of point contacts created within the two-dimensional electron gas (2DEG) of GaAs-
AlGaAs heterostructures. The quantum point contact behaviour is obtained with
the aid of a split gate structure that is used to deplete the electronic gas underneath
it (see the inset in Figure 2.2). In this manner, one can recreate experimentally nar-
row constrictions in the 2DEG, with widths around W ~ 250 nm, comparable to the
Fermi wavelength Ar ~ 40 nm and much shorter than the mean free path [y ~ 10 ym
[8]. This method allows for the control of the width of the point contact, a property
which, in contrast, cannot be modified easily in the case of metal point contacts.

After a detailed investigation of the structure, both research groups have noticed
that the resistance of the 2DEG has well-defined quantized plateaus. In order to
separate the resistance of the 2DEG from the resistance of the whole system, one
needs to substract the contact resistance, discussed previously, which is gate voltage
independent and has a value of approximately 25.8 k(). The conductance plateaus
were observed for:

2
G= Z%N, (2.9)

where N is an integer number. Therefore, the conductance is quantized in units of
the conductance quantum:

2

Go = % — 3.8740459 x 1050\, (2.10)

The potential applied to the gate electrodes repels the electrons, which resembles
a quantum barrier. A narrow constriction is formed in the 2DEG. Increasingly neg-
ative voltages create greater repulsion, and make the constriction narrower. In turn,
the number of open channels through the constriction is determined by its width.
A new channel opens up when the energy of the electrostatically induced barrier
surpasses the Fermi energy. Therefore, one can write

B 2 h2k2
B = (w) i @11
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FIGURE 2.3: (a) Representation of a two-terminal system, where we

can use one coordinate system for the L+C+R device. (b) Generaliza-

tion to a multi-terminal system, where we consider that each lead has

its own coordinate system and x, perpendicular on the cross-section
of the lead, pointing away from the scattering region.

where W is the width of the constriction, 7 is the number of channels, Er is the Fermi
energy and kr is the Fermi wavelength. The number of open channels is then:

(2.12)

kW
Nopen = [F} ’

7T

where the brackets stand for integer part. When this experiment was performed, the
result of conductance quantization was not expected in a system that is so far from
the ideal waveguide.

2.1.2 The S-matrix

The Landauer-Buttiker formalism links the conductance of a mesoscopic system to
the transmission, therefore the next step is to look into the theoretical tools we use
to calculate the transmission. We shall consider a simple system composed of three
regions: the right and the left leads, and a central scattering region. The leads are
considered to be reflectionless, perfect straight contacts with hard walls in which we
assume asymptotic solutions for the wavefunctions. The electrons are injected into
the leads through macroscopic conductors that are considered reservoirs, where one
can define thermodynamic quantities like the chemical potential and the tempera-
ture. The leads connected to this reservoirs are modeled as semi-infite, to preserve
translational invariance along the transport direction, but they have a lateral con-
finement potential that induces the transverse modes of propagation.
The Hamiltonian of a lead a is:

1 1
Hy = =—7p2
= o P T g
where W is the width of the leads and V(y) is the confinement potential. The eigen-
states of H r are a product between a plane wave and a transverse wavefunction.

P2+ V(y), yelow], (2.13)
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In order to express the scattering states in a manner that is also suitable for a multi-
terminal system, we define a local coordinate x, in each lead « and consider that x,
is positive in the direction pointing away from the scattering region (see Figure 2.3).
Hence, incoming plane waves will be of the type e~ % and outgoing plane waves
will pe e’*"*s, where n denotes a particular transverse mode in lead «.

Therefore, the eigenfunctions can be written as:

Pan(x,y) = % x0n(y),  (xy) €4, (2.14)
where the + superscript stands for incoming/outgoing states and
Xan! ):\/Esin(nﬂ> n=12,...,N (2.15)
oan ]/ W W 7 1y sty o .

are the transverse functions. Also, N, is the total number of channels in lead «.
The total energy is:

2 2 2
ST tén, &= 2};* (%) , (2.16)
The wavefunctions in the leads are a linear combination of the incoming and
outgoing states, while in the scattering center region the form of the wavefunction
is unknown at this point. In the following, we restrict our discussion to the simpler
two-terminal case, where « = L, R and we denote by a; g the amplitudes of the
incoming waves and by by r the amplitued of the outgoing ones. We can therefore
write the system wavefunction as:

E =

7

T @it (X, Y) + T U (%), (1Y) €
P y) =4 Luaidr, (% y) + Tabidpa(v,y),  (vy) €
Yee(x,y), (x,y) €
Lo e L xm (y) + L b xm (y), (x,y) €L
= 9(xy) =4 aage 0 (y) + B, by (y),  (xy) €R
Yee(x,y), (x,y) €C
In the framework of the scattering matrix formalism we are looking for a mathe-

matical object that links the coefficients of the incoming and outgoing states. These
coefficients are represented in column vector form as:

7

(2.17)

L L
ay by
ay bt
Cin = . and  cout = . (2.18)
ay by
ay by

The notations L, R, C stand for the left/right leads and the central region and
we denote D to be the dimension of the central region along the x direction. The
fundamental principles of quantum mechanics impose that the wavefunction and
its first derivative must be continuous. Keeping this in mind, we obtain a linear
system of equations that determine the coefficients 4, b:
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al by | | ta1 To2 7a3 tas | | af
—— 21 — 2
TT:_ by t31 732 T33 t34 | | a3
' 3 3
1 bi ta tao ta3 Taa) \aj
FIGURE 2.4: Block structure of the S matrix for a three terminal sys-
tem. The wavefunction coefficients are denoted by a,b, where the
superscript stands for the leads and the subscript indexes the mode.
(ak + %) = / dyxm(y)pce0,y)
(5 + afe ) = [ayr,(wvc(D.y)
(2.19)

i (01— afn) [ () @atic(x, 1)),

ik, (bﬁeik"(E)D — aRem i /dyxn (Oxtpce (X, ), —

For now, we are not concerned with the explicit form of the wavefunction in
the central region, c £(x,y). However, we notice that we can define a matrix that
directly relate the outgoing amplitudes to the incoming ones:

bam = Zszxm,ﬁnaﬁn/ (2.20)
Bn

where m, n stand for the number of modes in leads &, 8. This is known as the S-

matrix (scattering matrix) and it will become a fundamental quantity in quantum
transport.

Matrix formulation In matrix form, the equation above looks in the following

(bl r t al\  _/ah\ _
Cout = (bR> = ( ¢ 1'/ ) <aR> = S<aR> = SCin (221)

;»s=<: V,) (2.22)

r

manner:

For a case with multiple modes in each lead:
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T
L L R R
Cil’l — ((Ill,...,aNL,al,...,aNR>

T
L L R R
cou = (bF, -, bk, B, .., b, )

with Np g = N r(E) being the number of modes in the leads. The scattering matrix
has the following block form:

(2.23)

/
S _ < rNLXNL t/l\]LXNR’ ) (2'24)
ENgx N, TN x N

For a 2-terminal system with one open channel at a given energy, the spin-generalized
S-matrix becomes a 4 x 4 matrix:

<rﬁ rw) by by
TwoT o\t
(tTT fw) i T
tir t)y

S = (2.25)

Unitarity of the S-matrix

We determined that the S-matrix relates the outgoing wavefunctions amplitudes to
the incoming amplitudes. There is, however, one additional physical constraint that
we have to account for, namely current conservation. Hence, we are looking for a
scattering matrix that is also unitary. The condition we impose is that the probability
current, which is proportional to particle flux, remains constant. Using the well-
known form of the probability current operator:

h
j= %Im(lﬁ*vw =

we prove that, for the scattering wavefunction of the type ¢(x,y) = ¥, ake " ¥ x,,(y),
the probability current is proportional to the squared amplitude:

5 7: = (FVY ¥V (2.26)

NL+NR fik
E Cout mCout,m ——= m* Z Cout mCout,mOm, (2.27)
m

where v, is the velocity. The incoming/outgoing particle flux must be conserved,
therefore:

ik, fik 2. Tk
]Ollt - Z Cout mCOut m m* Z mn 171 nsmncm n-_ o m* = Z S;;qn ‘Cin,n ‘ Smn W (2'28)
m m,n m,n

hk

n
]Z}’Z - chn ncﬂ’lﬂ - Z |Cmn|2
* m*

Current conservation implies that jout = jin, therefore:

(2.29)
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hk hk
JSmn* 2 =)~
n% mnl ; -
k
= Llsml* " =1, (2.30)
m n
. k
= S = Syn k—m
n
where S is the unitary S matrix.
In matrix form, the relation above is:
- (ks ) (o) o

= S = k2K /2,

The unitarity of the S-matrix ensures current conservation. The transmission and
reflection matrices uphold the following relations if the scattering matrix is unitary:

YT =rtr Tt =1y,
r/T/’r + tt’r — iﬁtl + r/’rr/ — lNR

rtt 7T =T Y = 0N, g

Time Reversal Symmetry

We shall now discuss briefly the influence of a magnetic field, which breaks time re-
versal invariance, onto the S-matrix of a quantum system. Consider the Hamiltonian
for a charged particle in a magnetic field:

A

Ay = 5 (p—gAP +V() = o [p+elAWP+V(), (23

where the relation between the magnetic induction and the vector potential is B =
V x A.
The scattering states satisfy the Schrodinger equation:

Hpp(r) = Ey(r),

with the incoming (a) and the outgoing (b) amplitudes related by the scattering
matrix
b= SB a.

Under time reversal, the Hamiltonian is transformed as 7{11:[37' = A_g and
its eigentstaes are *(r) = T (r), where T is the time-reversal operator. In short,
if ¥g(r) is a solution so is ¥* 5(r). Therefore, we can construct new eigenstates by
complex conjugation followed by the reversal of the magnetic field. Time reversal
changes the direction of propagation, so the incoming and the outgoing amplitudes
of p* are given by b* and a*, respectively, with

u* = S,Bb*,

a* =S _gb* = a* =S _gSga’. (2.33)
This shows that:
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FIGURE 2.5: Representation of a multi-terminal system, where «,

denote the leads, N, represents the total number of channels in lead

&, Tyg)_, is the transmission probability from all leads {B} to lead «

and R, represent the reflections back into lead «. Each lead has its

own coordinate system and x, is perpendicular to the cross section of
the lead and points away from the scattering region.

SESp=1 = S'y;=8 = Sp=8T; (2.34)

For B = 0 the system is invariant under time reversal (in commutator language
this translates to [HB:o, T] = 0), and the S-matrix is symmetric:

Sp—0 = Sg_o.

Generalization to multi-terminal systems

Many applications of coherent transport rely on multi-terminal devices, so in this
section we outline the generalization of formula 2.4 to a case where there are mul-
tiple leads connected to the scattering region. Consider that an electron is injected
in the system through lead &, mode m and the total number of modes in this partic-
ular lead is denoted by N,. By making use of the S-matrix defined in the previous
section, the scattering state in lead a can be written as [9]:

Ni
1700(401;1) = 4):711,km (xuu y) + Z Szxn,am(P,X_m,km (x,x, y)
" (2.35)

Ny Na
= 2 5mn¢;rm,km (xa/ y) =+ Z San,am¢;m,km (xac/ y),
n n

where 54, 4m is the reflection amplitude of mode m of lead & into mode 7 in the same
lead. In lead, B, the wavefunction is:

Np
1700(401;1) = Z Sam,ﬁnqbgn,kn (xﬁr y)
z (2.36)

Ng '
= Zsﬂn,ocmelk”xﬁ?(ﬁ,n (y)/ (x/y) € ﬁ/ :B 7& x
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where s, o represents the transmission amplitude from mode m in lead « to mode
n in lead B.

In order to compute the current in this multi-terminal case, we employ the same
approach encountered in section 2.1.1. Consider that a is the lead of interest and the
current is flowing through a cross section in this lead «, from the scattering region
into the lead (see Figure 2.5). Hence, the current is written as:

I, = —e/dEg(E)v(E) Y Isampnl*fs(E +lewm|2ﬂx Zémnﬁx
B#a,mn

= —e/dEg [Z ‘Socm,Bn| fﬁ Z 5mn5aﬁfﬁ )]

B.mn Bmn
(2.37)
where N is the total number of transverse modes in lead «.
In 1D, the density of states is:

2 1 2m
g(E) = ho(E) ﬁ\/f. (2.38)

I,X = gs|e|/ dE Z {(Saﬁ§mn — ‘San,ﬁmlz}fﬁ(E)r (239)
h 0 pmn

Therefore,

where g; stanss for spin degeneracy. One can rewrite the equation above in a more
physically transparent form, by separating the transmission and reflection coeffi-
cients:

Ro(E) = T D nE),

i (2.40)
To(®) = DL S0 b

b= [AENGE) - RuBAE) - DTl EE. @41
pta

Notice that the reflection and transmission coefficients satisfy the following con-
dition:

Ni(E) = Ra(E) + ) Tap(E), (2.42)
B

which is the generalization of R + T = 1 for a system of two single mode leads.
In the linear response approximation, equation 2.41 can be expressed as:



18 Chapter 2. Fundamentals of quantum transport

_ el 9fa(E)
Iy = gs- h;/dE'E,B(E) < oF ) (Vﬁ_l/‘tx)

Ha Hp
=2 Gup- <_e, - _‘e‘> (2.43)
(

pa

where G, are the conductance matix elements, identified as:

2 _
Gup :gseh/dEﬂﬁ(E) (aafE(E)> (2.44)

2.2 Green’s functions

2.2.1 Formal definition

A Green’s function is the solution of a linear differential equation with a Dirac delta
source with homogeneous boundary conditions [10]:

LG (x,x") =6 (x—x), (2.45)
where L is a general linear operator and J(x) is the well-known delta Dirac distri-

bution:

blx—x)=] o ax=¥ (2.46)
0, otherwise '

Let us take a brief look at one simple example from electromagnetism, namely
the Poisson equation:

Vip(x) = P, (2.47)
€

which for a point charge of magnitude unity, located at x’, reads:
o V2p(x) = —6(x — x').
The potential ¢ that solves this equation is:

1

- - 24
9(x) dteg|x — x'|’ 248)
therefore
v 1 |- —6(x— ') (2.49)
47t|x — x| ’ '
and the Green’s function is:
, 1
G(x,x") = (2.50)

CAmlx— x|
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Green’s functions can be employed in an important class of problems, known as
Sturm-Liouville problems, which are second-order linear differential equations that
define an eigenvalue problem that reads:

Lo = Ao (2.51)

The study of the eigenvalues and eigenfunctions of this type of equation became
of great importance in the realm of quantum mechanics also, and Green'’s functions
allowed for the conversion of a differential problem to an integral form. From the

set of eigenvalues, the Green’s functions could now be built as a spectral expansion
[10].

2.2.2 Green’s functions as propagators

Let us consider the fundamental cases of time dependent and independent Schrodinger
equations and follow the basic theory of Green’s functions applied to quantum me-
chanical systems.

We begin with the single-particle Hamiltonian:

2
=2 +V(r). (2.52)
L~
Ho v

We can write the time dependent Schrodinger equations for the interacting sys-
tem and for the non-interacting system as well:

. a III t A A A
in | ai ) _ H[Y(t)) = (Ho+ V) [¥(t)),
3 [¥o(t)) (2.53)
Notice that the equations above have the general form:
Ly(t) = f(t), (2.54)
where
ﬁ:mg—ﬂ
at (2.55)
L= lhg — H().

From the fundamental theory of Green’s functions discussed above, we know
that G(t) satisfy the following equation:
LG(t) =14(¢). (2.56)

For the Schrodinger equations in 2.53, there are two types of Green’s functions
that encompass a full description of the state vector:

(ihi - H> G¥(t) =16(1), (2.57)

where
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a) b) G,
G
G(x,y)
A G,
Go
Go

G Gy GgVGy, GgVGVGy

FIGURE 2.6: (a) Pictorial representation of the full propagator. Prop-

agators can be considered the building blocks of Feynman diagrams.

(b) The full propagator as a sum of all the scattering processes
((adapted from [11]))

G:’(t) =0 t>0, retarded, (2.58)
G(t)=0 t<0, advanced.
A good solution is:
“ _i,—iHAt/h t>0
Gy =4 #° / 2.59
m={ Th Y 259)

Therefore, in the case of a time independent Hamiltonian, the retarded Green’s
function is actually proportional to the time evolution operator and it directly relates
the state vector |¥ (t)) to |¥ (f)) at a time t > ty:

[¥(t)) = ihG" (t —to) [¥ (to)), (2.60)

and for this reason, the retarded Green’s function is also known as a propagator.
Moving further with the calculations, we obtain:

<ihaat — H()) Gy (1) = 16(t),

5 (2.61)
= (ihat — H()) =14(t) [Gg’(t)}*l.
Similarly,
(ihi — Hy— V) G (t) = 15(¢t), (2.62)
therefore: .

16(t) [Gy' ()] G™(t) — VG (t) = 15(t). (2.63)

Now we multiply to the left with G§:
16(H) G (1) = 16(1) G (1) + Gy (1) VG (1). (2.64)

By integrating the equation above from t; to t we obtain the Lippmann-Schwinger
equation for the retarded Green'’s function:

t
G (t—t)) =Gh(t—to)+ [ dt'Gy(t—t) VG (Y —t). (2.65)

to
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-1

R — J—

FIGURE 2.7: Dyson’s equation in graphical form (adapted from [11]).

We can rewrite equation 2.65 in a manner that encapsulates the essence of per-
turbation theory and the diagrammatic approach of quantum field theory. We can
replace the retarded Green’s function in the integral with the formula we obtained
from the Lippman-Schwinger equation and do that recursively to obtain an expan-
sion for the full Green’s function.

t
G (t—t)) =Gh(t—to)+ | dt'Gy(t—t) VG (¥ —to) (2.66)
to ~————
=G (t—to)+...

t
= G (t—ty) =G (t—to) + [ at'Gy(t—t') VG (¢ —to)
t . (2.67)
+/ dt' [ dt'Gh(t—t) VGh (¥ — ") VG (" —to) +- -
to to

This is also known as Dyson’s equation (see Figure 2.6). If the series converges, we
can consider the interaction side as only one term, known as self energy:

G" (t — to) =Gj (t — to)

t t
+/ dt' [ dt"Gy(t—t)E (¥ — ") G (1" — 1) .
fo

to

(2.68)

In order to visualize this in a more intuitive manner, let us represent the Green’s
function in a symbolic matrix way, directly from 2.57:

A 1
G=—=x. (2.69)
E-H
Therefore, the full propagator can be expressed as:
1 1 1 1
= = 14
¢ E—-Hy—-V E—H0+E—HO E — Hy (2.70)
1 1 1 '
+ 14 14 +

E—-Hy E—-Hy E—Hy

where we have used the following matrix identity:
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1 1 1. 1 111

This brings us directly to the Dyson equation in the form:

G=Gy+ GyVGy+ GyVGyVGy+... (2.71)

G=Go(1+VGy+VGVGy+...)
Go 1 (2.72)

Through Dyson’s equation, the complex perturbation problem, involving an in-
finite series of terms, can be turned into an intuitive picture of particle scattering (see
Figure 2.7). The perturbation V is thought of as a scattering process that interrupts
the free propagation.

2.3 Topological phenomena in condensed matter physics

2.3.1 The Quantum Hall Effect and the birth of topological band theory

The first experiment showcasing the quantum Hall effect was realized in 1980 by
Klaus von Klitzing and it lead to him being awarded the Nobel Prize 5 years later
[12]. The experiment was conducted on a Si MOSFET at very low temperatures
(T = 1 K, achieved using liquid Helium) and strong magnetic fields of over 10
Tesla. The original results and the device setup are shown in Figure 2.8 and one
notices immediately that both the Hall and longitudinal resistivity exhibit a striking
behaviour. The Hall resistivity remains on a perfect plateau for a set of values of
the magnetic field, where it takes integer values that depend only on fundamental
constant:

_ 2mh1

Pxy = 2 n & N. (2.73)

Also, while p., sits on a plateau, the longitudinal resistivity is null and it spikes
only when py, jumps to the next plateau [13]. Understanding this unprecedented
behaviour requires some fundamental quantum mechanics notions about charged
particles in a magnetic field. The Hamiltonian describing such a system is:

_ 1 2
H=5(p+eA). (2.74)

Let us now assume that electrons are restricted to the 2D plane and the magnetic
field is constant and perpendicular to it, such that V. x A = Bz. If we work in
the Landau gauge, we can choose the vector potential to be A = xBY, hence the
Hamiltonian becomes:

1 2
H= = (P + (py+eBx)") . (2.75)

Notice that the vector potential breaks translational symmetry in the x direction.
Taking this into consideration, we employ the following form for the eigenfunctions
of the quantum system:

Pr(x,y) = eikyfk(x). (2.76)
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FIGURE 2.8: (A) Experimental setup for the measurements in the

Quantum Hall effect. (B) Experimental curves for the Hall resistance

Ry = pxy and the resistivity pxx ~ Ry as a function of the magnetic

field, at Vo = 0V and T ~ 8 mK (reproduced with permission from
Physical Review B [12]).

After some mathematical gymnastics detailed in [13], we reach the conclusion
that the system Hamiltonian is actually the same Hamiltonian that describes har-
monic oscillator with a shifted center:

1
Hi = =—p3
k ZmPX+

2
mwyg
2

(x + ki3)? 2.77)

where wp = eB/m is the cyclotron frequency and Ip = \/g is known as magnetic
length. The conclusion is that a charged particle confined to a 2D plane in a perpen-
dicular magnetic field will display quantized energy levels known as Landau levels.
This gives us a way to understand the behaviour of the quantized Hall conductance
in Figure 2.8. If n Landau levels are completely filled at a given chemical potential
(Fermi energy), the transverse Hall resistivity is py, = Zeizh% The longitudinal re-
sistivity vanishes because since the transport along the chiral edge states does not
allow for dissipation of energy in the bulk.

The QHE can even be described through a classical approach, since, due to the
Lorentz force, electrons gain circular trajectories. In the bulk regions, the electrons
go full circle, while at the edges they hit the margin repeatedly forming the so called
"skipping orbits".

Both the Integer Quantum Hall Effect and its fractional counterpart are com-
pelling examples of how the edges of a mesoscopic system can lead to interesting
new states and phases in condensed matter physics. These effects have paved the
way for new and intriguing fields, both from a theoretical and experimental per-
spective, in particular the topological aspects of band theory. As Klaus von Klitzing
said:
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Topological Band
[ Phase ][ System ][Symmetry][ Edge states ][ structure

Integer Heterostructure + g
Quantum Hall | 2DEG + Disorder Broken Chn":altEdge
Effect 1QHE + Magnetic Field TRS SIS /\
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FIGURE 2.9: Overview of the topological phases mentioned in this
thesis.

"This unexpected direction is an excellent demonstration of how basic research
on a practical device can open up a completely new field of research with new
theories and unforeseeable applications — a real quantum leap” (Klaus von
Klitzing [14] )

2.3.2 Topological phases of matter

Before the discovery of the QHE, phases in condensed matter were described by
means of the Landau-Ginzburg theory of phase transitions. Symmetry was already
recognized as a fundamental tenet of theoretical physics and a particular phase of
the system was characterized by a local order parameter, such as magnetization. The
QHE was the first instance of a quantum phase emerging without the breaking of a
local symmetry, but rather a global symmetry of the system. Global symmetry is
not dependent on the geometry of the system and is also robust to perturbations, as
opposed to local symmetry. In the particular case of the QHE, the edge states are a
consequence of the breaking of time reversal symmetry (TRS) due to the perpendic-
ular magnetic field applied to the 2D device. This experiment and the fundamental
theoretical implications it brought along have prompted further research into this
novel field of condensed matter — topological band theory. Multiple other topologi-
cal phases were discovered subsequently, some of them being exemplified in Figure
2.9.

In mathematics, topology is an area which deals with abstract spaces and studies
mathematical structures that are insensitive to smooth deformations. Take the ex-
ample illustrated in Figure 2.10, with a pie (disk shaped) and a doughnut (shaped
like a torus). The disk cannot be smoothly deformed into the surface of a doughnut
and they are actually distinguished by an integer called the genus, ¢. The genus is
basically the number of holes in the surface. Surfaces with different genus cannot
be deformed into one another, and are considered to be topologically distinct [15].
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FIGURE 2.10: (a) Schematic representation of the band inversion

mechanism in topological insulators (b) Pictorial representation of

two topologically distinct surfaces, that cannot be deformed into one

another, just as two topological phases are distinct through the values
of their topological invariant.

Meanwhile, a doughnut and a coffee cup are equivalent and could not be distin-
guished from a topological perspective. The rigorous term for topological equiva-
lence is homeomorphism. Also, a property of the topological spaces that are conserved
under a homeomorphism is called a topologial invariant. In the simple example we
gave, the topological invariant is the genus of the geometrical shapes.

For a more extensive review of the topological phases, which do not enter the
scope of this thesis, we recommend referring to [16].

2.3.3 Quantum Spin Hall effect and the BHZ model

The first experimentally discovered two-dimensional topological insulator was the
CdTe/HdTe/CdTe quantum well. CdTe has the band structure of a normal semi-
conductor, with the valence band (I's, originating from p-type bands) is separated
by an energy gap from the conduction band I'¢ (originating from s— type bands).
However, bulk HgTe displays an inverted bandstructure, with the I's bands above
the I's bands. Basically, an electron like band becomes a hole-like band.

The fundamental source of the band inversion mechanism in HgTe has been
known for decades and attributed to high spin-orbit splitting in Te and relativis-
tic corrections to the energy levels in Hg [17]. Usually, this mechanism may occur in
narrow band-gap semiconductors, with strong SOC and heavy atoms. Since mate-
rials suitable for topological insulators (TIs) are of great interest recently, more com-
prehensive research was done on this subject, employing both new experimental
techniques (angle-resolved photoelectron spectroscopy, ARPES) and density func-
tional theory DFT based calculations [18]. When the middle layer of HgTe is below
a critical thickness d,, the energy bands are normally ordered, like the ones of CdTe.
However, above d., the bands are expected to align in the inverted regime. The tran-
sition between these two phases occurs at d, ~ 6.3 nm, so the experimental process
is essential in the fabrication of this type of TIs [19].
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Bernevig, Hughes and Zhang introduced an effective 4-band model that de-
scribes the CdTe/HdTe/CdTe quantum well near the I" point [19]. Firstly, the Hamil-
tonian for the 2D TI model has to preserve time reversal symmetry intact. Before div-
ing into the other structural details of the BHZ Hamiltonian, we can check that the
simplest manner to define a time reversal invariant model is to double the Hilbert
space and work with a Hamiltonian of the form:

H(k) 0 1+0; 1—o0;
k) = == -z
(k) [ 0 H*(-k) ] 2 2
We can easily check that the Hamiltonian defined above preserves time reversal
invariance:

H(k) + H*(—k) (2.78)

(i0yK) H (k) (ioyK) " = [ 0 1 } . [ H*(~k) 0 } . [ o ]

-1 0 0  H(k) 1 279
NI LN L)

The main symmetry considerations are the following [20]:

¢ In the presence of time reversal symmetry, each state must be doubly degener-
ate according to Kramers theorem. We can order the subbands as |Ey, j, = —|—%>,
|Hy,j. = +3), |E1,j- = —3%), |H1, j: = —3), where |E+) and |H+) are Kramers
partners. The states labeled with + are usually referred to as the spin-up, since
they have positive total angular momentum projection, while the — states are
reffered to as spin-down.

* |E1%) and |H;+£) have different parity, since they originate from s-like and p-
like bands. Therefore, the states are connected by matrix elements that are odd
under the parity transformation.

The BHZ Hamiltonian has the following form in the basis |E1, j. = +%>, |Hy,j. = +%>/
|El/jz = _%>/ |H1fj2 = _%>:

€x + My Ak, 0 0
. Ak_ €x — Mk 0 0
Hpnz = 0 0 ex+M. —Ak |’ (2.80)
0 0 —AkJr €k — Mk
where we have defined the following quantities:
e =C—D (2 +K)
My =M—B (k§ + k§> 281)
kyy = —idyy

The quantities A, B, C, D and M are model parameters. When sgn(M) = sgn(B)
the system is in a non-trivial topological phase. The exact solutions of the BHZ
Hamiltonian were derived by Zhou ef al. [21]. In the calculations, they considered
a semi-infinite plane with open boundary conditions at y = 0 and translationa in-
variance along the x direction. This assumption implies that k, is a good quantum
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FIGURE 2.11: (a) Schematic representation of the design of a HgTe TI

(b) Band arrangement when d is larger than the critical d; and (c) the

band inversion that brings the material in a non-trivial topological

phase (d) Pictorial representation of the spin Quantum Hall helical
edge states.

number for the system, while for k, we make the substituion k, =- —id,. Since The
BHZ Hamiltonian has a block diagonal form imposed by its underlying symmetries

ki) = (" )

it is possible to solve the eigenvalue problem for one block h(k) = h(k)" and obtain
the other spinor by applying a time reversal symmetry operation. The trial wave-
function employed to solve the eigenvalue problem has the form:

CD% ke ,A
‘I’T(kx,]/) = (@%)e e,

If A is real and positive, the wavefunction decays to zero as one moves further
from the boundary of the system. This condition is achieved in the topological phase,
when M/B > 0. Since B is usually a negative material parameter, if M < 0 the
system will display helical edge states. The edge states are known as helical because
one of their defining feature is that they are orthogonal eigenstates of the helicity
operator [22]. For this reason, the edge states that emerge in a QSHE system present
spin-momentum locking.



28 Chapter 2. Fundamentals of quantum transport

Reminder 1: Symmetry operators

Time reversal symmetry operator:

O=—i(oy®0)K, (2.82)

where K represents complex conjugation.
Inversion operator:

Iop =0, ® 0y (2.83)

In order to account for spin-orbit interaction in a topological insulator, one may
add a linear Rashba term that breaks inversion symmetry and couples the |Ey, j, = £1)
has the following form [23]:

0 0 —iagk_ 0
o 0 0 0
Hr = iagk, 0 0 0| (2.84)

0 0 0 0

Notice that Hg (k) # ZopHr(—k)Zop. Also, the bulk inversion asymmetry (BIA)
term can be introduced as [24]:

0 0 0 -A
0 0 A O
-A 0 0 O

where A is a material parameter. The BIA term couples the two spin channels and
breaks S, symmetry. Rashba SOl is also a source of axial spin symmetry breaking.

Zeeman coupling can be added to a BHZ model through the Hamiltonian [25]
(supplementary material):

81 Bz 0 g\ (Bx — iBy) 0
Hy = H 0 ‘ g5 Bz 0 gg (Bx + iBy)
gy (Bx + iBy) 0 —gf‘BZ 0
0 g3 (Bx — iBy) 0 —87Bz
(2.86)
where gll’éH are longitudinal and transverse effective g-factors that depend on mate-

rial characteristics.
To model ferromagnetic leads, one can add a Zeeman term to the Hamiltonian
[23]:

0 0 ¢ 0

. 0 0 0 0

Vz = Hp 0 o0 o |’ (2.87)
0 0 0 0

where Hj is the strength of the magnetic field and 0 is the in-plane magnetization
angle between the leads.
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3.1 Overview of density functional theory

Most of the physical and chemical properties of materials depend on an accurate
calculation of the band structure of solids. However, the problem of determining
the quantum states of a system with N electrons is extremely complex because it in-
volves 3N Cartesian coordinates in the many-body wavefunction, ¥ (ry, 12, - - - , rn).
Density functional theory (DFT) replaces the complicated interacting multi-electronic
problem with a single particle problem of an electron in an effective potential. It
has been successfully applied to determine electronic structures, binding energies,
phonon spectra or forces for molecular dynamics simulations [26, 27]. As we shall
discuss in this chapter, the essence of DFT is that you don’t need to know the de-
tailed form of the many-body wavefunction, since the electronic density is enough
to determine all the relevant ground state properties. However, the downside is that
the theory cannot tell specifically how ground state energy depends on the electronic
density and one needs a set of approximations to express the system Hamiltonian as
a functional of n(r).

Density functional theory emerged in 1964 when Hohenberg and Kohn pub-
lished their seminal paper [28], in which they introduced the theorems that remain,
to this day, the pillars of all DFT-based approaches. The two theorems are presented
in Theorem Box 3.1. While they may seem simple at first, the Hohenberg-Kohn the-
orems lead to an outstanding insight into the physics of a many-body system. We
know from the fundamentals of quantum mechanics that the total energy E of a
quantum system is:

A

E= (Y|H|Y) = /drl...drN‘P* (r1,...,tn) HY (11, ..., 1) (3.1)

The Hamiltonian in the expression above is a sum of all the kinetic energy terms
and the interaction potentials involved in a multi-electronic system:

I:I(I'1,1‘2," , Z v2+zvext rz + Z

(3.2)
17&] }1‘1 Ij
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where Ve is an external potential. It is obvious that any change in E must be asso-
ciated with changes in the many-body wavefunction = E is a functional of ¥:

E = F[Y] (3.3)
Theorem 1: Hohenberg and Kohn theorems

Theorem I:

For any system of interacting particles in an external potential Ve (r), the
potential Vey (r) is determined uniquely, except for a constant, by the ground
state particle density 1 (r).

Theorem II:

A universal functional for the energy E[n] in terms of the density n(r) can be
defined, valid for any external potential Ve (r). For any particular Vey (1),
the exact ground state energy of the system is the global minimum value of
this functional, and the density n(r) that minimizes the functional is the exact
ground state density ny(r).

The first of the HK theorems goes even further and proves that if E is the lowest
possible energy of the system (the energy of the ground state), then E is a functional
of the electron density only:

E = Fln(r)]

In the ground state, the electronic density uniquely determines the external po-
tential of the nuclei V,y; (n — Vext). In any quantum state the external potential, Ve,
determines uniquely the many-electron wavefunction (Vexy — ¥) and total energy,
E, is a functional of the many-body wavefunction (Y — E). This result is highly rel-
evant from a computational perspective, since is drastically reduces the dimension
of the problem at hand.

= The energy of any quantum state is generally a functional of the entire wavefunction,
Y (11,12, - -, ¥N), which contains 3N variables, but the ground-state energy depends only
on n(r), which is a function of three variables only.

3.1.1 The Kohn-Sham auxiliary system

The Hohenberg-Kohn theorems have guided condensed matter physicists in the
right direction, but solving the many-body problem directly was still a futile en-
deavor. The solution was developed by Kohn and his post-doctoral student Sham
[29]. The stroke of brilliance in their insight started with how they partitioned the
energy terms and replaced the many-body system with an auxiliary single-electron
system.

To explain this thoroughly, let’s begin with the total energy of an interacting n-
electron system in the Hartree-Fock approach:

E= Ekin + Eext + Ex + Ex (34)

In order to map the N-electron problem onto a simpler system of N non-interacting
electrons, we need to find an equivalent description of the interacting terms of the
Hamiltonian:

Exin = Eiin + Eidy

EH+EX_>EH+Ex+Eént
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n-electron Hartree
system
Energy decompomtlon
proposed by Kohn &
Sham (non mt)
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5

Auxiliary KS Enin E
2 b
one-electron system (non-int)

FIGURE 3.1: Energy partition scheme in the Kohn-Sham approach

Note that there is an energy term, called correlation energy (E™) that is ac-
counted for in this approach, but was neglected in the HF method. If we group
all the interacting terms together as

Exc = Ex+ E™ + E" = E, 4+ E,, (3.5)

kin

then we are left to only deal with a ubiquitous term called exchange-correlation en-
ergy. The terms E}!! and E" are put together, since they both account for correlation
effects [30] . The final expression of the Kohn-Sham Hamiltonian is therefore the

following;:

E = E! 4 Eo + En + Exc (3.6)

Before we move on, let us discuss briefly the energy terms in the equations above.

Kinetic energy
In the interacting many body system, the kinetic energy term is formally ex-
pressed as:

Ein=T = —% / Y (r) VY, (r)dr (3.7)

In the non-interacting KS system, however, the kinetic energy can be expressed
as a sum, in terms of the single-particle KS orbitals ¢; :

non __
Ekm -

¢F (r)Viei(r)

Nlr—\
.MZ

N
Il
—_

This non-interacting kinetic energy accounts for most of the total kinetic energy,
and the neglected parts are included in the exchange-correlation term, E,..

Coulomb interaction and the Hartree energy

Standing at the core of the well-known mean field approximation, the Hartree
potential represents the electrostatic interaction between an electron at position r
and the electron density at r':

[r =7

This potential can be easily determined in terms of the electron density, through
the Poisson equation:
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V2Uy(r) = —4mp(r) (3.8)

The Hartree energy can also be expressed as an expectation value, leading to the
familiar (and very much classical) Coulombian electrostatic interaction:

Eulo)] = [ Un(nprr = 3 ] P25 Darar

The issue with this approach is that it describes an electron embedded in the elec-
trostatic field of all electrons, including the reference electron itself. This causes the
emergence of a self interaction which is erronous from a physical perspective. For-
tunately, this self-interaction will be corrected by the exchange energy term, which
we briefly discuss below.

Exchange and correlation energy

The exchange-correlation energy term accounts for all the many-body effects in
the system.

E, is the exchange energy between electrons with the same spin and it stems
from the Pauli exclusion principle, which in turn implies that the wavefunction is
antisymmetric. The formal mathematical definition of this term is:

drdr’ (3.9)

1N ‘Pi,a(”)*(Py‘ig (r/) bio (”/> 4’/’,0(")
)

r—r|

Ji

It can be proven that the exchange integral J;; is always positive [31]. This leads
to less overlapping of the electronic wavefunctions and less repulsive interactions,
hence the net effect is attractive (suggested by the negative sign in equation 3.9).

Now if we look at the case of two electrons of different spins, they are allowed to
occupy the same orbital. However, they also repel each other because they both have
negative charge. This effect is known as correlation, and it also results in less over-
lapping of electron densities, generating a small attractive energy. This correlation
effect was neglected in the Hartree-Fock method [30].

Now that all the terms implicated in the KS formulation are clear, let us return to
the expression for the energy functional. From the H-K theorems, we know that the
total energy of the system in its ground state is a functional of the density:

E[n] = (Yol # [¥o) = (Yo| T+ W [¥o) + (Fo| Vexr [Fo)
= Fln] + / de Vi ()11 (x)

with (3.10)

T= —ZEVZ-Z, and W= 12#
72 21'7&]“”_9"
where T is the kinetic energy operator, W is the electron-electron interaction op-
erator, Vext describes a local time-independent external potential (like the electron-
ion potential), |'¥y) is a ground-state many-body wave-function, and n(r) is the cor-
responding density.
However, the functional F[n] is universal, and if we take into account the energy
partition proposed by Kohn and Sham, we can rewrite the total energy as:
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State

T, (7) v Uo(7)  Piz1,N, (F) €= ¢i(F)

Interacting Non-interacting auxiliary
n-electron system system of n electrons in an
effective potential

FIGURE 3.2: Schematic representation of the Kohn-Sham ansatz and
its use of the Hohenberg-Kohn theorems. The notation ®y(r) stands
for the ground state many body wavefunction, ng represents the
ground state density, while HKj implies that Hohenberg-Kohn theo-
rems were used for the non-interacting problem. The wavefunctions
denoted by ¢;(r) stand for the fictitious single-particle states (Kohn-
Sham orbitals). The KS double arrow indicates a connection between
the many-body system and the auxiliary independent particle system
proposed by Kohn and Sham (adapted from [32]).

E= F[n((r))] + Eext

Universal functional

2 n(r)n (v
=~ [0 o)+ 5 [[ ara P ) [ den(e) V)
Z XC energy

Kinetic energy (non-int) Hartree energy System dependent Eex;
(3.11)
Now what is left is to find the equations that ¢; satisfy and determine the total
energy of the system, E. Since the ground-state density, no, is precisely the function
that minimizes the total energy, E = F[n]| (Hohenberg-Kohn variational principle),
we can write that:

5F[n(r)]

5 =0 (3.12)

no

Applying the variational principle along with the constraint that the fictional
single particle states (a.k.a Kohn-Sham orbitals) are normalized, we arrive at a set of
equations called Kohn—-Sham equations :

LV Vo) + Vi) + vxc<r>] Pi(x) = eii(x),

where Vi (r) = 5Eg;[n]

(3.13)

n(r)
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| Vvext(r):—zI |I.,Z1€tr‘

initial guess for electron density

1

V2V (r) = —4mn(r) Vee(r) = 5E§7;L["]

n(r)

\
Vior = Vest (1) + Vat) + Voelt) 4

[—3 V2 + Viot (r)] di(r) = eshi(x)

n(r) = 3, |9s(r)|’

||[7out — Min|| > tol

FIGURE 3.3: Self-consistent cycle of numerical DFT calculations.

and you can find the detailed derivation in A.

Furthermore, now that we concluded rigorously that there must be a functional
E,c [n] which gives the exact ground-state energy and density, the problem remains
to construct useful approximations of E,. [n]. The priority of DFT is, therefore, is to
construct accurate exchange and correlation functionals. Two of the most famous
approximations for the functionals are:

* Local Density Approximation = The exchange—correlation energy is an inte-
gral over all space with the exchange—correlation energy density at each point
assumed to be the same as in a homogeneous electron gas with that density
(its generalization is known as LSDA => local density spin approximation)

* Generalized-gradient approximations = The LDA fails in situations where
the density undergoes rapid changes. GGA improves this by considering the
gradient of the electron density.

At the end of this discussion, we can also grasp the relevance density func-
tional theory has in computational condensed matter. The method can be imple-
mented as a self-consistent cycle and the better the approximations for the exchange-
correlations functionals are, the more accurate the solution is for the ground state
problem. Following the equations presented in this section, we can summarize the
steps of the cycle as follows (check also Figure 3.3):

1. Specify the nuclear coordinates to calculate Vet
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FIGURE 3.4: Brief hierarchy of transport models.

"Guess" a possible electron density
Obtain initial estimates for Vg and V.

Numerical solution of the Kohn-Sham equations

ARSI

Repeat until the new density matches the old density within a desired toler-
ance

In order to perform effective electronic structure calculations and ab initio molec-
ular dynamics simulations the framework of DFT, we work with the SIESTA (Spanish
Initiative for Electronic Simulations with Thousands of Atoms) package [33, 34]. It uses
the KS-DFT method, employing the LDA and GGA approximations and also uses
norm-conserving pseudopotentials. The basis set is defined by atomic orbitals, in-
stead of the more commonly used plane waves basis.

3.2 Non-equilibrium Green’s Functions method for Quantum
Transport

3.2.1 Key ideas of NEGF

To understand the fundamentals of nonequilibrium transport in nanoscale systems,
we will outline the approach of Datta [35] , one of the founders of the method. We
begin by studying a simpler system composed of three separated regions: the chan-
nel region, the source and the drain regions. For this isolated device components,
the Schrodinger equations can be written as:

(E—H;+in)®, =S, for the left isolated source (3.14a)
(E-H)y=0 for the central isolated channel (3.14b)
(E—H,+in)®P, =S5, for the right isolated drain (3.14¢)

In the system above, in®, , represents the extraction of electrons from the source
(left) and drain (right), while the terms S; , stand for the reinjection of electrons from
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external sources. It is also essential to take note of how the term iy transforms the
Hamiltonian into a non-Hermitian operator (7 is an infinitesimal term, so our reser-
voir Hamiltonians are only "slightly" non-Hermitian). This is directly related to a
term we call self-energy, which provides, in the context of many body physics, an el-
egant manner to account for more complicated interactions in the quantum system.
We will also point out soon how this is also related to the broadening of the energy
levels in the channel, which in turn gives a finite lifetime for the electrons injected
into it.

When the source and drain are coupled to the central region, one needs to also
account for the coupling (this time Hermitian) Hamiltonian between the contacts
and the central region (which will be denoted by V;,) and the scattered waves into
the leads (which we denote by x;,).

(E—Hp+in) (®r+x0) — Vip =S, (3.15a)
— Vell (®€+X€)+(E_H)lp_vr<q)r+?(r> =0 (3.15b)
(E—H,+in) (®r+x) — Vi =5, (3.15¢)

From equations 3.15a and 3.14a:

(E—Hy+in) @+ (E—Hy+in)xe— Vi =Sy, (3.16)
:5[
therefore:
xe=(E—He+in) " Vip = GV/fy. (3.17)
We identify
Gi(E) = (E—Hy+in) " (3.18)

as the Green'’s function of the left source. Similarly,

xr=(E—H,+in) ' Vip =G V'y with

1 (3.19)
G/(E) = (E—H,+in) .
Also, from equation 3.15b, we obtain:
(E—H)Y = Vixe — Vixr = Vi@ + Vi ®,. (3.20)
If we substitute 3.17 and 3.19 into 3.20:
(E-H-X(E))p =S5, (3.21)
where we have defined the contact self energy:
Y(E) =%y(E)+ X, (E
(E) = () + Z.(E) .

= V,Go(E)V} + V,G,(E)V;.

The self energy is not Hermitian, and while the real part of the self energy gives
an energy shift in the eigenvalues of the central region, its imaginary part accounts
for a finite lifetime of the eigenstates. We can therefore define another relevant quan-
tity in the NEGF formalism:
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Contact Channel

g(E)

FIGURE 3.5: The partitioning of a simple prototype of quantum sys-

tem for transport calculations into three regions: left reservoir, chan-

nel, right reservoir. In the lower half of the figure, there is a schematic

representation of the coupling between the reservoir and the channel,

and the broadening of the discrete energy levels into a continous den-
ity of states g(E).

Ty, =i (21, —x r) ) (3.23)

known as broadening matrix (also referred to as level-width function or scattering
function). The self energy can include all phase-breaking mechanisms, both the ones
coming from interactions and scattering inside the central region and also from the
coupling between the channel and the environment.

The generalization of the density of states for a D-dimensional system can also
be expressed in terms of the Green’s functions, as follows:

gp(E) = %Tr[AUS)]I (3.24)

where A(E) is the spectral function defined as:

A(E) =i (G(E) - G*(E)) . (3.25)

In conclusion, the transport problem is partitioned into two components, as illus-
trated in Figure 3.5. The scattering region (channel) is defined by the Hamiltonian
matrix H, while the contacts (source and drain) are included through the self energy
matrices £ /Xg. The channel is regarded as a mesoscopic system, with discrete
energy levels and the contacts work as semi-infinite reservoirs, relatively large com-
pared to the central region. Due to the coupling between the middle region and the
electrodes, the system is regarded as an open and non-equilibrium system.

If we express the equations presented above in matrix form, the Hamiltonian
looks as follows:

HL 0 0 0 VLC 0
H=Hy+V = 0 Hec O + Ver 0 Ver ’ (3.26)
0 0 Hg 0 Vge O
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where the notations L, C, R stand for the right reservoir, the central region and the
left reservoir respectively. The system Green’s functions can also be expressed in
matrix form

Gr Gic Gir
G=| Ger Gc Ger |, (3.27)
Grr Grc Gr

hence we can write:
E — HL _VLC 0 GL GLC GLR 1 00
—Ver E— Hc —Ver Ger Ge  Ger = 010 . (328)
0 —Vre E—Hg Grr Ggrc Ggr 0 01

Also note that the interaction potentials accounting for the channel-reservoir cou-
pling obey the relations

Ver=Vie, Ver = Vie (3.29)

Since there is no coupling between the right and left reservoir, the Green’s func-
tions Ggrr and Gpr are null. Therefore, we can rewrite equations 3.28 :

E-H, -V 0 G. Gic O
~Vie E—Hc —Vke Ger Ge Ger | =1, (3.30)
0 —Vze E—-Hg 0 Ggrc Gr

Explicitly, we have the following system to solve:

(E-HL)Gic—VicGc =0
~VicGre+(E—Hc)Ge — VieGre =1 (3.31)
—VrcGc + (E—HR)Gre =0
From first and last equations in 3.31
Gre = 81VicGe
Grc = §rVrcGe,
where we denote g; g = [E — Hy | ~! as the Green’s functions of the isolated leads.
Combining these results with the second equation in 3.31, we obtain
Ge=[E~Hc—2—Zg] ",

where

Y =VergiVic and  Xg = VergrVre

are the lead self energies. Again, keep in mind that, in terms of the Green’s functions,
one can define the spectral function:

A(E) =i (G(E) = GH(E) ) = 27 1 [¥(E)) (¥u(E)],

where {|¥,(E))} is the complete set of system eigenfunctions. Also, recall the cou-
pling matrices:
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rL:i(zL—zz) and FR:i(ZR—Z;Q).

Scattering states

Let us now calculate the current and transmission through such a system. The
Schrodinger equation in matrix form for the system is [36]:

H) Vs 0 ¥ {0

Vie Ht Vie || ¥ | =E| ¥ |, (3.32)
) )

0 Vre Hg ¥ ¥

The wavefunctions in vector form for the left, central and right leads are ¥, ¥¢
and ¥i.

To compute the scattering states from one lead, we consider the orthogonal eigen-
states of the isolated chosen lead and then treat the interaction between the lead and
the device as a perturbation. Consider ]‘Pé”) to be an orthogonal eigenstate of the
(isolated) left lead, characterized by Hamiltonian HY . The propagated state in the
device region is:

¥ = GV eg)) + %)) (333)
The superscript (I) indicated that the scattering state originates from the left lead.
Also,
!
o ) )
)= o |, &= [V (3.34)
l
0 vk

By substituting the matrix form of the Green’s function and the potential, we

obtain:
GL GLC 0 0 VLC 0
GV =1|Gc Gc  Ger Ver 0 Ver

0 G G 0 V 0
rc  Gr RC (3.35)
GreVew GLVLc GrcVer
= | GcVer  GerVie+ GerVre  GeVer
GreVer GrVre GreVer
Hence, the scattering states vector is:
O] ()
| 1/JLI ) GreVer GLVic GrcVer ¥,
WJ(C)> = | GcVer  GerVie + GerVre  GeVer 0o |- (3.36)
i) GreVer GrVrc GrcVer 0

Finally, by using the Green’s functions, we have arrived at a result that relates
the scattering states in the L,R, C regions to the unperturbed state origibating in the
left lead:
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H Quantity Definition Relations H
Correlation function G" = yy' G"=Af
Self energy . =VGVt I=i(X— Z’L)
Retarded GF G=(E-H-X+in)! -
Advanced GF G=(E-H-X—in)!
Spectral function A=i(G-G") -
Broadening function =i (Z — ZJf)
Density of states Q(E) =2Y4 6 (E— Ey) g(E) = 2 Tr A(E)
Current I = eddtn 2 [* Tr (TRGcILGE)

TABLE 3.1: Fundamental quantities in NEGF

9y = Gever 1%y,
W’g)> = (1+8.VicGeVer) |T(()l)>

= |¢(()l)> +41Vic |1P(CL)> , (3.37)
9%)) = grVRcGeVer )
= grVrc [$¢).

Charge density matrix

Our goal now is to compute the current in the device in the framework of the NEGF
formalism and compare it to the previously obtained result, calculated by means of
the Landauer-Biittiker formalism. One can also define the spectral function in the
following manner:

A= zn/dké(E — Ex) k) (k| =

(3.38)
= 27g(E)|k(E)){k(E)],
where g(E) is the density of states.
The charge density matrix is defined as:
p =) f(nu)|Pn) (Yul, (3.39)
where
1
f(n,ur) = (3.40)

1+ e(Enpr) /kpT”

is the Fermi-Dirac distribution function. The charge density matrix will prove to be
an important quantity in the self consistent cycle of numerical NEGF calculations.
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pecr = | AEG(EN (E ) [¥c) (¥c

= [ g (6 ) TeB)GevE, 1)) (4] vauG
- k (3.41)
~ [ aer e cevi (Zate) ) (4] vt -

* ¢ a) t
:/ dEf (E, p) GeVer 5 Vel Ge-

We now use the formula for the spectral density of states in the left lead (a!)) and
the equation for the level-width function

I =i(3 — %) =i(VergiVie — V&8t Vie) = iVic(gL — 81)Vic

_ (3.42)
VicaDVic = iVic(gL — gt Vi,

such that:

1 o0
PCeL = 2/ dEf (E, pr) GeTLGE. (3.43)
T JE=—co

Therefore, the total density matrix in the non-equilibrium case is a sum over all
the contacts:

1 (o]
p=2x /E__oo dE ;f (E, us) GcT;GE. (3.44)
For a two-lead case, it has the form:
1 (o]
p=2x 5 | AE[f(E ) GeTiGl+ f (E pux) GeTrGE] (3.45)

The spectral function is defined by the sum of contributions arising from all the
leads. Therefore, we can compute the device spectral function from states originat-
ing from the left/right reservoir:

At =2l ) (ocl]

! !
=21) GcVer ‘1/)(() )> <¢é)‘ VicGE (3.46)
l .
= GeVeraLVieGE
= GcT'LrGE
Hence, the non-equilibrium density matrix can also be expressed as:
1 (o9}
0=2x 271/ dE [fL(E)Ag“)(E) —|—fR(E)A(CR)(E)] . (3.47)

From equation 3.47, the electron density can be computed:

n(r) = (r|p|r) = diagonal elements of p (3.48)
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Along with density functional theory, a self-consistent procedure for determin-
ing the transport properties of a device at finite bias can be formulated [37].
Current and transmission

For this case, we will compute the current following the approach in [38] , using the
continuity equation applied to our two terminal system. When the system reaches
equilibrium, the total probability is conserved, therefore:

0 ft (zw) - (zm‘m) = Y o) (el #)

St \

Z (F|H|c){c [F) = (¥ [ c){c|H[Y))

L (%1 H ) — (c[HIY))

N\N-N\

((‘I’ |Hc + Vic + Vre| Ye) — <‘Yc ‘Hc + Vi + Vf{c) ‘If>) -

| ow e — e ) ovs vt e — (v i )

,PLAC PR%C

(3.49)

The first square bracket (P _,c) is the probability current from the left contact to

the device and the second bracket (Pr_,c) is the probability current from the right

contact. Also, note that the sum } . runs over all the states in the central device

region. We can generalize equation 3.49 to any contact s and determine the current
by multiplying with the charge —e:

I = _%e [<‘Ps |VsC|‘YC> - <‘YC

)] (3.50)

Therefore,

iRer = —— | (YR |Vre| ¥e) — <‘Yc ‘VIJ{C"YRH
= = gk VEGEVE (¥ VeGeVer [¥) — GEVEL (¥ Vi grVreGeVer \‘Y(()lw

= = (¥ VL GEVE gk VreGeVer [¥)) — (¥ | VE,GEVEcgrVreGeVer \‘I’((Jl)>]

[ l )
= —— |(¥¢ | V&, GEVic (g}z —gR) VreGeVer \‘1’(())>]

= = [(#0| V&L GETRGeVer 1) ]
(3.51)
If we sum over all the modes, integrate over energy and note that the levels are
filled from the left reservoir with a probability (the Fermi-Dirac distribution), we can
write the current as:
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C

semi-infinite bulk

FIGURE 3.6: Consider the model of a device above. The contact re-

gion (C) is coupled to two semi-infinite electrodes (L,R). In the TranSI-

ESTA package, only a finite section of the system is considered, since

the semi-infinite electrodes would involve infinite Green’s function

matrices. Also, the influence of the semi-infinite leads onto the cen-
tral region is accounted for through the self-energies.

e (0]
Inep =2 x / dEf (E, i) L&(E) (9 |VicGETRGeVic| )
2 ! . Z (3.52)
/ dEf (E, pir) ZS ) (5| Vi |m) (m| GETRGE Ve [,

where we just inserted the identity operator ), |m) (m|. In the following, we will
use the identities (p|A|p)" = (Y| AT|p) and (p|ATBT|p)T = (p|BA|¢) to arrive at the
final result:

GiTRGeVS (Zg ‘% >< >‘> Vic|m

a
m ‘GEFRGCVECﬁVLC) m> =

IreL = 2;/_0:0 dEf (E, pr) Z<m
= zhe/O:odEf(E/ﬂL)2<
— Zhe/_‘: dEf (E,ur) Tr (GEFRGCFL)

2e [
— h/ dEf (E, ) Tr (rRGCrLGg).

(3.53)
Hence, the total current in the two-terminal device is:
2e [ .
I=% | dE(F(E )~ f(Epr) Tr (GETRGeTL) . (3.54)

This also gives us a new and convenient relation for the transmission (at T = 0K)
[36]:

T(E) = Tr (tt*) —Tr (rRGCrLGg) . (3.55)

3.2.2 Transport simulations with NEGF + DFT

The SIESTA code was extended to out-of-equilibrium systems by combining DFT
with the NEGF formalism [37], in the form of the TranSIESTA package. Through
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FIGURE 3.7: Comparison between DFT andf DFT+NEGF self-
consistency cycles.

this approach, the density matrix is computed with the aid of the Green’s functions
formalism, as indicated in Equations 3.45 and 3.47.

To compute the transport properies of the system partitioned as sugested in fig-
ure 3.6, we are only interested in the finite Hamiltonian for the L — C — R part:

H;+X Vi 0
H = vi Hc V& (3.56)
0 V}E Hi + 2z

As we discussed in the previous section, the Hamiltonians in the L, R and C
regions are Hy, Hg and Hc. The interaction between the L — C and R — C regions
are described by V| and Vy respectively and the self energies X; and Xr account
for the interaction between the L and R regions to the remaining parts of the semi-
infinite electrodes. Since the electrodes are modeled as semi-infinite bulk, the matrix
of the system Hamiltonian is theoretically infinite. However, we are only interested
in the finite matrix defined in 3.56 and its inverse. The matrix inversion algorithm
is crucial, since the simulation involves large matrices that may induce numerical
issues. The (Hp, g + XL ,/r) blocks of the Hamiltonian are computed in a separate
calculation, based on conventional DFT calculations for periodic bulk systems.

In the TranSIESTA module run, the transmission function is computed under
finite bias conditions. The fundamental idea is to calculate the density from the
Green’s function formalism during the self-consistency cycle of a DFT calculation.
The full SIESTA + TranSIESTA run starts from an initial guess for the density in the
scattering region. Subsquently, the Kohn-Sham Hamiltonian in the central region is
built and a density matrix that corresponds to it is determined by means of NEGF. If
the initial and final density matrices differ only by a small margin of error, that is im-
posed a priori, the calculation has converged. Otherwise, the procedure is repeated
until a satisfying result is achieved.The iterative loop can be summarized as follows:

initial n(x) = SIESTA = ¢xs(x) = NEGF = new n(x)

TRANSIESTA  package
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A comparison between the DFT and DFT+NEGF approaches is represented in
Figure 3.7.

3.3 Quantum transport with TranSIESTA in 2D systems

M >> The main results presented in this section were published in [39]

We can illustrate the utility of DFT+NEGEF calculations by presenting the results
in [39], where we investigated the properties of phosphorene nanoribbons and the
influence of the substrate onto the transport properties. The motivation of this study
was to build on top of current research that focused on the difficulty of band gap
modulation in freestanding phosphorene nanoribbons, where high in plane electric
field are needed to close the gap. We employed DFT and NEGF with the aid of the
TranSIESTA package, along with some Python librarier that allowed for efficient and
instructive data processing.

In figure 3.8a, we represented the materials of interest: zig-zag phosphorene
nanoribbons (zPNR), hexagonal boron nitride (hBN) nanoribbons and graphene-
hBN-graphene (G-hBN-G) double junction. The heterojuctions have two types of
support layers - either simple hBN nanoribbons or a G-hBN-G double junction. The
goal of stacking phosphorene on top of these two types of substrates is to enhance
its tunability properties. External electric fields can also be applied, either in-plane
(&x) or perpendicular to the zPNR (&) (see 3.8a).

The first step of the analysis consists of DFT calculations on pristine 2D phos-
phorene and freestanding zPNRs. In this manner, we check the previously obtained
results. The electronic properties of phisphorene are illustrated in Figure 3.8b. In
Figure 3.8b(a), the band structure for bulk 2D phosphorene is represented along a
chosen k-path following the high symmetry points. Notice the direct band gap of
~ 0.82eV, found at the I point (while the bandgap is underestimated compared to its
experimentally determined value, this is expected within the LDA approximation).
The corresponding density of the states associated to the pristine 2D phosphorene is
displayed in 3.8b (b).

In the next parts of the study, we investigated the influence of the support layers
on the electronic and transport properties of zZPNRs. We consider the zZPNR@hBN
system and analyze the ideal transmission for a series of values for the electric field
and subsequently compare it with the transmission of the freestanding PNR. In Fig-
ure 3.8b, one can see the reduction of the band gap for both systems, as the in-
plane electric field &, is increased. The main observation is that in the ZPNR@hBN
configuration, the band gap is closed at a significantly smaller &, in the range of
0.2 — 0.3 V/A. Consequently, there is a sharp increase in the conductance of the het-
erostructure for electric fields below 0.3 V/A. This is relevant from an experimental
point of view, since the maximum values of the electric fields for which the system
experiences bandgap closure are brought into a feasible range.

In order to gain a better understanding of nanoscale transport in such a 2D struc-
ture, we visualize the atomic currents and bond currents in the system. For this
purpose, we employed a Python package called SISL [40], optimized for the post-
processing of the data obtained through ab-initio calculations. The library was de-
veloped a in order to manipulate and analyze input and output files from the SIESTA
and TRANSIESTA codes. Local currents are highly useful to look into possible cor-
relations between a particular molecular or atomistic property and its role for the
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FIGURE 3.8: (A)(a) zig-zag phosphorene nanoribbon (zPNR); (b)
hexagonal boron nitride (hBN) nanoribbon; (c) graphene-hBN-
graphene (G-hBN-G) double junction. (B) (a) Band structure of 2D
phosphorenealongI' — X — S —I'— Y — S. (b) Density of states (DOS)
of the 2D structure. (c), (d) Transmission functions for various in-
plane electric fields, denoted by &,. Notice that the energy gap of the
freestanding zPNR is reduced due to the interaction with the support
layer in the ZPNR@hBN structure.

charge transport within the mesoscopic system. For this reason, bond currents are
also referred to as "transmission pathways" [41].

In TBtrans, the orbiltal currents are defined in terms of the spectral density matrix
and they are implemented following the equation:

]aﬁ =i [H‘thAzxﬁ - HaﬁAﬁzx] ’ (3.57)

where the factor e/h was left out. In order to obtain the bond currents, one simply
sums over all the orbital indices. As a consequence of the continuity equation, a sum
of the bond currents that cross a definite surface separating the originating electrode
from the rest of the device will be equal to the total current [42, 43].

]vpt = Z Z ]ocﬁ (3.58)
xKeV ,BE]/I

The total bond current acting on an individual atom can be represented in vecto-

rial form:
Jv = Z ]1/;451/]/1
VR

In Figures 3.9 we plot the atomic currents in the freestanding zPNR (Figure 3.9a)
and in the active region of the zPNR@hBN and zPNR@G-hBN-G heterostructures
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FIGURE 3.9: (a), (b), (c) The distribution of atomic currents in free-

standing zZPNR, zZPNR@hBN and zPNR@G—hBN-G heterostructures.

The value of the electric field is & = 0.5 V/A. (d), (e) The bond cur-

rent distribution for the zZPNR@G- hBN-G heterostructure, integrated

over the [0,1.5]eV interval, for the following values of the electric
field: £ = 0and & = 0.5 V/A.

(figures 3.9 b,c). The atomic currents in the case of zero electric field are plotted as
reference, and the dark blue and red markers denote the current difference once an
in plane electric field £, = 0.5 V/ A is applied along the x-axis. It is worth noting that
the in-plane electric field displaces the charge towards the edges of the structure, and
also enhances the coupling between the two layers. Since hBN is highly insulating,
in the active region most of the current flows through the zZPNRs segments. Due to
the electric field, the atomic currents become visible on the underlying layer of hBN.
Bond currents illustrate the flow patterns in the zZPNR@G-hBN-G structure more
accurately, as one can see in Figures 3.9d),e).

DFT = DFT + NEGE = Post-processing = Physical insights
—~— |\ ———
SIESTA TranSIESTA sisl

3.4 The tight binding formalism

The tight binding model is built upon the assumption that the electron is strongly
bound to the nucleus, such that its wavefunction is localized to a region of small di-
mensions (relative to the inter-nuclear distances). Formally, this implies that the elec-
tronic wavefunction can be expressed as a linear combination of atomic orbitals(LCAO).

In order to outline the theoretical side of the TB formalism, let us begin with the
assumption that, around each lattice site, the Hamiltonian can be approximated by

the Hamiltonian of the localized atom. We call this the atomic Schrodinger equation
[44]:

Harpj(r) = €j9j(1), (3.59)
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FIGURE 3.10: (a) Two sites in a chain one-dimensional atomic chain.

The overlap of the wavefunctions allows for tunnelling between the

two potential wells. (b) An ideal 1D chain with a one atom basis in

the tight binding model and intuitive illustrations of the main quan-

tities involved: the hopping energy (t), the on-site energy (¢;,) and the
overlap matrix (s)

where ¢; are the energy eigenvalues and ¢;(r) are the wavefunctions describing the
well-localized bound levels of the atomic Hamiltonian H,;. The atomic wavefunc-
tions in equation 3.59 are considered to be of negligible amplitude when r is larger
than the lattice constant. To this atomic Hamiltonian, we will add an additional term
that accounts for the periodic potential of the crystal:

H = Ha + AU(x), (3.60)

such that the crystal Schrodinger equation is:

H‘P(r) = (Hqt + AU(I‘))‘Y(I‘) = EHT(I‘). (361)
Since we are dealing with (ideal) crystalline solids, the electrons are described by

a Bloch function, such that translational symmetry is conserved:
Tr¥i(r) = ¥i(r + R) = *R¥ (1) (3.62)

where Tg is the translation operator along the Bravais lattice vector R and ¥ (r, k)
is the wavefunction for the electron in the crystal.

All this suggests that the solution of the crystal Hamiltonian in equation 3.61 has
the form:

P(r) =Y e Re(r—R) (3.63)
R

where the function ¢(r) is not the exact atomic wavefunction ¢(r), but it can be
expanded in a linear combination of atomic wavefunctions:

¢(r) =Y Cutpu(r) (3.64)

Now we have arrived at the core premise of the TB model, which is that the crys-
tal Bloch wavefunction can be written as a linear combination of the atomic orbitals
[45]:
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3{j} Ry R;j} Ry Ry Ry
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FIGURE 3.11: Pictorial display of the splitting of the crystal potential
into the on-site atomic potential and the rest of the periodic potential

\/N ;eik-Rq[)n(r . R),

where n indexes the atomic wavefunctions in the unit cell, N is the number of unit
cells and C, are the complex expansions coefficients.

With the general form of the crystal wavefunction, we focus on solving the fol-
lowing eigenvalue problem:

Yy (1) —Z lkRZCn%(r—R)
VN R (3.65)
-G

HY i (r) = En(k) ¥k (3.66)

to determine the bandstructure.
Again, as in equation 3.60, the single particle Hamiltonian of the periodic lattice
structure is expressed as:

2’l YV, = Ha (R) + Y Va(r—Ry)

R; R, #R;

where we singled out the arbitrarily chosen potential on R;. The eigenvalue problem
is:

Ha (R) + 3 Va(r—Ry) LG

Z kR’(Pn 1‘— ])
R; i #R; R
k) Y. Cu
n

3\

*Riga(r—Rj) (3.67)

j

j

R, #R; R;

= ZC (’Hat( Z Va (r—R]-/> En(k)> Z kRMpn(r—R]) =0

To solve this we multiply to the left with e —ikR; ¢ (x R;) and integrate over the
crystal volume. The term
Y [ dre gy (e~ RYEN ()" iy (r — Ry), (3.68)

Rj,Rj/
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leads us to the the overlap matrix element:

Syn(K) = R;j/ /d3reik-(RjRj’)(P:1 (r — R;) ¢n (r— R))

_ E/dare—ikR}gb;; (r - R;) ¢n(r) (3.69)
R
R D (RD ,
R0

where we set R; = 0 due to translational invariance. The term amy is considered
negligible if the overlap between the wavefunctions of neighboring orbitals is not
taken into account.

The Hamiltonian matrix element is (we chose a reference orbital described by the
Bravais vector R;):

Hmn<k) — Z /d?’reik‘(R_Rj/)(P; (1‘ — R]'/) {Hat (R]) + VRﬁéR} (1’ — R]-/) } o (1‘ — R)

R;R;

a ik- i—R *
— S, (k)+ Y [ dre®(Ri-Rr)gr (r — R;) Ve, ir (r - R]-/> bn (r—R;).

R]',R]v/
(3.70)
Again, we set R; = 0 and get:
Houn (k) = ExtSyn(k) + Y / dre M i, (r—Ry) Vi, 20 (= Ry ) g (1)
Ry
= ES,m(K) + / Pril, (r) Vi, 20 (r — Ry) ¢ (1)
(3.71)
Cmn
+ E e*ikRj/ /d3rq§;1 (1" — R]/) VR/#O (1‘ — R]/> Pn (1‘),
R, #0
fmn
where
b (R;) = / 1y, (r = Ry) Vi, 20 (1= Ry ) g (1) (3.72)

is the hopping (transfer) integral. This term suggests that, through the interaction
with a nucleus Ry ( where R; does not point to the same unit cell where orbital
¢n (r) is localized), then an electron from orbital ¢, (r) could be transferred to a
neighboring orbital site.

We will mention here the terminology used to classify the Hamiltonian matrix
elements [46, 47, 44]:

* on-site = the atomic wavefunctions and the potential are all centred on the
same site

* two-centre = where a wavefunction and the potential are on the same site and
the other wavefunction is on a different site
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(a) (b)

¢(r—Ro+Ra) #(r —Ro)

Vo(r—Ro—Ra) Vo(r—Ro—Ra)

FIGURE 3.12: Representation of two-centre integrals (a) and three
centre integrals in the TB model (A is the distantce to a nearest neigh-
bor, while Ry is the atomic site chosen as reference).

* Three-centre = the atomic wavefunctions and the potential are all on different
sites. Therefore, the integral of the form of [ dr¢,* (r — R;) Hew (r — R;) in-
volves a product of an atomic wavefunction ¢, * (r — R;) located on the atom
at position R;, another atomic wavefunction ¢y, (r — Rj) on the atom at R;, and
a spherical potential function located on a third atom.

The Secular Equation

The eigenvalue problem in equation 3.66 can be rewritten in the form:

det [Hn (k) — ExSun (k)] =0, (3.73)

where H,,, and S, are matrix elements of the Hamiltonian and of the overlap
integrals:

Hmn— RR’ gﬁ{/:<(pm(r—R)|’H’¢n (I‘—R,)>
(3.74)

Z
R R/
ZR; Vsik sk = (¢m(r—R) | ¢u (r—R)),

Z\H Z\

This is known as the secular equation. To solve the secular equation in Equation
3.73, one needs to evaluate the matrix elements of the Hamiltonian. Basically, the
methods used to obtain these matrix elements and the level of approximation of the
calculation will distinguish between various tight binding approaches. An example
of the TB model applied to a lattice with multiple atoms in the unit cell (the Lieb
lattice) is presented in C.

Application to the 1D chain

Let us write the TB Hamiltonian in a more intuitive form for a simple 1D chain
lattice (one atom per uni cell) with only NN hopping and s-type orbitals only. Indices
m and n are used to denote orbital sites (see figure 3.13). Hence, the hopping integral
is:
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FIGURE 3.13: The TB Hamiltonian for an ideal 1D lattice with a one-
atom basis and the corresponding dispersion relation.

s n=m
t(Ry —Ry) =< —t n=m=*1 (3.75)
0 otherwise

With the matrix elements defined in the section above, we obtain:

Hn,m = €05n,m —t (5n+1,m + 5n—1,m) 7

3.76
with €y = €4 + &s. (376)
Hym = <7’l| H ]m> = €00nm —t (5n+1,m + (5n71,m) (3.77)
If we apply the completeness relations Y, |n) (n| = I, we get:
H= Z ) (n| H [m) (m|
Z n| H{m) [n) (m| Sum — (1| H [m) (6nt1,m + Sn1m) [1) (m]
e i, (3.78)

t

=) €0 |n> (n| =) (In+1) (n|+|n) (n+1)

We will encounter this simple 1D Hamiltonian in section 3.8, where we introduce
a simulation tool based on the tight binding model.

Second quantization formulation

In the second quantization, the Hamiltonian is described in terms of creation and
annihilation operators. Due to Pauli’s exclusion principle, in the case of fermions,
the creation and annihilation operators satisfy the anticommutation rule:

{és,@; } = et +ete, =1 (3.79)

If we neglect electron-electron interaction (two-body operators), the Hamiltonian
in the language of the occupation number representation is written as:

H =Y (i|H|j)ele (3.80)
if
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Since the term (i|#|]) is associated to the hopping parameter t;;, the TB Hamil-
tonian is:

A=) el (3.81)
ij

A tight binding Hamiltonian that includes the nearest neighbors (NN) as well as
the next-nearest neighbors (NNN) is:

=Y elci+) ticlei+ Y tcle; (3.82)
i (i) (i

3.5 The R-matrix method

3.5.1 Introduction to the R-matrix formalism

The R-matrix formalism was initially introduced in the context of nuclear reactions
in the years 1946 and 1947 by Wigner and Eisenbud. In the 1960s, it became appar-
ent that the method could be applied to a wider variety of atomic, molecular and
optical systems, particularly in resonant processes [48]. The core idea of the R ma-
trix formalism is to divide the entire space into multiple subspaces separated by a
boundary, that are generally known as external and internal regions. In each region,
the wavefunction is represented in different manners. While the external region is
considered infinite and the wavefunction is described by asymptotic conditions, the
hamiltonian of the internal region must describe the scattering processes or interac-
tion potentials that encompass the defining features of the physical systems. In this
manner, the formalism gained traction in the field of condensed matter also, since
we can partition a nanostructure into the internal interaction (scattering) region and
the leads with translational symmetry along the transport direction. Through the R
matrix method, the scattering matrix on the system can be expressed in terms of the
eigenfunctions of the Hamiltonian that describes the internal region, as long as the
appropriate boundary conditions are chosen [49].

3.5.2 Theoretical overview and extensions of the formalism

The wavefuntion that describes a state of energy E is a solution of the Schrodinger
equation:

1
{Zm* P + V(r)} Y(E,x) = E¥(E, 1), (3.83)
where P = —iliV is the momentum operator, V(r) is the effective potential and m*

is the effective mass. Consider the system in Figure 3.14 . The potential energy has a
perpendicular component, which we assume to be independent of the z coordinate.
Therefore, we can write the effective potential as:

V(l‘) = V(Z) +V (I‘J_) . (384:)
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3

FIGURE 3.14: Scattering region with size 2d sandwiched between two
leads (note thatd <« L)

Since the potential is separable, the solution to the Schrodinger equation can be
written as a product of two wavefunctions:

11;55)(1,’_ E)=¢, (r) ¢ (ze€), (3.85)

where E = E;f + ¢, v is an index for the energy levels E| and s is the index for the
leads. The functions ¢, and the energies E | are solutions of:

PV ()] (1) = B (r) (356

Also, the orthogonality and completeness relations are fulfilled:

[ a9t ) s (r0) =

i} , . (3.87)
Y9 (r) ¢y (v)) =6 (ro—x))
Now we will focus on the one dimensional problem (Figure 3.15):
) ol p® _
[2111* P:+V(z)—e€| ¥ (z,€) =0. (3.88)

The wavefunctions are a superposition of the incident waves and the scattered
waves:

. . - _
W(ze) = Aexp [zk?(z +d)]+Bexp| z‘kl(z +d)], z< (3.89)
Cexp [—ika(z —d)] + Dexp [ika(z —d)], z>d
where A, B, C and D are complex coefficients.
A=y (e,—d);
B = ¢ (¢, —d);
I’D. ( ) (3.90)
C = ¢ (e,d);

D = ¢°tt (¢, d).

The coefficients corresponding to the outgoing and incoming waves are related
by means of the S matrix (scattering matrix) in the following manner:

( ﬁz E;g ) =5(e) ( fn EZ 153 ) (3.91)
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V1
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FIGURE 3.15: Schematic representation of a 1D scattering potential,

showing the leads with constant potentials V; , and the central region
ranging from (—d, d).

where

S(e) = ( " > (3.92)

We can write

{ U (e, —d) ] _ { g(e;—d, —d) S (€;—d,+d) ] [ ™ (e, —d) } (3.93)

Ppout (e, +d) (€;+d,—d) S(&+d,+d) (e, +d)
where
S (€; —d, —d) S((—I} —d, +d) . 511 512 (3 94)
S(e;+d,—d) S(e;+d,+d) | | S Sm '
Therefore, the scattering functions are:
(1) 0(e—V1) | expliki(z+d)]+ Sii(e)exp [—iki(z+d)], z<—d
piez) = === :
V271 Sy (€) exp [ika(z — d)], z>d
2) 0 (e - V2) 512(6) exp [—ikl (Z + d)] , z < —d
e z) = == . .
V21 exp [—ika(z —d)] + Sxa(€) exp [iko(z —d)], z>d
(3.95)
where the step function is defined in the usual way:
L, exVs _
9(6—%)—{0, c< V.’ s=1,2 (3.96)
Hence, if we have a particle coming from z = —oo, the scattering states are de-
scribed by
. w -
$0(e,2) = 1 exp [ik1(z +.d)] + S11(€) exp [—iki(z+4d)], z< —d (3.97)
V271t | Sai(e) exp [ika(z — d)], z>d

and if the particle is incident from z = +o0, we have:

@) _ 1 S1a(€) exp [—iki(z +d)], z< —d
prlen) = V2 { exp [—ika(z — d)] + S (€) exp [ika(z —d)], z>d (3.98)
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The transmission and reflection coefficients are:

r (e) =
t(l)(e) 521 €),
) >

€

(f)
—
ja
m
~
<

(3.99)

Also, we can rewrite the equations above in matrix form:
P (e;—d) P (e;+d) ] _ 1 t
[ P (&;—d) @ (e;4+d) | ~ Van [ 1+8'(e) ] (3.100)

where 1 is the unit matrix and S’ is the transpose of the scattering matrix.
Also, we can write the matrix of the derivatives at the interface

(1) 4 pM) .
d;w(z o)l fjlp(z o | oo %TK(G) [1-S'(e) ] (.10
=Y )(e,z) o =P )(e,2) _y V271
where
kq
K(e) = <”/2d ,92 ) (3.102)
0 t/2d
or
Kss = %kséss’
T

The main idea of the R-matrix formalism is that for an arbitrary potential in the
scattering region, the functions ¥*)(z, €) have to be expanded into a basis of eigen-
functions of a problem that can be solved. We write the Schrodinger equation in the
interaction region

W
and impose the following boundary conditions:
axi — 0. (3.104)
dz z=%d

Xi(z) are known as the Wigner-Eisenbud functions, they are defined only in the
interval z € [—d, d| and verify the orthogonality and completeness conditions:

d
/d dzx(z)xv(z) = o,
Zl:)(l(z))gl () =6(z—2),

The wavefunctions in the scattering region are expanded in terms of the Wigner-
Eisenbud functions:

(3.105)

=Y a0 (e)x(2), (3.106)
1
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with the expansion coefficients

d
al(s)(e) = /d dzx, (2)p®) (e, 2). (3.107)

In order to compute the expansion coefficients we multiply equation 3.88 by
X (z) and equation 3.103 by *) (¢,z) and then integrate the difference between the
two over the interval [—d, d]. We integrate by parts, taking the boundary conditions
into account, and obtain:

2 (s) (s)
(s) L h 1 dy B B dyp
a,”’ (€) = T — [x d e xi(—d) e . (3.108)
z=-+d z=—d
We define now the R-function:
n oo xi(2)x(2)
e I\
R(e;z,2') = o 24 El p— (3.109)

and the R-matrix:

R(e;—d,—d) R(e;d,—d) ) (3.110)

Rle) = < R(e;—d,d)  R(ed,d)
If we insert equation 3.108 into equation 3.106, we obtain the expression for the
scattering functions in the region z € [—d, d|:

81/1(5)
0z

81/1(5)
0z

R(e;—d, z) — R(e;d, z)

z=—d

] . (3.111)
z=d

Together with 3.101, we obtain the scattering functions in terms of the R and S
matrices:

O(e—Vy)2d . .
1) €,z = 2 TV ik 11— Sy (e R(e; —d,z) —ikrSo1(€)R(€;d,z) )},
P (e z) T — k1 | 11(€)] R( ) — ik2S21(€)R( )}
0(e—Va)2d . : '
2) €,2) = ———{—ik1S12(e)R(e; —d,z) + iko [1 — Sy (€)| R(€;d, z
P (e, 2) Nor — {=ik1S1(e)R( ) +ika [1 = Sx(e)] R( )}
(3.112)
3.5.3 The two-dimensional R-matrix method
The Schrodinger equation that describes the whole system is:
(—2Z*A + V(r)) -Y(r;E) = E-Y¥Y(r;E) (3.113)

As we discussed in the previous section, the potential in the leads is separable
and can be written as a sum of a longitudinal and transversal part:

Vs(r) = Vi (ros) (3.114)

In the leads, the solution of the Schrodinger equation is a superposition of the
incident and reflected wavefunction:
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z 07 =1 90 ﬂs:

r, T

Z

FIGURE 3.16: The scheme of the device. The surfaces I'; and I'; sepa-
rate the interaction region () from the leads 1 and 2.

¥, (re QGE) = V¥ e s, (1)) + N ¥ ek 0, (1), (3115)
i i

where the longitudinal wave vector is:

K, = V2 (E-Ep) (3.116)

h
The transverse modes are solutions to the following Schrodinger equation:

h
<_2m* A+ Vi (rJ_,s)> Dy (r15) = EVL Dy (1) (3.117)
In the scattering region, we solve the Wigner-Eisenbud problem
h
BTV ) xir) = e xlr), (3.118)
with the same boundary conditions proposed in the first chaper:

w| _ 0 (3.119)

0z r.

We multiply equation 3.113 by x;(z) and equation 3.118 by ¥(r), then we sub-
stract them and integrate over the scattering region, to obtain:

h
2m*

///Q (A (x) - xi(r) — Axi(r) - ¥(r)) dPr = (E— ) //Q ¥ (r) - x;(r)d°r
' ' (3.120)
We expand the wavefunction in the basis of the Wigner-Eisenbud functions:

Y(r) =) a-xl(r) (3.121)
!
Also, we use Green’s identity

/(ng—gAf)dV=/ (fVg—gVf)-n-ds (3.122)
D oD

and from equation 3.120 it follows that:
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h? . .
al(E—el):_ZW/FZ nr- (VY — ¥V )dl

hz
= /(7( nr- VY —Y¥ -nr-Vy;)dl' (3.123)
x;

-rx) ( il x| - e, 2 rs) .

where nr is the normal to the cross-section of the leads.Hence, the expansion coeffi-
cients are:

a(E—e)=—5 - 2/ ( lyrs ) (3.124)

Now we impose the continuity condition of the wavefunction at the boundaries:

Y(1)lp, = ¥s(o)lr, (3.125)
We apply now [ ¢; (7 s)dls on 3.125. For the left side of the equation we obtain

/r 1) V()| dr= /r (e (o)

and using the expression for the expansion coefficients 3.124, we have the fol-
lowing result:

dT (3.126)
Ts

s (3.127)

/ i(rs) ¥

hZ
dl"sz— /(Pl rJ_s Xl )
Ts

Zm* —€

¥
X e dl“s/
‘/l;s’ <Xl aZs’) ‘r/

For the right hand side of the equation, we have:

/ lr) ¥

)| 4= /r KU (0 o (r10) + ¥ g (r1) ) T,
(3.128)

dls = yin 4 gout (3.129)
Ts

= / (e ()

Now we impose the continuity condition for the derivatives

1oy
m* 0z |p

1 9Y¥;
m*  9zs |p

ni*<_iiz/kv,( v gy ms)> (3.130)

and define the R function as we did in 3.109 :

n o ox(r) - xr ()
/. _ 1
R (5,1E) = —5 — }l ; o (3.131)
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and the R-matrix:

Ry = /I’ /F ¢i (rl,s) - i (ri,s’) -R (]:' €Ty, r € I'y; E) dlydl (3.132)

We insert equation 3.131 into 3.132 and obtain:

i 1 .
L ) E—¢ /r Gi(rie) - xi(relo)dls- | ¢ (ris) xi (r €Ty)dly

1 Ly
(3.133)

If we define

/F (1) (€ T AT, = (),

and
. P (ris)-x; (' €Ty)dly = (x1),,

the R-matrix is:

7 (x1), - (xX1)w
R = —5 Zl; R (3.134)

From the continuity conditions, we get
¥in gt — YR, -k, ( in _ pout ) ) (3.135)
v/

and we can rewrite the relation above as:

Y Wb+ Y W0y = = Y iRyyky - i+ Y iRk - YO
! V/ 1//

v/ %
' ' . (3.136)
— 2 ((Swl — IRVV/kV/) . ‘Flol}lt = — 2 ((Swl + IRVV/kV/) . LI}
v v
Therefore, we obtain a relation between the S and R matrices:
Spy = — (5v1/’ - iva’kv’)il ’ (51/1/’ + iva’kv’) (3.137)
Now we can work with the current scattering matrix:
S(E) = KY2(E)S(E)K '/2(E), (3.138)
which is unitary:

S(E)ST(E) = S*(E)S(e) = 1. (3.139)

The transmission is expressed in terms of S :

Ty (E) = | S (E)|? (3.140)
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Soft
boundaries

\ Hard wall

boundaries

FIGURE 3.17: Schematic representation of a two-dimensional device

for transport calculations. The mathematical surfaces that separate

the interior region (scattering region) from the N leads do not neces-
sarily correspond to physical interfaces (adapted from [51]).

3.5.4 The R-matrix method for spin dependent transport

()

¥) =) Fo(x,y)lo) =¥ 1) + ¥, 1) (3.141)

The total state is constructed from direct product:

¥) = /d3x Y+ @1 +¥-(x)) @)

To simply the notations, we will write the spinor as:

To be or not to be Hermitian

Let us focus briefly on the 1D case, where the interaction region is in the finite inter-
val [a, b]. The Schrodinger equation in the whole space is:

n* 2
2m dx?

However, note that H is not Hermitian in the [a, b] interval, since:

HY¥(x) = E¥Y(x), where H=— +V(x) —o0o<x< oo

/ dx [¥1(x)HY 2 (x) — ¥a(x) HY, (2))]
- (3.142)
= o [F1(¥5(2) — ¥ (x) ¥

To avoid the problems arising from the non-Hermiticity of Hamiltonian operator
in the scattering finite region, we will add a boundary surface Bloch operator defined
generally as [50]:

L= zh; [5(x—a) (;; —Aa> —S(x—b) (;x —Ab)], (3.143)

where A depends on the chosen boundary condition for the Wigner-Eisenbud func-

: Lo .
tions: 3! L= As - X1ls-
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In this case,

[ ) (014 £6) o)~ ¥al) (4 £) a0

_ 2’1; K {‘m( )( ddzz +£3> ¥, — ¥ (x) ( ;22 +£B> ‘I’z(x)}

_ 27’; dx [‘I’l( )(ji)wz ¥, (x) (;22) ¥, (x )}
o afx) 0 ()
Zi i [‘Fz( )<(5(x—a) <;;—/\a> _6(x—b) (;}C—MD%}

" d d ’
— g [P a0 — ¥l S ()|
n d d ’
~ 5 [‘Fl( )o(x —a) <dx + 1> ¥y (x) —¥a(x)d(x —b) <dx = 1) ‘Fl(x)}
n d d d d
= —% I: I:("Fl (x) %‘i’z(x) + Tz(x) %Tl (x))} - — [(Tz(x)dxlfl (X) + Tl (X)dxlfz(x)> ] x_a:|
=0,
(3.144)
where we used the well-known property of the delta Dirac distribution:
im [ f(1)8 (r—a0)dr = f (ao), (3.145)

e—0+

We will see in the following how this procedure is equivalent to rewriting the
Hamiltonian as H, = (Hyy + Hjy) /2.

Bloch operators

A multi-terminal system, that can be solved with the R-matrix method is displayed
schematically in Figure 3.17. The leads and the scattering region meet at a set of
boundary surfaces that are known as "soft boundaries" (see Figure 3.17), where we
consider Dirichlet or von-Neumann conditions for the WE functions. On the other
hand, the boundaries between the coloured shaded areas and the unshaded regions
are treated as as “hard walls” (infinite potential outside the boundary), so the elec-
tron wave functions are nonzero only in the shaded regions [51]. Note that these
boundaries are mathematical, and they do not necessarily correspond to the physi-
cal setup of the of the multi-terminal system.
The time independent Schrodinger equation for the scattering region is:

HY = (T+V+Hso) ¥ = EY (3.146)

where T is the kinetic energy operator, V stands for the potential and Hso accounts
for the spin orbit-coupling Hamiltonian. We have discussed how, in a finite region
(e.g. the scattering region), the Hamiltonian is not Hermitian and in order to produce
a Hermitian operator we add to #H the Bloch operator Lz [52, 48].

First, let us take a closer look at our system Hamiltonian expressed in matrix
form. The kinetic energy term can be written as:
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SOl

X 'Qs=1 -Qo 'Qs=2 X

T 1W r 5

-d, +
FIGURE 3.18: The scheme of the device. The surfaces I'; and I'; sepa-
rate the interaction region () from the leads 1 and 2.

7l B L o
T= —— .| — 4+ —|-1

2m [sz + ByZ] 7
where I;; is the identity matrix. For the spin orbit coupling part, we will first consider
a typical Rashba SOI interaction, usually expressed as:

(3.147)

% o . 0 . 0
Heo = = (pyox — px0oy) = 7 <—zhay0x + zhaxay>

=i ia —ia
- \ox Y ooyt

where « is the Rashba coefficient, a material dependent parameter that can also be
controlled by an external electric field. We can also write the Hamiltonian directly
in matrix form, as follows:

(3.148)

2 .
H=1{ . n - 9 _ ;0 12
& (_ipy+p,) —LA4V zx(—ﬁ—1@> —EAty
(3.149)
Adding the Bloch operators, the Schrodinger equation for the system is:
(T+ L7+ V+Hso+ Lso) Y =EY + LY + Lso¥ (3.150)

The Wigner-Eisenbud equation, written in the scattering region takes the form:
(T+ Lr+ V+Hso+ Lso) X1 = €1X1, (3.151)
with the boundary conditions:

o
0x;

— Ar, - xilr, (3.152)
T

The Bloch operators £ and Lso in 2D Hilbert space are defined as:
W d
£T — % ;(Sx,xs (azs - AI}) : Im

N s 0 —i
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where 17, = (X, X) is a vector perpendicular to the cross-section of the lead (T';) and
I, is the identity matrix. In our two-terminal 2D example, the two boundaries are
situated at (see Figure 3.18):

X1 = _dx =4,
X2 = ‘|’dx = b/

and therefore 7; = —1 and 77, = +1. Hence, the Bloch operator corresponding to the
kinetic energy term is:

tr =t [ o0 (2~ a) + (1) 00 (- 2 - )

10
(o 9)
(3.154)

The Bloch operator for spin orbit coupling can also be expressed in a different
manner, which will become useful in the future calculations:

0
Lso = —172175 z5)0y = —1—2775 ( i 01 >

(3.155)
= Lso = —Z*Zﬂs x—xs)i- (|4 11) = 1) (L))
*Zﬂs ) (D) 1) =11 (D)
wheres =1,2and 71 = —1, 70 = +1
We know that:
T+Lr =T"+ L%
1% =Vt (3.156)
Hso + Lso = Hig+Lso'
From equations 3.150 and 3.151, we obtain the following relation:
0= (E—e) (i) + ulLr¥) + (xi|Lsow) (3.157)
——
ap
= a;(E —¢€) = — (xilLty) — (xi|Lso) (3.158)

Let us now compute the terms on the r.h.s of equation 3.158. First, keep in mind
that the wavefunctions also account for the spin degreee of freedom:

X =Y xie(x,y)-|o)
= ZTU(XIJ/) : |‘7>

Hence, the terms we are interested in are:

(3.159)
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~telerg) =~ B [ ar[xd, ]l
5 ZL [ o [xi 3

& *
—llsoy) = —5 Z); /r drso xi—o|r. Yolr, (3.161)

where we used the following relations:

Lso ) = Lso (Zl/)o "7>> ~ —i0y (lea “7>>

=9 [1) =, 1)

(x11Lso¥) ~ (xip11) = xi0 ) ¥4 1) =Y 1)
= —xi ¥+ a0, ¥
= EU ) X?,*U"PU

(3.160)

(3.162)

where 0 = +1, corresponding to | 1), |}). For a detailed derivation of these relations
in the particular cases of Rashba and Dresselhaus SOCs, check Appendix E.
Now we turn our attention to the scattering states, adapted to the spinful case:

(r € O E) Z\Pm I Dy, (1)) o) + Y FO R E LDy (1) ) - |o) (3.163)

i,0

At the boundary of the interaction region (zs = 0), the lead wavefunction is:

¥, (r € Qs E) Z‘I’m (ris)lo) + ) I Dy (r1 ) - |o) (3.164)
i

T

and it has to be equal to the wavefunction in the scattering region, expressed as a
linear combination of Wigner-Eisenbud functions:

¥ (r e O ;E) o) (3.165)

T

= Eﬂl “Xi,o (1)
Lo

Now we multiply to the left with ®(r |, s) and project the equations in spin space:

T,

(0 [ (@(x.,9) ¥:x)| = (0] (B(r,5) ¥(x) (3.166)
S S
From this, we obtain:
‘P]i/n +T10/ut = /F drs : q)i(rl_,s) 'Zal 'Xl,a(r) : <U,|U>
b (3.167)

= Z/r dry - qu(l‘i,s) 'Xl,a(r) - a,
! s
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similarly to the approach presented in 3.5.3. Insert the expression for the WE coeffi-
cients derived in equation 3.158 to obtain:

yin pgout — /dF - Di(ry,s ZXZU

;//drl (%% )

xlx *
Q Z dFS/ﬂS/U" (Xl,fo"‘YU’)

F’S 2 s’,g'/ rS, 1_,;
(3.168)
The partial derivative and the scattering function at the boundary I's are:
oY , .
| - ) o
ks Z (3.169)
go| =Y [¥r+¥] @
r,

Replacing 3.169 into 3.168, we get:

\I;f/n + \Ysut — Z
1

/r dls - ®i(r ¢) - X10

Ts
hZ * . .
! 2 Z drS’ 'Xl,a’ q)i’,a’<_lk1/’) [ fﬂ - ‘I’ﬂf‘t] o (3.170)
m s il o’ Fs’ 1"5,
AW
(7) Z drs’”s’a—,Xl,fU’ : q)i’,g/ . [ ”7 + ‘Iﬂmt}
i o /Ty r,

E

Finally, we can write that:

in 4 yout _ zZRWka/[ - 0ut}+z[ ¥ | Quu, (3.171)

where
hz frs d].—'sq)i,UXl,O' T : frs/ dFS/CIDi/,U/)(zU/‘F
R = "o 2 E-e
(3.172)
D{(X) frs drsq)i,(TXl,a I . frs, dl"s/qsxa/ . (Di’,U’X?ifg’ r
Qur = — ) Zl‘, E_¢
with v = (s,i,0). Therefore, equation 3.171 can be written as:
Z [51/1/’ - ikv’Rw’ - vi’] T%t = E [51/1/’ + ikv’va’ - vi’] ’ (3173)

v/ v!

arriving at the formula for the scattering matrix:
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1-Q+iRx _
1-Q—iRx

If the SOl is restricted to the scattering region, then Q = 0, so the S-matrix defined
above becomes:

S=— —[1—Q—iRk] ™" [1— Q+iRx] (3.174)

1+iRx o 11 .
S _ — = — — . .
iR [1—iRk] " - [1 4 iRx] (3.175)
S = «1/25x1/2 (3.176)

Application of Bloch operators to Rashba and Dresselhaus SOI

Let us now apply the method of Bloch operators for two SOI Hamiltonians that
are prevalent in quantum transport applications: the Rashba and Dressealhaus spin-
orbit coupling.

The Rashba spin orbit interaction is defined as:

. 0 . 0
Hp=2% (pyox — pxoy) = £ (—zhax + zhay>
h h ay ox (3.177)
=in io* — 20 |
B ox ' oy ')’
and in matrix form: ; 5
0 = — i
Hr=| o5 ., & % (3.178)
ax Loy 0
The Dresselhaus spin-orbit interaction is:
. 0 . 0
Hp = i (pxox — pyoy) = p <—zh0x + zh0y>
h h ox oy (3.179)
=1 —ia + ia |
=P ox * oy Y
In matrix form, the Hamiltonian is written as:
9, 2
Hp=( 0, Tt (3.180)
i3y ~ 3y 0
The Bloch operator is:
~loa(x). 1oa [0 1
te= 55 =55 (4 o) 150

and if we consider that a(x) is a Heavisided function, with a finite value only inside
the scattering region, then:

«
Lr = 3 (0(x —a) —d(x —b))ioy = — 2175 Xs)ioy (3.182)

Let us separate the Rashba Hamiltonian matrix into:
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He= Y (0 & 0 —ig “(HE 4 HY 3.183
R=2(\-2 o)7 —iZ 0 = 5 (Hi+ Hy) (3.183)

Let us focus first on Hi and prove that is is not Hermitian:

Reminder 2: Adjoint of a linear operator

The linear operator H T associated with H is, in general, defined as:

(v|H'|u) = (u|Ho) (3.184)

More explicitly:
(v|HYu) = (u|H|0)", Yu,v. (3.185)

0 d
(il Hy — HY' |¢j) = (471'!@\4’0 — ;] — gM’i)

b d b 0
:/a dxq??axfl’j—/u dx¢; <—8x> Pi

b p) b )
= / dxg; 5 j / dx¢; (—ax¢;<> (3.186)
b 9, ., Q. b J
=Ad4wwww—w@¢ﬂﬁéw@w@
b
=<P?¢j‘a

From Equation 3.182:
(@il Lr — LR |¢y) = (@il LrID}) — (i — Lrlgi)

« b (3.187)
=5 oo, ot ai], + o0t

)= —waie)

— ¢ip;
a
Notice that:

Hr—HY+Lr—LE=0 (3.188)

We follow the same procedure for the Dresselhaus SOI, focusing on the non-
Hermitian part of the Hamiltonian:

_j9
HY = <_(.)a lax) (3.189)
In a similar manner, we show that:
X xt _ . d . d
(il H — HE 105) = (91l — == 1) — (9] + =13

b b
= —i/a dx(,b;‘%cpj — i/a dx¢; <aaxcpl*> (3.190)

. * b
= —igi gy,
The Bloch operator for the Dresselhaus SOC is defined in the same way:
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gD:—gwg—@—ﬁu—b»mﬁ:QZMJ@—xM@, (3.191)

and we can prove that:

(¢il Lo — L |¢i) = (pi|Lpl¢j) — (¢j| LDl i)

_ B P " "
= it 919 —oiar| + 90| oy (3.192)
b
= +ip; )|
Similarly, we proved that:
Hp—HL+Lp—LL =0 (3.193)

To summarize, we proved that:

0 L 0 —L 0 L
ﬁR—ngz(_L o)“<L 0)::2(_L O>::2£R (3.194)

¢+ (0 iL\ (0 —iL\ [0 iL\ _
ED_LD“CL 0> (—u o)“2<m 0)“25&

where L = (1| Lpr |¢2)-

and

Also,
H-—H'+L-LF=0
t (3.195)
:H+£:H2H

Observation 1: Hermitian operator

Adding a Bloch operator to a non-Hermitian Hamiltonian is equivalent to:

H+H

H-H'+L-Lt=0=H+L= 2,

(3.196)

which automatically creates a Hermitian operator.

3.5.5 Implementation and numerical simulations

Following the overview of the R-matrix formalism, it became clear that computing
the R-matrix requires first solving the Wigner-Eisenbud problem. Numerically, this
involves solving the eigenvalue problem:

Hx, = ex, (3.197)

with the appropriate boundary conditions:

X1

EEn M
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prg.c

Fourier _ag nmx
(7] Compute basis 1 fla) = 5 T > ancos 7
basis n=1
Leads potential System = A A d
@ + it Lead Scattering | | Lead
’
Scattering potential paritiion SIS
P T T T T
diagonalization | dsyev.f
)  Solve WE problem I from I
| LAPACK :
Compute R matrix Transmission.
& ‘ T(E), |V 2 ete.
S matrix observables

FIGURE 3.19: Brief workflow of how the R matrix code is built

Basically, we need to diagonalize the Hamiltonian matrix and to do that first we
have to write the Wigner-Eisenbud functions ); in a basis that obeys the costraints
imposed by the specified boundary conditions. The systems discussed in this thesis
are two-dimensional, so we will exemplify the choice of basis functions for a 2D case.

Assuming we choose the coordinates x and y to represent the 2D scattering re-
gion, we then associate with it a 2D grid indexed by integers (i,j). The potential is
separable, therefore our basis functions can be expressed as a product between their
x and y components:

U (x,y) = ul(x) - ué(y), with m = (i,j), (3.198)
where
1 F
i _ ) V2di =0
we(x) =14 - d 1<i<N, —1
Locos (it & (x+dy)) ,1<i< Ny, - (3.199)

) (y) :ﬁsin((]’—kl 2 (y+dy)) 0<j <Ny, —1.

The number of basis elements is determined by N and Np,. Equation 3.199 is
a Fourier basis written in discretized form. This is an orthonormal basis and it also
satisfies the boundary conditions which impose that the derivative must be zero at
the boundary between the scattering region and the leads.

The Hamiltonian matrix elements are :

Hypny = (| H [ty (3.200)

If we account for the spin, the Hilbert space is doubled and we express the Hamil-
tonian in a block matrix form, as we have also evidenced in the previous section:

_ (T (T IH] L)
"= < (LIH[ 1) (LIH) ) (3.201)
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In order to implement the diagonalization procedure, we employed the LAPACK
library [53]. Three diagonalization subroutines can be used:

e DSYEV computes all eigenvalues and, optionally, eigenvectors of a real sym-
metric matrix A.

e ZHEEV computes all eigenvalues and, optionally, eigenvectors of a complex
Hermitian matrix A.

We chose the ZHEEV subroutine, since we are dealing with complet but Hermi-
tian matrices.

3.6 The exact diagonalization method

The non-interacting one-body Hamiltonian for an electron in a two-dimensional con-
finement potential V (r) is:

2 2 2
Ho— — h (8 d

o (3m T 8y2> +V (), (3.202)

where m* is the effective mass and r = (x, y) is the position vector in two-dimensions.
The N-particle Hamiltonian is written as a sum of the single particle operators
and the two-body operator, which describes the Coulomb interaction:

N
1
H=) Hi+5).3 Y (3.203)
i=1 i
where

H; = Ho (1i),

e? 1 (3.204)
4:7'C€0€r ‘l‘i — 1‘]‘ ’
The Hamiltonian in the second quantization becomes:

Vij = Ve (ri 1)) =

H=Ho+ Hint = Zeac i+ = Z Vabcdc Cbcdcc (3.205)
abcd

The matrix elements of the Coulomb potential are calculated in terms of the
single-particle eigenfunctions

Vabed = <4’a(r)4)h (1'/) ‘VC (r - 1'/) ‘ Pe(r) s (1’,)>/ (3.206)

which can be explicitly written as:

abcd—/dr/dr Y O (O)¢h 0 (1)

o ;’ (3.207)

47reoe lr —

/’4)5‘72( )4)610 ( )

Having determined the matrix elements V,;.;, one may proceed with the diago-
nalization of the N-particle Hamiltonian [54]:

HY, = E,¥,, (3.208)
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I. The numerical diagonalization of the single-particle Hamiltonian

|

(1. The solutions of the 1-particle eigenvalue problems are used to
calculate the matrix elements of the Coulomb potential (select

a small number of single electron states, Nsgs, which define the
N-particle basis by forming Slater determinants of rank N and

\NMES = CJI\\]]SES )

I1l. The N-particle eigenvalue problem is solved using the occupa-
tion number representation

IV. Compute observables (charge and spin density) for a certain
eigenstate n

FIGURE 3.20: Workflow of the exact diagonalization numerical im-
plementation

where E, and ¥, = ¥, (11,04, ...,1N,0,n) are the eigenvalues and eigenfunctions
of the many-body system.

3.6.1 Numerical implementation

The exact diagonalization method relies on the fact that if we define a finite basis
of many-particle states of dimension D = Npgs, then we can compute the matrix
elements of the Hamiltonian of the system H;; = (y;| H |¢;).

The first step is the diagonlization of the single particle Hamiltonian H, so for a
finite system we define a two-dimensional basis which also accounts for the spin:

Np
_ *y
pr) = (TZZ; U") @ o), (3.209)
U™ = ui(x) x ui(y),

where u;(x) = \/%sin (iZ(x+%)) and k = (i,j). The number of basis elements

along the two spatial directions is N, = Ny, = Np,, and the total basis size is 2 x Ng.
The single particle eigenvalue problem to solve is

Ho®u(x,y) = €,Pa(x,y) (3.210)

and to this end we evaluate the matrix elements (@, |Ho| ¢z ) On a real space grid
with Ny x N, points. The eigenfunctions are used to calculate the matrix elements of
the Coulomb potential V.4, which is one of the most computationally demanding
part. For this reason, we select a small number of single electron states Nsgs which
in turn define the dimension of the N-particle basis Nygs = C%SES.

After the single-particle Hamiltonian is diagonalized and we have the pairs of
eigenvalues end eigefunctions {e,; @, }, then we consider that the many-body Hilbert
space is spanned by the Fock states built from the previously selected single-particle
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states. In the occupation number representation, any Fock state can be formally
written as a sequence of particle numbers occupying a certain state:

i) = |10 (3.211)

3.7 Wavefunction matching

Wave function matching (WFM) is an intuitive and transparent technique in trans-
port, that can be explained with fundamental quantum mechanical concepts. It was
introduced by Ando in 1991 [55], in order to perform efficient numerical transport
calculations in ballistic mesoscopic strictures. The WFM method aids directly with
the calculation of transmission and reflection coefficients for any nano-system that
can be represented through an appropriate tight binding Hamiltonian. As the name
directly suggests, this method is based on the matching of the wave function in the
scattering region with the wave functions in the leads, also known as Bloch modes
[56, 57]. This is rooted in a fundamental tenet of quantum mechanics, namely the
continuity of the wavefunctions and their first order derivatives at the potential
boundary:.

In this section, we will briefly explain the WFM method for the simple case of
a 1D wire with a scattering region and two terminals, following the reasoning pre-
sented in [57, 58]. Through this approach, we also highlight the relation between the
WFM method and the tight binding and NEGF formalisms discusses in the previous
sections.

The first step is to discretize the Schrodinger equation by approximating the sec-
ond derivative with a finite difference expression:

fth)—f(x)  fx)—f(x—h) _ _
F(x) ~ I . 7 _ f(x+h) 2J;l(zx) + f(x h). (3.212)

The physical meaning behind this well known mathematical approximation shall
become more transparent in the next section. Using the formula above, one can
express the eigenvalue problem in the following manner:

2
T (i — 29+ i)
2m (6x)2
where éx = x;1 — x; (the distance between the equidistant points on the grid).
Due to the translational invariance along the transport direction, the solutions in
the leads are plane waves indexed by the wavevectors k; and kg:

— —
K, = \/2m (E VL);kR _ V/2m (E VR)' (3.214)
h h

At point i = 0, the discretized Schrodinger equation is:

} + Vi = Eyp, (3.213)

2

h
Eyo + W {1 —2¢o+ 91} — Voo = 0 (3.215)

The general form of the wave function is:

P(x) = Ae®L¥ + Be 1Y, (3.216)
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FIGURE 3.21: Pictorial representation of a two terminal 2D system.,

partitioned into a scattering region (S) centered between left and right

leads. The semi-infinite leads are modeled with an effective finite

Hamiltonian, by adding self-energy terms in the right and left termi-
nals (adapted from [57]).

capturing the suerposition between the incoming states in the left lead and the
reflected ones. Again, we highlight the form of the wavefunction at x = 0:

$(0) =¢o=A+B (3.217)

Also, we require the wavefunction at point i = —1:

l)bfl — Ae—ikL(SX +BeikL5x

— Ae 0% 4 (g — A) Y, (3.218)

where we used equation 3.217 to replace coefficient B. Therefore, we can rewrite the
Schrodinger equation 3.215 as:

hz —ikL5X ikLéx _

2

h ik x _ s ikpox —ikpox
=B+ g {9~ 20+ f —Vago = 5 a{eor e,

source term

(3.219)
We employ a similar approach for the right interface between the scattering re-
gion and the semi-infinite lead:

2
Epn+ o ? 5%)? {¥N+2 — 29N + PN} — Vvpagner =0 (3.220)

We assume that in the right lead there is no incoming wave, so we only account
for the transmitted wave (see Figure 3.22):

Png = CeMRINTDX — g plkrox (3.221)

For the right boundary, we obtain

h? :
EYni1 + 2 (6%)? {¢N+1€1kR5x — 2Nt + l/JN} — VNnt1Pn41 =0 (3.222)
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FIGURE 3.22: Discretization of a 1D potential barrier, where the
shaded regions represent the boundaries between the leads and the
scattering region.

For the grid points indexed with i = 1, ..., N, we use equation 3.213. To account
for the boundaries, we use equations 3.219 and 3.222. The entire scattering problem
can be written in matrix form as:

(EI-H) ¢ = q. (3.223)

In the matrix equation above, E are the energy eigenvalues of the system, I is the
identity matrix, ¥ is a column vector with all the coefficients of the wavefunctions
and q is the source vector of dimension N + 2. The only nonzero element of the
source vector is the first one, given in equation 3.219.

H is the tridiagonal Hamiltonian matrix of dimensions (N +2) x (N + 2). Most
of its elements are identical to the ones given by the finite difference Hamiltonian in
the discretized Schrodinger equation, with the exception of the first and last diagonal
elements:

2

Hiix1=H;i 1= T 0<i<N+1

hZ
Hii = “mex T Vi

h? 2o (3.224)

= ——— " ,lkpox
H0,0 — m5x2 + VQ 2m((5x)26 ,
G K2 ‘

HN+1,N+1 = —W -+ VN+1 _ Welkkéx’

The last two terms in the set above are modified from the finite difference version
with the following quantities:

hz ikp.0
ZL(E) = ———_!ftox
2m(ox)2
m;(azx) (3.225)
TR(E) = —5— (5x)2e”‘1<5x

These are the self energies of the left/right leads that we introduced in section
3.2.
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FIGURE 3.23: Representation of a 1D atomic chain and the potential
along the structure (adapted from [58, 57]).

The transmission amplitude is given by the wavefunction on the right side of
the barrier, normalized to the amplitude of the incoming wave. The wavefunctions
are also normalized to the velocities, to obtain a unitary scattering matrix, so the
transmission coefficient is:

UR PN-+1
t=4/— . 3.226
o A (3.226)
The reflection amplitude is similarly determined from the wavefunction on the
left side minus the incoming wave (also normalized to the amplitude of the incoming
wave):

r:l'bo_A

= (3.227)

Tight binding formulation

In section 3.4, we introduced the secular equation 3.73 of a tight binding model.
Let us focus on a simple 1D chain, schematically represented in 3.23, in order to high-
light the relation between the TB approach and WFM method. If we consider only
nearest neighbors hopping and assume, for simplicity, that the hopping parameter
is real, the Hamiltonian is:

[ee] o0

M=) ali)il+ ) tia(D{+1+ i+ 1)), (3.228)

1——00 1——00

Considering that {|i)} form a complete basis for the tight binding system, the
wave function can be written as:

%) = Y1) | %) = el

where ¢; = (i | ¥). The Schrodinger equation is:

(e 0]

Y (ei— E)cili) + ‘ Yo tiipaciali)y + ) tiivcli) =0 (3.229)

j=—00 i=—o00 i=—00
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Assuming that the atomic wavefunctions are orthogonal, notice that we can rewrite
the Schrodinger equation in matrix form and work with the secular equation 3.73,
introduced in section 3.4:

(EI-H)Y =0 (3.230)
The Hamiltonian operator is:
0 0
€-1 tix 0 0
H=] 0 t,7 € t 0 (3.231)
0 0 o€y
0 0

and the secular equation implies solving:

0 0
: E—€_1 ti 0 0 cz-._l
0 tq, E—g¢ t 0o || o |=0 (3.232)
0 0 ti  E—e€iq - Cfﬂ

0 0

Equation 3.232 can be written explicitly, component by component:

—tiqci1+ (E—€)ci—ticiyn =0 (3.233)

If we compare this with our results for the WFM method in 1D, in Equation 3.224,
we can identify the following correspondence between the terms involved:

ci — P = wave function amplitudes
2

€ — _W +V, = on-site energy (3.234)
hz

t— ~Im(on ) = hopping energy term

As a consequence of translational invariance, the wavefunctions in consecutive
cells of the periodic 1D chain are related by a constant phase factor. Therefore, if
ci_1 = cthenc; = Acand c;;1 = A?c. Rewriting equation 3.233, we get:

—t4 (E—¢e)A —tA? =0,

1
E—c¢ E—¢\? 2 (3.235)
A= + -1 .
-5y
For %‘ < 1, we can define a wave number k:
E—
cos(ka) = 57 8, (3.236)

which leads to
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Ay = cos(ka) £ [cos?(ka) — 1] 12

e (3.237)

= Ay =

However, there is one more case to be discussed, namely |%} > 1, when we
define « by

E _
cosh(xa) = 2#1 ,
SAe=det i S Es, (3.238)
E—c¢
_ _,Fxa : _
At e if o < —1.

These are known as evanescent modes, which describe waves that are decaying
away from the scattering region, either to the left or to the right. While these states
do not contribute to transport and have no effect on the transmission function, they
need to be accounted for in order to form a complete basis and properly match de
wavefunctions at the interfaces [59, 57]. Also, note that the WFEM method can also
be translated into Green’s functions formalism [59, 60]. As pointed out in [60], the
retarded Green function, that we intoduced in 3.2, consists of propagating waves
that move outwards from the source and/or evanescent states that decay away from
the source.

3.8 Numerical simulations with KWANT

Kwant is an open source Python library tailored for quantum transport calculations
based on the tight binding model and the wavefunction matching method [61].
While the Kwant package is highly versatile, with a user-friendly and transparent
syntax, it did not compromise on computational efficiency, competing even with C-
based codes written for transport. While this Python package is also suited for per-
forming simulations on finite systems, its main functionality is to compute transport
based quantities in device set-ups that we have encountered already in this thesis,
namely systems partitioned into three parts — the left and right semi-infinite leads
and the central scattering region.

The Hamiltonians that can be implemented in Kwant are varied, ranging from
the simplest 1D atomic chains to more exotic topological Hamiltonians [62, 63, 64,
65], superconductors [66, 67] or systems that exhibit Majorana states [68, 69]. While
outside of the scope of this thesis, it’s worth mentioning that the Kwant developers
also implemented its time dependent counterpart, TKwant [70], which expands even
further the capabilities of the Python-based package.

In this section, we shall present the basics of the discretization approach of Kwant,
along with an explicit example of the discretization of a more exotic Hamiltonian,
namely the BHZ Hamiltonian that describes TIs.

3.8.1 General remarks

In order to exemplify the manner in which Kwant approaches the discretization, we
shall consider a 2D system which can be described by the Schrodinger equation:
hZ

_ 2 2
H=— (ax + ay) +V(y), (3.239)
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where V(x,y) is a confining potential. From a physical point of view, the dicretiza-
tion of the Hamiltonian implies rewriting it in a tight binding form. The chosen
quantum system can be modeled by a 2D lattice, where each lattice site is indexed
by a set of discrete coordinates (i, j). Hence,

% y) = |xi,y;) = i-aj-a) = i,j),

3.240
V(x,y) =V (x,y;) =V(a-i,a-j)=V(ij), ( )

where i, j stand for the site index (grid points) along directions x, y and a is the lattice
constant. Now to proceed with the discretization of the momentum operators, we
remember the finite difference formulas for the first and second order derivatives:

axf (-xn;]/n) ~ f(x” +d)2_[1f (x” — d)

3. e ) o £ Ln T A f (=) =2 ()

Expressing the formulas above in terms of the positional states (i, j|, we obtain:

(3.241)

0 = 5 Y Mi+ 1) (i jl = li=1j) (0jl]. (3.242)
L]
for the first order derivative and

0 = 5 L i+ 1) (il +1i= 1) (il = 21i,7) (i, fl],
v (3.243)

= LM+ 1) Gl + 1) G+ 11 =210, ) i jl]
L]

for the second order derivative. All that is left now is to substitute the expressions

above into Equation 3.239:

H =Y [(V(ai,aj)+4t)[i, j) i, j| — t(li +1,) (i | + i, j) (i + 1, ]
gl (3.244)
i j+ 1) g+ 15 7) G+ 1))

Taking note of the similarity between the Hamiltonian derived above and the TB
Hamltonian introduced in Equation 3.78 (albeit for a 1D case), one can easily identify
that

hZ
= . 3.245
2ma? ( )
holds the meaning of a hopping parameter.
3.8.2 Discretization of the BHZ Hamiltonian
The BHZ Hamiltonian was introduced in section 2.3.3 as:
Hpuz = 09 ® 0pe(k) + 0o ® 0:M(k) + 0> ® 03 Aky — 09 ® 0 Aky, (3.246)

where
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e(k)=C-D(K+K),
M@%:M—B<@+@>.

In order to discretize it, we have to substitute the first and second order deriva-
tives:

ki — —iai
A

The first term in the Hamiltonian is:
09 ® ope(k) = 09 ® 0y (C -D (ki - k;))
= @y (C+Dag (i 1,1) 1+ i = 1,7) Gl = 1) 61+ 16+ 1 1+ 1 = 1) ) )
@y (€= 22 ) i 1 + 0@y (i+1,7) Gl + 1= 1) G ) +
a0 00 i+ 1) i)+ 1ij = 1) ()

(3.247)
Similarly,

09 ® 0z€(k) = 09 ® 0, (M— B (ki —I—k;))

4B\ . .. ,. . B . .
= v@ s (M= ) 1) Gl + @ 0x 3y (14 1) 61+ 1= 1,1 ) +

B, .. o o
+%®%;ﬂm+ﬂ@ﬂ+hrﬁﬂwh

(3.248)
The last two terms can be rewritten as:
0, Q 0y Aky = —i0, ® 0 Ady
. 1 . N e N (3.249)
= iz @0 Ag ([1+1,]) (0l = i = 1,j) i, 1)
and
0o ® 0y Ak, = —ioy ® 0, Ady
(3.250)

. 1, o .
= —iog @ oy Ao (i, j+1) (i, j| = [i,j = 1) (i j]) -

To summarize, we have three types of terms that emerge in the discretized form
of the Hamiltonian:

¢ Onsite terms:

Z |:0'0 & 0y <C - Ltl?) + 09 ® 03 (M — Lf5>:| |i,j> <i,j| (3.251)

i,j

* Hopping in the x direction:
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D B . Al . N
Z [(70 ® 00; + 09 ®aza—2 —i0y ®0’x2a} li+1,j)(i,j| + hc. (3.252)
i

* Hopping in the y direction:

D B . Al . .
) [00 © 003 + 00 @ 03 + 0y ®Jy2a} li,j+1) (i,j| + hec (3.253)
ij

In second quantization formalism, the BHZ Hamiltonian can be written as [23]:
HiP, = ZC:‘r,jCi,jV +) cLchi,ij + ZCZj+1Ci,jTy + h.c. (3.254)
L ij ij

i,f

. 4D 4B
V= (C — ) 0y X 0p + <M — 2) 0, ® 0y on-site term
— a

~—
Tyxa
Bep o cH0 o
. _iA D _ B 0 0
T 2a 2 a2 D . B iA hopping in x-direction
0 0 b _: S (3.255)
1
0 0 2% 2
ik 40 0
) A" DTB 0
T, = Oza a2 0 a2 D.B A hopping in y-direction.
a2 Aa2 D 2a B
0 0 w22
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Machine Learning methods in condensed
matter

4.1 Overview

Machine learning (ML) techniques have garnered impressive popularity in the last
years and are finding various applications in areas that range from something as
mundane as movie recommendations to cutting edge technologies, finance and health-
care. At their core, machine learning algorithms rely on the gathering of large amounts
of data and finding patterns in the datasets in order to learn from past experience
and make autonomous predictions. It has also become evident in the last decades
that both experimental and theoretical physics have become intrinsically linked to
computational methods and simulations programs, relying on the continuous rise
in computing power and efficiency. Therefore, it is of no surprise that ML methods
have found their way into various areas of science as well, providing innovative ap-
proaches to data manipulation and analysis and solving problems that, only a few
year ago, were considered overly demanding from a computational perspective. To
highlight the relation between ML and physics even more, it is worth mentioning
that the Nobel Prize of 2024 was awarded to John Hopfield and Geoffrey Hinton for
their contributions to ML. Both of them have taken concepts from theoretical physics
and applied them successfully to seminal ML algorithms — the Hopfield network and
the Boltzmann machines.

Materials science is an impressive source of large and comprehensive datasets,
with multiple parameters and features. It has become apparent to scientists in this
field that they have to shift towards a new paradigm of research, in order to han-
dle efficiently the large amount of data gathered from experiments and simulations.
Since data manipulation and pattern recognition are the tenets of ML, materials sci-
ence is a perfect fit for machine learning approaches. The type of data that is avail-
able along with the end goal have to be taken into consideration when building a
ML model. Depending on these conditions, one may classify ML approaches into
three main categories: supervised learning, unsupervised learning and reinforce-
ment learning (see Figure 4.1).

All these classes of algorithms have found a variety of applications in both the-
oretical and experimental condensed matter physics. For instance, neural networks
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Supervised learning Unsupervised learning Reinforcement learning
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FIGURE 4.1: The three main categories that encompass the majority of
ML models. Supervised learning deals with datasets where both the
input and output are known and the ML algorithm learns a complex
D-dimensional function that links the features to the targets. In un-
supervised learning, the program has to identify patterns in the data
without any a priori knowledge of what meaning they might possess.
Reinforcement learning (RL) works with a completely new philoso-
phy — the algorithm is trained only through trial and error. The code
has three main components, the environment, the agent and the in-
terpreter and the goal is for the agent to learn how to "move" in the
created environment in order to achieve a predefined goal. The in-
terpreter acts like a judge, giving the agent rewards when it makes
optimal choices and punishing it when it makes mistakes.

were successfully employed to discriminate between phases of matter and identify
phase transitions in classical and quantum systems [71] and also to identify topolog-
ical order [72, 73]. Multiple types of classification and regression algorithms were
applied to predict the chemical composition of materials [74] and even aid in the
discovery and design of new materials [75]. Basically, ML is a powerful tool for in-
verse design applications, where one imposes a desired functionality and trains a
model to identify the ideal chemical structure or composition that leads to it [76].

Our research group began exploring ML methods for applications in materials
science by exploiting the large datasets we already obtained through intensive DFT-
based calculations, as described in Figure 4.2. Our goal was to predict relevant mate-
rials properties, such as the band gap, from datasets generated with the SIESTA and
TranSIESTA packages [77, 78, 79]. We expanded our expertise gradually, moving
towards ML metthods suitable for image processing and generative models, in or-
der to analyze datasets from exact diagonalization procedures, R-matrix simulations
and even molecular dynamics. To this end, in this chapter we focus mainly on the
ML methods that we employed, starting with the deceivingly simple, but ubiqui-
tously versatile artificial neural networks (ANN). The last sections are dedicated to
image processing algorithms, ending with specific applications of all these models
to physically relevant systems.

4.2 Artificial Neural Networks

The idea of neural networks was initially inspired by the 1943 model of a biological
neuron developed by McCulloch and Pitts [80], the subsequent concept of the per-
ceptron of Rosenblatt [81] and the ideas about the actual learning process expanded
by Hebb [82, 83]. The perceptron, as basic learning unit described schematically in
Figure 4.3a became the building block of artificial neural networks, but it was soon
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FIGURE 4.2: A workflow for the DFT+ML approach to exploring the
properties of materials. Large datasets are initially gathered with the
aid of DFT-based simulations tools and a goal for the model is identi-
fied. A crucial step is to check the data, eliminate any possible outliers
or redundancies and then find an ideal manner to define the relevant
features for the system. Then, an appropriate ML model is trained
with the input data and the end result is a program that should be
able to make accurate predictions almost instantly.

realizes that a simple brain inspired network of linear computing elements was not
complex enough to learn complicated patterns. The second breakthrough came in
the 1980s, when several groups of researchers created effective ways to train ANNS,
by means of what we now call "back-propagation". Therefore, when we talk about
neural networks we basically refer to a computational applications that employs
variations of the gradient descent method to solve a wide variety of regression and
classification problems [84]. In the realm of applied data science, researchers use
machine learning methods as tools that allows them to make swift and accurate pre-
dictions based on large amounts of data for otherwise complex systems that would
require a great deal of computational resources and time.

The basic element of a neural network is known as a neuron, which is a non-
linear function that transforms an input vector to a single output value. The function
is parametrized by a set of weights w;; and a bias (or threshold b;). In order to induce
the nonlinearity required to tackle a larger class of realistic problems, an activation
function is applied to the linear transformation. There are a number of different
activation functions that one can use, but an important condition is that they need to
be differentiable. Mathematically, we can represent one layer j of the neural network
with m neurons in the following manner:

yi=1/, ( wjix; + bj> , (4.1)
=1

1

where

x; = input

yj = output

b; = bias

wji =  synaptic weights

f = activation function
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FIGURE 4.3: (A) In the upper side of the figure, a representation of

the biological neuron, that inspired ANNs. The first type of neural

network (NN), known as perceptron, is sketched below. (B) The ar-

chitecture of an artificial neural network, as we use it today, highlight-

ing the input and output layers, connected by multiple hidden layers
with various numbers of neurons each.

In matrix form:
Y=f (WTX + B) 4.2)
where

( X = input column vector of size (m x 1)
Y = output column vector, after activation, of size (n x 1)
B = bias, column vector of size (n x 1)
W = weights matrix of size (m x n)

| f = activation function, applied element-wise
The generalization to multiple layers is straightforward:
7l — Wwyl-1 4 p!

Y= f (2.

where I denotes the I layer of the network.

(4.3)

4.2.1 Activation functions

The activation function of a neural network defines how the weighted sum of the
input is transformed into an output from a node (or nodes) in a layer of the network.
Without activation functions, no matter how many layers the ANN has, its capacity
to represent a dataset would not increase and it would be as powerful as a linear
regression model [85]. In other words, any number of linear layers could simply be
reduced to one layer and give the same result. Therefore, the non-linearity induced
by the activation function is essential to capacity of a neural network and their power
of adaptability to high dimensional data spaces. While there is no ultimate set of
rules that guides the programmers in choosing the ideal activation functions, there
are many studies that explore the impact of activation functions on the performance
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of the ML model [86, 87, 88]. There is also research into new types of activation
functions that can adapt in real time to the learning process of the network [89, 90].

We will enumerate here the most popular activation functions and outline their
crucial features:

* Hyperbolic tangent = The output of the tanh function always ranges between
-1 and +1
e — 2

tanh(z) = oy

(4.4)

* Rectified linear unit (ReLU) = If the input value is 0 or greater than 0, the
ReLU function outputs the input as it is. If the input is less than 0, the ReLU
function outputs the value 0

0 ifz<0

ReLU(z) = { z otherwise

= max(0, z) (4.5)

¢ Sigmoid = The sigmoid function converts its input into a probability value
between 0 and 1. It converts large negative values towards 0 and large positive
values towards 1. It must be used in the output layer when we build a binary
classifier

1

o(z) = = 4.6)
* Softmax = It is the multi-class generalization of the sigmoid function:
e%i
o(z); = T e 4.7)
The softmax function takes an input vector z and generates
e/ ) et
o(z)i = : (4.8)
e/ e
which is a probability distribution over K items, where K is the number of

classes.

Loss functions

Let us consider a dataset of n values marked y1, ...,y , each associated with a fitted
(predicted) value f, ..., fu. In order for the network to learn, the loss should become
minimal at the end of the training process. So, given a loss function L(prediction,
truth), we must adjust the weights w, wy of every layer to minimize

O (w,wp) = ZE (NN (x;w,b), fi),
i
where NN is the output of our single-unit neural net for a given input. Choosing the

appropriate loss function depending on the problem at hand is essential, so we will
enumerate here some of the most popular loss functions.
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FIGURE 4.4: Examples of activation functions. Note that the sigmoid
is suitable for classification problems.

Mean squared error

The mean squared error is defined as:

N
MSE — % o (1) o)’

where N - number of samples, ¢ ;) - ground truth label (target) for i sample and
0(;) - predicted label for i-th sample

Coefficient of determination (R?)

N SSres
Sstot

R?=1 (4.9)

where

SSres = ¥ (ti — 0;)* residual sum of squares
SStot = Y (ti — f)Z total sum of squares
f= % YN " mean of the observed data

Cross-entropy

The idea of cross-entropy has its origin in the field of information theory, where
the Shannon entropy was introduced [91]. Similar to statistical physics, entropy
measures the degree of disorder in a system. In the context of information theory,
entropy gives a measure for the uncertainty of an event. The exact formulation used
as a cost function in machine learning algorithms is:
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Loss Activation function (f) Task
Mean squared error ReLU regression
Binary cross entropy sigmoid classification
Categorical cross-entroy softmax multi-class classification

TABLE 4.1: Common loss functions and activation functions em-
ployed in different tasks performed by the ANN.

N
Epinary = _% Y. "1ogo™ + (1 1) log (1 o), (4.10)
n=1
where
1
o) 4.11)

1+ exp (—zM)"

This loss function penalizes the model more heavily when it assigns a low prob-
ability to the true class and it is used in binary classification problems. In the case of
a multi-categorical classification, the loss has the following form:

n K

1
Emutticlass (0, t) = u Z Z ty - log (ox) (4.12)
i=1k=1
where
e%i
0(z;) = ———. 4.13
=)= 5. a (413)

In table 4.1, we mentioned some common loss functions and activation functions
employed in different tasks performed by the ANN.

4.2.2 Backpropagation and gradient descent

The backpropagation algorithm is used in feed-forward ANNSs. Since they are part
of the category of supervised learning, the algorithm is provided with examples
of the inputs and outputs. An error is then computed between the output of the
network and the real output, with a loss function of our choosing. The goal is to
minimize that error through training and adjust the weights of the network such that
it reaches an optimal set of hyper-parameters and exhibits the highest performance.
The adjusting of the weights is done by a method known as gradient descent.

Let us go through a simple example. Assume that we use the mean squared error
to quantify the discrepancy between the output of the neural network and the target
variable:

E:E;@r4ﬁ, (4.14)

where oy stands for the output of the NN and t; denotes the target value. The deriva-
tive of the error function with respect to the output is:

oE

— =0 —t 4.15
301 0 — tk (4.15)
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FIGURE 4.5: a) The structure of a single ANN layer, where the input
values x; are linearly transformed into z; by simple multiplication
with the weights matrix w. Subsequently, an activation function f
is applied in order to induce non-linearity in the neural network. b)
Qualitative scheme of the back-propagation algorithm, which encap-
sulates the learning process of an ANN (adapted from [84]).

Let us assume we employed the logistic activation function in this ANN archi-

tecture:
o,((") =f (z,((”)) = (1 + exp (—z,((”)))_l

a0 () (n)
=0 1—-o0
azl((”) k ( k )

so the output of the k layer is given by the activation function applied on the input
coming from the previous layer. Using the chain rule, we express the gradient of the
error function with respect to the weights in the following manner:

(n) ~_(n)
O OE B0/050 i) 0 (1) g
Wi =4 80,((") az,({") dwg o !

Hence, we update the weight accordingly:

Wyi — Wi — qzifki = Wi — 1 Z <0k ) o](< ") (1 — o,E”)) xl(”) (4.17)

where 7 is the learning rate. The learning rate defines the step size with which the
algorithm moves towards the minimum at each iteration.

Optimizers

The example presented above is a basic approach that encompasses the philoso-
phy of the backpropagation method. However, in modern deep learning algorithms,
gradient descent-based methods became more refined, in order to increase the per-
formance of the model. In a ML code, the algorithm that is responsible for the tuning
of the network parameters during training is known as an optimizer. These algo-
rithms are highly specialized, building on top of the simple gradient descent ap-
proach and decreasing the probability that the network will remain stuck in a local
minimum during the learning process. Some of the best optimizers are: Stochastic
Gradient Descent (SGD) [92], RMSprop [93], Adagrad and Adam [94].
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FIGURE 4.6: Qualitative plots depicting what underfitting, overfitting

and an ideal model would output for regression and classification

problems. In the last row, the loss functions are represented, follow-

ing the validation and training losses. In the ideal case, both losses
should go towards minimal values.

How often are the weights updated?

* After a full sweep through the training data (batch gradient descent)

oE
awki

Wi < Wi — 1

* After each training case (stochastic gradient descent)

¢ After a mini-batch of training cases

4.2.3 Optimization techniques for the ANN

Programming the optimal ML model is not always an easy task and usually implies
that one needs to also go through a process of trial and error to identify the ideal
parameters for the architecture of the network. Choosing the best parameters is
not straightforward, since there is no definitive set of rules to follow. However, we
propose here, as a guideline, some aspects that should be tuned in order to achieve
the highest level of prediction accuracy:

¢ Modifying the number of hidden layers of the NN and the number neurons in
each layer = The number of hidden layers and neurons is directly related to
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how complex the ANN is. The complexity of the model must be proportional,
however, to the complexity of the problem that needs to be solved.

Using the right activation function = Choosing the right activation function is
highly consequential for the accuracy of the model. For example, a linear acti-
vation function implied that the network learns to adapt only to linear changes
in the input values. Basically, an ANN with linear activation functions would
not be capable of providing better results that a basic linear regression fit. For
this reason, non-linear activation functions are the preferred option in most
cases, since the end goal is to identify complex patterns in the data, that would
be elusive to other statistical data analysis approaches [85].

Activation function in the output layer = One needs to pay attention to the
type of problem they want to solve when implementing a neural network. To
this end, some activation functions are tailored for classification problems, as
we discussed in section 4.2.1, and the model would return high errors if this is
not accounted for.

Normalize/scale data = This is an important aspect of data preprocessing,
which explores the given dataset before feeding it the model. For the network,
it is ideal to prepare a dataset that is scaled to the difference between the max-
imum and minimum values of each type of features.

Improve feature selection = The importance of feature selection is difficult to
understate in the framework of ML. Selecting the appropriate features influ-
ences the computation time and improves the prediction performance. Choos-
ing the right features is akin to speaking a language that the ML model un-
derstands best, and leads to a better grasp of the data, giving more profound
insights into the hidden patterns. A good set of features aims to minimize re-
dundancy and noise and eliminate the outliers or irrelevant data points. Many
feature selection methods are already well known [95] and are readily imple-
mented, but one always needs to account for the characteristics of the problem
at hand.

Change the learning rate = The learning rate gives the step with which the
optimizer searches for the minimum of the loss function. The ideal learning
rate is a tradeoff between training time and accuracy.

Training time (number of epochs) = The training time is crucial when it comes
to the final stage of creating the ML model, namely testing it on new data.
Choosing the wrong duration of the training process may lead to two extreme
scenarios, underfitting and overfitting (see Figure 4.6). The training duration
is measured on epochs, and each epoch represents the number times the ML
model will go through the entire set of training data.

Batch size = The batch size defines the number of samples the network goes
through before updating its parameters towards loss minimization. It is advis-
able to use a batch size that has a value equal to a power of two, since the unit
of memory is a bit. The smaller the batch size, the more the training process
will take.

Weight initialization = The weights of the NN enable the neurons in the var-
ious layers to learn different aspects of the multi-dimensional mapping that
the model aims to perform. If all the neurons learned in the same manner,
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the model would perform worse, this is why the weights are automatically as-
signed randomly. To this end, there is ongoing research that explores the most
optimal ways to initialize the weights in a NN [96, 97, 98].

* Dropout = Dropout refers to the random elimination of some of the nodes
of the network from chosen hidden layers. This method helps to avoid over-
fitting, since it forces the network to adapt to situations when not all of the
neurons are useful to the training process. This actually decreases the prob-
ability that the neurons become overly specialized, learning the training data
too well, while becoming unable to adapt to a new dataset.

¢ Data augmentation = Data augmentation is another regularization technique
that is especially useful when one deals with smaller datasets. It expands the
size of the training dataset by creating artificial samples that usually exploit
symmetries in the considered system. For example, when it comes to image
recognition models, one can apply rotations, mirroring and random crop to
the inputs. This is also a good way to balance a dataset. However, take note of
the fact that the newly created data is still artificial and in some cases it might
actually hinder the performance of the model by inducing redundancies.

* Early stopping = The goal of early stopping is to limit the number epochs. The
ML models should be trained until the training error reaches a plateau, or one
notices that the validation error starts increasing (which indicates overfitting).
When these conditions are met, the model should stop training.

4.3 Convolutional Neural Networks

Fully connected feed forward ANNSs are highly versatile since they make no assump-
tions about the type of data they are given. However, if we know some defining
characteristics of the data we are working with, then other architectures may prove
to be more efficient. This is where convolutional neural networks come into play,
a type of NNs that deal with image processing. They have become highly popular
lately due to the wide variety of visual data they can help analyze, from simple 2D
camera images, to 3D representations. The structure of CNNs takes full advantage
of how images are represented as 2D arrays of pixels that can either take one inte-
ger value or three integer values to encode the red, green and blue color channels.
Images have some important characteristics that are exploited by CNNs, namely
spatial locality and translational invariance [84].

A typical structure for convolutional network consists of three main blocks (see
figure 4.7). In the beginning, the first layer performs several convolutions in parallel
to produce a set of activation maps. In the second block, each linear activation is
run through a nonlinear activation function, such as the rectified linear activation
function (ReLU). In the third block, we use a pooling function to modify the output
of the layer further and the final block is represented by a network of fully connected
layers, similar to the ones we work with in NNs.

4.3.1 Convolutional layers

Mathematically, a convolution is an integral that expresses the amount of overlap of
one function g as it is shifted over another function f:
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FIGURE 4.7: General structure of a convolutional neural network,
comprised of convolutional layers, pooling layers and the final flat-
tened fully connected layers.

28l = [ fgte -y @18)

where the symbol * denotes the convolution of f and g. The first argument,
function f, is known as the input and function g is referred to as the kernel. The
result of the convolution is sometimes called a feature map. In the machine learning
algorithms discussed here, the input is a multi-dimensional array of data (a tensor),
while the kernel (also known as a filter in this context) is a multi-dimensional array
of parameters that are optimized through the learning algorithm. For this type of
discrete 2D problem, the convolution has the following form [99] :

(I«K)(i,j) =YY I(mn)K(i—m,j—n)
or (4.19)
(K« I)(i,j) =)_Y I(i —m,j—n)K(m,n).

As it is explicitly pointed out in [99], the convolutional layer takes advantage
of three important concepts: sparse interactions, parameter sharing and equivariant
representations. We have seen that in feed forward neural networks, each input and
output interact through the weights matrix and the activation function. However, in
image processing, this approach would not only be computationally demanding, but
also highly inefficient. This is due to the fact that not all pixels are equally relevant
and the algorithm should be tailored to detect and enhance the essential features.
The convolutional layer accomplishes this by using a kernel that is smaller than the
input image. Parameter sharing refers to how the same filter is applied to every area
in the input image, so the same weights that we have already trained can be used
again. Equivariance implies that if we change the input, for example by shifting a
pixel in one direction, the output image will be altered in the same manner.

The kernel slides across the height and width of the image, producing a two-
dimensional representation of the input known as an activation map. The sliding
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FIGURE 4.8: (A) An example of a 2D convolution. (B) An example of
a max-poolig operation.

step of the kernel across the image is called a stride. If we have an input of size
W x W x D and N number of kernels with a spatial size of F with stride S and
amount of padding P, then the size of the output of the convolution is determined
by (see also Figure 4.8):

W — F+42P
Wour = = +1. (4.20)

The activation map will have a size of Wout X Wout X N.

4.3.2 Pooling layers

A pooling function replaces the output of the network at a certain location with a
summary statistic of the nearby outputs [99]. The most popular is the max pooling
operation, which return the maximum value within a rectangular neighbourhood
(see figure 4.8b). Pooling helps in reducing the size of the representation and it can
also help to make the representations more robust to small translations in the input
image.

If we have an activation map of size W x W x N, a pooling kernel of spatial size
F, and stride S, then the size of output can be determined by the following formula:

W—-F

Wout = —5— +1. (4.21)

This will yield an output volume of size Wout X Wout X D.

4.4 Autoencoders

Autoencoders were introduced in 1986 [100] with the goal to reconstruct inputs with
the highest accuracy. Its objective is to learn a representation of the data that encom-
passes the essential information and reconstruct the input as well as possible [101].
This representation is called latent feature representation and it has much smaller
dimensions than the input. As it is represented in figure 4.9, the two building blocks
of the autoencoder are two neural networks known as encoder and decoder.

Some of the main applications of autoencoders are :

* Dimensionality reduction = An autoencoder can be used to extract the es-
sential features of the input data using the bottleneck architecture for the en-
coder/decoder networks. Subsequently, one can use the latent feature repre-
sentation for other tasks, such as classification problems. The main advantage
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FIGURE 4.9: General structure of an autoencoder

is that autoencoders are able to deal with large amount of data in an efficient
manner and it can minimize the computational time while retaining high ac-
curacy.

¢ Anomaly detection = Autoencoders can be employed as anomaly detection
tools by initially training the algorithm on a representative data set and com-
puting the reconstruction error. If one then adds a different data element as the
input, the autoencoder will not be able to recreate it properly, displaying high
reconstruction errors for the "anomaly".

* Denoising = They can also be used to correct errors in the input dataset, if it
is trained, for example, with noisy images as input and the original images as
output.

FIGURE 4.10: Results of an autoencoder on a set of charge densities
calculated using the ED method.

4.5 Generative Adversarial Networks

"The harder the conflict, the more glorious the triumph"
Thomas Paine

Generative adversarial networks were proposed fairly recently, on 2014, by Ian
Goodfellow [102] and they garnered an impressive amount of recognition in the ar-
tificial intelligence community. The main idea of GANs is based in a zero-sum game
theory scenario, where two players have to constantly compete against each other
in order to maximize their own gain. The GAN architecture is built on this philoso-
phy and it consists of two networks, known as the generator and the discriminator.
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FIGURE 4.11: (A) Simplified scheme of the cGAN'’s learning process
(B) Different possible architectures for the generator network.

The generator’s role is to create fake data that is as close to the real data as possible,
while the discriminator’s job is to distinguish between what is real and what is a
fake (generated by his adversary).

Let us discuss more what this adversarial scenario means in a formal mathemat-
ical approach. If the input data given to the discriminator is the real one, then its
output should be close to unity. However, if the input data to the discriminator is
the data generated by G, there will be two different perspectives to consider. From
the viewpoint of the discriminator, it should be able to determine that the data is
fake, so its output should be closer to 0. The loss that should be maximized in this
case is Lcan(G,D) = E,.[log(1 — D(G(z)))]. However, from the generator’s per-
spective, its job is to fool the discriminator, so the loss for the generator is minimized.
We can summarize this discussion in a representative manner as follows [103]:

X=Xyun = DX)=>1 = mlglx Lcan(G,D) = Ey.[log(D(x))]

X=G(Z) = { D(X) =0 = maxp Lcan(G,D) = E,.[log(1 — D(G(z)))]
D(X) —1 = ming EGAN(G/ D) = lEx,Z [log(D(x))]
(4.22)
where E, , is the expectation value.
Using the following notations:
X = input image
y = output image
z = noise vector
the loss function of the GAN has the following form:
Lcan(G,D) =E,[log D(y)] + Ey:[log(1 — D(G(x,z))] (4.23)

The conflict between the generator and the discriminator is a 2-player minmax
game, where the objective can be mathematically represented through the loss func-
tions defined above in the following formula:
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minmax  Lan(G, D) = Ex:[log(D(x))] + Exz[log(1 - D(G(x,2)))]  (4.24)

4.5.1 Conditional Generative Adversarial Networks

If the generative adversarial networks are given an extra condition that both the gen-
erator and discriminator have to abide, then they are known as conditional GANs
(cGANSs). They were introduced shortly after the traditional GANs, in 2014 [104].
Usually, this extra information is a label. Therefore, in addition to the random input
is fed to the generator along with its label. Now the generator has to produce fake
data that is related to this label. Then, both the fake and real pairs of image and label
are given to the discriminator, and it must decide what pair is real or fake (see Figure
4.11). In this manner, the generator becomes proficient not only at recreating fakes
of the dataset, but also fake representatives of certain labels.
The loss in this case is written as:

L.can(G,D) = Eyy[log D(x,y)] 4 Ey . [log(1 — D(x, G(x,2))]],

= G" =arg mén max L.can(G,D) (4.25)

This approach can be refined even further. For example, one can also add the

L1 or L losses to the objective of the generator, in order to force it to produce im-

ages that are as close as possible to the ground truth. This method is also used in a

cGAN-based model for image translation, named pix2pix [105], that we employed
for charge density predictions:

LEAN(G, D) = Eyy[log D(x,y)] + Ex [log(1 — D(x, G(x,2))]
+ Exy: [[ly — G(x,2) 1] (4.26)
= G = argrrgnmgx L.can(G,D) + AL (G)

4.6 Applications in condensed matter

M >> The main results presented in this section were published in
[54, 106]

4.6.1 Charge density predictions with cGANs

We have introduced the exact diagonalization method and its computational imple-
mentation in Section 3.6. While this approach offers the highest accuracy for calcu-
lating the ground state eigenvalues and eigenfunctions of a many-body system, it is
also computationally demanding. Along with the machine learning revolution in all
fields that deal with analyzing large amounts of data, there has also been a call for
combining ML techniques with traditional algorithms in computational physics. In
reference [54], we explored the possibility to use cGANs to make predictions about
the charge density profiles for interacting many particle systems.

The quantum system we studied is comprised of N electrons confined to a ran-
domly generated potential configuration Vy,. The configuration is defined on a 2D
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FIGURE 4.12: Prediction of interacting charge densities with an image
translation ML model .

square region of area L x L, as displayed in Figure 4.12 . The confining potential was
obtained by assembling connected quantum wells, with potential Vo = 0eV, while
the step potential is set at Vs = 0.5eV. A set of 5000 potential mappings were gen-
erated, in order to have enough data for the subsequent training of the ML model.
These configurations resemble systems of interacting QDs such as two-dimensional
self-assembled functionalized graphene QDs [107], randomly distributed QDs for
memristive elements [108] or random geometric graphs of QDs [109].

For the case of N = 2 particles, using the reference cGAN configuration de-
scribed in [105], we looked at mappings such as: (i) Vyy +— fig, (ii) Vi, > 7iint, Wwhere
the ” ~” symbol stands for the generated quantities. The potentials { Vy, } are avail-
able as input data and the non-interacting densities, {119}, can be easily calculated
through one-particle calculations. The interacting densities, {nint }, are determined
using the ED method. The second mapping, Vi, ~— fiint, is of the highest impor-
tance, since it produces the profile of the charge density of a system with interaction
without any diagonalization procedure. The result is almost instant, once the model
was thoroughly trained and the loss metrics were monitored to avoid under/over-
fitting. Visually, the mappings depicted in Figure 4.13 reproduce the fundamental
features of the reference (calculated) densities very well. The published paper [54]
provides more details about the metrics we employed to measure the accuracy of
the models in a quantitative manner.

As the particle number increases, the number of many-particle states also be-
comes considerably larger and the exact diagonalization calculations are even more
computationally expensive. The accuracy in identifying the charge density maxima
slightly decreases as the number of particle is increased, but the determination co-
efficient has higher values. When the number of electrons is raised even further,
approaching the mean field case, the charge is more delocalized and it gradually
takes the shape of the confining potential, which facilitates the prediction process.

4.6.2 ML models for molecular dynamics simulations

In article [106], we studied the collective motion of the embedded Calcium atoms in
endohedral fullerenes cages and provided a consistent description of the correlated
motion through extensive molecular dynamics calculations. For the purpose of iden-
tifying complex patterns in dynamics, we employed a hybrid numerical approach,
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non-interacting and interacting charge densities for different poten-
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for different electron numbers confined in the potential well. Bot-
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employing efficient simulations based on ab initio molecular dynamics simulations
(AIMD) and ML models.

The molecular dynamics simulations were done with the ORCA package, while
the structural optimizations were performed in the framework of density functional
theory (DFT). The computational load of molecular dynamics simulations is high,
so we employed an ANN-based model in order to predict the dynamics. The ML
model was used to determine the force field { (Fy, F,, ;) }, from the positions of the
Ca atoms in the fullerene cage {(,6,¢)}; — {(F:, Fy, F:) }i. Subsequently, using the
predicted force field, we calculated the dynamics by means of Newton’s laws, also
accounting for the velocity rescaling induced by the thermostat. Our goal was to
reproduce as accurately as possible the fundamental features of the trajectories and
the correlated motion of the encapsulated atoms. The ANN architecture has four
hidden layers, with 128,1024,512, 64 neurons. We use the ReLU activation function
in each layer, except for the last one, where it was determined that tanh was a better
fit. Also, a dropout of 0.3 was applied to each hidden layer. The input layer contains
3 X Nc, entries, corresponding to the spherical coordinates of the encapsulated Ca
atoms multiplied by the number of samples in the training dataset. In this case, we
choose to work with a multi-target regression model, such that the output layer was
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comprised also of 3 neurons, corresponding to the forces in Cartesian coordinates.
We considered that, since the correlations between the embedded atoms in the cage
are crucial, this approach would improve the accuracy of the ML model.

Also, we employed a regularization technique known as data augmentation, that
we briefly discussed in section 4.2.3. Although the MD simulations were realized for
an extended time interval, the Ca atoms actually occupy a small percentage of the
space in the fullerene cage. We used data augmentation to enhance the sampling
of trajectory space and we generated an extended training dataset by applying ro-
tations to the Ca subsystem. The final dataset is obtained by considering 5500 MD
steps multiplied by 7° rotations around the Cartesian axes, with an angular step size
of /6.

Cgo fullerene structure with Correlated dynamics of
embedded Ca atoms encapsulated Ca atoms

FIGURE 4.14: ML models employed to predict the dynamics of en-
capsulated Ca atoms in fullerene cages.
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R-matrix method for two particle scattering
problems

M >> The main results presented in this section were published in [3]

In the article [3] , we extended the R-matrix formalism to include two-particle
scattering events. In this chapter, we shall briefly review the results introduced in
the published work. The system is structurally similar to the one described in the
case of the single-particle R-matrix formalism, which we presented in detail in Sec-
tion 3.5. It consists of a number of leads connected to a central scattering region.
The particles are identical fermions and our approach conserves the anti-symmetry
of the fermionic wavefunction throughout the entire system. We obtained a con-
sistent system of equations that yield the coefficients of the two-particle scattering
scattering functions by choosing an appropriate initial Ansatz. To this end, the two-
particle scattering functions are expanded in terms of anti-symmetrized products
of one-particle scattering functions (when at least one particle is in the leads), or in
terms of the two-particle eigenstates of the Hamiltonian (when both particles are in
the scattering region).

We make the following assumptions

e The particles interact with each other through a potential of the type V(<) (r,1,) =
V(@) (|r; — 12]), which depends on the distance between the two fermions.
Also, we consider an interaction potential only if both of the particles are in
the scattering region (rq, r; € ).).

* When both particles are in the leads or one particle is in one of the leads and
the other is in the central region, they do not interact with each-other.

¢ The interactions do not depend on the particle spin

* The total energy E is conserved

The main notations that are used throughout the formalism are summarized in
Table 5.1.
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H Notation H
s=1,2,3... lead index
Ip particle position vector
QR scattering region
Qs lead s region
T interface between lead ()5 and the central region

TABLE 5.1: Notations employed in the bi-particle R-matrix formalism

Hamiltonian of the system and Hamiltonian eigenstates

In the lead s, the single-particle Hamiltonian is:

. 2
(s) - _ (s)
HY () Zm(Qs)A + V¥(r) (5.1)
where m® is the effective mass and and V() is the single-particle potential en-

ergy. Since we assume translational invariance along the transport direction, then
VE)(r) = VO (x,y) = VO (r,). The bi-particle Hamiltonian is:

A (2, 1) = A (1) + A (1) (5.2)
For the interaction region (), the single-particle Hamiltonian is:
A0 = T Ay,
reQ). 21’]”[(0” )

while the two-particle Hamiltonian is:

A0 (11,12) = A (1) + 7O (1) + V)™ (11,12) (53)

where VZ(QC) (r1,12) was introduced above. Therefore, for the entire system 7 =
Q.U Qs, we can define a non-interacting single particle Hamiltonian H(T) (r), the
the two-particle Hamiltonian 7(>7) (r1,1,) and an ideal two particle Hamiltonian

7:[(()2'7-) (1‘1,1‘2) :

T) (1) = O ) + 7O ),
27) (r, 1) = (2% (r1,12) + 20 (r,12), (5.4)
T

7 (r1,1) = AT (1) + AT (1),

The orbital component of the eigenstate of the single-particle Hamiltonian at en-

(in,s,E) (in,s',E)

ergy E, Y, =land ¥, =0foranys’ #s,j #iis:

. » (51/ " ; (s’,E)Z '
070y = 5 e P 00+ EelE ) 69
s',j !

where yx;(r) are the Wigner-Eisenbud functions, while the coefficients 1p O“t ) and

(E).) can be determined as we highlighted in a detailed manner in Sect1on 3.5.

a
1(s,i
The Ansatz that we propose for ¥(+2TF) (11, 1;) in the exterior region (see Figure

5.1), such that it satisfies energy conservation and the continuity equations is:
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I‘1€Qsl
ro € ()

52

r| ¢ QC
ro € Q32

ri QS2
ro € QSQ

r| € Qsl
Iy © QC

ris € Q.

o

scattering
region

ri € QSQ
ro € (),

ry € Qsl

ri € Q.
o © Qsl

ri € QSQ
ro € Qsl

o © Qsl

FIGURE 5.1: The 2D schematic representation of the 6D coordinate
space of the system, where leads ()5; and (), are attached to the
scattering region ().. The coordinates corresponding to the two
electrons,r; and rp, can be in any of the three regions, ()51, (), Or
Q. We call the exterior region the eight marginal squares, where at
least one of the coordinates (r; or rp) is not in the central region Q..
We consider that the particles are independent and non-interacting in
the exterior region. The two particle potential acts only in the interior
region, which is represented by the middle square with blue back-
ground.

(£02,T,E) _ [FdE (45,15, E—Ep)
Y (rlz TZ) = F Z Cz’, X
0

j

5,8 1,] (56)
|:‘I,Z(1,S,T,E1) (rl) \I;](lls’,T,E—El) (rz) :t ‘FELS’T’El) (rz) Y](l,S/,T/E_El) (r1):| )
In the interior region, the two-particle wavefunction can be written as:
+2,E) (£2
¥E20E) (1, 1) = Va1 (11, 12) 5)

(£2)

The eigenfunctions x;~ " (11, r2) satisfy the Schrodinger equation:

(£2,0)

(r1,12) = El (+,2)

7127) (r1, 12) Xl(i/z) X!

(ri,r2), forr,r € Q,

and the boundary conditions

(£2)

[ﬁfs (r1) - Vix; e

= |Ar, (r2) - Yy

0,

rel;

(r1,12)] (r1,12)]

whereas xgi’z) (r1,r2) = 0if r; or rp ¢ Q. The functions Xl(i’z) (r1,12) are the

bi-particle analogue to the single particle Wigner-Eisenbud eigenfunctions x;(r) in-
troduced in Section 3.5. Using a method similar to the one described in 3.5, we obtain
the expression for the expansion coefficients:

r el
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2
Y 2 h
dr, | dr,{a xEA V¥ E2TE)
Y. 1 s90r, (r1) - | X (r1,12) Vq (r1,12) (5.8)
S B T rlérsgo

. (2 (+,2,TE)
+/QO dry /s dl"s{nrs (r2) [Xz (r1,12) Vo (rl’rz)”rzers%)'

Continuity of the wavefunction when one particle is the scattering region and
the other one is on the interface

From the continuity condition of the wavefunction we get an equation for a l(i’z’E)

[3]:

Zal(i’z’E) drle (r )/ dr’s, [‘l’zgsl) (1) 32" (rl’m)}

5 r1€r5100

59
/ dEl :I: S,El,s/,E—El)B(i,S,El,S/,E—El,Sl) ( )

i,7,k,1

f s, s/ A,] K

with
+,5,E1,s' , E—E4, _ 1,¢',T,E—E ,51,E s, T,

Bl'(,j,kfl() 1,8 1,51) = {alo (‘I’]( s, T 1)) [5ik5551 + IP,((OUt s1,E) (\FzglsTE)>} 510

tay, (Tl(l,s,T,E)) [5jk55/51 _|_¢I£out,sl,E—El) (T](Ls',T,E—El))”

Continuity of the probability flux when one particle is the scattering region
and the other one is on the interface

Let us now consider that r, € (). and r; € I's;,. We impose the condition:

1 o¥EF2T.E) (r1,12)
m(Qc) azl

1 o¥E02TE) (1), 1)
m(Qs) azl

rlel"slgc,rzeﬂc 1 erles/rZEQc

(5.11)
From this, we obtained [3]:

aT(ﬂ:,Z,T,E) (1'1/ 1‘2)
aZZ

i,j

11€Q,12€ls,0,
(5.12)
where

_ / dEl isEls E-E1) q(£5E18 E-E1)
\f s, s’ JA,J

(2, 11)
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aTgl,s,T,El) (rl)

(£,5,E1,8',E—E1,81) — (18", T,E-Eq)
Ai,]' (r,12) = 9z, T]' (r2) =
rs Q,
10s
(1,SI,T,E—E1)
gsTE) () OF)
i (rz) azl (rl)
rleg

I I

y Z <_ik(sl,E—E1) [(5]'1'1(55/51 _ IIJ(out,sl,E—El) (T(l,s’,T,E—El))} ¢§s1) (r1)>
1

11 ] I

Z( s1 L) [5ii15551 _ w(out,sl,El) <T1(1,5,T,E1)>] ¢(sl) (r1)> 1},](1,5/,T,E—E1) (12) i\Pfl,s,T,El) (2)

i1
(5.13)
Final equations for coefficients C

Using the results from the continuity conditions and the expression for the ex-
pansion coefficients, we obtained:

dE; (£,5,E1,8 , E—Eq )~ (%,5,E1,5',E—E1)
/ ) G Dijvkio =0 (5.14)
s,s',1,]
where
pEsELS E-E1) _ / d / JT. [ (£2)* (/5,E1,8' E—E1,s1) }
Z,],Sl,k,l(] ; Qg IZ; r51 51 Xl (1‘1,1‘2) Az,] (1'1/1'2) rler51
dr r ar (s1) (£2) (4 T
X f ZXZ ’ fr N [¢k r u)xl (r 2)L1€Fsl _B(i,S,El,S/,EfEl,Sl)
2) ik lo
E-E

(5.15)
We present the logic of our method in Figure 5.2 where one can easily follow the
workflow with the main steps ar equations to be solved.
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1-particle scattering
Hamiltonian: H(7)(r)

1-particle scattering state \IJZ(I’S‘T‘E) (r) with incoming wave on channel ¢ on lead s, with
energy E:

(I‘) 1,S,TE ( ) — E‘I’gl’s’T’E)(r)

2-particle scattering
Total Hamiltonian: H®7) (ry,ry)
Free particle Hamiltonian ( exterior region): HE" (r1, 1) = HT) (1)) + HT) (r2)
Ansatz for the 2-particle states in the exterior region, with total energy E :

dE By E—E 097 iF
(:EOQTE (I'l rg) _/ 11 Z Gj(j:,:v,bl,b JE—Ey) |:\I’§1,S,T,E1) (rl) \I’§1,3 ,T,E—E1) (1‘2)

S 3“ ”"!j

1,8,7,E1) 1", T,E—E
WD (1) W TED (1))
The 2-particle state in the interior region : WE2%0.E) (r) ry) =37, a(i 2.E) (i'z) (r1,19)
Total wavefunction and Schrédinger equation:

\I,(:l:,2,T,E) (rh 1'2) = \I,(:E,O,2,T,E) (rh 1'2) 4+ \I,(:I:,Z,QQ,E) (rh 1'2) ,

where H®7) (1, 1) WE2TE) (p) 1)) = BEE2TE) (p) 1)),

We have to determine Ci(?’s’El’s”EfEl) and al(i’Q’E) to find the 2-particle scattering wave-
function

(£2E) o9 C(:tsEl,s JE—E1)

Continuity of the wavefunction relates a, , using
ij;,flfl SHE=ELs) gehrgdinger equation + continuity of particle fluxes at the inter-
faces gives another relation between al(i’z’E) and C’-(#’S’EI’SJ’E_E‘) (Eq. 26). We eliminate

a?i’Q’E) to get an equation for C,-(!:J-E'S‘El’sl’E_El) with the coefficients D(:E sE1s E-E1)

Final equations

f dE, Z C(:taE;,s B-Bn) ks, Brs E-B) _

yJ
5,81

- {Ci(j,s,El,s',EfEl)} = { a§i,2,E)} = PE2TE)

FIGURE 5.2: The logic of the method published in [3] is presented in

the form of a workflow where one can follow the main equations that

lead to determination of the coefficients for the two-particle scattering
function.
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Device modeling

6.1 Two dimensional systems: gate arrays

M >> The main results presented in this section were published in [110]

We begin the introduction of this chapter with the presentation of a many-particle
system that marked the beginning of our computational studies of 2D quantum
many-body systems with possible applications to quantum computing, namely a
gate array controlled quantum dot system [110]. Quantum dot arrays are viable pro-
totypes for quantum computing architectures, due to their versatility in controlling
the ground state with voltages applied to the top gates. To this end, investigating
the spectra of many-electron systems becomes a prerequisite to designing such de-
vices, an endeavor which requires a significant computational effort. Our aim was
not only to highlight the properties of a bi-particle 2D gate array system, but also to
employ machine learning techniques to predict the many-electron eigenvalues and
eigenfunctions.

6.1.1 Model system

The proposed architecture is displayed in Figure 6.1a, where we consider a set of N-
particle quantum systems (N = 2) defined on a finite two-dimensional square shaped
region. Each gate voltage can take two values (0 or V), defining a configuration that
controls the potential energy in the plane where the electrons are confined. The
many-body eigenstates are determined by the voltages applied on the top gates and
the Coulomb interaction between electrons is fully accounted for. The fundamental
features of the many-body system are captured in this description, but we ignore for
now any additional screening effects that would emerge due to the gate electrodes.

The number of systems depends on the number of gates (N;) and is 2Ns. Since
the Coulomb potential is given by:

e2

T 4mege, r—r|

Ve (r — r') (6.1)
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(A) (B)

FIGURE 6.1: (A) The gate-array controlling the 2D many-body sys-

tem. (B) Two potential configurations, corresponding to a system

without (left) a central potential block and one with a central poten-
tial block, respectively (right).

it follows that the relative strength of the Coulomb interaction can be adjusted by
modifying the relative permittivity &,. The maximum Coulomb interaction (Vg ) is
obtained for &€, = 1,s0 Vo = VCO /&. Also, one can also vary the effective mass
and the geometrical confinement, which controls the strength of the electrostatic po-
tential relative to the single-particle energy level spacings. Other external conditions
can be applied, such as in-plane electric fields, and we will explore this in Section
6.3. In the subsequent calculations, we considered that the number of top gates is
Ng = 32, the applied potentials are Vy = 0 and 0.5eV, the linear size of the confine-
ment region is L = 30 nm and the effective mass is meg = 0.0655m, corresponding
to GaAs. Also, note that a small Zeeman term was added to order the spin-states

properly.
6.1.2 Computational methods

Description of bi-particle states with the exact diagonalization method

The energy spectra of the bi-particle electronic Hamiltonian are obtained using the
exact diagonalization method, introduced in Section 3.6. The N-particle Hamilto-
nian is:

,Hll'rn - En‘Ijnr

where E, and ¥, = ¥, (11,021, ..., 1N, 0zN) are the eigenvalues and eigenfunctions
of the many-body system. The N-particle eigenvalue problem is solved in the occu-
pation number representation and the basis elements are given by the eigenvectors
of the non-interacting system. In the ED code, they are represented as binary strings.
If we take one of these basis elements as a many-electron state denoted by | ), then:

[¥x) = ngk)ngk)...ngk)...>,

where ngk) = 0or1ands < Nggs (Nsgs is the number of single particle states).
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FIGURE 6.2: Two potential configurations induced by the top-gate
array and the corresponding eigenvalues for different strengths of the
Coulomb interaction, namely v. = 0,0.1,0.5, 1.0.

Therefore,

Y, = chklpk/ (62)
k

where k counts the many-particle states (Nygs = C%SES ). In our calculations, we con-

sidered Nggs = 8 single particle states, leading to Nyigs = 28. Relevant observables
(charge and spin) for a certain eigenstate 11, can be written as [110]:

bu() = Y ICul2 Y [14>ip,¢ 2]
k p=1

5—2,1’1(1‘) = E ‘an’2 i |:‘(PZ;NT)2 o 2:|
k p=1

where ¢;, are the single-particle states.

Since our focus is to develop multi-target regression models to predict the energy
spectra of such 2D many-body systems, we performed exact diagonalization calcu-
lations for all the possible potential configurations. These results were subsequently
used to assess the performance of the ML approaches. For each potential map, we
considered 21 values for the strength of the Coulomb interaction. By varying V(- in
small incremental steps, we generated over 10 000 systems to analyze. The single-
particle eigenvalue problem is solved with basis set of 2 x N, X Npy functions, with
Npx = Npy = 30, on a real-space grid of Ny = Ny = 60 points.

2

+ (Pip/\L

(6.3)
)

Machine learning techniques

The problem formulated here has two generic coordinates: the list of potentials
given by all the possible top gate configurations { V., (iv) } and the relative strength
of the Coulomb interaction v¢. The Coulomb interaction, v¢ is a continuous variable,
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FIGURE 6.3: Comparison between multiple ML models employed for
the prediction of the many-body energy spectra.

while the set of 2"s potentials are represented as binary strings in an Ny-dimensional
space. Therefore, the features are constructed as (Ng + 1)—dimensi0nal vectors, con-
taining a combination of discrete and continuous feature representations that allow
for a direct connection between the system information and the target quantities.
Also, note that the full set of 512 potentials includes several equivalent systems that
can be obtained through rotations and mirroring, leaving only 102 non-equivalent
potential maps. However, to maximize the use of training data, we incorporated
all the equivalent configurations, since this approach should drive the models to-
wards integrating the symmetry of the 2D system naturally. For predicting the set of
eigenvalues, we explored a couple of ML techniques:

¢ The method of least squares (MLS) = It is a fundamental linear regression
method, consisting of fitting the parameters of an overdetermined linear model
by minimizing the sum of the squared residuals. This method is already im-
plemented in the SciKit library.

¢ Kernel Ridge Regression (KRR) = It combines ridge regression with the ker-
nel trick, which implies learning a nonlinear function by performing linear
regression after projecting the data in a high dimensional feature space. The
method is implemented with the SciKit library in Python, using the radial ba-
sis function (RBF) kernel and maximum regularization (which is specified by
the parameter « = 1).

¢ Gaussian process regression (GPR) = It is a method of computing distribu-
tions over continuous functions that conform to a finite number of observa-
tions or measured values. The GPR model, also implemented directly in Python,
uses a kernel similar to the one employed in KRR, with cp = 0.5 and 5 opti-
mization restarts.

¢ Artificial Neural Networks (ANNs) = The ANN architecture is comprised of
only one hidden layer with 25 neurons. The learning process was performed
for 5000 epochs, with a batch size of 25 and a learning rate of 0.001. The loss
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(A) (B)

FIGURE 6.4: (A) Bandstructure of an ideal Lieb lattice with NN inter-

actions, along with the first Brillouin zone. (B) Bandstructure of an

ideal Kagome lattice with NN interactions, along with the first Bril-
louin zone.

function is the mean squared error and the optimizer that we chose was Adam.
For the evaluation of the train and test errors, we use the R? coefficient of
determination.

The train set contains Niain = Ny X Nint examples, where Ny is the number of
potential configurations and Nj,; is the number of relative Coulomb interactions se-
lected for the learning process (namely vc = 0.1,0.5,0.9). The results are indicated in
Figure 6.3. The linear method (MLS) gives a reasonable coefficient of determination
(R? = 0.85), but, as it was expected, it is outperformed by the non-linear methods:
KRR(0.91), GPR (0.92) and ANN (0.96). Although the R? values are comparable, the
ANN performs better overall. In Figure 6.3 we also represented how the coefficient
of determination for the ANN model varies for different sizes of the training sets.
As expected, the R? value is the highest when the size of the training set is increased
(R? = 0.97).

Our study shows that it is possible for this class of ML models to predict the
entire many-particle spectrum of 28 eigenvalues with quite high accuracy, having as
input an N, + 1 feature vector. The non-linear methods, like KRR, GPR, ANN, bring
a considerable improvement (almost 10%) in the accuracy as measured by R?, which
could be pivotal in the design of optoelectronic devices.

6.2 Two-dimensional systems with periodic boundary con-
ditions -Lieb lattices

6.2.1 Introduction

Two dimensional topological lattices, such as Lieb and Kagome lattices have been
extensively studied due to their exotic features related to the Dirac cones and flat-
bands that emerge in their band structures. Non-trivial flatbands, driven by destruc-
tive interference, are investigated in the context of highly degenerated single particle
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FIGURE 6.5: A Lieb lattice transitions into a Kagome-like structure
if the hopping parameters are modified in a manner that favours the
overlap between the orbital wavefunctions on the B and C sites.

states leading to strongly correlated phenomena, topological states, superconductiv-
ity, strong suppression of magnetic coupling [111, 112]. In Lieb and Kagome lattices,
both of these peculiar features coexist in different arrangements due to their sim-
ilar geometrical structures. Lieb lattices are edge centered squared lattices, while
Kagome lattices are 2D triangular corner-sharing networks [113] (see Figures 6.4).
Two dimensional lattices are also suitable candidates for the study of YSR (Yu-Shiba-
Rusinov) states which emerge after a magnetic impurity is placed on a supercon-
ducting substrate, but display a high decay rate in 3D structures.

The distinctive feature of the Lieb lattice is the flatband which lies between the
upper and lower dispersive bands and the Dirac cone at point M, where all the
energy bands touch to form a cone-like dispersion relation, similar to the one in
graphene (see Figure 6.4a). The dispersion relation of a structure (the energy band)
encompasses the fundamental electronic properties of a solid. The common case
is when the energy is parabolic and displays a quadratic dependence on k. A lin-
ear dependence on k, such as the one encountered in graphene, which leads to the
emergence of the so-called massless Dirac particles. This linear dispersion relation
is at the root of the most defining properties of graphene, such as its semi-metallic
state and high electronic mobility. Recently, graphene has become important also
from the perspective of topological effects. One last type of dispersion relation is the
flatband, with quenched kinetic energy that suppresses wave transport. However,
flatbands that are the result of destructive interference are rare and they require a
certain symmetry or fine tuning of the couplings. The flatbands are interesting for
multiple reasons, for example they are prone to electronic instabilities and sponta-
neous symmetry breaking when they are close to half filling and they lead to highly
correlated phenomena. The presence of the flatband does not only depend on the
lattice symmetry, but also on the hoppings that are included in the model. In the
case of the Lieb lattice, the flatband actually becomes dispersive if the next-nearest
hoppings are included.

While Lieb lattices do not occur naturally, the option to design artificial mate-
rials in the lab combined with the growing interest in the theoretical formalisms
that explain 2D mesoscopic structures, topological lattices have become an exciting
platform of research in condensed matter. The design of atomically precise nanos-
tructures, where the position of each atom can be accurately controlled is an on-
going pursuit in the research community. The possibility to create artificial struc-
tures opens a path for designing materials with tunable band structures and implic-
itly tunable electronic properties [114]. From an experimental point of view, this is
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FIGURE 6.6: Bandstructures obtained numerically with a continuous
model for the three configurations I, I1, I11.

achievable now by the use of scanning tunneling microscope (STM), atomic force
microscope (AFM), lithography techniques. While some of this methods are not
viable for an eventual industrial level of production, they offer the ideal opportu-
nity to test and gain better insight into topological properties and how they could
be exploited technologically. In [115], the authors have demonstrated that the char-
acteristic features of a Lieb lattice can emerge from an experimentally synthesized
phthalocyanine-based metal organic structure. In 2017, Drost et al. [116] presented
an experimental technique to create custom band structures with the STM, by recre-
ating the geometry of the Lieb lattice with chlorine vacancies on a Cu(100) surface.

In order to achieve novel experimental results, one also needs a good under-
standing of the key theoretical concepts and mainly how the symmetry of a lattice
controls the band structure. To this point, the theoretical formalism that we rely on
is the tight binding (TB) model [45]. However, the assumptions of the TB model
are idealized and it is challenging to achieve all the conditions in a real material. In
the Lieb lattice, for example, the flatland becomes dispersive when the next nearest
neighbors are accounted for. The main difficulty is that we have no clear theoretical
picture that could lead to an experimental discovery and the nontrivial topological
properties are elusive for the experimental community [115]. Also, the tight binding
parameters are not directly related to parameters that can be controlled experimen-
tally.

6.2.2 Results

We focus here on tuning the electron band structure of Lieb-like lattices using a con-
tinuous model, which is more realistic from the perspective of the lithography tech-
nique. Each atom in the lattice now corresponds to a potential well of given (circular)
shape and, by imposing periodic boundary conditions, and by tuning the potential
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wells accordingly, we first reproduced the band structure of an ideal Lieb lattice. For
different potential configurations, we also obtain the gapped band structures with
flat bands, predicted by the tight binding models. By varying the essential parame-
ters (potential energy, radius, distance, shape and position of the quantum wells etc.)
we can create classes of similar systems which may be further explored efficiently by
employing machine learning techniques.

If the system is periodic and translational invariance is preserved, we can rewrite
the Hamiltonian as follows:

2
Hyuy (r) = ;Lm(—iv + k)2 + U(r) | ug(r) = ereuu(r)

p(r) = eu(r) u(r) = u(r+R),

where

U(r = Va(r) + Vp(r) + Ve(x). (6.5)

Using this formulation of the Hamiltonian and imposing periodic boundary con-
ditions, we can diagonalize it numerically and obtain the bandstructure. We used
this appraoch to study the possible tuning of the bandstrutcture of Lieb-like lattices.
For this particular case, we ignored the Coulomb interaction and the potential U(r)
is composed of the three circular quantum wells V4, V3 and V, in order to mimic
the symmetry of the Lieb lattice. We explored three cases, varying the depth of the
potential wells and the distances between them, slightly altering the symmetry of
Lieb lattice.

In this first case, we studied the change in the band structure when the quantum
well potential V, is varied, while potentials Vg and V¢ remain equal. The reference
potential is Vg = V¢ = —0.2eV, and we distinguished two cases: (i) Vo > Vg :
there is a gap between the 2" band (flatband) and 3™ band and (ii) Vo < Vg : the
gap appears between the 1%t band and 2"! band (flatband). Similar results were
obtained from tight binding and atomistic models.

In the second case, we studied the change in the band structure when the quan-
tum wells B and C are brought closer to the corner of the structure (quantum well A),
while all the potentials remain equal to the reference value of -0.2 eV . The flatband
(2™ band) is now found in the middle of the gap formed by the other two bands
(1% and 3™ bands).

In this third case, we investigated the influence of the displacement of quantum
wells B and C towards the centre, while all the potentials remain equal to the refer-
ence value of -0.2 eV . By comparison to the geometry of the Kagome Lattice, one
would expect to see a flatband at the top. However, the shape of the quantum wells
has to be also adjusted, in order to increase the overlap between the states localized
at B and C sites. The results are presented in Figure 6.6.

We modified the shape of the quantum wells B and C, so that they have elliptical
shapes which would lead to a greater overlap between the wavefunctions. In this
configuration we came closer to recreating a Kagome band structure from a square
geometry (see Figure 6.7 (a)).

Employing ML approaches, we also aimed to predict whether a particular quan-
tum well configuration would exhibit a dispersionless band. The ANN-based model
uses as features the potential difference between quantum wells A and B/C and the
the displacements of quantum wells B and C. The output to be predicted is the band-
width of the second band, which we define as the difference between the maximum



6.2. Two-dimensional systems with periodic boundary conditions -Lieb lattices 119

)

y(m)

150 Vo 0000
05

1.0}
0050

0.5
~0.075
0.0 0.100
0125

0.5
0150

1.0}
015
L5 S0 -0 B 10 15

( a0

0.0 (
r(m)

b)

0.6

o

Predicted values
j==)
NS

0.3

R? =0.946

values

better predictions at smaller

0.4 0.5
True values

FIGURE 6.7: a) Bandstructure of the configuration displayed above,
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favour the formation of flatbands.

0.6

and minimum point of the E(k) curve. The artificial neural network was trained
on 5250 potential configurations and we used a set of 750 systems for testing.The
network has 5 hidden layers and we used the "ReLU" activation function between
all of them. Also, the model was trained for 1200 epochs, with a batch size of 20.
We obtained a coefficient of determination of 94.6% and the plot of predicted values

versus ground truth is displayed in 6.7(b).
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6.3 Quantum interconnects

M >> The main results presented in this section were published in [117]

6.3.1 Introduction

Neuromorphic computing refers to systems that are inspired by the biological struc-
ture of the human brain and it aims for a higher capacity of data storage and pro-
cessing, while demanding lower power consumption than conventional comput-
ing hardware devices. Neuromorphic systems should, by definition, try to mimic
the type of information processing in the human brain. These systems are usually
comprised of electronic neural architectures that implement circuits with neurons
as their building blocks and synapses as their connections. While this is, of course,
strikingly similar to how we described the architecture of an ANN, this concept is
distinct from ML and Al techniques because rather than being based entirely on soft-
ware development, it deals with actual hardware implementations of the abstract
concept at hand [118]. A precise definition of neuromorphic computing is still some-
what controversial [118]. It ranges from demanding a very accurate similarity to the
principles of neuroscience to loosely biologically-inspired principles that are trans-
lated to simple linear algebra concepts, such as having an input vector multiplied by
a matrix of synaptic weights.

In this section, we explored multiple configurations of neuromorphic electron
waveguides, venturing into the new and exciting fields of neuromorphic computing
and quantum interconnects [117]. The many-electron states in the 2D systems were
rigorously described through the ED method, presented theoretically in section 3.6.

We focused on the charge localization in the dendritic-like structures and inves-
tigated the control of the electronic states by external fields, which is highly relevant
from the perspective of switching the charge density between inputs and guiding
the transport to the output register. In parallel, a cGAN approach was implemented
in order to achieve potential-to-charge mappings. From an experimental point of
view, the charge distribution can be extracted from the tunneling current measured
in a perpendicular direction. The reconfigurable device we proposed enables an ef-
ficient design of quantum interconnects (Qls), aided by image-to-image translation
techniques.

6.3.2 Model system and methods

The quantum interconnects are assembled on a square shaped area 2d x 2d, where
d is half the size of the square side, similar to our approach for the 2D system of
the previous section. The crucial difference comes into play when we define the
confining potential, using Ny, = 4 input waveguides with shapes defined by the
generalized logistic function, also known as the Richards curve:

K—A+L
(C + Qe—Blx—M))/*"

The parameters B = 6.0/d (growth rate), C =1, K =4d/2,Q =1/2,v =1/2 are
fixed and they set the curvature of the waveguides. Meanwhile, A = —3d4/4, —d/4,d/4,

flx)=A+ (6.6)
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FIGURE 6.8: Schematic representation of the reconfigurable 2D sys-
tem. (A) A layer with floating gate array of quantum dots controls
the confinement potential in the active layer, while the STM tip per-
forms both the charging of the floating gate QDs and the read-out
of the charge densities. (B) Top view of the active layer, where the
quantum interconnects are represented. Quantum dot registers are
connected to the input and output terminals, supplying and collect-
ing electrons [117].

and 3d/4 represent the y positions for each of the four waveguides. The L pa-
rameter sets the y-position of the outgoing lead, while the M parameters influ-
ence the x-positions of the branching points. A large class of QI systems can be
generated in this manner by varying the L and M parameters. For a given QI,
L =r-d/2, withry € (—=2.5,0.5) is a random number. For each waveguide, we
choose M = (6 +12/2) -d, where r; € (0,1) and 6 = 0 for outer leads (iny,in4) and
0 = —1/2 for the inner ones (iny, in3). The outcome is the waveguide structure with
four incoming leads merging into one outgoing lead, as one can see in Figure 6.8b.

The width of the waveguides Ay is kept constant for all leads. In order to keep
the constant width of the waveguide, they were carved out of a potential block of
height V}, using a circular shape with radius Ry while moving along the path given
by Equation 6.6, so that we obtain a uniform Ayg = 2Rg. The theoretical design
proposed here makes use of existing technologies like floating gate arrays and STM.

Experimentally, the manipulation of the many electron states in the proposed
device can be realized by varying the confining potential in order to increase charge
localization in the desired output terminals. To describe the many-body quantum
system theoretically, we employ the exact diagonalization method that we discussed
in detail in Section 3.6.

6.3.3 Convoluting Charge Density Maps

The read out process of the charge density profile could be achieved by measuring
the tunneling current detected with the aid of scanning tunneling microscopy. STM
imaging is based on tunneling phenomena between the metallic tip of the instru-
ment and the sample, leading to a tunneling electrical current. The current depends
on the local density of states and, similarly to this case, we assume that the tunnel-
ing current map corresponding to the quantum interconnects directly depends on
the charge density distribution of the many-particle ground state. The workflow of
our approach is described schematically in Figure 6.9. Our assumption is that the
tunneling current map (TCM) can be simulated by a convoluted image of the charge
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FIGURE 6.9: Workflow displaying the steps of this computational

study of QIs. The exact diagonalization method gives the charge den-

sity maps of the 2D system and the TCMs are obtained by applying a

Gaussian filter to the images. Using a ML algorithm based on cGANSs,
the TCMs are deconvoluted back into CDMs.

density map (CDM) that was exactly determined through accurate numerical meth-
ods. In short, we create a blurred version of the ground state density and consider
this to be the input for a ML model that aims to deconvolute experimentally obtained
charge density profiles.

The simplest filter that we could employ is a two dimensional Gaussian filter,
defined as:

1 x2 y2
G(X,y) = 27'[0'ny exp [— <%'_% + %"ﬁ)] . (67)

where 0, and 0y are the standard deviations along the x and y directions. In order to
try to mimic a more experimentally realistic situation, we will look more closely into
the cases where oy # 0, and also account for the influence of random noise (denoted
by ). The Python code used to blur the images is presented the Appendix H and
one can check Figure 6.12 for reference.

6.3.4 Results and discussions
Predicting Charge Localization and deconvoluting Tunneling Current Maps

We studied closely two categories of Qls, depending on the width of the input and
output leads (Rp = 10 nm for the narrow leads and Ry = 20 nm for the wide leads),
as can be seen in Figure 6.11. Let us begin with the simplest case, that corresponding
to one single electron being injected into the quantum interconnects. From the first
row of Figure 6.11, one notices that the charge is localized into one area, in the region
where the incoming and outgoing leads meet. There is no electrostatic interaction in
this case, which means the system tends to simply minimize the kinetic energy and
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comparison with the reference CDMs (charge density maps): (a) ox =

oy =1,0, =0.01;(b)ox =0y = 3,0, = 0; (c) 0x = 3,0y = 1,04, = 0;

(d)yox =1,0y = 3,00 = 0;(e)ox = 0y = 1,04, = 0.1, (f)ox = 3,0y =
1,0, =0.1

there is no interplay between the kinetic and potential terms of the Hamiltonian.
Also, the single particle case is easily scalable to simplified many-particle configura-
tions with null Coulomb interactions.

As more electrons are being taken into account (in this study we went up to four
particles), the Coulomb repulsion drives the charge density to regions with stronger
confinement. Notice from the following three rows in Figure 6.11 that the charge
density distribution shifts towards the leads as there are multiple peaks in the pro-
file. There is now a trade-off between the kinetic energy, which increases in more
confined areas, and the electrostatic interaction, which in turn decreases when there
is a larger separation between the charged particles. This exchange between the
defining terms in the Hamiltonian is evident when comparing the case of the nar-
row leads to the case of the wider ones. As the number of electrons is increased, we
expect to see a smoother distribution since we are approaching a mean field descrip-
tion of the quantum system.

Since the ED simulations are demanding from a computational perspective and
the number of possible neuromorphic configurations increases abruptly with the pa-
rameters that determine the confining potential, we explored an efficient and accu-
rate ML approach based on cGANSs. This machine learning algorithm which predicts
the charge density maps for different potential maps almost instantly once it was
trained. The image-to-image translation is implemented using the pix2pix method
developed by Isola et al. [105], the same ML technique we employed in [54].

The ¢cGAN architecture is basically defined by the generator and discriminator
networks, as we described more thoroughly in Section 4.5.1. The input size of the
image is 64 x 64 x 1 (one color channel), which goes into the U-Net of the generator.
The encoder of the U-Net has 6 layers, using the LeakyReLU activation function, and
the decoder has the same parameters, with the caveat that the activation functions
are ReLU (for the first 5 layers) and tanh (for the last layer). The discriminator is
a PatchGAN classifier with 5 layers, input size of 64 x 64 x 2 (because it is dealing
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FIGURE 6.11: The reference (ground truth) and predicted charge den-
sity maps for N = 1,2, 3,4 confined electrons, in systems with (a) nar-
row leads, Ry = 10 nm and (b) wide leads, Ry = 20 nm. The effect of
the Coulomb interaction is evidenced in the extension of the charge
distribution, as discussed in the current section.

in image pairs), zero-padding and a stride sequence of (2,2,2,1,1). The ADAM
optimizer was employed, as per usual, with a learning rate of 10~* and momentum
parameters 1 = 0.5 and B> = 0.999.

In figure 6.11, the predicted charge densities are shown alongside the ground
truth images. The simplest case is the non-interacting one, where the highly local-
ized charge density is easily reproduced by the ML model. The algorithm exhibits
higher errors as we slightly increase the number of particles in the system. The
pix2pix code has to predict peaks that appear randomly distributed to a model that
has no a priori knowledge about the physical intricacies of the quantum device. As
the number of particles increases even further and the charge density extends all
throughout the two dimensional system, the cGAN finds it again easier to make ac-
curate predictions. More details on the metrics that we employed to measure the
accuracy of the model are given in the articles we published on this topic [54, 117].

Also, we investigated how efficient the cGANs are at deconvoluting the TCMs.
The simplest case is represented by a two-dimensional Gaussian filter with equal
standard deviations 0y = 0, = 0. As you can see in Figure 6.12, for a small value
of o = 1, there is a barely noticeable change in the TCM compared to the reference.
Even by increasing the standard deviation ¢ = 3, the image translation method
provides a similar accuracy, as the kernel of the Gaussian filter remains symmetric.
Even asymmetric kernels, with a larger standard deviation on either the x-direction
(0x =3,04y =1 ) or on the y-direction (0x = 1,0y = 3), do not lead to significant
and noticeable errors in the prediction accuracy. We can conclude that the stan-
dard Gaussian kernel is easily recognizable by the cGAN. However, the noise has a
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more significant impact. A symmetric kernel ((Tx =0y = 1), which, in addition, has
a noise component with ¢;, = 0.1, transforms the CDM into a rather different map.
In this case, although, overall, the predicted image well resembles the reference, the
prediction accuracy is visibly lower.

Manipulation of many-body states by in-plane electric fields

Next we modified the confining potential by adding in-plane electric fields in the
range of [—50,50] meV in both directions ey, such that:

Vconf(x/ y; E) - Vconf,O(x, y) + AV(X, y; E)/ (68)

where Vionio(x, y) is the potential profile in the case if zero electric field. The purpose
is to investigate the possibility to manipulate the localization of the charge density
without using any magnetic fields, only by slightly modifying the confining poten-
tials. We looked at the single particle case and also the interacting bi-particle case in
this analysis.

When the field is oriented along the ¢; direction, the charge is gradually driven
towards the input terminals, as one can see in Figures 6.13 and 6.12. When the in-
plane field is oriented along the &, direction, the switching occurs between the outer
terminals along the vertical direction. At maximum values of the electric field, the
outer input terminals are the most populated. We have noticed that the output ter-
minal is typically depleted if it is placed in the middle of the active region. Since in
Figure 6.13 (b), the output terminal is placed in the upper half, it retains a consider-
able amount of charge.

6.3.5 Conclusions

We proposed a reconfigurable two-dimensional device and a cGAN-based method-
ology in order to efficiently design neuromorphic systems, that can successfully
transfer charge and spin between quantum dot registers. The system we studied can
also perform the functions of active switching elements. Moreover, the approach we
presented is highly versatile and can be employed for the inverse design of quantum
multi-terminal devices.
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FIGURE 6.13: Switching of the charge density localization induced
by in-plane electric fields oriented along: (a) & and (b) &, . For each
case, we depicted the confinement potential in the first column, fol-
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fourth columns correspond to the ground truth (reference) particle
density, while the third and fifth columns represent the predictions
made with pix2pix. The green shade in the potential map denotes a
lower potential energy and the yellow one depicts the transition to
larger values of the potential energy.
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6.4 Double channel nanotransistor

M >> The main results presented in this section were published in [119]

6.4.1 Introduction

Moore’s law has been the governing principle of the semiconductor industry since
the 1960s [120], stating that the number of transistors that can be fit into a micropro-
cessor doubles approximately every two years. However, this principle is already
beginning to falter, as semiconductor processing technology passed the sub-10 nm
mark [121, 122]. Therefore, the development of nano-transistors which overcome
the short channel effects that emerge along with their reduced sized is critical in the
current technological landscape [123, 124].

Along with the down-scaling of electronics devices, ballistic transport has be-
come the dominant transport mechanism in nanoscale transistors, since the conven-
tional drift-diffusion models are no longer suitable for describing the carriers in the
mesoscopic channels. Also, low dimensional materials and alternative designs for
the field effect transistors have become an essential field of research in the las decade.
This chapter is solely focused on a double channel nanotransistor that could over-
come some of the challenges of downscaling and open up the way to low operating
voltages that are highlysuitable for low energy applications [119].

6.4.2 Nanotransistors in the Landauer-Biittiker formalism

As we have already pointed out, the prominent progress of the semiconductor in-
dustry in the last couple of decades has warranted extensive interest in both the ex-
perimental and theoretical aspects of quantum transport. Once the channel lengths
of the transistors decreased below 20-40 nm, short channel effects become significant
and below 10 nm quantum transport becomes the dominant transport regime. Short
channel effects arise due to a decrease in electrostatic control of the device through
the gate potential and manifest themselves as a lowering of the threshold voltage
when the gate length is reduced or the drain potential is increased [125, 126].

From this perspective, a description of nanotransistors in the framework of the
Landauer-Biittiker (LB) formalism is a suitable approach for the transport problem.
Several papers were published on this subject, working with a compact transistor
model based on the fundamentals of the LB theory and, also, the R-matrix and NEGF
formalisms adapted to a multi-terminal quantum system [126, 127, 128, 129].

We briefly describe here the R-matrix based approach for a two-terminal device
as the one represented in figure 6.14, that encapsulates the structural elements of a
traditional MOSFET. The source and drain are modeled as conventional leads of a
multi-terminal system (();), with the potential energy in the region taking de form:

V(7€ Q)= Vi (7is) —elsa, (6.9)

where U4 is the source/drain potential. The scattering solutions originating from
contact s can be written as:
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FIGURE 6.14: (a) Simple scheme of a nanotransistor modeled from
the point of view of quantum transport, where the channel region
acts as the central scattering region and the source and drain contacts
are represented as right and left leads. (b) Variation of the longitudi-
nal potential (V1) in the scattering region, with respect to the channel
length, according to equations 6.17, where Up is the drain potential.

e (7 € Qy, E) = exp (_iksnzs> Dy, (?J_;s) (Ss,s’ + Z Ss’n’,sn(E) exp (iks’n’zs’> Dy (?J_,'s’) ’
n/

(6.10)
where s, s’ are the lead indices, 11, n’ account for the transverse modes in the lead and
Se'w sn is the S matrix. The transverse modes are solutions of the following eigen-
value problem:

8 . )
[—WA?L;S + Vs (T’L;s) - eud — Ed‘ b, (rL;s) =0, (611)

where we defined v = (s, n) as a composite index, for simplicity of the notation. The
total electrical current in terminal s is:

=20 [ (B )~ f (E— ) TeE) (612)
S/ —0Q
The total transmission between the terminals s and s’ can be written as as a sum:
Tw(E) =)} TZ (E—E) (6.13)
1
where T?P is the transmission for an ideal 2D transport problem and

i 7\ 2
L 42
E; =i (2 *> (Lz) (6.14)

are the energy levels for the transverse modes in the leads, modeled as the solutions
for a simple particle in a box problem, with L, being the width of the transistor. If
one works in the single mode approximation where strong transverse quantization
is assumed, then only the lowest transverse energy level is taken into account.

This model does not take into account tunneling currents to the gate and also
assumes a separable form for the potential in the scattering area:

V(F€ Qo) =VeL(x)+ Vr(y), (6.15)
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FIGURE 6.15: In a double-channel nanotransistor, an extra buried ox-
ide substrate is added to the standard SOI wafer.

where Vr is the confinement potential in the channel that would be present in a
MOS structure without any source/drain contacts attached. This potential was thor-
oughly discussed in [130, 131]. The longitudinal potential arises from the applied
source-drain voltages. Assuming that Vs = 0, Vg = 0 and that the voltage drop
across the channel varies linearly, one can consider the following equation for V;:

Vi(x) = —%euD (6.16)

The effective scattering potential in the device can be summarized as follows
[124]:

0 forx <0
Vef(x) ={ —elUpx/L for0<x<L (6.17)
—elp forx > L

All these assumptions make the quantum system easier to solve analytically, but,
as we will discuss in the next section, we will shift to a more detailed numerical
description in order to obtain better results for the two channel nano-FET.

6.4.3 Double-channel nanoFET

The device we study is a Si/SiO,-based field effect nanotransistor, which exploits of
the tunneling between two parallel conduction channels and allows for the switch-
ing of the drain current with small gate voltages, thus opening the way to low-
energy applications. We call this proposed device a two-channel tunneling field
effect transistor (2CTFET). This 2CTFET can be realized on a double silicon-on-
insulator (SOI) substrate which is shown schematically in Figure 6.16. In [119], we
explain how the 2CTFET can be derived from an SOI transistor. In a standard Silicon-
On-Insulator (SOI) transistor, the fundamental structural components include the
silicon (Si) substrate, the buried oxide (BOX) layer, and the silicon film. Subse-
quently, the source, drain, back gate, top gate oxide, and top gate are incorporated.
In a double SOI substrate nanotransistor, an additional buried oxide layer is intro-
duced into the standard SOI wafer (see Figure 6.15). As a result, the silicon film is
divided into two distinct layers, which can be as thin as 2 nm. These layers function
as two quantum wells, coupled by the thin buried oxide layer, which serves as a
tunneling barrier. The quantum well in the lower SOI layer is selectively connected
to the source, while the quantum well in the upper SOl layer is selectively connected
to the drain. In this proposed model for the 2CTFET, the drain current only occurs
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H Quantity Notation Value H
Well thickness Dw 3 nm
Effective mass m* 0.32 x myg
Channel length L 30 nm

Height of tunneling barrier Vs [1,2]eV
Top gate potential Ve [—0.2,0]eV
Drain voltage Up [0,0.2] V
Device temperature T 10K
Tunneling barrier thickness Dpg [1,3] nm
Gate insulator thickness D¢ 8 nm

TABLE 6.1: Relevant quantities and notations for the nanoFET
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FIGURE 6.16: 2D scheme of the two-channel nanotransistor proposed
in [119].

under lateral resonant tunneling conditions, which leads to the resonant tunneling
peak in the transfer characteristics, as we shall see in the following.

In our simulations, we are mainly interested in the transmission function and, by
means of the Landauer-Biittiker formalism, the drain current. We analyze the results
for one configuration, where the lateral dimension of the source/drain contacts is
D¢ = 3 nm, the height of the central tunneling barrier is varied between 1 and 2 eV,
the thickness of the barrier is set at Dg = 2 nm and the channel length is considered
L = 30 nm. Also, we consider in our simulations an isotropic effective mass of
m* = 0.32my. The configuration of the double channel nanotransistor is represented
in Figure 6.16 and the relevant quantities are introduced in Table 6.1.

Potential map from the Poisson equation

Along with the reduction in size of the MOSFETs and the implicit quantum effects
that arise, one needs to take into account the effect of quantum confinement on the
carrier charge distribution. Since quantum confinement directly impacts the distri-
bution of free charge carriers, then the electrostatic potential is also modified, which
in turn affects the density profile of the charge carriers. This self-consistent cycle
is implemented through a variety of methods, each one searching for an ideal bal-
ance between computational cost, system dimensionality, numerical accuracy and
convergence of the calculations. For example, the NEGF formalism coupled with
the Poisson equation in a self consistent cycle is widely used to analyze quantum
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FIGURE 6.17: Potential maps from the Poisson equation

transport in semiconductor nanodevices. The core of the self-consistent calculations
lies in the fact that the electrostatic potential modifies the values of the diagonal en-
tries of the Hamiltonian matrix, while the source terms of the Poisson equation are
given by the results of the NEGF simulations [132]. Continuum models based on
the k - p theory have also been proposed, aiming to reduce the computational load
while maintaining accurate results [133]. The coupled Schrodinger-Poisson equa-
tions were also solved for the case of a cylindrical nanotransistor with the R-matrix
formalism in [134]. The R-matrix method possesses numerical advantages when
dealing with large energy sets, as we discussed previously, but it is not suited yet
for simulations at higher temperatures. Besides discussions about numerical im-
plementations and appropriate theoretical quantum transport models, solving the
Schrodinger-Poisson equation also requires increased attention to the boundary con-
ditions. Dirichlet boundary conditions correspond a fixed applied potential, while
von Neumann conditions impose that the electric field orthogonal to the boundary
is zero. Usually, the gate electrode is described by Dirichlet boundary conditions.
However, the nature of ballistic transport and the open boundary conditions of the
NEGF formalism impose Neumann type boundary conditions for the source and
drain contacts, in order to maintain charge neutrality, as it is discussed in [132, 135,
136].

—V - (eV¢)=q(—n+p+N), inQy,

(P = (Pelectrode ’ on 1—'D/S’ (6.18)
d
;4_), = 0, on PG.
om

Applying drain and gate (Vj, V) potentials modifies the scattering potential in a
more complicated manner than the simple linear model assumed in the theoretical
model.

For our simulations, we considered a simplified version of the system and solved
the Poisson equation for the scattering region of the nanotransistor with null source
term. The Dirichlet type boundary conditions were defined on a rectangular shaped
region, defined by the intersection of the scattering region with the drain/source
electrodes (to the left and right of the system) and with the top and bottom gates.
We have analyzed the system in two different configurations, one in which the top
and bottom gates have applied voltages of £V, /2 and the second one where the
potential on the bottom gate was always null and the top gate controlled the trans-
port. Without the barrier that separates the two conduction channels, some of the
potentials maps are represented in Figure 6.17, for the symmetric configuration. For
an efficient calculation of the solutions of the differential equation, we employed the
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FIGURE 6.18: Transmission function (source-to-drain) with no ap-

plied voltages, (V;,Vy) = (0,0); comparative analysis between R-

matrix and KWANT. Transmission funcrion at V; = 0 eV si Vy, =
0,0.1,0.2 eV; comparative analysis between R-matrix and KWANT

Python package scipy, which includes effective routines for solving linear systems
with the aid of sparse matrices. To this potential profile, we add the energy offset
from the constant barrier in centered in the middle of the scattering region.

-V (chp) =0, in O,

6.19)
¢ = Pelectrode s onlIp /S/Gr

Numerical simulations

The first step in our analysis is to compute the I-V characteristics of the 2CTFET. We
are interested in the low voltage properties, so we will only examine drain and gate
voltages between [0,0.2] V. The R-matrix code outputs the transmission through the
device, and using the subroutine in Appendix I, we computed the current employing
the Landauer-Biittiker (see equations 6.12, 6.13 and 6.14). While the structure of the
output characteristic is similar to that of a MOSFET, we notice that the drain current
in the case of the 2CTFET actually decreases with an increasing gate voltage.

In order to run multiple simulations as time efficiently as possible, we use the
MPT library to approach multiple I;(V;, V,) pairs at once. We compute transmission
functions and currents for 2000 voltage configurations and recreate the output char-
acteristic of the 2CTFET in Figures 6.20. The figures mentioned before correspond to
two possible configurations of the device: in the first we apply a top gate potential
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FIGURE 6.19: (A), (B) Drain current vs. gate voltage for several drain
voltages, Up = 0.05,0.1,0.2V, calculated using the tight-binding
model, for (A) V;, = 1eV and (B) V;, = 2eV. Notice the decrease of
Jp with Ug. The insets show the same data plotted against the po-
tential energy, V,, found at x = L/2 (the edge of the upper channel,
y = 0).(B), (C) Drain current vs. drain voltage for several gate volt-
ages, Ug = 0,0.1,0.3V, for (C) V, = 1eV and (D) V}, = 2eV. Notice
the almost linear increase is at low Up voltages.

of V,/2 and a bottom gate potential of —V, /2, while in the second we only apply a
potential on the top gate.

While the accuracy of the R-matrix based numerical model depends on the num-
ber of components of the Fourier basis, The KWANT package becomes comparable
to a continuous model once the lattice constant is decreased enough. For the two
channel nanotransistor, we studied the efficiency of both models for a wide set of
different configurations and the results are highly similar.

Discussion and Results

In Figure 6.19(A,B) we represent the drain current as a function of the gate volt-
age for three values of the drain bias and for two values of the barrier between the
two channels (V, = 1 eV and for V;, = 2 eV). Note that at Ug = 0 the character-
istic displays a peak even for small drain voltages. Our assumption is that at zero
gate voltage the two quantum wells in the device are symmetric and the wavefunc-
tions are localized in both of the channels. This leads to a significant drain current.
When the relative asymmetry between the two quantum wells increases (by increas-
ing the gate voltage, for example), the lateral tunneling current between the source
and drain is highly diminished and the transistor switches from the ON to the OFF
state. By varying the drain voltage, there is an almost linear increase in the drain
current for the same two barrier sizes (see Figures 6.19C,D ). Again, it is evident that
increasing the gate voltage leads to a steep decrease in the drain current, reflecting
the ON-OFF transition of the nanotransistor. The same is evident from Figures 6.20,
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FIGURE 6.20: (A) The drain current I; as a function of the drain volt-
age V; and top gate voltage, in a configuration where the top-gate
voltage is (Vg /2), the bottom-gate voltage is 0 and V}, = 2eV . (B) The
drain current as a function of the drain voltage for the same config-
uration described in subfigure (A). (C), (D) Heat maps of the drain
current vs. ( Up, Ug ) voltages, for (C) V, = 1eV and (D) V}, = 2eV.
Notice that a peak in /p emerges for large Up voltage and low values
of Ug. The ON state of the 2CTFET can be switched to an OFF state
by increasing |Ug]|.

where the contour-plots confirm the narrow maxima in the drain current around
the set of values (Ug, Up) = (0,0.2) V. Note that in the numerical simulations the
solution of the Poisson equation included the top and bottom buffer oxide layers,
which decrease the potential drop on the active region. For a proper comparison
with the analytical model presented in reference [119] , we plotted in the insets of
Figure 6.19 the drain currents against the potentials found at the upper edge of the
drain channel (x = L/2,y = 0).

The transmission functions in Figures 6.18 present a series of sharp peaks and are
all represented in logarithmic scale due to their small values. In order to gain a better
understanding of this, we represented the absolute values of the wavefunctions in
the nanotransistor in Figure 6.21, for a set of energies that correspond to minima
and maxima in the transmission functions. For each transverse mode, we noticed
that there is a matching condition between the maxima and minima of the quasi-
stationary waves in the two channels occurs for certain values of the total energy. If
this matching condition is met, the probability of lateral tunneling between the two
quantum wells increases and narrow peaks in the transmissions emerge. We called
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FIGURE 6.21: (A), (B) In-phase and out-of-phase matching of quasi-

stationary wave functions (absolute value) in the two channels, ob-

tained for V;, = 1eV. (C), (D) In-phase and out-of-phase matching of

quasi-stationary wave functions (absolute value) in the two channels,

obtained for V;, = 2eV : (C) energies E = 0.231eV and 0.248 eV ; (D)

energies E = 0.601eV and E = 0.622eV. These correspond to peaks
and dips in the transmission function.

this the in-phase wave function-matching condition and it is exemplified in Figure
6.21 for two values of the barriers between the transport channels.

In [119], a more detailed discussion is presented about the features of the 2CTFET
which are favorable for technological applications. One important characteristic is
that the lateral resonant tunneling effect which stands at the core of the 2CTFET does
not depend strongly on temperature. Since thermal effects play a minor role, the
tunneling peaks that define the transfer characteristic persist even at room temper-
ature. In future studies, we will also explore a double-barrier nanotransistor, where
we observe conventional resonant tunneling effects, with peaks in the transmission
functions that come close to unity.

6.4.4 Machine learning techniques

Solving scattering problems for complex systems is computationally demanding and
requires resources and time. While one cannot bypass the high throughput comput-
ing completely, integrating machine learning algorithms into the research process
can accelerate the calculations and push for the discovery of novel devices. To this
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end, we have explored possible machine learning applications built upon the data
we have obtained with the Kwant and R matrix simulations.

Artificial Neural Networks

We have tested the efficiency of ANNSs in predicting the drain current from the val-
ues of the gate and drain potentials. After the simulations performed with parallel
the R-matrix code we had at our disposal a set of 2600 data tuples for (V;, Vg, I;),
that we have divided into 2080 training data (80% of the total dataset) and 520 test

” Layer Nr. of neurons  Activation function ” ANN Parameters
Input 2 - Nirain 2080
Hidden layer 10 ReLU Niest 520
Hidden layer 30 ReLU Epochs 1200
Hidden layer 50 ReLU Batch size 16
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FIGURE 6.22: (A) Architecture of the ANN employed for drain cur-

rent prediction. (B, C) Graphical analysis of the ANN performance

for the prediction of drain currents for test (C) and train (C) data.

(D,E) Graphical analysis of the ANN performance for the prediction

of drain currents for varying sizes of the trainig dataset for test (D)
and train (E) data
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FIGURE 6.23: (a) The architecture of the NN and the relevant parame-

ters. Notation f denotes the number of filters employed in the convo-

lutional layer and k is the dimension of the kernel. Also, "drop" stand
for dropout, a method we described in Section 4.2.3.

data (the remaining 20%). Out of the test data, 20% were also set aside by the net-
work for validation. The gate potential was varied between 0 eV and 0.25 ¢V, with
a step of 0.005 eV, and the values for the drain potential were set between 0 eV and
0.1eV, with a step of 0.002 eV. To optimize the training process, the input data was
preprocessed, which involves data scaling, checking the statistical distribution of the
data and eliminating the possible outliers. Also, the analyzed systems should pos-
sess a certain degree of similarity, therefore we chose nanotransistorrs with the same
barrier height (V},) and we kept the same effective masses and dimensions.

The architecture of the neural network is presented in the Table 6.22a. The train-
ing process was carried out for 1200 epochs, with a batch size of 16 and the optimizer
we chose was ADAM. The efficiency of the model was measured by employing the
coefficient of determination as a metric, which we computed for the training data as
well (see Figure 6.22). By tracking the coefficient of determination throughout the
training, one can avoid a potential case of overfitting. Despite the fact the many of
the configurations result in a null drain potential and the dataset is not very large,
the artificial neural network performs very well and reaches coefficients of deter-
mination of 99%. We have also tested the same ANN architecture for datasets of
reduced dimensions, namely Ni.in = 1560, 1300, 780, and the coefficient of determi-
nation has remained over 90%, although a decrease in performance is noticeable, as
one expected.

Convolutional Neural Networks

The oscillations of the transmission function evident in Figures 6.18 are a defining
characteristic of the double channel nanoFET. For this reason, we oriented ourselves
towards a machine learning model that would be able to predict the transmission
function itself on a given interval. Convolutional neural networks stood out as an
appropriate choice, since they are actively being used not only for image processing
and classification problems, but also for image translation algorithms. In our case,
the change in the architecture of a traditional CNN arises in the last layer of the
network, where we have to define enough neurons to correspond to each point of
the transmission curve.
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FIGURE 6.24: Brief workflow of how the R matrix code is built

For this quantum device, the input data are the potential maps obtained through
numerically solving the Poisson equation. After multiple sessions of trial and error,
we concluded that it is better to consider as input image the whole potential profile,
including the buffer regions that account for the top and bottom gate insulators. In
the numerical simulations, we only considered the scattering region with the two
channel separated by the barrier. For the gathering of data for the machine learn-
ing model, we solved the Poisson equation with a grid of 0.1, to decrease the com-
putational load and time, and subsequently the images were reduced to a smaller
dimension of 60 x 60, to make the training process smoother.

The output data were the transmission functions in the energy interval of [0.2, 0.4]
eV. Due to the fact that the values of the transmission function are in the narrow in-
terval of [107%,107%] (for a nanoFET with a tunneling barrier of 1 eV, we applied
the logarithm to the transmission values and multiplied the result with —1, such
that we end up with a set of positively valued input data. Also, the transmission
function was mediated on intervals of 1073 eV, to decrease the number of output
neurons. The structure of the CNN is represented in table 6.23, where we specified
the relevant parameters, namely the dimensions of the input and output layers, the
structure of the convolutional layers and the number of neurons in the hidden inter-
mediary layers. The model was trained for 6000 epochs, with a batch size of 32, and
the chosen optimizer is ADAM, with a learning rate of 10~%. We had at our disposal
a set of 5000 entries, out of which 10% were used for testing and 20% of the training
data was employed for validation. To evaluate the performance of the model, we
used the coefficient of determination and we obtained a value of 92% (Figure 6.23).
Some of the results were also shown in Figure 6.25.

6.4.5 Conclusions

The transport properties of field effect nanotransistor device we studied in this thesis
can be explained by the lateral resonant tunneling between two parallel conduction
channels. In the transfer characteristics we find narrow resonant tunneling peaks
around zero control voltage allowing to switch the drain current with small control
voltages, which opens the way to low-energy applications.
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Quantum Sorters

7.1 Probabilistic quantum sorter

M >> The main results presented in this section were published in [137]

7.1.1 Introduction

Information theory is a fundamental pillar of technological advancement and has
consistently been a focal point of interest in theoretical physics, engineering, and re-
search and development. Its primary objective is to enable the realization of physical
devices that process information with greater efficiency and at increasingly smaller
physical scales. From an experimental standpoint, achieving this goal implies a
precise understanding and control of both solid-state and optical components of
the device. The field of quantum information emerged from the need to reformu-
late information processing exclusively through the principles of quantum mechan-
ics. Its rapid development in recent decades has been driven by the potential to
harness quantum phenomena—such as interference, superposition, and entangle-
ment—within (nano-)electronic devices. Unlike classical computing, where the fun-
damental unit of information, the bit, is defined by two discrete logical states (0/1 or
ON/OFF), quantum information employs the qubit, which exists as a superposition
of both states [138].

While the exploitation of quantum effects for technological innovation is well
established—exemplified by the Tsu-Esaki diode, superconductors, Josephson junc-
tions, and topological materials—the development of large-scale quantum comput-
ers presents significant challenges. A crucial requirement is the ability to maintain
coherent quantum channels for reliable information transmission. Consequently,
quantum information research can be broadly categorized into two domains: one
focusing on theoretical aspects, such as quantum algorithms, protocols, cryptogra-
phy, and entanglement, and the other concerned with condensed matter physics and
photonics, investigating various materials and techniques for realizing quantum de-
vices [139].
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FIGURE 7.1: (a) Universal quantum sorter proposed in [158, 157], uni-

tary and hence reversible. Incoming particles are incident on spatial

mode 0 and they are subsequently sorted according to the value of

the observable O. In this ideal quantum sorter, a particle with O = n

will exit on output port n with maximum probability; (b) Mesoscopic
quantum sorter that we proposed.

Many applications in quantum information, including logic operations, quan-
tum key distribution, and teleportation, fundamentally require the characterization
of a multi-dimensional Hilbert space to accurately describe the quantum system.
In quantum information processing, a crucial step involves sorting the multiple de-
grees of freedom that define the system, followed by precise measurement [140].

This field has seen significant advancements, particularly in quantum optics,
where the study of quantum sorters has gained considerable attention due to their
efficiency and applicability in quantum communication and cryptography. These
quantum sorters employ photons as information carriers, leveraging different de-
grees of freedom such as polarization and orbital angular momentum [141, 142,
143, 144, 145, 146, 147], total angular momentum [148], radial modes [149, 150, 151],
Laguerre-Gaussian modes [152], spin and radial quantum numbers [153], full-field
mode sorting [154], multimode fiber sorting [155], and all-fiber in-line mode sorting
[156]. However, these quantum sorters are designed to function only for specific
photon properties. A generalized quantum sorter, capable of utilizing any degree of
freedom within a D-level system, was introduced in [157], though it was constructed
for a single input port. Further advancements led to the proposal of a multi-input-
port quantum sorter, designed to perform the simultaneous sorting of D-level sys-
tems [158, 159].

Parallel to the development of quantum optics as a prolific exploratory ground
for quantum information, solid state physics has also positioned itself at the fore-
front of research into more energy efficient and versatile electronics involving the in-
vestigation of advanced quantum mechanical effects, including entanglement, tun-
neling and spin orbit interaction [160]. Widespread charge base devices such as tun-
neling field effect transistors or resonant tunneling diodes have already exploited
the quantum mechanical nature of charge carriers and proved their value not only
in information processing, but also information storage. In the last decades, spin-
tronics has also emerged as a promising field, with spin based logic devices and
spin based memories, exploiting the electron spin as a degree of freedom in quan-
tum information. Quantum dots, which are spatially confined electronic systems,
could be used for realizing new quantum computing architectures. Since electronic
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spin is the fundamental platform for the implementation of qubits, similarly to how
photons can be sorted, electrons could also be sorted according to their orbital an-
gular momentum [161].

The quantum sorter we propose provides a straightforward method to measure
observables, by sorting the output states into different ports according to the eigen-
values and subsequently using particle detectors in each output lead.

7.1.2 Simulation of a probabilistic quantum sorter

Theoretical considerations

A quantum state in the qubit system can be represented as a column vector in
the C? plane, spanned by the following two basis state:

o =i +pm = o |+ |5 ]=| 5]

where |a|? + |B]> = 1.

Consider the situation of two qubit systems that are independently prepared in
states |i) = (ag,a1)” € C2and |¢) = (Bo, B1)" € C2. Then, the total state of the
composite system is described by a vector in C*, obtained as the tensor product of

) and |¢) [139]:

o [ s
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Therefore, we have four possible computational basis states, namely |00), |01),]10), |11).
We can thus write the general form of the two-qubit state as follows:

‘lp> = 0(00’00> + 0601|01> + 0610|10> + 0(11‘11> (72)

2 2
where |ago|” + |xo1|? + |x10]? + |an1|” = 1.
This can be generalized further to the qudit system. Specifically, a state in the
d-dimensional qudit system is a superposition of d basis states:

1) = a1[1) +a2|2) + - - +ayld), (7.3)

where | |* + -+ |ag]* = 1. In theory, any qudit system could be constructed using
only qubits.

To analyze a quantum sorter type of system, consider two D-dimensional Hilbert
spaces Hsystem and Hport, where the first Hamiltonian is associated to a qudit sys-
tem, while the second one to the states of the D input and output ports. From [158],
rigorously, a multi-input-port quantum sorter is a device acting in the Hilbert space
Hsystem @ Hport, that performs the unitary transformation

|sy|k) —> |s)|s), withs,k=0,1,...,D—1
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FIGURE 7.2: Proposed multi-terminal design of the quantum sorter

and the qualitative transmission probabilities in the ideal and proba-

bilistic case. Ideally, each incoming spin-resolved mode is transmit-
ted into a separate outgoing lead [137].

Also note that each computational gate is a unitary operator, which is a reversible
transformation by nature. However, in [158] it was proved than an ideal multi-input-
port quantum sorter is forbidden by the laws of quantum mechanics, hence we focus
on the implementation of a probabilistic quantum sorter.

The system that we propose here as a concrete version of the quantum sorter is
defined as a multi-terminal 2D mesoscopic system, with only one input lead and
four outputs. The incoming particle is described, quantum mechanically, with two
quantum numbers, namely the spin and the channel (transverse mode). Therefore,
we can describe the incoming state as a superposition of |k,0;), where v = 1,2 and
oz =11

In references [158, 157], the quantum sorter selects the particles characterized by
the property |s) of the quantum system by directing them into the same output port-
state, which is denoted by |s). In the case of the quantum sorter device we proposed,
we work solely in a single-particle framework and assume that in an experimental
setting, one injects sequentially multiple electrons, at the same energy, but different
transverse modes and with different spin degrees of freedom. After repeating this
for a large amount of times, each of the four possible input states of the incoming
particle is transmitted into a different output lead. Our goal in this work is to de-
fine a system that works as a probabilistic quantum sorter in a concrete manner,
by choosing an interaction Hamiltonian that enables the device to separate the
eigenstates into multiple output ports. To this end, identifying a quantum state
does not imply measuring the observable, but detecting of a particle in one par-
ticular output lead. While the device we propose is not reversible, we maintain the
name of "quantum sorter" since it describes best the purpose of the proposed device.

To model this type of device, we need to calculate transmission probability for
the electrons coming into the left lead into each of the output leads. The wavefunc-
tions in the reservoirs are represented in the basis of eigenstates | 1), |]) of 07 . The
basis functions are ‘kx, ky, (7>, where k, and k, are the wave vector components in
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the reservoirs and ¢ =1, |..
In the left reservoir (x < 0), the wave function is

‘lpl(cflzy,(r> = ‘kx/ ky/ 0'> + Zr(f,(f’
0—/

_kx/ ky/ 0J> s

where |kx, ky, (T> is the state vector of incident electrons. The wave function of trans-
mitted electrons (x > d) is

‘wéfgy,» = Yty [ Ky o).
0-/

Here, 75 ¢ and t, .+ are the reflection and transmission matrices. If a spin-polarized
electron is injected into an ideal lead, with no spin orbit coupling or magnetic terms,
semi-infinite in the x direction and with a transversal confinement potential in the y
direction, each transport channel is, from a quantum mechanical perspective, a ten-
sor product between the (orbital) transverse mode and the spin degree of freedom.
In quantum information terms, this is a separable pure quantum state:

injected ik, x
BN (el o) = Buly) - expr 20

e (7.4)
INY = [kyor) .

The outgoing state in one particular lead will be pure, but nonseparable and it
can be expressed as [162]:

’OUT> = Z tn/nlg/a |kn/> & ‘0”> . (75)
n'o’

One important thing to note is that an electron injected into the left lead in mode
|n) and spin state |o) will be scattered into one of the output leads into mode |n’)
and spin |¢’). The quantity that can be measured experimentally is the particle cur-
rent in each lead, so our objective is to find a configuration of the scattering region
Hamiltonian that will ensure that a particular injected state is transmitted with high
probability into one lead, while the current it generates in all the other leads is neg-
ligible.

7.1.3 Multi-terminal model system

The prototype device that we propose is defined on a square-shaped scattering re-
gion of dimensions Ly = L, = L = 2d = 1ym which is divided into three regions:
the continuation of the left (x < —3d/4) and right leads (x > 3d/4), and the active
region in the center [137]. The lead areas in the scattering region have the same char-
acteristics as the ideal semi-infinite leads. The leads are defined by quantum wells
with constant potential of width w; = 34/10 = 150 nm, carved out from a base
potential barrier of height V;, = 100 meV and the distance between two consecutive
leads is ws = d/5 = 100 nm. We perform the simulations o a material with a small
effective mass (namely InSb, with m* = 0.023m,) in order to increase the separation
between quantum levels .

In the active region, a triangular shaped potential barrier acts as a central scat-
terer that guides the incoming electrons to the output leads. The dimensions of the
central triangle and also the barrier height are parameters that we tune in order to
find the ideal quantum sorter configuration. The shape of this central scatterer can
also be modified with top gate voltages in an experimental setup. For a clean sepa-
ration between the up and down spin components, we consider a magnetic barrier
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FIGURE 7.3: The the potential map in the scattering region, with a tri-
angular scatterer along with the system dimensions. The geometrical
parameter that is varied is the area of the central triangular scatterer.

on top of the output leads that induces a Zeeman splitting of Vz = £100 meV. To
avoid the downshift of energy levels for one spin component, we compensate with
an electrostatic potential equal to half of the splitting. In this way, the energy lev-
els corresponding to one of the spin component will remain unchanged, while for
the other spin component, the energy levels will shift to higher energies, essentially
leading to a cutoff of the respective spin component.

R-matrix simulations

The quantum sorter device we propose is represented in Figure 7.2. As we already
mentioned, the device has one input terminal and multiple output terminals, with
the scattering region in-between. The geometry and scale of the system is defined by
the dimensions of the interaction region d = 500 nm, the triangular central potential
barrier is set at V) = 0.1 eV and the effective mass is that of InSb m* = 0.023m [137].

The coherent transport is described in the framework of the R-matrix method,
which was described extensively in section 3.5. This formalism efficiently provides
the transmission for a wide energy range and its computational implementation
also allows for easy parallelization (employing the MPI library ), such that we can
study multiple system configurations effectively. The diagonalization of the Wigner-
Eisenbud problem in the scattering region is the most time consuming, but is also
computationally stable and highly versatile. The method easily allows for the inclu-
sion of Rashba spin orbit interaction, magnetic fields and the geometrical tuning of
the potential in the scattering region. In the final step, the R-matrix and scattering
matrix are computed, leading to the transmission function through the system at
any chosen energy.

The time independent Schrodinger equation defines the scattering problem in
the entire system:

HY(r) =E¥(r), reQoUQ; (7.6)

01

0.08

0.08
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FIGURE 7.4: Minimum current ratios for a sequence of Ngcat = 100

scatterer configurations set by the parameter #,. We checked the re-

sults for two different sets of basis size and grid points: (a) Npy X

N, = 50 x 50, Ny x N, = 200 x 200. Notice that both results are sim-

ilar, therefore the calculations have converged. The red arrow marks

the reference system, which leads to a highly effective probabilistic
quantum sorter (obtained for /i, = 60 nm) [137].

with asymptotic boundary conditions for the input/output leads.
The Hamiltonian in the scattering region includes the scattering potential and
the spin-orbit coupling term (Rashba SOI)

12
2m*
where P is a set of tunable parameters related to the geometry of the potential and
the height of the central barrier it induces. By varying these parameters, we search
for an optimal quantum sorter configuration.

The Hamiltonian inside the left lead is:

Ho = — +V(reQyP), (7.7)

hZ

Hs:O =

+ Vieo (r € Q) (7.8)

where V; (r € (),) is the confinement potential in the leads, with a longitudinal com-
ponent that is translationally invariant in the direction of transport and a transverse
component which gives rise to the transversal modes in the leads.

In the right leads, we added a Zeeman term to the Hamiltonian in order to facil-
itate the separation of different spin states:
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FIGURE 7.5: Transmission functions for each incoming mode in all of
the output leads. These results are obtained with R-matrix simula-

tions.

n E.o.  E.o
Homrp = =5 = V2o + Vimp (r € Q) o + =5 + =5

K2 Eo Eo (7.9)
Hosa=—5 = V2, + Viega (r € Q) T — Zzz + zzo

where E, =50-103 eV.

Searching for the ideal QS configuration

In typical multi-terminal devices, one expects a non-zero transmission in all of the
output ports, since elastic scattering greatly impacts the transversal momentum of
the electrons. Therefore, to identify an effective quantum sorter prototype, we need
to first establish valid minimal criteria for the transmission functions in the leads

[137].

We settled on calculating the ratios between the currents of each propagating
mode in all of the output leads. For example, we calculated for the current ratios
between a mode i; and mode ip, where iy # iy, at given total energy E

V1 (8,i1,02) = j(s,i1) /] (s,12),
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FIGURE 7.6: The absolute value squared of the wavefunctions for the

incoming modes, calculated using the R-matrix method. The modes

|ko 1) and |ko |) are mostly transmitted into the outer s = 1 and s = 4

leads, while the |k; 1) and |k; | ) are scattered with greater probability
into the inner leads (s = 2, 3).

in a lead denoted by s. Due to the spin symmetry enforced by the magnetic barriers,
we only need to determine the ratios fors = 1 and s = 2:

71 = 77(s=1,0,1) = j(1,0)/j(1,1),
712 = 77(s=2,1,0) = j(2,1)/j(2,0).

We impose a minimum ratio, such that ming ;s > Ymin , where ymin is taken to
be 5. One can also define the ratios between the transmission functions at a given
energy, 7 (s,i1,i2) = T (s,i1) /T (s,i2), but we are mainly focused on the current
ratios because the current is the experimentally measured quantity.

We proceed by tuning the geometrical parameter (in our case, /) that defines
the size triangular central scatterer, as we highlighted in Figure 7.4. We found a
minimal current ratio of ymin = 10.46 for the case with h, = 60 nm, (see Figure 7.4).
The transmission functions for each incoming mode, obtained with the R-matrix
simulations, are represented in Figure 7.5 . In the energy range of [3,5] meV we find
an optimal device configuration at E = 4.04 meV. The mode |ko 1) is dominant in
s = 1, while mode |k; 1) is dominant in lead s = 2. This result is mirrored in the
other two leads, s = 3,4, as one notices also from the transmission functions.

Other criteria should be accounted for if one aims to design a quantum sorter
device. For example, the stability of the system with respect to the tunable parameter
is a key aspect. For this reason, the results displayed in Figure 7.4 are highly relevant,
since they emphasize the fact that around h, = 60 nm, the systems exhibit similar
values for ;. As a result, a slight inaccuracy in the manufacturing process would
not become a hindrance for the desired functionality of the device.

(7.10)
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b)

FIGURE 7.7: (a) tight-binding model, implemented with Kwant,

showing the positioning of magnetic barriers (yellow) and the at-

tached leads (red) (b) The impact of the Zeeman term on the band-
structure.

KWANT simulations

The Kwant package [61] has acquired a great deal of popularity in recent years. It is
a Python library based on the tight binding model, focusing on quantum transport
calculations and using the wavefunction matching method to solve the scattering
problem. We have discussed this approach in detail in section 3.8. The Kwant li-
brary is also popular due to its versatility and its transparent syntax that allows the
user great flexibility when it comes to the geometrical properties of the system, in-
corporating spin orbit-coupling and magnetic fields and even transitioning to more
exotic Hamiltonians.
For our system, the Hamiltonian operator is:

H = " o0 i, o) (G, 0| + Vioo i, o) (i, 0’| + BB i,o) (i,d’],
I alio) (o1+ T violio) 71+ T $Bolio) (o]

(7.11)
where the sum over (ij) is taken over nearest neighbors only, (¢p, ') denote the iden-
tity matrix and the Pauli vector that incorporates the Pauli matrices (¢ = (o, ay, o)),
and B is the external magnetic field. S stands for the whole scattering region and Z
denotes the area where the Zeeman term is applied (see Figure 7.7 a). In contrast
to the R-matrix approach, in the tight binding based approach we only include the
in-plane magnetic field in the scattering region, right before it comes in contact with
the leads. The Kwant code demands that the leads maintain translational invariance,
since they are modeled as ideal semi-infinite contacts, therefore magnetic fields are
not added to the terminals.
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FIGURE 7.8: Wavefunctions (absolute value squared) for the incom-
ing modes and current density maps, calculated using Kwant [137].

The effects of an external, time-independent, homogeneous magnetic field, B,
are included in theoretical model through the Peierls substitution and the Zeeman
energy term. The Peierls substitution changes the wavevector k — k + (|e|/h)A,
where A is the vector potential and it adds a phase to the tight binding Hamilto-
nian. The Zeeman term accounts for the interaction of the atomic orbital angular
momentum and spin and can be written as

EZeeman - Eza' (7.12)

While the presence of a Zeeman term should modify the kinetic momentum ()
to the canonical momentum (7 + |e\A). However, in the weak field limit, its effect
can be neglected for in-plane magnetic fields [163].

The tight-binding model corresponding to a spinful system naturally exhibits a
2x2-matrix structure of onsite energies and hopping terms (note that in the code in
Appendix L we selected nyps = 2). Also, it is important to note that the Zeeman
Hamiltonian adds to the onsite terms (since we ignore the Peierls phase), in con-
trast to a Rashba spin-orbit term that, due to the derivative operators involved in its
expression, adds to the hopping terms. In the code added in Appendix L you can
also see how to add SOC in a Kwant code, though we did not employ any Rashba
interaction in this case (the Rashba coefficient is set to zero).

The (spin) charge density at site i with energy E is defined as follows:

pi(E) = X iz (1) Moo tpio(E) (7.13)
o0’
where ;(E) is an eigenstate of the Hamiltonian and M is a quantum operator. In
order to calculate this quantity, it is necessary to find the scattering wavefunction of
the system. In Kwant, the wave function in one of the leads is calculated as shown
in the code snippet:

# Hf is the Hamiltonian of the system and E is the energy of interest
wf = kwant.wave_function(fsyst, energy=E)
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FIGURE 7.9: Transmission functions for each incoming mode in all of
the output leads. These results are obtained with Kwant simulations.

# lead indicates the lead number and mode the desired mode
phiw = wf(lead) [mode]

For the case when M = I, the n-th mode of the charge at energy E for a system
with spin is expressed as:

2 2
oH(E) = |y (B)| + |wi(E)|
The total charge density is:

pci(E) = e} pu(E)

In order to obtain the spin density we should replace M by a chosen Pauli matrix
o*. Let’s say we want the spin projected along z:

T
wopy _ (Vi (E) i (E)
ps,k(E) - nt Uz n ’
il (E) i, (E)
where k = (a,b) stands for lattice indices, E is the energy and 7 is the index of the

incoming transversal mode. Employing the same quantities discussed above, one
can also define local current flowing from site b to site a :
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FIGURE 7.10: An electron injected into the input lead « can be scat-

tered into any channel (and spin state, as long as we accout for spin-

dependent scattering processes, such as spin-orbit interactions) in

lead B. To compute the probability that an injected electron scatters

into a particular output lead, one needs to sum over all the channels
in the lead and sum over the spin states.

Joo = i (] (Ha) My, — 9 MHL1p,)

where H,, is the hopping matrix from site b to site a.

Spin and mode resolved transmission

The total transmission function, derived from the scattering matrix, is:

T=Y Y T, (7.14)

oo’ meLne O

where [ is the left input lead (s = 0) and O stands for the set of four output terminals
(see also Figure 7.10). The spin and mode resolved transmissions are computed as
follows:

Tiyr = Z Z ngo = Z T;Ij—o + T;ﬂ—o

o’ 0el,ne O 0eLne O
_ "o T L
Tioy = Z Z TZ&O = Z Toio+ T
o’ 0el,ne O 0€l,ne0
' / / (7.15)
_ T M N
Tle - E Z Trtzfel - E Tnel + Tnel
o’ 1€l,neO 1€l,neO
_ "o N )
Tkli - Z E Tr(zrel - Z Tnel + Tnel
o’ 1e ,ne O 1le Ine O

and the Python code is presented in L.

7.1.4 Conclusions

We designed a two-dimensional multi-terminal mesoscopic system that works as
probabilistic quantum sorter, by identifying a scattering Hamiltonian that separates
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the eigenstates into multiple output ports. The transmission functions through the
system were computed numerically with a C code based on the R-matrix formalism.
The results were subsequently compared with Kwant calculations. The input states
are qudits with degrees of freedom are defined by the transverse momentum and
spin state of the injected electron. The device was optimized by tuning the geometry
of the central scatterer. We believe that this approach could also be employed in an
experimental realization of the device, where by tuning a top gate potential could
facilitate the practical implementation of the QS.

7.2 Topological quantum sorter

7.2.1 Introduction

We have touched on the technological and industry driven demand to produce
smaller and smaller electronic device in Section 6.4, where we introduced the two
channel nanotransistor. Traditional information processing in electronic devices is
done employing the highly popular CMOS (complementary metal oxide semicon-
ductor) architecture, but the challenges that come with scaling these transistors may
become insurmountable due to physical constraints. Researchers and engineers
alike are searching for device implementations that set a new standard for low power
and efficient computing and hence the interest in new categories of materials has in-
creased exponentially in the last years. From this perspective, topological materials
are promising candidate due to their exotic properties, that we briefly introduced in
Section 2.3. These properties that make topological insulators (TIs) fit for low power
transistors, spin filter devices and architectures for quantum computing pave the
way for a "post-CMOS" technological revolution [164].

In the previous section, 7.1, we simulated a wide range of candidate systems
and took full advantage of the computational resources at our disposal in order to
identify an ideal configuration for the quantum sorter prototype device. However,
the computational load would be reduced tremendously if one was able to design
a quantum sorter that exploits the spin-momentum locking characteristics of TIs.
Hence, this section is solely focused on simulations of hybrid trivial and topological
systems, modeled by means of the BHZ Hamiltonian.

7.2.2 Model Hamiltonian and Kwant simulations

The quantum transport simulations were performed using the Kwant Python pack-
age. The 2D system was created in a similar manner as the probabilistic quantum
sorter presented in the previous section, but using library known as kwant.continuum,
which facilitates the discretization of the Hamiltonian. This library allows the user to
write the Hamiltonian as a symbolic expression, specify the symmetry of the lattice
and the lattice constant which defines the grid and the discretization is performed
automatically. This is a useful approach when we deal with more complicated sys-
tems and it is popular for simulations with topological Hamiltonians. In our case,
we employed a position dependent BHZ Hamiltonian in order to describe both the
trivial and topological regions of the device.

The four band Hamiltonian is implemented in the Python code in the following
manner:
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FIGURE 7.11: The effect that a &6 shift of the chemical potential has
on the band structure in the trivial (top line) and topological case (bot-
tom line). The red dashed line is set at a reference value of 0 meV.

# BHZ hamiltonian

bhz_continuum = ’7’
+ mu * kron(sigma_0O, sigma_0)

+ M * kron(sigma_0, sigma_z)
- B x (k_x**2 + k_y**2) * kron(sigma_0, sigma_z)
- D * (k_x**2 + k_y**2) * kron(sigma_O, sigma_0)
+ A * k_x * kron(sigma_z, sigma_x)

A * k_y * kron(sigma_0, sigma_y)

J

s
-

Hence, the BHZ Hamiltonian has the form we presented in section 2.3.3:

g +Mk) Ak 0 0
B Aky e — M(k) 0 0
H= 0 0 ep +M(k)  —Ak, (7.16)
0 0 —Ak_ e — M(k)

where k = (ky, ky) is the in-plane momentum operator, ¢y = C — D(k? + ki),
M(k) = M(x,y) — B(k2 + kﬁ), ki = ky £ik,, and A, B,D, and M are parameters
describing the band structure of the HgTe/CdTe QWs. We consider the following
parameters for the QWs: A = 364.5meV -nm,B = —686meV - nm?, D =0,C =
0 and M = +10meV. The topological phases are distinguished by the signs of
parameter M, which in the case of HgTe/CdTe QWs is determined by the width of
the heterostructure, as we discussed in 2.3.3. Usually, the parameter D is —512meV -
nm?, but we consider D = 0 in order to have a band-structure that is symmetric

around Er = 0. To account for the effect of the top gate, one has to add a diagonal
term:
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H = Hpuz + eVglyxy

eVg 0 0 0
0 eV, 0 0 (7.17)
0 0 eV, O
0 0 0 eV

The wavefunction in a TI system described by the four band BHZ model is a
four component spinor ¥(x,y). The eigenvalue problem is discretized in a square
lattice with a constant a, which defines the grid spacing in the x and y directions.
The choice for the lattice constant is a trade-off between the computational cost of a
finer grid and the accuracy it provides. As we detailed in Section 2.3.3, the discrete
Hamiltonian can be written as:

where eVolyyy =

[ Bo, ® o
H:l”,hm = (eVg)O‘o ® oy + Mo, ® og — 426120:| ,

:BU' ®oy 1Aoy ® 0y
mm z X
By = | a2 T ’
H,Therl _ [ Bo, (2@ o iA(T;@ 0'0:| ’ (7.18)
’ a a
1.
Hyly = (H:tnnril) /

Hm,mfl _ Hm,erl t
nn - nn :

where 0y, 0y, 0, are the Pauli matrices. The discretization procedure employed by
Kwant was detailed in section 2.3.3 in Chapter 2.

The effect of the gate potential eV, on the band-structure is represented in Fig-
ure 7.11. In order to interpret the simulation results and highlight the ideal quantum
sorter configuration, we compute a set of relevant physical quantities for each pro-
posed system:

¢ the local density of states
¢ the spin resolved charge density and the spin polarized current

¢ the spin and mode resolved transmission functions

Local density of states

The local density of states (LDOS) at site i is defined as:
LDOS(E) =Y _[(i | I)[*6 (E — Ey), (7.19)
!

where the summation is performed over all electronic eigenstates |I) of the Hamil-
tonian H with energy E;. This is evaluated numerically by Kwant using Chebyshev
polynomials and the kernel polynomial method. The LDOS of the topological quan-
tum sorter is represented in Figure 7.16.

Charge (Spin) Density and Current

The charge (spin) density is computed similarly to Eq. 7.13, but the projection oper-
ator is extended to a four-dimensional Hilbert space:
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= Z w:ra(E)PU,U’l/JiU’ (E), (7.20)
o0’
In the equation above we used Py -+ = % (00 & 0xy,2) ® 0p, defined as the pro-
jector operator in the subspace of the S, . states. Explicitly, the charge and current
operators are implemented as follows in the code:

# Define current operators in Kwant

J_0 = kwant.operator.Current (sys)

J_x = kwant.operator.Current(sys, np.kron(sigma_x, sigma_0))

J_ kwant .operator.Current (sys, np.kron(sigma_z, sigma_0))

# up and down spin components

J_up = kwant.operator.Current(sys, np.kron((sigma_O+sigma_z)/2, sigma_0))
J

#

J

J

NNO
|

_down = kwant.operator.Current(sys, np.kron((sigma_O-sigma_z)/2, sigma_0))

+1 and -1 x-components

_xplus = kwant.operator.Current(sys, np.kron((sigma_O+sigma_x)/2, sigma_0))

_xminus = kwant.operator.Current(sys, np.kron((sigma_O-sigma_x)/2,
sigma_0))

Density operators in Kwant

0 = kwant.operator.Density(sys)

x = kwant.operator.Density(sys, np.kron(sigma_x, sigma_0))

y = kwant.operator.Density(sys, np.kron(sigma_y, sigma_0))

z = kwant.operator.Density(sys, np.kron(sigma_z, sigma_0))

# up and down spin components

D_up = kwant.operator.Density(sys, np.kron((sigma_O+sigma_z)/2, sigma_0))
D_down = kwant.operator.Density(sys, np.kron((sigma_O-sigma_z)/2, sigma_0))
# +1 and -1 x-components

D_xplus = kwant.operator.Density(sys, np.kron((sigma_O+sigma_x)/2, sigma_0))
D_xminus = kwant.operator.Density(sys, np.kron((sigma_O-sigma_x)/2,
sigma_0))

7.2.3 TI hybrid systems as ideal spin filters

One can easily model a system composed of a nanowire (1D) and a 2D topological
insulator. The edge states in a TI ca be described, in the low energy approximation,
by a simple 1D Dirac Hamiltonian:

HH = ih’()p(?’zax (7.21)

with ky = E/hvg, where E is the energy of the injected electron.
The Hamiltonian of the nanowire is:

n
Hy = ( Zma ) (7.22)
with k. = /2mE /I*.
Consider that a pure spin-up state |1) is injected into the nanowire (denoted

as region I) and is transmitted into the TI (region II). The wavefunction in the two
regions separated by a boundary situated at x = 0 is:

(7.23)

IIIX<0 _ eJrikxx |T> 4 7’ efikxx |T> + r| efikxx |\l/> ,
Wi = et 1) + e ),
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FIGURE 7.12: (A) a) Scheme of a t-t-TI junction (trivial material - triv-

ial material - topological material). (b) Helical edge states in the topo-

logical region. (B) The bandstuctures of the three regions that com-

pose the hybrid t-t-TI device. A top gate (V%) shifts the bandstructure
in the TI region.

where |[1) = (1 0)Tand ||) = (0 1)T. The reflection and transmission coefficients
are determine in a straightforward manner by imposing the well-known boundary
conditions:

‘Y1|x:O, = ‘YII|x:O+ ’

(7.24)
ax‘"FI |x=0, = axlFIll

x=04 7
and we obtain that | = t| = 0, hence there is no transmission into the spin-down
channel. This result is expected, since the TI Hamiltonian commutes with . This
simple model does not fully describe the more complex structures of the multi-
terminal systems we propose, but it highlights the potential of hybrid topological
insulator-trivial conductor devices to act as ideal spin filters.

The transmission functions are computed in the same manner explained previ-
ously in 7.1:

T=Y Y 7199, (7.25)

oo’ me Ine O
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To design an optimized quantum sorter, first we analyzed two hybrid systems
made of trivial and topological regions, aimed for effective spin and mode separa-
tion: a t-t-TI system and a t-constriction-TI system.

Normal-TI junction

In the case of the probabilistic quantum sorter proposed in section 7.1, successful
spin separation was achieved with the aid of the Zeeman field applied to the leads.
In practice, this can be created using ferromagnetic leads or magnetic stripes ap-
plied on top of the leads to directly control the direction of magnetization. The ef-
fective separation of the propagating modes was determined by the central scat-
tering potential, defined by a set of geometrical parameters that we determined
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mainly through exhaustive high-throughput computing and quantitative observa-
tions. However, moving forward, we aimed to explore configurations of devices
that could generate spin-polarized currents by exploiting the edge transport of topo-
logical insulators. In HgTe-based TIs, the counter-propagating spin states form a
Kramers doublet protected by time reversal symmetry, which no backscattering and
high spin coherence lengths that are advantageous for information processing.

Firstly, we shall study a hybrid system composed of a trivial conductor region
and a TI region, which we denote as t-t-TI. The scheme of the system is presented in
Figure 7.12a, with dimensions:

s=0, z € [—00,650] nm, y € [~100,100] nm
Leads = { s=1, z € [500,+o0o] nm, y € [100,200] nm (7.27)
s=2, z € [500,+c0] nm, y € [-200,—100] nm

Regions 1 and 2 are described by a trivial BHZ Hamiltonian, the only difference
being the width of the two regions which leads to a slight difference in the separa-
tion between the transverse bands describing the propagating modes. The TI region
(region 3) is highlighted with red in Figure 7.12a and is characterized by a negative
M parameter in the four-band Hamiltonian (as discussed in section 2.3.3). In Figure
7.12a (b) we highlighted the trademark characteristic of thee TI system, an insulating
bulk with helical spin states that travel in clockwise and anti-clockwise directions,
respectively. This unique property also stands at the core of the almost ideal spin
polarization and separating in the outgoing terminals denoted by R; and R».

At thermal equilibrium, the chemical potential in all three regions stabilizes at the
same value. However, if the chemical potential is not in the bulk gap of the TI, the
characteristic edge transport does not emerge. The purpose of the gate potential is
therefore to tune the chemical potential such that the incoming states from the trivial
region are transmitted into the helical edge states in the TI region (as suggested in
Figure 7.12b). As one can see in Figure 7.13, the spin currents are symmetrical in the
two output leads, but they exhibit opposite spin polarization. Due to this result, a
t-t-TI 2D system can be employed as a spin filter and, also, as a spin separator. A
similar setup was proposed in [165], and the authors reached a similar conclusion.

Normal-constriction-TI junction

In the setup described above, the first and second transverse modes are not selec-
tively transmitted into the output leads. In order to control the transversal mode
that is transmitted into the TI region, we propose a device comprised of a trivial
region connected to another trivial region of lower width (a constriction) and con-
tinuing into the topological region. The system is presented in Figure 7.14a and the
leads have the same dimensions as in the case of the t-t-T1 system:

s=0, z < —650nm, y € [—100,100] nm
Leads = { s=1, z>500nm, y € [100,200] nm (7.28)
s=2, z>500nm, y € [—200,—100] nm

The constriction in the middle region has a width of 100 nm. The spin charge
density is represented in Figure 7.14b.
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FIGURE 7.14: Mode and spin-resolved wavefunctions in the 2D t-c-

TII device. The constriction does not allow for the transmission of

higher energy modes, while the TI region ensures ideal spin selectiv-

ity. The wavefunctions (absolute value square) are computed at an

energy E = 17 meV and the top-gate on the TI region induces an en-
ergy shift of Uy = 10 meV.

7.24 Model system of a topological quantum sorter

With these considerations in mind, we simulated the optimized model of a 2D multi-
terminal system comprised of one input lead and four output leads (the same ap-
proach as the trivial probabilistic quantum sorter), but the central region of the de-
vice is a material that exhibits the characteristics of a topological insulator. The de-
vice is displayed in Figure 7.15(a), where:

,

s=0, z < —650nm, y € [—100,100] nm
s=1, z>500nm, y € [300,400] nm

Leads = ¢ s=2, z>500nm, vy € [100,200] nm (7.29)
s=3, z>500nm, y € [—200,—100] nm
[ s=4, z>500nm, y & [—400,—300] nm
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FIGURE 7.15: (a) The proposed scheme of the topological quantum
sorter, with one incoming lead and four ourput ports. The red shaded
region indicates a topological material, while the blue regions exhibit
trivial bandstructures. The yellow regions indicate the presence of
magentic barriers that induce a Zeeman term that separates the en-
ergy dispersion brances of up/down projections of the spin along
the z direction. The green regions represent two barriers induced
by top-gates that reduce the transmission probability of lower-energy
electrons in the outer leads. (b) The bandstructures of the five leads,
where leads 2 and 3 are topological.

The central region is cut from a rectangular area with z € (—650,500) nm and
y € (—400,400) nm. The blue shaded region in Figure 7.15 denotes a trivial material,
the red highlighted part represents the topological part of the system and the yellow
region indicate the effect of a magnetic polarization that would facilitate the spin
separation. In Figure 7.15 (b), we represented the band structures of the input lead
(first row), the first and fourth leads (trivial band structure) and the middle leads
(topological band structure). Notice that for the middle leads we have the defining
zero energy propagating helical edge states that exhibit spin-momentum locking.
Our approach was to exploit this robust edge states in order to separate the lowest
energy propagating mode from the second transverse mode.

# BHZ hamiltonian

bhz_continuum = ’7’
+ mu * kron(sigma_0O, sigma_0)

+ M * kron(sigma_O, sigma_z)
- B x (k_x*x2 + k_y**2) * kron(sigma_0, sigma_z)
- D x (k_x**2 + k_y*x2) * kron(sigma_0, sigma_0)
+ A * k_x * kron(sigma_z, sigma_x)

A *x k_y * kron(sigma_0, sigma_y)

Delta * Gamma_so

+
+ pol*(kron(vx*sigma_x + vz*sigma_z + vy*sigma_y, sigma_0))
22

The position dependent parameters (of the scattering region) are:
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FIGURE 7.16: Right: A 3D scheme of the topological quantum sorter.

Left: The local density of states in three cases, Uy = 0 meV (b)U; =

12 meV (c) Uy = 19 meV with the respective local density of states in

the central region. Notice that for U € [12,19] meV there is helical
edge transport in the TI region.

eV, if(x,y) € Gy
eV, if (x,y) € G2

Vix,y) = 7.30
(x.y) eVy, if(x,y) €R (7.30)
0, elsewhere
M(x, ) = 10meV, if(x,y) eB 731)
)= —10meV, if (x,y) €R '

where the regions Gy, G2, R, B are the regions highlighted in Figure 7.15. A schematic
illustration of the device we simulated is shown in Figure 7.16. Two top gates are de-
posited onto the upper and lower terminals of the cross junction where the incoming
electrons are injected (denoted with Vg and Vi ), in order to decrease the probability
that lower energy particles propagate into the marginal leads. Also, another gate on
top of the topological region is inserted to control the chemical potential and induce
a band shift. The goal of this setup is to modulate the band alignment in a manner
that makes the lowest mode from the trivial input terminal to propagate as a chi-
ral helical edge state along the margins of the topological region. Due to the spin
separation in the SQHE phase, the spin degrees of freedom are transmitted into sep-
arate output leads without the influence of external magnetic fields. The influence
that a positive/negative voltage on the top gates has on the bands of a topological
insulator is displayed in Figure 7.11.

In equations 7.32 listed below, we exemplify the discretized Hamiltonian of the
BHZ model in the case of an external perpendicular magnetic field (case (a)) and in
the simpler case where we consider the influence of a magnetic barrier which con-
trols the spin polarization of the charge carriers. A magnetic field that is perpendic-
ular to the plane of the quantum well, B, = Be,, will affect the transport properties
by means of the Zeeman and orbital terms. The Zeeman term will lift the degener-
acy of spin polarized bands and it is introduced as a diagonal term ppB,>., /2, where
Y, = diag(ge, e, —gn, —<n)- This accounts for the fact that electrons and holes have



164 Chapter 7. Quantum Sorters
Transmissioninleads=1 Transmissioninlead s=2
0.8 — kat 0.8
— kal
.
0.7 - 0.7
0.6 0.6
505 505 — kgt
@ @ — Kyt
E04 £04 — fat
=03 = 0.3
0.2 0.2
0.1 0.1
0.0 00| —— ——
16.0 16.5 170 175 18.0 185 190 185 20.0 16.0 16.5 17.0 175 18.0 185 19.0 195 20.0
Energy [meV] Energy [meV]
Transmission in lead s=3 Transmission in lead s =4
0.8] —. A\ 0.8 —
. [\ Kyl
0.7 rd 0.7 _ :‘I
N e k
0.6 I | I 0.6
N \
\‘.ll :
§ 0.5 — § 0.5
Ko} —_— Kol 8
E 04 — t Eoa
© — fad 5
=03 = 0.3
0.2 0.2
0.1 0.1
0.0 A A 0ol e N
160 165 17.0 175 180 185 19.0 195 20.0 16.0 165 17.0 175 180 185 19.0 195 20.0
Energy [mev] Energy [meV]

FIGURE 7.17: Spin and mode resolved transmission functions for the
quantum sorter proposed in Figure 7.15.

different effective g-factors. The orbital effect of a magnetic field is introduced in
the tight binding model by means of the Peierls phase which modifies the hopping
terms between adjacent sites. The Peierls substitution is defined in terms of the line
integral of the potential vector, namely e/% [ dl - A. In the Landau gauge, for exam-
ple, the vector potential is A(r) = —B.yex and the hopping matrix elements between
sites (n, m) and (n, m+1) will be affected.

In our model for the quantum sorter, we considered that magnetic barriers placed
along the outer leads will modify the spin polarization and ensure the transmission
of spin up/down electrons in leads s; and s;. We consider, in this particular case,
that the magnetic barrier polarizes the spin along the z direction, since S is a good
quantum number for the edge states in the BHZ model, due to the symmetry of the
Hamiltonian. Therefore, the term Po = P,0x + P,0, + P.0; reduces to P.0,, where
P, is a position dependent parameter with positive/negative values in leads s = 1
and s = 4, respectively.

The spin and mode resolved transmission functions in each of the four output
leads are represented in Figure 7.17. The four states are selectively transmitted with
high probability into only one particular output port, meeting the main criteria of
the probabilistic quantum sorter we proposed. These results are also robust to slight
modifications in the geometry and also to weak disorder, which leads to a more
stable device from the perspective of experimental realization.
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(7.32)
Another rendition of the device is presented in 7.19a. All the relevant parameters
are maintained, but the first and fourth output leads are perpendicular to the trans-
port direction. In this configuration, the energy range for which the system exhibits
quantum sorter functionality is increased, since shorter propagation distances in the
trivial regime also imply less scattering and higher transmission probabilities. These
devices also have high functionality for spin selectivity (see Figure 7.20), which is a
crucial element in the field of spintronics. For this reason, HgTe-based topological
insulators are considered to be promising candidates for spintronic devices. Another
advantage is that, as opposed to the Datta-Das spin transistor, they do not rely on
Rashba SOI to control charge flow, hence there is no spin relaxation induced by the
interfacial effects that arise in a heterostructre device.
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FIGURE 7.19: (A) Model device of a quantum sorter with different

output leads configuration and the corresponding spin and mode re-

solved transmission functions. (B) The wavefunctions and currents
in the device proposed in subfigure (A).

7.2.5 Conclusions

We aimed to exploit the helical edge channel transport of TIs, robust against scat-
tering and disorder, in order to propose a quantum sorter with improved perfor-
mance. In a 1D QSHE (quantum spin Hall effect) system, the helical edge states
emerge when the Fermi energy lies in the bulk gap. In order to find the set of V, that
optimize the transmission of the incoming states into the topological bulk gap, we
compute the local density of states in the scattering region. The spin charge density
and current of the topological quantum sorter for a set of top gate values (namely
U = 12 meV and Uy ¢» = 10 meV) are represented in Figure 7.18. Our topological
quantum sorter proposal relies on an electrical operation by electrostatic gates on a
hybrid system composed of trivial and topological regions that is able to select with
a high level of efficiency the incoming spin resolved transverse modes and sort them
into separate output leads. With the aid of electrostatic gates, the edge transport of
the TI material can be employed for quantum information applications.
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169

Summary and conclusions

The first part of the thesis focused on introducing the fundamental theoretical con-
cepts that are employed in quantum transport and also outlined the main approxi-
mation methods and simulation tools that we employed throughout this work. My
goal was to present essential theoretical formalisms, such as the Landauer-Buttiker
approach and the non-equilibrium Green'’s functions method in a pedagogical yet
fairly rigorous manner. Also, all the computational methods that were employed in
this thesis were presented thoroughly in the first chapters, ranging from the well-
known density functional theory to the R-matrix theory, which has not been widely
used up until to this point, but has notable advantages. Since in our work we cou-
pled the conventional simulation tools with machine learning techniques, I also in-
troduced the widely used ML methods based on artificial neural networks. Through-
out the theoretical part of the thesis, applications of the methods that were discussed
have also been presented. To exemplify the use of such simulation tools and ML
techniques, I presented original results obtained by working alongside the compu-
tational physics group from IFIN-HH.

The second part of the thesis introduces in more detail the work done with re-
gards to quantum transport in low-dimensional quantum systems, with the focus
on devices that could bring advancements to the field of quantum information pro-
cessing. The results are partitioned in a manner that highlights the research process,
starting from simpler many-body systems and moving on to multi-terminal configu-
rations that have great potential to be integrated in spintronic devices, a new class of
nanotransistors for low energy applications and quantum information technologies.

Firstly, we briefly reviewed the original results in [3], where we presented an ex-
tension of the R-matrix formalism towards bi-particle scattering problems. The two
particles are identical fermions that interact with each-other only inside the bound-
aries of the scattering region. When at least one particle is in the leads, the two
particles do not interact with each-other. In the case when at least one particle is in
the central region, the two-particle eigenfunctions of the Hamiltonian are written as
a linear combination of antisymmetrized products of two single-particle eigenstates
of the Hamiltonian that describes the whole device. These combinations involve sev-
eral single-particle eigenstates, entangled because of the interaction in the scattering
region. The Ansatz that was proposed is crucial for describing entangled states in the
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multi-particle scattering problem, which is a essential for applications in the realm
of quantum information technology.

Then, we move towards more computationally oriented research that focuses
on two-dimensional systems. We started our study of low-dimensional devices by
solving a large class of two-electron problems based on a quantum dot system, con-
trolled by a top-gate array [110]. The energy spectra of the quantum systems were
directly determined by both external and material dependent factors: the binary
valued gate voltages and the strength of the Coulomb interaction. Using the exact
diagonalization technique, we solve the bi-particle problem with high accuracy and
obtained also the charge and spin densities, alongside the energy spectra. Coupled
with ML algorithms based on artificial neural networks, the approach we explored
in [110] can assist the design process of novel low-dimensional quantum devices.
The methods can be extended to systems where the exhaustive computation of the
many-body states is computationally unfeasible. Moreover, we investigated peri-
odic systems and reproduced the band structure of the Lieb lattices. This points to-
wards a direction of highly tunable devices, that are easily connected to experimen-
tal structures. Through the variation of relevant parameters, such as the depth of the
potential wells, their shape and positions on the grid, we can modify the bandgaps,
as well as the bandwidths of the energy bands. We showed that, by modifying the
shape of the quantum wells, the band structure can be adjusted to a Kagome-like
lattice. Again, we employed machine learning techniques, namely artificial neural
networks, to predict the bandwidth of the middle energy band with good accuracy.

Furthermore, we also explored 2D devices in the form of neuromorphic device
structures, described in the framework of the many-body formalism coupled with
cGAN based image-to-image translation approaches [117]. We proposed a two-
dimensional reconfigurable device, suitable to optimize the design process of neu-
romorphic systems and also function as reprogrammable multi-terminal system for
charge transfer between quantum dot registers. Since assessing the charge distribu-
tion of a multi-particle system along with the switching properties is a difficult task
from a computational perspective, the optimization process requires a large number
of configurations to be analyzed. This is where machine learning techniques could
bring significant advantages.

Also, we studied the transport properties of field effect nanotransistor devices
based on lateral resonant tunneling between two parallel conduction channels. We
found narrow resonant tunneling peaks around zero control voltage, allowing for
the switching of the drain current with small control voltages and opening up the
way to low-energy applications. The simulation results, carried out within the R-
matrix and tight binding formalisms, aligned with the theoretical results presented
in detail in [119]. Through a joint computational and theoretical study we provided
an in-depth understanding of the tunneling process that dominates the transport
properties of the two-channel nanotransistor.

In the last chapter of the results section, we discussed a 2D mesoscopic system
that works as probabilistic quantum sorter. By choosing an appropriate scattering
Hamiltonian, the device separates the eigenstates into multiple output ports. In or-
der to compute the spin and mode resolved transmission functions, we used the
R-matrix formalism for multi-terminal transport and also compared the results with
Kwant simulations. The input states are described as qudits with four degrees of
freedom, defined by their transverse momentum and the spin component. A tunable
geometrical parameter defines the scattering potential and the QS was optimized in
terms of this chosen parameter by means of high throughput computations. We be-
lieve this approach can be employed as a means to a practical realization of such a
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device. Our study paves the way for further designing of quantum devices that en-
ables a desired mode-lead pairing in the output ports and could function as a solid
state device for efficient quantum state identification. We extended this proposal to
more exotic systems, based on two-dimensional topological insulators described in
the framework of the BHZ model. Such a topological quantum sorter provides an
even better spin-mode separation and could even function as an almost ideal spin
filter. This 2D system exploits the characteristic properties of TIs, namely the spin-
momentum locking of the robust edge states, protected by time-reversal symmetry.

The research introduced in this thesis aims to present new insights into an effec-
tive device modeling paradigm that exploits complementary numerical methods of
quantum transport in tandem with machine learning techniques. Spin and charge
manipulation, control of the electronic wavefunction and an in depth understand-
ing of the quantum mechanical phenomena that govern transport in low dimen-
sional systems are essential for effective inverse design of novel devices. We believe
that the approach we highlighted throughout this thesis, that integrates advanced
computational methods with machine learning techniques in order to gather crucial
physical insights could lead to the design of low dimensional systems with multiple
applications in quantum information technologies.
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Derivation of the Kohn-Sham equations

We have seen in section 3.1 that in the Kohn-Sham approach the electrons density is
given by the non-interacting KS orbitals:

N
n(r) =Y |gi(x), (A.1)

i=1

and that the total energy is a functional of the ground state density:

Exsln] = 2 2 / 91 (1) HW) (0 dr + Enln] + Eouln] + Excln]  (A2)

We also mentioned that, in accordance with the variational principle, we need to
minimise the energy with respect to the (ground state) density to find the ground
state energy. Also, we need to conserve the orthonormality of the Kohn Sham or-
bitals, so we have to solve a minimisation problem with constraints. To this end, we
employ the method of the Lagrange multipliers, and the expression that we have to
minimize is:

Oxs[n] = Exs[n 261] </ i (r)¢;(x) 1]> (A.3)

We use the chain rule to calculate the derivative of the energy functional with
respect to the KS orbitals:

0Qxs[n]  6Oxs[n] on(r)

= A4
5pr(x)  on(r) 9! (x) (A9
From equation A.1, we know that:
on(r)
5 =2 A5
i) = 200 (A5)

Hence,



174 Appendix A. Derivation of the Kohn-Sham equations

6Qxs[n] _ 6Qxs(n]
o6¢7 (x) on(r)

Using the formula for the energy Exs and the fact that the orbitals that minimize
it must satisfy the condition:

0Qxs 1]
597 (1)

we can write the following equation:

=0, (A7)

_ OER) OEext 6Eng OExc | on(r)

0= kn_4 + + Y e (r (A.8)
opr(r)  |on(r)  on(r) = én(r)| 6¢F(r) ; i95(r)
Now we can use the following equalities:
0Ly _ o2 _ OExe[n(r)]
57 (1) —Vigi(r) and Uy[n(r)] = “on(r) (A9)
along with equations A.5 and A.6. We obtain the following system:
1
<_2V1‘2 + uext + uH + uxc - Az) 471‘(1‘) =0
Lo
<—2Vi + Ueff — €i> ¢i(r) =0 (A.10)

= [—;V% + Ueff(l‘)] ¢i(r) = eii(r)

— Hys¢i(r) = eigi(r)

As a last observation, formally speaking the Lagrange multiplier ¢;; can be iden-
tified as energies of the orbitals only after diagonalization of ¢; with a unitary trans-
formation. However, we can simply replace them with ¢; intuitively, since equations
A.10 make sense as Schrodinger equations only in this case [30, 32].
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Bond current and the total current

Todorov [42] defined a projector operator

Py = Z “Pm) <4’n7| ’ (B.1)
Y

and the expectation value of the projector is interpreted as the charge of the atom
at site n:

qn(t) = e (P(t) [Pa] P(t)) (B.2)

The rate of change of the charge is net current flux flowing from all the neighbor-
ing sites into 1. We can write !:

dgn(t) e

) — & () 1P, H] () (83)
Todorov identified here the operaator J,
e 1
]n = ﬁ [Pn,H] = EZ[P”HP”’ _Pn’HPn]

n/

and then defined the quantity
e
Join = = [P,HP, — P,yHP,] (B:4)

as the current flowing from site n to site #n’, or the bond current 2,

The net current flowing across the system requires us to compute the current
flowing through a particular cross section of the device, which is a sum of all the
bond currents:

IThe density-matrix analogue of the Schrodinger equation

ihg—‘i =[HA,p], where p=[¥)(¥|

2This particular equation is only valid in the case of an orthogonal basis, since it implies overlap
between neighboring sites and it becomes more difficult to define the rate of change in the charge
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]S - % Z ]n’,n/ (B-5)

1 n'€L,neER

The observed value is evaluated as a statistical expectation value:
In’n =Tr {]n’np (Vbias )} ’
Js = Tr {Jsp (Viias ) }

where p(Vyias) is the density matrix which depend on the bias voltage. In a
lead-device-lead system, the density matrix can be defined as:

(B.6)

p (Voos) = [ [A(EYDI(E) + Fa(EYDAE) A, (57)

The partial density operators are®:

Dy(E) = ; [$1) 6 (E = Ex) (¢n]

Da(E) = £ Iy2) 6 (£~ E2) (1 ()

The total density of stayes can be written in terms of the Green’s functions of the
system:
i
D(E) = —[G'—G* B.
(B) = 5 (6"~ G (89)

This is also related to the spectral function:
A(E) = i(G'(E) = G"(E))
=27) ¥ (E)) (¥u(E)| (B.10)
n

=2nD(E)

3The partial density opertors are associated to the incoming states from lead 1 and from lead 2
respectively



177

Tight binding model for the Lieb lattice

C.1 Tight binding formalism in Dirac notation

The time-independent Schrodinger equation for the lattice:

Hly) = E[y), C1

where we write |i) using the Bloch Ansatz:
) =Y cwe™ R |RL). (C2)
R/,
Substituting equation C.2 into the Schrédinger equation, we obtain:
HZc“/eik'R/ IR,/) = anreik'R/H IRl,) =E an/eik'R/ IR/ (C.3)
R/ R/, R/,
We then project the state (R, | onto the eigenvalue problem above:
an/eik'R/ (Re|H|R},) =E an/eik'R/ (Ra | Ry . (C4)
R/ R/

Next, we write the Hamiltonian H as the sum of an isolated atomic Hamiltonian
and a potential term in the form

H = HY + AUg,.
where the atomic Hamiltonian obeys the eigenvalue relation
Hi?™ [Ra) = Eg' [Rq)
We then substitute this Hamiltonian into Equation C.4:

Y cwe™ R (E3o™ (R, | R)) + (Ra| AU,
R/,

R)) = EY cve® (R, | RL)
R/
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FIGURE C.1: Structure of the Lieb lattice, with a three-atom basis. The
basis vectors are a; = ax and ap = ay, where a is the lattice constant.

Next, we combine the like (R, | R/, ) terms, which produces

R,) = (E—E2™) Y cue™® (R, | RL).
R/,

anle"k'R/ (Ry| AUR,
Rl

We decompose the sum on the right-hand side of the equation above and use
(Ry | Ry) =1 to obtain:

Y cwe™® (Ry| AUR, |R},) = (E— E2°™) | cue™ R+ Y cpe™®® (R, | R},)
R, R/, #R,
R, #Rq

-
R),)cye™R

(C.5)
= (E—E2™) | cae™®R+ Y cue®® (R, | R,)
R, #Ry
One orbital per unit cell

In the simplest case of one electronic orbital per unit cell, we may discard the
index &, and introduce the tight-binding integrals as:

(R[AURIR) = B,
(R|AUR |R") =t (R'=R), (C.6)

(Ry|R,) =5,
where B is the Coulombian integral, ¢ is the exchange (hopping) integral and S is the
overlap integral. Also, we will consider the case of only nearest neighbors hopping

and denote with A the distance to the NNs. Therefore, the eigenvalue problem is
rewritten as:

_pat, BHYat(A)et ik-A
E(k) = E* + Ty S Eu+ B+ ;t(A)e (C.7)
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C.2 The bandstructure of the Lieb lattice

The Lieb lattice is 2D square lattice (see Figure C.1) with three atoms in the primitive
unit cell. Hence, when writing the lattie wavefunction, we account for three different
orbitals:

) = L{calRL) + cs [Rg) + cc [RE) pe™™, (C.8)
R/
where / /
[Ry) = IR
I |/ Q2
Rp) = [R'+ =) (C.9)
a
Ry) = R+ )

The nearest neighbors of the three atoms in the unit cell of a Lieb lattice:

¢ Atom A = one NN of type B and one of type C, both in unit cell R’ + one NN
of type B in unit cell R’ — a, + one NN of type C in unit cell R" — a;

e Atom B = one NN of type A in unit cell R’ and one NN of type A in unit cell
R’ + a,

e Atom C = one NN of type A in unit cell R" and one NN of type A in unit cell
R/ — al

We'll use formula:

(Re| AUR, |Re) cat™ R+ Y (Ry| AU, |RL) cure™ R = (E — E2) ™R, (C.10)
R/, 7R,

derived in the previous section and assume that all Coulombian integrals, as well as
all the eigenvalues of the atomic Hamiltonians (E¥ ; - = E*) are equal. Therefore:

Y (Re| AU, [R}) cpe®® = (E - E2°™ — B) c,e™ R, (C.11)

R/, 7R,

For the Lieb lattice, we obtain the following three equations:

tope™®R 4 tepe®(R=22) 4 pooofkR | tcceik(Rfal) _ (E _ pat _ ﬁ) cae®R
tepe™R 4 tepe®RH32) — (E - E2 — B) cpe®R  (C.12)

tcg + tcBe’ikaz + tcg + tcce*ikal = (E _ Fat _ 5) ca
tca + tcae™® = (E— E* — B) cp (C.13)
tca + tcqe’c® = (E _ pat _ [3) cc
This can be written as:
E®* + B—E t(1+e ka2) (1 4 ¢ tkar) ca

H1+e*®) E* +B—E 0 cg | =0. (C.14)
t(1 + efkar) 0 E* +B—E cc
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We denote E?* + B as E and solve the determinant:

(E—-E(X)) -
[(" —E(K)* - (1 +e*“‘al) (1+eika1) _p (1 _,_efikaz> (1 +eika2):| _
(C.15)
(E—-E(k)) -
[(E CE(K)? - 42 (Cosz (kxza) + cos? (kyza)ﬂ o (C.16)

Therefore, he spectrum of the Lieb lattice has two dispersive bands (E; »(k)) and
one flatband (E;(k)):

kya kya
Eqp(k) = iZt‘\/cos2 (%) + cos? (%) (C.17)

Es(k) =0



181

Spin averages

The spin observable S is mathematically expressed by a vector with matrix compo-
nents:

where the vector ¢ contains the Pauli matrices oy, Oy, 07 :

B Ox 0 1 0 —i 1 0
LY )TN 0)YT0i o0 )27 Lo 41
o,

A general spinor state can be written as:

A D)+l = (), Il Ip =1
where
m=(y) 4=}
Ia_((1)(1)> L= [ +] 4] (D.1)
w=(10)  a=INEI+IO] D2)
o= (05" )i a=inu-ing] D3
w=(o 21 )i w=IDAI-1HG D)
Se= (DL +] (T D
S, = ib( (M = | 1L ]) (035)
S =40 -1HdD
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o= (I = 1DED - (@l D+l 1)
=P T =l )
(@ owp) = (9 1) + 911 0) (91l D =1l 1)
= \¢¢\2—|¢’¢|z

(I THTODED - (el D)+l 1)
(1 1)+ 1)

Wlo) = ($I D)+l 0) - (9l D+l 1)
=YY, + Y[y = (¥ | o)’
ayp =(i DT T=i DD - (el 1) + 9yl 1)
=ipr[ L) — i [ 1)
(@ loyg) = (w11 D+ 971 8) (el 4 — iy 1)
= iy — iy = (| o)’

oy

(D.6)

(D.7)

(D.8)

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)

(D.17)

(D.18)
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Rashba and Dresselhaus SOI in the
R-matrix formalism

In order to implement Rashba and Dresselhaus SOIs within an R-matrix method, it is
important to include the Bloch operators in order to maintain the Hermiticity of the
Hamiltonian operators. For these particular SOCs, we explicitly calculate here the
action of the Bloch operators onto the spin wavefunctions and the Wigner-Eisenbud

wavefunctions.
For the Rashba SO, the results are:

Lr[¥) = LR (Z‘I’a ya>> =Y ¥Y.Lr|o)
= Y onble =i (1) (= D A [ 1) +¥, 0] ED

14

S (=¥, )

| =

ulLr¥) =3 (e 1D +xa0 1 9) [ (F1 1) =¥ 1))

B

=5 (=¥ + %) (E.2)

n®
= 2 Z oxi,—o Yo
o

Similarly, for the Dresselhaus SOI, we get a similar result:
Lpp = Lp <}:‘1’a |c7>> =Y Y¥,Lp|o)
= B ot i () (- (D [+ ¥, ] ED)

=B+ )
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XilLp¥) = S ((xn 1) +xa 1) [ (F4 1) + ¥, 1))

=™ N[>

=5 ¥y + ) (E-4)

= g ZXI,—U‘FU
o
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Bandstucture of the Lieb lattice
(Python code)

L1STING F.1: TB code for the ideal Lieb lattice

from __future__ import print_function

from pythtb import * # import TB model class
import numpy as np

import matplotlib.pyplot as plt

import pybinding as pb
import matplotlib.pyplot as plt
from math import pi

from cycler import cycler
plt.rcParams["figure.figsize"] = (15,15)
pb.pltutils.use_style()

# Version 1

def lieb(d=1, delta=0, t=0.6, t_p=0.01):
lat = pb.Lattice(al=[2*d, 0], a2=[0, 2*d])
lat.add_sublattices(
(’A°, [0, 0], -delta),
(’B’, [0, d], delta),
¢c’, [d, 0], delta),
)
lat.add_hoppings(
([ o, 0], ’A’, °B’, t),
(L o, 0], °A>, °C’, t),
(L o, 01, ’°B?, °C’, t_p),
(L 0, -11, ’A’, °B’, t),
([ -1, 01, ’A°, °C’, %))
return lat
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lattice = 1lieb()

lattice.plot()

plt.show()
plt.savefig(’Lieb_lattice_structure.eps’)

lattice.plot_brillouin_zone()
plt.show()

model = pb.Model(lieb(), pb.translational_symmetry())
solver = pb.solver.lapack(model)

#Path in k space
Gamma = [0, 0]

X = [0,0.5%pi]
M = [0.5%pi, 0.5%pil

bands = solver.calc_bands(Gamma, X, M, Gamma)
bands.plot (point_labels=[r’$\Gamma$’, r’$xX$’, ’M’, r’$\Gamma$’])
plt.show()

from turtle import color

plt.rcParams["figure.figsize"] = (10,7)

default_cycler = (cycler(color=[’r’, ’g’, ’b’, 1) +
cycler(linestyle=[’->, >--2, 7:°]))

plt.rc(’lines’, linewidth=4)
plt.rc(’axes’, prop_cycle=default_cycler)

model = pb.Model(lieb(), pb.translational_symmetry())
solver = pb.solver.lapack(model)

Gamma = [0, O]
X = [0,0.5%pi]
M = [0.5%pi, 0.5%pil

bands = solver.calc_bands(Gamma, X, M, Gamma)
bands.plot(point_labels=[r’$\Gamma$’, r’$X$’, °M’, r’$\Gamma$’])
plt.show()

# Version 2 => this version was adapted from the PythTB documentation:
https://www.physics.rutgers.edu/pythtb/examples.html

# define lattice vectors
d =1

lat=[[1.0,0.0],[0.0,1.0]]

# define coordinates of orbitals
orb=[[0.0,0.0],[0,0.5], [0.5,0]]

# make two dimensional tight-binding model
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(Python code) 187

my_model=tb_model(2,2,lat,orb)
# set model parameters

delta=1
t=0.6
t_p = 0.01

# set on-site energies

my_model .set_onsite([0,0,0])

# set hoppings (one for each connected pair of orbitals)

# (amplitude, i, j, [lattice vector to cell containing j])
my_model.set_hop(t, 0, 1, [ 0, 01)

my_model.set_hop(t, 0, 2, [ 0, 01)

my_model.set_hop(t_p, 1, 2, [ 0, 0])

my_model.set_hop(t, 0, 1, [ 0, -11)

my_model.set_hop(t, 0, 2, [ -1, 0])

# print tight-binding model
my_model .display ()

# generate list of k-points following a segmented path in the BZ
# list of nodes (high-symmetry points) that will be connected
path=[[0, 0], [0, 0.5], [0.5, 0.5], [0, O]]

# labels of the nodes

label=(r’$\Gamma $°,r’$X$’, r’$M$’, r’$\Gamma $’)

# total number of interpolated k-points along the path

nk=200

# call function k_path to construct the actual path
(k_vec,k_dist,k_node)=my_model.k_path(path,nk)

# inputs:

# path, nk: see above

# my_model: the pythtb model

# outputs:

# k_vec: list of interpolated k-points

# k_dist: horizontal axis position of each k-point in the list
# k_node: horizontal axis position of each original node

Print (P —----mm e ’)
print (’starting calculation’)
Print (P —----mm e ’)

print(’Calculating bands...’)

# obtain eigenvalues to be plotted
evals=my_model.solve_all(k_vec)

# figure for bandstructure

fig, ax = plt.subplots()

# specify horizontal axis details
# set range of horizontal axis

ax.set_x1lim(k_node[0] ,k_node[-1])
# put tickmarks and labels at node positions
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ax.set_xticks(k_node)

ax.set_xticklabels(label)

# add vertical lines at node positions

for n in range(len(k_node)):
ax.axvline(x=k_node[n],linewidth=0.7, color=’k’)

# put title

ax.set_title("Lieb lattice band structure")

ax.set_xlabel("Path in k-space")

ax.set_ylabel("Band energy")

# plot first, second band and third band
ax.plot(k_dist,evals[0])
ax.plot(k_dist,evals[1])
ax.plot(k_dist,evals[2])

# save figure with plot
fig.tight_layout()
#fig.savefig("Kagome_to_lieb.jpg")

print (’Done.\n’)
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Bandstructure of the Kagome lattice
(Python code)

LI1STING G.1: TB code for the ideal Kagome lattice

from __future__ import print_function

from pythtb import * # import TB model class
import numpy as np

import matplotlib.pyplot as plt

import pybinding as pb
import matplotlib.pyplot as plt
from math import pi

from cycler import cycler

default_cycler = (cycler(color=[’r’, ’g’, ’b’, 1) +
cycler(linestyle=[’-’, ’--’, 7:°]))

plt.rc(’lines’, linewidth=4)
plt.rc(’axes’, prop_cycle=default_cycler)

plt.rcParams.update({’axes.labelsize’: ’large’})
plt.rcParams["figure.figsize"] = (10,7)
def kagome_ideal(d=1,delta=0,t=1):

# create a lattice with 2 primitive vectors
lat = pb.Lattice(
al=[np.sqrt(3)*d/2, -0.5%d],
a2=[d*np.sqrt(3)/2, 4 * 0.5]

lat.add_sublattices(
# name and position
(’A°, [0, 0], -delta),
(’B’, [np.sqrt(3)*d/4, -0.25%d], delta),
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(°C’, [d*np.sqrt(3)/4, d * 0.25], delta)

lat.add_hoppings(
# inside the main cell
(lo, o, ’A°, °B’, t),
(fo, o1, °A’, °C’, t),
(fo, o1, ’B>, ’C’, t),
# between neighboring cells
([1, o1, °B’, °A’, t),
(f-1, 11, °c’>, °B’, t),
(fo, -11, ’A>, °C’, t),

return lat

lattice = kagome_ideal()
lattice.plot()
plt.show()

def kagome_ideal_v2(d=1,delta=0,t=1):

# create a lattice with 2 primitive vectors
lat = pb.Lattice(

al=[2xd, 0],

a2=[d, d * np.sqrt(3)]

lat.add_sublattices(
# name and position
¢a’, [0, 0], -delta),
(’B’, [d/2, d/2*np.sqrt(3)], delta),
¢c’, [d, 0], delta)

lat.add_hoppings(
# inside the main cell
(fo, o1, ’°A’, °B’, t),
(fo, o1, ’A>, °C’, t),
(fo, o1, ’B>, ’C’, ),
# between neighboring cells
([1, o1, °B’, °A’, t),
(-1, 11, °c’>, °B’, t),
(fo, -11, ’A°, °C’, t),

#([1, -1]1, ’B’, °C’, t),
#([0, -1]1, ’A’, °B’, t),
#([-1, 0], ’B’, °C’, t),
#([-1, 01, °A°, °C’, t),
#(l0, -1], °C’, ’B’, t),

return lat
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# lattice = kagome_ideal_v2()
# lattice.plot()
# plt.show()

lattice.plot_brillouin_zone()
plt.show()

model = pb.Model(kagome_ideal(), pb.translational_symmetry())
solver = pb.solver.lapack(model)

Gamma = [0,0]
M = [pi*2/np.sqrt(3), O]
K = [2*pi/np.sqrt(3),-2/3%pil

#bands = solver.calc_bands(Gamma, M, K, X, Gamma)

bands = solver.calc_bands(Gamma, K, M, Gamma)

#bands.plot (point_labels=[r’$\Gamma$’, r’$M$’>, °K’, ’X’, r’$\Gamma$’])

bands.plot(point_labels=[r’$\Gamma$’, r’$K$’, °M’, r’$\Gamma$’], color =
’k’)

plt.title(’Ideal Kagome lattice band structure’, fontsize=20)

plt.show()

model.lattice.plot_brillouin_zone(decorate=False)
#bands.plot_kpath(point_labels=[r’$\Gamma$’, r’$M$’>, ’K’,’X’, r’$\Gamma$’])
bands.plot_kpath(point_labels=[r’$\Gamma$’, r’$K$’, *M’, r’$\Gamma$’])

# Version 2 => this version was adapted from the PythTB documentation:
https://www.physics.rutgers.edu/pythtb/examples.html

# define lattice vectors
d=1

#lat=[[2.0,0.0],[1.0,np.sqrt(3)]]
lat=[[np.sqrt(3.0)/2.0,-0.5], [np.sqrt(3.0)/2.0,0.5]]

# define coordinates of orbitals
orb=[[0.0,0.0],[0.5,0], [0,0.5]]

# make two dimensional tight-binding model
my_model=tb_model(2,2,lat,orb)
# set model parameters

delta=0
t=0.6

# set on-site energies

my_model.set_onsite([0,0,0])

# set hoppings (one for each connected pair of orbitals)

# (amplitude, i, j, [lattice vector to cell containing j])

#atom A hopping terms;
my_model.set_hop(t, 1, 0, [ 0, 01)
my_model.set_hop(t, 1, 0, [ 1, 01)

>
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#atom B hopping terms;
my_model.set_hop(t, 2, 1, [ 0, 01)
my_model.set_hop(t, 2, 1, [-1, 11)

#atom C hopping terms;
my_model.set_hop(t, 0, 2, [ 0, 01)
my_model.set_hop(t, 0, 2, [ 0,-11)

# print tight-binding model
my_model .display()

# generate list of k-points following a segmented path in the BZ
# list of nodes (high-symmetry points) that will be connected

#path=[[0, 0], [0.67*pi, 0], [0.5%pi, O.5*pi*np.sqrt(3)/3], [0, 0]]

path=[[0.,0.1,[2./3.,1./3.1,[.5,.51, [0, O] ]

# labels of the nodes

label=(r’$\Gamma $’,r’$K$’, r’$M$’, r’$\Gamma $’)

# total number of interpolated k-points along the path
nk=300

# call function k_path to construct the actual path
(k_vec,k_dist,k_node)=my_model.k_path(path,nk)

# inputs:

# path, nk: see above

# my_model: the pythtb model

# outputs:

# k_vec: list of interpolated k-points

# k_dist: horizontal axis position of each k-point in the list
# k_node: horizontal axis position of each original node

Print (P —---mmm e )
print (’starting calculation’)
Print (P —---—mm e )

print(’Calculating bands...’)

# obtain eigenvalues to be plotted
evals=my_model.solve_all(k_vec)

# figure for bandstructure

fig, ax = plt.subplots()

# specify horizontal axis details

# set range of horizontal axis

ax.set_xlim(k_node[0] ,k_node[-1])

# put tickmarks and labels at node positions

ax.set_xticks(k_node)

ax.set_xticklabels(label)

# add vertical lines at node positions

for n in range(len(k_node)):
ax.axvline(x=k_node[n],linewidth=0.7, color=’k’)
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# put title

ax.set_title("Ideal Kagome lattice band structure")
ax.set_xlabel("Path in k-space")
ax.set_ylabel("Band energy")

# plot first, second band and third band
ax.plot(k_dist,evals[0])
ax.plot(k_dist,evals[1])
ax.plot(k_dist,evals[2])

# save figure with plot

fig.tight_layout ()
fig.savefig("Kagome_ideal.jpg")

print (’Done.\n’)
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Gaussian filter
(Python code)

LISTING H.1: Python code to apply Gaussian filter on charge density
maps

from scipy.ndimage import gaussian_filter
import numpy as np

import matplotlib.pyplot as plt

import os

from statistics import stdev

# Load image as array

charge_den =
np.loadtxt(’/Users/amapreda/Exact_diagonalization_ML_PCE/output/RUN_0100

/charge_density_0.dat’) .reshape(64,64)

# Functions needed:

def convolution(oldimage, kernel):

image_h = oldimage.shape[0]
image_w = oldimage.shape[1]

kernel_h
kernel _w

kernel . shape [0]
kernel.shape[1]

image_pad = np.pad(oldimage, pad_width=((kernel_h // 2, kernmel_h //
2),(kernel_w // 2, kernel_w // 2)), mode=’constant’,
constant_values=0) .astype (np.float32)

h = kernel_h // 2
kernel_w // 2

=
I
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image_conv = np.zeros(image_pad.shape)

for i in range(h, image_pad.shape[0]-h):
for j in range(w, image_pad.shape[1]-w):
#sum = 0
x = image_pad[i-h:i-h+kernel_h, j-w:j-wtkernel_w]
x = x.flatten()*kernel.flatten()
image_conv[i] [j] = x.sum()

h_end = -h
w_end = -w
if(h == 0):
return image_conv[h:,w:w_end]
if(w == 0):

return image_conv[h:h_end,w:]
return image_conv[h:h_end,w:w_end]

def GaussianBlurImage(image, sigma_x, sigma_y, noise):
#print (image)
if (sigma_x == sigma_y):
filter_size = 2 * int(4 * sigma_x + 0.5) + 1
gaussian_filter = np.zeros((filter_size, filter_size), np.float32)
m = filter_size//2
n = filter_size//2
else:
filter_size_x =
filter_size_y
gaussian_filter
np.float32)
filter_size_x//2
filter_size_y//2

2 * int(4 * sigma_x + 0.5) + 1
2 * int(4 * sigma_y + 0.5) + 1
= np.zeros((filter_size_x, filter_size_y),

Il

m

n

if (sigma_x==sigma_y):
for x in range(-m, m+1):
for y in range(-n, n+1):
x1 = 2*np.pi*(sigma_x**2)
x2 = np.exp(-(x**2 + y**2)/(2* sigma_x**2))
gaussian_filter[x+m, y+n] = (1/x1)*x2
else:
for x in range(-m, m+1):
for y in range(-n, n+1):
x1 = 2*np.pi*(sigma_x*sigma_y)
x2 = np.exp(-(x**2/(2*sigma_x**2)+ y**2/(2*sigma_y**2)))
gaussian_filter[x+m, y+n] = (1/x1)*x2

### Add noise to gaussian filter if noise =1

if (noise!=0):
len = (2*m+1)*(2%n+1)
exponent= np.zeros(len)

if (sigma_x==sigma_y):
i=0
for x in range(-m, m+1):
for y in range(-n, n+1):
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x1 = 2*np.pi*(sigma_x**2)

x2 = np.exp(-(x**2 + y**2) /(2% sigma_x**2))

exponent [i] = (1/x1)*x2

i=i+l

else:
i=0

for x in range(-m, m+1):
for y in range(-n, n+1):
x1 = 2*np.pi*(sigma_x*sigma_y)
x2 = np.exp(-(x**2/(2*sigma_x**2)+ y**2/(2*sigma_y**2)))
exponent [i] = (1/x1)*x2
i=i+l

# max = np.amax(exponent)

# min = np.amin(exponent)

# noise_deviation = 0.1 * (max- min) # make
sure the noise is not too large

# noise_deviation = stdev(exponent)

noise_add = np.random.normal (0, noise, gaussian_filter.shape) #
Random noise to add to the filter

new_signal = gaussian_filter + noise_add #
new filter
# print(gaussian_filter[0]) # to

check how filter with/without noise looks

# print(noise[0])

# print(np.shape(gaussian_filter))

im_filtered = np.zeros_like(image)

im_filtered[:, :] = convolution(image[:, :], new_signal) #
filter with noise

else:
im_filtered = np.zeros_like(image)
im_filtered[:, :] = convolution(imagel[:, :], gaussian_filter)

return im_filtered

# Apply functions

|
-

sigma_x =
sigma_y

Il
—

# Set here the standard deviation for the random noise added to the filter.
If noise=0, no noise is added
noise = 0.001

# Generate image with filter

filtered_image = GaussianBlurImage (image=charge_den, sigma_x = sigma_x,
sigma_y = sigma_y, noise=noise )

# Check

fig = plt.figure()
plt.gray() # show the filtered result in grayscale
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axl = fig.add_subplot(121) # left side

ax2 = fig.add_subplot(122) # right side

ax1.imshow(charge_den)

ax2.imshow(filtered_image)

title = "Sx = " + str(sigma_x)+ ", Sy = " + str(sigma_y)+ ", noise = " +

str(noise)
ax2.set_title(title)
if (noise ==0):

save_title = "Without_noise"
else:
save_title = "With_Noise"

plt.savefig(save_title)
plt.show()
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Computation of the current in the
nanotransistor
(C subroutine)

LISTING L.1: C subroutine for the computation of the current through

the tw-channel nanotransistor

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

double fermi(double E, double Ef, double T, double kb);
double step(double E, double Ef);
long return_index(double En, double dE, double En_new, double EO);

double fermi(double E, double Ef, double T, double kb){
return 1/(1+exp((E-Ef)/kb*T));

}

double step(double E, double Ef){

if (E < Ef) {return 1;}
else {return 0;%}

// compute index of (E-Ei); where E-Ei has to be a multiple of dE

long return_index(double En, double dE, double En_new, double EO0){
if (En < dE){En_new = 0;}

if (fmod(En,dE) > dE/2) {En_new = En - fmod(En,dE) + dE;}
else {En_new = En - fmod(En,dE);}

//return index for En= E - Ei

return (long) ((En_new - EO)/dE); //ni
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}

double compute_current( long N_energies, double *Energies, double *trans,
double Vd, double Vg, double T, double Lz) {
//constants
const double kb = 8.617333262e-5; // eV/K Boltzmann constant
const double e = 1.60217663e-19; //C electron charge
const double pi = 3.14169265;
const double hbar = 6.582119569e-16;//eV s
const double emO = 9.109534e-31;
const double hbar_J = 1.054571817e-34; //hbar in J s
const double joule_to_eV = 6.24150907e18;
const double effmass = 0.5;

//variables

double E;

double Ef, mul, muR;

double I, I_total, I_final;

double a,b, limitl, 1limit2; //integration limits
double Ei, En_new, EO, E_final, dE, En;
FILE x*file;

long n = N_energies;

long na, nb;

double deltaE = Energies[1]-Energies[0];
long i, j, k, index, ni;

double Ez[10];

double C;

C = 4xe*pi/hbar;
EO = Energies[0];
E_final = Energies[N_energies-1];

I_total = 0; //integral / intensity

//Set integration limits as multiples of dE
/*

if (a < dE){limit1
if (b < dE){limit2

0;}
0;}

>

if (a%dE > dE/2) {limitl = Ei - Ei%dE + dE;}
else {limitl = Ei - Ei%dE;}

if (b%dE > dE/2) {1limit2 = Ei - Ei%dE + dE;}
else {1imit2 = Ei - Ei%dE;}
*/

// compute E_i

for (i=0; i<1; i++){
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Ez[i] = joule_to_eV *ixi *
(hbar_J*hbar_J/(2*effmass*em0)) * (pi/Lz)*(pi/Lz) ;
}

//set index for integration limits

//na = (limitl - EO)/dE;
//nb = (1imit2 - EO0)/dE;
mul. = 0.2;

muR = 0.2 - Vd;

//compute integral

for (k=0; k<1; k++){
Ei = Ez[k];

na = return_index(Ez[k],deltaE, En_new, EO);
nb = (E_final-E0)/deltaE;
I=0;

for (i=na;i<=nb; i++){
En = Energies[i] - Ei;
index = return_index(En,deltaE, En_new, EO);

// printf( "i index %1i %li\n", i, index);
if (T > 30){
I =1+ (fermi(Energies[i], muL, T, kb) - fermi(Energies[i], muR, T,
kb)) * trans[index] * deltaE;

// I =1 + trans[index] * deltaE;
// printf ("I=%.6e\n", I);
}
elseq

I =1+ (step(Energies[i], mul) - step(Energies[i], muR)) *
trans[index] * deltaE;}

}
I_total = I_total + I;

I_final = I_total * C;
//FILE *f = fopen("Current_Vd_Vg.txt", "w");
//fprintf (£,"%Ef %f %f\n",I_total*C,Vd,Vg);

//fclose(f);

return I_final;

3







203

Nanotransistor
(KWANT code)

LISTING J.1: KWANT code for the multi-terminal quantum sorter de-
vice

import matplotlib.pyplot as plt
from math import exp

import numpy as np

import pandas as pd

import kwant

from scipy.sparse import csc_matrix
from scipy.sparse.linalg import inv
import scipy

import scipy.linalg

import time

import matplotlib.pyplot

# CONSTANTS

kB = scipy.constants.value("Boltzmann constant in eV/K") # unit: eV/K

ge = scipy.constants.value("elementary charge") # unit: C
me = scipy.constants.value("electron mass")/qe*xle-18 # unit: eVxs~2/nm~2
hP = scipy.constants.value("Planck constant in eV s") # unit: eVxs
hbar = hP/(2*scipy.pi) # unit: eVxs
epsO = scipy.constants.value("electric constant")*qexle-9 # unit:
C~2/ (eV+*nm)

# DEVICE parameters:
# Nanotransistor parameters

D_w = 3 # well nm

D_B = 2 # tunnel barrier

D_tgi = 8 # top gate insulator layer
D_bgi = 8 # back gate insulator layer
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y_scat = 2x D_w + D_B
y_device_int = 2% D_w + D_B + D_bgi + D_tgi

L_device_int = 30 # nm
top = 0.3 # top gate
bottom = 0 # bottom gate
source = 0 # source

drain = 0.2 # drain

V_barrier = 2.0 # barrier height eV
h =0.05 # delta x for Poisson equation

# KWANT tight bindind parameters

a = 0.05 # lattice constant

m = 0.32 # effective mass

W=4 # width/2 of scattering region [-W, W]
L =20 # length/2 of scattering region [-L, L]

L_central = 15 # Length/2 of the cenral region

lead_scat 5
block_lead = 3

t = hbar**2/(2*mexm*a**2) # units: eV
E_min = 0

E_max = 1.5

N_en = 1000

def Solve_Poisson(L_x, W_y, h, top, bottom, drain, source):
# Define system
xmax=L_x
ymax=W_y
h=h

# Set Nx, Ny

Nx = int (xmax/h)
Ny = int (ymax/h)

nx = Nx-1
ny = Ny-1
n = (nx)*(ny) #number of unknowns

# Set boundary conditions

v_top = top # y = max, x = all V top gate
v_bottom = bottom # y = 0, x = all V bottom gate
v_left = source # x= 0, y = all, Vsource
v_right = drain # x = max, y = all, Vd drain
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d = np.ones(n) # diagonals
b = np.zeros(n) #RHS

d0 = d*-4
d1l = 4[0:-1]
d5 = d[0:-nyl

# Plot parameters:

X
y

np.linspace(0, xmax, Nx + 1)
np.linspace(0, ymax, Ny + 1)

1

X, Y = np.meshgrid(x, y)

# Create 2D potential map

vv = np.zeros_like(X)

# set the imposed boudary values
vv[-1,:]1 = v_top

vv[0,:] = v_bottom

vv[:,0] = v_left
vv[:,-1] = v_right

# Defining the A matrix

d = np.ones(n) # diagonals

b = np.zeros(n) #RHS
do = dx-4

dl = d[0:-1]

d5 = 4[0:-ny]

A = scipy.sparse.diags([d0, d1, 41, d5, d5], [0, 1, -1, ny, -ny], format
= ’¢csr’)

# set elements to zero in A matrix where BC are imposed
for k in range(l,nx):

j = kx(ay)

i=j-1

Ali, j1, ALj, i1 =0, O

b[i] = -v_top

bl-ny:]1+=-v_right #set the last ny elements to -vright
b[-1]+=-v_top #set the last element to -vtop
b[0:ny-1]+=-v_left #set the first ny elements to -vleft
b[0: :ny]l+=-v_bottom #set every ny-th element to -vbottom

sol = scipy.sparse.linalg.spsolve(A,b)

for j in range(l,ny+1):
for i in range(l, nx + 1):
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vv[j, i] = sol[j + (i-1)*ny - 1]
return vv
def scat_pot(vv_poisson, D_tg_buffer, barrier, h, L_x, w_y):
VvV = vv_poisson
vv_pot = vv * (-1)
# Cut the top gate/back gate insulator region

N_tgi = int(D_tg_buffer/h)

x_scat_min = -L_x/2
x_scat_max = L_x/2

y_max_scat = w_y/2
y_min_scat = -w_y/2

Nx_cut = int((x_scat_max - x_scat_min)/h) + 1
Ny_cut = int((y_max_scat- y_min_scat)/h) + 1

v_cut = np.zeros((Ny_cut,Nx_cut))
v_cut[:,:] = vv_pot[N_tgi:N_tgi+Ny_cut,:]

# Create the scattering region for the R matrix code, including some of
the leads

V_b = barrier

y_min_int = -4
y_max_int = 4
y_min_bar = -1

y_max_bar

N_y_bar = int((y_max_bar - y_min_bar)/h) + 1
Ny_int = int((y_max_int - y_min_int)/h) + 1

# Add the potential barrier

v_scat_bar = v_cut

N_add = int((Ny_int-N_y_bar)/2)

v_scat_bar[N_add+1: N_add + N_y_bar-1,: ] = v_cut[N_add+1: N_add +
N_y_bar-1,: 1 + V_b

return v_scat_bar

def central_region():

# Solve the Poisson equation:

vv = Solve_Poisson(L_x = L_device_int, W_y = y_device_int, h=h, top=top,
bottom=bottom, drain=drain, source=source)
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vv_scat = scat_pot(vv_poisson = vv, D_tg_buffer = D_tgi, barrier =
V_barrier, h=h, L_x = L_device_int, w_y = y_scat)

return vv_scat
potential = central_region()

# x = np.linspace(-15, 15, 301)
# y = np.linspace(-4, 4, 81)

# X, Y = np.meshgrid(x, y)

# fig,ax=plt.subplots(1,1)

# cp = ax.contourf (X, Y, potential)

# fig.colorbar(cp) # Add a colorbar to a plot
# ax.set_title(’Contour plot?’)

# ax.set_xlabel(’x (cm)’)

# ax.set_ylabel(’y (cm)’)

# # plt.savefig(’Contour_plot.png’)

# plt.show()

# Kwant

lat = kwant.lattice.square(a, norbs = 1)
syst = kwant.Builder()

def pot(x,y, potential):
index_x = int(abs(-15-x)/h)
index_y = int(abs(-4-y)/h)
return potential[index_y, index_x]

def onsite(site):

X,y = site.pos

if (-(L-lead_scat) <= x <= L-lead_scat and -W <=y <= W):
return 4*t + pot(x=x,y=y, potential=potential)

if (-L <= x <= -(L-lead_scat) and (-W <= y <= -(W-block_lead))):
return 4%t -source

if (L-lead_scat <= x <= L and (W-block_lead <=y <= W)):
return 4*t -drain

def scattering_region(pos):
(x,y) = pos
poisson_rectangle = (-(L-lead_scat) <= x <= L-lead_scat and -W <= y <= W)
lead_1 = (-L <= x <= -(L-lead_scat) and (-W <= y <= -(W-block_lead)))
lead_2 = (L-lead_scat <= x <= L and (W-block_lead <=y <= W))
return poisson_rectangle or lead_1 or lead_2

syst[lat.shape(scattering_region, (0,0))] = onsite
syst[lat.neighbors()] = -t
sym = kwant.TranslationalSymmetry((-a,0))

# Add leads:
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lead_left = kwant.Builder(sym)
def left(pos):
(x,y) = pos
return (-W <= y <= -(W-block_lead))

i = int(-L_central/a)

j = int(-1/a)

# print (i)

lead_left[lat.shape(left, lat(i,j).pos)] = 4xt - source
lead_left[lat.neighbors()] = -t
syst.attach_lead(lead_left)

lead_right = kwant.Builder (sym)
def right(pos):

(x,y) = pos

return (W-block_lead <= y <= W)

b
|

= int(L_central/a)
int(1/a)

[}
I

lead_right[lat.shape(right, lat(k,l).pos)] = 4*t - drain
lead_right[lat.neighbors()] = -t
syst.attach_lead(lead_right.reversed())

kwant.plot (syst);
fsyst = syst.finalized()

# Color the sites accroding to their onsite potential (= their onsite
hamiltonian value)

kwant.plot(fsyst, site_color = lambda i: fsyst.hamiltonian(i,i));
# Check band dispersion in the leads
kwant.plotter.bands (fsyst.leads[0]);

Es = np.linspace(0,1.5,1000)
gs = []

start_time = time.time()

for E in Es:
S = kwant.smatrix(fsyst, E)
gs.append(S.transmission(1,0))

print("time: %3.2f"Y%(time.time()-start_time))

# f = plt.figure(figsize=(8, 5))

# plt.plot(Es, gs, ’k-’)

# plt.ylabel("$g \quad [e~2/h]$")

# plt.xlabel("$E \quad [t] $")

# # plt.savefig(out_dir+"transmission-prob.png", dpi=300,
bbox_inches=’tight’)

# plt.show();

# plt.close()
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dir = "/Users/amapreda/Kwant_transport/Nanotransistor_dense_grid/"

# plot transmission curve

f = plt.figure(figsize=(8, 5))

plt.plot(Es, gs, ’k-’)

plt.ylabel("Transmission probability")

plt.xlabel("Energy (eV)")

name = "Vb = " + str(V_barrier)+ ", Vd = " + str(drain) + ", Vg = " +
str(top) + ", Vg_bottom = " + str(bottom)

plt.title(name)

name_save = "Vb-" + str(V_barrier)+ "_Vd-" + str(drain) + "_Vg-" + str(top)
+ ".png"

# plt.savefig(dir + name_save, dpi=300, bbox_inches=’tight’)

plt.show()

plt.close()

f = plt.figure(figsize=(8, 5))

plt.plot(Es, gs, ’k-’)

plt.ylabel ("Transmission probability")

plt.xlabel ("Energy (eV)")

plt.yscale(’log’)

name = "Vb = " + str(V_barrier)+ ", Vd = " + str(drain) + ", Vg_top = " +
str(top) + ", Vg_bottom = " + str(bottom)

plt.title(name)

name_save = "Vb-" + str(V_barrier)+ "_Vd-" + str(drain) + "_Vg-" + str(top)
+ "_log.png"

# plt.savefig(dir + name_save, dpi=300, bbox_inches=’tight’)

plt.show()

plt.close()

# Write to file

filename = "/Users/amapreda/Nanotransistor_simulations/Nonsymmetric_Vg/

Transmission_Vg03Vd02Vb2_kwant.dat"

textToSave= "a = " + str(a) + "\n" + "m_eff = " + str(m) + "\n" + "Vb = " +
str(V_barrier)+ "\n" + "Vd = " + str(drain) + "\n" + "Vg_top = " +
str(top) + "\n" + "Vg_bottom = " + str(bottom) + "\n" + "Energy
Transmission" + "\n"

n=0

for i in range(0,len(Es)):
textToSave+="{0:.6f}".format(Es[n])+ " " + ’{:.6e}’.format(gs([n])
textToSave+="\n"
n=n+1

outfile = open(filename, ’w’)

outfile.write(textToSave)

outfile.close() # Close the file

index_list_min = np.zeros(np.shape(min) [0])
index_list_max = np.zeros(np.shape(max) [0])

for i in range(np.shape(min) [0]):
index_list_min[i] = gs.index(min[i])

for i in range(np.shape(min) [0]):
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index_list_max[i] = gs.index(max[i])

# Plot wavefunctions

mode = int(0)

for

for

i in range(np.shape(index_list_min) [0]):

i = int(index_list_min[i])

wf = kwant.wave_function(fsyst, Es[il)
wave_function_right = wf (1) [mode]
wave_function_left = wf (0) [model

density_left = np.abs(wave_function_left)**2
density_right = np.abs(wave_function_right)**2
density_log_left = np.log(density_left)
density_log_right = np.log(density_right)

fig = plt.figure()

ax = kwant.plotter.map(fsyst, density_log_left,cmap=’Blues’)

name_save_3 = "Vb-" + str(V_barrier)+ "_Vd-" + str(drain) + "_Vg-" +
str(top) + "E = " + str(round(Es[i],3)) + "_wf_log.pdf"

ax.savefig(’./Wavefunction_vg03_vd02_vb2_left/Mode_’ + str(mode) +
’/Min_log/’ + name_save_3)

plt.close()

i in range(np.shape(index_list_max) [0]):

i = int(index_list_max[i])

wf = kwant.wave_function(fsyst, Es[i])
wave_function_right = wf (1) [mode]
wave_function_left = wf(0) [mode]

density_left = np.abs(wave_function_left)**2
density_right = np.abs(wave_function_right)**2
density_log_left = np.log(density_left)
density_log_right = np.log(density_right)

fig = plt.figure()

ax = kwant.plotter.map(fsyst, density_log_left,cmap=’Blues’)

name_save_3 = "Vb-" + str(V_barrier)+ "_Vd-" + str(drain) + "_Vg-" +
str(top) + "E = " + str(round(Es[i],3)) + "_wf_log.pdf"

ax.savefig(’./Wavefunction_vg03_vd02_vb2_left/Mode_’ + str(mode) +
’/Max_log/’ + name_save_3)

plt.close()
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CNN for transmission function prediction

LI1STING K.1: KWANT code for the multi-terminal quantum sorter
device

import math

import os

from matplotlib import pyplot as plt
import numpy as np

import pandas as pd

from sklearn import metrics

import tensorflow as tf

from tensorflow.python.data import Dataset
from keras.utils import np_utils

from sklearn.model_selection import train_test_split
from sklearn.metrics import r2_score

tfk = tf.keras
tfkl = tf.keras.layers

N_jobs =2601
N_jobs_extra = 1886
N_x = 60

N_y = 60

path = ’/home/apreda/Nanotransistor/CNN/Poisson_CNN_new’
path_extra = ’/home/apreda/Nanotransistor/CNN/Poisson_CNN_new_part2’

run_zzz = "poisson_red-000"
run = "poisson_red-"

run_z = "poisson_red-0"
run_zz = "poisson_red-00"

List = [0] * (N_jobs + N_jobs_extra)
complete_path = [0] * (N_jobs+ N_jobs_extra)

List[0] = run_zz + str(0)
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# complete_path[0] = os.path.join(path, str(List[0]))

for i in range(0,10):
List[i] = run_zzz + str(i) + ".txt"

for i in range(10,100):
List[i] = run_zz + str(i) + ".txt"

for i in range(100,1000):
List[i] = run_z + str(i) + ".txt"

for i in range(1000,N_jobs+ N_jobs_extra):
List[i] = run + str(i) + ".txt"

for k in range(0,N_jobs):
complete_path[k] = os.path.join(path, str(List[k]))

for k in range(0, N_jobs_extra):
complete_path[k+N_jobs] = os.path.join(path_extra, str(List[k]))

N_all = N_jobs + N_jobs_extra

# Read all images as 3D arrays
pot_cut = np.loadtxt(complete_path[0])

input_potentials = np.zeros((N_all,N_y,N_x))
for k in range(N_all):
n=0
pot_cut = np.loadtxt(complete_pathl[k])
for i in range(O,N_x):
for j in range(0, N_y):
input_potentials[k,j,i]=pot_cut [n]
n=n+1

# Normalize the data in all the arrays

x_features = np.zeros((N_all,N_y,N_x))
min = np.amin(input_potentials)

max = np.amax(input_potentials)

scale =max-min

for k in range(0,N_all):
min_val = np.amin(input_potentials[k])
for i in range(0,N_x):
for j in range(O, N_y):
x_features[k,j,i]=(input_potentials[k,j,i]-min_val)/scale

path
data

’> /home/apreda/Nanotransistor/CNN/T_mean_log_all_v2.txt’
np.loadtxt (path)

data_pos = data * (-1)
data_res = data_pos.reshape(N_all,-1)
y_target = np.zeros_like(data_res)
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# print(data_res[100])

#for i in range(N_all):
# max = np.amax(data_res[i][:])
# y_target[i] = data_res[i]/max

max_t = np.amax(data_res)
#min_t = np.amin(data_res)

scale_t = max_t

for i in range(N_all):
# max = np.amax(data_res[i][:])
# min_loc = np.amin(data_res[i][:])
# scale = max - min
y_target[i] = (data_res[i])/scale_t

# print(y_target[100])

#x_features_t = tf.convert_to_tensor(x_features)
#y_target_t= tf.convert_to_tensor(y_target)

# Split data into training, test and validation

# Create images where borders are at the center

def flip(array):
x_features_centered = np.zeros((60,60))
bl = array[0:30,0:30]
b2 = array[0:30,30:60]
b3 = array[30:60,0:30]
b4 = array[30:60,30:60]

bl_flip = np.flip(bl, axis=0)
b2_flip = np.flip(b2, axis=0)
b3_flip = np.flip(b3, axis=0)
b4_flip = np.flip(b4, axis=0)

x_features_centered[0:30,0:30] = bl_flip

x_features_centered[0:30,30:60] = b2_flip
x_features_centered[30:60,0:30] = b3_flip
x_features_centered[30:60,30:60] = b4_flip

return x_features_centered

x_features_flip = np.zeros_like(x_features)
for i in range(N_jobs):
input = x_features[i]
out = flip(array = input)
x_features_flip[i] = out

x_train, x_test, y_train, y_test = train_test_split(x_features, y_target,

test_size=0.1, random_state=45)
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x_train, x_val, y_train, y_val = train_test_split(x_train, y_train,
test_size=0.2, random_state=45)

#Set random seed
tf.random.set_seed(42)

#Create model
model = tf.keras.Sequential([

tf.keras.layers.Conv2D(filters=16, kernel_size=(3,3), padding="same",

activation= tf.keras.layers.LeakyReLU(alpha=0.3),
input_shape=(N_y,N_x,1)),

tf.keras.layers.MaxPool2D(pool_size=(2,2)),

tf.keras.layers.Conv2D(filters = 32,kernel_size=(4,4), padding="same",
activation=tf.keras.layers.LeakyReLU(alpha=0.8)),

tf.keras.layers.MaxPool2D(pool_size=(2,2)),

tf .keras.layers.Conv2D(filters = 64,kernel_size=(5,5), padding="same",
activation=tf.keras.layers.LeakyReLU(alpha=0.8)),

tf.keras.layers.MaxPool2D(pool_size=(2,2)),

tf.keras.layers.Flatten(),

tf.keras.layers.Dense(32, activation="relu"),

tf.keras.layers.Dropout(0.2),

tf.keras.layers.Dense(64, activation="relu"),

tf.keras.layers.Dropout(0.2),

tf.keras.layers.Dense (500, activation="relu"),

tf.keras.layers.Dense (100, activation="relu"),

D
#Compile the model

model.compile(loss="mse",
optimizer=tf.keras.optimizers.Adam(learning _rate = 0.0001),
metrics=["mse"])

#Show summary
model . summary ()

# Fit the model
epochs = 6000
batch = 32

history = model.fit(x_train, y_train,
epochs=epochs,batch_size=batch,
validation_data=(x_va1,y_val), verbose=1
)

y_pred = model.predict(x_test)

test_dim_1 = np.shape(y_test) [0]
test_dim_2 = 100

filename = "Tfunction_test_predicted.txt"
textToSave=""
for i in range(0,test_dim_1):
for j in range (0, test_dim_2):
a = float(y_test[il[j])
b = float(y_pred[i] [j]1)
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textToSave+="{0:.6e}".format(a)+ " " + "{0:.6e}".format(b) + "\n"
textToSave+="\n"

outfile = open(filename, ’w’)
outfile.write(textToSave)
outfile.close() # Close file

filename = "Potential_test.txt"
textToSave=""
for i in range(O,test_dim_1):
x = x_test[il]
a = x.flatten()
for j in range (0, N_y*N_x):
b = float(aljl)
textToSave+="{0:.6e}".format(b)+ " " + "\n"
textToSave+="\n"

outfile = open(filename, ’w’)
outfile.write(textToSave)
outfile.close()

# Calculate and plot R2 score

def r2_coef(y_true, y_pred):
y_pred = tf.convert_to_tensor(y_pred, np.float32)
y_true = tf.convert_to_tensor(y_true, np.float32)
SS_res = tfk.backend.sum(tfk.backend.square(y_true - y_pred))
SS_tot = tfk.backend.sum(tfk.backend.square(y_true -
tfk.backend.mean(y_true)))
return (1 - SS_res/(SS_tot + tfk.backend.epsilon()) )
# stabilize the division with a small epsilon

r2 = r2_coef(y_test, y_pred) #you can also use r2_score from
scikit learn, if y_test and y_pred are numpy arrays
r2_coeff = math.floor (r2*1000)/1000

print ("R2 coeff: ", r2_coeff)

print (r2_score(y_test, y_pred))

if (r2_coeff > 0):
plt.rcParams["figure.figsize"] = (7,7)
plt.scatter(y_test, y_pred)
plt.text(0.9,0.4, r’$R"{2} = $’ + str(r2_coeff), fontsize = 14)
plt.ylabel(r"I_drain predicted", fontsize = 15)
plt.xlabel(r"I_drain real ", fontsize = 15)
plt.xticks(fontsize = 20)
plt.yticks(fontsize = 20)
lineStart = y_pred.min()
lineEnd = y_test.max()
y_lim = plt.ylim()
x_1lim = plt.x1lim()
plt.plot(x_lim, y_lim, ’--’, color = ’b’, linewidth = 3)
plt.ylim(y_lim)
plt.xlim(x_lim)
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plt.savefig("Transmission_prediction_R2.png")
# plt.show()

plt.figure(figsize=(7,7))

plt.plot(np.arange(epochs) ,history.history[’loss’], label="Training")

plt.plot(np.arange(epochs), history.history[’val_loss’],
label="validation", c="darkorange")

plt.xlabel("epoch")

plt.ylabel("loss")

plt.legend()

plt.savefig("CNN_loss_trfunction.png")

#functions to plot testing data and the prediction (vs actual data)
test =[10,30,40,50,70,90,100, 150, 200]

for i in range(len(test)):
name = "./Predictions/Predictions_oscillations_" + str(i) + ".png"
test_case = test[i]
plt.figure(figsize=[10, 3])
plt.subplot(1l, 2, 1)
plt.imshow(x_test[test_case, :, :])
plt.title(’Poisson potential )
plt.subplot(l, 2, 2)
plt.plot(y_test[test_case, :], 1ls=’:’, c=’k’, label=’True’, alpha=0.9)
plt.plot(y_pred[test_case, :], c=’red’, label=’Pred.’, alpha=0.4)
plt.ylim([0, 11)
plt.title(’Transmission oscillation prediction’)
plt.legend ()
plt.savefig(name)
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Quantum sorter (KWANT code)

L1STING L.1: KWANT code for the multi-terminal quantum sorter

device

import matplotlib.pyplot as plt
from math import exp

import numpy as np

import pandas as pd

import kwant

from scipy.sparse import csc_matrix
from scipy.sparse.linalg import inv
import scipy

import scipy.linalg

import time

import tinyarray

# CONSTANTS

kB = scipy.constants.value("Boltzmann constant in eV/K") #

qe

eVxs~2/nm~2 !!!

hP = scipy.constants.value("Planck constant in eV s")

hbar = hP/(2*scipy.pi)

mu_B = scipy.constants.value(’Bohr magneton in eV/T’)
epsO = scipy.constants.value("electric constant")*qe*xle-9 # unit:

C~2/ (eV*nm)

# Pauli matrices

sigma_0 = tinyarray.array([[1, 0], [0, 1]])
sigma_x = tinyarray.array([[0, 1], [1, 0]1)
sigma_y = tinyarray.array([[0, -1j], [1j, 011)
sigma_z = tinyarray.array([[1, 0], [0, -111)

h=5

scipy.constants.value("elementary charge")
me = scipy.constants.value("electron mass")/qe*le-18

#
#

#
#

unit:
unit:
unit:

unit:
unit:

eV/K

eVx*s
eVx*s
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# Read potential from file

v2D = pd.read_table("./Comparisons/data_run_000/v2D.dat", delimiter = ’> °’,
names=[’x’, ’y’, ’pot’], usecols = [0,1,2])

v2D.head ()

v2D_arr = v2D[’pot’].to_numpy ()

print (np.shape(v2D_arr))

v2D_reshaped = v2D_arr.reshape(200,200)

v2D_rotate = np.rot90(v2D_reshaped, k=1, axes=(0,1))

plt.imshow(v2D_rotate)

plt.show()

# Function to add potential to onsite terms in the TB model

def pot(x,y, potential):
index_x = int(abs(-497.5-x)/h)
index_y = int(abs(-497.5-y)/h)
return potential[index_y, index_x]

# Check
pot(x = -497.5, y = -497.5, potential = v2D_reshaped)
# System dimensions

L= 497.5

W=1L #nm
# L = 375
lead_scat = 0

# W = 500
block_lead = 50

a=b
m = 0.023
t = hbar**2/(2*xmexm*a**2) # units: eV

alpha = 0.0 * 10%*(-3)

# B_up = B_eV

# B_down = -B_eV

Ez = 50 * 10*x(-3) * 0.5
B_up = 0.4

B_down = -0.4

lat = kwant.lattice.square(a, norbs = 2)
syst = kwant.Builder()

# Add Zeeman term

def onsite_spin_dep(site):
X,y = site.pos
if ((-L<= x<=L) and (-L<= y <=L)):
if (L-125<=x<=L):



Appendix L. Quantum sorter (KWANT code)

219

if ((300<=y<=450) or (50<=y<=200)):
return ( 4%t * sigma_O+ pot(x=x,y=y,

potential=v2D_rotate)*sigma O + Ez*sigma_z + Ez*sigma_ 0 )

elif ((-47.5 >= y >=-197.5) or (-297.5>=y>=-447.5)):
return ( 4*t * sigma_O+ pot(x=x,y=y,

potential=v2D_rotate)*sigma_O - Ez*sigma_z + Ez*sigma_0)

else: return ( 4*t+ pot(x=x,y=y, potential=v2D_rotate))*sigma_0

else: return ( 4*t+ pot(x=x,y=y, potential=v2D_rotate))*sigma_0
else: return O

def scattering_region(pos):
(x,y) = pos
poisson_rectangle = (-(L-0) <= x <= L+0 and -W <=y <= W)
lead_1 = (-L <= x <= -(L-0) and (-75 <=y <= 75))
lead_2 = (L<= x <= L + lead_scat and ( 300 <= y <= 450))
lead_3 = (L <= x <= L + lead_scat and (50 <= y <= 200))
lead_4 = (L <= x <= L + lead_scat and (-50 >= y >= -200))
lead_ 5 = (L <= x <= L + lead_scat and (-300 >= y >= -450))
return poisson_rectangle or lead_1 or lead_2 or lead_3 or lead_4 or
lead_5

syst[lat.shape(scattering_region, (0,0))] = onsite_spin_dep
# syst[lat.neighbors()] = hopping ## no rashba SOI
# For Rashba SOI, we define x,y direction hopping parameters:

# hoppings in x-direction

syst [kwant .builder.HoppingKind((1, 0), lat, lat)]
alpha * sigma_y

# hoppings in y-directions

syst [kwant .builder.HoppingKind((0, 1), lat, lat)]
alpha * sigma_x

-t * sigma_0- 1j *

-t * sigma_0 + 1j *

sym = kwant.TranslationalSymmetry((-a,0))

# Add leads:

lead_left = kwant.Builder(sym, conservation_law=-sigma_z)
def left(pos):

(x,y) = pos
return (-75 <=y <= 75)

lead_left[lat.shape(left, lat(-L/a,75/a).pos)] = 4xt*sigma_0 #
Lead_0
lead_left[lat.neighbors()] = -t*sigma_0

syst.attach_lead(lead_left)

lead_right_1 = kwant.Builder(sym, conservation_law=-sigma_z)
lead_right_2 = kwant.Builder(sym, conservation_law=-sigma_z)
lead_right_3 = kwant.Builder(sym, conservation_law=-sigma_z)
lead_right_4 = kwant.Builder(sym, conservation_law=-sigma_z)

def right_1(pos):
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(x,y) = pos
return ( 300 <= y <= 450)

def right_2(pos):
(x,y) = pos
return (50 <= y <= 200)

def right_3(pos):
(x,y) = pos
return (-50 >= y >= -200)

def right_4(pos):

(x,y) = pos
return (-300 >= y >= -450)

def lead_onsite(site):
return sigma_z

lead_right_1[lat.shape(right_1, lat((L + lead_scat)/a,450/a) .pos)]

4xtxsigma_O

lead_right_2[lat.shape(right_2, lat((L + lead_scat)/a,200/a).pos)] =
4xt*sigma_0

lead_right_3[lat.shape(right_3, lat((L + lead_scat)/a,-200/a).pos)] =
4xtxsigma_O

lead_right_4[lat.shape(right_4, lat((L + lead_scat)/a,-450/a).pos)] =
dxtxsigma_O

lead_right_1[lat.neighbors()] = -t*sigma_0

lead_right_2[lat.neighbors()] = -t*sigma_0

lead_right_3[lat.neighbors()] = -t*sigma_O

lead_right_4[lat.neighbors()] = -t*sigma_0

syst.attach_lead(lead_right_1.reversed())
syst.attach_lead(lead_right_2.reversed())
syst.attach_lead(lead_right_3.reversed())
syst.attach_lead(lead_right_4.reversed())

kwant.plot(syst, num_lead_cells=20);
# Plot potential in the system
def V(site):
Hd = onsite_spin_dep(site)
# return (HA[0,0] - HA[1,1]).real
return (Hd[0,0]) .real
kwant.plotter.map(syst, V, cmap=’inferno’);
# Finalize system

fsyst = syst.finalized()

wave_funcs = kwant.wave_function(fsyst, energy=0.0037)
wf = wave_funcs(0)
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# up and dw components
Dup = kwant.operator.Density(fsyst, (sigma_O+sigma_z)/2 )
Ddw = kwant.operator.Density(fsyst, (sigma_O-sigma_z)/2)

dens_up = Dup.bind()
dens_dn = Ddw.bind()

# kwant.plotter.current(fsyst, dens_up(wf[0]));

# kwant.plotter.current(fsyst, current_up(wf[1]));
# kwant.plotter.current (fsyst, current_dn(wf[2]));
# kwant.plotter.current (fsyst, current_dn(wf[3]));

fsat = 5 # saturation factor for color scale

fig, ax = plt.subplots(2,2, sharex=True, sharey=True, figsize=(15,10))
plt.rcParams.update({’font.size’: 16})

density_1 = dens_up(wf[0]); vmax = fsat*np.abs(density_1).max()

kwant.plotter.density(fsyst, density_1, ax=ax[0,0], vmin=-vmax, vmax=vmax,
cmap="bwr’, background = ’aliceblue’)

ax[0,0] .set_title(R"Mode O $\uparrow$", fontsize=14)

density_2 = dens_up(wf[1]); vmax = fsat*np.abs(density_2).max()

kwant.plotter.density(fsyst, density_2, ax=ax[0,1], vmin=-vmax, vmax=vmax,
cmap="bwr’, background = ’aliceblue’)

ax[0,1] .set_title(R"Mode 1 $\uparrow$", fontsize=14)

density_3 = dens_dn(wf[2]); vmax = fsat*np.abs(density_3).max()

kwant.plotter.density(fsyst, density_3, ax=ax[1,0], vmin=-vmax, vmax=vmax,
cmap="bwr’, background = ’aliceblue’)

ax[1,0] .set_title(R"Mode 0 $\downarrow$", fontsize=14)

density_4 =dens_dn(wf[3]); vmax = fsat*np.abs(density_4).max()

kwant.plotter.density(fsyst, density_4, ax=ax[1,1], vmin=-vmax, vmax=vmax,
cmap=’bwr’, background = ’aliceblue’)

ax[1,1] .set_title(R"Mode 1 $\downarrow$", fontsize=14)

plt.tight_layout ()
plt.show()

incoming_lead = 0
outgoing_leads = [1,2,3,4]

E_min = 3 * 10%x(-3)
E_max = 5 * 10%%(-3) #eV
N_en = 400

Es = np.linspace(E_min,E_max,N_en)

T_kO_up = np.zeros((4,len(Es)))
T_kO_down = np.zeros((4,len(Es)))
T_k1_up = np.zeros((4,len(Es)))
T_k1_down = np.zeros((4,len(Es)))
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# Transmission for mode_1 spin_up:

for k in range(len(outgoing_leads)):
out = int(outgoing_leads[k])
for i in range(len(Es)):
E = Es[i]
# print (E)
S = kwant.smatrix(fsyst, energy=E)
S_out_0 = S.submatrix(out,0)
prop_1 = int(S.num_propagating(out)/2)
# print(prop_1)
S_outO_up_up = S.submatrix((out, 0), (0, 0))
S_outO_up_down = S.submatrix((out, 1), (0, 0))
# print(np.shape( S_outO_up_up))
# print(E)
sum_1 = [np.linalg.norm(S_outO_up_up[j,0])**2 for j in range
(prop_1)]
trans_mode_O_upup = np.sum(sum_1)
sum_2 = [np.linalg.norm(S_outO_up_down[j,0])**2 for j in range
(prop_1)]
trans_mode_O_updown = np.sum(sum_2)
trans_all = trans_mode_O_upup + trans_mode_O_updown
# trans_mode_O_up.append(trans_all)
T_kO_up(k] [i] = trans_all

# Transmission for mode_1 spin_down:

for k in range(len(outgoing_leads)):
out = int(outgoing_leads[k])
for i in range(len(Es)):
E = Es[i]
S = kwant.smatrix(fsyst, energy=E)
S_out_0 = S.submatrix(out,0)
prop_1 = int(S.num_propagating(out)/2)
# print(prop_1)
S_outO_down_up = S.submatrix((out, 0), (0, 1))
S_outO_down_down = S.submatrix((out, 1), (0, 1))
sum_1 = [np.linalg.norm(S_outO_down_up[j,0])**2 for j in range
(prop_1)]
trans_mode_O_upup = np.sum(sum_1)
sum_2 = [np.linalg.norm(S_outO_down_down[j,0])**2 for j in range
(prop_1)]
trans_mode_O_updown = np.sum(sum_2)
trans_all = trans_mode_O_upup + trans_mode_O_updown
# trans_mode_O_up.append(trans_all)
T_kO_down[k] [i] = trans_all

# Transmission for mode_2 spin_up:

for k in range(len(outgoing_leads)):
out = int(outgoing_leads[k])
for i in range(len(Es)):
E = Es[i]
S = kwant.smatrix(fsyst, energy=E)
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S_out_0 = S.submatrix(out,0)
prop_1 = int(S.num_propagating(out)/2)
prop_in = S.num_propagating(0)
# print(prop_1)
S_outO_up_up = S.submatrix((out, 0), (0, 0))
S_outO_up_down = S.submatrix((out, 1), (0, 0))
if (prop_in >= 4):
sum_1 = [np.linalg.norm(S_outO_up_up[j,1])**2 for j in range
(prop_1)]
else:
sum_1 = 0
trans_mode_O_upup = np.sum(sum_1)
if (prop_in >= 4):

sum_2 = [np.linalg.norm(S_outO_up_down[j,1])**2 for j in range
(prop_1)]
else:
sum_2 = 0

trans_mode_O_updown = np.sum(sum_2)

trans_all = trans_mode_O_upup + trans_mode_O_updown
# trans_mode_O_up.append(trans_all)

T_k1_upl[k] [i] = trans_all

# Transmission for mode_2 spin_down:

for k in range(len(outgoing_leads)):

out = int(outgoing_leads[k])

for i in range(len(Es)):
E = Es[i]
S = kwant.smatrix(fsyst, energy=E)
S_out_0 = S.submatrix(out,0)
prop_1 = int(S.num_propagating(out)/2)
prop_in = S.num_propagating(0)
# print(prop_1)
S_outO_down_up = S.submatrix((out, 0), (0, 1))
S_outO_down_down = S.submatrix((out, 1), (0, 1))

if (prop_in >= 4):
sum_1 = [np.linalg.norm(S_outO_down_up[j,1])**2 for j in range
(prop_1)]
else:
sum_1 = 0
trans_mode_O_upup = np.sum(sum_1)
if (prop_in >= 4):
sum_2 = [np.linalg.norm(S_outO_down_down[j,1])**2 for j in range
(prop_1)]
else:
sum_2 = 0
trans_mode_O_updown = np.sum(sum_2)
trans_all = trans_mode_O_upup + trans_mode_O_updown
# trans_mode_O_up.append(trans_all)
T_k1_down[k] [i] = trans_all

fig, axs = plt.subplots(2, 2, figsize=(15, 10))
# fig = plt.figure(figsize=(40,40))

axs[0,0] .plot(Es, T_kO_up[0], label="$s_{1}$’)
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axs[0,0] .plot(Es, T_kO_up([1], label="$s_{2}$’)
axs[0,0] .plot(Es, T_kO_up[2], label=’$s_{3}$’)
axs[0,0] .plot(Es, T_kO_up([3], label="$s_{4}$’)

axs[0, 0].set_ylabel(’Transmission’)

axs[0, 0].set_xlabel(’$E$’)

# axs[0,0] .set_x1im(11,13)

axs[0, 0].legend();

axs[0, 0].set_title("Transmission of mode $k_{O0}up$")

axs[0, 1].plot(Es, T_kO_down[0], label="$s_{1}$’)
axs[0, 1].plot(Es, T_kO_down[1], label=’$s_{2}$’°)
axs[0, 1].plot(Es, T_kO_down[2], label=’$s_{3}$’)
axs[0, 1].plot(Es, T_kO_down[3], label=’$s_{4}$’)

axs[0, 1].set_ylabel(’Transmission’)

axs[0, 1].set_xlabel(’$E$’)

# axs[0,1] .set_x1im(11,13)

axs[0, 1].legend();

axs[0, 1].set_title("Transmission of mode $k_{0}dn$")

axs[1, 0].plot(Es, T_k1_up[0], label="$s_{1}$’)
axs[1, 0].plot(Es, T_k1l_up[1], label="8$s_{2}$’)
axs[1, 0].plot(Es, T_k1l_up[2], label="$s_{3}$’)
axs[1, 0].plot(Es, T_k1_up[3], label=’$s_{4}$’)

axs[1, 0].set_ylabel(’Transmission’)

axs[1, 0].set_xlabel(’$E$’)

# axs[1,0] .set_x1im(11,13)

# axs[1,0].axvspan(25,25.2, color = ’teal’, alpha=0.3)
axs[1, 0].legend();

axs[1, 0].set_title("Transmission of mode $k_{1}up$")

axs[1,1] .plot(Es, T_k1_down[0], label=’$s_{1}$’)
axs[1,1] .plot(Es, T_k1_down[1], label=’$s_{2}$’)
axs[1,1] .plot(Es, T_k1_down[2], label=’$s_{3}$’)
axs[1,1] .plot(Es, T_k1_down[3], label=’$s_{4}$’)

axs[1,1] .set_ylabel (’Transmission’)

axs[1,1] .set_xlabel (’$E$?)

# axs[1,1] .set_x1im(11,13)

# axs[1,1] .axvspan(25,25.7, color = ’teal’, alpha=0.3)
axs[1,1].legend(;

axs([1,1] .set_title("Transmission of mode $k_{1}dn$")

for ax in axs.flat:
ax.set(xlabel=’Energy’, ylabel=’Transmission’)

# # Hide x labels and tick labels for top plots and y ticks for right
plots.

# for ax in axs.flat:

# ax.label_outer()

title = ’./Transmission_’ + str(’kwant’) + ’.png’

plt.show()

# fig.savefig(title)

# plt.close(Q)
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