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“The principles of physics, as far as I can see, do not
speak against the possibility of maneuvering things
atom by atom. It is not an attempt to violate any
laws; it is something, in principle, that can be done...”

Richard P. Feynman'

CHAPTER 1

Introduction

The dreamt idea of being able to make and control systems at the atomic scale has
fascinated scientists since the middle of the past century. Nowadays, the wish to carry
on the race of miniaturization of the electronic devices along with the development
and improvement of different techniques for seeing and altering the microscopic na-
ture of matter, have made it possible to manufacture semiconductor devices for which
one can choose at will their electrical, optical or magnetic properties, and whose re-
duced dimensions can include only a few tens of atoms. This technology is now a
part of our Everyday Life, appearing in different systems ranging from semiconductor
lasers to memory chips and microprocessors of computers, cellular phones and other
digital appliances.

Semiconductor heterostructures can be designed to change the dimensionality of
the confinement of the carriers [95] (two-dimensional electron gas, quantum wires
(1-D), quantum dots (0-D)) and this quality has been used to observe different phys-
ical phenomena such as the Quantum Hall Effect or the electronic localization in
disordered potentials. Other structures in Nature can also exhibit features of low-
dimensional systems such as certain configurations of carbon nanotubes [187] or
pieces of DNA [156], whose main electronic properties can be understood by de-
scribing the system in terms of a 1-D potential.

YExcerpt from the talk “There’s plenty of room at the bottom” that Richard Feynman gave on December
29th 1959 at the annual meeting of the American Physical Society at Caltech.
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The study of the physics underlying these low-dimensional systems requires of
a proper theoretical approach different from the one used at the macroscopic scale,
since at the former level matter exhibits a behaviour completely determined by quan-
tum mechanical rules. In particular a detailed characterization of the electronic prop-
erties of these systems is essential not only for the development of practical applica-
tions but also to look into the principles of physics which are revealed at this scale.
For this characterization one important element to be considered is the presence of
disorder in the structures: roughness of interfaces in the semiconductor layers, dis-
locations, vacancies and impurities in the lattices or substitutional and structural dis-
order in the system. In low-dimensional structures, disorder plays a key role in the
transport processes and it can strongly alter the properties of the system, giving rise
to phenomena such as electronic localization and other particular features which are
specially noticeable at this scale and in the low temperature regime. The main aim
of this work is to contribute to the understanding of the electronic properties of one-
dimensional structures and more specifically to analyse the effects of the presence of
disorder. Then, since disorder is a key ingredient of our recipe, let us discuss some
basic concepts about the theory of disordered systems.

1.1 Diving in the physics of disordered systems

1.1.1 What do you mean by ‘disordered’?

In solid state physics the notion of order has always been tied to periodic structures
and translational symmetry. This definition establishes a well-defined border in the
classification of matter between crystalline materials, exhibiting translational invari-
ance and several rotational symmetries, and amorphous materials. Hence, periodicity
is regarded as a paradigm of order and thus other aperiodic arrangements could be
labelled as disordered configurations. However, this choice is not useful since it is
possible to differentiate well-defined groups of aperiodic sequences, each one charac-
terized by its own properties [137]. One can roughly speak of:

- Incommensurate potentials: those formed from two or more interpenetrated pe-
riodic chains whose periods are incommensurate, that is, their ratio cannot be

expressed as a ratio of integer numbers.

- Sequential arrangements: those aperiodic sequences which are built following a set
of well-defined substitutional rules, like the Fibonacci or Thue-Morse series.

- Other arrangements that do not obey the previous patterns.
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Within the context of this work, the disordered sequences will be the members of
the latter group. And two different types of elements must be distinguished, namely
uncorrelated and correlated disordered sequences. The first one obeys a completely
random generating process while in the correlated case the generation of the nth
element of the sequence is affected by the values previously assigned. Depending
on the range of this influence one can speak of long-range or short-range correlated
sequences. Hence, from our point of view, correlations must be defined in a strictly
statistical sense from the sequence.

The construction of a one-dimensional disordered array of atomic potentials re-
quires the following elements:

1. Set of configurational variables: the physical parameters of the potentials (atomic

species, interatomic distances, concentrations, ...) along with the distributions

that such variables must obey.

2. Disordered sequence: a disordered sequence must be generated according to the

number of variables and their distributions.

3. Physical mapping: a one-to-one correspondence between the elements of the dis-

ordered sequence and the physical variables of the configurational set.

Depending on the parameters constituting the configurational set one can differentiate
between two main types of disorder. If one chooses different atomic species with a
certain distribution as configurational parameters but the interatomic distances are
fixed to form a regular lattice, then the system is said to have substitutional disorder,
also known as alloy-type disorder. On the contrary, if the interatomic distances are the
configurational parameters to be mapped onto the disordered sequence while only one
atomic species is allowed, then we have structural or topological disorder.

Let us remark that we say that the one-dimensional disordered potential exhibits
correlations only when the distributions of the configurational variables of the sys-
tem give rise to disordered sequences possessing correlations in a statistical sense. To
clarify this concept let us consider a simple case in which one builds a disordered bi-
nary system including two atomic species, namely A and B, with equal concentrations
and each species being followed by a characteristic distance d 4, and dg respectively.
Then a disordered sequence for two variables with equal concentrations must be gen-
erated. Since no further requirements concerning the distributions of the different
species have been imposed, the generation of the disordered sequence will be com-
pletely random, and therefore we say that such a disordered system does not possess

correlations, that is, it is completely random. Notice that A, B and d 4, dp could take
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any values, they even can be chosen to satisfy strange relations or to ensure certain
properties of the system, but in all cases the disordered sequence will be random, and
then from our point of view the system does not exhibit correlations. This is of course
a personal criterion but we understand that helps to avoid confusions.

1.1.2 Effects of disorder: Localization

In a periodic structure all the electronic states have the same probability of finding
themselves in any primitive cell of the crystal, as it follows from the Bloch theorem.
These states are completely extended over the system. Will the properties of the sys-
tem and the nature of the eigenstates change in the presence of disorder? An approach
to the problem of disorder was originally made in one-dimensional systems (see refer-
ence [135] for a collection of the first works on one-dimensional disordered systems).
And it was Anderson in 1958 who described one of the most important physical con-
sequences of disorder: localization [9]. Anderson studied the electronic diffusion in
a three-dimensional tight-binding model in which the energies of the different sites
are randomly assigned from a given interval according to a constant probability dis-
tribution. He showed that above a critical degree of disorder, which he quantifies as
the width of the site-energy distribution, diffusion in the system is suppressed due to
the spatial localization of all the electronic eigenstates. After the work of Anderson
localization was regarded as one of the main effects stemming from the absence of
periodicity in the systems. Localization of eigenstates implies that their probability
density does not vanish only in a limited spatial region. Moreover if the envelope of
the state decreases exponentially from a given point inside the localization region, the
state is said to be exponentially localized. The localization length is a measure of
the spatial extension of the localized state. Localization is tightly tied to electronic
transport and it is a fundamental concept to understand the existence of metals and
insulators and in particular to explain the metal-insulator transition (MIT) of matter.
Let us suppose that the Fermi energy (Er) of a certain material at zero temperature
lies in a region of the spectrum populated by localized states. In this situation since the
conducting properties of the system are mainly determined by the states around Ep,
the material behaves as an insulator because the electronic states around the Fermi
level are not able to move throughout the system and thus they will not carry any cur-
rent. On the contrary if the eigenstates near E'r are extended, the material will exhibit
good conducting properties because these states contribute actively to the transport
through the system. Localization is the result of coherent interference phenomena
and that means that its significance goes beyond the field of condensed matter and it

can be observe for example studying the propagation of waves in classical systems as
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well as in other contexts. Localization in quantum random systems can be connected
to classical analogues [183, 114], in particular to chaotic systems of oscillators where
quantum localization can be understood in terms of energetic stability of phase-space
orbits of the classical system [177].

Anderson proved for his model (the Anderson model) that the system in 3-D reg-
isters a MIT with the strength of the disorder. It was also subsequently proved that
the Anderson model in 2-D and 1-D does not exhibit such transition because all the
electronic states are exponentially localized whatever the magnitude of the disorder
is [1, 11, 155, 55]. These results were completely understood and explained by the
Scaling theory of localization [1, 11], which we shall briefly describe later on. Scaling
theory was intended to derive the different asymptotic regimes of the system, namely
the ohmic and the insulating regime, analysing the disorder on a microscopic scale.
According to this theory a MIT is only possible in 3-D structures and it is absent in 2-D
and 1-D systems, for which all states must be localized in the presence of disorder.
By the eighties, Scaling theory seemed to close the problem of localization and its
relation with the dimensionality of the system. However, in the nineties, several ex-
perimental works on two-dimensional electron and hole systems, directly related with
the Quantum Hall Effect, were reported in which a MIT was observed as a function of
the carrier density or as a result of an applied magnetic field [123, 168, 189]. These
observations were not compatible with the Scaling theory and they meant a reopen-
ing of the localization and the MIT problem. A similar process (perhaps even more

dramatic) has happened in 1-D systems, as we shall see in the following sections.

Localization in 1-D

After Anderson, many works have concluded that localization also appears in different
disordered one-dimensional systems.

In 1961 Mott and Twose showed for a particular 1-D model, consisting of square
barriers of the same height placed at arbitrary distances from one another obeying
a continuous distribution, that all electronic states are exponentially localized [148]
(confirmed by Mott in 1967 [147]). They conjectured that perhaps the same thing
occurs for other 1-D models, however it can be read in their work: “we have not
been able to extend the proof to a more general case”. In 1963, Borland was led to
the same conclusion for a 1-D chain composed of equal potentials of finite range and
arbitrary shape separated by zones of zero potential assigned randomly according to
a continuous distribution [27]. It was later specified by Tong (1970) than for the
Borland model extended states could exist for any structural disorder if the individual
potential unit exhibits resonances of the transmission [182]. A study on localization
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in different models of one-dimensional random potentials can be found in a review by
Ishii [109].

Only for particular models and for certain types of disorder it has been analytically
proved that all eigenstates are exponentially localized in one dimension. However,
probably because localization has been consider as a central tenet of the theory of
disordered systems and also due to a naive extension of the properties of the 1-D
Anderson model to other potentials, one can frequently find in the literature (even
nowadays!) assertions like: “it has been proved that in one-dimensional disordered

random systems all sates are localized”, which must be interpreted quite carefully.

Correlated disorder on stage

It was then believed for a long time that one-dimensional disordered systems could not
exhibit complex features like a metal-insulator transition. However further research
has shown that a large variety of different situations can occur in 1-D. For example,
deterministic quasi-periodic potentials were considered that can generate localized or
extended electronic states depending on their parameters [19, 162, 90].

On the other hand at the beginning of the nineties the works by Flores [81] and
Dunlap and co-workers [73] introduced different 1-D models in which the disorder
showed short-range correlations, a feature absent from the original Anderson model.
The short-range correlations were able to include in the spectrum of the system iso-
lated extended states, in particular the random-dimer model (RDM) proposed by
Dunlap and co-workers was used to try to explain the anomalous high conductivity
observed in certain organic polymers that should behave as insulators [154]. Since
then, the RDM has been extensively treated in the literature both from a theoreti-
cal viewpoint [29, 83, 161, 160, 111, 107, 167, 87] and also with a view to make
practical implementations in semiconductors superlattices [64, 71, 65]. And other
models of one-dimensional disordered systems with short-range correlations have ap-
peared: the diluted Anderson model [104, 131, 130, 50], symmetrical impurities in a
pure chain [108, 188], short-range correlations with classical analogues [110, 121],
and more [77, 103, 68, 178, 190]. In all models considered the effect of short-range
correlations is to include in the spectrum of the disordered chain isolated extended
states that constitute a set of null measure. In 1999 the first experimental evidence
that short-range correlations delocalize the electronic states at certain energies and
thus improve the transport properties of the system, was observed in semiconductor
superlattices [18].

The role of long-range correlations has also been analysed. Moura and Lyra con-

sidered a 1-D tight-binding disordered model with long-range correlations in the se-
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quence of site-energies [46, 47]. They observed numerically the emergence of a con-
tinuum of extended states and mobility edges for the carriers, marking the transition
between phases of localized states and extended states. An important contribution to
the understanding of the effect of long-range correlations was made by Izrailev and
Krokhin who established an analytical relation between localization length and poten-
tial pair correlators and showed how long-range correlations lead to the appearance of
mobility edges in 1-D [112]. However their results are only valid in the approximation
of weak disorder and to second-order perturbation theory. Tessieri has extended the
perturbative approach to fourth-order to show that in fact the apparently extended
states are still exponentially localized but on much larger scale than the states of
the localized phase [176]. Upon crossing the ‘mobility edges’ the inverse of the lo-
calization length changes from a quadratic to a quartic dependence on the disorder
strength, and for weak disorder it means that the increase of the spatial extension of
the electrons can be huge. Therefore qualitatively this change can be regarded as a
MIT. Similar conclusions have also been reported for other disordered models with
long-range correlations [159, 45, 170]. The long-range correlation effects predicted
have been experimentally confirmed in microwave transmission through single-mode
waveguides with a linear array of long-range correlated scatterers [ 125, 124].

Therefore correlations of the random potentials can deeply affect the structure of
electronic states and endow 1-D disordered models with far richer transport properties
than it was previously thought.

...and more

Nowadays, the significance of the appearance of phases of extended states in one-
dimensional disordered systems keeps growing and interesting dynamical phenomena
such as Bloch oscillations have been theoretically described in disordered systems
[69, 48]. On the other hand the influence of correlated disorder on the transport
properties is also becoming apparent in 2-D structures [105, 99]. It has recently been
shown that delocalization in 1-D systems with completely random disorder can also

take place due to the existence of long-range interactions [157, 138, 49].

Almost half a century after the work of Anderson, the problem of localization can
be understood in different ways (see for example reference [70] for a quite pedagogi-
cal approach to Anderson localization) and the corresponding field of research is still

becoming larger and larger.
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1.1.3 Conductance in 1-D systems

The study of the quantum-mechanical probability of transmission of 1-D systems is
essential since it is directly related to the conductance of the system, which is a
measurable quantity, hence establishing a bridge between theory and experiment.
A fundamental approach to the characterization of conductance in one-dimensional
systems was first made by Landauer in 1957 [126] and also in subsequent works in
1970 [127] and 1988 [128]. Landauer concluded that the conductance of a one-
dimensional guide in which the carriers are scattered by static obstacles is given by

e2 T

g= TR (1.1

where T"and R = 1-T are the probabilities of transmission and reflection of the whole
structure respectively. Moreover, taking into account multiple scattering processes,
Landauer established that the resistance of the system grows exponentially with the
number of obstacles. He also thought that such a behaviour could be related to the
exponential decrease of the wave functions in disordered systems. By that time these
results were not considered to be fully correct mainly because they were not based
on the widely accepted linear response theory. It was Economou and Soukoulis [75]
and also Langreth and Abrahams [129] who faced the conductance problem using the
linear response theory. Both works lead to similar results: that conductance strongly
depends on the nature of the leads. On the one hand if the leads are considered to be

perfect one-dimensional conductors, then conductance should obey

62

=—T.
g 2mh

(1.2)

On the other hand if the leads are considered to behave classically as a current source,
then Landauer expression would be obtained. The authors conclude that both situ-
ations are idealizations and that the connection with real experimental situations is
not clear. Later, Engquist and Anderson tackled the question in the context of real
experimental situations [76]. In particular they point out that together with the leads
supplying the current, the voltage difference in the sample is usually measured via
two additional contacts, what is known as a four-probe measurement. For this exper-
imental set-up they obtained a general expression for the conductance of the sample
which reduces to the Landauer formula in the case of zero temperature. Then, the dif-
ferent physical situations in which the Landauer formula (four-probe measurement)
and the Economou and Soukoulis formula (1.2) (two-probe measurement) hold were
established. For two and three-dimensional systems, the conductance formalism is

similar to the one described in 1-D. The expressions show a significant resemblance



1.1 Diving in the physics of disordered systems

with the above equations and the role played by the transmission probability in 1-D is
performed by the scattering matrix connecting the different transmission channels in
a system with a higher dimensionality. For example, the two-probe conductance for a
quasi-one-dimensional system including an arbitrary number of transmission channels
N, reads —as stated by Fisher and Lee [79]—
_ ¢’ T

g= ﬁTr (tth), (1.3)
where t is the N x N transmission matrix connecting the incident flux in the various
channels on one side of the disordered region to the outgoing flux on the other side.
Subsequently, Biittiker generalized the expressions for the conductance in the case
of multichannel and multiprobe measurements [31, 34]. A nice discussion on the
historical development of the conductance formalism and the physical meaning and
implications of the different formulae, is given in reference [174].

The characteristic coefficient e?/h appearing in the above definitions is the quan-
tum of conductance and equivalently its inverse is the quantum of resistance h/e? =
25812.8 ). Quantization of conductance and resistance was revealed in the measure
of the Integer Quantum Hall Effect [184], where the value of the Hall resistance obeys
Ry = %h /e? for integer j, thus producing the plateau structure. The quantized Hall
resistance is known to an extremely high accuracy and it is one of the most accurate
ways to determine the atomic fine-structure constant. Quantization of conductance
has also been experimentally observed in the ballistic regime of electronic transport
through low-dimensional systems such as quantum point contacts [185], and the sig-
nificance of the elemental unit ¢? /h has been also established in the universal conduc-

tance fluctuations observed in mesoscopic systems [133, 98].

1.1.4 Universality and Scaling

Landauer described that disorder should cause an exponential increase of the resis-
tance of the system with its length, which has been rigorously proved later for certain
disordered models [117, 120]. Then he was somehow a precursor of the scaling the-
ory, whose origin is also directly related to quantum phase transitions and critical
phenomena [172]. Initially, scaling theory —as proposed by Abrahams, Anderson,
Liciardello and Ramakrishnan— tried to understand localization by considering the
behaviour of an ‘average’ or ‘scaling’ dimensionless conductance g as a function of
the system size or of other scale variables [1]. The theory was intended to derive the
different asymptotic regimes for g, the ohmic metal regime on the one hand and the
insulator regime in which g must decrease exponentially with the system size on the

other hand, from the value g, of the conductance on a mean free path scale, which is



Introduction

a measure of the microscopic disorder. And it gave a successful explanation of why a
MIT is possible in 3-D disordered systems while it is absent in 2-D and 1-D structures
(see reference [132] by Lee and Ramakrishnan for a thorough description of scaling
theory and its consequences). However it was later remarked by Anderson and co-
workers that since resistance of a 1-D sample varies exponentially with its length, its
value can fluctuate wildly and its distribution function becomes increasingly broad as
the length increases. Consequently the average resistance can be very different from
the typical resistance and thus the choice of a scaling variable requires some care.
They concluded that the variable — log(7") is well-behaved as the length of the system
goes to infinity [11, 10]. Therefore scaling must be understood in a wider sense, since
a complete scaling description must necessarily include the behaviour of the distri-
butions of the proper quantities. Let us discuss in some detail the aspects of scaling
theory that are more relevant for our work.

Universality and scaling stem from the insensitivity of macroscopic laws to micro-
scopic details. In the context of disordered systems, universality means that proba-
bility distributions for various (macroscopic) transport-related quantities are largely
universal an do not depend on the details specifying the microscopic Hamiltonian.
Consider, for instance, the dimensionless resistance p = g~! of a 1-D disordered sys-
tem. The value of p will depend upon the particular realization of the disorder. Then
it is natural to define the probability distribution for the resistance Py (p) of different
realizations of the system with a given length. For large L one can expect that the
microscopic details will become irrelevant and the distribution will approach some
universal shape. Then, only a few parameters will be needed to specify the distribu-
tion completely. Single-parameter scaling in these terms means that the large-scale
distribution is specified by just one parameter A; which obeys a scaling law,

dlog Ar,

dlog L = B(AL). (1.4)

Let us try to outline the general situation concerning the distribution functions of the
proper quantities for a 1-D disordered system. In the most general case, it seems that
as L — oo and in the strong localization regime, when L is much greater that the
localization length (&), the distribution of the variable u; = —log T}, approaches a
Gaussian, which is determined by two parameters: the mean value (u ) and the vari-
ance var(urz). However if one assumes the phase randomization hypothesis, which
was initially proposed by Anderson and co-workers [11], scaling can be different. The
phase randomization hypothesis assumes that phases of individual scatterers (i.e. the
phases of the individual complex scattering amplitudes) can be considered to vary

randomly on a length scale [, such that [,, < &, and hence the cumulative phase
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log N Figure 1.1. Universality dia-
SPS : 2PS gram for 1-D disordered systems
within the phase randomization
G(u) ‘ hypothesis. N means the length
: G(u,var(u)) of the system and u = —logT,

G means a Gaussian distribution
and P(p) is the exponential distri-

P(p) bution for the dimensionless re-
N, >>1 ‘ sistance. Different colours high-
0 log{u;)  light the ranges of validity of the

R weak disorder strong disorder different scaling regimes.

appearing in the composite transmission of the system can be considered to spread
uniformly in the interval [0,27]. In this case in the limit L — oo and in the strong
localization regime (L > £) a Gaussian distribution for u 5 is recovered, for which the
mean value satisfies (uy) = N(u;), where N is the number of scatterers or sites of
the system and (u;) means the average of the quantity — log 7} over all possible con-
figurations of an individual scatterer. However in the weak disorder approximation,
that is (u;) < 1, the variance of the Gaussian distribution turns out to be determined
by the mean value according to var(uy) = 2(uy). Therefore single parameter scaling
(SPS) holds!. On the contrary for strong disorder ((u1) > 1) the variance cannot be
written in terms of the mean only and thus two parameter scaling (2PS) is obtained.
In the weak disorder approximation and within the weak localization regime (L < &)
a universal exponential distribution for the dimensionless resistance p is also found,
that reads Pr(p) = % exp(— p%) Notice that the concept of weak or strong disorder
is defined from a microscopic criterion and it must not be confused with the regime of
strong or weak localization that is decided from the comparison of the length of the
system and the localization length. The physical situation within the phase random-
ization hypothesis is summarized in the diagram of figure 1.1 and the details are very
well described in the works of Shapiro and co-workers [169, 37], Mello [141] and
Flores and co-workers [80].

Scaling theory is still evolving nowadays. In fact it has been recently questioned
whether the phase randomization hypothesis is a necessary condition to have SPS
[62]. And it seems that the emergence of SPS is governed by a new length scale
which is related to the integrated density of states [59, 60, 57] and also that different

! Alternatively it is also very common to define the universal Gaussian distribution using the variable
AL = — 5 log T, instead of uy,. Therefore the SPS requirement is usually written as var(AL) = (AL)/L.
The variable )\, is known as the Lyapunov exponent and it will be introduced in the following chapter.
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SPS regimes can be found when correlations in the disorder are introduced [58].

1.1.5 Decoherence mechanisms: Delocalization

Decoherence mechanisms can be very relevant in disordered systems. Since localiza-
tion is a coherent interference effect, the different phenomena introducing decoher-
ence in the system —which are generally enhanced at non-zero temperature— such
as inelastic scattering events, electron-electron or electron-phonon interaction, non-
linear effects,. .. can give rise to the break of electronic localization in certain energetic
regimes and thus improving the transport properties of disordered systems (see refer-
ence [142] for a description on decoherence measurements). The coherent transport
regime, the mesoscopic regime, in which the system size is comparable to the coher-
ence length of the carriers, is characterized by quantum interference patterns that can
be altered by applying external fields, giving rise to the well-known universal conduc-
tance fluctuations [116]. Therefore decoherence also entails the lost of this universal
regime in which conductors cannot be characterized by materials constants.

As described by Biittiker, the effect of inelastic scattering events inducing phase-
randomization on barrier tunnelling can increase the off-resonant transmission [33].
Similar results on barrier tunnelling have been found as a consequence of non-linear
effects [63]. It has also been shown that in the strong localization regime the con-
ductance of a one-dimensional disordered system can be improved due to electron-
electron interaction [186, 166], inelastic scattering events modelled by parametrized
scatterers [140, 102] or complex extensions of the potential [173, 41], and also non-
linear effects [67]. Additionally it has been recently described how delocalization
can take place as a result of the decoherence induced by iterative measurements on
the disordered system [93, 82]. The analysis and modelling of delocalization mecha-
nisms is important to evaluate to which extent they can alter the transport properties
of disordered systems.

1.2 Objectives and outline of the work

Once some basic concepts about one-dimensional disordered systems have been intro-
duced and the present situation of the research in the field has been briefly described,
let us shortly discuss the main purposes of this work.

Our fundamental premise to study the electronic properties of one-dimensional
disordered systems is to consider non-interacting spinless carriers within the indepen-
dent particle approximation. Also our approach focuses on the characterization of the
static transport properties of these structures. Within this framework, probably the
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most important aim of this work is to generalize, extend and compile a set of tools
that can be used for all one-dimensional systems in order to analyse their electronic
properties (distribution of states, nature of states, ...). In particular, we derive an en-
semble of universal functional equations which characterize the thermodynamic limit
of all one-dimensional models (within the approximations made above) and that are
useful to obtain relevant quantities of the system such as density of states or localiza-
tion length in that limit. Therefore a great part of our efforts are aimed at contributing
to the growth of a general methodology that can be applied to all potential models
in one-dimension. Our approach is analytical up to a point from which numerical
techniques are necessary to obtain the desired solutions. These methods are used to
perform a systematic study of different models of quantum wires in one dimension.
The effects that disorder induces upon the distribution of states is studied in detail
and the existence or not of extended states in the spectrum is thoroughly examined.
Correlated disorder is also treated via a new model of short-range correlations whose
influence on the transport properties of finite 1-D structures is revealed. Finally, imag-
inary potentials are introduced in the linear arrays to include dissipative processes in
the wire.

The contents of the work are divided in different chapters according to the follow-
ing scheme:

e Chapter 2 is devoted to the description and development of the theory underly-
ing the different methods used to characterize disordered 1-D systems.

e In chapter 3 the well-known delta model is used to build one-dimensional chains.
The properties of these wires are studied in detail.

e In chapter 4 a new type of 1-D disordered system based on P&schl-Teller-like
potentials is built. The interesting features that compositions of these potentials
exhibit are analysed.

e Chapter 5 comprises quantum wire models with imaginary potentials. Two dif-
ferent tasks are carried out: the building of P7 -symmetric periodic chains and
the modelling of dissipative processes.

e Chapter 6 includes a summary of the concluding remarks and a final discussion.

Let us finally remark that some intricate calculations and extensive analysis of
certain subjects have been included in several appendices at the end of the manuscript.
It has been done so in order to make the reading as easy as possible. However the
information contained in some of the appendices is essential for a full understanding
of the work.
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CHAPTER 2

Theory and methodology

Unlike the case of ordered matter, for disordered systems there is a lack of a general
theory describing in a compact form their physical properties. Nevertheless a large
ensemble of different techniques exists that can be used to unravel some features of
this kind of structures. The aim of this chapter is to build a general methodology that
can be applied to all one-dimensional potential models. We give a detailed descrip-
tion of the tools used in this work to characterize several models of disordered wires,
regarding mainly their electronic properties.

2.1 The canonical equation

We shall be considering one-dimensional atomic wires within the independent particle
approximation. The electron-electron interaction is not considered and also the car-
riers are supposed to be spinless. Then, the Hamiltonian of the system only includes
the potential of a linear array of different atomic units. From the solutions of the
one-particle Schrodinger equation it is always possible to derive an expression with
the following canonical form! [137, 161]

%xﬂj_l, (2.1)

where ¥; means the amplitude of the electronic state at the jth site of the wire, v;

Ui =J(y-1,7)¥, —

denotes the parameters of the potential at the jth site (jth sector) and the functions

!The meaning of the coefficients appearing in the canonical equation depends on the particular
Hamiltonian. For a tight-binding model they have a straightforward interpretation in terms of the
on-site energies and the transfer integrals, thus the equation is usually written in the form o;¥; =
tji+1¥j41 + t5,;—1¥,;-1. For other models that comparison may not be so clear, so we keep a more
general expression.
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P \Pj ‘Pj+1
,,,,,,, - . » m——————
1 | J+1
@ Figure 2.1. Sites and
(i-1)-sector j-sector sectors of a linear chain

J(vj-1,74), K (v;), which depend on the potential and the energy, rule the spreading
of the state from one site to its neighbours, as shown in figure 2.1. The canonical equa-
tion can be systematically obtained for a given solvable Hamiltonian and it contains
the same information as the Schrédinger equation. It is not hard to see that J(y;_1,7;)
and K (y;) are real functions provided the potential is real, so that the state amplitudes
can be considered to be real. Equation (2.1) determines also the behaviour of other
elementary excitations inside 1-D structures, thus it appears in different physical con-
texts such as the study of vibrational states (phonons), electron-hole pairs (excitons),

Although the applicability of the canonical equation is not restricted by the order-
ing of the sequence in the wire, it is a key ingredient to study non-periodic arrange-
ments of potentials, for which the Bloch theorem is not valid. For certain boundary
conditions, one can numerically obtain the permitted levels and the form of the enve-
lope of the wave functions inside the system using equation (2.1). Apart from being
useful from a numerical viewpoint, the canonical form also provides some analytical
results concerning the gaps of the system’s spectrum. For this purpose, the equa-
tion must be written as a two-dimensional mapping, originally proposed in reference
[110], that permits establishing analogies between the quantum problem and classical
dynamical systems [114]. The matrix form of (2.1) with the definitions z;; = ¥;,,

K .
zipr\ _ (J-n7) - K(V(Zi)l) i (2.2)
Yj+1 1 0 Yi

which in polar coordinates z; = p; cosf;, y; = p;siné;, leads to the following trans-

yj+1 = ¥;, reads

mission relations for the phase and the moduli:

K(v; -1
041 =T(0j;7vj-1,7j) =arctan { <J('Yj—17 V) — % tan 9j> } , 2.3)
e

2 2
<M> = F(0;;7j-1,7;) =cos? 0; + (J(’yjl,yj) cosfj — K0) sin 0j> .24
Pj K(vj-1)

Now let us impose hard-wall boundary conditions in our wire composed of N atoms.
That means ¥y = ¥y,; = 0. Using the mapping it is clear that the initial point
is {x1,y1} = {¥1,0} placed on the x axis. Thus for an eigenenergy, after all the



2.2 Continuous transmission matrix formalism

steps the final point must be of the form {xni1,ynv+1} = {0,¥n} lying on the y
axis. That means the whole transformation acts rotating the initial point. Therefore
the permitted levels must be clearly contained in the ranges of energy for which the
sequence of mappings generates a rotating trajectory (generally open) around the
origin, which is the only fixed point independently of the parameters of the mapping.
This behaviour guarantees that after an arbitrary number of steps the final boundary
condition could still be satisfied. However if all mappings have real eigenvalues the
behaviour described is not possible (see for example reference [175]). And it follows

that permitted levels cannot lie inside the energy ranges satisfying

K(v5)
K(vj-1)

Note that this conclusion does not depend upon the sequence of the chain, thus it

JH(j-1,7j) > 4 VY, V-1 2.5)

holds for ordered and disordered structures.
In the following sections it will become clear that obtaining the canonical equation
is essential when treating one-dimensional disordered systems.

2.2 Continuous transmission matrix formalism

The time-independent scattering process in one dimension can be described using the

well-known continuous transfer matrix method,

AR _ My Mg\ (AL — M Ar 7 2.6)
BR M21 M22 BL BL

where Ap, Br(Ag, Br), mean the amplitudes of the asymptotic travelling plane
waves e e7k% at the left (right) side of the potential. The peculiarities of the
transmission matrix M and its elements depend on the nature of the potential. A
detailed analysis on this subject can be found in appendix A. As a summary let us
say that for real potentials M belongs to the group Si/(1,1) and that the property
det M = 1 holds for all kind of potentials whether they are real or complex.

The transmission and reflection scattering amplitudes read

1 L Moy r_ Mi

t=—, r'=——=" rt=_"=
Moo Mao Mag

2.7)

where the superscripts L, R, stand for left and right incidence. The insensitivity of

the transmission amplitude to the incidence direction is a universal property. In gen-

eral the reflection amplitudes will differ, although |r%| = |rf| for real potentials and

complex ones with parity symmetry [7].
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Obtaining the transmission matrix is specially easy for discontinuous short-range
potentials such as deltas or square well/barriers, for which the asymptotic limit is not
necessary to satisfy (2.6). In these cases the effect of a composition of N different
potential units can be considered through the product of their transmission matrices,

M=MyMp_1:--MaMjy, (2.8)

therefore obtaining analytically or numerically the exact scattering probabilities of the
whole structure. This formalism can also be used to obtain the bound states from the
poles of the complex transmission amplitude. An intuitive and general interpretation
of the composition procedure can be given in the following form. Let us consider two
finite range potentials Vi (z), Va(z), characterized by the amplitudes t1, r¥, v, to, 7L,
rit, and joined at a certain point. Then, the scattering amplitudes of the composite
potential can be obtained by considering the coherent sum of all the multiple reflection
processes that might occur at the connection region [17],

o
t1t
_ L_R\n _ 12
t:tl {Z(T2T1) }tQ— 1—7"£7°1R, (293)
n=0
L_ L L)~ L ryti
T =17 + 1y Z(T’z T’{%)n t1=r7+ 27L1R’ (2.9b)
— 1—ryry
n=0
e I Tth
ri =l 4 torf Z(TQ iy S by =l 4 17L2R' (2.90)
r 1—ryr]

Replacing the scattering amplitudes with the elements of the corresponding transmis-
sion matrices M, M, one can trivially check that in fact the latter formulae are the
equations of the matrix product MsM;. Thus, the composition rules given by (2.9)
are not restricted to the convergence interval of the series Y °°  (rirft)". They pro-
vide an explicit relation of the global scattering amplitudes in terms of the individual
former ones and can be easily used recurrently for numerical purposes.

In the case of continuous potentials the calculation of the transfer matrix is more
complex. After solving the Schrodinger equation for positive energies, one has to take
the limits x — +oo to recover the free particle states and identify the matrix elements.
Hence equation (2.6) is strictly satisfied only asymptotically. However depending on
the decay of the potential one could neglect its effects outside a certain length range.
If the asymptotic transmission matrix {M,;} of the potential in figure 2.2 is known,
then the matrix for the cut-off potential contained between the dashed lines is simply
(see appendix A)

ik(d2+d1) ik(d2—d1)
Mcut = < MH ¢ M12 ¢ ) . (2.10)

M21 efik(d27d1) M22 efik(d2+d1)
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The cut-off matrix is the same as the asymptotic one plus an extra phase term in
the diagonal elements that accounts for the total distance (d; + d2) during which
the particle feels the effect of the potential, and also an extra phase term in the off-
diagonal elements measuring the asymmetry of the cut-off (de — dy). Doing such
approximation one gets matrices suitable to be composed in linear arrays.

Once the transmission matrix of the potential is known one can obtain the canoni-
cal equation applying to the electronic states in the one-dimensional composite chain.
Let us consider M; to be the continuous transmission matrix of the jth potential,

Aje = M; 47 (2.11)
B+ B;

where the coordinates of the electronic wave function in the different sectors of the
chain are chosen to satisfy that the value of the state at all sites is simply given by the
sum of the complex amplitudes of the travelling plane waves, that is V; = A; 4+ B;
for all j. Then the canonical equation of the system can generally be written as (see

appendix A)
_ K. K.
\I’jJrl = (SJ + Sjlﬁ) \I’j — ﬁ‘l’jfl, (2.12)
where for a real potential
gj = Re [(Mj)ll] + Re [(M]’)lg] s (2.13a)
Sj = Re [(Mj)n] — Re [(Mj)lg] s (2.13b)
Kj =Im [(Mj)ll] —Im [(Mj)lg] . (213C)

Then, the canonical equation can be easily calculated from the continuous transmis-
sion matrix of the compositional potentials of the system.

2.3 Discrete transmission matrix formalism

The problem of a one-dimensional quantum wire can also be treated via a composition

procedure of another type of transfer matrices, when one obtains a discretized version
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of the Schrodinger equation. An analytical discretized form of this equation is given
by the canonical expression (2.1), that can be written as

K(v;) U N,
\I/j-i-l (’Yj—l,’)/j) K(’Yj]1) j J
_ [’ - —P(v 1,7 . (219
( v ) ( 1 0 Wi 1017%) W1

The properties of the system can then be calculated from the product PyPy_1--- Py

imposing appropriate boundary conditions.
If the solutions of the differential equation are not known, one can always take a

spatial discretization, translating the original equation
V(@) = [V(e) - k] ¥(2), (2.15)

into
Uni1 = {[Va — K°] (Az)? + 2} ¥ — Y1, (2.16)

where we have defined v,, = ¥(n-Ax), V,, = V(n-Az) and Az being the spatial step.
And the corresponding matrix representation is

Ynt1 _ [Vn - kQ] (Ax)z +2 -1 Pn _ Pn

Then, the scattering probabilities of the system can be numerically obtained by con-
structing Q = Q,,Q,_1 - - - Q1, considering a large enough distance n - Az so that the
ikz

correct asymptotic form of the state ¢(x) = e** 4 re™#* and (x) = te** can be

imposed at the extremes. The transmission and reflection probabilities are then given
by

B 4sin?(k - Ax)
|Q21 — Q12 + Queikdz — Qne*ik'&”ﬁ’

—ik- ik- 2
Qi1 — Qo + Qe A7 — QqreltA”
Q21 — Q12 + QoeelkA7 — Qqe~ik-Ae

(2.18)

R

(2.19)

2.4 Characterizing electronic localization

The localized nature of the electronic states inside a disordered wire can be analyzed
using different tools (see for example reference [122]). Let us see some reliable pa-
rameters which can be used as a probe of the localized or extended character of the

carriers inside the system.
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2.4.1 Lyapunov exponents

Lyapunov exponents emerge from random matrix theory [38], and they are used to
characterize the asymptotic behaviour of systems determined by products of such ma-
trices. They are a key element in chaotic dynamics [175] and play an important role
in the study of disordered systems.

For a full understanding of the meaning of the Lyapunov exponents and their
expressions it is mandatory to recall Oseledet’s multiplicative ergodic theorem (MET)
(a complete analysis can be found in reference [12]), which in its deterministic version
and without full mathematical rigour? reads as follows. Let be {M,,} a sequence of
d x d matrices and be My = M yMy_; --- M;. Then the following matrix exists as a

limit

WV

1
li MALMp)2N =T >0 2.20

so that its eigenvalues can be written as e* < ¢*? < ... < e™ and the correspond-
ing eigenspaces Uy,...,Uy. And for every vector x of this d-dimensional space the
following quantity exists as a limit

1
Ax) = ]\}gnoo N log ||Mnyx]], (2.21)

that verifies A\(x) = max(\;,..., ;) where {U;,...,U;} is the set of spaces in which
x has a non-zero projection. The set {\;} are the Lyapunov characteristic exponents
(LCE) of the asymptotic product M. Therefore this theorem implies that the asymp-
totic exponential divergence of any spatial vector x under the action of the product of
matrices My is determined by the LCE. More precisely, the divergence will be domi-
nated by the component of x on {U;} with the fastest growing rate.

Now let us consider our one-dimensional quantum wires, which as already known
can be described through products of different type of 2 x 2 matrices, namely the
discrete transfer matrices P; defined from the canonical equation in (2.14) and the
continuous transmission matrices M; defined in equation (2.6). It can be proved that
for one-dimensional Hamiltonian systems the two LCE come in a pair of the form
{\, —A} (see appendix B). Considering the discrete transfer matrices we have

XN+1 = PyPyn_1---Pixyq, (2.22)

1\ 1\
where xy11 = N+ and X = " ). Therefore applying the MET
Uy Uy

1
Ax1) = A}Enoo N log /U3, + U3 . (2.23)

2Several conditions must be satisfied by the set {M,,} and its products that we suppose to be fulfilled

in meaningful physical situations.
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Imposing hard-wall boundary conditions A\(x1) = limy o % log |V | which is straight-

forwardly equivalent to

S V)1
A= lim — Y log " (2.24)
N ZJ: W5

N—oo

a common expression found in the literature for the Lyapunov exponent, and that
always provides the largest LCE [175], in our case the positive one.

On the other hand the same physical system can be realized using the continuous
transmission matrix formalism, that must yield asymptotically the same values for the
Lyapunov exponents if they have physical sense at all. Therefore,

XN+1 = MyMpy_1---Mixq, (2.25)

A A

where xy1 = ( N+1> and x; = (Bl> corresponding to the amplitudes of the
N+1 1

travelling plane waves. If we impose the initial conditions A; = 1, By = r(F), then the

final result will be Ayy; = ¢(E), Bn+1 = 0, where r(E) and ¢(E) are the scattering
amplitudes. Thus the MET implies

—A= lim % log T(E), (2.26)
where T'(E) is the transmission probability of the system, and obviously the neg-
ative Lyapunov exponent is obtained. The above expression was first obtained by
Kirkman and Pendry [120]. It implies that for a given energy, the transmission of
a one-dimensional disordered structure decreases asymptotically exponentially with
the length of the system T (E) ~ e 2*(F)N [117]. This is a consequence of the
same asymptotic exponential decreasing behaviour exhibited by the electronic states
for that energy. From this fact we define the localization length £(E) of the electronic
state with energy F, if it exists, as the inverse of the rate of the asymptotic exponential
decrease of the transmission amplitude with the length of the system for that energy,

EFB)=ME)L (2.27)

This definition is also a measure of the spatial extension of the exponentially localized
state inside the system, and it has a clear physical meaning.

Although the Lyapunov exponent and therefore the localization length defined
can only be strictly obtained asymptotically, it makes also sense to characterize the
electronic localization in a long enough finite system through

1
-1 _
§(B) = —55 log T(E), (2.28)
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because the Lyapunov exponent is a self-averaging quantity [122], thus it agrees with
the most probable value (its mean value) in the thermodynamic limit, for every energy.
Therefore expression (2.28) gives relevant information of the localization length for
finite N, since it will show a fluctuating behaviour around the asymptotic value.
Finally let us say that a complex extension of the Lyapunov exponent is possible,

1 Uiy
e = lim — ) log <J—+> (2.29a)
Aﬁﬁoojv>z;: ﬂyj
1
—Ae = lim —log#(E), (2.29b)

being W, the complex amplitudes of the state and ¢(F) the complex transmission
amplitude. The real part of this extension is related to the localization length whereas
its imaginary part turns out to be 7 times the integrated density of states n(E) per
length unit of the system [120].

2.4.2 Inverse participation ratio

Alternatively, localization is also usually characterized by the inverse participation
ratio (IPR) [35], which is defined in terms of the amplitudes of the electronic state at
the different sites of the system as

N 4
S 1)
..
N
(2 1wl

For an extended state the IPR takes values of order N —! whereas for a state localized

IPR = (2.30)

in the vicinity of only one site it goes to 1. The inverse of the IPR means the length of
the portion of the system in which the amplitudes of the state differ appreciably from

Z€ro.

2.5 Obtaining the density of states

The density of states (DOS) g(F) gives the distribution of permitted energy levels and
it is specially important for calculating some macroscopic properties of the structures
which are usually obtained from averages over the electronic spectrum. Strictly speak-
ing g(E) is the function such that g(F)dF is the number of eigenvalues of the energy
inside the interval (E, F' 4+ dFE), and it is usually defined per length unit of the system.
The integrated density of states n(F) is defined as

E
n(E) = / g(E"dFE', (2.31)

— 00
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and measures the number of permitted energies below the value E. For a one-
dimensional wire the integrated DOS can be determined from the imaginary part of
the complex Lyapunov exponent. From (2.29b) one can write [137, 161]

1 i t(E)
E)=— t"(FE E) = 1 . 2.32
n(B) = —arlt (B, () = 5 Og(t*(E)) (2.32)
The electronic DOS can also be numerically determined using the negative eigen-
value theorem proposed by Dean for the phonon spectrum [52], however this method
cannot be applied for all potential models. It is possible to build a generalization
of Dean’s method to obtain the DOS for finite chains. This technique shows some
relevant computational advantages comparing with the one involving the complex
transmission amplitude. The whole derivation can be found in appendix C. Defining
sjj+1 = ¥;j4+1/¥; the canonical equation (2.1) reads
K(y) 1

sjie1 = J(Vi-1,7) — ) (2.33)

. ’ ’ K(vj-1) sj-1,5
Now let us consider a wire composed of different atomic species {«} and let be N, (E)
the number of negative s; ;.1 whenever v; = a, divided by the number of sites of the
chain. That is, N, (F) is the concentration of o atoms after which the envelope of
the electronic wave function with energy F changes its sign. Then the DOS can be

obtained as

o) = |3 sl (o) DelE)] (234)

Thus using the recursion relation (2.33), one has to calculate the concentrations of
changes of sing for the different atomic species, which must then be added or sub-
tracted according to the sign of the functions K («) for the corresponding energy.
Finally a numerical differentiation with respect to the energy must be performed.

2.6 The functional equation: the thermodynamic limit

The description of the properties of a system in the thermodynamic limit (TL) reveals
the fundamental physics underlying the different problems, removing any accidental
finite size effects. The TL tells us which observations are a consequence of a general
physical principle. With this purpose scaling theory is intended to obtain different
magnitudes in the TL by figuring out how they scale with the size of the system.
Apart from scaling theory, a few authors have been in pursuit of obtaining analytically
several quantities of an infinite one-dimensional disordered system. Dyson (1953)
[74] and Schmidt (1957)[164] derived analytically a type of functional equations for
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certain distribution functions containing information about the integrated density of
states in the TL, for the phonon spectrum of a system of harmonic oscillators with
random masses and the electronic spectrum of a delta potential model with random
couplings, respectively. Although some efforts were made to solve numerically these
equations [3, 28, 51, 4, 91], this approach was almost completely forgotten probably
because of its cumbersome mathematics and the lack of analytical solutions.

We assert that it is possible to derive a set of universal functional equations de-
scribing the TL of one-dimensional systems. In this way one can build a formalism
which can be applied to a large variety of potential models. The solution of these
equations can be used to obtain relevant magnitudes of the system such as the DOS
or the localization length. A complete derivation of the equations can be found in
appendix D. Let our one-dimensional problem be governed by the canonical equation

K ()
Uiy = J(vio1, 7)) 0 — — (2.35)
J+ ( J ]) J K('Yj—l) J
Using the mapping technique described in section 2.1, one can define a phase # and
radius p satisfying the transmission relations (2.3) and (2.4). Assuming that the chain
is composed of different species (denoted by Greek letters) {+} the following equa-

tions hold in the thermodynamic limit,

W,(0) = pys (Wﬁ (T-1(0; 8,7)) — W (g) +o(8,7)] (2.36a)
B

W, (0 + nm) = W,(0) +n, 0el0,m),neZ, (2.36b)

where p,g is the probability of finding a 3 atom besides a v atom, §(3,v) = 1 if
[K(7)/K(B)] > 0and 6(3,7) = 0 otherwise, and T~1(0; 3, ) is the inverse transmis-

sion function for the phase,

T-46; 3,7) = arctan {% (J(ﬁ,'y) — t;ﬁ) } ., Becom). (2.37)

W.,(0) are the phase distribution functions in the TL for each species v, that is they
mean the probability that the phase modulo 7 right after a v atom is included in the
interval [0, §). Then dW,(#) is the natural measure of the phase inside the system for
the ~ species, that is the probability of catching the phase in the interval (6,6 + d6).
Therefore this distribution functions can be used to calculate the average in the TL
of any quantity of the system that can be written in terms of the phase . Using this
latter fact one can obtain the inverse of the localization length and the DOS of the
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system in terms of the distribution functions as

L g L "o 207, 8)
§(B) —2% 1Py 10g F (i, ) Q%Cwl)vﬁ /0 WO Fgn g 0 238
dW, (5
9(E) = > _sen[K (v)]%% ; (2.39)
v

¢y being the concentration for the ~ species and F(6;+, 3) the transmission function
for p defined in (2.4),

F(6;7,3) = cos® 0 + <J(7, B) cos O — K(5) sin (9) 2 . (2.40)
K(v)
Let us remark the fact that binary correlations naturally appear in the definition of the
distribution functions through the set of probabilities {p.3}, the completely uncorre-
lated situation would be defined by p. 3 = cg for all species.
Due to the formidable aspect of the functional equations it seems a hard task to
obtain analytical solutions, if they exist at all. Nevertheless they might be useful to
extract relevant information of the systems in the thermodynamic limit analytically.

2.7 An example: the tight-binding model

To exemplify the study of a quantum wire with the tools described in the previous
sections, let us consider a basic one-dimensional model: a tight-binding Hamiltonian
with nearest neighbour interactions,

H =" (e [k)k| + tpsr )k + 1]+t [R)E—1]), (2.41)

where ¢, are the energies of the on-site orbitals |k> and t;;+1 mean the transfer
integrals, which we take equal to 1 for the sake of simplicity. The on-site energies
follow a random sequence so that this model is said to have diagonal disorder. The
one-dimensional Anderson model consists in choosing ¢; from a finite continuous
interval with a constant probability distribution. In our case the composition includes
different discrete species {¢1, €2, ...} appearing with concentrations {c;, ca, ...}.

Since the orbitals {|j)} constitute an orthonormal basis of the Hilbert space of the
system, the eigenstates can be written as ‘\I/> =D uj | j). The Schrédinger equation
is then translated into a discrete equation for the coefficients u,

Ujt1 = (E — 6j)u]' — Uj—1, (242)
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showing the desired canonical form of equation (2.1) with J(¢;) = F—¢; and K (g;) =
1 for all j. Using the results of section 2.1 concerning the gaps of the spectrum, it is
straightforward to conclude that the energy values satisfying |E — ;| > 2 for all j,
are not permitted. Therefore the eigenvalues can only be located inside intervals 4
units of energy wide centered at the different on-site energies. In fact each interval
corresponds to the allowed band of the pure chain of each species. The simplest mixed
system is a binary chain composed of two different species. In this case the spectrum
only depends upon the quantity |¢; — 3| thus the on-site energies are usually defined
as e = —¢, e9 = . When e < 2 the eigenenergies are all included in the interval
[-2 — €, + 2]. That is the reason why this model is commonly referred to as a one-
band model. If ¢ > 2 a gap appears in the range [2 — ¢, — 2].

From the canonical equation, the two-dimensional mapping defined in section 2.1
is easily built yielding the transmission functions

—1ip. -\ o _1
T (0;¢5) = arctan <E & "t ) (2.43)
F(0;¢;) =1 — (E —¢;)sin(20) + (E — ;) cos® 6, (2.44)

which only depend on one species at each step. This latter property together with the
fact that K(e;) = 1 for this model, simplifies considerably the functional equations
(2.36) (see appendix D). For a chain with uncorrelated disorder a unique distribution
function for the phase can be defined 1 (#) being the solution of

W(0) = ;%W (T (0;2,)) - W (g) +1, (2.45a)
WO +nm)=W(@O) +n, 0el0,m), neZ (2.45b)

Thus only one functional equation needs to be solved. And the DOS per atom as well
as the localization length can be obtained in the thermodynamic limit from

9 57)

§E)'=\E) = ;Zc,y log F(7; e4) Zc,y/ 14C )de, (2.46)

7 aw (3)|

1B (2.47)

9(E) =

Using the discrete transmission matrix formalism, the scattering amplitudes of a
finite chain can be obtained. In figure 2.3 the logarithm of the modulus of the trans-
mission amplitude is plotted as a function of the length of the system for different bi-
nary chains. The exponential decrease of the transmission is clearly observed and the
data for finite chains agrees with the value of the Lyapunov exponent obtained from
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2.7 An example: the tight-binding model

the functional equation in the different cases. In figure 2.4 the DOS for a finite chain
is plotted, showing a fluctuating behaviour around the distribution corresponding to
the thermodynamic limit. The evolution of the DOS and the electronic localization
length in the thermodynamic limit for a binary chain as a function of the concentra-
tions can be seen in figures 2.5 and 2.6. It can be observed how the tools used provide
the correct results when the chain is composed of only one species: A\(E) = 0 and
A(E) = arccosh(|E — ¢|/2) inside and outside the allowed energy band respectively
and the density of states fits the correct form g(E) = n~! [4 — (E —¢)?] 12,

As can be seen in the analysis of the tight-binding Hamiltonian, taking the canon-
ical equation as a starting point a systematic characterization of the electronic prop-
erties of the system can be performed, both for finite arrays via the transmission
matrix formalism and in the thermodynamic limit with the functional equations. In
the forthcoming chapters, the methods described will be applied to a variety of one-
dimensional quantum wire models, trying to reveal the physical properties of this kind
of structures and understand their particular features.
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CHAPTER 3

Quantum wire with delta chains

3.1 The potential

Let us consider a quantum wire model made up of an array of Dirac delta potentials,
each one with its own coupling «; and placed at equally spaced positions with inter-
atomic distance a. Then, the potential energy of an electron inside this linear chain
is

V(z) = Zaﬁ(m — ja). (3.1)

This model was first introduced by Kronig and Penney in 1931 [44] and since then
it has been extensively considered in the literature. Indeed it is nowadays one of
the most treated models. In spite of its apparently simplicity, we shall see how it
is powerful enough to account for very different schemes containing an unexpected
physical richness.

Due to the discontinuous nature of the potential the continuous transmission ma-
trix is easily calculated!, yielding for the jth delta potential followed by a zero poten-
tial zone of length a

. ika _ i ika
( kaj) € kaje
i ,—ika i —ika |’
Hje (1 + W) €

where a; = 7% /ma; means the ‘effective range’ of the jth delta and k = v2mE/h.
The transmission probability for a delta potential is a monotonically increasing func-

M, = (3.2)

A collection of transmission matrices and canonical equations for different 1-D potentials can be

found in appendix F.
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tion with the energy. If the delta coupling is negative, then it can host a bound state
with energy k = i/|a;| whose amplitude decreases from the position of the delta as
exp(—|z/a;|). For positive energies the wave function in the different sectors of the
chain is simply a combination of the free particle solutions. Using the transmission
matrix one can derive the following relation among the amplitudes of the state at
contiguous sites

\I/j+1 = th(e)llfj — \I/j_l, (33)
where ¥; is the amplitude of the state at the position of the jth delta and we define
a '\ sin(e)
hj(e) = cos(e) + | — | ——=, (3.4)
a; €

being ¢ = ka a dimensionless representation of the energy. The canonical form (3.3)

leads to the following discrete transmission matrices

P, = (2}? © _01> . (3.5)

Hence, the effect of a linear array of N deltas can be treated via the product of
their transmission matrices or equivalently through the composition rules (2.9). For
this model it is possible to write closed expressions for the scattering amplitudes of an
arbitrary chain,

eiNe
tN(E) N f(ea ai, ,CLN), (36)
—2ieg(€; ag, ... 7aN)
)= e pean,an) S

with the definitions

o1+ () 5 )

Jj=1 j=2
a a a it
il el el _ 2ie(ory1—0or)
: {Zo: [<a"1> <a02> <a0]> r=1 <1 ‘ ' >] }’
(3.8)
iN i2je [ @ al i\’
stion o) = e () + 30 ()
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3.2 Periodic system

where for each j the symbol )" means one must sum over the (];[ ) combinations of
size j, 0 = {01,09,...,0;} from the set {1,2,..., N} with oy < 03 < ... < 0j. The rft
amplitude up to a phase is obtained from r* for the reverse chain. The global potential
is then characterized by the arranged sequence of the ratios (a/a;) where the indices
label the positions from left to right. In spite of their formidable aspect, the above
equations are easy to program for sequential calculations providing the transmittivity
and reflectivity of the system with exact analytical expressions.

3.2 Periodic system

Let us briefly discuss the main properties of the periodic arrangement of potentials
for this model. According to the Bloch theorem [171] the permitted energies of the
infinite periodic system are such that the eigenvalues of the transmission matrix M,
of the primitive cell with length L, take the form of Bloch phases, e¢'*. Then the
allowed bands come from

cos(qL) = %Tr M,,, (3.10)

where ¢ € [—7/L,n /L] defines the first Brillouin zone (1BZ) in the reciprocal space.
The unit cell can be composed of different deltas, thus M, is given by a product of
matrices of the form (3.2) or equivalently the discrete matrices (3.5) can also be used.
For the case in which the primitive cell includes /V different potentials it is possible to

find a general expression for Tr M,,.. The allowed bands obey

cos(Nga) = B(e;ay,...,an), (3.11)

where for even N

N
2
Bl ar,...,an) = (-1)% + Y (~1)% 7 221 Shy(2y), (3.12a)
j=1
and for odd N
N+1
2 N+1 .
B(e;ay,...,an) = (=1)"2 7 4771 Shy (25 — 1). (3.12b)
j=1

And the function Shy(p) is defined as the sum of all possible products of p different
h;(e) functions (h;, hj, - - - hj,) such that j; < jo < --- < j, and to an odd index follows
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an even one and reciprocally. Let us remark that the indices label the position of each
delta inside the primitive cell. The band equation for N = 1,2,3,4 as stated by the

preceding formulae reads explicitly

cos(qa) = hy, (3.13)
cos(2qa) = 2hihy — 1, (3.14)
cos(3ga) = 4 hihaohs — (h1 + ha + hs3), (3.15)
cos(4ga) = 8 hyhahshy — 2(hiha + hihy 4+ haohs + hshy) + 1. (3.16)

The band structure provided is extremely useful from a computational point of view,
due to the systematic use of the combinations of the elementary functions 4 (¢). Once
the allowed bands are known the distribution of states can be written in a very simple
form. The DOS per atom inside the different permitted bands comes from

1

ge) = = [1 - B2(e)] 7 |48

% (3.17)

The regular oscillatory nature of the bands in the reciprocal space imposes some gen-
eral characteristic features to the DOS. The distribution of states reaches a minimum
at the inflexion point of each band and Van-Hove singularities appear at the band
edges, as expected for a one-dimensional system.

It is possible to write a compact analytical expression for the transmission proba-
bility of a finite periodic chain by making use of the Cayley-Hamilton theorem, that
permits writing the power of a 2 x 2 matrix in terms of Chebyshev polynomials (see
for example reference [89]). As an example the transmittivity for a one species pure

chain with m primitive cells can be written as

B a \? sin? [marccos(hy (€))] !
Tin(€) = {1 + <a_1> 21— 12(0) } . (3.18)

In figure 3.1 a characteristic example of the band structure, the DOS and the trans-

mission pattern for a periodic delta chain is shown.

3.3 Short aperiodic sequences

Let us consider now aperiodic arrays of deltas with hard-wall boundary conditions,
that is inside an infinite potential well, assuming that the walls are placed at one in-
teratomic distance a before the first potential and after the last one. Then the eigenen-
ergy condition is the vanishing of the wave function at the walls. It can be imposed
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Figure 3.1. DOS (left), band structure in 1BZ (middle) and transmittivity (right)
for a periodic chain whose primitive cell includes four deltas with parameters (a/a;) :
1,—2,—1,0.6. The transmission corresponds to a chain with only 10 unit cells.

using the explicit form of the electronic state and the continuous transmission matri-
ces, but the discrete transfer formalism turns out to be specially suitable for this task.
For a chain with N potentials the eigenstates satisfy

0 Uy vy
=PvPyv_1---P =P 3.1
<‘I’N> NPy 1<0> <0>, (3.19)

that translates into P;; = 0. Apart from these solutions one must take into account
also the eigenstates of the infinite square well remaining unperturbed by the delta
chain, namely those with energy e = nmw, n € Z, which do not feel the delta potentials.

For arbitrary N the equation for the energy levels of the system can be written as

sin(e)A(e;ar,...,an) =0, (3.20)
where for even N
%
Al ar,...,ay) = (=1)% + Y (=1)% 7 2% Shy(2)), (3.21a)
j=1
and for odd N
Nt1
Alesar,...ax) = (—1)%—J‘ 4971 Shy (25 — 1). (3.21b)

<.
Il
—
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Figure 3.2. (Left) Infinite box including a chain of 10 delta potentials with param-
eters (a/a;) : 1,2,1.5,0.6,3,1,0.5,0.5,1,2. The horizontal lines mark the position
of several permitted levels. (Right) Transmission probability of the chain with open
boundaries.

The function Shy (p) is defined as the sum of all possible products of p different ()
functions (hj, hj, - - - hj,) such that j; < j» < --- < jp, j1 is odd and to an odd index
follows an even one and reciprocally. The indices mark the position of the different
deltas. The eigenvalue condition for N = 1,2, 3,4 reads

sin(e)hy = (3.22)
sin(e) [4 hphe — 1] =0, (3.23)
sin(e) [4 hihohs — (h1 + hs3)] = (3.24)
sin(e) [16 hyhahshy — 4(h1hg + hihy 4+ hshy) + 1] = 0. (3.25)

In figure 3.2 the position of several eigenlevels of an aperiodic delta sequence with
hard-wall boundary conditions is displayed and can be compared with the transmit-
tivity of the system with open boundaries.

3.4 Wires with uncorrelated substitutional disorder

We shall consider the effect of substitutional disorder in this one-dimensional model.
The potentials are set out on a regular lattice with parameter a and the delta cou-
plings follow a completely random sequence, yielding a wire composed of a finite
number of different atomic species, each one characterized by the parameter (a/a-)
and its concentration c,. And there are not any correlations among the different po-
tentials, hence the probability of finding a certain cluster of atoms is simply given by
the product of their concentrations.
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The starting point in the study of the electronic properties of this system is the
canonical equation described previously,

\Ifj+1 - Qh]‘ (6)\11]‘ - \I]j—17 (326)

h;(e) being defined in (3.4). The above expression fits the general canonical form
(2.1) with J(a,) = 2h,(¢) and K(a,) = 1 for all 4. Then from equation (2.5) one
obtains that the energy ranges satisfying |h.(e)| > 1 for all v are not permitted in the
spectrum of the disordered system. This condition can be interpreted using the results
from the periodic chains in section 3.2. According to equation (3.13), the previous
condition means that the common forbidden bands of the one species pure chains are
also forbidden ranges of the mixed system. In fact this conclusion does not depend
on the arrangement of atoms in the mixed system. This result means a proof of the
generalization of the Saxon and Hutner conjecture [163] concerning the gaps of a
binary delta chain that was proved by Luttinger [136].

The limiting distribution of the electronic levels as well as the localization proper-
ties in the thermodynamic limit are obtained using the functional equation formalism.
The relevant transmission functions for this model read

~1(0;a,) = arctan <2h7(6) - ta110> , (3.27)
F(0;ay) =1 —2hy(e)sin(26) + 4h,2y(e) cos? 6. (3.28)

Just like for the tight-binding model, the simple forms of the canonical equation and
of the above functions simplify considerably the functional equations. Only one dis-
tribution function needs to be known, W (0) = >__ ¢, W, (¢) being the solution of

W (0) = ;cﬁ/W (T(0;a,)) = W (g) +1, (3.292)
W(+nr)=W(@) +n, 0€[0,1),nel (3.29b)

Finally the DOS per atom and the localization length can be numerically obtained

from
£(€) = Ae ch log F(7; a-) ch/ W0 ))de, (3.30)
aw (2
gle) = 7(16(2) : (3.31)

In figures 3.3 and 3.4 on pages 38 and 39, several distributions of states and Lyapunov
exponents are shown as functions of the energy for disordered chains with different

number of atomic species and concentrations.
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Figure 3.3. DOS (black) and Lyapunov exponent (orange) of several disordered
binary wires with parameters (a/a~) : —2,—0.25 (top), (a/ay) : 6,0.5 (middle) and
(a/ay) : 2,4 (bottom) with equal concentrations. The dashed line corresponds to
the density of states of the simplest periodic binary chain in each case. The negative
part of the abscissa axis means imaginary values of ka, i.e. negative energies. The
different coloured bars on the abscissa axis mean: (black) range forbidden for all
species, (red) range forbidden for at least one species, (green) range allowed for all
species.
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Figure 3.4. DOS (black) and Lyapunov exponent (orange) of several disor-
dered delta wires for three species (a/a)[c,] : 10[0.3],—1[0.3], —2[0.4] (top), five
species (a/a)[cy] : 1[0.2],2[0.2], 3[0.2], —2[0.2], —0.5[0.2] (middle) and eight species
(a/ay)]e,] : 1[0.1], —1[0.1],2[0.1], —2[0.1], 3[0.1], —3[0.1], 40.2], —4[0.2] (bottom). The
dashed line in the middle example shows the DOS for the periodic chain whose
primitive cell includes the five species in the order given. The negative part of the
abscissa axis means imaginary values of ka, i.e. negative energies. The different
coloured bars on the abscissa axis mean: (black) range forbidden for all species,
(red) range forbidden for at least one species, (green) range allowed for all species.
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Figure 3.5. DOS of binary wires with species (a/a1) = 0.25 and (a/a2) = —2 for
different concentrations.

3.4.1 Features of the distribution of states

Let us comment on the salient features of the density of states of the disordered chains.
Firstly let us notice that whenever some of the potential units support bound states,
then in the thermodynamic limit a set of permitted levels appears for negative en-
ergies, corresponding to pure imaginary values of ¢ = ka, as can be seen in figures
3.3 and 3.4. On the other hand, the higher the energy the less the electrons feel the
effect of the potentials and therefore the less they are affected by the disorder. Then,
as the energy grows the density of states must approach the free particle distribution
of states, that in the variable ¢ is a constant with value ggee(e) = 1/m ~ 0.32. This
fact can be observed in the different examples and also it is more clearly seen as the
number of atomic species in the wire increases. The distribution of states also shows
a particular behaviour for ¢ = nr, n € Z, where independently of the parameters the
DOS tends to diverge and resembles the distribution of a periodic chain. This is due
to the fact that the multiples of & are permitted levels for all one species pure chains,
so that in a mixed system there is always a large number of available states in the
vicinity of these energies. But undeniably, the most interesting feature of the spectra
of the disordered wires is the irregular and peaky structure appearing in some energy
ranges. This strange behaviour is in great contrast with the smooth appearance of the
periodic distributions and at first sight it seems a direct consequence of the presence
of substitutional disorder in the system. In figure 3.5 the evolution of the DOS of a
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Figure 3.6. DOS for a random binary chain with (a/a4) = —2 and (a/ap) = —0.25
in a range forbidden for the A-type atoms. The concentrations are c4 = cg = 0.5
(left) and c4 = 0.9, ¢cg = 0.1 (right). The coloured vertical lines mark the position
of eigenstates of different atomic B-clusters surrounded symmetrically by a certain
number of A atoms (indicated in the lower ordinate axis), calculated with hard-wall
boundary conditions.

pure chain as we dope substitutionally with atoms of a different kind is shown. It
can be seen how a sharp-pointed irregular aspect for some energies appears in the
disordered configurations. Although this characteristic behaviour of the DOS for this
disordered model was more or less distinguished several years ago [4, 91, 92], and it
is totally confirmed by the present computational resources, it has not been yet well
understood. The general interpretation of the distributions for these systems is non
trivial. Nevertheless one can say as a general rule —and following the suggestion of
Agacy and Borland [4]— that the peaked regions are more likely to appear in ranges
of the spectrum which are forbidden for some of the species involved but not for all
of them, since in this latter case the range is also not allowed for the random system.
This assertion can be confirmed by studying a random chain composed of two species
A and B. In a region forbidden for the A-type chain the allowed energies appearing
in the spectrum must be due to atomic clusters involving B atoms. As a result the
A atoms surrounding these groups isolate those eigenenergies because this species
does not provide any permitted level near the ones introduced by the B atoms, hence
inducing a decreasing in the density of states when one moves in a tiny energy re-
gion around each of the levels and therefore giving rise to a fluctuating distribution.
Thus in principle, one could reproduce the energies where the density of states would
be more prominent in this region, from the eigenvalues of certain atomic clusters
in which the B species have a substantial contribution. This correspondence can be
observed in figure 3.6, where the DOS for a binary random chain within an energy
region forbidden for one of the species is compared with the eigenstates of several
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Figure 3.7. DOS for a ternary random chain with (a/as) = 4, (a/ap) = 1 and
(a/ac) = —0.5 and concentrations ¢4 = 0.8 and ¢ = ¢ = 0.1 in a range forbidden
for the A-type atoms. The coloured vertical lines mark the position of eigenstates of
different atomic clusters surrounded symmetrically by a certain number of A atoms
(indicated in the lower ordinate axis), calculated with hard-wall boundary condi-
tions.

atomic clusters calculated with hard-wall boundary conditions using equation (3.20).
When the concentrations of both species are equal, it is shown how the eigenstates
clusterize around the more peaked regions of the distribution, however one needs to
consider a huge number of clusters in order to reproduce all the maxima in this situ-
ation. Decreasing the concentration for the species that provides the permitted levels
one can see that the sharp points can be quite easily predicted. This behaviour can
also be checked when the number of different species increases (figure 3.7).

A cautious investigation of the irregular structure of the distribution of states re-
veals that this unexpected feature deserves a deeper analysis.

Fractality of the density of states

Let us observe the peaked regions of the distributions in detail. At first sight the
apparent roughness make the density of states appear hardly differentiable within
those intervals. To decide on the possible lack of differentiability one has to look
deeper into the distributions and obtain the DOS in smaller energy ranges, which
involves a rigorous and very time-consuming numerical calculation. In figure 3.8 the
DOS for a certain random chain is shown for shorter and shorter energy intervals.
As can be seen, as the energy domain is made smaller inside the rough region, the
distributions reveals a finer structure: new sharp points appear and the density does
not evolve smoothly. The existence or not of these irregularities in such a small scale
has to be decided by a numerical calculation, thus several technical comments about
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Figure 3.8. DOS for a binary disordered chain with parameters (a/a;) = —2 and
(a/a2) = —0.25 and equal concentrations. The left column corresponds to an irreg-
ular region and the right one to a smooth region. A global plot of the distribution is
shown in figure 3.3

the numerical algorithm seem mandatory here. The functional equation satisfied by
the distribution function for the phase W (#), is solved with a previous discretization of
the phase 6 € [0, 7) with a certain number of points, using a self-consistent algorithm
that permits knowing W (6) up to an error of 10~ in each of the discretized points.
Then a numerical differentiation of W (7 /2) with a sufficiently small step of the energy
Ac is performed to obtain the density of states. For a global plot of the DOS, such as
those of figures 3.3 and 3.4, taking 5000 points for the discretization and a step of
Ae = 4-1073 is more than enough and yields very precise results. For the calculation
of figure 3.8 we proceeded doubling the number of points for the discretization and
checking the convergence of the DOS at each step until the desired accuracy. In all
cases the average variation of g(¢) in the last step relative to the domain of the ordinate
axis was less than 0.75%. The final parameters were:

points for 0 Ac
Fig. 3.8 (a) 5001 7.5-1074
Fig. 3.8 (b) 35001 2.5-107°
Fig. 3.8 (¢c) 150001  2.5-107¢
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Figure 3.9. Energy spacings for the first 100 eigenlevels appearing inside an ir-
regular zone (¢ > 1.4, red) and inside a smooth zone (¢ > =, blue) of the spec-
trum of binary chains with different lengths composed of species (a/a;) = —2 and
(a/az) = —0.25 with equal concentrations (see DOS in figure 3.8). The ordinate cor-
responding to a point n on the abscissa axis represents the energy distance between
the (n — 1) and the n level. For a fixed length all the states calculated belong to
the same random sequence. The eigenenergies were obtained by carrying out the
transmission of the wave function through the system imposing hard-wall boundary
conditions.

As a final check we performed the same calculation for the same random chain,
with the same parameters but inside an apparently smooth region of the density of
states, obtaining the results shown in the right column of figure 3.8 corresponding to
a perfectly differentiable function. It seems that the irregular behaviour is not due
to numerical errors of the computation and that there exist ranges of the spectrum
in which the DOS of the disordered chain is not differentiable. The differentiability
of the DOS is a consequence of a regular —almost homogeneous— distribution of
the permitted levels inside a small energy interval. A clear view of the differences
between the way in which eigenlevels appear inside an irregular region and inside a
smooth region of the DOS can be obtained by plotting the energy distances between
adjacent permitted levels. In figure 3.9 these spacing distributions are shown for the
first 100 permitted levels that appear inside an irregular region of the density of states
and inside a smooth zone for several finite length chains. As the length of the array
grows the first 100 levels are included in a smaller energy interval, i.e. the energy
scale decreases. Following this procedure one sees how the spacing distribution in the

smooth region becomes more and more homogeneous, and the energy distance be-
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tween neighbouring levels tends regularly to zero which ensures the differentiability
of the DOS in that region. On the other hand, the spacing distribution for the levels
inside the irregular zone does not show a defined tendency nor a homogeneous as-
pect as the length of the system increases. In fact this latter distribution exhibits the
same aspect whatever the scale in energy is. It is clear that differentiability cannot be
reached for the DOS in these irregular ranges.

The results presented strongly support the idea that the density of states for these
systems may be fractal in certain energy ranges. Let us analyse rigorously this possi-
bility. First a few words about fractals are in order. Two different type of fractals can
be distinguished, namely self-similar fractals and self-affine fractals [ 16]. The formers
are those structures invariant under isotropic scale transformations, i.e. objects such
that a part of them enlarged vertically and horizontally by the same factor overlaps
exactly the original pattern. An example of this kind is the Cantor set or the Sierpinsky
gasket. Self-affine fractals are those invariant under anisotropic scale transformations.
For example, a part of a self-affine function ~(z) has to be scaled by a factor b accord-
ing to h(z) — b*h(bx) in order to recover the original pattern. If & = 1 the scaling
would be isotropic and the function would be self-similar. The exponent « is called
the Holder exponent and gives a quantitative measurement of the roughness of the
function h(x). When the fractal object emerges from the iteration of a certain rule, it
is said to be deterministic. However there exist fractals which are random. In this case
the self-similar or self-affine character is decided in a statistical sense, that is when an
isotropically or anisotropically enlarged portion of it retains the same statistical prop-
erties of the original object. The coastline of a continent is an example of a random
fractal.

In our case the DOS seems to behave as a self-affine random fractal in certain
energy ranges. To decide on the fractality let us calculate the fractal dimension of
the distribution of states within these irregular regions. This task is accomplished by
analysing the semivariance of the series of values of the DOS. Let f(x;) be a value
of a discrete series at the point x; belonging to a certain fixed interval. Then, the
semivariance with step s of the series is defined as

N,
1 9
As = N, Zl [f(ivs) — f(zi)]”, (3.32)
where N, is the number of segments with length s covering the x interval. It can be
proved that for a self-affine fractal and sufficiently small values of s the semivariance
scales as

VA =k - 5%, (3.33)
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Figure 3.10. log(y/A;) vs log(s) for disordered chains in different energy inter-
vals. (a) binary chain with parameters (a/a;) = —2 and (a/a2) = —0.25 and equal
concentrations (see DOS in figure 3.3). (b) a five-species chain with parameters
(a/ay) : 1,2,3,—2,—0.5 and equal concentrations (see DOS in figure 3.4). The leg-
ends show the energy interval considered to calculate the semivariance. In all cases
s ranges from 107° to 3 - 10~%. « and log(x) mean respectively the slope and the
ordinate at the origin of the linear fits.

where « is a constant and the Holder exponent satisfies & = 2 — dy and dy is the
fractal dimension of the series in the interval considered. Then the value of the fractal
dimension can be obtained from a linear fit of pairs of values (/Ag,s) in a log-log
plot. For our purpose, we proceed considering a fixed energy interval in which the
DOS is calculated with a short enough step in energy which is the initial smallest
value of s, to obtain subsequently the semivariance of the distribution in the interval
given for gradually larger values of the step s. In figure 3.10 the log-log plot of the
semivariance and the corresponding linear fit are shown for two disordered infinite
chains in different energy ranges corresponding to smooth and irregular regions of
their distributions of states. In the case of figure 3.10(a) a binary chain is considered
whose DOS can be characterized by a fractal dimension d; = 1.2881 in the range
€ € [1.6,2.6] whereas in the range € € [3.2,4.2] the fractal dimension changes to d; =
1.0054 which equals the topological dimension of a curve. Then in the latter interval
the DOS is not fractal and evolves smoothly. The same thing occurs considering a five
species chain in figure 3.10(b) and one can measure dy = 1.3891 for € € [0.5,1.5] and
ds = 1.0163 for € € [2.8,3.1].

From this rigorous analysis one is led to the conclusion that fractality in certain
energy ranges is a feature of the density of states of delta chains with substitutional
disorder. It appears independently of the chain parameters and although further in-
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vestigation for other potential models would be needed, the fractal behaviour is prob-
ably a universal effect in the sense that it seems a consequence of disorder and the

dimensionality of the system only.

Understanding the reason why the distribution of states behaves in a such a pe-
culiar way does not seem trivial. In a previous explanation, the irregular fluctuating
aspect of the DOS was justified in terms of permitted levels included in the spectrum
by certain atomic clusters, inside energy ranges forbidden for some of the atomic
species composing the system. Fractality could also be understood in the following
manner. Let us consider a certain piece of the disordered chain. Then, at other posi-
tions of the array there certainly exist other pieces with the same length and including
the same number of atoms of each species as our initial portion of the system. But
all these pieces will differentiate from one another at least in a transposition of two
atoms, so that the minimum change from one piece to another is a discrete finite
transformation consisting in the interchange of the position of two atoms, due to the
structural constraint of the potential. Now if we consider the eigenlevels introduced
by one of these pieces of the system, then the permitted levels introduced by the
rest of these same length parts cannot be located arbitrarily near the former levels,
because of the discretized character of the minimum transformation from one piece
to another. In other words, this discretized character of the change among different
pieces of the chain, could be possibly translated into an impossibility for the levels
introduced in the spectrum by one of these pieces to lay arbitrarily close in energy
to the levels introduced by another piece. As a consequence of this effect the energy
spacing distribution could not be regularized homogeneously and the density of states
would show a fractal behaviour. However, if this was completely correct one would
expect a fractal behaviour for all energies and that is not true. There are some energy
ranges for which the distribution of states is regular and smooth for the disordered
systems. The non-fractal character is more likely to appear in ranges of the spectrum
permitted for all the species composing the chain (see figures 3.3 and 3.4). Some-
how the fact that a given energy interval is allowed for all the species permits the
distribution to become smooth and regular, although the regularization is only strictly
reached when the chain is infinite and for a finite array the DOS shows and irregular
behaviour inside these energy zones also, as can be seen in figure 3.11.

As a summary the emergence of fractality could be probably due to a combination
of the effects described: the discrete character of the minimum change among differ-
ent portions of the system, together with the existence of ranges forbidden for some
of the atomic species involved. The border between fractal and non-fractal zones is

not very clear and also it might not be possible to describe the fractal character of a
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Figure 3.11. Comparison of the DOS for a finite chain (right) with the distribution
corresponding to the thermodynamic limit (left). The system is a binary random
chain with parameters (a/a1) = —2 and (a/a2) = —0.25 and equal concentrations.

distribution by a single fractal dimension. The density of states for this disordered
model shows a highly complex, unexpected and non-trivial behaviour.

3.4.2 Electronic localization

For a one-dimensional system with completely random disorder one generally expects
to find the spatial localization of the electronic states. In our case the system exhibits
random substitutional disorder together with an underlying structural ordering that
surely affects the electronic properties. In figures 3.3 and 3.4 it can be observed how
for the different configurations considered in the thermodynamic limit the Lyapunov
exponent takes finite non-zero values for all energies, indicating the exponential spa-
tial localization of the states, except for the discrete set ¢ = nw, n € Z, for which
the inverse localization length vanishes. Before discussing the nature and the implica-
tions of the w-resonances in detail, let us first comment on the general features of the
Lyapunov exponent. As the energy grows the Lyapunov exponent shows a tendency
to decrease, corresponding to the natural approach to the free particle behaviour, and
also the localization length seems to be related to the distribution of states. As can be
seen in the examples of pages 38 and 39, the Lyapunov exponent tends to decrease
in the peaks of the DOS and increase in the troughs. It seems that the state is less
localized when it lies on a range containing a large number of permitted levels close
to its energy, whereas on the contrary an isolated energy shows always a stronger lo-
calization. The localization length at a given energy depends on the value of the DOS
for the rest of the spectrum as stated by Thouless [179, 180]. It is also remarkable
that inside the smooth regions of the DOS the Lyapunov exponent takes lower values

than inside the fractal ranges of the distribution, which are apparently connected with
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Figure 3.12. Comparison of the Lyapunov exponent and the inverse participation
ratio as functions of the energy, for different binary disordered chains. The parame-
ters for the different chains are (a/a~)[c,]: —2[0.5], —0.25[0.5] (black), 1[0.4], —1[0.6]
(red), 6[0.5],0.5[0.5] (blue). The IPR is obtained averaging over 100 realizations of a
1000-atom array.

a strong localization. The localized character of the states can also be quantify by the
inverse participation ratio that measures directly the spatial extension of the wave
function. In figure 3.12 it is clearly seen how the tendency of the IPR as a function
of the energy agrees quite well with the evolution of the Lyapunov exponent in the
thermodynamic limit.

Regarding the w-resonances of this model, the first evidence of their existence
appears explicitly in a work by Agacy and Borland, however they did not comment
on this fact that their computations clearly showed [4]. Later, Ishii describes these
special energies of the model [109]. This is one of the first disordered systems in
which extended states were found coexisting with localized ones. Let us analyse the
reason why these extended states can survive within the disordered system. Recalling
the study of short aperiodic sequences with hard-wall boundary conditions in section
3.3, the multiples of m were eigenlevels of the infinite well unperturbed by the delta
potentials due to their punctual nature. From this fact, one is tempted to conjecture
that the resonances remain in the infinite system because of the punctual character
of the potential, and this is not completely true. To understand the appearance of
these special energies let us consider first the canonical equation for a free particle.
By sampling the wave function at different spatial points placed at arbitrary distances,
one obtains the relation

sin(kx;)

U1 = [cos(kx;) + cot(kxj_1)sin(kx;)] ¥; — U1, (3.34)

sin(k:xj_l)
that naturally describes extended states, where «; is the length between the positions
corresponding to ¥; and ¥;,. In the simplest case when the sampling is regularly
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taken at distance a this expression reduces to
\I/j-i-l = QCOS(kG,)\I/j — \I/j_l. (335)
The canonical equation for the electrons inside the disordered system reads

U1 =2 <cos(ka) + % sin(ka)> U, — W, (3.36)
a

that in the cases ka = nm, n € Z, turns out to be the same for all sites of the system

as the free canonical equation

\Ijj—i—l = iQ\Ifj — \I]j—l- (337)

Therefore the localization length diverges at those energy values in the thermody-
namic limit. Whenever the canonical equation of a system for a certain value of the
energy and for all its sites reduces to the free canonical form, an extended state ap-
pears. And the punctual nature of the potentials is not a crucial condition in principle
for this coincidence to happen.

It is important to know the functional dependence of the localization length on
the energy near the resonances, since it determines the role these extended states
play in the transport through a finite chain. Azbel and Soven concludes that for certain
binary chains the localization length near the w-resonances behaves asymmetrically as
le—nm|~! and |e —nx|~1/2 [14, 15, 13]. In fact, from their results it is straightforward
to obtain the value of the coefficients for each case. Defining V' = c1(a/a1) + c2(a/a2)
and V = (a/a1) — (a/az), if V > 0 then the Lyapunov exponent obeys

2
2\116/2]‘; Inm — €|+ O (InT — €¢|?) e nw
Ae) = i (3.38)
y\e—nﬂlﬁ—kO(\e—nﬂ?’ﬁ), €>nm
7r

and for V' < 0 the dependence is the same but the energy intervals appear reversed.
The above expressions are correct only when the following strange relation holds [14]

4€[2V cot(e) — €] > 2|V [8cicaVecot(e)] 23 (3.39)
For the multiples of = both members of the inequality diverge, and the left hand side
term increases always faster than the other in a region close enough to the resonance
if V # 0 and for all V. Then, the above requirement limits the energy interval around
the resonance where the behaviour of the Lyapunov exponent can be well approxi-
mated by equation (3.38). If this interval is very short then the exponents described
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Figure 3.13. Lyapunov exponent for binary disordered chains near the resonance
e = . Solid lines correspond to analytical expressions (3.38) for the Lyapunov and
(3.40) for the DOS, while circles mark numerical results. (a) Parameters (a/a1) = —2
and (a/a2) = —0.25 with equal concentrations. The inset shows the DOS. Notice
that for the Lyapunov exponent the vertical scales are different before and after
the resonance to ensure an optimal visualization. (b) Parameters (a/a;) = 1 and
(a/a2) = —1 with equal concentrations. The inset shows the numerical DOS. Notice
the symmetric behaviour of the quantities.

may not be properly distinguished. Only the binary chains with V' = 0 show different
values for the critical exponents. In figure 3.13(a) the Lyapunov exponent for a binary
chain is plotted in the vicinity of ¢ = 7. The asymmetric structure of the localization
length around the resonance is clearly due to the asymmetric behaviour exhibited by
the density of states. The exponent 1/2 for A corresponds to the side of the resonance
showing a gap in the distribution of states and the linear dependence with the energy
corresponds to the other side where permitted levels appear. The length of the energy
range in which equation (3.38) rules is clearly related to this asymmetry of the DOS:
if permitted levels start appearing on the gap side of the resonance then the energy
interval for the critical exponents given becomes shorter. In fact for V' = 0 the DOS is
perfectly symmetric around the resonances and coherently the Lyapunov exponent is
also symmetric and does not obey (3.38), as can be seen in figure 3.13(b).

The localization length seems to behave in different manners near the resonances
depending on the number of species composing the wire and the distribution for their
parameters. Ishii found exponents 1/2 for A(e) when considering a Cauchy distribu-
tion for the species [109].

From the behaviour of the localization length around the critical energies in the
thermodynamic limit, one can estimate the effect of the presence of these singular
extended states on the transport properties of a finite system. Since the Lyapunov
exponent for the finite sample fluctuates around its mean value, corresponding to the
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thermodynamic limit value, one can say from equation (3.38) that for a finite system
containing NV atoms, there is a zone beside the 7n-resonances of width |¢g — nn| ~
N~ in which the states have a localization length larger than the system size, where
Aeg) = N~L. And the number of such states can be calculated from the DOS, that
near the resonance behaves as the distribution for a periodic chain as discussed in
section 3.4.1. From the analytical expression (3.17) one finds

\/—(a/al) — (a/as) —-1/2
Re( Sm e [e — nr] />

And therefore the number of states participating actively in the transport through a

g(e) = +0 ([e - n7r]1/2) . (3.40)

finite chain for each resonance is

~VN. (3.41)

€0
/ Ng(e)de

This is the same scaling exhibited by models with isolated extended states arising
from the presence of a correlated disorder such as the random dimer [73, 29, 161]
and other correlated schemes [68]. The manner in which these levels whose localiza-
tion length is larger than the system size, appears near the resonances is very peculiar.
Inspecting the vicinity of a multiple of = considering a tiny energy scale for a finite
length system, one observes the behaviour shown in figure 3.14. As the length of the
system increases, the states corresponding to transmission resonances (marked by a
sharp decrease of the Lyapunov exponent) start approaching the exact value of w. The
larger the system the more the states squeeze together near ¢ = 7 (figure 3.14(a)). It
may be surprising the fact that the exact value ¢ = 7 is not a transmission resonance
when the length of the chain is finite. This energy becomes a resonance only when
the length of the system goes to infinity. The reason for this is clear: the transmission
resonances somehow correspond to virtual states of the continuum spectrum of the
system, whose nature is absolutely determined by the boundary conditions. There-
fore when one considers a finite length system, the resonances arise at the energy
values for which the states can satisfy the proper scattering boundary conditions at
the extremes of the system with a high value of the transmission, and one expects the
fulfilling of the boundary conditions to depend on the length and on the sequence of
the chain. Then, the appearance of transmission resonances in the spectrum of a finite
disordered system is an agreement between two factors: the spatial extension of the
state and the boundary conditions. The former determines the range of energies in
which one could find high transmission efficiencies (i.e. a range with low values of
the Lyapunov exponent and the IPR) and the latter establishes the precise values of
the energies within this range where the resonances occur. Of course this effect only
becomes apparent at a very small scale of energies.
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Figure 3.14. (a) Lyapunov exponent and IPR near the resonance ¢ = 7 for finite
length binary chains with parameters (a/a1) = —2, (a/a2) = —0.25 and equal con-

centrations. The coloured solid lines correspond to the Lyapunov exponent while
the dashed lines show the IPR. (b) Magnification of the IPR near the resonance.
The horizontal dotted lines mark the inverse of the length of the sample for each
case. Graphics on the right column show the envelope of the electronic states for the
sequence with N = 2000 atoms for three different energies: 7 and the two first trans-
mission resonances corresponding to the sharp decrease of the Lyapunov exponent.
The data of all figures correspond to the same sequence for a given length.

Inspecting the IPR around e = 7, one finds that for a small scale of energies the in-
verse participation ratio does not reproduce the behaviour of the Lyapunov exponent,
so that the transmission resonances cannot be correctly identified from this quantity.
For the different lengths considered the IPR reaches its minimum value N ~! exactly at
e = 7 and for higher energies it shows higher values of the same order of magnitude
(figure 3.14(b)). The behaviour of the IPR can be understood by observing the explicit
form of the envelope of the electronic state at different energies. In figures 3.14(c)
the states at e = 7 and at two transmission resonances for the 2000-atom chain can be
seen. The IPR gives us information about the spatial structure of the state, but since
it is a normalized quantity it lacks any information about the amplitude of the state,
which is essentially the transmission. Hence the IPR does not retain all the informa-

tion about the boundary conditions. It can be seen in figure 3.14 how the state (c.1)
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Figure 3.15. Lyapunov exponent (solid lines) and IPR (dashed lines) for binary
disordered chains with the same parameters as in figure 3.14. Both quantities have
been averaged over 100 realizations of the disorder for each length. The horizontal
dotted lines mark the position of the inverse of the length of the system.

is strictly more extended that (c.2) and (c.3) which have valleys with zero amplitude,
therefore one expects the IPR in the first case to be smaller than for the other two
cases. However, the amplitude for (c.1) is almost zero (7' = 1.96 - 10~%) while for
the other two energies the states live with a transmission coefficient close to unity. If
the length of the system grows, the amplitude of the state for ¢ = 7 would increase
so that for an infinite system the state would be perfectly flat with amplitude 1. As
a summary, the IPR ignores everything concerning the value of the global amplitude
of the state and although open boundary conditions are absolutely necessary to build
the state correctly, the information of the transmission coefficient is not contained in
the IPR, and this makes it useless for identifying the exact energies of transmission
resonances of a finite system within very small ranges of energy. On the other hand
this fact means that the IPR retains the information of the thermodynamic limit and
as can be seen in figure 3.14(b) the minimum value N~ is reached independently of
the length of the system for the energy ¢ = 7, which we know to be an extended state
in the thermodynamic limit. It seems that this behaviour of the IPR is a fingerprint of
the existence of a state with a divergent localization length, and in principle it could
be useful for identifying such states in other models by studying finite realizations of
the systems.

Finally, it can be checked that the behaviour described for the Lyapunov exponent
and the IPR for finite chains near the w-resonances depends mainly on the length of the
system. In figure 3.15 both quantities are plotted for different lengths of the array after
averaging over 100 realizations of the disorder for each length. It can be seen how the
hollows of the LE are slightly broadened in energy and shortened in height due to the
averaging process, but they are still present manifesting the weak dependence of the
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Figure 3.16. Delta chain with structural and substitutional disorder.

transmission resonances upon the particular disordered sequence for a given length.
The IPR shows the same aspect as for a single realization of the disorder. This confirms
the fact that at this energy scale the IPR contains the information of the system in the
thermodynamic limit. This strong dependence on the number of sites explains why
when the length of the system is increased proportionally, as in figures 3.14 and 3.15,
the transmission resonances appear following a self-similar pattern.

3.5 Wires with uncorrelated structural and substitutional
disorder

Besides substitutional disorder one can also include structural disorder as an addi-
tional ingredient of the model: the case in which the delta potentials with different
couplings following a random sequence are not placed on a regular lattice. The inter-
atomic distances are also random being determined by a certain probability distribu-
tion. One-dimensional models with structural disorder for which the distribution of
interatomic distances is continuous are known as one-dimensional liquid models. In
1960 the delta model only with structural disorder was studied by Frisch and Lloyd
[86] and Borland, who derived and integral equation for obtaining the DOS and the
localization length in the thermodynamic limit [25, 26]. This integral equation was
later numerically solved showing the effects of structural disorder upon the distribu-
tion of a periodic pure chain: as the degree of structural disorder increases the gaps in
the spectrum get narrower and the divergences of the DOS at the band edges disap-
pear in a kind of ‘melting’ process [28]. More recently, the structural disordered delta
model has been considered in the approximation of weak disorder with long-range
correlations [113] and it has also been used to show how a 1-D disordered conduc-
tor in the coherent regime, without considering inelastic collisions, can behave in a
metallic way due to thermal smearing and resonant tunnelling [143].

Our system exhibiting structural and compositional disorder is shown in figure
3.16. Now each potential is determined by two parameters: the delta coupling and
the distance after the delta. The canonical equation that rules the system takes the
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form K())
Vi =J(xj_1,25,a;)¥; — Wjil)\%_h (3.42)
where
J(zj—1,%j,a;) = cos(kx;) + cot(kxj_1)sin(kz;) + k%j sin(kx;), (3.43)
K(z;) = sin(kx;). (3.44)

The function J depends on the coupling a; and the distance x; of the j sector and the
distance x;_; of the (j—1) sector while K is determined by the distance of each sector.
The system is composed of a discrete number of different species with different con-
centrations and the interatomic spacings are determined by a continuous distribution
which is chosen to satisfy the following requirements:

- It is the same for all atomic species.

- It maximizes at x; = a for all j. a being the interatomic distance of the regular
lattice.

- It is symmetric around the value a and therefore its domain is the interval (0, 2a] in

which it must be correctly normalized.

Our distribution for the distances shall be denoted by P(l,0), where [ = z/a is a

dimensionless variable and o measures the degree of structural disorder. And it reads
1 1 (=12

¢ 3.45

N (o) aﬁe ’ (3.45)

where N (o) is the normalization factor. P(l,c) is a probability density for the values

P(l,o) =

of the interatomic distances and it satisfies

lim P(1,0) = (1~ 1), (3.46)
lim P(l,0) = % (3.47)

The spacing distribution (figure 3.17) is normal for low values of ¢ and it approaches
a constant distribution as o grows. The most important changes occur in the range
o = 0— 1 whereas for higher values the distribution is almost flat. The crossover value
above which the Gaussian behaviour is distorted is o ~ 0.4.

The properties of this one-dimensional system in the thermodynamic limit are
obtained using the functional equation formalism. In terms of the dimensionless vari-
ables [ and e = ka the functions of the canonical equation read

J (1,1, ay) = cos(le) + cot () sin(le) + M sin(le), (3.48)
K(I) = sin(le). (3.49)
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The relevant functions T~ (0;1,1,a,) and F (0;1,1,a,) needed to construct the func-
tional equations are obtained from definitions (2.3) and (2.4). In this case the func-

tional equations take the form (see appendix D),

2
Wi(6) = ZCW/ P (1o} dl Wi (77 (0:1. 1)) ~ Wi (3) 5 (1)
Y 0 2
(3.50a)
Wi(0 + nm) = Wi(0) +n, 6 €[0,7), neZ, (3.50Db)
where § (1,1) = 1if [K(I)/K (I)] > 0 and 6 (I,]) = 0 otherwise. A phase distribution
function W;(0) is defined for each value of I. A discretization of the spacing distri-

bution must necessarily be taken to carry out the numerical solving. The Lyapunov

exponent and the DOS per atom are obtained respectively from

1 2 B T 2 _
Ae) = 5/0 P(l,0) dl/0 dW3(0) [Zy: Cv/o P(l,0)dl logﬂf(ﬁ,l,l,av)] ,  (3.51)
g(e) = /02 P(l,0)dlsgn [K(1)] %jg) . (3.52)

Let us analyse the effect of structural disorder on the distribution of states. In
figure 3.18 the evolution of the DOS versus o is shown for a binary and a ternary
chain. It can be clearly seen how when the structural disorder appears the density
of states registers a tendency to smooth down. The gaps close as o increases, the
divergences at the w-resonances disappear and the distribution becomes very homo-
geneous in the whole energy range approaching the value of the DOS for the free
particle. The higher the structural disorder the more regular the distribution becomes
independently of the number of species and their concentrations. And what is more
interesting, the fractal nature of the DOS in certain ranges due to the substitutional

disorder is absolutely removed. In fact the dependence of the fractal behaviour on the
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Figure 3.18. Evolution of the DOS vs degree of structural disorder (¢). (a) bi-
nary chain with parameters (a/a1) = -2, (a/az) = —0.25 and equal concen-
trations. The case ¢ = 0 is also shown in figure 3.3. (b) ternary chain with
(a/a~)[ey] : 10[0.3], —1[0.3], —2[0.4]. The case o = 0 is also shown in figure 3.4.

structural disorder seems critical. For the binary chain considered in figure 3.18(a)
the calculation of the fractal dimension in the range € € [1.6,2.6] yielded d; = 1.29
as discussed in section 3.4.1. Considering a small energy interval e € [1.8,1.85] and
a small value for sigma o = 0.05 a careful analysis reveals that the fractal dimension
has diminished to d; = 1.05. For such a low degree of the structural disorder fractality
has almost completely disappeared and the DOS shows the aspect of a differentiable
curve. This fact somehow confirms the reasoning of the previous section for explain-
ing the fractality of the distribution, based on the discretized character of the change
among different pieces of the chain containing the same number and species of atoms,
due to the structural constraint of the regular arrangement. Now the interatomic dis-
tances obey a continuous distribution. This means that if we consider a piece of the
infinite chain, there certainly exist other pieces with the same length and including
the same number and species of atoms which differentiate from the former portion
in an infinitesimal displacement of the position of only one atom. So that the spa-
tial changes among substitutionally identical portions of the wire obeys a continuous
distribution and they are not discretized. This makes it possible that the permitted

levels introduced by one of these pieces can lie arbitrarily close to levels introduced
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Figure 3.19.
structural disorder for (a) binary chain and (b) ternary chain with the same param-

Lyapunov exponent (left) and IPR (right) for different degrees of

eters as in figure 3.18. The insets show a magnification of A in the vicinity of e = .
The IPR corresponds to an average over 100 realizations of a 1000-atom sequence.

by another piece of the system. As a result a regularization of the distribution of
states within small energy intervals can be achieved and the differentiability is then
guaranteed.

Regarding the effect of structural disorder upon localization of electronic states,
the w-resonances must disappear for a non-vanishing o. This must be expected since
these extended states survive in the substitutionally disordered wire due to the regular
arrangement of the potentials, as discussed in the previous section. One can check
that for ¢ = nr the canonical equation of the system (3.42) is no longer identical
to the canonical equation for the free particle (3.34). As o increases the Lyapunov
exponent tends to lose its original structure in a kind of smoothing process until it
becomes a monotonically decreasing function with the energy (figure 3.19). This
seems a general behaviour independently of the compositional parameters. Structural
disorder rearranges the states in such a way that the localization length decreases with
o for some energies and increases for other energies in search of a balance. This effect

is also confirmed by the IPR as can be seen in figure 3.19. For ¢ = 1 the spacing

distribution is quite flat and keeping increasing its value does not mean an essential
change in the localization of the carriers. This can be observed comparing the IPR for

o =1and o = 10 in the examples given.
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To conclude let us say that the presence of structural disorder in the system could
be viewed somehow as a result of a finite non-zero temperature. Although tempera-
ture effects of course have to be taken into account in terms of electron-phonon inter-
actions and through the Fermi-Dirac distribution modifying the population of active
carriers, the thermal vibrations of the atoms are simply a series in time of structurally
disordered configurations. Therefore thinking naively one could understand the ef-
fects of structural disorder as the effects of temperature on the basic spectrum of the
system within the independent particle approximation.

3.6 Wires with correlated substitutional disorder

Once the properties of the completely random system have been analysed, let us con-
sider now the case in which the disorder in the system shows statistical correlations.
This means that the values of the parameters characterizing the atomic potentials are
not randomly assigned, but the type of potential appearing at a certain site can de-
pend on its neighbours. Correlations can be classified according to the range of this
dependence. One roughly speaks of short-range correlations when the length of the
system is much larger than the correlation length and long-range correlations when
both lengths are comparable. Of course these definitions make sense only for long
enough systems. The delta potential model has been treated in the literature with
both types of correlations. Short-range correlations in the case of the random-dimer
substitutional model [161, 64, 160], consisting in imposing for a binary chain that
at least one of the potentials appears always in pairs that are randomly placed. As
a result of this correlation new isolated extended states are included in the spectrum
together with a set of states close to the resonant one whose localization length is
larger than the system size, that participate actively in the transport processes as it
has been experimentally verified in semiconductor structures [18]. And long-range
correlations, in the approximation of weak disorder, with substitutional [112] and
structural disorder [113]. The effect of this type of correlations is the emergence of a
continuum set of extended states in the spectrum and mobility edges for the electrons.
These predictions have also been experimentally confirmed in microwave experiments
[124, 125].

We consider a very natural model of short-range correlations in which for fixed
concentrations of the atomic species one can choose the probability of appearance of
the different binary clusters composing the system. The system will be characterized
by the species concentrations {c; };—1,.., where m is the number of different species,
and by an additional set of probabilities {p;; } j—1,.. .m Where p;; means the probability
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for an i-atom to be followed or preceded? by a j-atom. Thus the frequency of appear-
ance of binary atomic clusters can be altered by these quantities. The probability of
finding at any position the couple —ij—(—ji—) would be ¢;p;; or equivalently c;pj;.
Then in the thermodynamic limit the physical properties of such a system will depend
upon the couplings of the species, the concentrations and the probabilities {p;;}. This
correlated model naturally includes the situation when the disorder in the wire is com-
pletely random, that is just defined by the values p;; = ¢; for all 7, j. The correlations
introduced in this way must be the consequence of the existence of an atomic inter-
action (or the effect of some physical parameter such as the size of the atoms) which
might choose certain spatial sequences of the potentials modifying subtly the other-
wise chain’s purely random character. Thus this procedure seems a natural manner
to account for correlations which can be present in nature or even those that can be
produced inside a manufactured disordered quantum wire in a non-intentional way,
aside from the fact that of course one can always try to construct a wire exhibiting the
desired correlations to recover the theoretical results.

Once we have understood the meaning of the correlations, let us check the rela-
tions among them. The following equations must be satisfied:

CiDij = CjDji, (3.53a)
> b =1, (3.53b)
j=1

ngijgl, i,j:L...,m. (353C)

According to these expressions the correlation matrix P = (p;;) is completely known
from the m(m — 1)/2 above diagonal elements, where m is the number of different
species. However these elements are not completely independent due to (3.53c),
because when one of the correlations is chosen, the maximum allowed value for some
of the others is affected. This fact can be clearly seen in two simple examples:

2 species: the matrix is completely determined by p1o,

1
p11 =1 —pi, P21 = iz, p22 =1 — pau,
2
. C2 . C2
and it must be py; < 1 = p12 < —. Therefore p12 < min {1, —}.
Cc1 C1
3 species: the matrix is determined by p1o, p13, p23. And we choose their values in

this order. p1o> < min {1, 2} which implies p13 < min {1 — P12, @} On the
Cc1 C1

2This requirement follows from a simple reflection symmetry argument although it is strictly true
only for an infinite system.
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other hand it must be

c1
P23 <1 —po1 = pa3 <1 — pav b
2

C3 C1

3
p32 <1 —p31 = pa3 < —(1 —p31) = pa3s < — — —pi3,
2 2

. c c c
therefore po3 < min {1 — —11?12, = —1]913}.
c2 c2  C2

An expression for the general form of the upper bounds can be obtained for arbitrary
m. Fixing the above diagonal elements of the correlation matrix from left to right

following row order,

pu P12 .. - Pim
P21 D22 p23  — — DPam
P = : : o : , (3.54)
Pm-1)1 Pim-1)2 --------- Pim-1)(m—1) Pim—1)m
Pmi1 Pm2 e Pm(m-1) Pmm

then
= j—1 e 12t
- ; _ = - I )
Pij < min {1 - > crpri Z Pits o o chpk]} ; (3.55)
k=1 k=i+1 k=1
where the limits are written in terms of the already chosen correlations.
Once the concentrations and P are fixed, the characterization of the quantum wire

can be given in a compact form using the matrix
Q = (ai) = (cipij), (3.56)

which is symmetric (Q = Q) and it determines uniquely the wire and its correlations,

m m q. .
Sai=c Y ai=c,  py=-L. (3.57)
Jj=1 i=1

Ci
¢i; means the probability of finding the cluster —ij — (—ji—) at any position inside the
wire.
In the most general case a wire including m different species is determined by
(m —1) independent concentrations and m(m — 1)/2 independent correlations, which
mean a configuration space of dimension (m + 2)(m — 1)/2. The binary case m = 2 is

the only one for which the entire space can be represented and also the one for which
an easy systematic analysis exploring all possible configurations can be carried out.
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Figure 3.20. Correlation space for 2 species as a function of the concentration. (a)
p12 Vs ¢1. (b) optimal representation: if ¢; < 0.5 then pi5 vs ¢y, if ¢; > 0.5 then pay
vs ¢1. The dashed line corresponds to the completely random configurations.

One usually takes as configuration parameters {ci,pi2}. The allowed configuration
space with these parameters is shown in figure 3.20(a). However one can optimize
the representation of this space by choosing the parameters {c;,pi2} when ¢; < 0.5
and {c;, po1} when ¢; > 0.5, so that the allowed configuration space is expanded and
the spatial points can be better differentiated, as shown in figure 3.20(b). Therefore,
for a given concentration different values for p12(p21) can be chosen, and only one
of them corresponds to the completely random chain. When the configuration of the
binary chain lies on the dashed lines of figure 3.20 we have a completely random
chain, whereas if the configuration lies anywhere else we have a correlated chain.
Let us remark that the random dimer binary configuration is not included in this
model. Nevertheless, the random dimer model can be viewed as a random chain in
which the basic compositional units are couples of identical atoms. With a proper
renormalization of the canonical equation, the random dimer model can be solved in

the thermodynamic limit using the functional equation formalism.

3.6.1 Effects of the correlations on infinite chains

The effects of the correlations introduced in the wire upon the limiting distribution
of states and the localization properties in the thermodynamic limit are obtained by
making use of the functional equation formalism. In this case the functional equations

read
1 ™
Wa(0) = > pos { Wi (771 (030) = Wi (5)} + 1, (3.58a)
g
W, (0 4+ nm) = W,(0) +n, 0el0,7),neZ, (3.58b)

where v and 3 run over the different species and the inverse transmission function for
the phase is defined in (3.27). The DOS per atom and the inverse localization length
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Figure 3.21. DOS for a binary disordered wire with parameters (a/a1) = -3,
(a/az) = 4 and ¢; = 0.4 for different values of the correlation p15.

can be numerically obtained respectively from

dW, (%
g(e) = ZCW% , (3.59)
B!
E(e)t = \e) = %chpﬁ,g/ dW,(0)log F(6; ap), (3.60)
7,6 0

where the function F(6; ag) is defined in (3.28).

Once we have built the mathematical framework lying under the model, one can
try to answer the physical questions that obviously arise from this new configuration
of the disordered quantum wire: how strong is the effect of this short-range cor-
relations?, do they produce a measurable change in the density of states or in the
localization of the electrons? Let us analyse in first place the density of states. In
figure 3.21 the evolution of the DOS for a binary wire as a function of the correla-
tion po is shown for a certain value of the concentrations. This distribution of states
is drastically changed from the initial situation in which the probability to find the
cluster —12— is low, to the final stage when the atoms of species 1 appear always

isolated. Note however that the concentrations are the same in all cases. From these
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Figure 3.22. Lyapunov exponent (left) and IPR (right) for a binary wire with pa-

rameters (a/a1) = —2, (a/az) = 5 and ¢; = 0.5 for different values of the corre-

lations. The IPR in each case is obtained after averaging over 100 realizations of a
1000-atom chain.

graphics we conclude that the correlations can unbalance the spectra of the disorder
system quite far from the completely random configuration. In fact the correlation
can be tuned to open or close energy gaps, thus modifying the number of available
states in a certain energy interval without changing the concentrations of the atomic
components. The variation of the DOS with the correlations is of course a function
of the concentrations, being the chain with homogenized participation the one whose
distribution has the strongest dependence on P. Let us also remark that the fractal
behaviour of the density of states in certain energy ranges, still manifests itself for
the different correlation regimes. Let us have a look at the localization of the elec-
tronic states. In figure 3.22 the evolution of the Lyapunov exponent as a function of
the correlations is shown for a binary chain with fixed concentrations. The change of
the Lyapunov exponent is also faithfully reproduced by the inverse participation ratio.
The effective influence of the correlations on the localization of the electrons inside
the quantum wires is established. As can be seen, the model of correlations proposed
is not able to include in the spectrum new truly extended states in the thermodynamic
limit. However an important effect on the localization of the states is shown that
seems to act globally in the whole energy range, in contrast to the more restricted ef-
fect of others short-range correlated disorder models. In fact for certain energies the
Lyapunov exponent can be decreased an 80-90% of its maximum value changing the
correlations, at the expense of an increasing behaviour for other energies. The corre-
lations clearly change the distribution of states on both sides of the w-resonances and
this causes the behaviour of the localization length close to these energies to change
also, as can be seen in figure 3.22. The range of validity of expressions (3.38) or
probably the value of the critical exponent itself depends on the correlations.
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Figure 3.23. DOS (black) and Lyapunov exponent (orange) for a 4-species wire
with couplings (a/a,) = 1,—1,3,—5. The configuration is contained in the charac-
teristic matrix Q. Notice that the concentrations are the same in both plots.

As the number of species m increases, similar effects are observed as shown in
figure 3.23 for a 4-species wire. The dimension of the configurational space grows as
(m + 2)(m — 1)/2 ant that makes it more complex to perform a complete analysis in

terms of all the independent parameters.

3.6.2 Effects of the correlations on finite wires

Although our model of correlations is not able to include new extended states in
the spectrum of the system, this does not mean that the effects upon the transport
properties of a real finite wire can be ignored. The electronic localization is altered
and it may translate into a measurable change of the macroscopic conductance of
these correlated disordered structures. To analyse the effect of the correlations on
finite arrays, the transfer matrix formalism described in the previous chapter is used
to evaluate the transmission of different samples.

Let us have a look at the transmission patterns of finite binary chains for different
configurations of concentrations and correlations. In figure 3.24 the transmission is
shown for several chains composed of 1000 atoms, for different values of the cou-
plings and concentrations. In these cases the worst performance corresponds to the
completely random configurations, for which the transmission probability only raises
near the multiples of = due to the well-known resonances of the model at these en-
ergies. However as we move away from the completely random configuration (above
or below the dashed line) the transmission is noticeably improved. Notice that this
improvement is not necessarily localized around the multiples of 7. Although quan-
titatively this enhancement depends on the values of the couplings, qualitatively it
seems a generic behaviour. In order to check whether this effect can be extended

over the whole correlation space, we characterize each of its points by an efficiency of
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Figure 3.24. Transmission probability vs energy for 1000-atom binary disordered
chains in different correlation regimes. The circular point inside the insets marks
the configuration on the configurational space. Only one realization of the disorder

has been considered for each case. (Left column) couplings (a/a1) = 1, (a/a2)

—1, concentrations ¢; = 0.4, co = 0.6 and correlation from top to bottom p;2
0.6,0.1,1.0. (Right column) couplings (a/a1) = 2, (a/az) = 4, concentrations c¢;

¢ = 0.5 and correlation from top to bottom p15 = 0.5, 0.1, 0.85.

1 h2
ko — k1 /kl

which is the area enclosed by the transmission coefficient per energy unit. This def-

transmission defined as

Tose = T(k)dk, (3.61)

inition depends on the integration interval, but qualitatively the results will not be
affected as long as a reasonable interval is chosen, generally one of the form [0, k2].
Notice that for very high energies the transmission will saturate for all configurations,
thus the contribution to the integral in (3.61) will be the same independently of the
{c1, p12} values. We are interested in establishing a qualitative comparison of these
efficiencies for different correlations.

For certain values of the couplings and a length of 1000 atoms the evolution of
the transmission efficiency over the configuration space is shown in figure 3.25. It
is clearly shown that the lowest values for the transmission efficiency are distributed
around the completely random configurations, specially when the participation of the
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Figure 3.25. Transmission efficiency for different configurations of a binary chain
with 1000 atoms and couplings (a/a1) = 1, (a/az) = —1. For each configuration only
one realization of the disorder has been considered. The integration interval for Teg
was [0, 15].

species is homogenized (¢; ~ 0.5). High efficiencies can be observed for low and
high concentrations of one of the species (and therefore approaching a pure chain)
and around the point {¢; = 0.5,p12 = 1.0} which corresponds to the periodic bi-
nary chain. Nevertheless by looking at the evolution of T as a function of py, for a
fixed concentration (figure 3.26 on the facing page), we conclude that the minimum
efficiency is reached near the completely random configuration and the correlated sit-
uations show noticeably higher values. Therefore the electronic transmission through
a finite wire is improved by this type of correlations although truly extended states do
not appear in the system. The reason for the improvement then must be the existence
of states behaving as extended states, that is their localization length being larger
than the system size. Let us analyse the behaviour of the Lyapunov exponent. In
figure 3.27 the Lyapunov exponent as a function of the energy is shown for a ran-
dom chain. We can see a very good agreement between the thermodynamic limit
distribution and ) for the finite realization of the disorder, that shows a characteristic
fluctuating behaviour around the values of the former one. These fluctuations are
responsible for the enhancement of transmission. A fine observation of the Lyapunov
exponent, in figure 3.28 on the next page, reveals that for a chain with fixed con-
centrations the number of states whose localization length exceeds the sample length
increases dramatically in a correlated configuration with respect to the completely
random situation. The correlations induce a decrease of the limiting distribution of

the Lyapunov exponent in certain energy ranges, so that for a finite system the fluc-
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Figure 3.28. Lyapunov exponent vs energy for a 1000-atom binary chain with cou-
plings (a/a1) = 1, (a/az) = —1 and concentration ¢; = 0.4 for (a) completely ran-
dom configuration p12 = 0.6 and (b) correlated configuration p;» = 0.1. The dashed
line marks the inverse of the length of the sample. The red line shows the Lyapunov
exponent for the infinite chain.

tuations of this quantity around its mean value make the appearance of such states
possible. Let us notice that the decreasing of the limiting value of the Lyapunov expo-
nent does occur in different energy ranges depending on the parameters of the chain,
so that the improvement of the transmission can take place in different energy inter-
vals, and hence the appearance of states whose localization length (&) is larger that
the length of the system (L) is not restricted to the vicinity of the resonances located
at the multiples of . This is in sharp contrast to other short-range correlated models
such as the random dimer, which is able to improve the transport in finite systems
in a similar manner but the states with £ > L always appear around a resonant ex-
tended state (¢ = oo) [161]. Let us remark that although the fluctuating pattern of
the Lyapunov exponent is a fingerprint of the particular realization of the disorder,
the amplitude of these oscillations does only depend upon the length of the system.
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Figure 3.29. Evolution of the fluctuations of the Lyapunov exponent versus the
length of the system for a binary chain with parameters (a/a1) = 1, (a/a2) = —1
and concentration ¢; = 0.4. The variance times the length of the system divided by
the value of the Lyapunov exponent in the thermodynamic limit (\..) is plotted for
different energies and correlations. For each length the variance is obtained after
averaging over 5 - 10* realizations of the disorder.

Therefore the results are not due to particular unusual realizations of the disorder for
a given length. The behaviour described can be clearly observed in all realizations of
a certain configuration. The fluctuations of the Lyapunov exponent for finite chains
are quantified through the variance var()\) that according to the central limit theo-
rem must decrease asymptotically with the length of the system as L' [165]. This
asymptotic behaviour of the Lyapunov exponent can be checked in figure 3.29 where
the evolution of the variance with the length of the system is analysed for different
localization lengths corresponding to different configurations. For a certain value of
the energy and the correlations the localization length is obtained from the Lyapunov
exponent in the thermodynamic limit A,. Then, different realizations of the disor-
der for different lengths are considered for calculating the variance of the Lyapunov,
var(\) = (A\2) — A2, where the average is taken over 5- 10 sequences for each length.
The plot var(\) L/ Ay, versus L/ = L)\, clearly shows a saturation when L > ¢ in all
the cases considered. The asymptotic value reached in the strong localization regime
(LA > 1) depends of course on A\, and the distribution of these asymptotic values
for different \,, might correspond to single parameter scaling (SPS) [1, 11]. As we
know, SPS implies that the variance of the Lyapunov exponent (LE) scales with the
length of the system according to the limiting value of the LE itself, so that the rela-
tion 7 = var(\)L/A« = 1 is satisfied. However the regime in which single parameter
scaling works is still controversial and new expressions for 7 and new requirements
for the validity of SPS have recently appeared [59, 57, 58, 72]. Also the exact expres-
sion of 7 seems to depend on the model and the type of distributions considered. It
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Figure 3.30. Transmission efficiency over configuration space for a binary chain
with couplings (a/a1) = 1, (a/az) = —1 for different lengths: L = 500 (left) and
L = 2000 (right).

would be very interesting to check the applicability of SPS for this correlated model.
However this task deserves a thorough and deep analysis.

It must then be clear that taking averages of the Lyapunov exponent over several
realizations Kkills its fluctuating behaviour since that procedure is intended to approach
the thermodynamic limit. And on the other hand averaging the values of the efficiency
of transmission over several realizations for a given length will not have any effect on
the results presented, according to the above discussion.

As expected for a model of short-range correlations, all the effects disappear un-
avoidably in the thermodynamic limit. Thus as the length of the chain grows the
fluctuations of the Lyapunov exponent decrease and the localized character of the
electronic states naturally manifests itself for all energies. The lost of the enhance-
ment of transmission can be shown as a function of the evolution of T, over the
configuration space for different lengths. The higher the number of atoms the more
the black zones spread from the completely random lines as can be seen in figure
3.30. However the decay of the transmission efficiency with the length of the system
depends upon the correlations. In figure 3.31 on the following page it can be seen how
the fastest decreasing corresponds to the completely random situation, whereas the
correlated chains show always higher efficiencies for all lengths. Plotting for different
configurations AT.¢ = Toir — Ter(R) as a function of the length, where (R) means the
completely random situation, we see how the effect of the correlations reaches a max-
imum which is roughly contained in the region L ~ 200— 500, apparently independent
of the values of the species couplings.

Let us finally remark that although the model of correlations considered is not able
to include any new truly extended state in the spectrum, its effects upon the trans-
port of real finite samples are absolutely non-negligible. We believe that the effects

described are essentially independent of the potential model so that they may be sig-
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Transmission efficiency vs length for different configurations of a

1000-atom binary chain with parameters (a) (a/a1) = 1, (a/a2) = —1, ¢; = 0.4 and
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The inset shows the relative differences AT = Tofr — Tee(R)-

nificant in certain experimental devices such as for example superlattices, which have

already been used to observe the effect of other models of short-range correlations

[18].

3.7

Concluding Remarks

In this chapter we have thoroughly analysed the delta model for a one-dimensional

quant

um wire. More explicitly:

Analytical expressions have been built for the band structure of an arbitrary
periodic array and for the condition of eigenstates in the case of an aperiodic
sequence with hard-wall boundary conditions. The scattering amplitudes for a
finite chain with open boundaries have also been described analytically.

Different disordered configurations have been treated for which the distribution
of states and the localization properties in the thermodynamic limit have been
numerically obtained by means of the functional equation formalism.

In the case of substitutional disorder several interesting features of the DOS have
been found such as its fractal behaviour in certain energy ranges that has been
rigorously demonstrated and interpreted. The existence of extended states at
e = n7 and the functional dependence of the localization length and the DOS
around these energies have been described. The role that the 7-resonances play
in the spectrum of finite arrays and the importance of the boundary conditions
for determining the appearance of transmission resonances have been exam-

ined. Within the energy regions of weak localization, the IPR has revealed itself
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as a quantity that contains the information of the system in the thermodynamic
limit and this makes it useless for certain purposes like identifying correctly the
exact energies of transmission resonances in finite chains but very valuable for
identifying states with a divergent localization length by studying finite realiza-
tions of the system.

Structural disorder has been included in the system together with the composi-
tional one. The effect of this combination has manifested itself in a smoothing
process of the DOS and the complete lost of its fractal character even for very
low degrees of structural disorder. The removal of the w-resonances and the
global modification of the localization length have been shown. These features
might be understood as part of the effects of a non-zero temperature.

Finally a natural model of short-range correlations have been proposed for sub-
stitutional disorder, modifying essentially the distribution of states and the lo-
calization properties of the system. Although additional extended states have
not been found an important enhancement of the transport properties of finite

samples have been observed.
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CHAPTER 4

Quantum wire with Poschl-Teller
potentials

So far, in the literature mainly two kind of potentials have been used to build one-
dimensional disordered wires, namely the Dirac delta potential and the square well,
due to their well-known and easy to manipulate transmission matrices. In this chapter
we show how to model a one-dimensional wire using a different potential profile.

4.1 The potential

Let us consider the general Péschl-Teller potential given by

h2a? A\

~ 2m cosh®(ax)’

“4.1)

that is shown in figure 4.1. It resembles the form of an atomic well or barrier depend-
ing on the sign of V, a dimensionless parameter that together with « determines the
height or depth of the potential. The parameter «, with units of inverse of length, con-
trols the half-width of the potential which reads d, /, = 20 tarccosh /2. The larger a
is the narrower and higher(deeper) the potential becomes. The Schrédinger equation
for the Poschl-Teller potential is analytically solvable and its solutions are well known
[84, 118, 40]. The general state for positive energies can be written in terms of Hy-
pergeometric functions. The asymptotic transmission matrix is obtained following the
procedure described in appendix A, from the asymptotic forms of the solutions which
are collected in appendix E. After some algebra one finds the asymptotic transfer
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and I'(z) is the complex Euler gamma function. The matrix has the symmetries cor-
responding to a real and parity invariant potential. w is always a real quantity as can
be seen in its alternative definition w = cosh(xv'V — 1/4)/sinh(kn/a). The dimen-
sionless amplitude in terms of b reads V = —b(b — 1) which is the usual form found
in the literature. Let us remark that the above expressions are only valid for positive
energies since several simplifications have been carried out with the assumption of
k € R. From (4.2) the asymptotic probability of transmission is 7' = (1 + w?)~!. One
characteristic feature of this potential is that 7" = 1 for all energies whenever b is a
real integer. Hence an absolute resonant transmission occurs for potential holes with
V =-2,-6,—-12,—20,... independently of the value of a.

In the case of atomic wells (V < 0) several bound states exist, that can be calcu-
lated from the poles of the transmission amplitude by making a proper extension into
the complex plane via k& — i, where 7 can be considered to be positive without loss
of generality. The correct form of the transmission matrix for negative energies reads

M <f(—n) —q) | 46
g fn)
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Figure 4.2. Bound states for the Poschl-Teller hole. The solid curves mark the po-
sition of the eigenstates given by equation (4.9). The dashed line mark the position
of the bottom of the well (—+/|V]). The blue dotted grid highlights the integer states
and the red dotted grid the half-integers.

where
_ sin(7b)
= sin(mn/a)’ 4.7)
_ n/aT?(n/a)
0 = 20 /o T 0 ja) “o

The condition for bound states is then f(n) = 0. Since for potential wells b is real
and greater than 1 the eigenstate equation reduces to I' (1 — b + n/a) = 0, which
is satisfied whenever the argument of the gamma function equals a negative integer.
Finally, the energies of the bound states are

Tepom, m=1,23...[], (4.9)

«

where [b] reads the integer part of b. Therefore the Poschl-Teller hole host [b] bound
states equally spaced in the variable n = v2m|FE|/h (figure 4.2). A couple of peculiar
cases deserves a comment:

1.- If b is an integer then the energies of the bound states are also integers. n/a = m,
m = 1,2,...,b — 1. This is also the case for which the potential hole behaves
as an absolute transparent potential for all energies (resonant well). Example
values for the dimensionless amplitude: V = -2, —6,—12,—-20, —30, ...

2.- If b is a half-integer then the energies of the bound states are also half-integers.
n/oa =m+1/2, m = 0,1,...,b — 3/2. In this case the transmission takes the
form T = tanh?(7k/a) independently of b. Some values of the dimensionless
amplitude for this situation are V.= —0.75, —3.75, —8.75, —15.75, —24.75, . ..
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We shall see how due to the characteristic features exhibited by the Poschl-Teller po-
tential some exciting effects arise when several potential units are connected.

4.2 Building linear chains

To build a chain with the potentials described, one must do the approximation of con-
sidering that each potential unit has a finite range. Hence a cut-off must be included
in the Poschl-Teller potential. Using this approximation one obtains matrices suitable
to be composed in linear chains, applying the composition technique through equa-
tions (2.9). The goodness of this procedure depends on the decay of the potential. Let
us suppose that the potential (4.1) is appreciable only inside the interval [—d”,d"],
where the superindices L, R, stand for the left and right lengths of the interval from
the centre of the potential. Outside this interval the wave function is assumed to be
a superposition of the free particle solutions. Then, according to chapter 2 and ap-
pendix A and from (4.2) and (2.10) the transmission matrix for the cut-off potential
reads

ifotk(dR+d")] T2 oo ik(dR—dl)
e —+ w 1we
Myt = < . (4.10)

e ik (@R ~d") S G ) Vi )

The cut-off matrix is the same as the asymptotic one plus an extra phase term in
the diagonal elements that accounts for the total distance (d® + d%) during which
the particle feels the effect of the potential, and also an extra phase term in the off-
diagonal elements measuring the asymmetry of the cut-off (d% — d”). These phases
are the key quantities since they will be responsible of the interference processes that
produce the transmission patterns. In our case due to the rapid decay of the Poschl-
Teller potential the cut-off distance admits very reasonable values. In fact we have
seen that for a sensible wide range of the parameters o and V, one can take as a
minimum value for the cut-off distance dy = 2d,/, ~ 3.5/a where d, is the half-
width. Taking d“® > d, the connection procedure works really well, as we have
checked in all cases considered by comparing the analytical composition technique
versus a numerical integration of the Schrodinger equation for the global potential.

In the case of a symmetric cut-off d* = d® = d, composing two potentials char-
acterized by the parameters aq,b;,d;, and «ag, by, ds, one finds for the transmission
probability, using the previously defined quantities w and ¢,

1

w%w% +(1+ w%)(l + w%) + 2w1w2\/1 + w%\/l + w% cos [p1 + w2 + 2k(d; _|E4d21)1])

T —
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Figure 4.3. Transmission probability for different compositions of Péschl-Teller
holes. (a) double well with parameters: o; = as = 2(z~! units), b; = by = 2.4,
dy = do = 5(z units). (b) two symmetric compositions with the following parame-
ters for the first five potentials of the sequences: (solid line) o = 1,1,0.5,1, 1(z~*
units), b = 1.66,2.19,5.01,2.3,2.16, d = 4,4,7,4,4(x units) and (dashed line)
a = 2,2,1,1,1(z"! units) b = 1.66,1.66,2.03,2.03,2.03, d = 2,2,4,4,4(z units).
The insets show the potential profiles.

The latter expression clearly shows the interference effect depending on the distance
(d1 + d2) between the centres of the potentials. An example of transmission is shown
in figure 4.3(a).

One important feature of the formulae for the composite scattering probabilities is
the fact that they analytically account for the fully transparent behaviour of the whole
structure as long as there is resonant forward scattering of the individual potential
units, as can be easily checked in equation (4.11). The composition procedure can be
applied with a small number of atoms to study the transmittivity of different poten-
tial profiles resembling molecular structures, such as those in figure 4.3(b), although
our main interest is to consider the transmission matrix (4.10) to make a continu-
ous disordered model in the form of a large chain of these potentials with random
parameters.

As it has been shown, using reasonable approximations handy transmission matri-
ces can be obtained for other potentials aside from the delta and the square well.

4.3 Wires with uncorrelated disorder

Once the properties of the potential have been studied and the procedure for con-
structing linear arrays has been described, let us consider now the effects of uncor-
related disorder upon this particular model. First is obtaining the canonical equation

applying to the electronic states inside the system. From the transmission matrix
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Figure 4.4. Potential of a disordered P6schl-Teller wire

(4.10) one is led to the following relation

_ K, K.
V.1 =(S;+8;_ 41— |, — —L T, 12
Jj+1 < J + J 1Kj—1> J Kj—l j—1 (4 )

where

S; = g(aj,Vj,d]L,df) = —wjsin [kz(dJL - df)] + /1 + w? cos [kz(dJL + df) + o5]

(4.13)
S; = S(aj,Vj,d]L,dR) = w;j sin [k(d]L — df’)] +4/1+ w]z cos [k(d]L + df) + (Pj] ,

(4.14)
K;= K(aj,Vj,df,dR) = w); cos [k:(d]L — df)] +4/1+ wJQ- sin [k:(d]L + df) + gaj] ,

(4.15)

in terms of w and ¢ defined in (4.3) and (4.4). The amplitudes ¥; correspond to the
value of the state at the junction points of the potentials as shown in figure 4.4, and in
this case each potential is determined by four parameters: dJL, df, a;, V;. For negative
energies the canonical equation reads the same but the functions must be defined as

< . 1 LR —n(dL+dR
S; = —gjsinh [n(df — df)] + 3 [e"(dﬂ +d; )fj(n) + eyt )fj(—n)] ; (4.16)
. 1 Lo gR —n(dL+dR
S; = gjsinh [n(d]L - df)] + 3 [en(d] +d; )fj(n) + e M+ )fj(—n)} ) 4.17)
O T Ly gR
K] =dqj cosh [U(dJL — df)] + 5 [e n(dj +d] )fj(_n) - en(d] +d] )f](n):| ) (418)

in terms of ¢ and f(n) defined in (4.7) and (4.8). In the case of symmetric cut-off the
functions adopt a simpler form and S; = ;.
The properties of the uncorrelated disordered chain in the thermodynamic limit,

composed by different species with parameters {p,, = (d{; , dff, a,V,)} and concen-
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trations {c,} are obtained from the functional equation formalism:

W(0) = Y ea|Wo (T 0:56. ) = Wi (5) +00.5)] . (419)
B
W, (0 + nm) =W, (0) +n, 6ecl0,m),neZ, (4.19b)

where §(pjs,py) = 1if [K(pg)/K(py)] > 0 and §(pjs, py) = 0 otherwise. The inverse
transmission function T-1(6; 53, p,y) is constructed from the functions of the canon-
ical equation using definition (2.37). The Lyapunov exponent and the DOS in the
thermodynamic limit come from

1 ™
MO =5 s [ AW (0)logT(0:5,. ) (4.20)
7,8
(ay /@) . dw. (E)
e

where the function F(0; p,, pjg) is defined in (2.40). In this case g(e) corresponds to
the density of states per piece of length a~!, where « is a value of reference for the
parameters {c.,} of the different species. The dimensionless representation of the
energy reads ¢ = k/a. These choices are made to get optimal representations of the
DOS and also to maintain the value of the density of states for the free particle the
same as for the previous models, ggee(€) = 771

On the one hand the fact that the potentials are determined by four independent
parameters gives a high degree of versatility to the model, but on the other hand spec-
ifying the configuration of the disordered wire including several species can be really
a tedious and repetitive task since one needs to list a large amount of parameters.
Therefore, from now on whenever the only configurational parameters of a chain are
the dimensionless amplitudes {V, }, it is implied that « is equal for all species included
in the array and also that the cut-off is symmetric and its distance is set to d = 4/a,
so that the total length of every potential is 2d = 8/«.

Several examples of distributions of states and Lyapunov exponents in the ther-
modynamic limit for different Poschl-Teller disordered wires can be seen in figure 4.5
on the next page.

4.3.1 General features of the DOS

In the examples given in figure 4.5 the salient features of the distribution of states
for this model can be observed. As must be expected, whenever potential wells are
included in the disordered chain a group of permitted levels appears for negative ener-

gies, which correspond to bound states of the global composite potential. For positive
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Figure 4.5. DOS (black) and Lyapunov exponent (orange) for several disordered
Poschl-Teller wires with parameters (a) V,[c,] : —4[0.5], 3[0.5], (b) V,[c4] : 5[0.5],
7[0.5], (¢) V4[ey] : —1[0.5], —3[0.5] and (d) V,[c,] : 1[0.2], 6[0.2], —5[0.2], —1[0.2],
9[0.2]. Notice the different vertical scales for DOS (left) and A (right). The negative
part of the abscissa axis represents negative energies (-n/a).
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Figure 4.6. Semivariance analysis: log (v/A,) vs log(s) for a binary disordered
Poschl-Teller wire with parameters V; = 1 and Vo = —1 and equal concentrations.
The legend shows the intervals considered to calculate the semivariance. « and
log(x) mean respectively the slope and the ordinate at the origin of the linear fits.
The graphic on the right shows DOS and X for the system.

high energies the correct asymptotic value of the free particle distribution is reached in
all cases. As for the delta model discussed in the previous chapter, for the Poschl-Teller
disordered wires the density of states also shows an irregular fluctuating behaviour in
certain energy ranges. And for this model the location of these energy zones is more
predictable than for the delta potentials. The peaky structure lies almost entirely in
the energy range below the maximum height of the potential barriers constituting the
array. When the energy goes over the top of the potential barriers (¢ > (o, / a)\/\Ty),
the carriers found a regular distribution of states that evolves smoothly towards the
value 7~ ! as the energy grows. This description agrees with the intuitive reasoning
that for energies exceeding the barriers the effects of the potential and hence of the
disorder must drastically decrease. In the cases when the system contains only poten-
tial wells, the DOS is regular for almost all the positive spectrum (figure 4.5(c)) and
the asymptotic value ggee(€) is reached for very low energies. The structure of the
positive spectrum is naturally much more complex when the chain includes potential
barriers.

Regarding the sharp-pointed structure of the DOS, it can be asserted that the dis-
tributions for the Poschl-Teller chains are fractal in certain energy intervals. The semi-
variance analysis described in chapter 3 clearly reveals the fractal nature of the dis-
tributions. In figure 4.6 the linear fit of the log-log plot for pairs of values (vA,, s)
for a binary disordered chain can be seen. For the binary chain considered the anal-
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ysis yields a fractal dimension dy = 1.5526 for the irregular interval ¢ € [0.88,1] and
dy = 1.0038 for the smooth interval e € [1.72,1.85]. This result can be extended to
ternary and higher wires for which the fractal behaviour of the distribution of states
is noticeable (figure 4.5(d)).

Extensive analysis similar to those performed for the delta potential model, con-
cerning the distribution of spacings of adjacent permitted levels and the description
of prominent peaks of the DOS in terms of eigenstates related to the appearance of
certain atomic clusters, can also be carried out for the Poschl-Teller model leading to
similar results as those contained in chapter 3.

We conclude that for our one-dimensional wire composed of non-punctual and
continuous potentials the DOS exhibits a fractal behaviour as a consequence of the
presence of disorder in the system. This result gives strong support to the conjecture
made in the previous chapter, that fractality of the distribution of states may be a
universal effect independently of the potential model. From the results described
in the present chapter and in the previous one, we conclude that fractality seems
to be a consequence not of the type of disorder (structural or compositional), but
of the nature of the distribution of the parameters in the disordered system. If the
distributions of all parameters are discrete, for example the species composing the
system are a discrete set, then fractality emerges for the disordered system in the
thermodynamic limit. On the other hand if any of the distribution is continuous, for
example the one given in section 3.5 to introduce structural disorder or a continuous
distribution of compositional species, then fractality must not be generally expected
in the thermodynamic limit. Then, this behaviour seems a universal feature of the
distribution of states, although probably several matters need to be specified, like for
example whether or not there exists a critical width of a continuous distribution of

parameters playing a significant role in the appearance of a fractal DOS.

4.3.2 Electronic localization

Let us have a look at the electronic localization for this disordered model. From
what can be seen in figures 4.5 and 4.6 the Lyapunov exponent registers globally the
localization of the electronic states. As expected, the localization length increases
with the energy. When potential barriers are included in the chain, it can be noticed
how for energies above the maximum barrier height the electrons become strongly
delocalized. If the wire is composed only of potential wells, the Lyapunov exponent
takes very low values for almost all the permitted positive spectrum. As discussed for
the delta model, the tendency of the Lyapunov exponent to decrease at the energies

for which the DOS shows a peak can also be seen. Let us remark that localization
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Figure 4.7. Comparison of the Lyapunov exponent and the inverse participation
ratio as functions of the energy, for different binary disordered chains. The parame-
ters for the different chains are V., [¢,]: —1.5[0.5], —4[0.5] (black), 1[0.5], 3[0.5] (blue),
5[0.5], 7[0.5] (red). The IPR is obtained averaging over 100 realizations of a 1000-atom
array.

is always weaker inside the non-fractal regions of the spectrum, whereas fractality of
the distribution of states seems to be linked to a strong localization.

The most important feature concerning the electronic localization is the presence
of isolated energies for which the Lyapunov exponent vanishes (figure 4.5). These
critical energies are always located inside non-fractal regions of the spectrum, they
appear apparently only for binary chains and their values depend on the compositional
species. Before going into a detailed analysis, let us remark that the localization
properties deduced from the behaviour of the Lyapunov exponent are also faithfully
confirmed by the inverse participation ratio calculated for finite chains after averaging
over several realizations of the disordered sequences (figure 4.7).

The isolated resonances of the spectrum seem to be independent of the concentra-
tions of the binary chains, as can be seen in figure 4.8 on the following page, where
the evolution of the Lyapunov exponent with the concentration of the disordered wire
is shown. Let us notice that when the chain is partially or totally composed of po-
tential barriers the resonances can occur for energies below or above the maximum
barrier height as can be checked in the different examples given. Around every res-
onance there exists a range of energies in which the Lyapunov exponent takes very
low values and the higher the energy of the resonance the wider this interval is. In
fact, the number of resonances may be infinite but above a certain energy they are
indistinguishable since the Lyapunov exponent is almost zero anyway.

The appearance of the extended states shown in the examples given can be ex-

plained by the arguments given by Gémez and co-workers for a square barrier model[88],

based on the commutativity of the product of the individual transmission matrices of
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Figure 4.8. Evolution of the Lyapunov exponent vs energy and concentration for
disordered binary wires with parameters (a) V; = —2.5, Vo = 5 with resonances
at e, = 1.809, ¢, = 2.226 and (b) V; = 5, Vo, = 7 with resonances at ¢, = 2.601,
€. = 2.954. The top mapping shows the Lyapunov exponent in a colour scale. Notice
how the resonances are present for all concentrations.

the system, that we shall review here. In the case of a binary chain composed of matri-
ces M, Mo, critical energies ¢. can be found among those that satisfy [M, My] = 0.
This is a necessary condition but not a sufficient one. Now since for these energy
values the matrices of the two species commute, the disordered sequence can be
changed at will and therefore the effects of the disorder disappear. Let us imagine
that the atoms are rearranged so that the sequence becomes a juxtaposition of two
semi-infinite pure chains. It is clear that the transparency intervals common to both
pure chains are also transparent. Therefore if €. lies on the permitted bands of both
species pure chains it will be a resonance of transmission and an extended state in
the thermodynamic limit. Let us remark that this reasoning holds for all values of
the concentrations in the binary array. To summarize, in a binary disordered system
extended states exist at energies ¢ fulfilling the following requirements: commutative
matrix product ([M;,Ms] = 0), and they belong to the permitted spectrum of both
species.

Let us analyse these conditions in our particular model. The commutator of the
Poschl-Teller transmission matrix becomes in the more general case

[M1, M| = (y* i) , (4.22)
2
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where
y = — 2iwywy sin [k(dl — df — d¥ + ah)] (4.23)
2 =2 =) o [1 4 w2 sin [k(d] + dff) + o1]
iy eik(d{*fd%)wlm sin [k(dy + dff) + o] , (4.24)

that for the critical energies must be zero. And the condition of belonging to the
permitted spectrum of the pure chains can straightforwardly be written from the trace
of the transmission matrix,

|1+ wdeos [k(dF +df) + ][ <1, =12 (4.25)

We shall assume that none of the species is a resonant well, hence w; # 0 and
we # 0 in general. Let us begin considering the simplest case, taking the parameter «
the same for both species and a symmetric cut-off equal for all potentials to d = 4/a.
In this case, since y is identically zero the commutative condition reduces to

way/ 1 + w? sin(8e + ¢1) = wi/1 + w3 sin(8e + ). (4.26)

There exist two free parameters corresponding to the dimensionless amplitudes V1,
Vo, and although the above equation cannot be solved analytically, we have found
that seemingly for all values of the amplitudes there exist solutions of this equation
that also satisfy the requirement (4.25). It can be checked that the extended states
observed in figures 4.5, 4.7 and 4.8 correspond to energies meeting these conditions.

Going one step further, one can consider that both species have different o ;, with
symmetric cut-off but with different lengths depending on the species, dt = df = d;
and d¥ = d} = dy. In this situation y is again identically zero and the commutative
constraint is simply

wa/ 1+ w?sin(2kdy + p1) = wi/1 + w3 sin(2kds + p2). (4.27)

And each potential is specified by three parameters o, V;, d; for j = 1,2. Due to the
oscillatory nature of the members of the above equation, there exist many energies
satisfying the commutative matrix product, and as the energy grows they appear more
easily, in such a manner that some of them always lie in the permitted spectrum
of both species. In all the cases we have considered with these three parameters
chosen randomly we have always found at least one or two resonant energies perfectly
distinguishable. One example can be seen in figure 4.9(a). In fact by modifying the
parameters «; and the cut-off distances one can favour the emergence of resonances
for energies below the highest barrier.
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Figure 4.9. DOS and Lyapunov exponent for binary chains. (a) Two species with
symmetric cut-off: a1 = o, V1 = —1, dy = 4.5/a; and ay = 1.95a, Vo = 2, ds =
4.1/as. The three first resonances occur at ¢, = 1.6818, ¢, = 2.3986 and ¢, =
3.1064. Notice that the first two resonances are located below the barrier height
émax = 1.95v/2 ~ 2.76. (b) Two species with asymmetric cut-off: a; = o, V| = 1,
d¥ =5.2/ay, df = 4.2/a; and ap = 1.5a, Vo = 3, d¥ = 6.8/as, d¥ = 5.3/as. The
first four resonances occur at e, = 1.7434, ¢, = 2.0618, ¢, = 2.3865 and ¢, = 2.7143.
Notice that the first three resonances are located below the highest barrier ey =
1.5v/3 ~ 2.60.

Things can even be more general by considering asymmetric cut-off satisfying
df —dl = dalt — df, that is the asymmetry being the same for both species. In this
situation y is again identically zero and the commutation relation can still be written
in a simple form

way/1 + w? sin [k‘(d% +di) + ¢1] = wiy/1 + wisin [kz(dé +df) + 2] . (4.28)

One can choose freely 7 of the 8 parameters of the system and finally set one of the
cut-off distances to satisfy the asymmetry condition, and in all cases considered we
have checked the appearance of resonances. An example is shown in figure 4.9(b).
It is remarkable that contrary to what one could think at the beginning, these type
of resonances appear very easily without doing awkward or very restrictive fits of the
parameters of the system.

Of course other particular situations can also be considered, for example one can
choose where to place the resonance from the condition k(d¥ — aff — a% + d¥) = nn,
n € 7Z, and hence making y = 0 and then fit some of the left parameters to fulfill
z=0.

As we have seen, this kind of resonances, that we shall refer to as commuting-
resonances (according to reference [88]), appear very often and they are very versatile
in the sense that their presence seem to be compatible with a wide continuous range
of several parameters of the potentials.
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Figure 4.10. DOS and Lyapunov exponent for binary chains with all parameters
chosen randomly. (a) a1 = «a, V1 = —4, d¥ = 4/ay, dff = 5/a; and as = 1.8q,
Vo =1,d} =6/as, dif =4.5/as. (b) a1 = a, Vi = =5, d¥ = 4.2/ay, df =5.5/a;
and ap = 1.5, Vo = 2, d& = 6.1/, dff = 4.25/s.

Finally in the case of a binary chain in which the 8 parameters of the system
(4 for each species) are chosen at random, one would expect in principle to see no
resonances in the spectrum, since in this case it will be more difficult to satisfy all re-
quirements for a critical energy to exist. Let us have a look at the spectra of a couple
of such chains in figure 4.10. From what can be seen in the figures it seems that there
exist resonances, but they are not indeed. They seem to correspond to energies for
which the commutator of the transmission matrices is relatively small and that at the
same time these energies belong to the spectrum of both species. For such energies the
resonance conditions are close to be satisfied. This kind of energies appears surpris-
ingly very often when choosing the parameters of the binary system at random, and
that is due to the nature of the elements of the commutator. The functions y, Re (2)
and Im (z) are oscillatory functions whose amplitude decay with the energy, hence
even when choosing all the parameters of the chain at random, there exist always
some energy intervals within which all the functions crosses zero relatively near from
one another. It is impressive that for some of these energies the Lyapunov exponent
takes such very low values that make them hardly distinguishable from real extended
states. In fact these energies may have a significant effect on the transmission of a
finite sample although they are not true resonances in the thermodynamic limit.

Although commuting-resonances naturally emerge for a binary system they could
also exist in ternary and higher chains. For N species all the binary commutators
must vanish and at the same time the energies must belong to the permitted spectrum
of all species. Let us make a simple calculation for the Poschl-Teller case. Let us
consider that the cut-off distances are chosen to satisfy d* — d = df — d¥, fori,j =

., N. Then the system is determined by 3N + 1 variables, and on the other hand
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in this situation the conditions of commuting-resonance imply one equation for each
commutator plus one inequality for each species. Therefore in the case of an N-
species wire we have 3N + 1 variables to fulfill N(N +1)/2 requirements. This simple
calculation shows that for N < 5 is perfectly possible to find commuting-resonances,
and in fact we have done so for a ternary chain, although the fit of the parameters is
much more restrictive as NV grows in comparison with the binary case.

Extended states can also appear in the thermodynamic limit of disordered systems
by imposing different conditions in principle, like for example the one introduced by
Hilke and Flores to describe extended states in a square barrier/well model [106].
The condition consists in imposing V;;; = £V, for all sites of the system. Clearly
if all species of the chain satisfy this constraint for the same energy a transmission
resonance arises in the thermodynamic limit. Our Poschl-Teller disordered wires can
also host extended states of this kind. Let us see how one can build them by imposing
the specific conditions to the transmission matrices of the individual species included
in the system.

Let us consider the transmission matrix of a real potential ranging in the interval
[z, 2;41]. Its tranfer matrix is an element of the group St{(1, 1) as stated in appendix
A and it connects the amplitudes of the travelling plane waves on both sides of the
potential (A;, B;) and (A;41,Bj11). The coordinates are chosen to ensure that the
state right before the potential ¥, and right after the potential ¥;,, is simply given
by the sum of the respective complex amplitudes. Then, one can wonder about the
form the transmission matrix must adopt to satisfy the condition ¥, ; = +V;. It can
be easily calculated that the transmission matrix must fit the expression

M — (il Tl T ) . aeR (4.29)

ia +1+ia

Thus whenever the transmission matrix takes this form, the probability distribution
of the state does not decay after the individual potential but it remains constant.
Trivially, the matrices (4.29) constitute a subgroup of St/(1,1). Then a disordered
linear array of potentials which can be described in terms of these matrices will give
rise to a completely extended state with a flat probability distribution. Imposing the
given form to the most general transmission matrix for a real potential

A .
M= (YD) e ep =, (4:30)
B A
one is led to equations
Im (A;) =Im (5;), (4.31a)
Re(8;) =0, Vj, (4.31b)
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and they straightforwardly guarantee that Re (A;) = +1. This latter condition implies
that the energy is a common band-edge of the periodic spectrum of all species. There-
fore, this kind of extended states correspond to a certain class of common band-edges
of the spectrum of the individual species composing the wire. Notice that not all com-
mon band-edges will satisfy the above requirements. If the individual potentials are
parity invariant, then only equation (4.31a) has to be imposed, since the off-diagonal
elements of the transmission matrices are pure imaginary (see appendix A) and hence
condition (4.31b) is identically satisfied. In the most general case both equations
(4.31) must be fulfilled.

Now in the case of a disordered binary Poschl-Teller wire, one could choose the
values of the parameters of the potentials so that there exists an energy ¢. for which
the matrices of both species take the form (4.29). From (4.10) it follows that the
conditions for €, to exist are

W1+ wjz sin [k‘(dﬁ + d]L) + ¢;] = —w; cos [k:(d;;z - df)] , (4.32a)
w; sin [k(df — df)] =0, j=1,2. (4.32b)

For the sake of clarity let us restrict to the default case of symmetric cut-off d = 4/q,
and the same « for both species. In this case the only constraint is

W1+ wjz sin(8e. + ¢;) +w; =0, ji=1,2, (4.33)

or K; = 0, using the canonical equation function (4.15). Therefore for a fixed V;
one chooses one of the infinite roots of K;(e) to place the extended state, namely
€., and then equation Ks(e.) = 0 is solved in terms of Vo. In some cases several
solutions exist for the latter equation. Then the Lyapunov exponent will vanish at
¢. for the disordered binary chain independently of the concentrations. A couple
of examples are shown in figure 4.11 where the Lyapunov exponent for two binary
chains is plotted. Notice that the existence of this kind of extended states is compatible
with the presence of commuting-resonances. In fact the matrices (4.29) constitute an
abelian subgroup of SU/(1, 1) as can be straightforwardly checked, which means that
the resonances arising from the common band-edges are in fact particular cases of
commuting-resonances arising from a very precise fit of the parameters of the different
species. These extended states are exactly of the same type as the w-resonances for
the delta model, since the multiples of 7 are always band edges of the periodic delta
chain independently of the delta coupling. Although these critical energies are also
commuting-resonances we shall refer to them using a different label, let us call them
CBE-resonances (common band-edge resonances). The CBE-resonances and the rest
of commuting-resonances exhibit very different features as we shall see.
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Figure 4.11. DOS and Lyapunov exponent for binary chains with parameters (a)
Vi = —4, Vo = 1.571051 and (b) V; = 4, Vo = 7.217957 with equal concentrations
in both cases. The CBE-resonances are located at ¢, = 0.814459 and ¢, = 2.56389
respectively.

DOS,
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Let us check the functional dependence of the Lyapunov exponent and the density
of states near the resonant energies. In the case of CBE-resonances a careful inspection
reveals an asymmetric behaviour of the Lyapunov exponent around the critical energy.
Seemingly it can be well described by

M)~ 4T 4.34)
€) r~ .
|e—ec|1/2,

on the different sides, as can be observed in figure 4.12(a). The DOS apparently be-
haves in the same way as for a periodic chain near a band-edge: gap on the side where

the critical exponent for A(e) is 1/2 and dependence of the type g(e) ~ |e — €|~ /2

on
the side with the linear change of the Lyapunov exponent. In summary the behaviour
near the CBE-resonances is apparently the same as for the m-resonances in most of
the delta chains. These resonances are of the same nature and exhibit similar features
independently of the potential model. Therefore from the analysis made in chapter
3, the number of states around the CBE-resonance whose localization length is larger
than the system size, in a finite chain, scales as v/N where N is the number of atoms.

On the other hand the behaviour of the distribution of states and the localization
length in the vicinity of a commuting-resonance is completely different. In all cases
studied the Lyapunov exponent seems to fit a quadratic dependence around the crit-
ical energy A(e) ~ (e — €.)?, where the coefficients for ¢ < ¢, and € > ¢, can differ.
The DOS around these resonances evolves linearly g(e) ~ go + (¢ — ¢.). It all can be
observed in figure 4.12(b). With the dependence described for A(¢) and g(¢), it fol-
lows that in a finite system the number of states near the commuting critical energy
with a localization length larger than the system size scales as /N, the same as for
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Figure 4.12. Behaviour of DOS and Lyapunov exponent near critical energies for
binary wires. Symbols mark numerical results. (a) V; = —4 and V5 = 1.571051 with
equal concentrations. CBE-resonance located at ¢, = 0.814459. Notice that for the
Lyapunov exponent the vertical scales are different before and after the resonance to
ensure an optimal visualization. Solid lines correspond to fits according to expres-
sion (4.34) for \(e) and g(e) ~ |e — e.|™'/2. (b) V; = 5 and V, = 7 with different
concentrations. Commuting-resonance located at ¢, = 2.601. Solid lines correspond
to quadratic fits for A\(e) and linear fits for DOS.

the CBE-resonances. As mentioned in the previous chapter, this scaling is exhibited
by very different models with isolated extended states in their spectra [29, 161, 68],
and it is probably a general feature of isolated resonances in one-dimensional disor-
dered systems. The DOS and the Lyapunov exponent seem to balance their functional
dependence near the critical energies to ensure the v/N scaling.

The different characters of the two types of extended states described also man-
ifest themselves in the way that transmission resonances appear close to the critical
energies for finite chains. As expected, within a small scale of energies near the CBE-
resonances one finds exactly the same behaviour for the Lyapunov exponent and the
IPR as for the m-resonances in the delta model, as can be seen in figure 4.13. The
longer the system the higher the number of transmission resonances lying beside the
critical energy is. The inverse participation ratio reaches its minimum value N ~! at
e. for all lengths, and the spatial distributions of the wave functions inside the system
show the same aspect as the ones in figures 3.14(c) on page 53. Within this energy
scale near the CBE-resonances the system is mainly determined by its length and not
by the atomic sequence, since all the individual transmission matrices behaves essen-
tially in a similar manner independently of the species.

Let us see what happens in the vicinity of a general commuting-resonance. It
is remarkable that the IPR for a finite system shows a characteristic plateau around
the critical energy (figure 4.14(a)). This flat zone gets narrower as the length of the
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Figure 4.13. Lyapunov exponent and IPR near a CBE-resonance for a binary chain
with parameters V; = 2 and V, = —2.6422653344 with equal concentrations. The
critical energy is €. = 0.9270063568. The horizontal dotted lines mark the inverse of
the length of the system in the different cases considered.

system increases and it seems to be essentially symmetric around €., which is in perfect
agreement with the symmetric dependence of the Lyapunov exponent with the energy
in this region in the thermodynamic limit. However in figures 4.14(a) and 4.14(b) it
can be noticed that the IPR does not reach its minimum value N ~! for any energy.
Nevertheless the inverse participation ratio for different lengths takes a value at ¢,
that seems to scale roughly as IPR(e.) ~ 2N~!. Inspecting the Lyapunov exponent
at a very small energetic scale near e, it can be observed how as the length of the
chain grows the number of transmission resonances increases following a symmetrical
arrangement around the critical energy (figure 4.14(b)). This is in great contrast to
the CBE critical energies for which the transmission resonances are only located on
one of the sides of ¢.. In figures 4.14(c) one can have look at the appearance of
the envelope of the electronic states with open boundary conditions near the critical
energy for a chain with 1000 atoms. The states show a strongly fluctuating behaviour
that seems to be modulated in a periodic manner. Apart from the differences in the
global amplitude and the transmission, the three states shown exhibit essentially the
same features. For cases 4.14(c.2) and (c.3), whose energy is not exactly the critical
value, the periodic modulation starts to be subtly distorted. The spatial distribution
of the states explains the behaviour of the IPR. First, all states near the critical energy
have essentially the same structure leading to similar values of the IPR and therefore
the plateau. And second, the fluctuating nature of the states prevents the IPR from
reaching its minimum value N —!, which requires of the envelope of the state to be flat.
In figure 4.15 on page 96, one can observe how the state at the critical energy evolves

as the concentration of the wire is changed for a finite binary system including 500



95

4.3 Wires with uncorrelated disorder
kio = €
78
m : ....................................................................................... 1
B ‘ ;
& | 0T UPURURRE SOURPRRURRON I 1 1| 90N Dl (c.1) 0 500 1000
.......................... ’ el N
10*F ___ Kkla.=1.80896589
Co [ .I .................. e I 1
1.8085 1.809 1.8095 . 1
Ko e | 10.5
- - (0) i ]
10° (c2) ¢ 500 1000 °
- ; N
x| \ BT — -\ Wo=180902793 |
< 1o A LT L b A
SJEER29% — N-16000
10 1.80895 . 1.809 (3) o 500 1000
k/a N

Figure 4.14. (a) IPR near the critical energy ¢. = 1.808977 for a binary wire with
parameters V; = —2.5 and Vo = 5 with equal concentrations. (b) Lyapunov expo-
nent (solid lines) and IPR (dashed lines) near the critical energy for different lengths.
The horizontal dotted lines mark the inverse of the different lengths considered. For
a given length, data of all figures correspond to the same disordered sequence. Only
one realization of the disorder has been considered for each length. Graphics on the
right column show the envelope of the electronic state for the chain with 1000 atoms
for three different energies corresponding to transmissions: (c.1) 7' = 0.1067, (c.2)
T =0.9999, (c.3) T = 0.8537.

atoms. For pure one species chains the envelope shows a perfect periodic modulation,
although the latter period sometimes can be larger than the size of the chain. The
electronic state registers a morphing process through the disordered configurations
between the two limiting pure cases and it always remains completely extended over
the array.

Let us also comment that within this small scale of energies near the commuting-
resonances, the influence of the atomic sequence is much more important than in the
case of CBE-resonances, because the structure of the envelope of the wave function at
a local level is fully determined by the atomic sequence. Of course this dependence
on the realization of the disorder gets weaker as the system grows. This influence can
be noticed in figure 4.14(b), where the arrangement of the hollows of the Lyapunov
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Figure 4.15. Evolution of the envelope of the electronic state at a commuting crit-
ical energy as a function of concentration, for binary disordered wires with open
boundary conditions. (a) V; = —2.5, Vo = 5 and ¢, = 1.808977, (b) V1 =5,Vo =7
and e, = 2.600753. In all cases the system includes 500 atoms and the states are
properly normalized to make the comparison possible.

exponent (i.e. resonances of the transmission) for different N seems more irregular
than in the case of a CBE-resonance (figure 4.13), although the length of the system
is increased by the same factor in both cases. Only for the chain with 16000 atoms the
self-similar pattern in the appearance of transmission resonances emerges, manifest-
ing that the effect of the length of the system has become stronger than the effect of
the particular sequence.

Finally, we carried out the multifractal analysis for states near the commuting criti-
cal energies. This is somehow motivated by the fluctuating structure of the wave func-
tions and also as an additional check of their real extended character. The multifractal
analysis was first introduced to characterize the structure of a fractal distribution at
various spatial scales via a set of generalized fractal dimensions [94]. The applicability
of this tool to the study of electronic states comes from critical wavefunctions, which
exhibit an intricate oscillatory behaviour that may include self-similar fluctuations at
different spatial scales (see reference [137] for a nice dissertation about critical states
among many other things). Regarding electronic states, the multifractal analysis es-
sentially studies the scaling of the different moments of the probability distribution of
the state with the length of the system N. Those moments are defined as

L2
() 1w,)’

And the corresponding generalized fractal dimensions D, are obtained from the scal-

pg(N) = (4.35)

ing law y1,(N) ~ N~(@=DPa for large N. Let us notice that the second order moment
uo is the inverse participation ratio. The multifractal analysis is useful in order to

decide on the localized or extended character of a given state, since one finds D, = 0
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Figure 4.16. Multifractal analysis for binary wires with parameters: (a) Vi = —2.5,
Vy = 5 and (b) V; = 5, Vo = 7 with equal concentrations in both cases. The
moments considered range from ¢ = 2 to ¢ = 8. Dashed lines correspond to equation
q(N) = N=(a=1),

for all ¢ > 1 for a localized state whereas in the case of extended states, which spread
over the whole system and show no fractal structure at all, D, equals the spatial di-
mension of the system for all ¢ > 1. In figure 4.16 it can be seen for a couple of binary
wires that at the critical energies the moments considered scale with the length of the
system according to D, = 1 confirming the extended character of the states, whereas
for energies slightly deviated from the critical value the localized nature arises and
the generalized dimensions go to zero.

To close this subsection the summarized characteristics of the different types of
extended states described can be found on table 4.1 on the following page. Although
those features correspond to the Poschl-Teller model, we have seen how in the case
of CBE-resonances the delta model exhibits the same behaviour, therefore it would be
very interesting to study whether the features of a given resonance (critical exponents,
behaviour of IPR, electronic envelope,...) are fully determined by the nature of the
critical energy or on the contrary are also dependent upon the particular potential

model.

4.3.3 Negative spectrum of the disordered wires

Let us have a look at the spectrum of bound states of the Poschl-Teller wires. Most
of the times the negative spectrum of disordered systems is not studied since it is not
directly involved in the transport processes. The negative spectrum of our model ex-
hibits interesting features very similar to those of the positive spectrum, that we shall
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Table 4.1. Summary of features of the different types of isolated resonances in the
spectrum of a disordered Poschl-Teller wire.

CRITICAL STATES WITH
RESONANCE IPR ENVELOPE L
EXPONENTS AN~
A~ (€ —€)? IPR N1
Commuting (e=<o) () # Fluctuating VN
g(e) ~ go+(e—ec) plateau
le — ec|%
Ae)
le — el .
CBE IPR(e.) = N Flat VN
0
9(e) )
e — |72

briefly describe. One can wonder about the degree of localization of the electronic
bound states. For negative energies the localization can still be characterized via the
Lyapunov exponent even though its physical meaning cannot be defined in terms of
the rate of decreasing of the transmission with the length of the system. The well
defined meaning of the Lyapunov exponent for negative energies is guaranteed by
Oseledet’s theorem (MET), as the quantity that measures the exponential divergence
of an initial vector under the action of a product of random matrices. The contin-
uous transmission matrices for negative energies are given in definition (4.6). The
initial vector of amplitudes for the bound states must be (4; = 0, B; = 1), where the
amplitudes correspond respectively to the exponential solutions of the Schrodinger
equation e~ ¢ where = v/2m|E|/h. Then the MET implies that the Lyapunov

exponent comes from
1
A= ]\}Lmoo N log 4 /IMI%2 + M%Q, (4.36)

where M is the global matrix of the system. Since the final condition for a state to
be bound is My; = 0, one can characterize the electronic localization in a sufficiently
large but finite system through

1

A=

10g ‘Mlg‘. (437)

Then the Lyapunov exponent for bound states can only be understood as a measure
of the inverse of their localization length, ¢ ~'(E) = A(E), and the above expression
is the natural extension for negative energies of expression (2.28). On the other hand
the negative spectrum of the wire in the thermodynamic limit can be straightforwardly

obtained by using the functional equation formalism —which is valid for the whole
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Figure 4.17. DOS and Lyapunov exponent for binary chains. (a) V; = —0.5,
Vo = —3.399309 with equal concentrations. The CBE extended state occurs at
€. = —0.297183. (b) @y = a, Vi = —3.1, d¥ = 4.5/a;, d¥ = 4/a; and oy = 2a,
Vo = —2.5,d} = 5.5/az, d¥ = 4.5/ay with equal concentrations. The commuting

extended bound state is located at e, = —0.314670. The negative part of the abscissa
axis correspond to —7/ .

spectrum— with the proper canonical functions (4.16)-(4.18). Then one can speak of
extended bound states whenever A = 0 and of exponentially localized bound states
otherwise.

Extended bound states can generally be found using the same reasoning as for
the positive spectrum. For example, imposing the condition ¥, = +¥; for all sites
of the chain one can find the particular form the transmission matrices for negative
energies must adopt to generate an extended state,

_(£1—aln)  —a(n)
M = ( o) . +CL(?7)> , a(n) €R. (4.38)

Imposing the proper equations to all species included in the chain one is led to the
conclusion that this kind of extended bound states can only exist if all potential wells
are symmetric (alfz = d]L = d;), and in this case the following conditions must be
satisfied,

1
4+ 5 [fi(me ™ — fmer] =0, v, (4.39)

in terms of ¢ and f(n) defined in (4.7) and (4.8). It can be checked that the above
conditions imply that the energy is a common band-edge of the negative spectrum of
the species. Therefore CBE extended bound states can be built as one can see in figure
4.17(a).

Extended bound states can also exist at commuting energies that belong to the
permitted spectrum of all species of the wire. For negative energies the commutator
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reads
F(— H
—H(-n) F(n)
where
F(n) =2q1qz sinh [n(d} — dj — dff + d§)], (4.41)
H(n) = — e 145~ g, [fl(_n)efn(derdf') _ fl(n)e"(df”fz)}
oty [y (o) — g pentdh 4] (442)

Assuming that none of the species is a resonant well, then in general ¢; # 0 and
g2 # 0, although of course the critical energy could be fix from ¢; = 0 or ¢go = 0 but
this would mean a much more restrictive fit of the parameters. Commuting extended
bound states can be found for a really wide range of the parameters of the potentials
as long as the asymmetry of the species is the same, dff — dF = dlf — df, since in this
case F'(n) is identically zero and the only requirements to have a commuting energy
are: H(n) = 0 and the condition of belonging to the permitted spectrum of both
species, which can readily be obtained from the trace of the transmission matrix. An
example is shown in figure 4.17(b).

A particular case that deserves a comment is the composition of wells for which
b, defined in (4.5), is a half-integer (the case of integer b corresponds to the resonant
well which will be treated in the next section). Let us remember that the dimension-
less amplitude can be written as V. = —b(b — 1). We already know from section 4.1
that the bound states of a well with a half-integer b correspond to half-integer values
of n/a. It can easily be checked that the matrix of such a well at the eigenenergies

0 (@ —d")
M = i) . .

These matrices trivially commute with eachother provided the asymmetry is the same

reads

(4.43)

for all wells. Therefore a chain including different wells with different half-integer
values of b, and values for «, such that the potentials exhibit common levels will
show extended bound states precisely at those energy levels, as can be seen in figure
4.18(a).

Even when b is not a half-integer, due to the structure of the discrete spectrum of
the Poschl-Teller hole (figure 4.2 on page 77) is easy to choose a couple of different
wells with common bound levels, however in this case the matrix of a general well for
its eigenenergies reads

M <f(_n)e—n(dR+dL) ie—n(dR—dL)>

e . (4.44)
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Figure 4.18. DOS and Lyapunov exponent for binary chains including wells in
equal concentrations with parameters: (a) by = 3/2, b2 = 5/2 with a common eigen-
state for n/a = 0.5 and (b) V; = —2.8125 and V, = —7.3125 showing common
eigenstates at 7/« = 0.25,1.25. The commuting extended bound states are located
at e, = —0.217142 and ¢, = —1.25. Notice the change in the vertical scale at —0.75
in the (b) example. The negative part of the abscissa axis represents —n/c.

And these matrices do not commute. Therefore the composition of wells with common
levels but with non half-integer (nor integer) values of b will not exhibit extended
bound states at the energies of the common levels. Nevertheless since in this case all
wells share common levels, a band of bound states is formed around these energies in
the thermodynamic limit and we have checked that within these bands a commuting
extended bound state always exists and it can be located quite near the common level
depending on the width of the band, as can be seen in figure 4.18(b).

It must be emphasized that the behaviour of A and DOS around the different
types of negative critical energies is the same as for their counterparts in the positive
spectrum described in table 4.1.

4.3.4 Including resonant wells in the disordered chain

Let us finally considered the interesting case of including resonant potential wells in
the disordered system. The resonant wells correspond to potentials with an integer
value of b greater than 1. From section 4.1 we know that the transmission for this kind
of potentials is identically 1 for all positive energies. The transmission matrix (4.10)
for a resonant well naturally reduces to

ei[go+k(dL+dR)] 0
M = 0 oilptk(at+al)] | (4.45)

which is the transmission matrix of a zero potential. The resonant well for positive en-

ergies behaves as a zero potential with an effective length Leg(k) = ¢/k + (d® + d")
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that depends on the energy. This definition of the effective length only makes sense
if it appears multiplied by the energy, since otherwise a divergence appears as k goes
to zero. A handy expression can be obtained for the effective length. For a resonant
well described by parameters {dﬁ, dﬁ, o, by} it can be proved by induction using the
properties of the Gamma function that the following expression is correct

a~dl + o dlt 5,71 €
kLer (k) = €Leogr (€ —e—2 2 T L (h—1)r—2 arctan <7>, (4.46)
e q( ) e q( ) (OZ»Y/OZ) ( Y ) jzl ](Oéfy/a)

where the variable ¢ = k/a has been introduced and « being the reference value for
the parameters {a }.

Let us briefly analyse the appearance of critical energies for a binary chain in
which one of the potentials is a resonant well. Since for the resonant well w, = 0 the
conditions of positive commuting-resonance reduce simply to

sin [kLe, (k)] = 0, (4.47)

plus the condition of belonging to the permitted spectrum of the other species and
without further restrictions on the parameters of the second potential. In the case of
CBE-resonances, since the resonant well has no gaps in its positive spectrum it can
easily be checked that the conditions (4.32) reduce also to equation (4.47) together
with the energy being an appropriate band-edge of the spectrum of the second species.
Therefore in a binary chain with one of the species being a resonant well, transmission
resonances can only lie among the set of energies satisfying €L (€) = nm, n € Z. For
the negative spectrum one similarly obtains that extended bound states must fulfill
the equation

e M £ (<) — M () = 0, (4.48)
where f.(n) for a resonant well can be expressed as
ey n/oy —j

- (4.49)
=1 n/ony +

fy(n) =

If such an energy lies in the permitted spectrum of the other species then a commuting
extended bound state emerges without further requirements on the parameters of the
second species. On the other hand if the energy coincides with a band-edge of the
negative spectrum of the second species, which must be a symmetric well, then we
have a CBE extended bound state.

Now let us consider a disordered chain entirely composed of different resonant

wells. Regarding the negative spectrum of the chain, the matrix of a resonant well



4.3 Wires with uncorrelated disorder 103

for its eigenlevels is the same as for the case of half-integer b discussed previously
(equation (4.43)). Let us remember that the well host (b, — 1) bound states that cor-
respond to integer values of n/a.. Therefore the common eigenlevels of all resonant
wells, according to parameters {«~}, will arise as extended bound states as long as
the asymmetry of all wells is the same. For positive energies the canonical equation
of the system (4.12) reduces to

B sin [kLeffj (k)]
sin [kLeg,_, (k)]

U= {Cos [kLeffj (kz)] + cot [kLeffjil(k)] sin [kLeffj(k)] } | Vg,

(4.50)
which is the canonical equation for the zero potential defined in (3.34) on page 49
where the wave function is evaluated at different distances corresponding to the effec-
tive length of each potential. It is then clear that the electronic states for all energies
remain extended in the disordered system. The transmission of the whole structure is
maximum for all energies since the system globally behaves as a zero potential. Let

us remark that the fully resonant behaviour of the Poschl-Teller hole provided b is

R
v

cut-off distances is preserved. In fact, the real dimensional depth of the well reads

an integer is independent of dﬁ, dy, and o, as long as the minimum value for the
h?aZV,,/(2m), hence one can choose at will the depth of the resonant well by varying
o, although it also means a change in the width of the potential. Therefore, one
can build a disordered chain of resonant wells with different widths and depths that
even can be placed at arbitrary distances from one another with absolutely no corre-
lations in the sequence, which can be completely random indeed, and the structure
will behave as a transparent potential for all energies. To our knowledge this is the
first theoretical model for which one can build totally random arrays that exhibit a full
continuum of extended states and hence an interval of complete transparency, which
is indeed the whole positive spectrum.

Let us see how it is possible to describe analytically the distribution of states of
these disordered chains in the thermodynamic limit. For a zero potential of length
L the integrated density of states is trivially N'(k) = Lk/mx. From this fact one is
led to the conclusion that a resonant well should provide the spectrum of the system
with kLeg (k)/m available states with energy less than k. Then the contribution of
every resonant well to the integrated density of states (IDOS) of the chain per piece
of length a~! would be

(ay/a)  €Leg (€)
aydlt +ondl o

(4.51)

Since all species behave effectively as zero potentials, the IDOS of the chain per piece

of length a~! in the thermodynamic limit is just the composition of the contributions
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Figure 4.19. DOS for disordered chains composed of resonant Pd&schl-
Teller holes. Coloured lines correspond to definition (4.54) while black
dashed lines are obtained by solving numerically the functional equa-
tion. (a) 2 species with Vi = -2 and Vo = -6 with equal con-
centrations (b) 3 species with {a,,V,,d%, df}e,]:  {o,—2,5/01,4/01}[0.5],

{1.2c, —6,4/2,4/2}[0.3], {1.5a,—12,4.5/a3,4.5/a3}[0.2], (c) 2 species with
{on, Vo, dE,dBY ey ) {o, —6,5/01,4/a1}]0.7], {1.8a,—12,4.2/cr3,6.1/02}(0.3] and
(d) 2 species with Vi = —6, ¢c; = 0.3 and Vo, = —12, ¢c2 = 0.7.

of the different species with their respective concentrations {c- },

1 (ay/a)
n(e) = ; ; CWWELeffV (6) (452)

And the DOS would obey

1 (/) d
g(e) = — Zy: Cwma [€Legt, (€)] - (4.53)

Inserting expression (4.46) into the latter definition one finally gets

by—1

Z j2(j(0/‘v/0‘) (4.54)
j=1

ay/a)? + e

oe) = 1 %ch (ay/a)
ol

R L
T aﬁ,d,y + aﬁ,dﬁ{

Using the same reasoning the analytical expression for the DOS can also be straight-
forwardly obtained when the parameters {c., dﬁ, dﬁ} obey a continuous distribution.
In figure 4.19 the DOS for several disordered chains composed of resonant wells is
plotted. It can be seen how the analytical expression reproduces exactly the distribu-
tion of states calculated numerically via the functional equation formalism. The DOS
for the resonant chains is a continuous and smooth function without gaps that does
not vanish for zero energy, and it registers relatively small changes by varying the
concentrations or the number of different resonant wells. In figure 4.20 the tolerance
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Figure 4.20. Tolerance of the properties of a binary resonant chain with their pa-

rameters. (a) DOS(solid line) and Lyapunov exponent(dashed line) in the thermo-
dynamic limit. (b) Transmission patterns for a 1000-atom random sequence. Cases
have been considered where both dimensionless amplitudes are deviated 1%, 5%
and 50% from the resonant values V; = —2, Vo, = —6.

of the properties of a binary resonant chain are evaluated when their parameters are
deviated from the resonant values. As can be seen, a small change of the parameters
mean the lost of the full resonant behaviour for all energies. Nevertheless for devia-
tions of order 1% — 5% in the dimensionless amplitudes, the efficiency of transmission
is still much higher than for any other non-resonant binary chain composed of wells.
Naturally, for the resonant chains the Lyapunov exponent in the thermodynamic limit
calculated via the functional equation vanishes for all energies. It can also be checked
that the IPR for finite resonant chains as a function of the energy is simply a straight
line at the value N~! where N is the number of potentials, as it must be for flat

extended states.

One must not forget that the transmission matrix proposed for the Poschl-Teller
potential is an approximation, since we have assumed that at the cut-off distance the
asymptotic form of the states can be used. In fact, this approximation is quite correct;
the error that it entails is almost irrelevant for an individual potential and the larger
the cut-off distance is the smaller the error becomes. However it might happen that
when applying the composition procedure of the potentials to build a disordered ar-
ray, these small individual deviations give rise to an error growing exponentially with
the length of the chain. If it were true, then the behaviour of a real continuous com-
position of Poschl-Teller units (i.e. the sum of all the contributions of the potentials
centred at different positions) would be far from the results obtained using our tech-
niques. In particular it would be dramatic for a resonant chain for which its resonant
behaviour and the delocalization of the electronic states could disappear in the real
continuous composition. To show that this exponential error does not occur, we have
calculated the transmission probability of several random resonant chains with 100,
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Figure 4.21. Transmission probability for random resonant chains of Poschl-Teller

holes, calculated by solving numerically the Schrédinger equation for the continuum

spectrum. The left box shows the random potential profile for 100 potentials. For

all lengths the chains include three different species with symmetric cut-off. The pa-

rameters are {c.,, V,d, eyl {1, —2,4}{0.4], {0.75, =6, 5.5}[0.3], {0.65, —12, 6}]0.3].
200 and 400 potentials, by integrating numerically the Schrodinger equation! con-
sidering the whole continuous potential of the chain, that is taking into account the
superposition of all potential holes centred at their respective positions. In figure 4.21
it can be observed how for very low energies (k < 0.05) a small deviation appears
from T = 1, that for the longest chain is less than 3 - 10~2. Although this deviation
seems to increase slightly with the length of the chain, it apparently does not follow an
exponential growing and its effect does not noticeably distort the resonant behaviour
of the chain. Then, our composition procedure describes faithfully the properties of
the real continuous composite potential profile.

As we have shown, the richness of the Poschl-Teller potential gives rise to the
emergence of new exciting effects in the disordered chains ranging from the appear-
ance of different types of isolated extended states in the spectrum to the construction
of resonant chains exhibiting a continuum of delocalized states.

4.4 Wires with correlated substitutional disorder

The Poschl-Teller potential model is also studied under the effect of correlated sub-
stitutional disorder introduced in the same way as for the delta potential model, de-
scribed in detail in section 3.6. The probability of appearance of different atomic
groups is modified by the quantities {p.,3}. We have the opportunity to check whether
the influence of the model of correlations and their significant effects upon the trans-
port properties of the one-dimensional systems are universal or on the contrary de-
pend upon the atomic model.

!The numerical integration of the Schrédinger equation for the continuum spectrum must be under-
stood as the numerical calculation of the scattering amplitudes via a spatial discretization of the global
potential as described in chapter 2 (section 2.3).
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Figure 4.22. DOS for correlated configurations of a binary chain with parameters
V1 = —2.5 and V5 = 2 with concentration ¢; = 0.4.
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Figure 4.23. Evolution of the Lyapunov exponent and the IPR with the correlations
for a binary chain. The IPR has been obtained after averaging 100 sequences of a
1000-atom array. The parameters are: V; = —1, Vo = 1, ¢; = 0.5. Notice the
presence of a critical energy at ¢, = 1.095.

4.4.1 Effects of the correlations in the thermodynamic limit

As already known, the limiting distributions of the DOS and the Lyapunov exponent
for the infinite system are obtained by solving numerically the most general form of
the functional equations.

The density of states of a binary chain is altered by the effect of the correlations in
a similar manner as for the delta model. In figure 4.22 the DOS is plotted for the two
limiting correlated situations of a binary chain with fixed concentrations. The number
of available states in certain ranges as well as the gaps can be changed by tuning pis.
It can also be checked that for the correlated configurations the fractal character of
the distribution persists in different energy intervals.

The electronic localization is globally altered by the correlations in the whole en-
ergy spectrum, although as expected no new extended states emerge in the thermo-
dynamic limit, as can be seen in the examples of figure 4.23. The evolution of the
Lyapunov exponent for a fixed concentration with the probability po agrees perfectly

with the behaviour of the inverse participation ratio calculated by averaging over
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Figure 4.24. DOS and Lyapunov exponent for different correlated configurations
of a ternary chain with fixed concentrations. The species are V; = —3, Vo = 2 and
V3 = —1. The configuration for each case is included in the characteristic matrix Q.

many finite realizations of the disordered system. Let us notice that the critical ener-
gies of the spectrum corresponding to extended states are present in all the different
correlated regimes. It is also remarkable the fact that as the correlations change, the
value of the Lyapunov exponent can be strongly decreased for several energies. These
energies for which the localization can be severely weakened are related to resonances
of different atomic clusters whose concentration is modified by the correlations. For
example, in a binary chain composed of a well (1) and a barrier (2), for the case
p12 = 1.0 the wells are completely isolated so that they always appear in the cluster
barrier-well-barrier. Therefore it seems reasonable that in this correlated situation the
energies of transmission resonances of the latter cluster will tend to be more delocal-
ized than for any other value of p;5. This effect is more noticeable in this model than
for the delta model, since in that case the atomic potentials lack an internal structure.

When more species are included in the wire similar effects can be observed and
the properties of the system can be considerably altered as can be seen in figure 4.24
for a ternary chain.

4.4.2 Effects of the correlations on finite wires

Although not truly extended states are included in the spectrum, the effects of these
short-range correlations upon finite samples of the wires are able to improve notice-
ably the electronic transport. In figure 4.25 on the facing page several transmission
patterns for finite binary chains composed of 1000 atoms are plotted. In the correlated
configurations the transmission is improved with respect to the completely random sit-

uation. Let us notice that just like for the delta model the improvement can take place
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Figure 4.25. Transmission probability vs energy for 1000-atom binary disordered
chains in different correlation regimes. The circular point inside the insets marks the
configuration on the configurational space. Only one realization of the disorder has
been considered for each case. Parameters: (left column) Vi = -1, Vo =1,¢; = 0.4
and correlation from top to bottom p;5 = 0.6,0.1, 1.0 and (right column) V; = —2.5,
V3 =5, ¢; = 0.5 and correlation from top to bottom p12 = 0.5,0.1,0.9.

in different energy ranges and it is not restricted to the vicinity of the critical energies
in the thermodynamic limit. As expected, the enhancement of transmission occurs
in the whole configurational space of the binary wire as revealed by the transmission
efficiency,

1 k2
T = — / T(k)dk. (4.55)
ko — k1 Ji,

The minimum intensity of the transport is found around the completely random lines
whereas the correlated configurations perform always better (figure 4.26 on the next
page). The patterns of the enhancement are similar to those of the delta model al-
though it must be emphasized that the transmission efficiency may adopt a strong
asymmetric distribution over the configuration space, depending on the species am-
plitudes. This asymmetry is absolutely negligible in the delta model since the delta
potential from the point of view of the transmission behaves essentially in the same
way independently of the sign of the coupling. However provided the atomic poten-

tials are non-punctual and have an internal structure, this asymmetry may be quite
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Figure 4.26. Transmission efficiency over correlation space for binary chains: (a)
Vi = —2.5, Vo = 5 and integration interval [0,3.7], (b) V; = 2.5, Vo = 5 and
integration interval [0, 3].

noticeable since a potential well performs a better transmission than a potential bar-
rier, and the same thing happens comparing barriers of different heights. Therefore
the transmission efficiency naturally registers a global lift or a global decrease de-
pending on whether the concentration of the species that is more tolerant with the
transmission process is larger or less than 0.5.

Then the enhancement of transmission in finite wires is a fact. And the reason is
that the short-range correlations modify the localization in the thermodynamic limit
in such a way that the fluctuations of the Lyapunov exponent for a finite system cause
an important increase of the number of states whose localization length (&) is larger
than the system size (L). This seems to be a universal effect of this sort of correlations
independently of the atomic model. Additionally, once the compositional species and
the concentrations of the wire are fixed, the correlations can be chosen to localize to
a certain extent the improvement of transmission in a particular energy range. Let us
also remember that the amplitude of the fluctuations of the Lyapunov exponent and
therefore the number of states with £ > L only depends upon the length of the system.
Hence in all the calculations only one realization of the disorder has been considered
for each configuration.

As the length of the wire grows the completely random chain displays the fastest
decay of T, whereas the correlated situations show higher efficiencies for all lengths,
as can be seen in figure 4.27. The relative differences ATy = Tor — Tegr(R) as a
function of the length, where (R) means the completely random value, reveals that
the effect of the correlations is generally maximized for short chains.

From the analysis made on the Poschl-Teller wires and the delta wires, it must be
remarked that the effects described of this type of correlated disorder are essentially
independent of the potential model.
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Figure 4.27. Transmission efficiency vs length for different configurations of a
1000-atom binary chain with parameters (a) V; = —1, Vo = 1, ¢; = 0.4, integra-
tion interval [0,1.75] and (b) V; = —2.5, Vo = 5, ¢ = 0.5, integration interval
[0,3.05]. (R) marks the completely random situation. The inset shows the relative
differences AT = Tegr — Tett(R)-

4.5 Concluding remarks

In this chapter the Poschl-Teller potential has been considered to build one-dimensional
quantum wires. Let us briefly summarize the results:

e The transmission matrix of the Poschl-Teller potential has been constructed in
its asymptotic as well as in its cut-off version. Using the former the peculiari-
ties of the potential has been described whereas the latter has made it possible
to assembly an arbitrary number of atoms to study different atomic potential
profiles.

e The properties of the disordered wire in the thermodynamic limit have been
thoroughly studied using the canonical equation and the functional equation
formalism.

e Fractality of the density of states has manifested itself as a universal property of
the spectra of disordered systems and it seems to be related to the discretized
nature of the distributions of the parameters characterizing the disordered sys-
tem.

¢ Different types of extended electronic states, defined as CBE-resonances and
commuting-resonances, have been described for the disordered system. Their
different features have been studied in detail in the thermodynamic limit and
for finite realizations of the chains. The appearance of extended bound states
belonging to the negative spectrum of the disordered wire has also been re-
vealed.
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e The building of a wire exhibiting a continuum of delocalized states for positive
energies has been described. The array is composed of resonant wells and its
implementation is quite versatile since many parameters of the system can be
varied without any restrictions and of course its behaviour is absolutely inde-
pendent of the random or correlated character of the sequence. The DOS for
this system in the thermodynamic limit has been analytically obtained.

e Finally, short-range correlations have been introduced in the system, showing
that the effects of the type of correlations proposed and its significant implica-
tions on the transmission efficiency of finite samples, are independent of the
potential model.



CHAPTER D

Quantum wire with complex
potentials

Non-Hermitian Hamiltonians and complex imaginary potentials are often used with
different purposes. They lead to the appearance of new features in the behaviour
of systems whose description can be sometimes related to dissipative processes. On
the other hand the question of whether it is possible to define a less restrictive con-
dition than Hermiticity to build Hamiltonians describing real physical situations is a
subject of an intense research. The aim of this chapter is twofold. First a purely
academic study on the characteristics of a periodic system under the requirement of
PT -symmetry is performed. More general non-Hermitian Hamiltonians are later on
considered to try to describe electronic absorption in one-dimensional structures.

5.1 P7T-symmetric periodic wires

Several years ago, it was claimed that the reality of the spectrum of certain non-
Hermitian Hamiltonians was due to P7 -symmetry [22]. That is the Hamiltonian is
invariant under the joint action of parity (73) and time-reversal (7A’ ) operators. For
a complex local potential, (z|V(z)|z') = V(2)d(z — '), the requirement of PT-
symmetry imposes V(z) = V*(—z), which means that the real part of the potential
must be symmetric and the imaginary part antisymmetric [150]. Different classes of
‘PT -symmetric Hamiltonians have been studied exhibiting a real and bounded below
discrete spectrum [23], though in some cases for a range of parameters complex eigen-

values do occur which are associated with a spontaneous breaking of P7 -symmetry.
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There have been various attempts to demonstrate that P7 -symmetry can be under-
stood most conveniently using the theory of pseudo-Hermitian Hamiltonians (see ref-
erence [144] for a review about the physical aspects of pseudo-Hermitian quantum
mechanics) and that a quantum system possessing P7 -symmetry is equivalent to a
quantum system having a Hermitian Hamiltonian [146]. Nevertheless some contro-
versial points are still part of the theory [145].

The examples of P7-symmetric quantum Hamiltonians so far existing in the lit-
erature rely more on aspects concerning the discrete spectrum and bound states
[191, 21, 20] although there has been some or other attempt to extend the discus-
sion to states of the continuum spectrum [53].

Our aim is to perform band structure calculations by using P7 -symmetric Hamil-
tonians. As has been well known for years, a Hermitian periodic potential cannot
alter its band spectrum just by fine tuning the parameters. The bands can indeed be
made wider or narrower but their number and quality (forbidden or allowed) remain
unchanged. The physical idea is indeed whether this behaviour would be maintained
if a P7 -invariant potential is used. It was shown in an earlier work how for a certain
PT -symmetric periodic Hamiltonian the band condition remained real [24], however
the results concerning the appearance of removal of bands were inconclusive.

To tackle the given problem we have the use of an analytical band condition for
a simple one-dimensional model that can be easily extended to the P7 -symmetric
domain.

5.1.1 The model

Let us begin with a brief remainder of the model presented in section 3.2 correspond-
ing to an infinite periodic potential whose primitive cell is made out of N equally
spaced deltas with different real couplings. If the spacing is @ and a; = #?/ma; is the
length associated to each coupling («;), the band structure can be written as

cos(Ngqa) = B(e;ay,...,an), 5.1

where ¢ € [—7/L,n/L] defines the first Brillouin zone (1BZ) in the reciprocal space,
and the band condition B(e; ay, ..., ay) is defined in equations (3.12) in terms of the
elementary functions h;(e) = cos(e)+(a/a;)sin(e)/e and € = ka being a dimensionless

representation of the energy. Let us list below, for the benefit of the reader, the first
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three conditions for the cases N = 2, 3 and 4.

cos(2ga) = 2hihg — 1, (5.2)
COS(3QCL) =4 hihohs — (h1 + hg + hg), (5.3)
COS(4QCL) = 8 hihohshy — 2(h1h2 + h1hg + hohs + h3h4) + 1. (5.4)

The next step is to add P7 -symmetry to this model. In order to do so we include
the following changes:

e Promote the couplings from real to complex: (ai) — rj +1s;.
J

e Order the potential in a P7 -invariant form, that allows us to choose a P7 -
symmetric primitive cell. This leads to the following identifications (* means

complex conjugation):

hny = hi,
hn-1 = h3,
h%H: h*%, even N
hyei = hiyq, odd N.
2 2

It is easy to check that equation (5.1) remains real under these identifications, which
make obviously the periodic potential complex but P7 -invariant. In order to analyse
the band structure, one has to assert whether the band condition B(e;aq,...,ay) is
above (below) +1 (—1). In the model of reference [24] this appears a very hard task
indeed as the authors do not have at their disposal an analytical band condition, so
they must carry out various kinds of approximations. In our case several analytical
and numerical analysis can be performed in order to check the dependence of the
band width and the band number on the key parameter that arises in the model: the
imaginary part of the complex couplings.

5.1.2 The band condition for couplings with non-vanishing imaginary
part

In order to understand the effect of the imaginary part of the couplings on the band
spectrum, one must analyse in detail the behaviour of the band condition. Let us
begin with the simplest P7 -symmetric chain including 2 deltas in the primitive cell

characterized by the parameters (a/a;) = r1+is; and (a/a1)* = r1 —is;. This case has
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been also studied considering different distances between the deltas [6]. The band
structure is entirely determined by the function B = 2 h;h] — 1, which can written as

252 sin?(e)

. (5.5)

€

The term due to the imaginary part is always positive and it has the effect of lifting
up the band condition for all values of r;. The position and width of the allowed
(forbidden) bands come from the intersections at B = 1, —1, which depend strongly
on the position of the maxima and minima of the band condition. The changes on
these limiting points can be analytically described in this case.

From the equation dB/de = 0 one can find the value of the oscillatory part of the
band condition (i.e. the trigonometric functions) as a function of ¢ and substituting
into B with a properly choice of signs will result in an analytical form for the curves
crossing the extremal points of the band condition,

Cr=2fufi—1, (5.6)
where C (C_) lies on the maxima(minima) and the functions f, are defined as fol-
lows:

fi = 1 [\/57"1(7"1 —is1) + (Fi — 27‘262)%] (5.7)
\/F_i 1 ) .

Fo=ri+ i+ +20r +12 —s))e2 + ¢

(5.8)

1
2

+ (1] — 7} — 57 4+ €2) [(r1 + rE 452 4+ 2(r + 17 — s2)e? + 64]

Hence, the behaviour of the band condition can be studied through the evolution of
C. Taking the limit s; — 0 we obtain

2rf 24 r) €

hm C+ =1 + B} 720 (59)
510 “r2+r)teE+ 3

lim C_ = —1. (5.10)
s1—0

The real part of the couplings controls the amplitude of the oscillations (and therefore

the distance between C'; and C'_) but the minima will always lean on B = —1 unless

the imaginary part is non-zero. Thus as we increase s; the minima will rise, as can be

seen in figure 5.1(a), and they never touch —1 since lim. .., C_ = —1. On the other

hand, considering r; — 0, after some algebra one obtains
-1+ 2—52% sitels S%(i_ 2¢) for e < sy,

lim C} = st et +s3(E - 2¢2) (5.11)

r1—0

1 for € > sq,
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Figure 5.1. Band condition for N =2 whens~rin(a) r; =5,s; =4and s > r
in (b) 71 = 0.5, s; = 15. The coloured lines correspond to C'..

and for C_ the limit is the same as for C'; but interchanging with respect to the
intervals in e. Thus for an imaginary part of the coupling large enough compared
to the real one the band condition goes above +1 for energies below the value s;.
Figure 5.1(b) shows this last configuration. In fact the situation s; > ry can be easily
understood from the form of the band condition that can be written in this limit as

B:—1+2—?+20052(m) ( —%) , (5.12)
€ €
which shows clearly the boundaries when ¢ < s1 : 1 < B < —1 + 252 /¢ saturated
ate = nmand € = (2n + 1)§, n € Z, respectively. For ¢ > s; the boundaries simply
interchange among them. Due to the nature of the functions & (¢) the band condition
is always tied up to the value +1 at every multiple of 7 for all r1, s1, as figure 5.1(b)
clearly shows. Several configurations of the spectrum such as those in figure 5.1 can
be built for different values of the complex coupling.
Let us now consider a P7 -symmetric chain whose primitive cell includes 3 atoms
characterized by the parameters (a/a1) = r1 +1is1, (a/a2) = ro and (a/a;)*. The band
condition function reads B = 4 hihiha — (h1 + h{ + ha). This can be arranged as

452 sin?(e) [e cos(€) + o sin(e)] .

B=B(s; =0)+ = (5.13)

The extra term arising from the imaginary part of the coupling can be either positive
or negative depending on the value of ro and the energy. The effect of s; is differ-
ent compared to the previous case although there is only one imaginary parameter.
The structure of the band condition seems to be composed by pieces each one includ-
ing 3 different types of extremal points, as figure 5.2(a) shows, each type apparently
following a given pattern. The curves crossing the extremal points of the band con-

dition can also be analytically calculated in the N = 3 case but the expressions are
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Figure 5.2. Band condition for N = 3 for different values of the couplings. Each
type of extremal point is labelled with a different colour. (a) r1 =4, ro =5, 51 = 3,
(b)’l“l :3,7“2 :2,81 :5, (C)Tl :3,7“2 :2,81 :25, (d)’l"l :10,7“2:10,81 = 25.

quite hard to simplify and therefore we do not provide the explicit form of the equa-
tions. Three curves are obtained, one for each type of extremal point. Initially when
s1 = 0 all the extremal points are outside or on the borders of the range [—1,1]. As
we increase the imaginary part, the amplitudes of two of the three types of extremal
points begin to decrease (green and red in figure 5.2(b)). At the same time as s;
becomes larger the green and red curves get narrower with decreasing energy until
e ~ s1. Below this value the curves broaden trying to expel the extremal points of
the band condition outside the target range (figure 5.2(c)). From the form of B it is
clear that the even(odd) multiples of 7= will remain fixed to 1(—1). The efficiency of
this expelling process depends upon the values of the real couplings as they control
the amplitudes of the oscillations. One can stretch the maxima and minima (up and

down respectively) increasing r1, ro, as shown in figure 5.2(d).

Several configurations can be obtained among those shown in figure 5.2 and one
important feature must be emphasized: the band condition always changes ‘symmet-
rically’ with respect to the abscissa axis. That is, there is the same amount of positive
and negative function whatever the values of the couplings are. In fact the curves ly-
ing on the extremal points show an exact reflection symmetry around the energy axis.
This is in great contrast to the NV = 2 case where the band condition can be pushed
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Figure 5.3. Band condition for N = 4 with different values of the couplings. The
coloured lines are intended to clarify the behaviour of different groups of extremal
points. (@) r1 =3,72=2,81=0,8=0,((b)r1 =3,r2 =2,5 =9, 529 =2, (c)
rm=3,19=2,8=4,50=25(d)ri =3,r9 =2, 51 =20, s = 21.

up above +1 for certain couplings. Thus when s; > r1, ry there will always remain a

trace of the original permitted energy ranges in the form of ‘flat’ bands.

The first chain for which two different imaginary couplings can be manipulated is
the one with N = 4 atoms inside the primitive cell: (a/a1) = 1 +is1, (a/a2) = ro+isa,
(a/az)* and (a/a1)*. In this case we have not calculated analytically the curves cross-
ing the extremal points. Nevertheless a pictorial approach for some of the curves has
been included in the graphics for a better understanding of the tendencies of change.
The initial situation (s; = sy = 0) is a common one for a periodic chain (figure 5.3(a))
and two different group of extremal points can be distinguished. As we increase the
imaginary part of the couplings one group of extremal points starts to decrease and
the band condition lifts up globally (figure 5.3(b)). The effect of the two imaginary
parts is quite similar. When both of them have comparable values the two groups
of minima follow the same tendency moving the band condition upwards. However
if one imaginary part grows much more than the other one, several minima stretch
down in a region of energy roughly included in sg,a; < € < Siarge (figure 5.3(c)).
Finally when s1, s3 > r1, o one can force the band condition to go above +1 (keeping

our well known knots at ¢ = n) in a certain energy range which depends on the val-
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Figure 5.4. Band condition for a P7 -symmetric chain with N = 5. (a) r; = 4,
T2:1,T3:1,81:20,82:5, (b)’l"l:4,7“2:2,7“3:3,81:10,82:20.

4

Figure 5.5. Band condition for a P7 -symmetric chain with N = 6. (a) r; = 5,
T2:3,7’3:4,51:2,82:5,83:4, (b)?"l:1,7’2:2,7"3:0.5,51:10,52:11,
S3 = 12.

ues of the imaginary parts of the couplings (figure 5.3(d)), approximately the same
way as for the N = 2 case. Unlike the NV = 3 example the band condition can be
unbalanced to positive values with a proper choice of the parameters.

The band condition has been also studied in detail for N = 5 and N = 6. Its
behaviour gets really complex as the number of atoms grows. In figures 5.4 and
5.5 some characteristic examples are shown. For N = 5 the band condition shows
five types of extremal points that evolve ‘symmetrically’ around the abscissa axis as
we change the imaginary couplings. For N = 6 three types of maxima and minima
appear and for large enough values of the imaginary couplings the band condition is
greater than +1.

To summarize this mathematical analysis of the band condition let us now list

some of the most salient features:

e The band condition is composed of pieces integrated by N (/V/2) extremal points
for odd(even) N. Each extremal point belongs to a group that evolves differently

according to the values of the imaginary parts of the couplings.
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e For odd N the band condition is ‘symmetric’ around the abscissa axis for all
values of the couplings. Therefore, some permitted levels always remain as a
part of the spectrum.

e For even N the band condition can be expelled out of the target range for certain
values of the couplings, so removing the allowed bands.

e For ¢ = nr the band condition is fixed to +1 or —1 depending on the parity of
N and n for all values of the couplings.

e The real parts of the couplings are always proportional to the amplitude of the
oscillations.

Even with all the included figures, it is hard to make a complete explanation of the
behaviour of the band condition that otherwise can only be fully understood watching
some proper animations of the function. This is the procedure we have followed to
support the results.

5.1.3 The band structure and the electronic states

Let us now make some comments about the band structure. One important feature
that stands out from the above examples is the presence of maxima(minima) inside
the target range (—1,1). This fact involves the presence of points in the reciprocal
space where the gradient of the energy diverges, that makes the physical interpreta-
tion of the Hamiltonian not so straightforward. Probably some additional restrictions
have to be imposed on the P7 -symmetric Hamiltonian. These special points also
cause some changes on the form of the bands, which are always understood as the
ensembles of states and energies labelled with a certain index (n for the n-th band).
Every point of the Brillouin zone must represent a physical state on every band. There-
fore for a certain value qa let us label the eigenenergies of the Hamiltonian following
an increasing order (e;(ga) < e2(ga) < ...). This procedure leads unavoidably to the
definition of bands whose dispersion relations are not continuous over the reciprocal
space, as seen in figure 5.6(a). Of course the choice of the band indices is not unique
but none of them will be free of these discontinuities.

On the other hand those pathologies can be avoided if one restricts one’s working
scenario to a small range of energies. In that case the imaginary parts of the couplings
can be tuned to modify essentially the spectrum of the system removing or decreas-
ing gaps to change virtually its response to transport phenomena (figures 5.6(b) and
5.6(c)).
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Figure 5.6. Band structure in the irreducible part of the first Brillouin zone for
different chains: (a) N = 3 with vy = 1, o = 2, s; = 3. Different colours show the
first four bands. (b) N = 5withr; =4, 79 = 2,73 = 1, 51 = s = 0 (red) and
s1 = 0.775, s = 0.1 (blue). (¢) N =6withr; =5,70 =2,73 =3,51 =853 =53 =0
(red) and s; = 1.613, so = 0.12, s3 = 0.3 (blue).

One can also wonder about the form of an electronic state belonging to such a
characteristic spectrum. It is not hard to calculate analytically the wave function
inside the primitive cell as a function of the position and the energy with the help of
the computer for low N. To our surprise we have found that the imaginary parts of
the couplings behave as control parameters of the distribution of probability of the
electronic states inside the primitive cell. Thus one could tune these parameters to
decrease the probability of presence in several sectors almost to zero or distribute it
more homogeneously over the primitive cell, as shown in figure 5.7(a). Also for non-
vanishing imaginary parts of the couplings the dependence of the state on the energy
seems quite strong as a small variation of this energy can involve an important change
in the shape of the state (figure 5.7(b)).

5.1.4 Concluding remarks

In this section the band structure of a periodic delta model with complex couplings
exhibiting P7 -symmetry has been analysed:

e The band condition of the non-Hermitian Hamiltonian remains real under the
requirement of P7 -symmetry .

e Appearance and removal of bands, impossible in the robust Hermitian models,
have been clearly described analytically and graphically for a low number of
deltas (V) in the primitive cell. For arbitrary N the band condition seems to
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Figure 5.7. Electronic wave functions normalized to 1 inside the primitive cell of
different P7-symmetric chains. (a) N = 3 with r; = 5, ro = 3. s; = 0(blue) and
s1 = 19(red) at e = 5.2. (b) N =4 withr; = 3, 79 = 4, s1 = 5, s5 = 8.1 for different
energies: ¢ = 2.95(red) and ¢ = 3.13(blue). The deltas are placed at the integer
multiples of a.

evolve with the imaginary couplings according to a well-defined set of rules.

e The imaginary parts of the couplings play an important role in the way the band
structure gets distorted and also have a significant effect on the form of the
electronic states.

5.2 Absorption in atomic wires with non-Hermitian Hamil-
tonians

The inelastic scattering processes occurring in mesoscopic samples as a consequence
of a finite non-zero temperature can noticeably change the coherent transport finger-
prints of these structures. The worsening of electronic transmission due to such effects
is expected but in some situations the competition between the phase-breaking mech-
anisms and the quantum coherent interferences can improve conductance in certain
energetic regimes. This is the case, for example, of disordered structures. This fact
has attracted much attention in the study and modelling of dissipative transport in
one-dimensional structures. Interest is also prompted by experiments currently being
carried out on real atomic chains [5].

A model of parametrized scatterers coupled through additional side channels to
electron reservoirs incorporating inelastic scattering events was initially proposed by
Biittiker [30, 32], and much work has been done along this line [119, 139, 140, 102].
On the other hand, inelastic processes can be modelled by small absorptions which
in turn can be described by extending the nature of the quantum potentials to the
complex domain. In this section we shall include absorptive processes by performing
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these complex extensions on different quantum wire models.

In the framework of one-dimensional atomic chains, non-Hermitian Hamiltonians
have been introduced for example in the study of electronic conductivity, using com-
plex site energies and frequencies [39, 181, 41, 101], or also to design composite po-
tentials behaving as perfect absorbers for certain energies [153]. But non-Hermitian
Hamiltonians have also been used to account for a large variety of phenomena, such as
wave transport in absorbing media [85, 54], violation of the single parameter scaling
in one-dimensional absorbing systems [61], appearance of exceptional points in scat-
tering theory [100, 56], description of vortex delocalization in superconductors with a
transverse Meissner effect [96, 97] or more phenomenologically with nuclear optical
potentials. Imaginary potentials also play a significant role for modelling time observ-
ables [149]. In fact a model of time-of-arrival measurement by fluorescence from a
two-level atom excited by a laser beam has been recently proposed [42, 152, 43, 151]
that in certain regimes can be exactly and rigorously described by local complex po-
tentials [158]. An interesting modern review on complex potentials and absorption
in quantum mechanics has appeared recently [150] and we address the interested
reader to this publication and references therein.

5.2.1 The Schrodinger equation for a complex potential

Let us consider a one-dimensional complex potential of finite support V(z) = V,.(z) +
iVi(z) (V(£o0) = 0). For the stationary scattering states, the density of the current

flux is proportional to the imaginary part of the potential

dJ 2 9
= V@@, (514
where J(x) is defined as
) = g (w0 T - v ). (5.15)

Therefore, in the presence of a non-vanishing V;(z) the unitarity relation regarding
the transmission and reflection probabilities T'(E) + R(E) = 1 is no longer valid. One
can still recover a pseudounitarity relation by defining a quantity that accounts for the
loss of flux in the scattering process. Dealing with the asymptotic state \Ifﬁ(—oo) =
h rL(k)e= % Wl(+00) = t(k)e*™, one can write the asymptotic values of the flux
as

_ hk I
J oo = — (1—-R"(k)), (5.16)

o = Ky, (5.17)
m
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yielding the relation

m
Tk
This latter equation remains the same for the right incidence case (with R (k))
when the asymptotic state takes the form U(—oo) = t(k)e %, U (4+00) = e7h® 4
rf(k)el**. Using equation (5.14) the flux term reads

T(k) + RE(E) + — (Jooo — Joo) = 1. (5.18)

ALE(jp) = —% Z%(m)|\ll£’R(m)|2dx _ 1= RER(R) — T(k), (5.19)
and it is usually understood as the probability of absorption [7]. But A(k) must be a
positive defined quantity in order to be strictly considered as a probability and this is
not ensured by the definition (unless V;(x) < 0 for all ). The sign of A(k) depends
on both the changes in sign of the imaginary part of the potential and the spatial
distribution of the state. Although a negative value for A(k) could be viewed as
emission (because it means a gain in the flux current) it also leads the transmittivity
and the reflectivity to attain anomalous values 7'(k) > 1, R(k) > 1, which are difficult
to interpret. Let us also note that the integral representation of the absorption term
is useless for practical purposes, because to build the correct expression of the state
\If£ R (z) one needs to impose the given asymptotic forms to the general solution of the
Schrédinger equation, therefore obtaining the scattering amplitudes, so one cannot
calculate the absorption probability without knowing R(k) and 7'(k).

5.2.2 Chain of delta potentials

Let us first consider the delta model extensively described in chapter 3 and let us now
incorporate the dissipative processes that are always present in real wires, causing
energy losses. We model that effect by including an imaginary part in the potential. In
this case the natural complex extension of our system consists in promoting the delta
couplings from real to complex, thus writing (a/a;) = r; — is;. We also take s; > 0
for all j in order to avoid anomalous scattering. The effect of ordering the complex
couplings in a P7 -symmetric manner on the spectrum of an infinite periodic delta
chain has been studied in the previous section, now let us see what happens in a chain
with open boundaries. In figure 5.8 the usual scattering diagram is shown for a short
periodic chain with real potentials. Including a small imaginary part in the couplings
we see how the transmission pattern is altered with a non-negligible absorption that
peaks at the incoming band edges while the reflectivity is not noticeably changed. This
tendency of the absorption term also appears when several species are included in the
periodic array, and its pattern does not change much if only some of the couplings are

complexified.
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Figure 5.8. Scattering and absorption proba-
02r bilities for one-species delta chains with length
N = 15 and parameters (a/a;) = 1.0 (dashed

lines) and (a/a;) = 1.0 — 0.015i (solid lines).
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Figure 5.9. Scattering process for disordered arrays of 15 deltas with complex cou-
plings. The sequences of the real parts of the characteristic parameters are: (a)
Re(a/a;): 3,1,2,05,3,2,1,3,05,4,5,1,2,2,3, (b) Re(a/a,): —1, —4, =3, —1,
-2, -3, -4, -1, -2, -3, —1, —4, —4, —2 ,—3. The imaginary part of each coupling
has been chosen as Im (a/a;) = —0.01|Re(a/a;)|. The arrows in the legends mark
the direction of incidence.

When the array presents no ordering at all, the graph is quite unpredictable and
different configurations can be obtained. In figure 5.9(a) a peaky spectrum with
very sharp absorption resonances is shown. The scattering process in this case is
strongly dependent on the incidence direction, as can be seen. On the other hand,
smoother diagrams are also possible in which the effect of the complex potential
manifests through an almost constant absorption background and a small change de-
pending upon the colliding side, like the one in figure 5.9(b). This naive model, apart
from being exactly solvable, is powerful enough to account for very different physical
schemes, which makes it a very useful bench-proof structure.
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I L Figure 5.10. Real and imaginary parts of the
S 2 0 2 4 complex Scarf potential.

5.2.3 Dissipative atomic quantum wells/barriers

Let us go one step further and consider a potential that resembles the profile of an
atomic well or barrier. We shall consider the extension of the Poschl-Teller potential
given by the complexified Scarf potential,

V(x)

_ ha? < Vi - sinh (o) > (5.20)

i
2m  \ cosh?(ax) % cosh? (ax)

with Vq,V, € R. Itis a proper complex extension for two reasons: it admits analytical
solutions [118, 40] and its imaginary part is somehow proportional to the derivative
of the real part of the potential. This latter criterion has been considered in nuclear
optical potentials to choose adequate complex extensions. It seems reasonable to
measure the strength of the dissipation processes in terms of the ‘density’ of the real
interaction and therefore writing an imaginary potential that is proportional to the
spatial derivative of the real one. The potential profile is shown in figure 5.10.

The Scarf potential has been extensively considered in the literature, mainly deal-
ing with its discrete spectrum, either in its real and complex forms, from the point of
view of SUSY Quantum Mechanics [36, 134] or focusing on its P7 -symmetric form
[8].

First, a detailed mathematical analysis of the potential, regarding its scattering
properties, must be made to discuss some new features and some assertions that have

been made.

The left scattering amplitudes of the real Scarf potential have been obtained in
terms of complex Gamma functions [118]. Recently, a considerable simplification has

been pointed out [8]. In fact, the asymptotic transmittivity and reflectivity for the
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complex Scarf can be written as

sinh? (27r§)
sinh? (277%) + 2 cosh (2#%) cosh(mg,) cosh(mg_) + cosh?(mg,) 4 cosh?(mg_)
(5.21)
cosh?(mgy )e=2™*/® 4 cosh?(wg_)e?™ /® 4 2 cosh(mg, ) cosh(mg_)
sinh? (277%) + 2 cosh (2#%) cosh(mg,.) cosh(mg_) + cosh?(mg,) 4 cosh?(mg_)
(5.22)

T(k) =

RM(k) =

where g. = /V; £V, — 1/4 and Rf(k) is recovered from R’(k) by interchanging
g+ and g_ (which is equivalent to substituting Vo — —V5 and therefore changing
the direction of incidence). These expressions of course can be derived from the
asymptotic transmission matrix, which we have obtained from the asymptotic form of
the solutions of the Schrodinger equation (appendix E),

i¢ 1 = 3
M= VIt s , (5.23)
is e 1+ s5
where
T 2 (iEY712 (1 4 ik
¢ = - +arg — ]EO‘) ( f’k) (s (5.24)
2 Pe+if)T(b+if)T(1—c+if) T (1 -b+ig)
wk/a —7k/a
o cosh(mgy)e . + cosh(mg_)e ’ (5.25)
sinh(27k /)
s=s(gy = 9g-), (5.26)
with the definitions
1 i 1 i
c=5 =500+ —9-), b=5-5(9++g-) (5.27)
It immediately follows from the transmission matrix that the absorption probabilities
read L, o,
Al(ky = 2275 pR(py = 2225 5.28
(k) 1+s5’ (k) 1+ s5 (5.28)

Unlike the complex delta potentials example, this potential has some drawbacks
that must be carefully solved. Its imaginary part is non-negative defined in its domain,
which might cause anomalous scattering. Only some values of V5 will be physically
acceptable. To ensure that 7'(k) < 1 for all %, it is clear from equation (5.21) that
the necessary and sufficient condition is cosh(mg. ) cosh(mrg_) > 0. The functions g,
g—, can be real or pure imaginary depending on the values of V; and V,. A detailed

analysis of the conditions for physical transmission is presented in appendix E. As
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Table 5.1. Ranges of V, compatible with the condition 7'(k) < 1 for all % for the
complex Scarf potential for certain negative values of V;. The last column includes
the intervals providing physical scattering from the emissive side of the potential.

Vi [Val |Va| emissive
—0.5 [0,0.5] U[1.5,5.5| U[11.5,19.5] - -- [0,0.5]

~1 [0,5] U [11,19] U [29,41]- -- ?

—2.4  [0,0.4] U[2.4,3.6] U[9.6,17.6]---  [0,0.4] U[2.4,2.569]
-3 [0,1]u{3}yuUl9,17]--- [0,1]

—4 [0,4] U [8,16] U [26,38] - - - [3.606, 4]

-5 [0,1] U[3,5| U[7,15]- -- [3,4.123] U [4.472, 5]

a summary, let us say that for V; > 0 (barriers) , the evaluation of the condition

translates into
Vo] € [0, V1] U [2n(2n — 1) + V1, 2n(2n 4+ 1)+ V4], neZt. (5.29)

For V1 < 0 (wells) the situation becomes more complicated and the result can only be
expressed through several inequalities, each one adding a certain allowed range for Vo
(see appendix E). As an example, in table 5.1 we show the compatible ranges of V5 for
a few negative values of V. One can trivially check the compatibility of the intervals
presented for V, with the condition 7'(k) < 1 for all k& by plotting equation (5.21).
In a two dimensional plot of |V5| versus V1, the physical ranges for the transmission
distribute as alternating fringes and a funny chessboard like pattern (figure 5.11 on
the following page).

One feature to emphasize according to the conditions given for acceptable trans-
mission is the fact that the number of permitted intervals for V5 is infinite for any
V,, either positive(barrier) or negative(well), and therefore there is no mathemati-
cal upper bound on |V,|(|V§1ic|) above which the transmission probability always
becomes unphysical, contrary to what has been reported recently [8]. From a phys-
ical viewpoint of course, a sensible limitation must also be imposed on V,, usually
[Vao| < [V4.

Let us see now what happens with the reflectivity. We assert that for the values of
V; and V, preserving a physical transmission, one of the reflectivities of the system
remains physical (i.e. R(k) < 1 — T'(k) for all k), left or right, depending on the par-
ticular values of the dimensionless amplitudes (or equivalently, one of the absorptions
takes positive values for all k). The statement is easy to prove from equations (5.28)
and more specifically reads: when T'(k) < 1 for all £ (i.e. cosh(mgy)cosh(mg_) > 0),
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Figure 5.11. Scattering diagram for the complex Scarf potential in terms of the
potential amplitudes. The physically acceptable ranges for V;, Vo, correspond to the
shaded zones. The curves are the inversion lines given by equation (5.33). The black
points mark the correlated values of the amplitudes (equations (5.32)) generating a
fully transparent behaviour.

then

| cosh(mg_)| < |cosh(mgy )| = AL(k)

. VEk, (5.30a)
| cosh(mg_)| > | cosh(mgy)| = AL (k) VEk

(5.30b)

Considering V; > 0 and V, > 0 it is not hard to see that the first of the above
inequalities always holds. Therefore, in the case of a potential barrier the scattering is
always physical from the absorptive side (trough of the imaginary part), as has already
been stressed [8]. More interesting is the fact that this conclusion cannot be extended
to the case V; < 0 (well). In this case the physical scattering sometimes occurs from
the emissive side (peak of the imaginary part), producing smaller absorption terms.
In table 5.1 a few examples of V, intervals providing physical scattering from the
emissive side for some potential wells are shown.

Another interesting feature that must be observed is that there exists a set of cor-
related values of V1, V5, for which the complex Scarf potential behaves as fully trans-
parent (i.e. 7'(k) = 1 for all k). The condition for this to happen is from equation
(5.21) cosh(mg4) = cosh(mg—) = 0. Thus, the main requirement is that g, and g_
must be pure imaginary, yielding in this case the transparency equations

1
cos (77\ / 1 Vi £ Vg) =0, (5.31)

[(2m +1)*+ (2n+1)?], (5.32a)

whose solutions are

[(2m+1)* - (©2n+1)%], m,neZ (5.32b)
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Table 5.2. Some correlated values of V;, Vs, producing the fully resonant be-
haviour of the complex Scarf potential. The particular Poschl-Teller resonances are
in square brackets.

(=V1,[Va|)

(1,1)  (3,3) (6,6) (10,10)  (15,15)
2,0]  (4,2) (7,5) (11,9)  (16,14)
[6,0]  (9,3) (13,7)  (18,12) (24,18)
[12,0] (16,4)  (21,9)  (27,15) (34,22)

It is worth noting that the transparencies only appear for potential wells (V1 < 0).
Considering the particular case n = m one recovers the Poschl-Teller resonances. In
table 5.2 the first values of equations (5.32) are listed explicitly.

The absorption obviously vanishes for all energies when considering these special
resonant values of the potential amplitudes. Surprisingly, there also exists another
set of non-trivial correlated values of V1, V, for which the potential is non-dissipative
(A(k) = 0 for all energies) without being fully transparent. This set of values satis-
fies cosh(mg;) = cosh(mg_) # 0, as can be seen from equations (5.28). Non-trivial

solutions exist when g, g € C, yielding

|Vo| =nv/1 -4V —4n2, neZ™. (5.33)

Let us also notice from equations (5.30) that the latter points are also the borders
where the physical scattering changes from the absorptive side to the emissive side
or vice versa. We shall refer to these borders as inversion points (IP). Therefore,
whenever we encounter an IP we can say A(k) = 0 for all k£ without a fully transparent
behaviour, and hence a non-dissipative scattering process for all energies with a non-
vanishing imaginary part of the potential. Let us note that from equation (5.33) the
IPs only appear in the case of Scarf potential wells and only for |Vo| < 1/4 — Vj.
In figure 5.12 the characteristic scattering probabilities are shown for a Scarf barrier
and a Scarf well, and in figure 5.13 the maximum value of the physical absorption
is plotted versus |Vs| for different values of V;. When V; is positive the absorption
grows with the amplitude of the imaginary part of the potential. On the other hand,
for negative V; a strikingly different pattern arises, with transparency points (TP) and
inversion points (IP) and the absorption does not increase monotonically with |V|.

The whole behaviour of the scattering can be clearly understood by building a two
dimensional diagram [Vs| versus V; (figure 5.11 on the preceding page), including

physically permitted ranges, inversion lines and the points of transmission resonance.
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The complex Scarf potential shows two opposite faces to scattering, namely barrier
and well, and a much richer structure in the latter case.

After this detailed analysis of the peculiarities of the complex Scarf, let us continue
with our work on connecting several potentials to model dissipative atomic chains.
The procedure is the same as the one described for the Poschl-Teller potential in chap-
ter 4. In this case a symmetric cut-off of the potential is taken, the portion included in
the interval [—d, d]. Then from the asymptotic matrix it follows that the cut-off matrix

reads, according to equation (2.10),

M — ei(¢+2kd)\/1 + ss —1s
B is e~i(@t+2kd) /TGS )

in terms of the previously defined quantities ¢, s and 5. It can be checked that the

(5.34)

half-widths d,/, of both the real and imaginary parts of the potential coincide and
that the decay of the imaginary part is always slower than that of the real part (figure
5.10). This causes an increase in the minimum value of the cut-off distance dy with
regard to the Poschl-Teller case. For a sensible wide range of the potential amplitudes
we have found that considering do ~ 3d,/, = 5.3/a is enough in most cases. In fact,
this minimum value can be relaxed in the case of potential barriers (V; > 0), whereas

for potential wells taking d below this value to apply the connection equations may
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Figure 5.14. Scattering probabilities for double Scarf potentials with parameters
a = 1(z~! units), V1 = 2, Vo = 1 for barriers and o = 1(z~! units), V; = —4,
Vo = 3.1 for wells. The solid lines were obtained from the analytical composition
technique and the dashed lines correspond to the exact numerical integration of the
Schrodinger equation for the global potential. The insets show the potential profile
(in arbitrary units) for each case: solid line for the real part and dashed line for the
imaginary part. The vertical lines limit the portion of the potential that the compo-
sition technique takes into account. Notice that for low d the exact integration may
lead to unphysical scattering. As d is increased an acceptable scattering is recovered
and both methods give the same result. In the case of potential barriers the analytical
composition technique works impressively well even for very low values of d.

sometimes distort the results. The correct behaviour of the connection procedure for
d > dy can be observed in figure 5.14, where the scattering probabilities obtained
upon integrating the Schrodinger equation numerically for the global potential are
compared with those given by the analytical composition technique, for two potential
barriers and two potential wells with different choices of the cut-off distance and with
high values for |V3|. Notice how in the barrier example the agreement between both
methods is completely reached for d ~ 2d, ;; whereas for potential wells a further step
is needed since the minimum value of the cut-off is more critical.

Once the connection of potentials has been successfully made, one should ask
which are the ranges of the potential amplitudes that provide an acceptable physi-
cal scattering in this new framework. Analysis of this issue is very non-trivial and

quite complex analytically, but also very important because it determines whether this
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model remains useful when considering atomic chains. First, in the case of two po-
tentials we have observed that choosing each individual pair of amplitudes (V1, V3)
belonging to a physical range, and selecting the signs of the imaginary parts so that the
physical faces of both potentials point in the same direction, then an acceptable scat-
tering for the composite potential can always be recovered at least from one of the two
possible orientations (both physical faces to the right or to the left). In other words,
considering that the incident particle always collides with the left side (it comes from
—o0) and therefore orientating the individual physical faces to the left, then at least
one of the sequences V;(z)—Vrr(z) or Vir(z)—Vi(x) gives an acceptable scattering for
all energies. We have checked this assertion for a broad variety of Scarf couples. For
a higher number of potentials the situation becomes more complex but a few pseudo-
rules to obtain physical scattering can be deduced. For an arbitrary chain we have
found that in many cases the left scattering remains physical as long as: the left scat-
tering of each individual potential is physical and the left scattering of each couple of
contiguous potentials is physical. This recipe seems completely true when composing
potential barriers only, whereas when wells are included it fails in some situations,
especially when several contiguous wells are surrounded by barriers. Although at the
beginning it may appear almost random to recover a physical scattering from a large
composition of Scarfs, following the given advices it turns out to be more systematic.

Let us remember that the composition procedure, apart from being a powerful tool
for numerical calculations also provides analytical expressions for the scattering prob-
abilities, which of course adopt cumbersome forms for a large number of potentials
but are useful for obtaining simple expansions for certain energetic regimes. Just as
an example, the transmittivity and left reflectivity for the double Scarf read

1
T(k , 5.35
( ) 8%82 ( + 51S )( + 8252) — 28152\/1 + 8151\/1 + 59592 COS(CI)) ( )
RL(k) 52(1 + 5982) + 53(1 + 5151) — 25152/ 1 + 5151/1 + 5252 Cos(q))7 (5.36)

5252 + (14 5151) (1 + s9852) — 28152v/1 + 81511/1 + 8252 cos(P)

where & = ¢; + ¢2 + 2k(d; + d2) and making use of the previously defined terms
s, s and ¢. Just like for the Poschl-Teller potential, the formulae for the compos-
ite scattering probabilities analytically account for the fully transparent behaviour of
the whole structure as long as there is resonant forward scattering of the individual
potential units. Another curious feature arises when composing different potentials
whose amplitudes describe an inversion point. In this case the whole structure re-
mains non-dissipative as can be seen in figure 5.15. Moreover, the complex Scarfs at
these points behave completely as real potentials, providing an acceptable scattering
for the composition that is independent of the incidence direction for any sequence of
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Figure 5.15. Composition of Scarfs with dif-
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Figure 5.16. Periodic chain of 20 complex
Scarfs with parameters o = 1(z~! units),
Vi =2, Va =0.02 (solid lines) and V5 = 0.05
(dashed lines) and cut-off distance d = 6(x

k (x" units) . units).

the individual Scarfs.

Considering larger Scarf chains with small imaginary parts of the potentials, in the
case of a periodic array we observe that the absorption term remains flat over a wide
range of forbidden bands and oscillates inside the permitted ones. The variations in
the absorption are entirely balanced by the reflectivity while the transmittivity is sur-
prisingly not affected by the presence of a small complex potential, as can be seen in
figure 5.16. This behaviour contrasts strongly with the periodic chain of complex delta
potentials, where the absorption was completely different and it was the reflectivity
that was little affected by the dissipation (figure 5.8 on page 126). For an aperi-
odic sequence the situation is quite different, as expected. In figure 5.17(a) a type of
molecular aggregate is modelled with complex Scarfs. It exhibits a peaky absorption
spectrum and a strongly oscillating transmittivity with sharp resonances. In figure
5.17(b) a symmetric atomic cluster has been considered in which the dissipation only
occurs at both ends. The model is quite versatile since very different transmission and
absorption configurations can be obtained by building different structures.

As a final exercise, two examples are included in figure 5.18 on page 137 showing
the evolution of the transmittivity of two different Scarf compositions as a function of
the imaginary part of the potential. The transmission patterns are plotted for differ-

ent values of the parameter ¢ = |V3|/| V1|, which measures the strength of the imag-
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Figure 5.17. Scattering probabilities for a couple of 10-Scarf structures with pa-
rameters o = 1(2~! units) and d = 6(z units) equal for all potentials and amplitudes
(@ (V1,V2): (1,0), (—0.5,-0.005), (—1.3,0.013), (1.8,0.01), (—1.3,0.013), (4, 0.04),
(—2.4,-0.024), (3.5,0.04), (—3.1,0.031), (—=1.5,0.04) and (b) (V1,Vy): (1,0.04),
(1,0.05), (=2,0), (—=1.5,0), (=1,0), (=1,0), (—=1.5,0), (=2,0), (1,0.1), (1,0.1). The
inset shows the real part of the potential profile (arbitrary units).

inary part. The transmission efficiency T = f:f T(k)dk/(ka — k1), corresponding
to the area enclosed by 7'(k) per energy unit, is evaluated in a characteristic energy
range, generally the zone where T evolves until it becomes saturated. The imagi-
nary potential tends to smooth the transmission pattern in the first example (figure
5.18(a), corresponding to a sequence of barriers), causing a slight decrease in the
transmission efficiency for low ¢, although it is finally improved. For a double well
a different effect occurs (figure 5.18(b)). T is always enhanced with increasing ¢
until it reaches a maximum, after which the transmittivity falls with the strength of
the imaginary potential. These effects are very similar to those obtained for the con-
ductivity of a disordered chain in which inelastic processes are included by means
of parametrized scatterers [140, 102] or incorporating imaginary corrections to the
Hamiltonians [41, 181, 101]. As we have seen, complex potentials are useful to model
the effects of dissipative mechanisms in atomic chains. Then it would be specially in-
teresting to implement these complex potentials in long disordered arrays where the
break of the electronic localization regime could arise as a result of the loss of co-
herence due to phase-breaking mechanisms [66, 82, 78, 93], but this task demands a
deeper analysis.

5.2.4 Concluding remarks

In this section dissipative scattering processes have been modelled in various types of

atomic chains using complex potentials. In particular:
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Figure 5.18. Transmittivity for different strengths of the imaginary part of the po-
tentials in (a) a chain with 6 Scarf barriers V| = 4,2,2.5,3,3.5,4and o = 1(z~!
units), (b) a double Scarf well with V; = —1, —1 and o = 2(z~! units). The cut-off
distance in all cases is equal to d = 6(z units). Each imaginary amplitude reads
Vo = €| V4], except the first barrier in example (a) which is maintained real. The
insets show the evolution of T vs the strength of the imaginary amplitudes.

e The absorption probability has been rigorously included to recover unitarity for
the non-Hermitian Hamiltonians.

e The asymptotic transmission matrix of the complex Scarf potential has been
obtained. Using the cut-off version of the matrix, the linear composition of
several potential units has been realized for which exact analytical expressions
of the scattering amplitudes can be written.

e A profound mathematical analysis of the scattering properties of the complex
Scarf potential has been carried out. The ranges of physical transmission have
been analytically obtained and a group of interesting novel features have arisen
such as the existence of parameters for which the potential becomes transparent
for all energies or the presence of inversion points which are the borders where
the acceptable scattering changes from the emissive side to the absorptive side

or vice versa.

e The models proposed are able to include dissipation in the system in a tractable
way. The versatility and richness of the different possible configurations may
have direct applicability for considering molecular aggregates and other struc-
tures with explicit potential profiles. The results suggest that the models might
also be able to account for the loss of coherence in the electronic localization

regime due to phase-randomization events.
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CHAPTER 6

Final discussion

The generalization of some parts of the existing methodology together with the de-
velopment of new tools to treat one-dimensional disordered systems have made it
possible to carry out a thorough analysis of several models of quantum wires. A de-
tailed study of the properties of their spectra and the nature of their electronic states
has been made, and some novel and interesting features have arisen. An itemized list
with the main results is included after each chapter.

We believe that the results presented can contribute to understand better some
of the properties of disordered 1-D systems, but at the same time they require us to
ask new questions (probably more than we had at the beginning!) about the physics
of these structures. Therefore, it is worth to comment on the significance of several
results and discuss future perspectives.

At the present time the theory of disordered systems does not include a unify-
ing mathematical principle comparable to the Bloch theorem for the case of periodic
structures. We would like to believe that the derivation of the universal functional
equations for disordered systems in one dimension may mean a little advance in this
direction. The fact that independently of the potential model it is possible to write a
general set of functional equations which only depend on the distributions defining
the disorder and that characterize the thermodynamic limit of the systems, is to our
minds a result that must be taken into account. And physical relevant quantities such
as the DOS or the localization length can be directly calculated in the thermodynamic
limit from the functional equations. In spite of their formidable aspect the equations
may have analytical solutions in certain cases or they may be useful to extract analyti-
cally information of the systems in the thermodynamic limit. Work along this line will

probably require the use of a tough mathematical formalism but it also could be very
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fruitful.

In the analysis of the different disordered models, it has been found that the dis-
tribution of states in the thermodynamic limit shows a fractal behaviour in certain
energy ranges. Fractality of the DOS seems to be a universal feature of disordered
systems in 1-D, independent of the potential model, and that apparently manifests
itself whenever the distributions of the parameters of the system defining the disorder
are discretized. This assertion has been checked for the delta model and the Poschl-
Teller model, for which fractality of the DOS always appears when the distribution of
the different species is discretized, whereas if one allows one of the configurational
parameters, for example the interatomic distances, to be governed by a continuous
distribution, fractality disappears. The fractal character of the DOS has been con-
firmed numerically by studying the change of the distribution of the energy spacings
between adjacent eigenlevels with the length of the system, as well as via the semi-
variance analysis of the DOS which has been used to quantify the fractal dimension.
It is also remarkable the fact that fractal energy ranges of the DOS are related to
strong localization while extended states always occur, without exception, in smooth
regions of the distribution of states. This fact establishes a link between localization
of states at a given energy and the infinitesimal distribution of available levels around
that energy. A homogeneous infinitesimal distribution of levels facilitates delocaliza-
tion, while if homogeneity at the infinitesimal scale cannot be reached (i.e. a fractal
distribution) then electrons have no chances to be extended. Then, one can wonder
whether it is possible to characterize localization in terms of the nature of the dis-
tribution of states, or if a direct relationship exists between the mean value of the
localization length in an energy range and the fractal dimension of the DOS within
that range. On the contrary it may also happen that fractal dimensions of the distribu-
tion follow more general rules which could be determined by the potential model or
the type of disorder. It would be interesting also to study whether fractality in the DOS
of disordered systems also appears in 2-D and 3-D structures, or on the contrary is a
fingerprint of one-dimensional physics. Further research is then needed to study in
depth these topological features of the DOS, their connection if any with localization

properties and their dependence upon disorder and dimensionality.

The analysis of the quantum wire models has also revealed the existence of isolated
extended states exhibiting very dissimilar characteristics: different critical exponents
for A and DOS, different behaviour of the IPR and different aspect of the envelope of
the state. However they share some common features, like the fact that the number
of states near the resonance with a localization length larger than the system size

scales as the square root of the length of the chain. But the most interesting thing
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is that all extended states found are located at commuting-energies, that ensures
the commutativity of the transmission matrices composing the array. Then one can
conjecture that all extended states in 1-D systems may be commuting-energies of the
spectrum. As we have seen, this common origin is compatible with very different
features of the extended states, and if it were true it would mean to have a very
simple condition to find all possible resonances that can occur in a one-dimensional
disordered system. Of course we must not forget that the additional condition of
belonging to the permitted spectrum of all species of the chain has also to be satisfied
by the commuting-energy. In order to support this conjecture let us see that even
when short-range correlations are included in the disorder, the extended states occur
at commuting-energies. Let us consider for example the famous binary random-dimer
model. One of the atomic species appears always in pairs (dimers), then the matrix of
the dimer reads

(a ﬂ) (a ﬂ) <a2+|a|2—1 2(Re (@) )
_ , (6.1)
g* o)\ of 26" Re(a)  (a*)?+a? -1

where we have used |«|? —|3]? = 1. Then, due to the dimeric structure of the matrix it
is possible that new resonant states emerge in the spectrum at energies for which the
dimer matrix commutes with the matrix of the other species. The simplest case cor-
responds to the situation when the dimer matrix reduces to a multiple of the identity
matrix, and that occurs whenever Re (o) = 0 as can be seen in the above expression.
Then the only left condition to have a resonance is that the energy belongs to the per-
mitted spectrum of the non-dimerized species. This is the most simple way to write
the condition of the dimer resonance and it is independent of the potential model.
Additionally the discrete transfer matrix can also be used instead of the continuous
transmission matrix to deduce the commuting-energies. Moreover, other commuting-
energies can exist for which the dimer matrix does not reduce to the identity, since it
suffices that the dimer matrix (M gimer) can be written as a combination of the identity
and powers of the matrix of the non-dimerized species (M),

Mimer = aol + Z anM". (6.2)

n>0

And the same reasoning can be applied to other types of impurities that can be in-
cluded inside a periodic chain. In fact, it has been found that if the impurities are
symmetric then extended states can exist at energies for which the impurity matrix
reduces to a linear combination of the identity and the matrix of the other species of
the chain [188, 108], hence they are commuting-resonances. Therefore, this kind of
short-range correlations are able to include new extended states in the spectrum be-

cause there exist energies for which the matrices of the new compositional units (i.e.
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the dimer matrix or the impurity matrix and the matrices of the other species) can
commute. And some of these commuting-energies will not be commuting energies of
the individual matrices of the system and that is the reason why these extended states
do not exist in the uncorrelated model. Let us consider another correlated model sup-
porting extended states, for example the simplest case of the diluted Anderson model
[104, 68]. It consists of a one-dimensional tight-binding Hamiltonian for which the
self-energies ¢; of the odd sites are random, whereas they are all equal for the even
sites that can be set to zero without loss of generality. This model is known to support
an extended state for £ = (. Let us see that it is a commuting-resonance. The discrete
transfer matrix for the diagonal tight-binding model reads from equation (2.42) on

E—6j -1
(7 )

We can define a new compositional unit in the system including an odd and an even

page 26

site, which can be described by the product of the individual matrices,

E*—eE—1 ¢—F
Mj:< z Ej_l ) (6.4)

and the commutator of these compositional units can be readily calculated,

A 0 (z’:‘j — EZ‘)E 0
(M, M;] = < e e)E? (e 6j)E> : (6.5)

that obviously vanishes for £ = 0 independently of the values of the site-energies. It
can be easily seen that £ = 0 belongs to the permitted spectrum of the periodic chain
of matrices (6.4) for all values of ¢;, and therefore a commuting-resonance emerges
at that energy whatever the distribution of the site-energies for the odd sites is. It can
be shown that the extended states appearing in more complex configurations of the
diluted Anderson model are also commuting-resonances. It must then be clear that
not all kind of short-range correlations will be able to include new extended states in
the spectrum (in the thermodynamic limit). The correlations must be such that new
compositional units can be defined in the system, so that new commuting-energies for
the matrices of the new compositional units can exist. This reasoning explains why
the model of correlations proposed in this work is not able to include new extended
states, since the probability of appearance of certain binary clusters is modified but
the compositional units of the system remain the same as for the completely random
case, and they are the individual matrices of the atomic species. Then, although the

localization and the transport properties can be modified by the correlations, as it has
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been shown, however no additional truly extended states emerge in the spectrum.
And, what about long-range correlations? Certainly the situation is quite more com-
plex with long-range correlations, however at the present time, to our knowledge,
there does not exist in the literature any proof that long-range correlations are able to
include in the spectrum of disordered systems strictly extended states, that is with a di-
vergent localization length. Only numerical proofs and also analytical calculations up
to fourth-order in perturbation theory exist that have proved that qualitatively a MIT
happens due to long-range correlations. However the states of the ‘delocalized’ phase
are strictly speaking still exponentially localized, as we discussed in the first chapter of
the present work. Hence, it seems that a large variety of models existing so far in the
literature are compatible with the conjecture that all extended states in the thermo-
dynamic limit of one-dimensional disordered structures occur at commuting-energies
of the transmission matrices of the compositional units of the system. Nevertheless,
further research is needed to confirm the validity of such hypothesis.

Among all the interesting features exhibited by the Poschl-Teller model, such as the
presence of isolated extended states in uncorrelated disordered sequences in which
the parameters of the different species satisfy certain properties, one of them de-
serves a special remark: the building of random resonant chains with a continuum
of delocalized states. The composition of resonant Poschl-Teller wells behaves as a
transparent potential for all positive energies. As described in chapter 4, as long as the
dimensionless amplitude of the well belongs to an infinite set of discrete values that
provide the resonant behaviour, the rest of the parameters of the well can be varied
randomly, therefore the configuration of the resonant chain is quite versatile. And of
course the delocalization of the electronic states for positive energies is absolutely in-
dependent of the random or correlated character of the disordered sequence. Then, at
least it is possible to find a theoretical model for which disordered arrays of potentials
exhibits a full continuum of extended states which is independent of the length of the
system. It is in principle a pure academic model whose properties are tightly bound to
the functional dependence of the potentials. Hence, its real importance depends up
to a point on the possibility to reproduce experimentally such a structure. Semicon-
ductor heterostructures may be considered as applicants for this task. Advances in the
epitaxial growing techniques have made it possible to manipulate the profiles of the
band conduction inside the heterostructure in order to build for example confining
parabolic wells. Then if not now, perhaps in the future it might be possible to control
the growing process of semiconductor samples in such a manner that the spatial pro-
file of the band conduction follows the functional dependence of the Péschl-Teller hole
and therefore having the possibility to check experimentally the predicted behaviour.



144 Final discussion

The Poschl-Teller potential has shown an ensemble of very interesting properties and
also a completely new behaviour not expected from a disordered system. From our
point of view, it is important to build new models of one-dimensional disordered sys-
tems using other potentials, in order to analyse their properties and decide on the
validity of our conjectures.

Regarding complex potentials, let us say that their real importance lies on the fact
that they can model very easily dissipative processes, as we have studied in chapter 5.
Nevertheless the utility of the models proposed in this work to account for delocaliza-
tion due to decoherence in long disordered wires has not been fully studied already,
and certain additional problems such as the presence of anomalous scattering needs
to be solved when considering large systems. Much work needs to be done in order to
build general complex extensions of the potentials, based on physical grounds, so that
they can be used to incorporate successfully decoherence processes and dissipation in
the systems.

To conclude let us finally say that there is still a lot to be learned about one-
dimensional systems and the effects of disorder. The physics underlying localization
phenomena have turned out to be enormously rich and long after Anderson made the
first description it is still possible to find surprising results. We hope that our little
contribution to the field stimulates other people to face interesting questions that
remain to be answered, some of which have been formulated in this final discussion.



APPENDIX A

The transmission matrix

A.1 Properties and symmetries of the transmission matrix

Let be V(z) a finite range potential appreciable only inside the region [—d, d], so that
the wave function can be written as

Aleik(erd) + Blefik(m+d)7 z < —d,
U(z) = { Asu(z) + Bov(), —d<z<d, (A.1)
Ageik(xfd) + B?’efik(:rfd)7 x> d.

u(z),v(x) being the linearly independent elementary solutions for each & of the con-
tinuum spectrum of the potential. By applying the continuity conditions of the state
and its derivative at x = +d, it is possible to reach an expression of the form

A My M A A
3) _ 11 12 oM (), (A.2)
Bg M21 M22 Bl Bl
relating the amplitudes of the free particle states on the right and left sides of the

potential. M is the continuous transmission matrix of the potential and its elements



146 The transmission matrix

read in a general form:
v(d)u' (=d) + v(=d)u/(d) — u(d)v'(—d) — u(—d)v'(d)

My =

2W
ti E2u(d)v(—d) — k:Qu(—d)v(;l;ﬂ—/i—vu’(d)v’(—d) - u’(—d)v’(d), (A.32)
N ~v(d)u' (=d) —v(=d)u'(d) — u(d)v'(—=d) + u(—d)v'(d)
12 Y
ti E2u(—d)v(d) — k:Qu(d)v(—;l;ﬂ—/i—vu’(d)v’(—d) - u’(—d)v’(d), (A.3b)
N _v(d)v! (=d) — v(=d)v/(d) — u(d)v'(=d) + u(=d)v'(d)
21 Y
+i E2u(d)v(—d) — k:Qu(—d)v(;l;ﬂ:Vu’(d)U’(—d) + u'(—d)v’(d), (A30)
N :v(d)u’(—d) + v(=d)u/(d) — u(d)v'(=d) — u(—d)v'(d)
22 T
. k2u(—d)v(d) — k2u(d)v(—d) — o' (d)v'(—d) + u'(—d)v'(d)
+1 ST , (A.3d)

where W = v(z)u/(x) — u(x)v'(x) is the Wronskian of the solutions and it must be in-
dependent of x. A straightforward calculation of the determinant of the transmission

matrix leads to
v(d)u'(d) — u(d)v'(d)

v(=d)u/(—d) — u(—d)v'(—d)’
Therefore det M = 1 for all kind of potentials, since no specific assumptions have

detM = (A.4)

been made regarding V'(z). Let us remark that this property is not a consequence of
the time reversal symmetry of the Hamiltonian as it is usually stated. Let us study
now the symmetries of the elements of the matrix in different special cases.

A1l V(z) €R

If the potential is real it is always possible to find real linearly independent solutions
u(z),v(z) for each value of the energy k. And from equations (A.3) the following
relations hold,

My = MY, My = M. (A.5)
Therefore in the case of a real potential the transmission matrix can be written as
a f
M= _ " |, la=[8”=1 (A.6)
5 «

It is easy to check that these matrices satisfy

M(l O)MT:<1 0). (A.7)
0 —1 0 —1

The latter equation together with det M = 1 define the group SU(1,1).
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V (x) with parity symmetry

If the potential is real such that V(—z) = V (z), then it is possible to find elementary
solutions with parity symmetry. Let us suppose u(z) to be even and v(z) to be odd,
then

u(—x) = u(x), v(—x) = —v(x), (A.8)
v (—z) = —u/(x), V' (—z) = (2). (A.9)

Using this symmetry in (A.3) one finds
M1 = —Mjs. (A.10)

And together with (A.5) it yields a matrix of the form

ib
M=<a 1>, b eR,|af -b*=1. (A.11)
—ib o

Al2 V(z) eC

If the potential is complex, it is not possible generally to build functions u(x), v(z)
being real, therefore the conjugation relations (A.5) are not satisfied. There are no
special symmetries among the matrix elements.

M:(O‘ 5), ay— B8 =1. (A.12)
o v

V (z) with parity symmetry

In the case of a complex potential with parity symmetry, the same analysis as for a real
potential can be applied, and equation (A.10) is obtained, since it does not depend on

the elementary solutions being real or complex but only on their symmetries.

M:(O‘ ﬂ), ay+ 4% =1. (A.13)
-5 v

V (z) with P7 -symmetry

Let us consider a complex local potential invariant under the joint action of parity and

time-reversal operations V*(—z) = V(x) [150]. Then it is possible to find u(zx), v(x)
satisfying

u*(—z) = u(z), v (—z) = —v(z), (A.14)

(W) (—2) = —(u")'(2), (") (=) = (v") (). (A.15)
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Using the above symmetries in (A.3) one is led to
M22 == Mflv MTQ = —Mlg, M;l = —Mgl. (A16)

Thus the matrix can be written as

ib
M — (0‘ ! ) bc €R, |af? +be = 1. (A.17)

A.2 Scattering amplitudes

The scattering amplitudes are directly calculated from the transmission matrix. Figure
A.1 is a pictorial representation of equation (A.2). Considering left incidence then

A e B, o Tikx
AV AVAVAVAVAVAVAV.4 MVAVAVAVAVAVAVAVAN
B, e Tk ies A, ek
MVAVAVAVAVAVAVAVAN A VAVAVAVAV AV AVAV. e
Figure A.1.
Ay =1, By =rl, Ay =t', By = 0. And it follows
- pb— _Mxn (A.18)

My’ May

In the case of right incidence A; = 0, B; = t¥, Ay =, B, = 1. And the equations
yield
= Mim - ﬁ—; (A19)

The insensitivity of the complex transmission amplitude to the incidence direction is
trivially proved. Using the properties of the transmission matrix for particular cases
of the potential is easy to see that for parity invariant potentials (real or complex)
r& = rf for generic real potentials r = ¢¥rf and for generic complex ones both
amplitudes differ.

In table A.1 a summary of the symmetries of the transmission matrices and scat-
tering amplitudes is given for the different type of potentials described.
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Table A.1. Symmetries of the transmission matrix and scattering amplitudes for
different potentials. Greek letters mean complex elements of the matrix while Latin
ones represent real coefficients. P and 7 denote the parity and time reversal opera-
tors respectively.

~ S o .. . Scattering
V(x) [(x‘ 1% |x ) =V(z)d(z —x )} Transmission Matrix Amplitudes
All detM =1 tht =+t
a L iR
Real B o € SU(1,1) rl = elor
o'
PN ib
Real, [V, P] =0 ( “ ) € Su(1,1) rb=rf
—ib o*
Complex (? ﬁ) rb# ok
Y
SRR a p L _ R
Complex, [V,P} =0 5 rt=r
- Y
o ib
Complex, [V,P’T] =0 (a ' ) rl ol
ic o

A.3 Transmission matrix for a continuous potential

For the most general continuous potential, equation (A.2) is only satisfied asymptoti-
cally, that is the amplitudes of the asymptotic states

U(—00) = A1e* 4+ Bje ke, (A.20a)
U(o0) = Azel*® 4 Bge™ ik, (A.20b)

can be related via the asymptotic transmission matrix M,

<A3> =M <A1> . (A.21)
By By

The procedure to obtain this asymptotic matrix is the following. First is solving the

Schrodinger equation for positive energies so that the more general state reads

U(z) = Asu(x) + Bov(x), (A.22)
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4, 2 d, Figure A.2. A continuous potential

in terms of the elementary solutions u(x), v(x). Now one needs to build the asymptotic
form of the elementary solutions,

u(£o0) = UFeh® + UFe ke, (A.23a)
v(do0) = ViEelke 4 yte ke, (A.23b)

Therefore the more general asymptotic state becomes
U(+00) = (AU + BoViF) €* 4 (AUy + BoVst) e o (A.24)

Equating the coefficients with those corresponding to the asymptotic forms (A.20)
yields

Ay = AU + BoVy, As = AU + BoVyT, (A.25)
By = AUy + BV, Bs = AUy + BVt (A.26)

Solving (As, Bs3) in terms of (A, B;) one obtains for the elements of the asymptotic
matrix

M

_ 2k (UJV; -Vi'Uy VtUy Uy Vf) (A.27)

WUV, = V5" Uy Vo' Uy = U5V

where W = vu’ — v'u is the Wronskian of the solutions.

A.3.1 Including a cut-off in the potential

Let us suppose that due to the nature of the potential, it is only appreciable inside
the region [—dy, ds] (figure A.2). Then the transfer matrix for the potential with the
cut-off relates the amplitudes of the plane waves at =z = dy and ©+ = —d;, which can
be written from the asymptotic forms (A.20), yielding the relation

Ageikd2 Ale—ikdl
Bye—ikd2 = Meut Byeikdi |’ (A.28)
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which implies

eikdg 0 eikd1 0
MCut == ( 0 e—lkd2> M ( 0 e_lkdl 9 (A-29)

My eFld2Fd) Afy, eik(d2—d1)
Meye = Moy o= iklda=d)  pfo) o=ik(datdr) | -

leading to

(A.30)

Once the asymptotic transmission matrix is known, the cut-off matrix is straightfor-
wardly built. And for a given potential it is usually easier to calculate the asymptotic
matrix than to construct directly the cut-off version using the continuity conditions at
the cut-off points.

A.4 Canonical equation from the transmission matrix

Let us consider a linear composition of potentials. All of them are formally described
by the same transmission matrix with different parameters. And let be M, the trans-
mission matrix of the jth potential,

A A
) =wmy (7)), (A.31)
Bj1 B;

where the coordinates of the electronic wave function in the different sectors of the
chain are chosen to satisfy that the amplitude of the state at all sites is simply given
by the sum of the complex amplitudes of the travelling plane waves, that is ¥; =
A; + Bj for all j. To build the canonical equation one simply calculates the quantity
U1+ x¥;_1, using M; and M;_ll to write the amplitudes (A;41, Bj+1) in terms
of (A4;,B;). Then x is solved by imposing the coefficients of A; and B; to be the
same. Following this procedure one concludes that the canonical equation for the
most general potential can be written as,

Ui = (@- + 5“%) U, — Kfjjqujl, (A.32)
where
S5 = 5 (V)11 + (M) + (M)a1 + (M )aa], (A.332)
5j = % (V)11 — (M)12 — (M)21 + (M;)a2], (A.33b)
K= 5 (M) — (Mj)aa + (My)o1 — (M )ua]. (A33¢)
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In the case of a real potential, using the symmetries of the transmission matrix de-
scribed previously, one finds

Sj = Re[(M;)11] + Re [(M;)12] , (A.34a)
Sj = Re[(M;)11] — Re[(M;)12], (A.34Db)
Kj =Im [(Mj)ll] —Im [(M]’)lg] . (A34C)

And it also can be observed that for real and parity invariant potentials the functions
S, and S; coincide because the off-diagonal elements of the matrix are pure imaginary.
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The Lyapunov exponents

Let us prove that for a one-dimensional Hamiltonian system, suitable to be described
in terms of products of random matrices, the two Lyapunov characteristic exponents
(LCE) come in a pair of the form {\, —\}.

Let us consider our system within the discrete transmission matrix formalism. If
the Hamiltonian of the system can be written in terms of a potential V/(x) then it can
be shown that the canonical equation takes always the form

K(v;)
K(vj-1)

where 7; denotes the parameters of the potential at the jth site of the system and J,

Ui = J(vj-1,7)¥; — U, (B.1)

K are functions depending on these parameters and the energy. Hence the discrete
transmission matrix reads

K(v5)
J 1,74 _ v]

1 0

The above matrix becomes a symplectic transformation if K (v;)/K(yj—1) = 1 but in
general det P; # 1. The necessary and sufficient condition to ensure that the LCE of
the asymptotic product Py = Py ... Py (N — 00) are {\, —\} is that the determinant
of Oseledet’s matrix I" equals 1. Let us remember that I" = lim y_. (IP"}VIP’N) ﬁ. Thus
we only need to prove that limy o (det Px)'/V = 1 which is trivial if the individual
transfer matrices are symplectic, like for example in the tight-binding model with con-
stant transfer integrals or for the delta potential model, but it may not be so obvious
in the most general case. For the proof let us suppose that our system is composed
of two different kind of potentials 1, 2, in a random sequence. Then the product ma-
trix P will contain four different types of matrices, namely P(1, 1), P(1,2), P(2,1),
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P(2,2) according to the different pairs of potentials occurring in the sequence and
participating in the canonical equation. Then,

lim (det IP’N)% =

N—oo

mﬂmwmm“@wmmmmwgmwmwgmmﬁ:

N—oo

(det P(1,1))°1 (det P(1,2))“12 (det P(2,1))“2 (det P(2,2))%2, (B.3)

N;; being the number of times that P (4, j) appears, and C;; the frequencies of appear-

ance of the pairs —ij— in the thermodynamic limit. From (B.2) it readily follows

lim (det Py)¥ = [gmc [ggr (B.4)

A simple reflection symmetry argument requires that C15 = Cb; so the above expres-
sion equals 1. And finally the eigenvalues of I' must be of the form e*, e,

This proof can be straightforwardly extended for a case considering k different
potentials or for a continuous model with parameters inside a certain range with a
given probability distribution.

This result about the Lyapunov exponent for a one-dimensional system must be
naturally expected, by the fact that the same physical problem can be treated through
the continuous transmission matrix formalism and it must lead to the same results.
Therefore considering the latter matrices which have always determinant unity, it is
obvious that detI' = 1. Nevertheless it is interesting to see how the discrete transfer
matrices, although not symplectic individually, lead to a global symplectic transforma-

tion in the canonical sense, provided they describe a Hamiltonian system.



APPENDIX C

DOS from node counting

James and Ginzbarg obtained the expression of the integrated density of states (IDOS)
of a linear chain of potentials in terms of the changes of sign of the wave function in-
side the different sectors of the system [115]. Their reasoning is the following. Let
us consider a binary wire composed of two types of potentials 3; and ;. And let be
[z, 2;41] the jth sector of the chain including a ; potential. Then the elementary
solutions for positive energy in this cell fi(x), g1(z), can be chosen to satisfy

fl( 17 f{(
gl( 07 g&(

)
)

)
)

0, (C.1a)
1. (C.1b)

Zj Zj
Zj Zj

Now let us consider a certain energy E for which ¢;(x) has p; nodes inside the
given sector (the first one at ;). Then for this energy, possible states include v(x) =
g1(x) + pfi(x) with (p; — 1) zeros and ¥(x) = g1(x) — pufi(z) with p; zeros in the cell
(for sufficiently small i). For low E, p; = 1 and as the energy grows the index p;
increases by one whenever g (x;11) = 0. Thus the energy spectrum can be divided in
intervals according to the value of the index p1, so that if E lies in the interval labelled
with p; then the solution ¢ (z) will have p; or (p; — 1) nodes in every sector of type
(1. To determine whether the number of zeros is p; or (p; — 1), one has to check
if ¢(x;) and 1 (z;41) have the same signs (even number of nodes) or opposite signs
(odd number of nodes). Thus for that energy the number of nodes in a (3; sector can
be written as

1 z
_Z —1\yZ 2
-5t (-1 2’ (C.2)
where z = 1 if ¢)(z;) and ¢(z;41) have the same signs and z = —1 otherwise. The

same reasoning can be used for the species 3. And for an energy F with the labels
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pp for the species (3; and ps for 3s, the total number of nodes inside the mixed system
and therefore the IDOS per atom reads

n(E) =c (Pl + w%) +o <p2 + W%”)

— (=D"'NL(E) — (=1)"Na(E),

(C.3)

where ¢, ¢y, are the concentrations of the species and N (F), N2(E), are the con-
centrations of changes of sign for each species, that is the number of cells containing
a certain species in which the state changes sign (i.e. ¥ (x) has opposite signs at the
beginning and at the end of the sector) divided by the total number of potentials of
the system. To obtain the density of states one needs to evaluate n(FE) in the interval
(E, E 4+ dE) in which the indices pi, ps, can be considered to remain fixed. Therefore
the only quantities that can vary in the differential interval are the concentrations of
changes of sign. Hence,

ANE) |, AN(E)
dE dE |

9(B) = |(-1) (C.4)
And this expression is straightforwardly generalized for an arbitrary number of species.
The main result is that to determine the DOS correctly, depending on the energy range
one has to sum or subtract the changes of sign of the wave function at sectors corre-
sponding to different species.

Now let us see how one can know the indices p1, po, in a practical way. The system

is completely determined by the canonical equation

K(v;) o

1. .5
K1) ! (C5)

it =J(vj-1.7)¥; —

The functions J, K, can be obtained in terms of the elementary solutions of the

Schrodinger equation in each sector of the chain. According to reference [161], K (v;)
can be written as

f’yj (xj-l-l)gw (.%']) - f’Yj (xj)g’yj' (xj-i-l)

K(’Yj) - 4]_ (wj)g%. (-%']) - ij (xj)g'/}/j (.%'])

; (C.6)

where f,.(z),g,,;(z) are the elementary solutions in the jth sector [z}, z;1] with a
potential of type ~;. Imposing the additional conditions (C.1) it follows for the case
v; = 1 that K(31) = —gi1(z;41). That is, the function —K (3;) takes the same values
that the elementary solution ¢, (z), verifying equations (C.1), would reach at the end
of every (; sector. Thus, whenever g;(x;,1) as a function of the energy changes its
sign, and therefore the index p; increases by 1, K (/31) also registers a change of sign.
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What is more, it is not hard to see that in equation (C.4) the terms (—1)?*, (—1)2, can
be directly identified with the signs of K(/31), K(2). And finally, one can write

dN1(E)
dFE

dN2 (E)

9(E) = |sgnlK (5) =

+ sgn[K(f2)]

(C.7)

From a numerical viewpoint one must do the transmission of the state through the
system using the functional equation and count the number of changes of sign from
site to site for the different atomic species, to perform finally a numerical differentia-
tion with respect to the energy and sum or subtract the different contributions of the
species according to the sign of the function K () for the energy considered.
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APPENDIX D

The Functional Equation

Let us begin with the canonical equation describing our one-dimensional problem,

Vi1 =J(vj-1,7) ¥ — %‘I’j—h (D.1)
where ¥; means the real amplitude of the electronic state at the jth site of the wire
and v; denotes the set of parameters characterizing the potential at the jth site (jth
sector). The functions J (v, #) and K () which depend on the potential and the energy,
rule the spreading of the state from one site to its neighbours. From now on Greek
letters are used to label the parameters of the different types of potentials composing
the chain, while Latin letters always mean site indices. The above equation can be
casted as a two-dimensional mapping defining z ;1 = V11, yj+1 = ¥,

K .
Tj+1 _ J(lyjfl’r)/j) _K(’gji)l) T (D.2)
Yi+1 1 0 Yi

which in polar coordinates x; = p;cosf;, y; = p;siné; leads to the following trans-

mission relations for the phase and the moduli

K (v !
011 = T(0);vj-1,7j) =arctan { (J(yjl,yj) — % tan (9]) } , (D.3)

Vi—1
2
<Pj+1>
Pj

In order to ensure the continuity of the phase transmission for a given energy we work

K (s 2
F(0;57j-1,7;) =cos? 0 + (J('yj_l,’yj)cos 0; — % sin9j> . (D.4)
e
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0
(-1)-sector l j-sector l

Figure D.1. Sites and sectors of the one-dimensional system.

with the inverse function defined as

- K(vj-1) 1
T, 1. ~:) = arct AT Ty o) — D.5
( G157 157_]) arc an{ K(’Y]) (’yj 1,7]) tan Hj-f—l ) ( a)
T 0541 +nmyvj—1,7) = T H0j4157)-1,7;) £ n, 0j+1€[0,7), n € Z,

(D.5b)

where the plus (minus) sign in (D.5b) must be taken when Klgji )1) >0 ( Klé(/ji )1) < O>
corresponding to an increasing (decreasing) behaviour of the phase transmission.

The goal is to calculate a distribution function for the phase 6, valid in the ther-
modynamic limit, so that the differential form of such a function acts as a natural
measure of the phase in that limit. In this way one then would be able to obtain the
thermodynamic average of any quantity of the system that could be written in terms
of the phase.

The first step is to define the functions W;(¢) with § € [0,7), that means the
probability for §;( mod ) to be included in the interval [0,0), that is dIW;(#) means
the probability that 6;( mod ) belongs to (6,6 + df), for a given energy. Therefore it
follows that W;(6) are monotonically increasing functions with # such that 1;(0) = 0,
W;(m) =1 for all j. And we impose

W;(0 + nm) = W;(8) + n, 0el0,m),neZ, Yj. (D.6)

According to the meaning of these distribution functions for the individual phases, it
is clear that they must satisfy the relation

AW;j1(8) = dW; (T71(0:7-1,7%))) » (D.7)

that is, the probability for §;,(mod7) of being included in (0,6 + df) must be the
probability for #;(mod ) of appearing in (T~*(),7*(#) + dT~1(#)) (mod ). Inte-
grating the above equation leads us to

Wis1(0) = [W; (T O3 75-1,75)) — Wi (T7H0575-1.75))

; (D.8)
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where the absolute value is necessary for the cases when T1(6) decreases with 6 (i.e.
[K(vj)/K(vj—1)] < 0), because the distribution functions must be positive. Since the
inverse transmission function of the phase gives a value in the interval [—x /2, 7 /2],
the additional condition (D.6) is used to ensure that the argument of W; is always
included in the interval [0, 7). And from the definition of the inverse transmission
function it follows

T if L,
2 K(vj-1) (D.9)

o K(v))
If 7o <O

T—l(o; 7j—17’7j) =

B

The equations relating the distributions for the phase at the different sites of the sys-
tem clearly show that in fact those distributions only depend on the atomic species
composing the chain. Thus the functions can be properly redefined in terms of the
compositional species. W;,1(6) is the distribution for the phase at the site (j + 1),
generated after a potential of type ~; (see figure D.1), therefore we relabel the func-
tion as W;,1(0) = W,,(0), that is the distribution function for the phase after a v;
potential. And it is defined by

_ s
Way(8) = [Woyy (T2 075-1,7)) = Wayoy (5) +003-1,%)] . (D.108)
W, (0 +nm) =W, (0)+n, 0c[0,m),ne, Vi (D.10b)
where
1 if 25 g
. N — K(vj-1) ’
6(j-1575) - Km) o (D.11)

K(vj-1)
due to (D.6) and (D.9). Now it is straightforward to carry out a thermodynamical
average of the probabilities W, (¢). We only have to sum over all the atomic species
and binary clusters taking into account their respective concentrations,

S e WL (0) =Y Cp, ‘Wﬁ (T1(0: 8,7)) — W (g) n 5(ﬁ,~y)( , (D.12)
Y 7.8

where ¢, is the concentration of the ~ species and C,g = Cjg, is the frequency of

appearance of the cluster —y8— or —3vy-. Writing C,3 = c,p,3, where p,3 is the

probability of finding a 5 atom besides a v atom, one can obtain an individual equation

for each species,

Wo(0) = > by [ W (T726:8,7)) = Wi (5) +6(8,7)] (D.13a)
B

W, (0 4+ nm) = W,(0) +n, 6 e0,7), neZ. (D.13b)
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So that in the thermodynamic limit there exists a phase distribution function for each
species composing the chain, and binary statistical correlations naturally appear in
their definitions. Although we have supposed a discrete composition of the system,
the same reasoning can be used for a continuous model in which the compositional
parameters belong to a certain interval with a given probability distribution.

Therefore solving equations (D.13), one would be able to calculate the average in
the thermodynamic limit of any quantity of the system that can be written in terms of
the phase 6 as long as it is a periodic function with period 7. The latter expressions
are the most general functional equations valid for all one-dimensional systems for
which a canonical equation of the form (D.1) can be obtained.

D.1 Calculating the localization length and the DOS in the
thermodynamic limit

Let us consider the Lyapunov exponent given by

.1 Ui L2
A= lim = log (=L ) = {log [ 2L D.1
oy D (32) = (s (52)). o2

where ( ---) denotes the average in the thermodynamic limit and the amplitudes of
the state at the different sites are considered to be real. Using the two-dimensional
mapping defined in the previous section,

. 2 . .
A= Log <@> n <lo > n <log [COS 0,41 cos 6, } > . (D.15)
2 pj | cos 61| cosb;

The middle term vanishes because the cosine is a bounded function that does not

cos 041
o0s 0;

diverge as the length of the system grows. On the other hand the argument of the
logarithm in the last term takes only the values +1. Since log(1) = 0 and log(—1) = ir
it readily follows

N2
Re(A) = { L 1og <M> , (D.16)
2 Pj
) cos 61| cos 6]
I — i1 Jj+ J ) D.1
m () 1<Og[\0089j+110089j]> (®B-17)

From equation (D.4) the average of the real part can be easily written using the distri-
bution functions for the phase and therefore obtaining the inverse of the localization

length £(F),

£(E)~! = Re (M(E)) = % Eﬁ: Cys /07r dW,,(6) log F(6; 7, B), (D.18)
Vs
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which integrated by parts can also be written as

§(E)~ Zc slog F(m;v, 3 ch/ W, ( g)) dg.  (D.19)
7.8 v

Let us remember that C,g3 = Cj, is the probability for the cluster —y3- or —3y- to

appear at any position of the chain.

On the other hand the imaginary part of the Lyapunov exponent increases by im
every time the wave function changes sign from one site to the next one. Therefore
by averaging equation (D.17) over all possible species at the site (j 4+ 1) when the jth
species is a v atom, and dividing by 7, one obtains the fraction of v atoms after which

the state changes its sign.

i cosB;1| cos b, i /7r cos T(0;, B) |cos 0]
—— {1 J+ J - 1
0 < 08 L cos 611| cos b i1 T zﬁ:cﬁ 0 AW (6) log |cos T(0;, B)| cos 6
i

= /7; aw, () =1, (3) (D.20)

since the transmission function always returns a value in the interval [—x /2, 7/2],
where the cosine is positive. Thus it follows that ¢, [1 — W, (7/2)] is the concentration
of changes of sign for the + species, N, (F) as denoted in appendix C. And from the

results of the appendix cited the density of states per atom reads

dw,, (Z
Evjsgn[mw]oy—géz) -

g(E) = (D.21)

D.2 Particular cases

The functional equations can be considerably simplified depending on the particular
model of the one-dimensional system. Let us consider a couple of examples appearing
in this work.

D.2.1 The canonical equation reads V; ; = J(y;)¥; — ¥,

This is one of the simplest forms for the canonical equation, appearing for example in
the diagonal tight-binding model or the delta potential model with substitutional dis-
order. In this case the function J(y) depends only on the parameters of one potential
and one can take K () = 1 for all the species. Therefore the problems concerning the
changes of sign of the latter function are completely avoided and the inverse transmis-

sion function for the phase is an increasing function for all energies which depends
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Figure D.2. Delta chain with structural and substitutional disorder.

only on one atomic species, T~!(#;~). Then equations (D.13) read
— s
W (0) = D" pyg { Wi (T7(657)) = W (5)} +1, (D.22a)
B

W, (0 + nm) =W, (0) +n, 6€0,m), neZ. (D.22b)

If one further considers the case of uncorrelated disorder, that is p.,3 = cg for all , 3,
then a global distribution function for the phase can be defined W (0) = >_ ¢, W, ()
being the solution of

W) =YW (T @) ~ W () + 1. (D.23a)
v
W6 +nm) =W(0)+n, 6ecl0,m),neZ. (D.23b)

In this particular case only one functional equation needs to be solved and the local-
ization length as well as the density of states per atom can be calculated respectively

from
EE) L =Re(NE)) = %Zc7 /07r dW () log F(0; ), (D.24)
9(E) = dVZE(;%) : (D.25)

D.2.2 The delta potential model with uncorrelated structural and substi-
tutional disorder

Let us consider a very specific model treated in chapter 3: the delta chain with un-
correlated structural and substitutional disorder. The system is composed of different
atomic species following a random sequence and whose positions are not equally
spaced, as shown in figure D.2. The potential at each sector is determined by two pa-
rameters: the delta coupling and the distance right after the delta. For this particular
setup the canonical equation takes the general form (D.1) with functions
2
J(zj-1,xj,a;) = cos(kxj) + cot(kxj_1)sin(kx;) + T sin(kx;), (D.26)
aj
K(z;) = sin(kz;). (D.27)
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The function J depends on the coupling and the distance of the j sector and the
distance of the (j — 1) sector, while K is determined by the distance of each sector.
The spacing between neighbouring atoms is determined by a certain probability dis-
tribution depending on one free parameter o that quantifies the degree of structural
disorder. This distribution is chosen to satisfy the following requirements:

- It is the same for all atomic species.

- It maximizes at z; = a for all j. a being the interatomic distance of the regular
lattice.

- It is symmetric around the value a and therefore its domain is the interval (0, 2a] in
which it must be correctly normalized.

Our distribution for the distances shall be denoted by P(l,0), where [ = z/a is a
dimensionless variable and o measures the degree of disorder. According to the above
requirements P(l,0 — 0) = 6(/ — 1) and f02 P(l,0)dl = 1. P(l,0) is the probability
density for the values of [ for the spacings of the chain. Defining a dimensionless
energy variable ¢ = ka the functions of the canonical equation read

J (1,1, ay) = cos(le) + cot (le) sin(le) + 2(a£a7) sin(le), (D.28)

K (1) = sin(le). (D.29)

And the relevant functions T (6;1,1,a,) and ¥ (6;1,1,a,) are built from definitions
(D.4) and (D.5).

The derivation of the functional equation is naturally followed until equations
(D.10). Now for taking the average in the thermodynamic limit one must also include
the distribution for the distances. Let us remember that in this situation each potential
is characterized by two parameters: the atomic species and the distance. Therefore
the equation for the phase distributions is

2
> e /0 P(l,o)dl W, (0) =
2 2 - B
7Zﬁcvcﬁ/o P(l,a)dl/o P (I,o) LW (T (6:117) = Wiep (5) +3 @D
(D.30)

where the uncorrelated case p,3 = c3 has been considered. The situation can be
slightly simplified defining the phase distribution functions in terms only of the dis-

tances, Wi(¢) = >_ c,W(,1)(#). And considering a discretization of the continuous
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distribution for the distances, one is finally led to an equation for each value of [,
2 - - . -
Wi(0) = ch/ P (L) dl | Wy (77 (6:1.0,7)) = Wi (5) +6 (1.1) |, (D:31a)
0
v
Wi(0 + nm) = Wi(0) + n, 6 e€l0,7), neZ. (D.31b)

Finally the localization length and the DOS per atom can be obtained from

2 s 2
Ae) = %/O P (o) dl/o AW;(6) [; c,y/o P(l,0)dl 1og3"(9;z,z,a7)], (D.32)

A (3)

g . (D.33)

2
gle) = /0 P(l,0)dlsgn [K(1)]




APPENDIX E

Poschl-Teller and complex Scarf
potentials

E.1 Solutions of the Poschl-Teller potential

The elementary positive energy solutions of the Schrédinger equation for the potential
h?a? A%

Vi(z) = . VeR, E.1
(z) 2m coshQ(aa;) (E.1)
read
b kb k1
o b v s vy 2
u(z) =cosh’(ax) o Fy (2 +12a’ 5 "l 3 sinh (am)) , (E.2a)

2

v(z) =sinh(ox) cosh® (o) o Fy (HTl + i%, b—'—Tl — i%, g; — sinhQ(ax)> . (E.2b)

where b = % + \/ﬁ and 2 F} (a1, az,as; z) is the Hypergeometric function. And
their asymptotic forms can be written as [2]

u(z) — melklzl TrL*efiM:”‘7 (E.3a)

v(z) —sgn(x) <neik‘x‘ + n*efik‘x‘) , (E.3b)

where

T +k 2—ik/a
m = bﬁ = (10‘) T (E.4a)
T (5+igg) T (15 +igg)
VRD (1) 2
2D (B +if) T (1 -8 +if)

(E.4b)

n =
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E.2 Complex Scarf potential

E.2.1 Scattering states

The elementary positive energy solutions of the Schrodinger equation for the complex

potential
h2a? Vi sinh(ax)
Viz) = +iVo———== |, Vi,V €eR, E.5
(=) 2m (COShQ(Oé$) ' 2C0Sh2(0é$)> b (E3)
are
u(w) :efi(bfl/Q) arctan[sinh(az)] COShC(Oé.’E)
k k 1 i
X o Fy <c+i—,c—i—,1 —b—}—c;——i—isinh(afc)) , (E.6a)
« « 2 2
. , 1 i be
U(I‘) :efl(bfl/Q) arctan[sinh(az)] COShC(Oé.%') (5 + 5 sinh(aac))
k k 1 i
X o F} (b—i—i—,b—i—,l—i—b—c;——i—isinh(a:c)) , (E.6b)
«o o 2 2
where
_l_i( —g) b_l_i( +g.) (E.7)
0—2 29+ 9-) =3 29+ 9-) .

g+ = V1 £Vo—1/4 and 2Fi(a1,a1,as;2) is the Hypergeometric function. The
asymptotic limit x — +oo yields [2]

u(x) — 2°¢ (mleik|m| + mgeﬂ'k‘xo , (E.8a)

v(z) — 2° (nle“ﬂx' + nge_ik“”l) , (E.8b)

where

jsen(z)[1/2—b+c]g—2ik/a (1 _ T (2iE) esen(z)mk/(20)
=] ;S b+ c) (kla)e | (E.92)
D(c+if)T(1-b+i%)

jsgn(z)[1/2—=b+c]92ik/a (1 — b+ C) r (_Qig) e—sgn(z)mk/(2a)

e I(c—if)T(1-b—ik) ; (E.9b)
ny =mi(b=c¢), (£90
ny =ma (b= c). (E.5d)

E.2.2 Ranges of physical transmission

The condition for physical transmission reads cosh(mg. ) cosh(mg_) > 0 as can be seen

from equation (5.21) on page 128. Vs, can be considered positive without loss of
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generality since its change in sign (which is equivalent to changing the side of in-
cidence) does not affect the transmission. With the definitions X = |V;| — V, and
Y = |Vy| + Vo, the study can be easily carried out. Considering V; > 0 the inequality
translates into the permitted regions

X >0,
vV Y (E.10)

—2n2n+1) <X < -2n(2n—1), neZr,

which is clearly a sequence of allowed vertical fringes in the negative X quadrant and
the whole positive X quadrant. This pattern will be same but rotated 7 /4 clockwise
when the change of variables is undone. More specifically, in terms of the potential
amplitudes the allowed intervals can be written as

Vo] € [0, V1] U[2n(2n — 1)+ Vi, 2n(2n+ 1)+ V4], ne€Z™. (E.11)

In the case of V; < 0 a careful analysis leads to the following cumbersome allowed

ranges:
X<0=2n2n-1)<Y <2n(2n+1), n=12.3,..., (E.12)
X0 {2n(2n - 1) < X <2n(2n+ 1)} N {2m@2m - 1) <Y <2m(2m + 1)},
>0U0=
{2j(2j +1) < X <25(2j +3) + 2} N {2k(2k + 1) <Y < 2k(2k + 3) + 2},
(E.13)
for n,m € Z* and k,j = 0,1,2,.... In this case the permitted zones are a set of

allowed horizontal fringes in the negative X quadrant and a chessboard like structure
for positive X. Undoing the change of variables will mean a 7/4 clockwise rotation
followed by a reflection around the vertical axis of this pattern to recover the negative
axis of V. Solving these inequalities in terms of the potential amplitudes gives rise to
the following group of inequalities, each one assigning a certain allowed interval for
|V2| when fulfilled:

forn e ZT,

Vil
n(2n —1) < | V4|

n(2n—1)= [2n(2n—1) — |Vi|,2n(2n+ 1) — [V4|], (E.14a)

<
<nn+1) = [|Vi],2n(2n + 1) — [V4]], (E.14b)
form,neZ™ (m >n),

m2m —1)+n(2n—1) < |V <m2m—1)+n(2n+1)
= [2m(2m — 1) — [V1|,—2n(2n — 1) + [V4]], (E.15a)
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m2m —1)4+n2n+1) <[V <m@2m+1)+n(2n—1)
= [—2n(2n+ 1)+ |Vi|,—2n(2n — 1) + [V4|], (E.15Db)

m2m+1)+n2n—1) <[V <m@2m+1)+n(2n+1)
= [—2n(2n+ 1)+ |Vi|,2m(2m + 1) — [V4]], (E.15¢)

and for j,k=0,1,2,... (k=>}j),

E2k+1)+j(274+1) <|Vi| <k(2k+1)+4(25+3)+1
= [2k(2k +1) — [V1],—24(2j + 1) + [V1]], (E.16a)

EQ2k4+1)+7(2j+3)+1< |V <kQk+3)+1+j(25+1)
= [—2-2(2j +3)+|Vi|,—2j(2j + 1) +|V4]], (E.16b)

E2k+3)+1+7(2j+1) < |Vi| <k(k+3)+7(2j+3)+2
= [—2-25(2j 4+ 3) + [V1],2+ 2k(2k + 3) — |V1]]. (E.160)
In the particular cases m = n for inequalities (E.15) and k& = j for (E.16) only the

positive part of the allowed intervals must be considered. The total physical range for
|V2| comes from the union of the different permitted intervals.



APPENDIX F

Collection of 1-D models

This appendix includes a collection of different models of 1-D potentials which can be
used and combined to build one-dimensional quantum wires. The tables in the fol-
lowing pages gather their transmission matrices and the canonical equations applying
to their compositions, so that they can be used as a quick reference handbook. One
remark to keep in mind: for the calculation of the transmission matrix the coordinates
of the electronic wave function at the right and at the left of the potential are chosen
to satisfy that the state right before and right after the potential is simply given by the
sum of the complex amplitudes of the travelling plane waves, that is if the potential
ranges in the interval [z, z5] then one considers W’ (z) = ALel*(z—21) 4 Ble—ik(z—1)
and UF(z) = ARelk(@—22) L BRe—ik(z—22) for the states at the left and the right side
of the potential respectively. In this way one obtains the more general form of the
transmission matrix and removes any dependence on the relative coordinates of the
potential. Let us also remember that the canonical equation can generally be written

as
\I/j+1 = <§] + 5};1%) \I/j — %\I’j_l, (F.1)
where the jth sector of the chain is the one between the sites j and j + 1.
The matrices and functions given in the following tables are valid for positive en-
ergies in principle. The extension to negative energies is straightforward for some
models but it is not trivial for the potentials of table F.2 for which several simplifica-

tions have been carried out that are not true for negative energies.



Table F.1.
POTENTIAL TRANSMISSION MATRIX CANONICAL EQUATION
Zero potential eikdi S; = 8; = sin(kd;)
of length d; 0 e b K; = cos(kd,)
Delta potential o o S, = cos(kd;) + k;i sin(kd,)
[1 _ ﬁ] oikd; _%elkdj 72 a;
OCJ‘ 8(x) %e—ik}dj [1 + k;:| e—ikd; 4= mao Sj = COS(]{Zdj)
! ’ K; = sin(kd,)
4
K+ K7 _ oo
pj = cos(Ljkj) +1i s sin(L;k;) S = cos(Lj;k;) cos(kd;) — ?7 sin(L;x;) sin(kd;)
J
Square barrier oikd; wikd; 2 _ .2
pj et By et kT =Ky e cos(Lor ) cos(bd) — T Ve .
<5;< o—ikd; u eikdj> B; = —i 2/mj] sin(L;#;) S; = cos(L;k;) cos(kd;) py sin(L;x;) sin(kd;)
. k.
v L K=\ k2 — Qm;/j Kj = cos(L;r;) sin(kd;) + p sin(L;;) cos(kd;)
d h
(—]>

These expressions are valid for £ > V.
In the case 0 < E < Vj; the equations are formally the same with the substitution x; = in; = iy/ 2”,;2‘/] — k2

CcLT

S[epou! (-1 JO UOHDII[0D



Table F.2.

POTENTIAL TRANSMISSION MATRIX CANONICAL EQUATION
Péschl-Teller ei[gpj+k(df+df)] /1 T wJQ» —iw, elk(dR ) §j = —w; sin [k(djL df ]
potential i e~k —d)) o-ilwitk(@i+d))] 1 4 w? + /1 +w? cos [k(d} + dff) + ;]
2 2
f;a h\(/ E S; = w; sin [k:(dj d }
m cosh(ax
; , +w? cos | dL—&—dR)—l—go}
L 4R __sin(mb;) _ [a—v. Tyl i) T8
g *,dj bt sinh(mk/aj) bi 2H 1A=V
o' Vol o = arg{ ir?(ik/a;) } Kj = wj cos [k(df — dR)]
o = L _ L .
i F(bj + lk/ozj)F(l bj + lk/ozj) 14 w bln dL I d?) 4 @j}
il R L — . i R_ 4L
Complex Scarf el ks +450] V1t 85 —igzel(d —4)
igje—ik(df—df) e—i[¢j+k(df+d§)] A+s;3; §j — [Sjeik(dffdf) _ gjefik(dffdf)}

h%a?
2m cosh(ax)? %

[V1 +iVasinh(ax)]

b —ar iT2(ik/a;)T2(1/2 + ik/ ;)
P T (g BTy )T e il )T (b, 1ik)

cosh(wg;f)e”k/“ﬂ' + cosh(ng_ e~ TR/

Sj sinh(27k/a;) %= oaley = 0y)
1 1 L
=530 0 b=y =5l ) g =\ Vi £V, - g

1+ 5,5, cos [k(djL + df) + (ZS]‘}

H R L
Sj =1 {Sjelk(df )~

1+ 5,5, cos [k(df + df) + (ZS]‘}

H R L
3 e i(d] —d] )]

R_ 4L - R_ L
vazsek(d d)+Se1k(dj k)

1+ s;5; sin [k(d} + dfY) + ¢,]

€LT
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2. Simple model for a quantum wire II. Statistically correlated disoder
J. M. Cerver6 and A. Rodriguez, Eur. Phys. J. B 32, 537-543 (2003)

3. The band spectrum of periodic potentials with P7T-symmetry
J. M. Cerver6 and A. Rodriguez, J. Phys. A: Math. Gen. 37, 10167-10177
(2004)

4. Absorption in atomic wires
J. M. Cerver6 and A. Rodriguez, Phys. Rev. A 70, 052705 (2004)
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