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When a nanostructure is coupled between two leads, the electron transmission prob-
ability as a function of energy, F, is used in the Landauer formula to obtain the elec-
trical conductance of the nanodevice. The electron transmission probability as a func-
tion of energy, 7 (F), is calculated from the appropriate solution of the time independent
Schrodinger equation. Recently, a large class of nanostructures called quantum dragons
have been discovered. Quantum dragons are nanodevices with correlated disorder but still
can have electron transmission probability unity for all energies when connected to ap-
propraite (idealized) leads. Hence for a single channel setup, the electrical conductivity is
G, = % where e is the charge of an electron and A is Planck’s constant. Thus quantum
dragons have the minimum electrical conductance allowed by quantum mechanics. These
quantum dragons have potential applications in nanoelectronics.

It is shown that for dimerized leads coupled to a simple two-slice (I = 2, m = 1) de-

vice, the matrix method gives the same expression for the electron transmission probability



as renormalization group methods and as the well known Green’s function method. If a
nanodevice has m atoms per slice, with [ slices to calculate the electron transmission prob-
ability as a function of energy via the matrix method requires the solution of the inverse
of a (2 + ml) x (2 + ml) matrix. This matrix to invert is of large dimensions for large m
and [. Taking the inverse of such a matrix could be done numerically, but getting an ex-
act solution may not be possible. By using the mapping technique, this reduces this large
matrix to invert into a simple (I + 2) x (I + 2) matrix to invert, which is easier to handle
but has the same solution. By using the map-and-tune approach, quantum dragon solutions
are shown to exist for single-layer planar rectangular crystals with different boundary con-
ditions. Each chapter provides two different ways on how to find quantum dragons. This
work has experimental relevance, since this could pave the way for planar rectangular nan-
odevices with zero electrical resistance to be found. In the presence of randomness of the
single-band tight-binding parameters in the nanodevice, an interesting quantum mechani-
cal phenomenon called Fano resonance of the electron transmission probability is shown
to be observed.

Key words: Quantum dragons, single-layer planar rectangular crystals, electron transmis-

sion probability, Fano resonances, Perron Frobenius theorem, nanodevices, single-band
tight-binding model
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CHAPTER 1

INTRODUCTION

1.1 Classical Ohm’s law

In the macroscopic regime, when considering a metallic wire (conductor), the electrical
conductance of a wire is simply expressed by Ohm’s law. Ohm’s law is the assertion that
the current, /, flowing through a wire (conductor) is proportional to the electric potential
difference, V', across the conductor. The constant of proportionality is called the electrical
resistance, . The electrical conductance, G, is the inverse of the electrical resistance and
can be expressed as

I

—_ p-1_ -
G =R = (1.1

The existence of electrical resistance in daily life has a lot of practical applications. For
instance, the electrical resistance of a wire in a light bulb results in lighting, or as used in
heating systems including electric stoves and electric heaters. The electrical resistance also
describes device losses, including in laptop computers and mobile devices, as described by
the Joule heating law P = I? R for the power dissipated P. Ohm’s law is just an empirical
law, built from numerous measurements. It is not a fundamental law such as Newton’s
law of gravity. For a uniform wire of length, [, and cross-sectional area, A, the electrical
resistance, R, is given by

R== (1.2)



where p is the resistivity. See Fig. 1.1

DEVICE
LEAD LEAD

Figure 1.1

A device connected to input (incoming) and output (outgoing) leads.

1.2 Conductance from transmission

When the dimensions of a conductor becomes small enough, Ohm’s law is no longer
valid. Hence to study the transport properties of a nanoscale conductor, such as the electri-
cal conductance, we apply quantum mechanics. As argued by Todorov [1], when a nanos-
tructure is coupled between two leads (incoming and outgoing, as in Fig. 1.1), the quantum
transport properties of the electron moving through the nanodevice can be measured. In his
seminal work in 1957, Landauer [2] showed that the transmission probability, as a function
of energy E, 7 (E), plays an important role in determining the electrical conductance, G,

of a conductor. The electrical conductance GG can be expressed as [2, 3]

2

2
G=%<I1+Ig+13+14+---> (1.3)
2



where e is the charge of an electron and h is Planck’s constant. The transmisison proba-
bility, 7, is calculated from the appropriate solution of the time independent Schrodinger
equation [2, 3, 4, 5].

The Fermi function, f(FE), is defined as

1
f(E) = (E—p) (1.4)
1+ e k8T

where p is the chemical potential, £z is Boltmann’s constant and 7" is the temperature.
Consider the simplest case of the Fermi function at zero temperature, 7' = 0 K, and from

Eq. (1.4) it can be observed that

1 E<up
f(E) = : (1.5)

0 E>up

Eq. (1.5) means that at zero temperature, all states with energy below i are fully occupied.
All states with energy above p are empty. The plot for the Fermi function as a function of

energy, F, is shown in Fig. 1.2.

£

Fig. 1.2, shows a plot of the Fermi function vs o

in units of Kelvin. The parameters
used are ﬁ = 1. Here, different colors show different temperatures. The minimum tem-
perature used was 7' = 0.002 K and the maximum temperature was 7' = (.02 K with an
increment of 0.002 K.

The shape of the Fermi function for different temperatures is shown in Fig. 1.2, in-

dicating that the energy levels are mostly occupied below a certain energy and mostly

unoccupied above that. A plot of the derivative of the Fermi function is shown in Fig.
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Figure 1.2

A plot of the Fermi function vs % for some temperatures.

1.3. The derivative of the Fermi function approaches a delta function as the temperature

approaches zero.

Fig. 1.3, shows a plot of the derivative of the Fermi function vs % The parameters
used are é = 1. Here, different colors show different temperatures. The minimum tem-
perature used was 7' = 0.002 K and the maximum temperaure was 7" = 0.02 K with an
increment of 0.002 K. Room temperature corresponds to about % = 0.01.

Each integral Z; in Eq. (1.3) contains the derivative of the Fermi function and the

transmission probability 7, of the kth conduction channel for an incoming electron of

energy . For each channel, the integral Z can be expressed as

T~ [ Tul) (50 ) dE ~ TilEr). (1.6)
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A plot of the derivative of the Fermi function vs %

Since the partial derivative of the Fermi Dirac function, f(F), is approximately a delta
function at the Fermi energy, the integral in Eq. (1.6) is approximately the integral eval-
uated at the Fermi energy, Fr, as shown in Fig. 1.3. Eq. (1.3) simply suggests that in
order to calculate the electrical conductance, (G, of a nanodevice one must calculate the
transmission probability as a function of energy, 7 (E), from the appropiate solution of
the time independent Schrodinger equation with the attached long (semi-infinite) leads as
described in detail in section 1.4 and shown in Fig. 1.1.

Consider the case, where the first mode has 7; = 1 and invoke a Taylor expansion in
Eq. (1.3). This gives

262 IQ Ig I4
G:—I(1 L2 28, ) 17
h ! +L+L+L+ (1.7

26

Hence the electrical conductance of the quantum device is well approximated by G = =-.

e _

The electrical conductance, G, = 27 7.74 x 107°S is called the conductance quantum.
5



As argued by [6], in theoretical and simulation studies, the linear conductance as a function
of energy, F is plotted at zero temperature. This can seen from the Landauer expression, in
Eq. (1.3). The concept of electron transmission probability, 7, for electrical conductance
for one-dimenional (1D) systems such as nanowires and nanoribbons was first introduced
by Landauer [2, 7]. It was later extended by Biittiker et. al [8] to multichannel and multi-
lead systems, including planar conductors and nanotubes [6].

It is known that in the absence of scattering mechanisms, electrons of all energies
which impinge on the nanodevice are fully transmitted, and hence 7 (E) = 1. In this
case, electron transport is said to be ballistic [2, 5, 9, 10, 11]. Ballistic electron transport
has been observed experimentally in high purity semiconducting wires [12] as well as

graphene nanoribbons and metallic single-walled carbon nanotubes [13, 14].

1.3 Anderson localization
The Anderson model [15, 16] is most often used to study wavefunction localization in
disordered systems. It is based on the single-band tight-binding model. The Hamiltonian
of such a system is expressed as
H=> el —tY )] (1.8)
i <ij>
where | ) denotes the localized state of the lattice at site i, ¢; is the on-site energy at site ¢
and | 7)(j | indicates the nearest neighbor hopping interaction. The hopping strength, ¢, is

related to the lattice spacing, a, and the mass of the electron, m, by the equation

2
= n (1.9

2ma?

6



where h = % and h is the Planck’s constant.

Anderson [15], showed that random disorder in 1D of any system will localize the elec-
tron wavefunction, and hence 7T (E) is small at almost all energies. Anderson localization
simply suggests that 7 (F) of any nanostructure which has disorder will have a very small
G and consequently very large electrical resistance, . This simply means that any 1D
device with random disorder should act as an insulator. Fig. 1.4 through Fig. 1.6 shows
the plot of 7 (F) showing Anderson localization. As it can be seen from Fig. 1.4 through
Fig. 1.6, as the length of the device increases, there are distinct features in the electron
transmission probability as a function of energy. The result of the random disorder of the
tight-binding parameters in all three plots shows the appearance of wavefunction localiza-
tion effects. In other words, the wavefunction becomes localized, meaning that the electron
transmission probability decreases at long distances as a result of interference effects. It
can also be seen from Fig. 1.4 through Fig. 1.6 that a small degree of disorder leads
to localization of quantum states even for devices not very large. Note in particular the
logarithmic scale for 7 (£) and how small it is for almost all energies.

Fig. 1.4, shows a plot of 7 vs E. Here, m = 1, and [ = 2,4, 6, 8. It should be noted
that m is the number of atoms per slice and [ is the number of slices. The red thick curve
shows [ = 2. The blue dotted thick curve shows [ = 4, the green dashed show [ = 6,
and the magenta, thick dashed curve shows [ = 8. The interslice parameters used are
randomly uniformly distributed ¢;; = [—0.5, 0.5] and the on-site energy used are randomly

distributed as ¢; = [—0.1,0.1].
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Figure 1.4

A plot of transmission vs £ which shows Anderson localization.

Fig. 1.5, shows a plot of 7 (E). The same as Fig. 1.4, except on a logarithmic scale
and with different choices for the random parameters.

Fig. 1.6, shows a plot transmission vs energy. The device sites are the same as in Fig.
1.4, but the random values of ¢;; and ¢; are different.

Furthermore, Anderson localization has also been extended to two dimensional (2D) as
well as three dimensional (3D) systems. In the case of two dimensions (2D), Lee and Fisher
[17], observed that all systems in 2D with on-site disorder with uncorrelated randomness
show Anderson localization. This implies that all 2D systems with on-site disorder will
have a very large electrical resistance, R (very small electrical conductance, G). However,

in this work it will be shown that the presence of correlated disorder will not localize the
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Figure 1.5

A plot of transmission vs £ which shows Anderson localization, log scale.

wavefunction of certain classes of 1D and 2D nanostructures. These nanostructures, may
have an even-odd structure. In fact all electrons which impinge on these nanostructures
through the incoming lead have full electron transmission probability, 7x(£) = 1, at all
energies. Earlier in 2014, Novotny named these classes of nanostucture which have full
transmission probability, 7 (£) = 1 quantum dragons [18]. Each of the nanostructures
(nanodevices) studied in this dissertation will be connected to single channel conducting

1D leads (incoming and outgoing).

1.4 7 (E) from solution of time independent Schridinger equation

In most cases, the tight-binding model is solved using the Green’s function method

[3,4, 5, 6], however the matrix method can also be used [18, 19, 20, 21, 22, 23, 24, 25, 26].
9
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A plot of transmission vs £ which shows Anderson localization.

In this study, the matrix method will be used because it allows the electron transmission
probability to be calculated for a small number of atoms such as a single atom in the device
as well as in situations where there are large number of atoms in the nanodevice. Also, in
finding quantum dragons, the matrix method is easy to use since the algebra is easier to
handle. Using the matrix method, one can easily modify the model parameters, such as the
on-site energies of the atoms in the lead as well as the nanodevices, the connection hopping

strengths w and « or the intra-slice and inter-slice coupling matrices in the nanodevice.

1.5 Method of finite differences

Several techniques can be used to obtain a numerical solution of the time independent

Schrodinger equation. One such method is the method of finite differences. This technique
10



can be used to study transport properties in the quantum realm. A detailed derivation of
the method of finite differences can be found on pp 141-144 of Ref [3]. To set the tone for
the single-channel approach for quantum electron transport, a re-derivation of the method
of finite differences for a 1D linear chain is presented here. The approach leads to a single
band tight binding model.
Let the Hamiltonian, #(r) for an arbitrary shaped conductor in the absence of magnetic
field be expressed as
H(r) = A +U(r) (1.10)

2m

where h = % and h is Planck’s constant, m is the mass of the electron and U(r) is the

potential. In 1D, Eq. (1.10) can be expressed as

_h2 d?
= oma TV

H(z) (1.11)

To obtain the matrix representation for the 1D chain, lets consider the quantity H(x)v(z),

O O O O O
j==3 j=-2 j=-1 j=0 j=1 j=2 j=3
Figure 1.7

An infinite linear chain discretized into a 1D lattice.
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where () is any function of x. Consider a discrete lattice whose points are located at
x = na, where n is an integer, as in Fig. 1.7. The matrix equation can be expressed as

_h2 de

[H¢]x:na = {%ﬁ} + Un”vz)n (112)

where 1, — ¥(z = na) and U,, — U(x = na). The method of finite differences can be

used to approximate the operator 327%’ as
d*y 1
a2 ;W)n—l — 2ty 4 Yny1] - (1.13)
This means that Eq. (1.12) can be expressed as
(H)|smna = —tothj—1 + (U; + 2t,)¢; — toj (1.14)
where t, = %
Thus the Hamiltonian operator for the 1D linear chain can be expressed as
—1o 0 0 0
—t, U_1+2t, —1o 0 0
H=1 0 —t, U, +2t, —t, 0 (1.15)
0 0 —t, Ui +2t, —t
0 0 0 —to

Assume a constant potential at every site, U,. Eq. (1.15) simply suggests that each site is
connected to its nearest neighbor by the hopping term ¢, while the diagonal elements are
expressed as U, + 2t, (i.e potential energy plus 2¢,). From Eq. (1.14), this means that for
a uniform discrete wire, the time independent Schrodinger equation can be expressed as

Expj = (Uy + 2t0)1h; — tothj—1 — tothjsn -
12

(1.16)



To solve Eq. (1.16) assume an ansatz in the form of Bloch wave, 1); = ekie of wavevector

k. Substitute the ansatz back into Eq. (1.16) and upon further simplification this gives

E = (U, + 2t,) — 2t, cos(ka) (1.17)
and therefore
,+2t,) — F
cos(ka) = (& +2t ) : (1.18)

Since propagating waves require —1 < cos(ka) < 1 one has

U, <E<U,+4,. (1.19)

Eq. (1.19) is the condition which is imposed on the energy of the incoming electron, £, in
the 1D limit. It leads to a tight binding model, where continuous space has been replaced
by discretized points. The Hamiltonian operator in Eq. (1.15) is a typical example of a

tridiagonal matrix.

1.6 Tight binding model

The single-band tight-binding model has several applications. For instance it can be
used to describe the electronic interactions for 1D or almost 1D systems such as single
crystals with one orbital per site [27]. The single-band tight-binding model can also be used
to describe the electronic interactions for 2D systems such as planar rectangular crystals
with more than 1 atom per slice. For these systems, the Hamiltonian assumes a tridiagonal
or block-tridiagonal form.

Assume an incident wave (an electron of energy £) impinges from z = —oo on a

potential well (nanodevice) which is located at the origin (z = 0) and scatters off to z =
13



+o00. For this incident electron of energy [ the probability that it gets transmitted to
z = +o0 or gets reflected to z = —oo are respectively 7 (F) and R(E). The transmission
and reflection probabilities, 7 (£) and R(E) are calculated from the appropriate solution
of the time-independent Schrodinger equation [2, 3, 4, 5].

In the single-band tight-binding model, the inter-slice coupling matrix is taken to con-
tain both the hopping terms of the nearest neighbor (nn) and next-nearest neighbor (nnn)
hopping interactions ?, and t, respectively. These hopping interaction terms are the re-
sult of the overlap of the wavefunction between two atoms. The intra-slice coupling matrix
contains the on-site energy at site 7, €;, for each slice as well as the intra-slice hopping term
t;. The on-site energy is a result of the discretization of the time independent Schrodinger
equation as well as the electrical potential at site j, U;. The inter-slice and intra-slice
coupling matrices are Hermitian matrices since they come from the Hamiltonian of the
time-independent Schrodinger equation. These are square matrices of the correct dimen-
sions. Hopping terms between sites within the same slice are referred to as intra-slice.
See Fig. 1.8. Because we connect semi-infinite leads, the matrix is of infinite dimension.
Fig. 1.8, is an example of a nanodevice connected to input and output leads. There are
three atoms shown in the incoming and the outgoing semi-infinite leads. The atoms in the
leads are shown in light green color. The vertical lines show the division into slices for the
device. There are four slices in the nanodevice, and the intra-slice hopping in the device
are shown in red color. The atoms in the device are shown in a forest green color. The

inter-slice hopping terms are nn (violet) and nnn (light green).
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Figure 1.8

An example of a m = 3, [ = 4 nanodevice coupled to input (incoming) and output

(outgoing) leads.

The nanodevice is connected to a 1D infinite chain of lead sites from the left (incoming)
and the right (outgoing). The lattice spacing, a, between the lead sites is set to unity for
simplicity. The on-site energy of the atoms in the lead site is set to zero, €, = 0, since the
atoms in the incoming lead sites as well as the outgoing lead sites are assumed identical.
Therefore, we have chosen our zero for the energy. The nanodevice studied in Fig. 1.8
consists of 4 slices (I = 4) for simplicity, though the number of slices can be increased
to any even integer so that the even-odd interactions are maintained through the incoming
(outgoing) lead as well as the nanodevice. Appendix A.1, shows how to go from an infinite

matrix to a finite matrix.
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For the nanodevice with 4 slices (I = 4) in Fig. 1.8, the matrix equation to solve to

calculate the electron transmission probability as a function of energy, F, can be expressed

as [18]
EE) —at 0t of of 0 X +rx* A
—w F, -B, O 0 0 Va 0
0 -B, F, -B, 0 0 Uy 0
= (1.20)
06 o -B, F, -B, 0 Ve 0
0 0 0 -Bl, F, - Ya 0
0 0t 0t 0ot —at &(E) tr 0
with the definitions {(E) = ;=557 A = == (xe™ — X"e "), X = = and

F; = A, — E1. The vector w connects the left (incoming) lead to the nanodevice and the
vector ¢ connects the right (outgoing) lead to the nanodevice. For [ nanodevice slices, each
of size m, the dimension of the matrix that needs to be inverted to calculate the quantum
transmission probability is (2 + Im) x (2 + lm) Using Eq. (1.20) and solving for the
transmission amplitude, ¢7, the electron transmission probability, as a function of energy,
E, can be calculated since 7 = |tr|?. Furthermore, from the conservation of the number
|2 = T +R = 1 must always be valid. In Eq. (1.20),

of electrons, the equation |tp|* + |r

the energy, F, of the incoming electron is only in the diagonal elements.

1.7 Definitions for quantum dragons
Recently, the theoretical discovery of a large class of nanostructures called quantum

dragons for the case of a single conduction channel has been published [18]. Quantum
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dragons are nanodevices that when connected to appropriate leads have unity transmission
probability for all energies [18]. Quantum dragons have unity transmission probability as
a result of the interplay between the leads and the nanodevice. Since quantum dragons
have unity transmission probability, 7 (F) = 1, this means that in the case of two-probe
and four-probe measurements, GG is quantized, G = G, and infinite, G = oo (R = 0)
respectively. This can be seen from the Landauer formula for a single conduction channel

at low temperatures for the two-probe measurement and four-probe measurement cases

[5, 28]
GoT(Er) two — probe
G = . (1.21)
Gy 12';?;,);) four — probe

Furthermore, since quantum dragons have unity transmission probability, this means that
quantum dragons do not exhibit shot noise power (P = 0). This can be seen from the zero

temperature expression for shot power noise for a 2-terminal coherent device [9]
43
P = 77’(1 -T)V (1.22)

where V' is the applied voltage. Typical examples of quantum dragons include single-
walled carbon nanotubes (SWCNTSs) in armchair or zigzag configurations, and cojoined
Bethe lattices [18]. Novotny in 2015 [24], has shown theoretically how a weighted undi-
rected graph can be turned into a quantum dragon by adjusting the vertex weights. This
study concentrates on single channel quantum dragons from single-layer planar rectangular
crystals, trying to answer the question what kind of single-layer planar rectangular crystals
can be turned into quantum dragons. However some background on single-walled carbon

nanotubes and single layer systems is desired.
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1.8 Experimental and theoretical background for nanotubes and single-atom layer
systems

Atomically thin 2D materials are one of the most researched classes of materials [29,
30]. This is because of their exceptional properties which makes them interesting materials
suitable for electronics and optoelectronics applications [30, 31, 32, 33]. A typical example
of a two dimensional crystal is graphene [34]. Graphene was first isolated in [35] and has
a hexagonal honeycomb lattice.

In recent times, all kinds of nanotubes have been fabricated using different techniques.
Examples include carbon nanotubes [36, 37], MoS; [38], SnO, [39], and BN nanotubes
[40]. Most of these nanotubes which have been fabricated have cylindrical symmetry and
therefore this suggests a circular cross-sectional area. There are other known 2D nanos-
tructures which have different crystal structure apart from the ones with a hexagonal lattice.
Typical examples include metallic single-walled silicon nanotubes and silver metallic nan-
otubes which have a square lattice [41, 42] and PbTe nanotubes which have a rectangular
lattice [43]. The hexagonal honeycomb lattice, square lattice and rectangular lattice are
three of the five known 2D Bravais lattice types.

Generally, the position vector R of a 2D Bravais lattice can be expressed as

R = niay + nqas (123)

where n; are any integers and a; are the primitive vectors that span the lattice. Since the
discovery of 2D materials, many research works have been reported. An excellent review

of the properties of 2D crystals has been conducted [44]. Experimental work has also been
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reported for 2D crystals [45, 46]. In [45], the method of micromechanical cleavage was
successsfully used to synthesize some 2D crystals such as complex oxides.

With recent rapid progress in nanotechnology, some single-atom layer systems have
been reported [43, 47, 48, 49]. For example, free-standing single-atom thick rectangular
lattices of Fe have been fabricated [47] which have a rectangular lattice structure. Also,
single-crystal PbTe nanotubes with rectangular cross section have been synthesized using
a vertical induction furnace [43]. Theoretically, the structural and electronic properties of
carbon nanotubes with square lattice structures have been reported [50].

Many interesting phenomena can occur in classical and quantum systems. One such
phenomenon is Fano resonance (FR). Fano resonance occurs as a result of quantum in-
tereference between a resonant state and a continuum of non-resonant states [51]. Fano
resonance can occur in the coherent regime of an electrical resistance measurement when
a finite nanostructure is coupled between two semi-infinite leads [51]. Theoretically, Fano
resonances have been reported in molecular wires, and in both three-terminal and two-
terminal nanodevices [52, 53]. Experimentally, the first observation of Fano resonance to
be reported in mesoscopic devices is credited to Gores et. al [54]. In their experimen-
tal work in electron transport, they observed Fano resonance in the electrical conductance
when parameters such as gate voltage were varied in a single-electron transistor [54]. Fur-
thermore, other experimental works on Fano resonance have also been reported. These
include metallic single-walled carbon nanotubes, electron waveguides and crossed carbon
nanotubes [51, 55, 56]. Recently, Stanssi et. al in 2017, have reported experimentally Fano

resonances in nanomechanical resonators [57]. The phonemenon of Fano resonances have
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also been observed in classical systems including prism-coupled square micropillars, pho-
tonic crystals, waveguide cavity systems, whispering-gallery microresonators and classical
coupled oscillators [58, 59, 60, 61, 62]. An excellent discussion of the classical analogy
of Fano resonances has been reported [63]. For a single conducting channel, the quantum
electron transport property, such as Fano factor, £, is related to the transmission probability
by [64]

F=1-T(E). (1.24)

In the slices of rectangular crystals, atoms in different slices may have different hopping
strengths. For these rectangular crystals, the matrices A are symmetric tridiagonal matrices

[65]. A symmetric tridiagonal matrix of dimension N x N can be expressed in the form

[65]
axtf b 0 0o 0
b a b --- 0 0
0O ba -~ 0 0
Ao — ol + 17 (1.25)
0 00 -+ a b
0 00 b atvy
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where a and b are real numbers. In Eq. (1.25), the matrix Z is defined as

51000
101 00
01000
Z = . (1.26)
000 -+ 01
000 - 17

These types of matrices will be used in our analysis to obtain quantum dragons.

1.9 Motivation and Outline

Quantum transport in nanosystems is currently a subject of major interest both experi-
mentally and theoretically as a result of the possible applications in electronic devices. In
this light, recently, a theoretical discovery of a large class of nanostructures called quan-
tum dragons has been reported. Quantum dragons are nanodevices which have full electron
transmission probability when coupled to the appropiate leads. Quantum dragons have po-
tential applications in nanoelectronics [18]. The quantum dragons published previously
had cylindrical symmetry, but this raises the interesting question whether other forms of
quantum dragons with different symmetry could also exist. If these quantum dragons exist,
how can such nanodevices with unity electron transmission probability be found? If these
quantum dragons exist and we are lucky to find them, could they have applications in the
future? These and many more questions form the basis of the quest to look for quantum

dragons in this study.
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The outline for the dissertation is as follows. As a way of warm-up or appetizer on how
to find quantum dragons in single-layer planar crystals, Chapter 2 discusses and shows how
to find quantum dragons for a two site device (m = 1,/ = 2). These types of quantum
dragons may be trivial since there is no disorder and consequently electron transmission
is ballistic. However, it is also interesting to see how such two site devices have full
transmission probability. For such linear nanodevices, the transmission probability for the
dimerized leads for two site devices is presented. Here, the matrix method, the matrix RG
method and the Green’s function method will be used to calculate the electron transmis-
sion probability. Chapters 3, 4, 5 and 6 show how to find quantum dragons with differ-
ent boundary conditions and even-odd symmetry using the map-and-tune approach. Each
chapter provides specific details of the technique or details of the calculations on how to
find quantum dragons from single-layer planar rectangular crystals with different bound-
ary conditions. In each chapter, two different ways are provided on how to find quantum
dragons. Explicitly the boundary conditions are noted as 00 (Chap. 3), —— (Chap. 4), ++
(Chap. 5) and —+ (Chap. 6). Chapter 7 contains discussion and conclusions.

In appendix A.1, a complete derivation of the transmission for the dimerized leads is
presented. The dimerized leads have on-site energies as ¢, and €. for the odd and even
lead sites. This is followed by the mathematics of how to find quantum dragons for a
2 site (I = 2,m = 1) device in appendix A.2. In appendix A.3, numerical results for
quantum dragon solutions are presented for m = 1, [ = 2,4,8,16. In appendix B.1,
the decimation renormalization group (RG) calculation is presented. Here, the quantum

transmission solution for two site (! = 2, m = 1) devices is presented. The RG method
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parallels the transmission probability expression using the matrix method and the standard
Green’s function method.

The electron transmission probability as a function of energy E, T (FE), is of central
importance in this study because not only does one calculate the electron transmission
probability, 7 (E), of a nanodevice to find quantum dragons but also to show that indeed
the nanodevice is a quantum dragon. The picture provided in this study is valid as long as

it is reasonable to think in terms of the single-band tight-binding model.
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CHAPTER 2

TRANSMISSION FOR DIMERIZED LEADS COUPLED TO 2 SITE DEVICES

Three solution methods for electron transport for a two site device are presented using
the single-band tight-binding model. The goals of this chapter are two fold: (1) to provide
the motivation necessary for the analysis of the electron transport using the single-band
tight-binding model and (2) to show that a solution of the matrix method is identical to
the commonly used Green’s function method. In each calculational method, the electron
transmission probability is calculated for two slices (! = 2) in the nanodevice coupled to

single channel incoming and outgoing dimerized leads.

2.1 Matrix Method: Model and approach

o—o0 o——-=o° O—oO

Figure 2.1

A device (blue rectangle) connected to input (incoming) and output (outgoing) leads.
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Fig. 2.1, shows a device connected to input and output leads. The direction of the
incident electron is shown with an arrow. Here the leads are uniform (not dimerized).
Consider a nanodevice consisting of a certain number of atoms. The device is connected
to a 1D infinite chain of lead sites from the left (incoming) and the right (outgoing). See
Fig. 2.1 for the problem set-up. The lattice spacing a between the sites is set to unity for
simplicity. To simplify the calculations lets make the following two assumptions: (1) the
distance between the sites are close so that an electron can hop between nearest neighbor
sites and next nearest neighbor sites and (2) the nanodevice consists of slices of sites where
each slice has m sites. We further assume all lead sites have zero on-site energy. This sets
our zero of energy. See Appendix A.1, for the case with dimerized values of the lead on-site
energies. The leads could also have dimerized inter-slice hopping parameters even-odd, ¢,
and odd-even, t,.. A slice may correspond to atoms in the same plane. The Hamiltonian
for such a system is infinite since we have an infinite chain of sites for the leads. With
the help of an ansatz (physical guess) of the solution, such an infinite dimensional matrix
can be reduced to a finite matrix. With this reduced finite matrix the transport properties
of an electron traversing the nanodevice can easily be determined. Therefore, the time

independent Schrédinger equation can be expressed as
(H—EL)U =0, 2.1)

where ‘H is the Hamiltonian of the incoming electron, £ is the energy of the incoming
electron, and U the infinite vector containing as the elements the wavefunction 1); for site

j. I 1is the infinite-dimensional identity matrix. Some transport quantities include the
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electrical conductance, GG in Eq. (1.3), and the Fano factor, F' in Eq. (1.24). In the rest of
section 2.1, the uniform leads as well as the dimerized leads are presented. The uniform
leads follow Daboul et. al [19] and the dimerized leads follow Novotny [18].

Daboul et. al [19] proposed to reduce this infinite uniform lead problem into a finite
dimensional one that includes only the nanodevice and the closest points on the input
(incoming) and output (outgoing) lead. The form of the lattice written for two sites (labeled
a and b ) in the nanodevice which is placed between lead sites n = 0 and n = 1 is shown
in Fig. 2.2. T(E) through the nanostructure can be calculated from the solution of the
time-independent Schrodinger equation. Here, the inter-slice hopping terms are uniform.

See Fig. 2.2

Figure 2.2

A uniform wire connected to a two site device. The device is located between site n = 0

and site n = 1.
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The infinite matrix which is the time independent Schrodinger equation Eq. (2.1) then
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0 0 0 0
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where x, = ¢, — E. The ansatz from [19] is the slice wave function of the leads can be

written as

elana | pe~iqna < 0

Uy = . (2.3)
tTeiq(n—l)a n > 1

Substitute the ansatz of Eq. (2.3) in the tight-binding equation Eq. (2.2) for the out-

going lead (n > 1) to give

—totre ™2 4 (¢ — Etpe' VIt =
—toe T + (69 — E) — tge'®* = 0 (2.4)
€0 — F = 2tgcosqa .
Since, here the leads are uniform, this means that we can choose ¢ty = 1. This sets our unit

of energy. Assume that the on-site energy is set to zero, thus ¢y = 0, setting our zero of

energy. This means that the energy, I/, of incoming electron is related to the wavevector ¢

by

K
cos(q) = - (2.5)

Substitute the ansatz of Eq. (2.3) in the tight-binding equation Eq. (2.2) for the in-
coming lead (n < 0). This gives

(1D pemit=Nay 4 (o — B)(eHm0 4 pemitme) g (htntDe | pe—iantey —

€M —toe T 4 (eg — E) — t9e" ] + re ™M [ —tye' + (¢g — E) — toe 1 =0

€191 —2to cos(qa) + (eg — E)] + re” "% —2ty cos(qa) + (g — E)] = 0

[(eo — E) — 2ty cos(qa)][e™* 4+ re "] = 0.

(2.6)
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This equation can also be satisfied by the last equation in Eq. (2.6). Furthermore, Novotny
[18] extended this approach to the case of dimerized lead sites. Here the form of the lattice
is written for two sites (labeled a and b ) in the nanodevice which is placed between lead

sites j = 0 and j = 1 as shown in Fig. 2.3.

teo toe tw €a tab €b tu toe
j=a  j=b j=

j=-2 Jj=-1 j=0 1 J

2

Figure 2.3

A two site device coupled to dimerized leads.

Fig. 2.3 shows an example of two site device. The device is located between site j = 0
and j = 1. The hopping strength between the device is denoted by t,,. The atoms in the
incoming and outgoing leads are identical and are shown by a green color.

The inter-slice hopping interaction between the lead sites, even-odd and odd-even, are
designated as t., and t,,. respectively. For instance, interactions between lead sites j = 2

and 7 = 3 is denoted by —t.,, with t., > 0 and interactions between lead sites 7 = 3 and
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j = 4 is labeled t,.. The hopping parameters t., and t,. come from the discretization of
the time independent Schrodinger equation. The negative sign is inserted so ¢, and ¢,
are positive after discretizing the time independent Schrédinger equation. By multiplying
the matrix and vector in Eq. (2.1) to the sites that are not connected directly to the 2-site

device, this results in the set of infinite equations expressed as [18]

_toewjfl - Ew] - teoijrl = 0 j =, _67 _47 —2
_teod)j—l - E¢] - taewj—i-l = 0 j =y, _57 _3a -1
2.7
_toewj—l - E% - teowj—i-l = 0 .7 = 2a 4a 67 o
~teoWjo1 — B —toejr1r = 0 J=3,5,7T,---.

It should be noted that in Eq. (2.7), the sites numbered 0 and 1 are not included since
they couple to the device sites. Introduce the ansatz [18] for the propagating waves in the

incoming and outgoing leads. The wavefunction have the form

by = xe + rxre J=—00,,=4,-20
b, = e 4 et j=—00,--,—5—-3,—1
(2.8)
¢j — tT Xe“](]_l) j e 2’ 4’ ety +OO
b = tpeiaGD J=1,3,57,9-  +oc

where the ansatz also is valid for the sites numbered 0 and 1 which connect to the device.
This is a plane wave with wavevector ¢ from —oo impinging on the device and being
partially transmitted to oo and partially reflected to —oo. In other words, the ansatz takes
into account Bloch’s theorem in the parameter . Substitute the ansatz in Eq. (2.8) back

into Eq. (2.7) to give an infinite set of equations
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€V (—toee ™ — EX — too€) + 167V (—t,ee'l — Ex* —teoe ™) = 0 j1

U (—teoxe ™ — E — toex€) + re U (—t,x el — E — toex*e ) = 0 Jj2
e (—t,,e71 — Ex — t,,e) = 0 73
treU=Y (—t xe " — E — t,.xe) = 0 j4

(2.9)

where we have defined for convenience

jl=---,—6,—4, -2 (2.10)
j2=---,-3,—1 (2.11)
73 =2,4,6,--- (2.12)
and
Jj4=3,5,7,---. (2.13)

The two equations for the output lead in Eq. (2.9) can be manipulated to eliminate the
phase factor x. The Bloch structure of the even-odd dimerized leads is captured by x. The
solution of x gives

teo€' + toe¥ 1)

= = — A — 2.14
X E teo€ 4 + t,.e4 ( )

This resulting equation for Y is satisfied provided

E? — tgo B tge

2q) = 2.15
cos (2q) T : (2.15)
or with the double-angle formula for cos(2q) gives
E2 - (teo - t06)2
==+ . 2.16
cos(q) \/ . (2.16)
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From trigonometry, since cos(q)? + sin(q)? = 1, this means that from Eq. (2.16)

4teotoe - E2 - teo - toe 2
sin g = i\/ [ ( ] 2.17)

4t€0t06

Using Eq. (2.16), the energy range of propagation of moving electrons can be calculated

since for traveling waves one requires

—1<cosqg<1. (2.18)

In the limiting case when t., = t,. = 1, using Eq. (2.16) and Eq. (2.18), the energy of
the incident electron in the leads is restricted to be —2 < F < 2[4, 19, 23]. Also, when

teo 7 toe> Eq. (2.16) allows propagation modes in the leads for [18]

- |teo + toe| S E S - |teo - toe| and |teo - toe| S E S |teo + toe| . (219)

The two solutions are due to the two signs in front of the expression in the square root in
Eq. (2.16). Fig. 2.3, shows a typical example of an infinite chain of lead sites which is

connected to a two site device. Here, the leads are dimerized.

2.2 Matrix Method : Solution for [ = 2 via (4 x 4) matrix method

The finite matrix equation to solve to calculate 7 (E) for the single channel dimerized

lead coupled to two site device can be expressed as [18]

5 (E> _tw 0 0 ¢o A

_tw Rg _tab 0 1% 0
= (2.20)

0 —tw Ky —ty Yy 0

0 0 —t. &(F) Uy 0



with the definitions A = %(Xeiq —xeT), x = —E—— ¢(E) = _—Btee™™

teoe™ M ttoceid’ teoe™ Mttoce™d
Xteo€ ™, kg = €, — E, Ky, = €, — I/ and t,, and t,, connects the incoming and the outgoing
leads to the nanodevice. This is derived for more general dimerized leads in Appendix A.1.
Using the ansatz [18] of Eq. (2.8) for the propagating waves in the leads, the wavefunction
for the lead sites 7 = 0 and j = 1 can respectively be expressed as v, = x + rx* and

Y1 = tp. From Eq. (2.20), the matrix to invert to calculate the electron transmission

probability for the 2 site device is :

& —t, O 0
—tw Raq _tab O
N, = (2.21)
0 —tw Ky —tu
0 0 —t, £
which has the inverse
N, = ! S (2.22)
2 (82— Rab) (12 — my€) — 243, '
where
E(Rakp — 12,) — 2ka  Ly(KpE — t2) taptwé taptwtu
tw (ke — t2) kpE? — o€ tap? taptul
S —
tabtuf tab§2 5a’£2 - t?yf tu(ﬁ:ag - t%u)
taptwly tatu  tu(Ke€ —12) E(Raky —12,) — 1ok,
(2.23)
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From Eq. (2.20), Eq. (2.22) and Eq. (2.23) only the lower-left element of N ! is needed
to calculate the electron transmission probability. One finds the transmission amplitude, ¢,

can be expressed as
twtutap\
(% — Ra&)(E, — Fag) — 13,8

(2.24)

tr =

and

tututap*
(£ = Ral*) (1 — Fb€") — 13,67

Therefore the electron transmission probability 7 = [t7|* gives

iy =

(2.25)

_ 2262, A" A
T8 = [ —rf@ = rd) — B —rt) B — i) — g7 &2

It should be noted that both ¢, and t,, are real positive numbers, but the quantities £ and A
are complex numbers. Eq. (2.26) is one of the equations plotted in Fig. 2.6 and Fig. 2.7.
In general, the dimensions of the matrix to invert to calculate 7 (£) for a two slice
(I = 2)device at j = aand j = b can be expressed as (2myp+m,+mp) X (2mp+mq+my)
where m, is the number of channels in the incoming (outgoing) leads, m,, is the number
of site(s) in the device at m = a and my, is the number of site(s) in the device at m = b. In
Eq. (2.20), the dimensions of the matrix to invert to calculate 7 (£ is 4 X 4 since there is
a single channel in the incoming and outgoing leads coupled to the two sites of the device

atj =aandj =b.

2.3 General matrix renormalization group formulation for two site device

In this section, the renormalization group (RG) approach will be used to reduce the

4 x 4 matrix in Eq. (2.20), to a 2 x 2 matrix which can easily be used to calculate T (E).
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A 4 x 4 matrix has already been used to calculate 7 (F), Eq. (2.26). The type of RG
used is decimation RG. It is important to note that no approximations are made, our RG is
exact. The main purpose of this section is to introduce the concepts of the RG group and
to show that the electron transmission probability for the 2 site device can be calculated in
two ways using the matrix method. Thus either by inverting the 4 x 4 matrix in Eq. (2.20)

or by inverting the 2 x 2 matrix in Eq. (2.46)

2.3.1 Theory

@e e o o

Decimate
one of the sites

Figure 2.4

Schematic representation of the decimation procedure for the atomic site labeled a.
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Fig. 2.4, shows the decimation procedure. (a) 2 atom device before decimation. The
nanodevice is located between site j = 0 and j = 1. Eliminating the atom at site j = a we
obtain the renormalized chain in (b).

The finite matrix equation to solve to calculate 7 (£, through the nanodevice at j = a
and j = b can be expressed as Eq. (2.20). Multiply the four rows of Eq. (2.20), this gives

the four equations

§tho — twthe = A (2.27)
—twlo + Falla — tasthy = 0 (2.28)
—tapa + Koty — Lyt =0 (2.29)

—t 4 £y = 0. (2.30)

From Eq. (2.28), solving for 1, gives
Yo = Ky tapthy + Ky tutho. (2.31)
Substitute Eq. (2.31) back into Eq. (2.27) and upon grouping the like terms gives
(€ = thrg o — tury tapthy = A. (2.32)
Similarly, put Eq. (2.31) back into Eq. (2.29) and upon grouping like terms yields
—taptiy twtho + (Kb — g Ly )ty — tuthy = 0. (2.33)

Now rewriting Eq. (2.32), Eq. (2.33) and Eq. (2.30) into matrix form gives

(€ —t2kY)  —twkg'ta 0 Yo A
—tapkiy e (K — k1Y) —tu | s | = O] - (2.34)
0 —ty, 1 Uy 0
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Therefore we have reduced our 4 X 4 matrix equation to a 3 X 3 matrix equation. See Fig.

2.4. Now for simplicity, from the L.H.S of Eq. (2.34), let G = £ — 2 k!, B = ty Kk, tap,

w'a

Q = tupk, 'ty and P = Ky, — r, 't2,. This means that Eq. (2.34) can be expressed as

G —-B O (0 A
—-Q P —t, bl =10]1" (2.35)
0 _tu g ¢1 0

Multiply the three rows of Eq. (2.35) to give the three equations

G, — By = A (2.36)
QYo + Py —t, 1 =0 (2.37)

and
—tythy + Ehy = 0. (2.38)

Solving for v, from Eq. (2.37) gives
Uy = Pl by + P71 Qu. (2.39)
Substitute Eq. (2.39) back into Eq. (2.36) and upon grouping like terms yields
(G — BP'Q), — BP 't = A. (2.40)
Similarly, substitute Eq. (2.39) into Eq. (2.38) and upon grouping like terms results in
—tu P Qo + (€ — £, P71 = 0. (2.41)

Rewrite Eq. (2.40) and Eq. (2.41) into matrix form to give

G- BP'Q —-BP ', | (v, A
= . (2.42)

—t,P7'Q  &—2P7 1] \ iy 0
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For simplicity, from the LHS of Eq. (2.42) let « = G — BP~'Q which means that Eq.

(2.42) can be re-expressed as

« —BP't, Y, A
= . (2.43)
—t,P7'Q &—t2P! P 0
Now substitute the expressions for GG, B, () and P in the above back into o and upon

simplification results in a simple expression for  which can be expressed as

t2 2 ¢2
a=g— o ‘wlab (2.44)
Ko  Ka(Kaks —t3,)

Put o and the rest of the definitions of GG, B, () and P back into Eq. (2.43). This gives

£ — th totay ; *twtut%b Y A
Ka Ha(’ﬂa"ib_tab) (Hanb—tab) ° — (2 45)
—twtutap . 2 kg
(Haﬁb_tgb) 5 (Haﬁb_tib) wl O

See Fig. 2.5. From the ansatz of the propagating waves in the leads, the wavefunctions

[18], ¥, = x + rx* and ¢y = tp. Therefore, Eq. (2.45) can be rewritten as

2 12,12 —twtut
R e = X+t A
o ralramly) o (remhy) - L (246)
—twluty 2k
(“a“b_til;) S (Haﬁb_tzb) tT 0
Using Eq. (2.46), solving for ¢ gives
twltutap\
tr = ) (2.47)
T (B = ra) (8 — &) — O,
Similarly, from Eq. (2.47),
twtutabA*
th = (2.48)
T (82— kb)) (12 — ko) — 12,672
and therefore the transmission probability, 7 = |¢|? can be expressed as
p y p
21242, A*A
T(E) = w uab ) (2.49)

(£, — 5a&) (7 — mog) — 2,81 [(E, — Kal") (£ — kp€") — 15,677
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Thus Eq. (2.49) is the same as Eq. (2.26). This simply shows the electron transmission
probability can either be found by inverting the 4 x 4 matrix on the L.H.S of Eq. (2.20)
or by inverting 2 x 2 matrix on the L.H.S of Eq. (2.46). Appendix B.1.1 performs the
same decimation RG using a different method. Although the RG method is different, the

expression Eq. (2.49) for the transmission is the same.

Decimate one
of the sites

) % @

Figure 2.5

Schematic representation of the decimation procedure for the atomic site b.

Fig 2.5 shows decimation procedure. Here, one of the three sites is decimated and this

gives two sites both of which are lead sites.
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2.4 Quantum transmission solution for a two site device connected to dimerized
leads: Green’s function method

The Green’s function technique is a standard method used to calculate 7 (E) through
nanostructures [3, 4, 5, 6]. In this section, the Green’s function method will be used to cal-
culate the electron transmission probability for a 2 site device connected to 1D dimerized
leads (incoming and outgoing). The goal of this section is to show that for the two site
device using the Green’s function method gives same result as using the matrix method
and the matrix RG method for 7 (F). See Fig. 2.3 for the problem setup.

Let the Hamiltonian for the two site ([ = 2, m = 1) be written as

€a _tab
H = (2.50)
—tab €

where €, and ¢, are the on-site energies for the two atoms and %, is the hopping strength

between the two atoms in the device. The self energy matrices can be expressed as [3, 4,

5, 6]
¥ = tegrth = (2.51)
0 0
and
0 0
Yy = tugrtl = : (2.52)
0 -4
13

Here, g1, and gr are the Green’s function of the left and right leads respectively and ¢,
and ¢, are the incoming and the outgoing hopping strengths which are connected to the

device. It should be noted that the quantity £ is complex but ¢,, and ¢,, are real numbers
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and are both positive, ¢,, > 0, t, > 0. The complex quantity ¢ is different for uniform and

dimerized leads, namely

e uniform
E(F) = . (2.53)

— Fte,e™

Tone— -4t o0t dimerized

From Eq. (2.51) and Eq. (2.52) the coupling matrices can be expressed as

-
il

T =i[% — 2,1 =it} (2.54)

(ew]
]

and

0
Ty =i[2y — X5l =it? . (2.55)

1
0 &

)

i

The coupling matrices may be seen as matrices which connect the incoming and outgoing
leads to the device. In quantum electron transport calculations, the Green’s function, G,
can be expressed in terms of the energy of the incident electron, £, the Hamiltonian for the

device, H, and the self-energy matrices 3; and ¥». The Green’s function is [3, 4, 5, 6]

-1

G=[EFI—-H-%, -3, ' = . (2.56)

From Eq. (2.56), the Green’s function G t can be expressed as

t—%" — K t b
Gh=[EI-H-%, -5, 1= ¢ (2.57)
2

Lab &~ Kb
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T (E) can be defined in terms of the Green’s function (G) and the coupling matrices I'y
and I'5 as

T(E) = Tr[[1GT2G"] (2.58)

where Tr is the trace of the matrix. Now put Eq. (2.54), Eq. (2.55), Eq. (2.56) and Eq.
(2.57) back into Eq. (2.58). This yields the electron transmission probability as

_ 2262, AT A
T(E) = (22, = Kal) (12 — ko€) — 2,E2)[(£2 — ral) (12 — rpl™) — £2,672] (2.59)

It should be noted that A is a complex quantity and is different for uniform and dimerized

leads, namely

—2i8ingq uniform

AE) = . (2.60)
== (xe' — x*e ) dimerized
Eq. (2.59) is one of the equations plotted in Fig. 2.6 and Fig. 2.7. Fig. 2.6 shows a plot
of transmission vs E for a 2 site dimerized device. If t,, = t, = teo = 2, toe = topy = 1 and
€a = €, = ¢ = 0, the (I = 2, m = 1) device is a quantum dragon with 7 (F) = 1 for all
three calculation methods used.
Fig. 2.7, shows curves plotted for all three calculational procedure. All results for

the three different methods of solution lie on top of each other. The values plotted have

tw =ty =teo = 2, toe = typy = 1 and ¢, = ¢, = 0.5 for the (I = 2, m = 1) device.

2.5 Summary

In this chapter, a compact and explicit expression for 7 (F), of spinless electrons

through a 2 site nanodevice is provided using the matrix method, the matrix renormal-
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Figure 2.6

7T is plotted as a function of F for the 2 site dimerized device.

1.0F
S 0.8}
w
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Energy

Figure 2.7

The curves plotted correspond to the final results of section 2.2 (matrix method), section

2.3 (matrix RG method) and section 2.4 (Green’s function method).
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ization group method, and the Green’s function method. It is apparent from Eq. (2.26),
Eq. (2.49) and Eq. (2.59) that for a two site (I = 2, m = 1) nanodevice, the matrix method
yields the same expression as the matrix RG method and the traditional Green’s function
method. Also, it can be seen that there are certain tight binding parameters where 7 (F)
gives full transmission, 7 (£) = 1. This can be seen in Fig. 2.6. The equivalence of the
three methods makes sense because these three techniques all solve the time independent
Schroédinger equation for the semi-infinite leads attached to the nanodevice. In the rest of
the chapters that follow, the technique of how to find quantum dragons for single-layer

planar systems is presented.
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CHAPTER 3
QUANTUM DRAGON SOLUTIONS FOR RECTANGULAR CRYSTALS : CASE 1:

BOUNDARY CONDITION 00

There are an infinite number of possible connections between leads and the device. The
busbar (all strengths equal) and the point-to-point (for a chosen point on the device) are
only two. These two are the ones used in the study of percolation [66]. Experimentally,
one type of connection is about as easy to make as another, but this also depends on the
experimental system. There is another type of connection between leads and the device
called the modified busbar connection. The busbar and modified busbar connection will be
used in this study to find quantum dragons.

It is shown in this section of the dissertation how to find quantum dragons for single-
layer planar rectangular crystals using boundary conditions which we label as 00. We call
the boundary conditions 00 because in Eq. (1.25), we set (5 = v = 0). The connections
used in this chapter are the modified busbar. There are two ways to find quantum dragons:
(1) we assume the inter-slice coupling matrices for the nanodevice has nearest neighbor
(nn) and next nearest neighbor (nnn) interactions and (2) we assume the inter-slice cou-
pling matrices is proportional to the identity matrix. In other words, the device has only

nn interactions. In the absence of nnn interactions this gives results in [24].
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From Eq. (1.25), by setting (8 = v = 0), the matrix of dimension m x m is a Toeplitz

matrix which has the form

a b0 --- 00
b a b --- 00
0O ba -~ 00
A= =al +0Q (3.1
000 -+ ad
000 - b a

where a and b are real numbers. The Toeplitz matrix, which is sometimes also called a
diagonal-constant matrix, was named after the German mathematician Otto Toeplitz. In

Eq. (3.1), I is an identity matrix of the correct dimension and the matrix Q) is defined as

010 - 0 0
1 01 0 0
010 ---00
Q= . (3.2)
000 - 01
000 - 10
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Our nanodevice has an intra-slice coupling matrix of the form (written for m = 8)

0

0

—t, —t,
—t, —t,
0 —t,
0 0

B =
0 0
0 0
0 0
0 0

0

0

0

0

0

0

0 0
0 0
0 0
-t 0
e —t
-t €
0 —t
0 0

0 0
0 0
0 0
0 O
0 0
-t 0
e —t
-t €

0 0
0 0
0 0
0 0
0 0
—t, 0
—t, —t,
—t, —tq

=l —1Q (3.3)

= —t,1-1,Q (3.4)

where t’s are the hopping strengths which are non-negative real numbers and € is the on-site

energy of the atom which is a real number. The Toeplitz matrix in Eq. (3.1) has eigenvalues

expressed as [67, 68]

/\S:a+2bcos(
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for s = 1,....m and eigenvectors expressed as

(.s): 2 . 7T8j 36
T m—i—lsm<m+1) (3.6)

where j = 1.....mand s = 1,....m. In Eq. (3.3) and Eq. (3.4), the matrix Q is shown
in Eq. (3.2). To find quantum dragons for nanostructures, the transformation matrix, X
for a successful mapping needs to be found first. Without this mapping, it would be very
difficult to find quantum dragons. The outline for this chapter is as follows. In section
3.1 and section 3.2, we will show how to find quantum dragons for m = 3, = 4 and
m = b, | = 4 respectively. The main objective of these sections are to show how to find
quantum dragons for a small number of atoms per slice and a small number of slices in the
device. However, this same analysis can be applied to any number of atoms per slice and
any number of even slices, [/, in the device. In section 3.3, we will introduce the general
mapping method and this will be followed by section 3.3.1 which shows the general case
mapping. In section 3.3, we will introduce the matrix to invert to calculate the electron
transmission probability, for three atoms per slice with two slices in the device. However,
for a large [ and m such a matrix to invert could be large, and therefore we will use the
general mapping technique to reduce the dimensionality of the matrix. This section will
then be followed by the general method for 2D system mapping. In section 3.3.3, the
mapping technique is applied to 2D systems, where a six site device will be used as an
example. In section 3.4, we will show the general tuning to obtain a quantum dragon. This
section will be followed by specific tuning of how to obtain quantum dragons as applied to

the six site device. Section 3.5, puts all the results into perspective. Here all plots obtained
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will be shown and discussed. The summary of results for our boundary condition 00 are

given in section 3.6.

3.1 Quantum dragons for m = 3, [ = 4 with nn and nnn interactions

Assume the nanodevice has three atoms per slice at slice j = v. See Fig. 3.1.

Figure 3.1

An example of the case of dimerized leads, and a rectangular nanodevice, for 00 boundary

conditions.

In Fig. 3.1, the vertical lines show the intra-slice hopping. The device has m = 3,
[ = 4 and therefore ml = 12 atoms. The device has non-uniform intra-slice hopping
parameters. Only three atoms in the incoming lead as well as the outgoing lead are shown.
The lead atoms are shown by a green color. The connections between leads and the device
are shown by line segments (blue). The inter-slice coupling matrices are for nn shown by

the horizontal line (blue and brown color) and the nnn (coolblack, cyan and pink color)
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shown by line segments which form an X-shape. Appropriate choices of the tight-binding
parameters makes this disordered nanodevice into a quantum dragon.

The intra-slice coupling matrices have the form

e, —t, 0
Ay=1 —t, ¢ —t, |=al-16Q (3.7)
0 —t, €,

where v = a, b, ¢, d for the [ = 4 slices and ¢, are the on-site energies for the atoms in the
slice 7 = v and ¢, are the intra-slice hopping parameters between atoms. Using Eq. (3.5),
the eigenvalues of Eq. (3.7) are \,; = €, — t,\V2, A2 =¢€,and Ay 3 = €, + t,\/2. Now

assume the device inter-slice coupling matrices have the form

=t —1,,Q (3.8)

where we will let B, ,,; with w even be B, and with w odd be B,.. In Eq. (3.7) and Eq.

(3.8), the matrix Q is explicitly for m = 3

Q=]1101]- (3.9

In this example, only a single incoming lead atom is coupled to three atoms in the nanode-

vice at j = 1. The incoming connection vector w can be expressed as

' = (wn W12 w13> (3.10)
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where w;; are hopping terms between a lead slice and a device slice. The ¢ index is for the
atom in the lead. Since there is a single atom in a lead slice, 7 is 1. The j index is for the
atoms in the device, and j can be 1, 2 or 3 since there are 3 atoms in each device slice. For
instance, wy; connects the first site (atom) in the lead to the first atom in the first slice of
the device and w;5 connects the first site (atom) in the lead to the second atom in the first
slice of the device. Fig. 3.2, shows a typical connection between the first atom in the lead
coupled to the first 3 atoms in the nanodevice. Furthermore, assume that 7 is equal to ,
this means that the connection between the last slice in the incoming lead to the first slice
of the device and the connection between the last slice in the device to the first slice in the

outgoing lead are the same.

I
|
!

Figure 3.2

An example of connection between lead sites and the device where the first atom in the

lead is connected to all three atoms in the first slice of the device.

Fig. 3.2, is an example of the connection between leads and device. The forest green

color shows the atom in the device and the green color shows atoms in the lead. There
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are only three atoms shown in the incoming lead. Note the even-odd bond structure in the
lead.

After making these assumptions, the set of successful mapping equations become

WX = <_@ 0> (3.11)
—q
X = (3.12)
0
& O
XA X! = (3.13)
0 A
and
T —5% 0
X;Bjj+1 X = ) (3.14)
0 Bj;n

where j is the device slice index. Using Eq. (3.6), the normalized eigenvectors for the

intra-slice and inter-slice coupling matrices are

=3t __
v3—(% \/% %) (3.15)
Bt = 1 -1 1
and
z?i’T:(% - %>. (3.17)
Now let the matrix of transformation, X be defined as
173*
X = 17;“ ) (3.18)
Uiﬁ



Note that from Eq. (3.18),

XX =1. (3.19)

This means that the device intra-slice matrix at site j = v has been transformed to

€& —t,V2 0 0
XA, X = 0 6 0 . (3.20)
0 0 e +t,v2

From Eq. (3.20) and the mapping Eq. (3.13), tuning for the device and the lead hence
requires

€L =€, — t,\V2 (3.21)

where €, is the on-site energy of the atom in the lead. Since we have set the on-site energy

of the atoms in the leads to zero, ¢;, = 0, this means Eq. (3.21) can be re-expressed as
€, =t, V2. (3.22)

Note €, can be any value, and the tuning only requires ¢, and ¢, satisfy Eq. (3.22). Fur-
thermore, note Eq. (3.22) allows a different €, for every device slice v. Similarly, for the
inter-slice coupling matrices, use the same transformation matrix, X in Eq. (3.18). Upon

multiplying through this gives

tx w ty,w\/§ 0 0
XB, o1 X! = 0 o 0 (3.23)
0 0 —~tpu +tywV?2

and therefore the mapping equation, Eq. (3.14) is satisfied provided 551 = 1, + 1y V2.

Now the last task to do is to check for the mapping equations for the incoming and outgoing
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connection vector, w and u. To do this, use the same transformation matrix, X in Eq. (3.18)

and then define the incoming connection vector, w0 as

Wl = (_y _ _w) .
2 2
w'X = (—w 0 0) :

Similarly define the outgoing connection vector, @ as

Sl

This means that

|
vl

£

I

|
S

This means that

(3.24)

(3.25)

(3.26)

(3.27)

Thus in effect the mapping equations, Eq. (3.11) and Eq. (3.12) have been satisfied.

Therefore to find quantum dragons, tune the on-site energy of the atom at slice j = v

teo

to e, = t,\/2, as well as §,; = trw + tw,\/ﬁ, and W = 4 = | _teo

. In defining

the connection vector for the incoming and outgoing leads coupled to the nanodevice, use

the Perron-Frobenius theorem [69, 70, 71]. The inter-slice coupling matrices, B, 1,

are all real m X m matrices with non-positive entries, and therefore each has a largest

positive eigenvalue with an eigenvector which has all elements the same sign [69, 70, 71].
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Similarly, the intra-slice coupling matrices can undergo a shift procedure to enable use of

the Perron-Frobenius theorem [24].

3.1.1 Quantum dragons for m = 3, [ = 4 with nn interactions

In Eq. (3.8), the inter-slice coupling matrices odd-even and even-odd are defined in
terms of nearest neighbor and next nearest neighbor. This assumption has already been
used to find quantum dragons for the three site device. Quantum dragons can also be found
by relaxing this earlier assumption. Here, lets assume that the inter-slice coupling matrices,
B, .+1 are proportional to the identity matrix. Therefore, the device inter-slice coupling
matrices have the simple form B, ,.; = —%,,I. Use the same transformation matrix, X
in Eq. (3.18) to satisfy the mapping equations. Therefore the mapping equation, Eq. (3.14)
is satisfied provided 5, = t, . Here assume the device intra-slice coupling matrices are

the same as Eq. (3.7). This means that to find quantum dragons, tune the on-site energy of

teo

the atom at slice j = vtoe, = t,\/2, as well as 50 = trw>-and W = U = | _teo

3.2 Quantum dragons for m = 5, [ = 4 with nn and nnn interactions

Assume the nanodevice has five atoms per slice at slice 7 = v. See Fig. 3.3.

Fig. 3.3, is an example of 20 site device connected to dimerized leads. The vertical
lines show the intra-slice hopping. The device has m = 5, [ = 4 and therefore m! = 20
atoms. The device has non-uniform intra-slice hopping parameters. Only three atoms in

the incoming lead as well as the outgoing leads are shown. The lead atoms are shown by
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a b c d

Figure 3.3

An example of the case of dimerized leads, and a m = 5 rectangular nanodevice, for 00

boundary conditions.

a green color. The connections between leads and the device are shown by line segments
(blue). The inter-slice coupling strengths are for nn shown by a horizontal line (blue
and black color) and the nnn shown by (pink, dark yellow and cyan color) line segments
which form an X-shape. Appropriate choices of the tight-binding parameters makes this

disordered nanodevice into a quantum dragon.
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The intra-slice coupling matrices have the form

e, —t, O
—t, € —t,

A, = 0 —t, €
0 0 -t

0 0 0

£,Q (3.28)

=¢,I—

where €, are the on-site energies for the atoms at slice ; = v and ¢, are the intra-slice

hopping parameters between the atoms. From Eq. (3.5), the eigenvalues of Eq. (3.28) are

)\V,l =€ — t,,\/g, >\V,2 =€, — 1y, )\V,B = €y, )\1/,4 =€, + 1y, and )\1/,5 =€ + tl/\/g

Now assume the device inter-slice coupling matrices have the forms

trw —tyw O 0

—tyw trw tyw 0
Bowi = 0 tyw —trw —tyw
0 0 tyw —tow
0 0 0 yw

The matrix Q is explicitly for m = 5

010
1 01
Q=|010
001
000
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T lyw

_tac,w

=t I—t,.,Q. (329

(3.30)



Using Eq. (3.6), the normalized eigenvectors for the intra-slice and inter-slice coupling

matrices are

17§T:<L1L1L) (3.31)
2v3 2 V3 2 23
=57 _ _
v4—(%%()?171) (3.32)
o= 4 -1 1 3.33
B z0 ) @3
and
= 1 =1 1 -1 1. (3.35)
2v3 2 V3 2 23
Let the transformation matrix X be defined as
1—;;1“
7721‘
X = gg)ﬁ ) (3.36)
1—}21‘
1715T
From Eq. (3.36),
XXM =T1. (3.37)
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This means that the device intra-slice coupling matrix at slice j = v has been transformed

to
e, —t, V3 0 0 0 0
0 €, —t, 0 0 0
XA, X = 0 0 e 0 0 . (3.38)
0 0 0 e +t, 0
0 0 0 0 e+tV3

From Eq. (3.38), and the mapping Eq. (3.13), tuning for the device and the lead hence
requires

e =€, —t,V3 (3.39)

where €/, is the on-site energy of the atom in the lead. Since the on-site energy of the atom

in the lead is set to zero, €;, = 0, this means that Eq. (3.39) can be re-expressed as
€, =t,V3. (3.40)

Note €, can be any value, and the tuning only requires ¢, and €, satisfy Eq. (3.40). Fur-
thermore, note Eq. (3.40) allows a different €, for every device slice v. Similarly, for the
inter-slice coupling matrices, use the same transformation matrix, X in Eq. (3.36). Upon

multiplying through, this gives

XBownX'=| 0 0 o 0 0 |- (3.41)




Here,

01 = ~trw —tyuV3 (3.42)
02 =1lpw —tyw (3.43)
03 = —lou, (3.44)
01 = to + tyw (3.45)
and
05 = —tow + tyuV/3. (3.46)

Therefore the mapping Eq. (3.14) is satisfied provided 5,3 = 1, + ¢y v/3. Now the last
task is to check for the mapping equation for the connection vector for the incoming and
outgoing leads coupled to the device, w and u. To do this, use the same transformation

matrix, X in Eq. (3.36) and then define the incoming connection vector, w by

sz(_L _w _w _w _L). (3.47)
2v3 2 V3 2 2v3
This means that

WX = (—w 000 0)- (3.48)

Thus in effect the mapping Eq. (3.11) is satisfied. Similarly define the outgoing connection

vector, U as

=

3

|
NI

(3.49)

S

Il

|
Sl

=

5



This means that

Xi=| o |. (3.50)

0

Thus in effect the mapping Eq. (3.12) is satisfied. Therefore to find quantum dragons tune

the on-site energy of the atom at slice j = v toe, = t,\/3, as well as Sp3 = tlpw + lyw V3,

teo

—5

Quantum dragons for m = 5, [ = 4 can also be found when the device has only
nn interactions. This means that for such a device, the inter-slice coupling matrices is
proportional to the identity matrix. Thus B,, ,,+; = —t, . I. This assumption has been used
by Novotny in 2015 [24], to find quantum dragons. When the device consists of only nn

interactions, to find quantum dragons, tune the on-site energy of the atom at slice j = v to

teo

€, = t,V/3, as well as §p4 = tywand W = U = teo
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3.3 General mapping

To calculate the electron transmission probability, use the matrix method. For the sake

of argument, the matrix method for m = 3 and [ = 2 is presented here, although the same

analysis can be extended to any number of atoms per slice in the device and any number

of even slices in the device. The matrix equation to solve for the electron transmission

probability for m = 3, [ = 2 is expressed as [18]

where the 8 x 8 matrix

§(E)  —wn
—wy; €, — F
—wiz
—W13 0
M, =
0 —t,
0 —t,
0 0
0 0

—Wi2

M, ==
—wi3 0 0
0 —t, —ty
—1q —t, —t,
€, — F 0 —ty
0 e—FE  —t
—ty —ty, e —F
—t, 0 —t
0 —Uir U2
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(3.51)
0 0
0 0
—ty 0
—t, 0
, (3.52)
0 —U11
=ty  —Ur2
e, —F —us
—uz  E(E)



as well as

X +rx”
Va1
Va2
Va3
U1
Vb2
(%

SH
I

tr

and

[1]

3.3.1 General case mapping

(3.53)

(3.54)

The dimensions of the matrix to invert to calculate 7 (£) in Eq. (3.51) is 8 x 8 since

m = 3 and [ = 2 and hence (2 + Im) x (2 4+ Im) = 8 x 8. In general, 2D systems can

sometimes be mapped onto 1D linear chains by the mapping equations. In most cases,
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if one seeks to calculate the electron transmission probability for a nanodevice with a
large number of atoms, the dimensions of the matrix on the LHS of Eq. (3.51) becomes
large. This simply suggests that the solution could involve taking the inverse of a matrix
of large dimensions. Although this can in priniciple be done numerically, getting an exact
solution is not always possible. As in [18], a mapping is searched for in order to reduce
the dimension of the matrix in Eq. (3.51). The matrix equation to solve for 7 (F) comes
from the expression of the transmission amplitude, ¢7(E) with 7 = |t7|%. The solution of

the matrix equation Eq. (3.51), involves a matrix of the form

¢ wt o 0f 0t ot 0
@ F, By 0 0 0 0
0 By F, Bog 0 0 0
0 0 Bjy Fy 0 0 0
N, = (3.55)
0 0 0 0 Fiy By, O
0 0 0 0 Byew F, o u
o o o o ... @t a ¢

with F;, = A, — ET a m; X m; matrix. The m; X m; matrices A;, contain all the intra-
slice coupling parameters and on-site energies, and is independent of the energy, F, of
the incoming electron. The symbol I represents the identity matrix of the appropriate

dimension, which in the equation for F; is m; x m;. The matrix equation which needs to
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be solved for T(E) = |t7|* comes from the expression for ¢7(E) from the solution of the

matrix equation

X +rx* A
Ya 0
N, v = ’ : (3.56)
Ve 0
tr 0

Use the eigenvectors of the intra-slice coupling matrices and form the appropiate matrix of

transformation, X. Next introduce the m x m block transformation matrices X;

X1

Xo

X — (3.57)
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where all X; are non-singular. Also multiply both sides of Eq. (3.56) from the left by the

matrix X, and insert the identity I = Xf(X')~! between N, and the vector of wavefunc-

tions. The equation then reads

XN, X'

Next define the (2 + Im) X (2 + Im) matrix M, =

plication. Hence, M, has the form

3 wtXd 0t 0f
X, X F XD X Bp,X) 0

0 XyBuX! X,FoX) X,BysXi

0 0 X3B3pX)  X3FsX]

0 0 0 0

0 0 0 0

0 0f 0f 0f

=1}

=]

= : (3.58)

=1

XN, X! and perform the matrix multi-

0t 0t 0
0 0 0
0 0 0
0 0 0

X FeaX), XeBe X) 0

XeBeo—1X—1 XerXZ Xl

—

0t aX] 3
(3.59)

The mapping onto a 1D linear chain of sites is accomplished by finding solutions to the

sets of the mapping equations in Eq. (3.11) through Eq. (3.14). A successful mapping will

66




give that the transmission for this large matrix is exactly the same for all energies of the

incident electron as that from a matrix of dimension 2 -+ ¢ that has the form

& —w 0 0 0 0 0
—W Ry —t;p O 0 0 0
0 —ty Ry —tos 0 0 0
__ 0 0 —f3 FRs 0 0 0
M, = (3.60)
0 0 0 0 Few  —teag O
0 0 0 0 —toi Ry —1
0 0 0 0 0 —u &

with #; = €; — E. The transmission coefficient ¢7(E) can be found from either the (I +

2) x (I 4 2) equation

X +rx* A
P 0
v - M;! ’ (3.61)
e 0
ty 0
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or the (2 4 Im) x (2 + Im) equation

X +7rx* A

o 0

-1 (0> 0
(XT> =M;! , (3.62)

Uy 0

tr 0

and in either case the electron transmission probability is calculated from T (E) = |t7|*.

3.3.2 General method for 2D system mapping
In this section, the general method to do the mapping for a general 2D system is pre-
sented. Let assume there are m atoms per slice in the nanodevice. The intra-slice coupling

matrix associated with the device at site v can be expressed as
A, =¢I1-1,Q. (3.63)

The eigenvalues of the matrix A, can be expressed as [67, 68]

s
)\sy = ¢y — Qty 3.64
, € cos (m+ 1) ( )

where s = 1, ....m. Assume the inter-slice coupling matrices for the device (odd-even and

even-odd) have the form

Bw,w+1 = _ta:,w:[ - ty,wQ . (365)
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In Eq. (3.63), and Eq. (3.65) the matrix QQ has been shown in Eq. (3.2) and the matrix I
is an identity matrix of the same dimension as Q. The eigenvalues of Eq. (3.65) can be

expressed as [67, 68]

s
>\s,u = _tx,u - Qty,u COS (m T 1) (3.66)

where s = 1, ....m. Assume further that there is a single incoming lead atom which is cou-
pled to the m atoms in the device at slice ¥ = 1. This means that the incoming connection
vector, W, is of dimension m. This further suggests that the outgoing connection vector «
is also of dimension m. After making these assumptions the sets of mapping equations are
given in Eq. (3.11) through Eq. (3.14). The elements of the eigenvectors of the inter-slice

and intra-slice coupling matrices, B, .,+1, and A, are [67, 68]

(S) 2 . 7T8j
s .67
T m+1sm<m+1) (3.67)

where 7 = 1......m and s = 1, ....m. With these eigenvectors, form the m X m matrix of

transformation X such that

sin (757) sin (22 sin (227) sin (;25)
sin (;257) sin (25) sin (227) sin (;2)

sin (257) sin (55) sin (;27) sin (22)

T |G R () sn ()
T sin () s (1) sin(22) sin (2)

sin (857) sin (125) sin (2) i (25)

sin (;757) sin () sin (25) sin (25)

sin (257) sin (J55) sin (24) sin (222)

(3.68)



where the matrix is written for m = 8, and only four columns are shown. Note that from
Eq. (3.68)

XX =T1. (3.69)

Since X is unitary, A, can be diagonalized as

XA, X" = Agiagonal (3.70)
here A giagonal 18
A1 0 0 0
0 X - 0 0
Adiagonat = | ¢ 1 0 : (3.71)
0 0 - Am—1 O
0 0 0 An

with the eigenvalue \; of Eq. (3.64). Similarly, for the inter-slice coupling matrices use the

same transformation matrix X in Eq. (3.68). Upon multiplying through this gives

}{]-D’w,w—l-l}(Jr = Bdiagonall (372)
here Bdiagonall is
A1 0 0 0
0 A2 0 0
Bdiagonall = .. . (373)
0 0 A1 0
0 0 0 >\1m




with the eigenvalue of Eq. (3.66). Now the last task is to check for the mapping equation
for the connection vector for the incoming and the outgoing leads, « and «. To do this, use
the same transformation matrix, X in Eq. (3.68) and then define the connection vector, w
by

=t
w _(—wn —Wi2 —W —Wig - —wlm)' (3.74)

This means that from Eq. (3.67)

WX = (_wu 0000 - 0). (3.75)

provided from Eq. (3.67) w! = —w;,#YT. Thus in effect the mapping Eq. (3.11) is

satisfied. Similarly, define the outgoing connection vector  as

—U11
—Up2

—Uu13

(3.76)

<y
I

—U14

—Us

—Uim
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This means that

for @t = —u119), and hence the mapping equation mapping Eq. (3.12) is satisfied.

<y
I

—Un

0

Y

Map

000

Y
/

\

—0—0 090

Tune

e —

An example of mapping and tuning for a nanodevice with m = 3, [ = 4.

Figure 3.4
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Fig. 3.4, shows a 12 site device where mapping has been done as well tuning. The
device is coupled to dimerized leads. Since, m = 3 and [ = 4 this means that the device
has ml = 12. Here, mapping onto a 1D linear chain has been performed, and tuning has

also been done. Hence, the device is a quantum dragon.

3.3.3 Example of mapping for 2D system: Six site device

In this section, we will show how to do the mapping for a 6 site device. Here, m = 3,
[ = 2, and my = 1. Form the matrix of transformation, X, from the eigenvectors and then

introduce the block transformation matrix,

X = . (3.78)

Here, the matrix of transformation, X is shown in Eq. (3.18).
It should be noted that since the dimension of the matrix to invert to calculate the

electron transmission probability is an 8 x 8 matrix, the block transformation matrix is also
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8 x 8 matrix. Clearly Xt = X and XX = Is«s. Sandwiching N3 with the transformation

matrices gives

XN, X = . (3.79)

Here,
Kl =€, —t,V2—E (3.80)
= —t,—t,V2 (3.81)
K2 = €q+taV2—E (3.82)
t2 = —t,+t,V/2 (3.83)
K3 = e,—1yV2—F (3.84)
k4 = e, +t,V2—E. (3.85)
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Collect the sites connected to the input and output leads, through &(E), to give

¢(E) —w 0 0
N —w 6 —taV2—FE  —t,—t,/2 0
M; = : (3.86)
0 —t, —t,V2 @—tV2—EFE —u
0 0 —u E(F)

This is the ({+2) x (I42) matrix to invert to calculate the electron transmission probability.

The map-and-tune method of finding a quantum dragon is shown in Fig. 3.4.

3.4 General tuning: Quantum dragon

In the absence of a magnetic field, the maximum eigenvalue corresponds to s = 1,
which means that from Eq. (3.71) and the mapping Eq. (3.13), tuning for the device and
the lead requires that

e = A1 = 0. (3.87)

Similarly, for the inter-slice coupling matrices for the device, Eq. (3.73), the mapping Eq.
(3.14) 1s satisfied provided

Sbe = A11- (3.88)

Thus in effect the mapping Eq. (3.12) is satisfied. Therefore to find quantum dragons tune

€, = )\1, gbx = )\11 and W =4 = —teoﬁ(l).
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3.4.1 Specific tuning: Quantum dragon for m = 3,/ = 2

The six site device in section 3.3.3, will be a quantum dragon with 7 (£) = 1 as long

as the four relations

§—tvV2 = 0 j={12} .

_tac - ty\/§ - _toe

are satisfied.

3.5 Data

In this section, the results obtained are presented. Here, we show quantum dragon so-
lutions as well as Fano resonance in the electron transmission probability when there is
uncorrelated complete randomness in the device. In Fig. 3.5 through Fig. 3.8, the plot
of 7 vs E for both the dimerized leads and uniform leads coupled to the nanodevice are
shown. As it can be seen from the graphs, when there is correlated random disorder be-
tween the single-band tight binding parameters, we obtain a quantum dragon solution as
shown by the line 7 = 1 (darker blue) as expected. As argued by Novotny, [18] quantum
dragon solutions are obtained when there is an interplay between the nanodevice and the
attached leads. When the tight-binding parameters are not correlated, Fano resonances are
seen in the plots of 7 vs E. By using a simple Mathematica code for a particular strength
of disorder, ¢ for we calculate numerically the mean electron transmission probability as

well as the standard deviation of the electron transmisssion probability. As it can be seen
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from Fig. 3.9 and Fig. 3.10, the mean electron transmission probability decreases with
increasing strength of the disoder as expected. This makes complete sense because as the
strength of the disorder increases, the uncorrelated randomness of the tight binding param-
eters in the device increases, and hence the electron transmission probability decreases and
consequently a decrease in the mean electron transmission probability. It should be noted
that there is no randomness of the tight-binding parameters of both the dimerized leads
and uniform leads attached to the device. To generate random numbers we used Random-
Variate[distribution] in Mathematica, which generates a pseudorandom variate or numbers
from a particular distribution. In our study, the distribution we used is the normal distri-
bution of mean zero and variance unity. In our choice of particular distribution we choose

the normal distribution. Fig. 3.5 is a plot of transmission vs energy, . The nanodevice

1.0 g ‘['"W‘.“’.T\‘ i r'ml'-'-.: T
< 0a} | |IM ]. ” \ f|f|| y
2 06l i
£ .
2 0.4} 1
o '
F 0.2} l ‘
0.0t - . A
1.5 2.0 25
Energy
Figure 3.5

T vs E, boundary condition 00, dimerized leads.

has m = 5, [ = 14 and therefore m! = 70 atoms. Here, t,, = 1 and t.,, = 2. The line

7



T = 1 (darker blue) has the on-site energy, €; = {; /3. The intra-slice hopping strengths
used are non-uniform. The red, green, magenta and cyan color show Fano resonances in
the electrical transmission probability of the nanodevice. The on-site energies are mod-
eled by ¢; = tj\/g + 0% and the intra-slice hopping terms are modeled by ¢; = t + 0X.
The inter-slice hopping parameters are modeled by t, = t,. + 0% and t, = t., + 0%
where 6 = 0.0,0.05,0.1,0.15,0.2 and  is a random number of mean 0 and unit standard

deviation.

1.0
508
@ 0.6
£ :
c 04
o
=02
0.0t - - -
1.5 2.0 2.5
Energy
Figure 3.6

T vs E, boundary condition 00, dimerized leads, 6 = 0.2.

Fig. 3.6, is the same as Fig. 3.5, except only two values 0 = 0 (a quantum dragon)
and 0 = 0.2 are shown. It should be noted that the mapping equation only hold when
0 = 0. The line 7 = 1 (darker blue) has the on-site energy, ¢, = tj\/g. The intra-

slice hopping strengths used are non-uniform. The cyan color shows Fano resonances
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in the nanodevice, the darker cyan color and the orange color shows the mean electron

transmission probability and the standard deviation of the 7 vs E for 6 = 0.2.

E 55 " [ﬁ ”Tf"]”',"’“i ‘ N [n\

s |
0.2
0.0t - - -
0.5 1.0 1.5
Energy
Figure 3.7

T vs E, boundary condition 00, uniform leads.

Fig. 3.7, shows a plot of transmission vs E. The nanodevice has m = 5, ! = 14 and
therefore ml = 70 atoms. Here, t., = 1 and t,, = 1. The line 7 = 1 (darker blue) has the
on-site energy, €; = t; /3. The intra-slice hopping strengths used are non-uniform. The
yellow, green, red and the purple color show Fano resonances in the nanodevice. The on-
site energies are modeled by €¢; = ¢; v/34 0% and the intra-slice hopping terms are modeled
by t; = t + 0X. The inter-slice hopping parameters are modeled by ¢, = t,. + 0% and
to = teo + 02 where 6 = 0.0,0.05,0.1,0.15,0.2 and X is a normally distributed random

number.
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Figure 3.8

T vs E, boundary condition 00, uniform leads, 6 = 0.2.

Fig. 3.8, is the same as Fig. 3.7, except only for two values 6 = 0 (a quantum dragon)
and o = 0.2 are shown. Here, t., = 1 and t., = 1. The cyan and the orange color shows

the mean and the standard deviation of 7 vs F for § = 0.2 for the device.

3.6 Summary

In this chapter, it has been shown how to find quantum dragons for m = 3,1 = 4
as well as m = 5 and [ = 4 for single-layer planar rectangular crystals with boundary
conditions 00. Here, the connection hopping strengths @ and « to the nanodevice are a
modified form of the busbar connection. In the presence of uncorrelated random disorder
in the nanodevice, Fano resonances in the electron transmission probability are seen in
Fig. 3.5 through Fig. 3.8 for both the dimerized and uniform leads with inhomogeneous
slices in the device. Quantum dragons have no Fano resonances just 7(F) = 1. The

quantum dragon solutions obtained are nanodevices with non-uniform intra-slice hopping
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Figure 3.9

(T) vs 0, boundary condition 00, non-uniform leads

terms. However, quantum dragons solution can also be obtained with uniform intra-slices
in the nanodevice. Fano resonances are also expected to be observed when the dimerized
and non-dimerized leads are connected to homogeneous slices when there is uncorrelated
disorder of the tight-binding parameters in the nanodevice. For the six site device, we
have shown how to use the mapping technique to obtain quantum dragon solutions. For m
atoms per slice in the device with [ number of slices in the nanodevice, where here [ is an
even number, the general approach to find quantum dragons has also been shown. As the
amount of uncorrelated disorder increases (0 increases) the mean transmission falls and the
standard deviation of the transmission increases. This is shown in Fig. 3.9 through Fig.

3.12 for both dimerized and uniform leads.
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(T) vs 0, boundary condition 00, uniform leads.
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Figure 3.11

std 7 vs 9, boundary condition 00, dimerized leads.
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std 7 vs 9, boundary condition 00, uniform leads.
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CHAPTER 4

QUANTUM DRAGON SOLUTIONS FOR RECTANGULAR CRYSTALS : CASE 2 :

BOUNDARY CONDITION ——

It is shown in this section how to find quantum dragons for single-layer planar rect-

angular crystals using boundary conditions which we label as ——. We call the boundary

conditions —— because in Eq. (1.25), we set (5 = v = —b). The connections used in this

chapter are the busbar. There are two ways to find quantum dragons: (1) we assume the

inter-slice coupling matrices for the nanodevice has nn and nnn interactions and (2) we

assume the inter-slice coupling matrices are proportional to the identity matrix. In other

words, the device has only nn interactions. In the absence of nnn interactions this gives

results in [24]. From Eq. (1.25), by setting (3 = v = —b), the symmetric tridiagonal

matrix of dimension m X m has the form

a—>

—b

0

0 0
0 0
0 0
a —b
—-b a—2»
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where a and b are real numbers. In Eq. (4.1), the matrix Q is shown in Eq. (3.2) and the

matrix €2 is defined as

0

0

0

0

0

0

0 0

01

Our nanodevice has an intra-slice matrix of the form (written for m = 8)

e—t —t O
—1 e —t
0 —t €
0 0 —t
A —
0 0 0
0 0 0
0 0 0
0 0 0
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0 0
0 0
0 0
0 0
0 0
-t 0
€ -1
—t e—t

=el —tQ —tQ2

4.2)

4.3)



and an inter-slice matrix of the form (written for m = 8)

to—t, —t, 0 0 0 0 0 0
—~t, —t, —t, 0 0 0 0 0
0 —t, —t, =t, 0 0 0 0
0 0 —t, —t, —t, 0 0 0
B_ = —t,]—1,Q — t,0
0 0 0 —t, —t, —t, 0 0
0 0 0 0 —t, —t, —t, 0
0 0 0 0 0 —t, —t, —t,
0 0 0 0 0 0 —t, —t,—t,

4.4)
where ¢’s are the hopping strengths which are non-negative real numbers and e is the on-
site energy of the atom which is a real number. Eq. (4.1) is a matrix with eigenvalues

expressed as [67, 68]
-1
A = a — 2bcos (U) (4.5)
m

for s = 1,2, ....m and eigenvectors

o =

1
\/_% (4.6)

o _ |2 (27 —1)(s—rm
o = \/; cos < e 4.7

where 7 = 1.....,m and s = 2, ....m. The outline of this chapter is as follows. In section

and

4.1, we show how to find quantum dragons for m = 5, [ = 4. The main objective of this

section is to show how to find quantum dragons for a small number of atoms per slice and
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a small number of slices in the device. However, this same analysis can be extended to any
number of atoms per slice and any number of even slices, /, in the device. This section
will be followed by the general method for 2D system mapping. In section 4.2, we will
show the general tuning to obtain quantum dragon. Section 4.3 puts all the results into
perspective. Here all plots obtained will be shown and discussed. The summary of results

for our —— boundary condition are given in section 4.4.

4.1 Quantum dragons for m = 5, = 4 with nn and nnn interactions

Assume the nanodevice has five atoms per slice at slice 7 = u. See Fig. 4.1.

2NN

a b c d

Figure 4.1

An example of the case of dimerized leads, and rectangular nanodevice for —— boundary

conditions.

In Fig. 4.1, the vertical lines show the intra-slice hopping. Here, m = 5, [ = 4 and

therefore m! = 20. The device has non-uniform intra-slices. The device is coupled to
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the single channel incoming and outgoing leads. Here, only three atoms in the lead are
shown. The inter-slice coupling matrices are for nn shown by the horizontal line (magenta
and light blue color) and the nnn shown by (deep blue, dark yellow and black color) line
segments which form an X-shape. Appropriate choices of the tight-binding parameters
makes this disordered nanodevice into a quantum dragon.

The intra-slice coupling matrices have the form

€p—1t, —t, O 0 0
—t, €, —t, O 0
A, = 0 —t, € —ty 0 =€, 1—1,0-1,Q (4.8)
0 0 —t, €, —t,
0 0 0 —t, €—1t,

where ;1 = a, b, ¢, d for the | = 4 slices and ¢, are the on-site energies for the atoms at slice
J = p and t, are the intra-slice hopping parameters between atoms. The eigenvalues of
Eq. (4.8) gives A\u1 = €, — 2t Ao = 5(—t, — V5 +26,), Az = (8, — t,V/5 + 2¢,,),
Apa = %(_tu + tu\/g + 2€,), and A, 5 = %(tu + tu\/g + 2€,).

Now assume the device inter-slice coupling matrices have the form

—lpo —lge —lee 0 0 0
—lgp e —lee 0 0
By = 0 g tpo g 0 = —tppl—tg,02—11,Q
0 0 tgp tpp tgp
0 0 0 toe  —lpgp — oy
(4.9)



where we will let ¢ even be B., and ¢ odd be B,.. In the matrix equations above, the
matrix €2 is explicitly for m =5

10000
000O0O
2=100000 (4.10)

000O0O0

0 00O01

and the matrix Q is defined as Eq. (3.30). The identity matrix, I has same dimension as

Q. The eigenvectors of Eq. (4.8) and Eq. (4.9) are

ﬁ?*:(uul) (4.11)

17;’*:(_1 L1-v5E) 0 L(=1+5) 1) (4.12)
17§*=(1 L-3+4v5) 1-v5 L(-3+V5) 1) (4.13)
US*=(_1 L14VE) 0 H(-1-v5) 1) (4.14)

and

17?*:(1 =3=v5) 1+v5 (-3-+5) 1)- (4.15)

Now let the matrix of transformation, X be defined as

X = ch (4.16)
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where 5? "and i = 1toi = 5 are the normalized vectors of Eq. (4.11) through Eq. (4.15).

Note that from Eq. (4.16)

XX =T1.

This means that the device intra-slice matrix at slice j = p has been transformed to

XAX'=] 0 0 A 0 0

Here
)\H,l =€y — 2t'u
1
Auz = 5(_tu - tu\/g + 2€4)
! VB
Aus = §<tu — tuV5 4 2¢,)
! VB
)\“’4 = 5(—15# + t# 95+ 26#
and

1
Aus = §(tu + tu\/g + 2¢,).

From Eq. (4.19) tuning for the device and the lead hence requires

€ = €, — 2t,
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(4.17)

(4.18)

(4.19)

(4.20)

4.21)

(4.22)

(4.23)

(4.24)



where ¢/, is the on-site energy of the atom in the lead. Since the on-site energy of the atom

in the lead is set to zero, €;, = 0, this means Eq. (4.24) can be re-expressed as

= 2t (4.25)

€u

-
Note that ¢, can be any value, and tuning only requires ¢, and ¢, satisfy Eq. (4.25).
Furthermore, note Eq. (4.25), allows a different ¢, for every device slice p. Similarly,

for the inter-slice coupling matrices, use the same transformation matrix, X in Eq. (4.16).

Upon multiplying through, this gives

XBy 11X = Baiagonats (4.26)
where
A 0 0 0 0
0 X 0 0 0
Baiagonats = 0 0 X3 0 0 (4.27)
0 0 0 X\ O
0 0 0 0 X
Here
Aot = —tpo — 2tg (4.28)
Ao = %(—tw —ty V5 — 2t,,) (4.29)
Aps = %(tp,@ —ty V5 — 2t,,) (4.30)
Aps = %(—tw +tgoVD — 2ty,) (4.31)
and
Aos = %(tw by V5 = 2t,). (4.32)
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From Eq. (4.28), the mapping equation, Eq. (3.14) is satisfied provided sy5 = t,, ,, + 2¢, ..
Now the last task is to check for the mapping equation for the connection vector for both
the incoming and outgoing leads, w and . To do this, use the same transformation matrix,

X in Eq. (4.16) and define the incoming connection vector, w by

= (-

) . (4.33)

S
S
Sl
Sl
S

This means that
WX = (—w 000 0)- (4.34)

Hence the mapping Eq. (3.11) is satisfied. Similarly define, the outgoing connection vec-

tor, 1 as

Sl

Sl

(4.35)

£y

I

|
Sl

Sl

Sl

This means that

Xi=| o |. (4.36)
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Thus the mapping Eq. (3.12) is satisfied. Therefore to find quantum dragons tune the

on-site energy of the atoms at slice p to €, = 2t,, as well as 5,5 = t,, + 2{,,, and

~
i
il

S

~+
o
s}

S

g
I
]
I

|
3

S

~
I
s}

S

teo
RS
Quantum dragons can also be found when the device has only nn interactions. This

means that for such a device, the inter-slice coupling matrices are proportional to the iden-
tity matrix. Thus B, .41 = —t, 1. This assumption has been used by Novotny in 2015
[24] to find quantum dragons. When the device has only nn interactions, to find quantum

dragons, tune the on-site energies of the atoms at slice j = p to ¢, = 2¢,, as well as

~
)
S}

S

~
o
il

S

~+
o
s}

Sp6 = tpp.and W = U = | —

S

~
o
S]

S

teo

S

4.1.1 General method for 2D system mapping

In this section, the general method to do the mapping for a general 2D system is pre-

sented for the single-layer planar rectangular crystals with boundary condition ——. As-
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sume there are m atoms per slice in the nanodevice. The intra-slice coupling matrix asso-

ciated with the device at slice 7 = p can be expressed as
A, =¢I1-1,Q—-1,Q. (4.37)

The eigenvalues of the matrix A, can be expressed as [67, 68]

—1
Ao = €, — 2, cos (M) (4.38)

m

where s = 1, ....m. Assume the inter-slice coupling matrices for the device (odd-even and

even-odd) have the form
By = =ty L —15,Q — 1,82 (4.39)

In Eq. (4.37) and Eq. (4.39), the matrix QQ has been shown in Eq. (3.2) and the matrix I is
an identity matrix with same dimension as matrix QQ. The eigenvalues of Eq. (4.39) can be

expressed as [67, 68]

1
Aoy = —lpy — 2y COS <u> (4.40)
m

where s = 1, ....m. Assume further that there is a single incoming lead atom which is cou-
pled to the m atoms in the device at slice ¢+ = 1. This means that the incoming connection
vector 1 is of dimension m. This further suggests that the outgoing connection vector  is
of dimension m. After making these assumptions the sets of mapping equations are given
in Eq. (3.11) through Eq. (3.14). The elements of the eigenvectors of the inter-slice and

intra-slice coupling matrices are [67, 68]

b
Jm

2 = (4.41)
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and

xﬁfg) = \/zcos <(2j — D= 1)7T) (4.42)
m 2m

where j = 1.....,m and s = 2, ....m. With these eigenvectors, form the matrix of transfor-

mation X such that

1 1 1 1
V2 V2 V2 V2
cos(z)  cos(Z)  cos(2E)  cos(2E)

2m 2m
9 COS(;—;) COS(%) Cos(125—m”) Cos(mﬁ) e e e
X=4/= (4.43)
m
cos(a%)  cos(E)  cos(2E) cos(BE) oo oo e e

cos(5X)  cos(XE)  cos(3Z)  cos(2E)

cos($X)

5 397 )

cos(5>

: 261 )

m

cos(

where the matrix is written for m = 8, and only four columns are shown. Note that from
Eq. (4.43)

XXM =T. (4.44)

Since X is unitary, A, can be diagonalized as
XA/LXT = Adiagonal (445)

here A jiogonal 18
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Mgt 0 0 0
0 s 0 0
Adiagonar = | 1 e : : (4.46)
0 0 Asm-1 O
0 0 - 0 s

with the eigenvalues of Eq. (4.40). Similarly, for the inter-slice coupling matrices use the

same transformation X. Upon multiplying through this gives

XB, ,1X" = Buiagonal (4.47)
here Biqgonai 18
A1 0 - 0 0
0 g --- 0 0
Baiagonat = | ¢ 1 - : : (4.48)
0 0 - Agma O
o o - 0 Adm

with the eigenvalues of Eq. (4.40). Now the last task is to check for the mapping equation
for the connection vector for both the incoming and outgoing leads, w and «. To do this,
use the same transformation matrix, X in Eq. (4.43) and define the incoming connection

vector, w by
w :(—wn —Wiz —Wiz —Wiy - —wlm)‘ (4.49)

This means that

wTX:(_wH 0000 v ... 0) (4.50)
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provided from Eq. (4.41) w! = —w,#YT. Thus in effect the mapping Eq. (3.11) is

satisfied. Similarly define the outgoing connection vector, « as

—U11
—U12

—U13

)
I

—U14 . (451)

—U1s

—Uin

This means that

—Un

Xi = (4.52)

0

for @' = —uy; 0" and hence mapping Eq. (3.12) is satisfied.
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4.2 General tuning: Quantum dragon

In the absence of a magnetic field, the maximum eigenvalue corresponds to s = 1,
which means that from Eq. (4.46) and the mapping Eq. (3.13), tuning for the device and
the lead requires that

€L, = )\31 =0. (453)

Here also, the assumption that the atoms in the incoming and outgoing leads are the same
has been made. It is traditional to chose ¢, as the zero of energy. Similarly, for the device

inter-slice coupling matrices, Eq. (4.48), the mapping Eq. (3.14) is satisfied provided

Sbax = 1. (4.54)
Here, @ = @ = —t.,01).
4.3 Results
In this section of the thesis, the results for the boundary condition —— are presented and

then discussed. Here, we show quantum dragon solutions, Fano resonance of the electron
transmission probability, as well as the mean and the standard deviation of the electron
transmission probability vs J. As seen in Fig. 4.2 through Fig. 4.5, quantum dragons
exist for the nanodevice when there is correlated disorder and when we tune correctly
some tight binding parameters in the device. The quantum dragon solutions are shown
by T(FE) = 1 (darker blue) in all cases. Because quantum dragons have unity electron
transmission probability, this means that quantum dragons have no Fano resonance, F',
since F' = 1—T (F). When the tight-binding parameters are uncorrelated, Fano resonances

are seen in all cases. As can be seen in Fig. 4.2 through Fig. 4.5, as the strength of the
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disorder increases, we move away from the quantum dragon solutions. As seen in Fig. 4.6
and Fig. 4.7, the mean electron transmission probability decreases with increasing disorder,
0. This makes perfect sense because as the strength of disorder increases, the uncorrelated
randomness in the device increases and hence the mean electron transmission probability
decreases. This result is true for both dimerized leads and uniform leads attached to the
nanodevice. It should be pointed out that in all cases the leads attached to the device do
not have disorder.

In quantum dragon solutions, there is correlated disorder between the leads and the
nanodevice and the parameters in the device must be tuned correctly to obtain 7 = 1 for
all energies. In the case of Fano resonance the random numbers are generated using a

normal distribution.

1.0¢

i ' nr-n,' '
5 0.8} ‘MW [ | M
2 0.0 UK \
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Z 0.4f
®
0.2} .
| (i
0.0L . .
1.5 20 25
Energy
Figure 4.2
T vs E, boundary condition ——, dimerized leads.
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Fig. 4.2, is a plot of transmission vs E. The device has m = 5, [ = 14 and therefore
ml = 70 atoms. This plot is for the non-uniform leads (¢, = 1 and t., = 2). The line
T = 1 (darker blue) has the on-site energy, €, = 2t;. The on-site energies are modeled
by €; = 2t; + 03 and the intra-slice hopping terms are modeled by ¢; = ¢ + 0X. The
inter-slice hopping parameters are modeled by ¢, = t,. + 0% and ¢y = ., + 02 where
0 = 0.0,0.05,0.1,0.15,0.2 and ¥ is a Gaussian random number of zero mean and unit
standard deviation. The intra-slice hopping strengths used are non-uniform. The cyan,

green, magenta and the red color shows Fano resonances in the nanodevice.

< oal RN AT A T
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Energy
Figure 4.3
T vs E, boundary condition ——, dimerized leads, § = 0.2

Fig. 4.3, is the same as Fig. 4.2, except only for the two values 6 = 0 (a quantum
dragon) and 0 = 0.2. The red color shows Fano resonances in the nanodevice. The cyan
and the orange color shows the mean and the standard deviation of the electron transmis-

sion probability as a function of F in the nanodevice for 6 = 0.2.
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Figure 4.4
T vs E, boundary condition ——, uniform leads.

Fig. 4.4, is a plot of transmision vs £. The nanodevice has m = 5, [ = 14 and
therefore m! = 70 atoms. This plot is for the uniform leads (¢, = 1 and t., = 1). The line
7T = 1 (darker blue) has the on-site energy, €, = 2t;. The on-site energies are modeled
by €; = 2t; + 02 and the intra-slice hopping terms are modeled by t; = ¢ + ¢X. The
inter-slice hopping parameters are modeled by ¢, = ¢,. + 62 and ¢ty = ¢, + 0% where
0 =0.0,0.05,0.1,0.15,0.2 and ¥ is a normally distibuted random number. The intra-slice
hopping strengths used are non-uniform. The cyan, green, magenta and red color shows
Fano resonances in the nanodevice.

Fig. 4.5, is the same as Fig. 4.4, except only for two values 6 = 0 (a quantum dragon)
and 0 = 0.2. The cyan and the orange color shows the mean and the standard deviation of

the electron transmission probability as a function of F for 6 = 0.2.
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Figure 4.5

T vs E, boundary condition ——, uniform leads, 6 = 0.2.

4.4 Summary

In this chapter, it has been shown how to find quantum dragons for m = 5, [ = 4 for
single-layer planar rectangular crystals with boundary condition ——. Here, the connection
vector used is busbar. That is the connection between the leads and every atom in the first
and last slice of the device are of the same strength. When there is uncorrelated random
disorder in the nanodevice, Fano resonances are seen as in Fig. 4.2 through Fig. 4.5.
Quantum dragons have no Fano resonances since the electron tranmission probability is
unity for all energies. Fano resonances are also expected to be observed when the dimerized
and non-dimerized leads are connected to homogeneous slices when there is complete
uncorrelated randomness in the nanodevice. For m atoms per slice in the device with [
number of slices in the nanodevice, where here [ is even number, the general approach to

find quantum dragons has also been shown.
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Figure 4.6

(T) vs 0, boundary condition ——, non-uniform leads.
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(T) vs 0, boundary condition ——, uniform leads
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CHAPTER 5
QUANTUM DRAGON SOLUTIONS FOR RECTANGULAR CRYSTALS : CASE 3:

BOUNDARY CONDITION -++

It is shown in this section how to find quantum dragons for single-layer planar rect-
angular crystals using boundary conditions which we label as +4-. We call the boundary
conditions ++ because in Eq. (1.25), we set (5 = 7 = b). The connections used in this
chapter are modified busbar. There are two ways to find quantum dragons: (1) we assume
the inter-slice coupling matrices for the nanodevice has nn and nnn interactions and (2)
we assume the inter-slice coupling matrices is proportional to the identity matrix. In other
words, the device has only nn interactions. In the absence of nnn interactions this gives re-
sults in [24]. From Eq. (1.25), by setting (3 = ~ = b), the tridiagonal matrix of dimension

m X m has the form

a+b —b 0 0 0
b a —b - 0 0
0O —=b a --- 0 0
A= =al + b2 — bQ (5.1)
0 0 0 a —b
0 0 0 -+ —=b a+bd
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where a and b are real numbers. In Eq. (5.1), the matrix Q has been shown in Eq. (3.2) and
the matrix €2 is defined as Eq. (4.2). Our nanodevice has an intra-slice coupling matrix of

the form (written for m = 8)

e+t -t 0 0 O O O O

A= —d-1Q+tQ (5.2

0O 0 0 0 0 0 —t e+t

and an inter-slice coupling matrix of the form (written for m = 8)

—t,+t, —t, 0 0 0 0 0 0
—t, —t, —t, 0 0 0 0 0
0 —t, —t, —t, 0 0 0 0
0 0 —t, —t, —t, 0 0 0
B_ = —t,1—t,Q+1,Q
0 0 0 —t, —t, —t, 0 0
0 0o 0 0 —t, —t, —t, 0
0 0o 0 0 0 —t, —t, —t,
0 0 0 0 0 0 —t, —ty+t,

(5.3)
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where t’s are the hopping strengths which are non-negative real numbers and € is the on-
site energy of the atom which is a real number. Eq. (5.1) is a matrix with eigenvalues
expressed as [67, 68]

As = a + 2bcos (%) 5.4)

where s = 1, ....m and with eigenvectors expressed as

() _ V2 ((2J - 1)87?) 5.5)

r; = \/_ﬁ sin o
where 7 = 1.....,m and s = 1,....m. The outline for this chapter is as follows. In section
5.1 and section 5.2, we show how to find quantum dragons for m = 3,1 = 4 and m = 5,
[ = 4 respectively. The main objective of these sections are to show how to find quantum
dragons for a small number of atoms per slice and a small number of slices in the device.
However, this same analysis can be extended to any number of atoms per slice and any
number of even slices, [ in the device. In section 5.3, we will introduce the general method
for 2D system mapping. In section 5.4, we will show the general tuning to obtain quantum
dragons. Section 5.5, puts all the results into perspective. Here all plots obtained will be

shown and then discussed. The summary of results for our ++ boundary condition are

given in section 5.6.

5.1 Quantum dragons for m = 3, = 4 with nnn and nn interactions

Assume the nanodevice has three atoms per slice at slice j = v. See Fig. 5.1. Fig.
5.1 is an example of rectangular device with boundary condition ++-. The vertical lines
show intra-slice hopping. Here, m = 3, | = 4 and therefore m/ = 12. The nanodevice has

non-uniform intra-slice parameters. The nanodevice is coupled to the single incoming and
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Figure 5.1

An example of the case of dimerized leads, and a rectangular device, for +-+ boundary

conditions

outgoing dimerized lead. The inter-slice coupling matrices are for nn shown by the hori-
zontal line (black and cyan colors) and the nnn shown by (violet, light blue and deep green
color) line segments which form an X-shape. Appropriate choices of the tight-binding pa-
rameters makes this disordered nanodevice into a quantum dragon.

Let assume the intra-slice coupling matrices have the form
€ +1, —ty 0
A, = —t, €o —t, =e1+t,Q—1,Q (5.6)
0 —t, €, + 1,
where v = a, b, ¢, d for the [ = 4 slices and ¢,, are the on-site energies of the atoms at slice

J = v and t,, are the intra-slice hopping parameters between atoms. The eigenvalues of
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Eq. (5.6), are A\, 1 = €, — ty, Ap2 = € + Ty, A3 = €, + 2t,. Now assume the device

inter-slice coupling matrices have the form

_ta,T + tp,T _tp,T 0
BT,T+1 = _tpﬂ' —tUﬂ_ _tp,T = _tO',TI + tp,TQ - th (5.7
0 _tp,f _tg,‘r + tp,T

where we will let B, -, with 7 even be B,, and 7 odd be B,.. The normalized eigenvec-

vy = ( € ) (5.8)

vy = ( ) (5.9)

ﬁT:(L =1 L). (5.10)
3 V3 V3

tors of Eq. (5.6) and Eq. (5.7) are

Sl
Sl-

e
-

and

Now let the matrix of transformation, X be defined as

1—;;’[
X — U;T _ (5.11)
17‘;’T
Note that from Eq. (5.11),
XXT=T. (5.12)

This means that the device intra-slice matrix at slice j = v has been transformed to

€, — Ly 0 0
XA X = 0 e+t 0 . (5.13)
0 0 € +2t,
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From Eq. (5.13) and the mapping Eq. (3.13), tuning for the device and the lead hence
requires

€ = €, — ty (5.14)

where ¢/, is the on-site energy of the atom in the lead. Since the on-site energy of the atom

in the lead is set to zero, €;, = 0, this means Eq. (5.14) and can be re-expressed as

€ = ty. (5.15)

Note that €,, can be any value, and the tuning ¢,, and €,, must satisy Eq. (5.15). Furthermore,
note Eq. (5.15) allows a different ¢, for every device slice v. Similarly, for the inter-slice
coupling matrices, use the same transformation matrix, X in Eq. (5.11). Upon multiplying

through, this gives

XBT,T+1XT = Buaiagonall1 (5.16)
where
tor —1p 0 0
Buaiagonaiin = 0 —ty + 1, 0 . (5.17)
0 0 —t, + 2t,

Therefore the mapping equation, Eq. (3.14) is satisfied provided 5,7 = ¢, + t,. Now the
last task is to check for the mapping equation for the connection vector for the incoming
and outgoing leads, w and u . To do this, use the same transformation matrix, X in Eq.

(5.11) and then define the connection vector for the incoming lead, @ by

lUT:(_ﬂ 2w _g). (5.18)
o V6 V6
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This means that
WX = (_w 0 0) : (5.19)

Similarly define the connection vector for the outgoing leads, , by

£y
I
|

(5.20)

This means that

Xi=| o |- (5.21)

0

Thus in effect the mapping equations, Eq. (3.11) and Eq. (3.12) are satisfied. Therefore

to find quantum dragons tune the on-site energy of the atoms at slice j = v to €, = t,, as

wellas 57 =15, +t,and W = U = | _2te

5.1.1 Quantum dragons for m = 3, [ = 4 with nn interactions

In Eq. (5.7), the inter-slice coupling matrices odd-even and even-odd are defined in
terms of nearest neighbor and next neighbor interaction. This assumption has already
been used to find quantum dragons for the three atom device. Quantum dragons can also
be found by relaxing this earlier assumption. Here assume that the inter-slice coupling

matrices, B, ;1 are proportional to the identity matrix. Hence the device has B, ;1 =
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—t, 1. Therefore to find quantum dragons tune the on-site energy of the atoms at slice

~
o
S}

j=vtoe, =1, aswellas 5,3 =t,, and W = @ =

)
Smu. S
I8 o)

~+

€0

5.2 Quantum dragons for m = 5, [ = 4 with nn and nnn interactions

Assume that the nanodevice has five atoms per slice at slice j = v. See Fig. 5.2.

Figure 5.2

An example of the case of dimerized leads, and a rectangular device for boundary

conditions ++.

Fig. 5.2 is an example of rectangular device with boundary condition ++-. The vertical

lines show intra-slice hopping. Here, m = 5 and [ = 4 and therefore m! = 20. The device
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has non-uniform intra-slice terms. The nanodevice is coupled to the single incoming and
outgoing lead. The inter-slice coupling matrices are for nn shown by the horizontal line
segments (blush and cyan color) and the nnn interactions shown by (violet, cyan and light
violet color) line segments which form an X-shape. Appropriate choices of the tight-
binding parameters makes this disordered nanodevice into a quantum dragon.

Assume the intra-slice coupling matrices have the form

€& +t, —t, O 0 0

A, = 0 —t, € —t, 0 =el+t,Q2—1,Q (5.22)

0 0 0 —t, e+t
where v = a,b, c,d for the [ = 4 slices and ¢, are the on-site energies for the atoms at
slice j = v and t, are the intra-slice hopping parameters between atoms. Finding the
eigenvalues of Eq. (5.22) gives \,1 = €, + 2t,, A\p2 = %(—tv — toV/5 + 2¢,), A\p3 =
Lty — tuV/B 4 26,), Aoa = 2(—ty + t,V/5 +2¢,), and Ay 5 = £(t, + t,V/5 + 2¢,). Now

assume the device inter-slice coupling matrices have the form

—tor +tpr —t,r 0 0 0
t tor —tor 0O 0
B, 1= 0 —tyr —lor —tpr 0 = —t, I+t,,92—1,.Q.
0 0 —tyr —te,  —t,,
0 0 0 —t,r —tor+t,r

(5.23)



The eigenvectors are of Eq. (5.22) and Eq. (5.23) are

=51 _
U5—<1 -1 1 -1 1)

ﬁ:(l 13+v5) 1+v5 1(3+5) 1)
77?*—(—1 L=1-+5) 0 L(1+5) 1)

and

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

where f’f Tandi = 1 toi = 5 are the normalized vectors of Eq. (5.24) through Eq. (5.28).

Note that from Eq. (5.29)

XXt =1.
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This means that the device intra-slice matrix at slice j = v has been transformed to

Here

XAX'=1 0 0 x 0 0 |- (5.31)

)\U,l =€+ 2tv
1
)\U,Q = §<_t'u - t'u\/5 + 261})

1
Ao = 5t = toV/5 +2€,) - (5.32)

1
>\’U74 = 5(_tv + tv\/5+ 261})

1
)\U,S = é(tv + tv\/g + 261})

From Eq. (5.32), tuning for the device and the lead hence requires

1
er = 5(—ty = toV5 4 2¢,) (5.33)

where €, is the on-site energy of the atom in the lead. Since we assume the atoms in the

incoming as well as the outgoing leads are the same, hence it is acceptable to set €;, = 0.

This means Eq. (5.33) can be re-expressed as

€, = %’(1 +5). (5.34)

Note ¢, can be any value, and the tuning requires ¢,, and ¢, to satisfy Eq. (5.34). Further-

more, note Eq. (5.34) allows a different ¢, for every slice v. Similarly, for the inter-slice
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coupling matrices, use the same transformation matrix, X in Eq. (5.29). Upon multiplying

through, this gives

}<B7',7'+1}<Jr - BdiagonallS (535)
where
A 0 0 0 O
0 X 0 0 O
Bdiagonal13 = 0 0 )\3 0 0 (536)
0 0 0 X O
0 0 0 0 X
Here
)\T,l - _to',‘r + 2tp
1
Arp = 5 (~tor = t,V/5 + 2t,)
1
Arg = 5 (tor = t, V5 +2t) (5.37)

1
/\T,4 = §<_t0,7— + tp\/g + Qtp)

1
/\7,5 = §<to,7 + tp\/g + 2tp)

Therefore from Eq. (5.37) the mapping equation, Eq. (3.15) is satisfied provided 5,9 =

%(tw + tp\/g — 2t,). Now the last task we do is to check for the mapping equation for

the connection vector, w and «. To do this, use the same transformation matrix, X in Eq.

(5.29) and then define the connection vector, w0 as

—

This means that

mx:(_w 00 0 0)-
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(5.38)
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Note here that for convenience we have let 7;’s to be elements of the eigenvector which has

all elements of the same sign. Similarly define, the outgoing connection vector, 4 as

This means that

£y

]
Il

—um

—umne

—umns

—Um4

—uns

(5.40)

(5.41)

Thus the mapping Eq. (3.12) has been satisfied. Therefore to find quantum dragons tune

the on-site energy of the atom at slice ;] = v to ¢, = %’(1 + \/5), as well as S =

(o +t,V/5—2t,) and @ =

gy

—teohn
—teol2
—leo3
—leola

_teonE)

Note here that, 7),’s are the elements of

the normalized eigenvectors of the inter-slice and intra-slice matrices for the device which

corresponds to the maximum eigenvalue when you invoke the Perron Frobenius theorem.
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Quantum dragon solutions can also be obtained for m = 5 and [ = 4 when the device
has only nn interactions. Assume the inter-slice coupling matrices for the device have the

following simple forms. Thus B, ., = —t, 1. Here, to find quantum dragons, tune the

_teonl

_teo772

atoms at slice j = v to €, = %(1 +1/5), as well as 5,19 = torand W = u = —teol

_teo774

_teo775

5.3 General method for 2D system mapping

In this section, the general method to do the mapping for a general 2D system is pre-
sented for +4-. Assume there are m atoms per slice in the nanodevice. The intra-slice

coupling matrix associated with the device at site v can be expressed as
A, =¢,1+t,0Q2—-1,Q. (5.42)
The eigenvalues of the matrix A, can be expressed as [67, 68]

Asp = €, — 2t, COS (S—W> (5.43)

m

where s = 1,....m. Assume the inter-slice coupling matrices for the device odd-even and

even-odd interactions have the form

B,y = —te I+1,,2—1,.Q. (5.44)
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In Eq. (5.42), and Eq. (5.44) the matrix QQ has been shown in Eq. (3.2) and the matrix I is
an identity matrix of same dimension as the matrix Q. The eigenvalues of Eq. (5.44) can
be expressed as [67, 68]

Ao = —tor — 2t 1 COS (%) (5.45)

where s = 1,....m. The elements of the eigenvectors of the inter-slice and intra-slice

coupling matrices are [67, 68]

2 = \/z sin (M) (5.46)
m 2m

where j = 1....m and s = 1,....m. With these eigenvectors, form the m X m matrix of

transformation X such that

sin(£-)  sin(X) sin(g—gl) sin(%ﬂ)
sin(2X)  sin(3X)  sin(2E)  sin(%)
sin(2%)  sin(2%)  sin(52F) sin(1%)
X:\/z sin(2%)  sin(%)  sin(2E) sin(4r) (547
" sin(3)  sin(2X)  sin(3E) sin(LT)
sin(£5) sin(X2) sin(32) sin(2r)
sin(%) sin(%r) sin(f’—rg) sin(%ﬁ)
Sin(%) Sin(%) sin(%) sin(goﬁ)

where the matrix is written for m = 8 and only four columns are shown. Note that from
Eq. (5.47)

XX =T1. (5.48)
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Since X is unitary, A, can be diagonalized as

XA, X" = Agiagonal (5.49)
here A giagonal 18
et 0 0 0
0 e 0 0
Adiagonat = | 11 - : : (5.50)
0 0 - Xem1 O
0 0 -+ 0  IAem

with the eigenvalue of Eq. (5.43). Similarly, for the inter-slice coupling matrices use the

same transformation X in Eq. (5.47). Upon multiplying through this gives

XBT,T+1XT = Biagonal (5.51)
here Biqgonai 18
A1 0 0 0
0 A 0 0
Baiagonaioe = | : Lo : : (5.52)
0 0 Mm—1 0
o 0 --- 0 Am

with the eigenvalues of Eq. (5.45). Now the last task is to check for the mapping equation
for the incoming and outgoing connection vector, w and «. To do this, use the same
transformation matrix, X in Eq. (5.47) and then define the incoming connection vector,
w by

U_ﬁ:(—wn —Wi2 —Wiz —Wi4 - —wlm)' (5.53)
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This means that

MTX:(—wH 0000 - 0)

(5.54)

provided from Eq. (5.46) @' = —wy;0MW. Thus in effect we have satisfied the mapping

Eq. (3.11). Similarly define the outgoing connection vector, @ as

—U1n
—U12

—U13

S
I

—Ui4

—U1s

—Uim

This means that

—U11

0

for i = —up, 0V, Thus in effect the mapping Eq. (3.12) is satisfied.
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5.4 General tuning: quantum dragon

Therefore to find quantum dragons tune the on-site energy of the atoms to €5, = A\3; =

0, as well as §,,, = Ary and W = @ = —t, 0.

5.5 Data

In this section, the results obtained for our boundary condition 4+ are presented. Here,
we show quantum dragon solutions as well as Fano resonance plots in 7 when there is
complete randomness in the device. Here also, we show the plot of the mean electron
transmission probability vs ¢ as well as the standard deviation of the electron transmission
probability vs 0. In Fig. 5.3 through Fig. 5.6, quantum dragon solutions are obtained
when there is correlated disorder and the tight binding parameters in the device are tuned
correctly to particular values. The quantum dragon solutions are shown by line 7 (E) = 1
(darker blue) in all cases. Since the electron transmission probability is unity, quantum
dragons do not have Fano resonance. The stronger the strength of the disorder, the more
we move away from quantum dragon solutions. This can be seen in Fig. 5.3 through Fig.
5.6. The random numbers used in our study are the normal distribution [Gausssian] with
zero mean and the unity standard deviation. Fig. 5.3 is a plot of 7 vs energy, F for the
rectangular crystal with boundary condition ++. The nanodevice has m = 3, [ = 14 and
therefore ml = 42. This plot is for the dimerized leads ( t,. = 1 and t., = 2). The line
7 = 1 (darker blue) has the on-site energy, €; = t;. The intra-slice hopping strengths used
are non-uniform. The red, green, magenta and purple color shows Fano resonances in the

nanodevice. The on-site energy is modeled by ¢; = t; + 0%, and the intra-slice hopping
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Figure 5.3

T vs E, boundary condition ++, dimerized leads.

parameter is modeled by ¢; = t + 6X. The inter-slice hopping parameter is modeled by
te =toe +0X and t, = t., + 0% where 6 = 0.0,0.05,0.1,0.15, 0.2 where ¥ is a Gaussian
random number of zero mean and unity standard deviation. Fig. 5.4 is same as Fig. 5.3,
except only for the two values 6 = 0 (a quantum dragon) and 6 = 0.2. The line 7 = 1
(darker blue) has the on-site energy, €; = t;. The intra-slice hopping strengths used are
non-uniform. The purple color shows Fano resonances in the nanodevice, the cyan and
the orange color shows the mean and the standard deviation of 7 as a function of £ for
0 = 0.2. Fig. 5.5 is a plot of 7 vs E for the rectangular crystal with boundary condition
++. The device has m = 3, [ = 14 and therefore m!{ = 42. This plot is for the non-
dimerized leads ¢, = 1, t,, = 1. The line 7 = 1 (darker blue) has the on-site energy,
€¢; = t;. The intra-slice hopping strengths used are non-uniform. The red, green, magenta
and purple color shows Fano resonances in the nanodevice. The on-site energy is modeled
by €; = t; + 6%, and the intra-slice hopping parameter is modeled by ¢; = ¢ 4 dX. The
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Figure 5.4

T vs E, boundary condition ++, dimerized leads, 6 = 0.0, 0.2

inter-slice hopping parameter is modeled by ¢, = t,. + 0% and ¢, = t., + 02 where
0 = 0.0,0.05,0.1,0.15,0.2 where ¥ is a Gaussian random number of zero mean and unit
standard deviation.

Fig. 5.6 is the same as Fig. 5.5, except only for the two values 6 = 0 (a quantum
dragon) and 4 = 0.2. The line 7 = 1 (darker blue) has the on-site energy, ¢, = ;.
The intra-slice hopping strengths used are non-uniform. The purple color shows Fano
resonances in the nanodevice, the cyan and orange color shows the mean and standard

deviation of 7 vs FE of the incoming electron for § = 0.2.

5.6 Summary

In this chapter, the technique to find quantum dragons from boundary condition ++ for
m = 3,1 = 4 as well as m = 5, [ = 4 has been shown. Two different ways were used to

find quantum dragons. Here, the connection vector is a modified busbar connection but this
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Figure 5.5

T vs E, boundary condition ++-, uniform leads.

connection vector is different from Chapter 3. When the nanodevice has random disorder
as a result of uncorrelated random variations of the tight binding parameters in the device,
Fano resonances are observed as seen in Fig. 5.3 through Fig. 5.6. Fano resonances are
also expected to be observed when the dimerized and non-dimerized leads are connected to
nanodevices with both homogeneous and non-homogeneous slices when there is complete
randomness in the nanodevice. It has also been shown how to find quantum dragons with
boundary condition ++ for m atoms per slice and [ slices in the device where here the
number of slices [ is even. Here also, as the amount of uncorrelated disorder increases (0
increases) the mean electron transmission probability falls and the standard deviation of
the electron transmission probability increases. This is shown in Fig. 5.7 through Fig. 5.10

for both dimerized and uniform leads.
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Figure 5.6

T vs E, boundary condition 4++, uniform leads, § = 0.2.
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Figure 5.7

(T) vs 6, boundary condition +-, non-uniform leads.
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Figure 5.8

(T) vs 0, boundary condition ++, uniform leads.
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Figure 5.9

std 7 vs 9, boundary condition ++-, dimerized leads.
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std 7 vs 9, boundary condition ++-, uniform leads.
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CHAPTER 6
QUANTUM DRAGON SOLUTIONS FOR RECTANGULAR CRYSTALS : CASE 4:

BOUNDARY CONDITION —+ = +—

It is shown in this chapter, how to find quantum dragons for single-layer planar rect-
angular crystals using boundary conditions which we label as —+-. We call the boundary
conditions —+ because in Eq. (1.25), we set = —b and v = b. The —+ boundary
conditions are equivalent to +— for planar systems. The connection vector used is a mod-
ified busbar. There are two ways to find quantum dragons: (1) we assume the inter-slice
coupling matrices for the nanodevice has nn and nnn interactions and (2) we assume the
inter-slice coupling matrices are proportional to the identity matrix. In other words, the

device has only nn interactions. In the absence of nnn interactions this gives results in
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[24]. From Eq. (1.25), by setting 5 = —b and v = b, the symmetric tridiagonal matrix of

dimension m X m has the form

a—b -b 0 -+ 0 0
-b a —-b - 0 0
0O —-b a -+ 0 0
A= =al —0Q + 0P (6.1)
0 o 0 -+ a —b
0 0O 0 -+ —=b a+b

where a and b are real numbers. In Eq. (6.1), the matrix Q is defined as Eq. (3.2) and the

matrix P is defined as

-1 0 0 - 00
0O 0 0 - 0 0
0O 00 --- 00

P= . (6.2)
0O 0 0 - 0 0
0O 00 - 0 1

Here note that from Eq. (6.1),
al —bQ 4 P = al — bQ — bP (6.3)
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based on the symmetry of the single-layer planar rectangular crystals, and also how you
count the atoms in the single slice in the nanodevice. Our nanodevice has an intra-slice

matrix of the form (written for m = 8)

e—t =t 0 0 O O O O

A= — el tQ+tP  (64)

o 0 0 0 0 0 —t e+t

and an inter-slice matrix of the form (written for m = 8)

—t,—t, —t, 0 0 0 0 0 0
—t, —ty, —t, 0 0 0 0 0
0 —t, —t, —t, 0 0 0 0
0 0 —t, —t, —t, 0 0 0
B = = —t,I—t,Q+1t,P
0 0 0 —t, —t, —t, O 0
0 0 0 0 —t, —t, —t, 0
0 0 0 0 0 —t, —t, —t
0 0 0 0 0 0 —t, —t.+t,

(6.5)
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where t’s are the hopping strengths which are non-negative real numbers and € is the on-
site energy of the atom which is a real number. The tridiagonal matrix in Eq. (6.1) has

eigenvalues expressed as [67, 68]

m

As = a+ 2bcos ((232——1)7r) (6.6)

where s = 1, ....m and eigenvectors expressed as

6 V2 ((2j —1)(2s — 1)”) (6.7)

T, = ﬁ sin i
where 7 = 1.....,m and s = 1,....m. The outline for the chapter is as follows. In section
6.1, quantum dragon solutions for m = 3 and [ = 4 are presented. Section 6.2, shows the
general method for 2D system mapping. Section 6.3, presents the general tuning on how

to obtain quantum dragon solutions. The data and the summary of this chapter are given in

section 6.4 and section 6.5, respectively.

6.1 Quantum dragons for m = 3, = 4 with nnn and nn interactions

Assume the nanodevice has three atoms per slice at sites j = ¢. See Fig. 6.1.

Fig. 6.1, is an example of rectangular device with boundary condition —+ coupled to
dimerized leads. The vertical lines show the intra-slice hopping. The device has m = 3,
[ = 4 and therefore ml = 12 atoms. The device has non-uniform intra-slice hopping
parameters. Only three atoms in the incoming lead are shown. The lead atoms are shown by
the green color. The connections between leads and the device are shown by line segments
(pink). The inter-slice coupling matrices are for nn shown by the horizontal line (brown

and pink color) and the nnn interactions shown by (blue, light brown and dark yellow
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Figure 6.1

An example of the case of dimerized leads, and a rectangular nanodevice with bounadry

condition —+.

color) line segments which form an X-shape. Appropriate choices of the tight-binding
parameters makes this disordered nanodevice into a quantum dragon.

Let assume the intra-slice coupling matrices have the form

A, = —t, €, —t, =e¢l+t,P—1Q (6.8)
0 —t, €, +1t,
where ¢ = a, b, ¢, d for the | = 4 slices and ¢, are the on-site energies for the atoms at slice

J = ¢ and ¢, are the intra-slice hopping parameters between the atoms. The eigenvalues
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of Eq. (6.8) are \,; = ¢, — t,\V/3, A2 =€+ t,\V/3, A3 = €,. Now assume the device

inter-slice coupling matrices have the form

_tf,w - tz,w _tz,w 0
Bw,w+1 = _tz,w _tf,L _tz,w = _tf,w:[ + tz,wP - tz,wQ- (69)
O _tz7w _tf,w _I_ tZ,ZU

In Eq. (6.8) and Eq. (6.9), the matrix P is explicitly, for m = 3

-1 00
P = o 00 |- (6.10)
0 01

The normalized eigenvectors of Eq. (6.8) and Eq. (6.9) are

—3f __ 1 1+v/3 1 11
Vq = = + ()

s ( 5(2 v3) V6(2+v3)  1/6(2+v3) ) (1D
=3t 1 17\/5 1 12
Vy = (2 — 6.

and

17%*_(—_1 1 A). (6.13)
3 V3 V3

Now let the matrix of transformation, X be defined as

ngT
X = 5\;>T : (6.14)
7
Note that from Eq. (6.14) that
XX =1. (6.15)
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This means that the device intra-slice matrix at slice ; = ¢ has been transformed to

€, —t,\/3 0 0
XA X = 0 e +t,v3 0 |- (6.16)
0 0 €,

From Eq. (6.16), tuning for the device and the lead hence requires
ep=e —t,V3 (6.17)

where €7, is the onsite energy of the atom in the lead. Since the on-site energy of the atom

in the lead to zero, ¢;, = 0, this means Eq. (6.17) can be re-expressed as
e, =tV3 (6.18)

where €, can be any value, and the tuning only requires ¢, and ¢, satisfy Eq. (6.18). Sim-
ilarly, for the inter-slice coupling matrices, use the same transformation matrix, X in Eq.

(6.14). Upon multiplying through, this gives

XBw,w—HXT - Bdiagonall4 (619)
where
_tf,w - tz,w\/g 0 0
Bdiagona114 = 0 _tf,w + tz,w\/g 0 . (6.20)
0 0 —tfw

Therefore the mapping equation, Eq. (3.14), is satisfied provided 5p11 = 5o + . o V3.

Now the last task is to check for the mapping equation for the connection vector, « and .
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To do this, use the same transformation matrix, X and then define the incoming connection

vector, w by

7= 1 —w(1+V3) —w
w = — D) . (6.21)
< (24 V3) V6(2+V3) \/6<2+¢§>>

This means that
WX = (_w 0 0) : (6.22)

Similarly define the outgoing connection vector, ,

—uy/3(2 4 V/3)

i = \—/% . (6.23)

X

This means that

(6.24)

Therefore to find quantum dragons tune the on-site energy of the atom at slice j = ¢ to
12+ V3)

e, = t,\/3, as well as 5y, = tfw + tzw\/g and W =4 = _ teo(1+V3)
6(2+V3)

tED
6(2+/3)
Quantum dragons can also be found when the inter-slice coupling matrices contain only

nn interactions. This assumption has been used by Novotny in 2015 [24] to find quantum
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dragons. Here, to find quantum dragons tune the on-site energy of the atom at slice j = ¢

—teor/§(2+V3)

to €, = t,v/3, as well as 5,15 = tiwand W = U = _ teo(14V3)
6(2+/3)

teo

6(24+V/3)

6.2 General method for 2D system mapping

In this section, the general method to do the mapping for the 2D system is presented.
Let assume there are m atoms per slice in the nanodevice. The intra-slice coupling matrix

associated with the device at site ¢ can be expressed as
A =¢l+t,P—-1tQ. (6.25)

The eigenvalues of the matrix A, can be expressed as [67, 68]

25 — 1
Ns, = € — 21, cos ((82—)%> (6.26)

m

where s = 1,....m. Assume the inter-slice coupling matrices for the device odd-even and

even-odd interactions have the form
Bw,erl = _tf,wI + tz,wP - tz,wQ- (627)

In Eq. (6.25) and Eq. (6.27) the matrix Q has been shown in Eq. (3.2), the matrix P has
been shown as Eq. (6.2) and the matrix I is an identity matrix. The eigenvalues of Eq.

(6.27) can be expressed as [67, 68]

25 —1
/\s,w = _tf,w - 2tz,w COos ((S—)ﬂ-> (6.28)

2m
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where s = 1,...m. The elements of the eigenvectors of the inter-slice and intra-slice

coupling matrices B, 11 and A, are [67, 68]

2 = \/zsin <(2j —D@s 1)7?) (6.29)
m 4m

where 7 = 1.....,m and s = 2, ....m. With these eigenvectors, form the m x m matrix of

transformation X such that

sin(X) sin(2Z) sin(2Z)  sin({%)
sin(£%) sin(%) sin($2) sin(3E)
sin(2X)  sin(2F) sin(2T)  sin(2X)
o [T | ) i) ) 630
"l sin(2z) sin(Zz) (L) sin(Sin)
sin(27) sin(327) sin(32X)  sin(1E)
sin(£27)  sin(32)  sin($2X)  sin($F)
sin(157) sin(457) sin(75T)  sin(100T)

where the matrix is written for m = 8 and only four colums are shown. Note that from Eq.
(6.30)

XX =1 (6.31)

Since X is unitary, A, can be diagonalized as

XALXT - Adiagonal (632)
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here A giagonal 18

Ny 0 - 0 0
0 Ay -~ 0 0
Adiagonal = | o : : (6.33)
0 0 o Ny, O
0 0 - 0 X,

with the eigenvalue of Eq. (6.26). Similarly, for the inter-slice coupling matrices use the

same transformation matrix X in Eq. (6.30). Upon multiplying through this gives

XB., w1 X" = Baiagonal (6.34)
here Biqgonai 18
Ay 0 0 0
0 AL 0 0
Biagonaloe = : R : : . (6.35)
0 0 - Ay O
0 0 - 0 N,

Now the last task is to check for the mapping equation for the connection vector, w and
u. To do this, use the same transformation matrix, X in Eq. (6.30) and then define the

connection vector, W by

ot —
w —(—wn —wip —Wi3 —Wyg - —wm)‘ (6.36)
This means that

WX = <_w11 0000 --- 0) (6.37)
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provided from Eq. (6.29) w! = —w;,#®'. Thus in effect the mapping Eq. (3.11) is

satisfied. Similarly define, the outgoing connection,  as

—U11
—U12

—U13

)
I

—U14 : (638)

—U1s

—Uin

This means that

—U1n

Xi=| o |- (6.39)

0

for i = —uy;U, and hence the mapping Eq. (3.12) is satisfied.

6.3 General tuning

Therefore to find quantum dragons tune the on-site energies €; = 31, as well as Sy, =

N and @ = @ = —t,, 0.
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6.4 Data

In this section, the results obtained for boundary condition —+ are presented and then
discussed. Here, quantum dragon solutions, Fano resonances as well the mean electron
transmission probability vs ¢ and the standard deviation of the electron transmission prob-
ability vs 0 are shown. As seen in Fig. 6.2 through Fig. 6.5, quantum dragon solutions are
obtained when there is interplay between the leads and the device. The quantum dragon
solutions are shown by the line 7 (£) = 1 (darker blue) in all cases. Because quantum
dragons have unity electron transmission probability, this means quantum dragons have no
Fano resonance. Fano resonances are seen in Fig. 6.2 through Fig. 6.5 when there is uncor-
related disorder in the tight binding parameters within the device. From Fig. 6.6 and Fig.
6.7, for both the dimerized leads and the uniform leads, the mean electron transmission
probability decreases with increasing disorder strength. This is simply due to the fact that
when the strength of the disorder increases the more uncorrelated disorder we have in the
device, and hence a decrease in the mean electron transmission probability. The random
number used here is also the normal distribution with zero mean and unit standard devia-
tion. Fig. 6.2 through Fig. 6.5 suggest that if an experimentalist intends to find quantum
dragons using the planar rectangular crystal with boundary condition ——, the appropriate
leads must match the device to obtain 7 = 1 for all energies in the case of correlated
disorder. When the disorder in the device is uncorrlated, Fano resonances are seen in the
device in all cases.

In Fig. 6.2, the nanodevice has m = 3, [ = 14 and therefore m/ = 42. Here, the

rectangular planar crystal has boundary condition —+. This plot is for the dimerized leads
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Figure 6.2

T vs E, boundary condition —+, dimerized leads.

toe = 1l and t,, = 2. The line 7 = 1 (darker blue) has the on-site energy, ¢; = t; V3.
The intra-slice hopping strengths used are non-uniform. The red, green, magenta and
purple colors show Fano resonances in the nanodevice. The on-site energy is modeled
by ¢; = tj\/§ + 03, and the intra-slice hopping parameter is modeled by t; = t + J%.
The inter-slice hopping parameter is modeled by t; = ¢, + 0% and t5 = t., + 02 where
0 =0.0,0.05,0.1,0.15, 0.2 where Y is a normally distributed random number.

Fig. 6.3, is same as Fig. 6.2, except only for the two values ¢ = 0 (a quantum dragon)
and 0 = 0.2. The purple color show Fano resonances in the nanodevice, the cyan and
the orange colors show the mean and the standard deviation of 7 as a function of £ for
0=0.2.

In Fig. 6.4, the nanodevice has m = 3, [ = 14 and therefore ml = 42. This plot
is for the non-dimerized leads t,. = 1, t,, = 1. The line 7 = 1 (darker blue) has the

on-site energy, €; = t; /3. The intra-slice hopping strengths are non-uniform. The red,
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Figure 6.3

T vs E, boundary condition —+-, dimerized leads, 6 = 0.2.

green, magenta and purple color shows Fano resonances in the nanodevice. The on-site
energy is modeled by ¢; = tj\/§ + 03, and the intra-slice hopping parameter is modeled
by t; = t 4+ ¢0X. The inter-slice hopping parameter is modeled by ¢; = %, + 6% and
t3 = to, + 0% where 6 = 0.0,0.05,0.1,0.15,0.2 where ¥ is a random number of zero
mean and unit standard deviation.

Fig. 6.5, is the same as Fig. 6.4, except only for the two values 6 = 0 (a quantum
dragon) and 6 = 0.2. The line 7 = 1 (darker blue) has the on-site energy, €; = t; V3.
The intra-slice hopping strengths used are non-uniform. The purple color shows Fano
resonances in the nanodevice, the cyan and orange color shows the mean and standard

deviation of 7 vs FE of the incoming electron for § = 0.2.
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T vs E, boundary condition —+-, uniform leads.

6.5 Summary

In chapter 6, it has been shown that for m = 3, [ = 4 for both nnn and nn interac-
tions and only nn interactions, quantum dragon solutions exist for both ways for boundary
condition —+. Here, the connection vector used is a modified busbar but this connection
vector is different from Chapter 3 and Chapter 5. When there is uncorrelated random dis-
order of the tight-binding parameters in the nanodevice, Fano resonances are seen in all
cases as shown in Fig. 6.2 through Fig. 6.5. Fano resonances are also expected to be ob-
served when the dimerized and non-dimerized leads are connected to homogeneous slices
when there is complete randomness in the nanodevice. It has also been shown how to find
quantum dragons for m atoms per slice in the device and [ slices where the number of
slices is even. As the amount of uncorrelated disorder increases (d increases) the mean
transmission falls and the standard deviation of the transmission increases. This is shown

in Fig. 6.6 through Fig. 6.9 for both dimerized and uniform leads.
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Figure 6.5

T vs E, boundary condition ——+, uniform leads, § = 0.2.
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(T) vs 0, boundary condition —+, non-uniform leads.
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(T) vs 0, boundary condition —+-, uniform leads.
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std 7 vs 9, boundary condition —+-, non-uniform leads.
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std 7 vs 9, boundary condition —+, uniform leads.
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CHAPTER 7

DISCUSSION AND CONCLUSIONS

In this dissertation, the technique to find quantum dragons within the single-band tight
binding model has been shown for single-layer thickness nanodevices based on rectangular
lattices. This has been accomplished for four different types of boundary conditions.

In chapter 2, the electron transmission probability for dimerized leads coupled to a two
site device is calculated using the matrix method, the RG method, and the standard Green’s
function method. These methods give the same result for the electron transmission prob-
ability, since they all solve the time-independent Schrédinger equation for semi-infinite
leads coupled to the device. Here also, it was seen that there are certain tight binding
parameters where 7 (E) = 1 for all energies, E.

In chapters 3,4,5, and 6, the methodology to find quantum dragons for single-layer
planar rectangular crystals using the map-and-tune approach has been shown. The quantum
dragons found could have strong disorder, but still the electron transmission probability is
unity for all energies. This means that in a two-probe technique, the electrical conductance
is quantized, and in a four-probe technique the electrical resistance is zero (R = 0). This
further suggests that in the four-probe technique, quantum dragons are perfect conductors.

For a two-terminal coherent device, quantum dragons have zero shot power noise (P = 0)
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and consequently, an electric current would not cause any heating of the nanodevice. Since
not all conductors have shot power noise [72], quantum dragons could be one example.
This is the first time the matrix method has been used to take into account dimerized leads
as well as dimerized on-site energies in the leads, as derived in Appendix A.1.

To allow the nanodevice to become a quantum dragon requires tuning of specific pa-
rameters in the tight-binding model. With careful tuning, all electrons which impinge on
the nanodevice are fully transmitted, and hence the electron transmission probability is
T(E) = 1.

In chapters 3,4,5, and 6 two different ways are presented in each chapter which allows
quantum dragons to be found for both the non-dimerized leads as well as the dimerized
leads. That is, when the nanodevice inter-slice consists of nn and nnn interactions, as well
when the inter-slice coupling matrices for the device consist of only nn interactions. In
all cases, the quantum dragons found can be for nanodevices with non-uniform leads, but
this also holds true for uniform leads. These quantum dragons found have experimental
relevance since single-atom layer planar systems with rectangular cross section have been
fabricated [47]. The analysis in Chapter 3, 4, 5 and 6 may also hold true for single-layer
planar square lattices with both nearest neighbor and next nearest neighbor interactions.
In looking for quantum dragons within the single-band tight-binding model, the energy
E of the incident electron is primarily at the position of the Fermi-level. This is quite
significant because in nanosystems such as nanowires and nanoribbons and even in field
effect transistors, the position of the Fermi-level with respect to the energy subbands can

be varied by applying an external electric field which is created by a gate electrode [6].
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This technique could help in tuning the nanodevices (within the single-band tight-binding
model) to become a quantum dragon.

The predictions of the existence of quantum dragons for single-layer planar crystals
need to be verified experimentally. Recently, free standing single-atom thick rectangular
lattices of Fe with rectangular crystal structure and single-atom-thick copper oxide with
square lattices have been published [47, 48]. Therefore such tight-binding studies could be
very important to experimental studies. Furthermore, quite recently [73], PbTe nanocrys-
tals of rectangular cross section have been synthesized and therefore our tight-binding
studies could also be very relevant to these experimental studies. When there is tuned cor-
related disorder, 7 (F) = 1 for all energies. In finding quantum dragons, the nanodevice
is connected to a 1D single channel of single-atom width leads, which is either uniform or
dimerized. Uniform wires such as gold, nickel and platinum [74, 75, 76] of single-atom
width have already been fabricated, and therefore these wires could help in experimental
studies.

Furthermore, by varying the tight-binding parameters in the nanodevice randomly,
novel coherent effects such as Fano resonances of the electrical transmission probability
are expected to be observed in all cases. It can also be seen that the strength of the disorder
determines how pronounced the Fano resonances are as you move away from the quan-
tum dragon solutions. In all the boundary conditions studied, as seen in Fig. 7.1 and Fig.
7.2, the mean electron transmission probability decreases with increasing strength of dis-

order, 9. It should be pointed out that in all our calculations, our averaging of the electron
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transmission probability is done over a single random variate distribution, the averaging is

performed over all transmitted energy values.
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Figure 7.1

(T) vs ¢, all boundary conditions for dimerized leads

As the amount of uncorrelated disorder increases (0 increases) the mean transmission
falls and the standard deviation of the transmission increases. This is shown in Fig. 7.1
through Fig. 7.4 for both dimerized and uniform leads for all the four different types
of boundary conditions studied. Experimentally, since measuring the electrical resistance
yields information on the mean electron transmission probability, the mean electron trans-

mission probability is calculated and plotted against F.
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(T) vs 0, all boundary conditions for uniform leads.

From all the above considerations, the proof of the existence of quantum dragons for
m = 1, and [ = 2 as well as for single-layer planar rectangular crystals with different
boundary conditions for a single conducting channel has been shown. The proof provided
in this study is within the single-band tight-binding model. If a nanodevice is connected
to appropriate leads, the electron transmission probability is unity and hence all the elec-
trons which are incident on the nanodevice are fully transmitted. Quantum dragons have
energy independent total electron transmission probability of electrons. In the presence of
uncorrelated randomness of the tight-binding parameters, Fano resonances are seen in the

nanodevice.
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std 7 vs ¢ for all boundary conditions for dimerized leads.

It may be possible to extend this study to a multi-channel leads with even-odd structure
connected to a nanodevice with even-odd symmetry. It is hoped that quantum dragons will
have similar applications as ballistic electron transport devices [5, 9, 77, 78, 79, 80, 81]
and other optoelectronic devices which are based on full electron transmission.

It is found in this thesis that quantum dragon solutions are not only limited to nanos-
tructures with cylindrical symmetry as previously discovered in [18], but the concepts of
quantum dragons are applicable to single-layer planar crystals, such as rectangular lattices
and square lattices. In other words, there are nanodevices with planar symmetry such as
rectangular crystals and possibly square lattices which when connected to appropiate leads

could have unity electron transmission probability, even if the device has strong disorder.
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std 7 vs ¢ for all boundary conditions for uniform leads.

Although the underlying nanodevice graphs are planar, randomness may cause buckling of

the actual device, as illustrated in Fig. 7.5 and Fig. 7.6
This dissertation has already resulted in one publication in [ 1] M.A.Novotny, L. Solomon

and G. Inkoom. ”Quantum transport through fully connected network with disorder”.

Physics Procedia (53) 2014, 71-74.

There are two papers in preparation: (1) 00 boundary condition as seen in Fig. 7.5 and

Fig. 7.6 and (2) the other boundary conditions, (——, ++ and —+).
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Figure 7.5

An example of rectangular nanodevice coupled to dimerized leads. Here, m = 7 and

[ = 20.

Figure 7.6

The same device as in Fig. 7.5, showing a different view point.
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APPENDIX A
DERIVATION OF TRANSMISSION PROBABILITY FOR DIMERIZED LEADS AND

OTHER QUANTUM DRAGON SOLUTIONS FOR LINEAR NANODEVICES
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This appendix has three separate parts. They are
e Appendix A.1: Transmission, 7 for dimerized leads derivation
e Appendix A.2: Quantum dragon solutions for m = 1 and [ = 2

e Appendix A.3: Example numerical results for m = 1 with [ = 2,4,8,16

A.1 Transmission, 7 for dimerized leads, derivation

The derivation of the transmission for odd-even interactions and on-site energies in the

semi-infinite leads, i.e., for dimerized leads as in Fig. A.1, is presented.

€, o (. € t, € ¢ €
. oe. . a . oe .
j=b  j=1 j=2

j=-2 j=-1 j=0 j=a

Figure A.1

A device connected to input (incoming) and output (outgoing) leads.

In Fig. A.1, the m = 1,/ = 2 device is located between lead sites j = 0 and j = 1.
The hopping strength between site ; = 0 and site j = a is denoted by ¢,,. The inter-slice

hopping parameter between the site j = 1 and the site j = b is denoted by ¢,,. The hopping
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interactions between the even-to-odd sites and odd-to-even sites in the leads are denoted
by t., and t,., respectively. The on-site energy for odd numbered lead sites is ¢,, and for
the even lead sites €.. The device has on-site energies €, and ¢,, and hopping strength ¢,
between the two leads.

The derivation of the transmission for odd-even interactions and on-site energies in the
semi-infinite leads, i.e., for dimerized leads as in Fig. A.1, is presented. The matrix method
is used throughout. The inter-slice hopping strengths between the even-to-odd lead sites
are t.,, and between the odd-to-even lead sites are ¢,.. The negative signs for the hopping
interactions are included explicitly, for instance, the hopping between lead sites labeled —1

and 0 is —t, with ¢,. > 0. The time-independent Schrédinger matrix equation to solve is
(H—EL)U =0, (A.1)

where H 1s the Hamiltonian of the incoming electron, £ is the energy of the incoming
electron, and U the infinite vector containing as the elements the wavefunction 1; for site
J. Assume lead sites have different on-site energies. The on-site energies for lead sites
labeled even is €. and the on-site energies for lead sites labeled odd is €,. The form of the
lattice, written for two sites (labeled a and b) in the nano-device which are placed between

lead sites numbered 0 and 1 is shown in Fig. A.1. By multiplying the matrix and vector in
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Eq. (A.1) to the sites that are not connected directly to the 2-site device, this results in the

set of infinite equations expressed as

_toewjfl + (66 - E)% - teo¢j+l = 0 j = _67 _47 —2
_teo¢j—1 + (60 - E)w] - toewj—l—l = 0 j =" _57 _37 -1
(A.2)
_toe¢j—1 + (Ee - E)% - teoq/Jj—l—l = 0 ] - 2a 47 67 te
_teowjfl + (Eo - E)% - toeijrl = 0 j = 37 57 77 o

It should be noted that in Eq. (A.2), the sites numbered 0 and 1 are not included since they
couple to the device sites. In this approach, an ansatz is used which assumes Bloch wave-
functions for the lead. Let x an undetermined parameter in the ansatz for the lead wave
functions which takes into account the nature of a Bloch wavefunction in the dimerized

leads. Explicitly

W, = XxeU 4 rxre i j==00,"-+,=4,-2,0
w] = eiqj —+ Te_iq‘j ] = —0Q0,- - 7_57_37_1
(A.3)
w] — tT Xelq(]fl) j = 27 4, tte 7+OO
1#]— = tr eiq(j_l) ] = 173757779'“ ; 100

where the ansatz is also valid for sites numbered 0 and 1 which connect to the device. The
ansatz is a traveling wave coming from —oo, impinging on the device, and being partly

reflected back to —oco and partly transmitted to co. Here, |t7|*> + |r|* = T + R = 1. Note
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both leads are identical. Substitute the ansatz in Eq. (A.3) back into Eq. (A.2). This gives

the infinite sets of equations expressed as

V[ —tpee ™ 4 (€c — E)X — teo€™] + 1e " Y[—t,e' + (€, — E)X* —teoe™] = 0
eU—tooxe 4 (€, — E) — toex€" Y] + re " YU—tox*e + (€, — E) —toex e ] = 0
tre U= [—t,ce™ + (€, — E)X — teoe™] = 0

tre 10D —t,,xe™ + (¢, — E) — t,exe] = 0

(A4)

where we have defined for convenience j1 as Eq. (2.10), 52 as Eq. (2.11), 53 as Eq.
(2.12) and 74 as Eq. (2.13). The two equations for the outgoing lead in Eq. (A.4) can be
manipulated to eliminate the phase factor x. The Bloch structure of the even-odd dimerized

leads is captured by . This gives

teoe™ + t, e €, — F
= = : — A.5
X €. — F teo€ Y + t,Y (A-5)

Eq. (A.5) is satisfied provided

(66 - E)(EO_E) _tgo_tze

2q) = A.6
cos (2¢) T ; (A.6)
or with the double-angle formula for cos(2q)
(Ee - E)(Eo - E) - (teo - toe)2
=+ . A7
costa) \/ Heotor (A7
From trigonometry, since cos(q)? + sin(q)? = 1, this means that from Eq. (A.7)
4teotoe - e E o E) — teo - toe 2
sin g = :i:\/ (e 31556 t )= iy (A.8)

167



The quantity in the numerator under the square root in Eq. (A.8) can be simplified and

hence, Eq. (A.8) can be re-expressed as

. . (teo + toe)z - [(66 - E)(EO - E)]
sing = :i:\/ . . (A.9)

In the case where ¢, = ¢, = 0, Eq. (A.7) reduces to

2
m@:i¢p—@fﬂg (A.10)

4t€0t06
which is the result in Appendix A of reference [18]. From Eq. (A.5), when ¢, = ¢, = 0,
the expression for y reduces to

teo€'d + t,.e™4 E
= — = — . — A1l
X FE teo€ Y + t,.Y ( )

which is the also one of equations in Appendix A of reference [18]. The Schrodinger
equation for the input lead terms are satisfied with these values of y and ¢. Using Eq.
(A.7), the energy range of propagation of propagating electrons can be calculated, since

for traveling waves one requires

—1 <cosqg<1. (A.12)
Therefore
e_E O_E_teo_toe2
—1§—\/(6 Jeo— E) = o Al
4t€0t06
and the other sign in Eq. (A.7) gives
e_E O_E_teo_toe2
og\/(6 )k4t2 ( S o<1 (A.14)

One has a complete freedom to set the zero of energy of the entire quantum system. A

reasonable choice for the zero of energy is “E<. Setting the zero of energy at the midpoint
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of €, and ¢, makes the subsequent algebra easier. Therefore the propagating waves for

negative energies are

_\/192 + (teo + toe)Z <FEZ<Z _\/192 + (teo - t06)2 (A15)

and

\/192 + (teo - toe)z S E S \/192 + (teo + t06)2 (A16)

for positive energies where v = “2%. When ¢, = ¢, = 0 and t., # toe, Eq. (A.15) and
Eq. (A.16) allows propagation modes in the leads for both negative and positive energies

respectively expressed by [18]
—|teo Ftoe] < E < —teo — tocl and teo = toe] < B < |teo +toe| - (A7)
When t,. = t., = ticqq this further simplifies to the input lead terms with these values of
—2t1ead < B < 2ieqq - (A.18)

The Schrodinger equation of Eq. (A.1) is satisfied for all sites, except so far for sites
labeled 0, a, b, and 1. For the two device sites define x, = ¢, — E/ and k;, = ¢, — F. Using
the ansatz of Eq. (A.3), there are four equations still to be solved. The part with the device

and the connections between the leads and the device, from

(H—EL)U =0, (A.19)

in Eq. (A.1) is
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e~ 4 el
—toe (€e—FE) —t, O 0 0 X+ rx* 0
0 —tw Ka —lab 0 0 Vq 0
0 0 —tw Ky —tu 0 Wy E 0
0 0 0 —ty (60— FE) —toe tr 0
trye'
(A.20)

Multiplying through gives the four equations

—toe " — toere'l + (€, — E)X + (€. — E)rx* — twia 0
_th - thX* + Ha'lvba - tabqvbb 0
= . (A.21)
_tabwa + K/bwb - ZfutT 0
_tuqu)b + (60 - E)tT - toetTXqu 0
Eq. (A.21) can be rewritten as
_toeeiiq - toereiq + (66 - E)X + (Ee - E)TX* - tw¢a 0
_th - thX* + Kfa¢a - Zfab?ybb 0
= (A.22)
_tabwa + /ibwb - tutT 0
—tu ¥y + trér(E) 0
where in the bottom equation we can define
Er(E) = (€0 — E) — toexe™. (A.23)
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Eq. (A.22) can be written in the matrix form

() —t, O 0 X+ rx* A(E)
~tw Ko —ta O Ya 0
0 —tw Ky —ly Wy ) 0
0 0 —t, &r(E) by 0

From the first row of Eq. (A.24) by multiplying through, it can be seen that
Six — A+ &t —tyhy = 0.
Similarly, from the first row of Eq. (A.22), by multiplying through it can be seen
—toe M+ (e — E)X +1r[X (€c — E) — t0e€™] — tuihy = 0.
From Eq. (A.25) and Eq. (A.26), it can be seen that
EoX — A = —toee ™" + (e — E)x

and
gLX* = X*<Ee - E) - Zfoeeiq .
Solving for ¢, from Eq. (A.28) gives

X (€ — E) — toec™
X* '

fL(E) =

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

Substitute the expression of &, in Eq. (A.29) back into Eq. (A.27) and then solve for A.

Upon substitution and a little algebra this yields

(A.30)



Therefore solving the matrix equation in Eq. (A.24) means the Schrodinger equation is
also satisfied for the device and the lead sites connected to the device. It should be noted
that the matrix equation to solve can easily be extended to more than two sites in the device.
By calculating the probability current of the ansatz, the transmission for any ¢., and ¢,. and
any €. and ¢, is given by

T = [tr]% (A.31)

In the rest of the section, other simplified expressions of £ (F), {g(E) and A are de-
rived. The goal is to aid in the transmission probability calculation when there are dimer-
ized on-site energies, €, and ¢, in the leads as well as dimerized hopping strengths ¢., and
toe. Substitute the definition of y = % from Eq. (A.5) into g (F) in Eq. (A.23).

This means that {g(E) can be reexpressed as

- toe€™
E)y=(e, — FE)—toexe®= (e, — F)|1— o — | . A.32
EalB) = (60— B) ~ turxe = (e = B) 1 - 2 (a3

Eq. (A.32) can further be written as

(€ — E)tee™™
teo€ ™ + toe€™

r(E) = (A.33)

upon small algebra manipulations. Similarly, from Eq. (A.29) for £;,(F) using the defini-

tion of y* = le"toce™ from Eq. (A.5) this means that

ce—F
toee' toce'
E)=(e,.— F) — =(e.— F)|1— . — | A.34
Eu(B) = (e — B) = = (e~ B) 1= (A34)
Eq. (A.34) can be further be re-expressed as
€c — Bt
eu(p) = =) (A39)

teo€ M + t, .61
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upon small algebra manipulations. Now from the definition of A in Eq. (A.30) let

T = ye'’ — x*e . (A.36)

This means that the expression for A in Eq. (A.30) can be expresssed as

_toe
X*

A:

(A.37)

Use the definition of y and x* from Eq. (A.5), and a little algebra gives that YT in Eq.

(A.36) can be expressed as

_ 2iteo<€o - E) sin 2q
" (teo T+ o) (oo + toge 1)’

(A.38)

teoeiq"!‘toeeiiq

Use the definition y* = c—F)

from Eq. (A.5) this means that A can be rewritten as
—toe Y _ —2iteotoe SIN 2q
X* teﬂe_zq + toeezq '

(A.39)

In the limiting case where, t., = t,. = 1 for the uniform leads, the expression of A in Eq.
(A.39) reduces to [18, 19]

A = —2ising. (A.40)

A.2 Quantum dragon solutions for [ = 2 and m = 1

In chapter 2, it was shown that for a m = 1, [ = 2 device, the matrix method, the
matrix RG method, and the traditional Green’s function method all give the same expres-
sion for the electron transmission probability. For simplicity, here we let e, = ¢, = 0,
also setting our zero of energy. Thus also £, = £z = &. This also suggests that the atoms
in the incoming as well the outgoing leads are the same. In this section, it will be shown

mathematically how to find quantum dragon solutions for [ = 2 and m = 1. The goal is to
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show that quantum dragon solutions are ubiquitous. The electron transmission probability
for [ = 2 and m = 1 in chapter 2 was given in Eq. (2.26) as

_ 21212, A*A
TE) = (@ = md) @ —mf) ~ BN — ra) (B — ) — 267 A4

The complex quantities £ and A are different for both the non-dimerized leads and dimer-
ized leads. They are expressed as Eq. (2.53) and Eq. (2.60). In the limiting case when
t, = ty, this means that Eq. (A.41) can be re-expressed as:

_ td 2, A*A
TE) = 10, =00 @ — mi) — BB — mae ) —rie) — g7

From Eq. (A.42), lets assume further that, t,, = t,;, = 1 and k, = K}, which means that Eq.

(A.42) can be expressed as

A*A
R e T [ B (A4
Note that in the uniform case A = —2isinq and £ = e~ Since k, = ¢, — F, by setting
€, = 0, this means that Eq. (A.43) can be expressed as
T(E) = 45in”(g) (A.44)

[(1+ E¢)? — &J[(1+ B¢ — ¢
In the rest of the section, we perform calculations only for uniform leads. In the case

of the uniform leads, sin g = —“45]52 this means that Eq. (A.44) can be re-expressed as

4 — E?

TE) = [T Ber— e+ Bey -

(A.45)

Using the definitions of ¢ = e~ and £* = €' this implies that Eq. (A.45) can be expressed

as
4 — F?
(1 + Ee—)2 — e—2i][(1 4 ei4)2 — 2]
174

T(E) = (A.46)




Looking at the denominator of Eq. (A.46), for simplicity let
a= (14 Ee ") — ¢4 (A.47)

and

o = (1 + Ee')? — e (A.48)

This means that Eq. (A.46) can be rewritten as

T(E) = . (A.49)

Simplify o and o* and find aa™ and put these results back into Eq. (A.49). Simplifying

Eq. (A.47) further gives
a=(1+Ee)? —e M =14+2FEe"+e ?(E>-1). (A.50)
Similarly, from Eq. (A.48)
o = (1+ Ee')? — €% =14 2Be" 4 *(E* - 1). (A51)
Using the above definitions for a and o* this means that aa™
ac* =2+ 2F* + E* + 4F cos (q) + 2(E* — 1) cos (2q) + 4E(E? — 1) cos (q) . (A.52)
Using the double angle formula cos 2¢ = 2 cos® ¢ — 1, Eq. (A.52) can be expressed as
ao” = 242E% + E* +4F cos (¢) +2(E* —1)(2cos ¢* — 1) +4E(E*—1) cos (q). (A.53)

Using the fact that for uniform leads cos (¢) = % this means that Eq. (A.53) can be

expressed as

E 2FE? E
ac* =2+ 2E% + B + 4E(—§) +2(E? - 1)(T —1)+ 4E(—§)(E2 —1). (A54)
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Eq. (A.54) can also be rewritten as

2

E
ao* =2+ 2E* + B* — 2F* + 2(E* — 1)7 —2(E* - 1) —2E*(E*—1). (A.55)

Upon multiplying through and doing a small simplification, Eq. (A.55) can be rewritten as
acd* =2+ E*+ E*(E* — 1) - 2(E* — 1) = 2E*(E* - 1) . (A.56)
Furthermore, Eq. (A.56) can be rewritten as
aa* =242+ E*+ E*—2F* — E*=4— E?> 4+ 2FE* - 2E*. (A.57)
and therefore
aat =4 — E*. (A.58)

Consequently, Eq. (A.49) can be expressed as

4—E> 4 F?

T(E) = ao* 4 — FE?

=1. (A.59)

Therefore we have shown mathematically how a quantum dragon solution comes from

Eq. (A.43). Note that because in the non-dimerized case cos (¢) = %, quantum dragon

solutions only exist for the energy range
—2<EL2. (A.60)

The analysis carried out here can be extended to the case for m = 1 and general [,
but the algebra becomes much complex than for the uniform case. Similar analysis can
also be done for the dimerized leads with [ = 2,m = 1 but again the algebra becomes
more complex. Therefore a numerical approach is beneficial. The plots of 7 (E) vs E for

uniform and dimerized leads are shown in Fig. A.2 and Fig. A.3.
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Figure A.2

T vs E for devices with [ = 2 and m = 1 uniform leads and ¢, = ¢, = 0.

In Fig. A.2, the three cases are the quantum dragon solution ¢, = ¢, = 0 (green, solid)
as well as the cases, ¢, = ¢, = 0.5 (red, dashed), t., = t,. = 1, and ¢, = ¢, = 1 (blue,
dotted).

Fig. A.3,is a plot of 7 vs E, for devices with [ = 2 and m = 1 dimerized leads with
te, = 1 and t,. = 3 and all curves have t,. = t, and ¢, = ¢, = 0. The three cases are
the quantum dragon solution ¢, = ¢, = 0 (green, solid) as well as the cases ¢, = ¢, = 0.5

(red, dashed) and ¢, = ¢, = 1 (blue, dotted).
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Figure A.3

T vs E forl = 2, m = 1 devices for dimerized leads.

A.3 Example numerical results for m = 1 and | = 2,4,8,16 devices coupled to
dimerized leads

In this section, the matrix method will be used to find quantum dragons for m = 1
with [ = 2,4, 8,16 sites. In Eq. (2.20) of Chap 2, the matrix equation which was used to
calculate 7 (E) through the nanodevice between site j = 0 and site j = 1 was given. This
matrix expression can be generalized to any number of sites (atoms) in the linear chain so
that the transmission probability as a function of £ can be calculated. For instance, for

4 sites in the linear chain in the device which is coupled to single channel incoming and
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outgoing dimerized leads, the matrix equation to solve to calculate 7 can be expressed as

[18]

EL(E) —ty O 0 0 0 X+ rx* A

—tw Ko —ta O 0 0 Vg 0

0  —tw Ky —tpe O 0 (2 0

= ) (A.61)

0 O _tbc Re _tcd O Q/JC O

0 0 0 —tw kg —tlu Ya 0

0 0 0 0 —t, & R(E ) tr 0

Using Eq. (A.61), the transmission probability can be calculated numerically by inverting
the matrix, and solving for ¢7 to obtain the transmission 7 = [t7|?. A plot of T as a
function of F for m = 1 and [ = 2,4,8,16 in the device is shown in Fig. A.4. The
dimension of the matrix to invert since m = 11is (2+1) x (2+1). All couplings and on-site
energies have been turned to the quantum dragon solutions.

Fig. A.4, shows a plot of the electron transmission probability vs £, for a linear chain
of [ sites in the device. The hopping strengths are ., = ¢, = t, = 2 and t,c = top, = 3
and the on-site energy for the atom at site j = a and j = bis e, = ¢ = 0.0. Here,
[ = 2,4,8,16 in the linear chain in the device. Thus there is full electron transmission

provided, t., = t,, = ty, toe = tap and €, = €, = €, = 0.
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T (E) is shown for a linear chain of [ sites in the device, with m = 1 and [ = 2,4, 8, 16.
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APPENDIX B

DECIMATION RENORMALIZATION GROUP (RG) CALCULATION

There is more than one way to perform a decimation RG on the transport problem. In
section 2.3.1, the decimation RG followed [22, 26], while in this appendix the decimation
RG follows [82]. Both methods are exact (no approximations), and are equivalent to each

other.

B.1 Decimation Renormalization Group (RG) calculation
The renormalization group (RG) is a mathematical tool which enables one to make
changes in a physical system as one views it at different distance scales. To perform RG,

certain degrees of freedom corresponding to the original problem are eliminated in some
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way. Here, the original problem is assumed to be a quantum system which consists of tight
binding sites. In this way, one can then think about the new system as an assembly of the
chosen sites which form a lattice which has a larger spacing [83]. The central equation
which is used in the RG type of solution for a matrix F which has dimension of size n X n

can be expressed as

> o - 2 1 -
oo | dZexp [-FFT 4 bF) = ——— ex [-ETF—%}. B.1
/—oo /—oo p[ ] vdet F P 4 (B.1)

The matrix F is symmetric, where the determinant of the matrix det F' can be expressed as

" exp {%ETFlg}

detF = (B.2)

2
(foooo e ffooo dZ¥exp [-ZTF¥ + gf})

B.1.1 Quantum transmission solution for 2 site device : RG method

Fig. B.1, shows a schematic representation of the decimation procedure. (a) 2 atom
device before decimation. The device is located between site j = 0 and j = 1. Eliminating
the atom at site ; = a we obtain the renormalized chain in (b).

By decimating one of the sites, the finite matrix equation to solve for a 2 site device

can be expressed as

(E—t2kY)  —twky tw 0 X+ ry* A
—tapkig e  (kp — K72 —ty Uy =10 (B.3)
0 —t, ¢ tr 0

where the transmission probability, 7 (E) = |tr(E)|? and the reflection probability, R(E) =
|7(E)|? can be calculated. Eq. (B.3) is the same as Eq. (2.34) except that here, the wave-

function for the device site 7 = a has been decimated. Eq. (B.3) comes as a result when
182



1

j=b i=
® [

D
-
. .
@

Decimate
one of the sites

Figure B.1

Schematic representation of the decimation procedure for the atomic site labeled a.

one of the sites in the [ = 2 linear chain is decimated, or in other words eliminated. In
other words, we have used the RG of sec 2.3.1 to decimate the site ; = a. The RG is
shown schematically in Fig. B.1.

To demonstate the RG method of this appendix, we now decimate the site j = b. This
is shown schematically in Fig. B.2. From Eq. (B.3), the matrix to find the inverse to
calculate electron transmission probability is

(E—thra')  —twrg'tw 0
Ms = | —tpr; 'ty (kp—r;'%) —tu | - (B.4)

0 —t, ¢

Then from Eq. (B.3) this means that

X+ = Mz)anA. (B.5)
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In Eq. (B.5), (Mgl)(l,l) is the (1, 1) element of the inverse of the matrix Mj3. To carry
out the decimation renormalization group calculation for M3, number the site just before
the blob as z_ and the site after the blob as x, and the site of the blob as x; and form the

vector

Ly
Fig. B.1 shows a typical setup of the problem. From Eq. (B.2), the determinant of the

matrix can be expressed as

7T3

det M3 = 5 - (B.7)
( [, dEep [—:ETMgf]>
Therefore using Cramer’s rule to calculate the (1, 1) element of the inverse gives,
« _ a1
X+rx"=A- (B.8)
p
t twta
p - —ws 0
Rp Isb _tu 5
where 1 = ‘ and p = | _twlan o la g
_tu g a a
0 —ty 13
A I3\2
X+ry = (—3> (B.9)
s IQ
where
I; = / / / dx_dxidx, exp {— fTMgfi{| (B.10)
and
00 e8] , , Ry — % _tu xll
I, = / / dxidx’, exp | — (1711 x;) . (B.1D
—o0 J —00 _tu g $g_
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From Eq. (B.11), let

Kp — HL: —t. x)
—tu 19 x,

Multiplying through and re-arranging like terms, Eq. (B.12) can be expressed as

t2
B = (Iib — Kib) — 2t @ @) + Sx (B.13)

a

Put Eq. (B.13) back into Eq. (B.11), Eq. (B.11) can be expressed as

t
I, = / / dzydz’, exp [ (Kb — —) e 2t,a' ) + f:x’f] ) (B.14)

Eq. (B.14) above can be re-expressed as

o] t2 o]
I, = / da’, exp [— (/ib — f)xf — 2tux’+x’1] / dxﬁrexp[ — fx’ﬂ . (B.15)

(e 9] (e 9]

For simplicity, in Eq. (B.15), let

00 t2
= / dr’ exp [— (Iib — ib)x'f — 2tuac/+x/1] : (B.16)
_ K

[e.9] a

The above integral, ; can easily be integrated since

o] 2
/ exp [— (az® + be)] dx = \/gexp (%) (B.17)

where (a > 0). Using the above standard integral, Eq. (B.16) can be calculated and this

gives
/2t2

TRq T
"= exXp [

) B.18
Kakb — t2, Kakp — tib] ( )

Substitute Eq. (B.18) back into Eq. (B.15) and do some algebra manipulation. This gives

/ Katy
(s — / da’, exp (e (i — tzb))xﬂ . (B.19)



Similarly, calculate I3 by substituting Eq. (B.4) and Eq. (B.6) back into Eq. (B.10). Do

some algebra manipulation and this gives

TK
L=, — e I (B.20)
(Katp — 15)
where
t’l2U t%utzb twtulap
I — o o de_d 5_ Ka  Ka(Fakb— t2,) _(mbna—tib) L
2 = LT-0x4 €Xp (= x_
—o0 J —00 _ twtutap é&_ ti“a T
("ib’ia—tib) (’ﬂz’%_tib) +

(B.21)
In calculating the integral /5 in Eq. (B.20) make use of the standard integral in Eq.

(B.17). Now collect all terms together and we have

det
XAHry = AT (B.22)
det p
£ — th titap  twtutas
Ka KalKaK KpKa— 2
where p = f ~ s t2 and W= (Kakp—tg,) (kb tay) S0
" — twtutab 5 _ til‘ia
(Kbka—t5,) (kakp—t2,)
X +rxt =AM, ), (B.23)
where
— i — t’lZUtib _ twlulap
Ka Kal(KaK KpKa— 2
M, = (Kakp—15,) (KpRa—t2,) ' (B.24)
twtutan _ t2kq
(“b“a—t ) 5 (Ha"‘@b t )
Then
* A —twtutap .
M2 X +rx _ Ka Ka(Kakp—t2,) (Kakp—t2y) X +rx _ A
—twtutap - t2 kg
tT (Raﬂb_tib) g (Halib—tzb) tT 0
(B.25)
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The above matrix equation can be solved by taking the inverse of M. The decimation of
the site 7 = b has been accomplished. Using Eq. (B.25) and solving for ¢, the transmission

probability as a function of energy, E, T (E) gives

_ 28212, A*A
T = (2~ ) — o) — B2, — mal ) (2 — mf) — 567 20

Fig. B.2 is a schematic representation of the decimation procedure. Here, one of the three

Decimate one
of the sites

® e e

Figure B.2

Schematic representation of the decimation procedure for the atomic site labeled b.

sites is decimated and this gives two sites, both of which are lead sites.
This means that Eq. (B.26), Eq. (2.26), Eq. (2.49) and Eq. (2.59) are all the same.

Thus both RG methods, the matrix method and the standard Green’s function method all
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give the same result for the transmission probability as a function of energy, £, T (E) for

the 2 site device. Eq. (B.26) is one of the equations plotted in Fig. 2.6 and Fig. 2.7.
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