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Abstract

In this thesis, we will investigate the role of spin, interactions and orbital de-
grees of freedom in the transport properties of quantum dots and quantum
rings created in correlated one-dimensional electron systems. The description
of these systems will employ the Luttinger liquid model for interacting elec-
trons in one dimension. The tunneling will be modeled with the aid of the
Bosonization technique. The current and noise will be analyzed in the sequen-
tial tunneling regime using a master equation formalism. Several results will
be discussed.

We firstly deal with the transport properties of a one-dimensional quan-
tum dot. In the linear regime, a spin-induced even-odd effect in the conduc-
tance peaks position is found for zero-temperature. Increasing the latter, the
peaks positions shift until, in the high temperature regime, a uniform spac-
ing is found. The peak shifting is affected by interactions in the leads. A power
law scaling of the linear conductance peaks, as a function of the temperature, is
found: in the low temperature regime the exponent is determined by the leads
interactions only, while in the high temperature regime interactions within the
quantum dot lead to its renormalization. In the nonlinear transport regime a
novel negative differential conductance mechanism will be discussed. We will
show that this effect is induced by the peculiar non-Fermi-liquid interactions
in the dot and is connected to a dynamical trapping of excited states with a
high total spin which occurs when the tunneling barriers are asymmetric. The
influence of spin-flip relaxation processes and interacting external leads will be
studied.

Subsequently, we will study the charge- and angular momentum-resolved
currents noise of a quantum ring. We will concentrate firstly on the zero-
frequency regime and will show that, in an interacting ring, the charge cur-
rent noise can be driven to values exceeding the Poissonian limit in the pres-
ence of asymmetric tunneling barriers. We will show that the origin of super-
Poissonian charge noise is the inhomogeneity of the dot states dwell time. We
will discuss the sensitivity of the noise with respect to leads interactions and
point out the possibility to achieve super-Poissonian angular current noise for
leads with attractive interactions. We will analyze these results with the aid of
a Monte Carlo simulation and show that, in the presence of super-Poissonian
charge noise, a bunching of the tunneling events occurs. The angular noise
is insensitive to the bunching phenomenon. Employing an external magnetic
flux piercing the ring, we will show that an interacting ring can exhibit transi-
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tions between sub- and super-Poissonian regimes for the charge current noise,
in sharp contrast with the case of a noninteracting ring.



Zusammenfassung

In dieser Arbeit untersuchen wir den Einfluff von Spin, Wechselwirkung und

orbitalen Freiheitsgraden auf die Transporteigenschaften von in korrelierten

eindimensionalen Elektronensystemen erzeugten Quantenpunkten und Quan-

tenringen. Die Beschreibung dieser Systeme erfolgt im Modell der Luttiger-

Flussigkeit fiir wechselwirkende Elektronen in einer Dimension. Tunnelprozes-
se werden mit Hilfe der Bosonisierungstechnik modelliert. Strom und Rauschen
untersuchen wir fiir den Fall von sequentiellem Tunneln unter Verwendung

von Mastergleichungen. Wir diskutieren verschiedene Ergebnisse.

Zundchst behandeln wir Transporteigenschaften eines eindimensionalen
Quantenpunktes. Wir finden bei Temperatur T = 0 im linearen Bereich einen
spininduzierten “even-odd”-Effekt in den Peak-Positionen des Leitwerts. Bei
Temperaturerh6hung verschieben sich die Peak-Positionen, bis sich im Bereich
hoher Temperaturen ein einheitlicher Abstand einstellt. Diese Verschiebung
wird von Wechselwirkungen in den Zuleitungen beeinflusst. Wir beobachten,
dass die linearen Leitwert-Peaks als Funktion der Temperatur gemifs eines Po-
tenzgesetzes skalieren: Im Bereich niedriger Temperaturen ist der Exponent
allein durch die Wechselwirkungen in den Zuleitungen bestimmt, wahrend im
Bereich hoher Temperaturen Wechselwirkungen innerhalb des Quantenpunk-
tes den Exponenten renormieren.

Im nichtlinearen Transportregime diskutieren wir einen neuartigen Mecha-
nismus, der zu einem negativen diferentiellen Leitwert fiihrt. Wir zeigen, dass
dieser Effekt durch die besonderen, nicht mit der Fermifliissigkeitstheorie im
Einklang stehenden Wechselwirkungen im Quantenpunkt erzeugt wird und
einem dynamischen Einfangen von angeregten Zustanden mit hohem Gesamt-
spin entspricht, das bei asymmetrischen Tunnelbarrieren auftritt. Weiterhin
untersuchen wir den Einfluss von Spinflip-Relaxationsprozessen und wechsel-
wirkenden externen Zuleitungen.

Desweiteren studieren wir das Rauschen von Ladungs- und drehimpul-
saufgelosten Stromen in einem Quantenring. Dabei konzentrieren wir uns
zundchst auf das statische Regime und zeigen, dass in einem wechselwirk-
endem Ring mit asymmetrischen Tunnelbarrieren das Rauschen des Ladungs-
stroms die Poissonverteilung tiberschreitende (”super-Poissonian”) Werte an-
nehmen kann. Ursache dafiir ist die inhomogene Verteilung der Verweilzeiten
der Quantenpunktzustinde. Wir diskutieren die Empfindlichkeit des Rauschens
beziiglich der Wechselwirkungen in den Zuleitungen und zeigen die Moglichkeit
auf, mit attraktiven Wechselwirkunden in den Zuleitungen auch die Poisson-
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verteilung tiberschreitende drehimpulsaufgeldste Strome zu erhalten.

Wir analysieren diese Ergebnisse mit einer Monte-Carlo-Simulation und
zeigen fiir Ladungsrauschen im Bereich “super-Poissonian” das Auftreten von
gebiindelten Tunnelereignissen. Das Rauschen im drehimpulsaufgeldsten Strom
ist unabhédnging von diesem Biindelungsphdnomen. Durchdringt ein externer
magnetischer Flu8 den wechselwirkenden Ring, kénnen Ubergénge zwischen
”sub-"” und ”super-Poissonian”-Regimes auftreten, in scharfem Gegensatz zum
Verhalten im nicht-wechselwirkenden Ring.



Introduction

In one of his most famous speeches [1], Richard Patrick Feynman said: “When
we get to the very, very small world — say circuits of seven atoms — we have a
lot of new things that would happen that represent completely new opportuni-
ties for design. Atoms on a small scale behave like nothing on a large scale, for
they satisfy the laws of quantum mechanics [...] We can use, not just circuits,
but some system involving the quantized energy levels, or the interactions of
quantized spin [...]”. In the last twenty years, the technology employed to fab-
ricate low-dimensional electronic systems has improved to such an extent that
Feynman’s predictions are becoming reality. The race to miniaturization pro-
vides some astonishing figures: nowadays ordinary personal computer parts
such as CPUs have reached the impressive level of 230 millions of transistors,
on a dye size of about 200 mm? [2]. At the same time, the physics of low-
dimensional geometrically confined electron systems has achieved impressive
results. It is nowadays possible to realize semiconducting heterostructures in
which a two-dimensional high-mobility electron gas is created. In these sys-
tems, the discovery of the integer [3] and of the fractional [4] Hall effects has
been made. By employing electrostatically biased metallic gates or chemical
etching, it is possible to shape the 2DEG in order to create narrow one dimen-
sional channels called quantum wires [5], or even small islands of electrons,
confined in all the three dimensions, called quantum dots [6]. Quantum wires
exhibit a strongly nonlinear, step-like current-voltage curve: in these systems
the conductance is quantized in integer multiples of ¢? /h. In quantum dots the
effects due to electronic interactions are particularly evident, for instance in
the well-known Coulomb blockade effect [6,7]. Recently, novel methods have
been devised to create one-dimensional electron systems. In channels created
by the cleaved-edge overgrowth technique [8] and in carbon nanotubes [9],
signatures of correlations beyond the Fermi liquid picture have been found.
Very recently, single molecules have been contacted to metallic leads creating a
quantum dot [10,11]. In all of these systems, the strong interplay of electronic
interactions and the spin degree of freedom give rise to a wealth of intriguing
physical effects. Among the theoretical tools devised to analyze these effects,
the analysis of transport properties has clearly emerged as one of the most
powerful. While the investigation of current and conductance has been the
subject of in-depth studies for quite a long time, recently the noise - statisti-
cal analysis of the second moment in the current fluctuations — has attracted a
considerable interest [12,13].
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In this thesis we will study the interplay of electronic interactions, spin, or-
bital degrees of freedom and geometrical confinement in strongly correlated
one-dimensional systems. We will employ the Luttinger liquid model [14],
which allows to treat accurately electronic interactions in these systems, and
will calculate the current and the shot noise in the sequential tunneling regime
employing a master equation approach. The structure of the thesis is as fol-
lows.

Part one is divided into two chapters. In the first chapter, a short overview
of some of the most important features of one-dimensional systems and quan-
tum dots will be given. We will briefly describe carbon nanotubes and cleaved-
edge overgrowth heterostructures since they represent two of the most impor-
tant realizations of quantum wires. The fundamental concepts of Coulomb
blockade and Coulomb oscillations will be introduced within the framework of
the orthodox theory for quantum dots. This will allow us to interpret recent ex-
perimental results for quantum dots embedded in one-dimensional electronic
channels.

In the second chapter, the properties of the Luttinger liquid model will be
reviewed following [14]. Assuming a zero-range forward scattering, we will
describe both the cases of periodic and open boundary conditions for the case
of spinful and spinless electrons. The bosonization identity will be discussed
as it provides a necessary tool in order to calculate the correlation functions of
the Luttinger liquid.

Part two deals with the transport properties of a quantum dot embedded
in a one-dimensional electron channel [15-19]. Experimental realizations of
such a system are for instance described in [8, 20]. In the third chapter, a model
for a spinful quantum dot embedded inside a one-dimensional channel will be
described in details. The relevant energy scales will be introduced and the dif-
ferent kinds of excitations of the system will be discussed. The master equation
for the transport in the sequential tunneling regime will be analyzed and the
calculation of the transition rates within the framework of the Fermi golden
rule will be set up. The case of non-relaxed collective charge and spin density
waves will be introduced and some recent results [18] will be analyzed. Transi-
tion rates in the case of thermally relaxed collective modes will be derived and
an extension to the master equation will be made, in order to take into account
spin-flip relaxation processes.

In the fourth chapter, analytic and numerical results for the differential
conductance of the one-dimensional quantum dot in the sequential tunneling
regime will be presented. In the linear tunneling regime, a spin-induced even-
odd effect in the conductance peaks position will be shown. The interactions-
induced power law scaling of the conductance maximum will be analyzed, and
the positions of the peaks as a function of the temperature will be studied. In
the nonlinear regime, a spectroscopic analysis of the differential conductance
behavior in the gate voltage-bias voltage plane is performed. A novel mecha-
nism for negative differential conductance will be described. This effect will be
analyzed in great detail: the role of asymmetric tunneling barriers, spin-charge
separation and high-spin excited states will be discussed. Also, the influence
of interacting leads and spin-flip relaxation processes will be analyzed.

Part three deals with the noise properties of a one-dimensional quantum
ring [21], realized for instance as described in [22,23]. In chapter five, a short
introduction to noise in low-dimensional electron systems will be given. Partic-
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ular emphasis is put on the connection between noise, statistics and Coulomb
interactions. The Hanbury-Brown and Twiss experiment with photons and
electrons will be sketched. Subsequently, the results of some recent studies on
the noise in double-barrier systems will be reported.

In chapter six, the noise of a one-dimensional quantum ring will be dis-
cussed. The description is made in terms of a spinless Luttinger liquid in the
presence of periodic boundary conditions, and the transport will be considered
in the tunneling regime. The technique employed in the noise calculation will
be described and some numerical and analytic results are presented. Charge-
and angular-current noise will be considered. The zero-frequency regime will
be addressed, studying the influence of electronic interactions on the noise both
without or in the presence of an external magnetic flux. Transitions between
sub- and super-Poissonian noise regimes will be discussed. The role of the
typical transport time scales on the noise will be underlined, employing also a
Monte Carlo simulation.



Introduction
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CHAPTER 1

Low dimensional systems

"I call our world Flatland, not because we call it so, but to make its nature
clearer to you, my happy readers, who are privileged to live in Space.”
(E. A. Abbott)

In this chapter, a short overview of low dimensional electronic systems will
be made. After a premise on two-dimensional electronic gases (section 1.1),
one-dimensional systems are described, either in the form of confined two-
dimensional electron gases (section 1.2) or as carbon nanotubes (section 1.3).
We then introduce quantum dots (section 1.4), discuss briefly their transport
properties and describe some recent experimental result on quantum dots cre-
ated in one-dimensional electron channels (section 1.5).

1.1 The two dimensional electron gas

The two dimensional electron gas has been available since about thirty years,
the first realization being the inversion layers in silicon MOSFETs [24]. More
recently, high quality 2DEGs are created at the interface of a GaAs/AlGaAs
heterostructures. These 2DEGs show excellent properties such as extremely
long mean free paths, in the range of 10 <+ 100 um, and high mobilities (of the
order of 10°cm?/sV). Therefore, they are ideal systems both from the point of
view of applications — high speed electronics being the first candidate — and for
basic research purposes. The interface between GaAs and AlGaAs is created
with monolayer precision by means of molecular beam epitaxy techniques. A
layer of about 100 nm of high band gap AlGaAs is grown in the z-direction
ontop of the lower bandgap GaAs substrate. Subsequently, a modulation dop-
ing scheme is employed, where As atoms are substituted with Si donors. As
a result, the conduction band shape near the junction plane is modified as
shown in Fig. 1.1. The band structure of the 2DEG can be obtained solving self-
consistently the Poisson equation for the electron sheet density. The confining
potential has an almost triangular shape. Neglecting spin and electron-electron
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Figure 1.1: (Left) Conduction band in a GaAs/AlGaAs heterostructure. The
energy is measured with respect to the Fermi level Er. (Right) Schematic de-
piction of the triangular potential well which develops at the interface (z = 0).
The first three energy levels and a sketch of the corresponding wavefunctions
(n(z) are given. (After [25]).

interactions, the spectrum of the system can be approximated by

hZ
n 2+

& K+ ey (1.1)
where m* = 0.067m, is the effective mass of electrons in GaAs and k = (ky, ky).
The wavefunction is given by

— 1 ik7
V(1) = ﬁek n(2)

where 7 = (x, y). We have assumed the confining potential acting along the z
coordinate and a free system in the (x, y) plane. The energies €, are due to the
strong energy quantization imposed by the triangular well. The system effec-
tively behaves as two-dimensional if the Fermi energy E is such that only the
lowest subband is populated: ¢y < Ef < €;. Assuming typical parameters for
GaAs/AlGaAs structures, the Fermi energy can be estimated as Ep ~ 10 meV
and the average level spacing is Ae ~ 20 meV [25]. Therefore, at temperatures
kgT < AE — EF, the system is effectively “frozen” in the state with n = 0 and
we can talk about a 2DEG. Therefore, for a nowadays easily accessible temper-
atures T' < 100K, a truly 2D electron system can be created.

1.2 1D electron systems

By means of an additional confinement procedure, the 2DEG can give rise
to one-dimensional (1D) systems. Suppose the confinement acts on the y-
direction: in general terms, still neglecting spin and electron-electron inter-
action, because of the external confining potential V(y) the spectrum of the
system develops subbands similar to (1.1)

hZ

Ekpen! = %ki + €&, . (12)

The effectiveness of the confinement procedure is given by the number of pop-
ulated lateral subbands, labeled by the index n’. In the extreme limit when

only the subband with n’ = 0 is occupied, the lateral degree of freedom is lost
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and the system behaves as 1D. Many techniques have been employed to create
1D electron systems, employing for instance electron beam lithography and
chemical etching of semiconducting GaAs/AlGaAs heterostructures.

In chemically etched heterostructures, the 2DEG is effectively cut in “slices”,
giving rise to a quantum wire. In Fig. 1.2 (left), an array of such quantum wires is

17
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Figure 1.2: (Left panel) Chemically etched quantum wires. (Right panel) Sec-
tion scheme of one quantum wire, the white rectangle represent the section of
the portion of cut 2DEG. (After [5]).

shown. The 1DEG position is shown in Fig. 1.2 (right). The effectiveness of the
confinement is quite good: indeed the etched pattern induces a depletion re-
gion and the real conducting width of the 1DEG, which is normally unknown,
is often much smaller than external structure width. As of today, the state-of-
the-art resolution allows to create channels whose external width is around 20
nm, which is often enough to reach the 1D limit at experimentally accessible
temperatures. These samples are extremely useful when optical measurements
have to be performed, since the large number of structures that can be stacked
in an array makes it possible to obtain very high signal intensities.
Alternatively, deposing metallic gates ontop of a semiconducting heterostruc-

ture and applying suitable negative voltages on them, it is possible to deplete
the 2DEG lying below the gates, thus effectively shaping the electron gas. This
technique is extremely flexible, allowing to change continuously the shape of
the confining potential by tuning the external voltages. Using a split-gate ge-
ometry (see Fig. 1.3) for the patterning, the first measurement of a quantized
conductance for a ballistic quantum point contact (QPC) was performed in
1988 [26]. A ballistic QPC is a narrow constriction in a 2DEG, induced by the
potential applied to the split-gate geometry, where the linear dimension L is
smaller than the distance required to the electrons to deviate from a ballistic
motion. It is possible to modify the width W of the lateral confinement tuning
the voltage of the metallic gates V;; until a transversal dimension comparable
with the Fermi wavelength Ag is reached. A source-drain voltage V is then
applied to the point contact to drive a current through the channel. The linear
conductance G = limy_,I/V is then measured, as a function of V. The re-
sults of such an experiment are presented in Fig. 1.3, and show a clear deviation
from the classical linear I(V') characteristics. The conductance assumes quan-
tized values which are multiples of the doubled conductance quantum 2¢? /h
(e electron charge, h Planck constant). To explain this phenomenon, we can
refer to (1.2). Consider the T = 0 case. The subband structure of the 1DEG is
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Figure 1.3: Conductance of the QPC shown in the inset, normalized to the
doubled conductance quantum 2¢? /I (e electron charge, i Planck constant) as
function of the gate voltage. (Inset) Sample geometry of the QPC. The shaded
areas are the metallic gates, the point contact is defined where the two gates
have the minimal distance W. (After [26]).

n=2
E(k)

n=1

n=0

Figure 1.4: Electron bands in a 1D channel. The subband spacing increases
increasing the strength of the confinement: in the case of the QPC as in Fig. 1.3,
for decreasing negative values of V. The Fermi energy in this case is such that
only the lowest subband is filled.
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schematically depicted in Fig. 1.4. The motion along the x axis is free, while the
subband spacing increases when decreasing the channel width W (tuning Vi
towards more negative values). For a fixed Fermi level Ef, tuning Vg is there-
fore possible to change the number of populated subbands (since no magnetic
field is present, each subband is doubly degenerate because of spin). In a sim-
plified picture, which does not take into account disorder along the QPC, each
subband acts as a “transport channel” whose conductance is e?/h, therefore
one has a total conductance
2

G =2N (Vg)ﬁ
where N(V) is the number of populated channels at a given gate voltage. A
more refined result, which allows to treat also the case of disordered QPC, can
be derived by means of the Landauer-Biittiker transport formalism [27-29]. In
this framework, the conductance is determined by the transmission probabilities
T, for each channel as

e2

In the clean case, or with of nonzero temperature, the T, are either 1 (occu-
pied subband), or 0 (empty subband). In the disordered case, the transmission
probabilities acquire an energy dependence, thus 0 < T,(Vg) < 1.

1.3 Carbon nanotubes

Recently, carbon nanotubes (CNT) [30] have attracted much interest for their
outstanding mechanical and electronic properties. Since the discovery of the
allotropic modification of carbon known as fullerene [31], in 1985, the research
on carbon nanostructures gained much momentum. In 1991, Iijima [32] ob-
served and identified for the first time CNTs and opened a new era for the
carbon nanostructures. Roughly speaking, both fullerenes and CNTs are de-
formations of a graphene sheet: the former tend to assume an almost “spheri-
cal” configuration in which some of the hexagons which form the honeycomb
structure of the graphene are substituted by pentagons, while CNTs are ob-
tained by folding the graphene sheet effectively obtaining a tubular structure.
Although fascinating, a complete description of the physics of CNTs is beyond
the scope of this introduction and can be found in many books available in
literature as, for instance [33]. Here, we limit to some very basic facts. The
graphene sheet is a 2D honeycomb lattice of hexagons. Each vertex of this lat-
tice is occupied by a carbon atom. The four valence band electrons of carbon
are subdivided between sp, and 7 orbitals. The former extend perpendicularly
to the graphene sheet and are responsible for the weak attraction between the
graphene sheets (which form the graphite), while the latter give rise to a band
structure that was calculated in the tight binding approximation by Wallace
[34] in 1946. As a result, the graphene is a gapless semiconductor. In order to
obtain CNTs, the graphene sheet must be “wrapped up”. Referring to Fig. 1.5,
the “folding vector” C (lying on the lattice space), which defines the direction
along which the sheet is wrapped, can be introduced. This vector can be rep-
resented on a basis of the honeycomb, shown in Fig. 1.5, as C = nidy + mi,.
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Figure 1.5: The graphene lattice and its basis @;,d4,. Folding from the atom
labeled (0, 0), the possible types of obtainable CNTs are shown, depending on
the folding vector C = nd; + md,. The folding vector is denoted in figure by
its components on the given basis. (After [33])

The electronic properties of the resulting nanotube are defined exclusively by
the folding vector (1, m) [33]. In particular, the wrapping procedure “slices”
the two-dimensional graphene band structure, giving rise to one-dimensional
subbands which are approximately given by

Ep(k)—izé%\/(m;"w):(%)z (1.3)

where p is the band index, k is the longitudinal momentum along the CNT, 4
is its radius and vf the Fermi velocity. Since the Brillouin zone of the graphene
contains two equivalent points K and —K [33], the subband structure (1.3) must
be duplicated. The index p comes from the quantization of the transverse mo-
mentum along the CNT, imposed by the wrapping. If n —m = 3j, with j an
integer, we have a chiral CNT, for n = m we talk about armchair nanotubes,
while if m = 0 we have a zig-zag nanotube. These structures are rendered in
Fig. 1.6. In all cases, when n — m = 3] with j integer, we obtain gapless metal-
lic nanotubes. Interestingly, they have two linear bands which cross around
Ey(k) = 0, corresponding to a flat density of states. When (n —m)/3 is not
an integer, the nanotube is semiconducting. A sketch of the discussed band
structures is given in Fig. 1.7.

1.4 Quantum dots

When an electron system is confined in all the spatial dimensions to a size of the
order of the Fermi wavelength, we obtain a zero-dimensional electron system,
which is called quantum dot [6]. Several techniques can be exploited to create
quantum dots: pillar type qdots can be fabricated by chemically etching a semi-
conducting heterostructure — an example is shown in Fig. 1.8. Alternatively, us-
ing metallic gates a droplet of electrons can be created depleting the 2DEG in
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(@)

Figure 1.6: Three different nanotubes: (a) Armchair nanotube (5,5) (metal-
lic); (b) Zig-zag nanotube (9,0) (metallic); (c) Chiral nanotube (10,5) (semi-
conducting). (After [33])

GaAs/AlGaAs. Fig. 1.9 shows an example of such systems [35]. In section 1.5
we will show some examples of quantum dots embedded in one-dimensional
systems. Semiconducting quantum dots are very interesting systems: quantum
effects such as the presence of a discrete excitation spectrum cannot generally
be neglected and electron-electron interactions strongly affect their properties.
Connecting external source and drain leads, a current can be injected through
the quantum dot, thus performing transport experiments. As we will see in
this section and in the following of this thesis (see chapters 3,4), the study of
current and differential conductance is an extremely powerful spectroscopic
tool by means of which one can gain a lot of informations about the quan-
tum dot itself. Due to charge quantization and confinement the quantum dot
exhibits a typical energy scale Ec, the charging energy, which is the typical in-
crease in energy due to the addition of one electron in the structure. In order to
detect charging effects due to the tunneling of a single electron, the condition
kgT < Ec must be fulfilled. In the following, we will assume the quantum
dot has a discrete excitation spectrum. In semiconducting quantum dots as
those formed in CEO heterostructures (see section 1.5) the typical level spac-
ing is of the order of the peV, sufficiently large to be detected in a transport
measurement if the temperature T is not too high. In semiconducting dots, the
maximum allowable temperature is of the order of 1 K. The maximum temper-
ature in order to resolve charge quantization is of the same order of magnitude.
Such temperatures are nowadays experimentally available. Consider a trans-
port experiment: the quantum dot is coupled to external leads via tunneling
barriers and suitable voltages are applied. In order to detect charge quantiza-
tion effects in the transport, the tunneling resistance of the source (+) and drain
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1d

/

Figure 1.7: (Top) Band structure and density of states of a semiconducting CNT;
(Bottom) Band structure and density of states of a metallic CNT. (After [33])

Figure 1.8: Electron microscope images of chemically etched quantum dots
("pillar dots”). (After Kouwenhoven’s group homepage (Delft University))
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Plunger
Gate

Figure 1.9: SEM image of a planar quantum dot: the gate geometry enables a
precisely known number of electrons (N=0,...,50) to be trapped employing a
special “plunger” gate. (After [35])

(—) barriers must be sufficiently high; R+ > Rx = h/ €2 [36]. The schematic
setup of a transport experiment on quantum dots is described in Fig. 1.10. The
tunneling barriers are characterized by tunneling resistances R+ and possibly
different capacitances C+. For the sake of simplicity, in the rest of this sec-
tion we will assume a symmetric configuration for the capacitances C_ = C.
Source and/or drain leads are connected to external voltage sources. In the fig-
ure, a symmetric voltage configuration has been assumed. In addition, a third
external lead (the gate lead) is only capacitively coupled to the dot. The gate
capacitance is such that Cg < C4. No electrons tunnel through the gate lead.
However, applying an external voltage V7 it is possible to change the effective
charge of the dot in a continuous manner. In the orthodox theory [6,36], the total
energy U(N) of a quantum dot with N electrons is estimated as

2 2 N
N—Ny—Ng)" + > € (1.4)
i=1

e
where C = C_ + Cy + Cg is the total capacitance of the quantum dot, Ny is
the number of the electrons in neutrality conditions, N is the number of excess
electrons in the dot, Ng = C¢V /e is the charge induced by the gate lead and ¢;
is the single particle discrete excitation spectrum of the dot. U(N) is composed
by a semiclassical electrostatic contribution (first term) and a purely quantum
second term. To have a finite current flowing through the system, we apply a
source-drain voltage V: in terms of the electrochemical potentials of source and
lead terminals it holds p— — p = eV (-e is the electron charge). We assume
here T = 0. Defining the electrochemical potential of the dot as

#a(N) = U(N +1) — U(N) (1.5)
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Figure 1.10: Schematic setup of a quantum dot, connected to source, drain, and
gate leads. Source (4) and drain (—) tunneling barriers are characterized by
tunneling resistances R4 and capacitances Cs. A possible setup of bias and
gate voltages are shown.

the condition for a current flowing from the source lead, through the dot, to
the drain lead is

pe < pg(N) < pe. (1.6)

Let us consider the linear transport regime, i.e. the limit V — 0. The transport
is allowed only when pg(N) = 0, otherwise the quantum dot is in the Coulomb
blockade regime and no current flows. The resonance condition can be achieved
by suitably tuning the gate voltage Vg so that

I eny1 _ ¢
= 4+ . 1.7
Ng= N5+ 0 = Ng(N) (17)

When Ng(N — 1) < Ng < Ng(N), the quantum dot is blocked in the ground
state for N excess electrons (measured w.r.t. the average number Ny), therefore
tuning the gate voltage it is possible to select the ground state of the quantum
dot. When (1.7) is fulfilled, the dot state oscillates between the ground states
of N and N + 1 electrons: the linear conductance G = I/V (V — 0) exhibits
a o-like peak. At nonzero temperature, the conductance peaks are smeared as
shown in Fig. 1.11. Suppose now to keep a fixed gate voltage inside the the
Coulomb blockade region and to increase the voltage V. At zero temperature
and small voltages the transport is interdicted because tunneling through the
source or the drain barrier is interdicted. Increasing the voltage, however, it
is possible to fulfill (1.6) with increasing N: the current changes in a step-like
fashion and a Coulomb staircase is observed [37]. In Fig. 1.12, the results of a non-
linear transport experiment in a quantum dot are shown. This is the nonlinear
transport regime, whose description critically depends on the details of the spe-
cific quantum dot. Increasing the source-drain voltage, between ground state
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Figure 1.11: Conductance (a.u.) of a planar quantum dot in the linear transport
regime as a function of the gate voltage (in mV). (After [7])
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Figure 1.12: Coulomb staircase in the current of a quantum dot in the nonlinear

transport regime. Curves for different gate voltages V; have been offset for
clarity. (After [37])
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Figure 1.13: Nonlinear current (dotted curve, arbitrary units) and stationary
occupation probabilities (solid lines, labelled a,...,e) of the states involved in
the transport for a quantum dot as a function of the source-drain voltage (arbi-
trary units). (After [42])

and excited state and between different excited states can be observed. The lat-
ter are detectable if the quantum dot excited states have lifetimes comparable
to the average time scales of the current [38]. Their description goes beyond the
orthodox theory. Increasing the bias voltage, the number of possible transitions
which support the transport (fransport channels) increases. Although intuitively
this should lead to an increase of the current, this is not always the case. The
most celebrated example of a decreasing current when increasing the number
of transport channels is the spin blockade effect [39,40], which has recently been
observed in planar quantum dot created by metallic gate patterning [41]. This
gives rise to a negative differential conductance G = dI/dV. The spin blockade
effect is shown in Fig. 1.13, where the nonlinear current I for a quasi-one di-
mensional quantum dot is shown as a function of the bias voltage (arbitrary
units). In this regime, the quantum dot oscillates between the charge states
n = 2and n = 3 (here, n = N — Ny represents the charge unbalance w.r.t.
the neutral condition). Increasing the voltage, the current exhibits a step-like
behavior. Each step onset corresponds to the opening of a new transport chan-
nel. For V = 0.8, the current sharply decreases. In Fig. 1.14 a scheme of the
states relevant to the transport in this region are shown. The quantum dot is
in the sequential tunneling regime, which means that after each tunneling event
the electron coherence is lost, preventing virtual transitions inside the quantum
dot. Around V' =~ 0.8, the transport channel corresponding to the transition

|In=2,5=1) - |n=3,5=3/2)

opens up. As it is clear from inspecting Fig. 1.13, the state [n = 3,5 = 3/2)
(e) acquires most of the occupation probability, signalling that its occupation
time is much longer than that of all the other states. Inspecting the scheme
in Fig. 1.14, which represents the allowed transitions between dot states, it is
clear that the state e has only one escape transition, because of the spin selec-
tion rules preventing the direct decay |n = 3,5 = 3/2) — |n = 2,5 = 0),
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Figure 1.14: Scheme of the states involved in the transport for V =~ 0.8 (see
Fig. 1.13). On the horizontal axis is the charge unbalance n = N — N, on the
vertical axis the state energy. The total spin S for the various states is shown
(units 1/2). (After [42])

while all the other states have at least two escape transitions. This gives rise
to a “dynamical trapping” of the state e leading to an overall decrease in the
current. Because of spin selection rules, this effect may happen each time an
excited state of the dot with maximal total spin is occupied. A similar effect,
induced by interactions and not specifically related to spin selection rules, will
be discussed in chapter 4.

1.5 Quantum dots in 1D structures

Quantum dots can be created also in one-dimensional systems. In the follow-
ing we will show two examples of such systems and analyze some transport
experiment performed on them.

1.5.1 Quantum dots in CEO heterostructures

The Cleaved Edge Overgrowth (CEO) technique [43] has been developed to
create an atomically sharp edge in 2DEGs created in semiconducting heterostruc-
tures. The 2DEG, formed in a GaAs (white layer inside the gray AlGaAs wafer
in Fig. 1.15 (a)) quantum well heterostructure is cleaved in ultrahight vacuum
along the (011) direction. Subsequently, another sequence of AlGaAs (thin)
and n" GaAs (thick) is overgrown in the (011) direction (Fig. 1.15 (b)). The
doped overgrowth sequence injects electrons at the edge of the quantum well
(Fig. 1.15 (d)). The strong overlap between the 2DEG and the states formed
at the edge strongly couples both systems along the latter [44,45]. Applying
a suitable negative voltage to a metallic gate deposed ontop of the structure
(W gate in Fig. 1.15 (a)), the underlying 2DEG is depleted (Fig. 1.15 (e)). Em-
ploying a positive bias on the side gate S, electrons are tightly confined on the
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3 Cleave

V=0V _T

Figure 1.15: The creation of a CEO sample and the experimental setup for trans-
port measurements. (After [44])

edge of the overgrowth side (Fig. 1.15 (f)). Tuning voltages on gates W and S
makes it possible to create a 1DEG in the region below the W gate and to con-
trol its electron density. Outside this region, the 1D states are strongly coupled
to the 2DEG, allowing to perform transport measurements applying suitable
source-drain voltages to the wires using the 2DEGs as contacts (Fig. 1.15 (c)).
CEO channels have been employed firstly to study 1D transport features such
as conductance quantization [44]. Subsequently, the regime of extremely low
density for the 1D channel has been investigated [8]. In Fig. 1.16 the linear
(Vsq = 0) conductance of a CEO channel is shown as a function of the top
gate voltage. Tuning the latter to increasingly negative values, the density of
the channel is decreased. Signatures of a non perfect quantization of the con-
ductance plateaux are present. The wide oscillations can be attributed to the
presence of impurities along the channel. More striking is the leftmost part of
the graph, where the conductance drops to zero, signalling the depopulation
of the lowest 1D subband of the channel. Indeed, as shown in the inset, almost-
equidistant conductance peaks are present. An interpretation of this result can
be given with the aid of Fig. 1.17: along the one-dimensional channel an impu-
rity potential landscape is present. As long as the density of the channel is high
enough (a), the system displays a one-dimensional behavior with a quantized
conductance. When the density is reduced, however, the chemical potential
of the system can cross the impurity levels landscape. When two impurity
levels cross the Fermi level, the system is effectively cut in three pieces. The
two “external” regions are still adiabatically connected to the two-dimensional
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Figure 1.16: Main: Linear conductance measurement (Vg4 ~ 0) in the CEO
sample studied by O. M. Auslaender et al. [8] as a function of the top-gate
voltage. Inset: zoom of the region where the lowest 1D subband is depopu-
lated, showing the presence of almost equidistant conductance peaks, which
are interpreted as the Coulomb blockade peaks of a quantum dot in the linear
transport regime. (After [8]).

Figure 1.17: Sketch of the one-dimensional channel realized at the edge of the
GaAs-AlGaAs heterostructure. The impurity potential landscape is shown,
and the red lines represent different electrochemical potentials of the system.
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electronic system, while the confined one-dimensional region between the two
impurities can be thought of as a 1D quantum dot. Therefore, keeping V 4 =~ 0
and sweeping the top voltage can be interpreted as a linear conductance measure-
ment performed on a 1D quantum dot. The peaks found in the inset of Fig. 1.16
are therefore explained as the linear conductance peaks that occur whenever
the ground states for N and N + 1 electrons in the dot become degenerate. The
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Figure 1.18: Integrated area I'; under the conductance peaks #1 (empty dots)
and #2 (solid dots) — see Fig. 1.16 as a function of the temperature. The dotted

lines are fits of the theoretical prediction I'; oc T(8 ~'=1), where g is the (spinless)
LL interaction parameter [14]. (After [8]).

transport properties of this one-dimensional quantum dot display some pecu-
liar feature: analyzing the temperature dependence of the area under the linear
conductance peaks (Fig. 1.18), a power law scaling as a function of the temper-
ature T is found, in sharp contrast with the predictions of the Fermi liquid
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picture that would imply a temperature-independent area [46]. This behavior
has been interpreted as the signature of a Luttinger liquid[14] (see chapter 2).
The latter is a model for interacting one-dimensional electronic systems which
indeed predicts a power-law scaling of the linear conductance (see also chapter
4).

1.5.2 Quantum dots in carbon nanotubes

Quantum dots can be created also by means of metallic carbon nanotubes.
They are especially appealing because of their linear dispersion relation in a
low-energy sector around the Fermi energy. Since the higher subbands are suf-
ficiently separated in energy [33], they can be considered "“frozen out” at easily
achievable experimental temperatures, so that a truly one-dimensional channel
is achievable. This system can be theoretically described by a “four branches”
LL model [47]: therefore peculiar power-law features can be expected in trans-
port properties. In the top part of figure 1.19, a single wall carbon nanotube
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Figure 1.19: Top: atomic force microscopy images of a single wall carbon
nanotube (blue) ontop a Si/SiO; substrate (green), contacted to metallic gates
(brown). After the deposition of the nanotube (A, white bar: 200nm), whose
radius is 20-50 nm, two buckles are created by using the AFM tip (B, C), thus
defining a short region in between, of length ~20 nm (white bar: 20nm). Bot-
tom left: linear conductance peaks for different temperature values ranging
from 4K to 90K — dots: experimental data, solid line: theoretical fit. Bottom
right: maximum (right scale) and area (left scale) for the linear conductance
peaks as a function of the temperature in double logarithmic scale, shows
clearly a power-law behavior. (After [20]).

(blue) is shown ontop of a S5i/SiO, substrate (green) [20]. The tube has a length
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of several um, a radius of about 20 nm, and is connected to metallic gates
(brown). By manipulation with an AFM tip, it is possible to create two buckles
in the nanotube, giving rise to the situation indicated in the panel (D), where
a region with a length of ~20 nm is defined along the nanotube. It can be
demonstrated [33] that a strong geometrical deformation of a nanotube intro-
duces pentagonal and heptagonal defects in the reticular structure of the sys-
tem. These defects act as impurity potentials along the nanotube. Thus, if these
impurity levels emerge above the Fermi level of the system, a one-dimensional
quantum dot can be created, as in the case of disordered CEO channels. By
applying a small voltage to the metallic gates, it is possible to perform a trans-
port experiment in such a system. If the potential of the substrate is varied, the
density of the channel can be tuned so that a linear transport measurement can
be performed. Linear conductance peaks have been found (Fig. 1.19, bottom
left) and studied at various temperatures. Indeed, striking evidence of power
law scaling both for the peak area and the peak maximum have been found
(Fig. 1.19, bottom right), whose validity extends over one decade in tempera-
ture.
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CHAPTER 2

The Luttinger liquid

"It is a mistake to think you can solve any major problems just with pota-
toes.” (D. Adams)

In this chapter, the description of a 1D system of interacting electrons is ad-
dressed. After a brief survey of the properties of the Fermi liquid in 3D and 2D
[48] (section 2.1), the Luttinger liquid model is introduced [14]. After the study
of a spinful system with forward-scattering interactions and periodic bound-
ary conditions (sections 2.2.2), the bosonization identity is introduced (2.2.3).
The case of open boundary conditions is then considered analyzed (2.2.4), be-
fore turning to the special case of a spinless LL (with periodic boundary condi-
tions), in section 2.2.5. Here, and in the rest of this thesis, we set i = 1.

2.1 Landau Fermi liquid theory breakdown

Consider a translationally invariant non-interacting Fermi gas consisting of N
noninteracting spin-degenerate electrons with mass m at temperature T = 0.
Each electron is characterized by its momentum k and the projection of the spin
along a quantization axis ¢ = +1 in units 71/2. The ground state of the gas is
found by minimizing the electrons kinetic energy, subject to the Pauli exclusion
principle constraint. This gives rise to the well-known Fermi sea, e.g. the set of
states in the k-space which fulfill the condition k < kg, where k = |E\ and the
Fermi wavevector kr has been defined as the modulus of the highest occupied
momentum. The distribution function of the occupied states ny = = 29(kp — k) is
characterized by a discontinuity at k = kg, which is the hallmark of the Fermi
surface. The total energy of the configuration is simply given by

E="7 ngk*/2m. 2.1)
ko
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Introducing the second-quantized creation (annihilation) operators for an elec-
tron with momentum k and spin o, c% ” (cg ), the Fermi sea is the state |QN)

such that C£G|QN> = 0if k < kg and ¢; |Qn) = 0if k > kp. The addition

to the grouﬁd state of N particles of one electron in the lowest available mo-
mentum state, right at the Fermi surface, gives rise to the ground state of N + 1
electrons |Qp11). An excited state of the N electrons is composed by a neutral
superposition of M particle-hole pairs

b oo Q) (2.2)

provided that |k;| < kg and |k; + §i| > kg. The state | Q%) is characterized by
a new distribution function n% o= Mt ong . The energy of such an excited

state is simply given by Eq. 2.1 with n; replaced with n% = Consider the case
of a single particle-hole pair, as is depicted in Fig. 2.1: &n | = (5E‘71 - 5?,72)50/0’
(91 > kg, g2 < kp). Denoting § = 71 — 7 the transferred momentum, the

Figure 2.1: Sketch of the Fermi sphere in the momentum space for a three-
dimensional electron gas. An electron-hole excitation is shown — see the zoom.
(After [49])

excitation energy for such a pair is given by

_1l (it
5E—mq< > )

At low temperature, and without any additional external perturbation, the
particle-hole pairs can be formed only in a small region of the order kg T around
the Fermi surface. This leads to the prediction of a specific heat which grows
linearly with the temperature [50].

This prediction, as well as other consequences of the Fermi gas picture have
been confirmed surprisingly well in ordinary metals. This is far from an obvi-
ous result, in view of the fact that electrons are scattered by the Coulomb in-
teraction. However, a rough estimate of the potential Coulomb energy leads
to Epot ~ 2 /7, where e is the electron charge and 7 is the average electron

distance. One has Epot o< n'/P, where n is the density of the electron gas,
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and D = 3 is the dimensionality of the system. By comparing the Coulomb
potential energy with the average kinetic energy of the electrons Eyg, oc n%/P
one finds Epot/Ekin o n=1/D_ This result supports the validity of the nonin-
teracting theory in the thermodynamic limit and is a consequence of the Pauli
exclusion principle which becomes increasingly important in the high density
limit, thus favoring the kinetic energy in comparison with the potential one.

It was one of the greatest achievements of Lev. D. Landau [51] to point out
that in “normal” metals, most of the properties of the interacting N-electrons
system greatly resemble those of a free Fermi gas with renormalized parame-
ters, such as an effective mass. To clarify this point, let us consider a noninter-
acting electron gas and suppose to include adiabatically the interaction among
the electrons from the time t = —oo to the time t = 0

H = Hy+e"H; (2.3)

where H is the total Hamiltonian, H) is that of the free electrons, H; the interac-
tion term and n — 0. Under the adiabatical approximation, the eigenvalues
|¢;) of the Fermi gas will evolve continuously into the eigenstates |@;) of the
interacting system. In a normal metal, it is assumed that all the eigenvalues of
the interacting system can be created starting from some eigenvalue of the non-
interacting gas. Let us add a particle with momentum p > kg to the noninter-
acting ground state |Q ) and, as above, turn on adiabatically the interaction. If
momentum is conserved by the scattering among the particles, an excited state
with the same momentum p will be obtained at the time ¢ = 0. In the real space,
upon the adiabatic inclusion of the interactions, the electron “dresses up” with
a cloud of electron-density fluctuations, therefore acting as a composite parti-
cle with renormalized mass called a quasiparticle. Because a quasiparticle can
be created only if its momentum lies above the Fermi surface, their distribution
function exhibits a sharp jump of the order of v/Z < 1 at the Fermi momen-
tum, which decreases with increasingly strong interactions. Despite a generally
weak residual interaction, these quasiparticles can be considered essentially as
free objects. However the weak scattering due to residual interactions gives
rise to a finite lifetime T of the quasiparticles. If the latter is longer than the char-
acteristic time of the adiabatic inclusion of interactions 1!, then quasiparticles
are essentially well-defined objects. From simple phase-space arguments, Lan-
dau has remarkably shown thatin D = 3, at zero temperature the quasiparticle
lifetime diverges at the Fermi surface

1
T(e) x 5

(e —eF)

where ep = kZ/2m is the Fermi energy. Therefore, the quasiparticle descrip-
tion is not likely to run into trouble around the Fermi surface, since there one
has T(e ~ &) > n~!. Therefore the quasiparticles “survive” the inclusion of
interaction. The Landau theory, which can be confirmed by a rigorous pertur-
bation theory in the interaction Hamiltonian, is neither restricted to electronic
systems, nor to weakly interacting ones, its main conclusions being essentially
due to very general phase-space arguments [48].

It must be noticed that the quasiparticle excitation are not the only excita-
tions of an interacting electron system. Indeed, one can define collective modes
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that describe the response of the system as a whole to an external disturbance.
For instance, with short-range interacting fermions (e.g. >He), the collective
excitations of the charge density are called zero sound. With long-range inter-
actions (as in conventional metals, for instance) the collective excitations are
plasmons. Essentially analogous arguments can be made about the validity
of the Landau picture of interacting electrons in D = 2. However, things are
very different when dealing with the D = 1 case. Even from a very intuitive

o © o
° 000006000
° oo

Figure 2.2: (Left)Ina D > 2 interacting fermionic system, nearly-free quasipar-
ticles that behave qualitatively like individual particles are possible; (Right) In
a D = 1 interacting fermionic system all the excitations become collective.

argument, in a one-dimensional interacting electron system (Fig. 2.2 right) the
motion of each electrons affects dramatically all the other electrons. This is
in sharp contrast with the situation found in higher dimensionality (see, e.g.,
Fig. 2.2 left — for D = 2) where quasiparticle excitations can propagate nearly
freely, without affecting dramatically the system. Indeed, the calculation of the
quasiparticle lifetime in D = 1 leads to the rather discomforting result T = 0.
This means that the quasiparticles are not well-defined objects, not even on
the time scale of the adiabatic inclusion of interactions! This means that the
adiabatic inclusion of interactions is a troublesome concept in 1D fermionic
systems. The failure of the quasiparticle concept, in turns, implies that the ex-
citations of 1D fermionic systems may have a different character. Indeed, it
can be demonstrated that in the low-energy sector all the excitations of the 1D
fermionic systems have collective character, being formed by charge density
waves (CDW) and spin density waves (SDW). In the next section, a model for
interacting one-dimensional electrons will be introduced.

2.2 Tomonaga-Luttinger liquids

2.2.1 A short introduction

The Tomonaga-Luttinger liquid model for interacting, 1D electrons has been
introduced in 1950 by S. Tomonaga [52] and subsequently reconsidered by J. M.
Luttinger [53] in 1963. Although exactly solvable within the forward-scattering
approximation, this model has shown its full potential only after the bosoniza-
tion identity has been demonstrated [54]. Many good review papers on the
subject have been published, among which one of the most famous and exten-
sive is the one by J. Voit [14]. Very recently, T. Giamarchi has published a mono-
graph book on the quantum physics of 1D system, where the Luttinger liquid
is studied in great detail together with many examples and extensions [55].
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2.2.2 Periodic Luttinger liquids

In this section, we follow [14]. Consider a system of free electrons in one di-
mension, with the Hamiltonian

H() = Z SkC}:,ka,S (2.4)

k,s
where ¢, = k?/2m represents the kinetic energy of the electrons, m is their
mass, and c (c;i ;) destroys (creates) an electron with momentum k and spin
projection along a quantization axis s = £1 (units /1/2). We want to describe

Figure 2.3: Parabolic energy spectrum of free electrons in one dimension and
linearization around the Fermi energy. A zoom of the region around kg is dis-
played in the right part. The infinite Dirac sea of states with negative energies
is shaded in gray.

the low-energy dynamics of the system around the Fermi energy Ep. There-
fore, we linearize the dispersion relation around k;i) = ++/2meg (see Fig. 2.3).
This leads to the creation of two branches ¢,y = vg(rk — kg) of right (r = +1)
and left-moving (r = —1) electrons. Introducing right and left-moving elec-
trons destruction (creation) operators as ¢, (cJr

' ks), We can rewrite the free
Hamiltonian as

00
HQ ~ z Z 5r,k : CI’k’sCrlk,s . (25)
r,s=£t1lk=—0c0

where we have introduced the normal-ordering operator : O := O — (O)g to
take care of the fictitious Dirac sea that we have introduced linearizing the
spectrum. We can introduce density fluctuation operators for the r branch as

prs(q) = Z : C;J[,q+p,scr,p,s : (2.6)
P

and observe that the above defined operators obey the Kac-Moody algebra con-
stitutive relation

rgL
2

where L is the length of the system. Here, we assume periodic boundary con-
ditions. In the next section, the case of open boundary conditions will be ad-

[pV,S (q)/ pr’,s’(_q/)} = _‘Sr,r"ss,s"S (2.7)
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dressed. It is crucial to observe that the operators (2.6) satisfy also the commu-
tation relation

[Ho, pr,s(9)] = rorqers(q) (2.8)

which allows to write

TTUR

Hy = ; : prs(q)prs(—q) : +const. (2.9)
q

For a fixed number of particles, (2.5) and (2.9) are equivalent by virtue of the
Kronig's identity [56]. The (up to now) undetermined constant is fixed consid-
ering the addition energy of N; s electrons with spin s in the r branch. One then

has
TR Z (2.10)

Ho = I q; : pr,s(ﬂ).ors

7'['0}:

Treating a system of interacting electrons, the Hamiltonian becomes H = Hy +
H;nt, where
T v 2.11
int — i z z (q)Ck1+q,51Cszq,SZCerSZCklrsl : ( : )

51,52 ky,ka,q

This Hamiltonian describes the most generic translationally invariant inter-
action among electrons. However, in order to be able to solve the Luttinger
model, it is necessary to make some approximation on the type of interactions
that shall be considered. In particular, we are interested in rewriting Hjn using
the density fluctuation operators. It turns out that it is possible, if we restrict
to the case of forward scattering where the interacting electons do not change
branch. After some algebraic rearrangement, we can rewrite Hin as

How = 57 V@ {5 0rs@0-(0) 01500 (0]

(2.12)
+ > [pes(@)ons(=4) : + 2 prs(q)pr,—s(—q) }} .
r==x1
It is convenient to switch to charge (p) and spin (o) variables
pr(q) = 7 [or,+(q) + pr,— ()] Nyp = % [Ny,+ + Ny, ] (2.13)
1
or(q) = ﬁ [or+(a) — r,—(q)] Nyo = 7 [Nr+ — N, (2.14)

obtaining the equivalent form of H = Hy + Hint, with Hy = Hy , + Hy ; and

Hy = m’F % v ()i (— m’F % N2, (215)
V= p,o'r_ 1470 V= p,o'r_

201(q)p-(=q)+ > :er(q)pr(—9) =1 : (2.16)

V(g
mt L z N

Writing the Hamiltonian in this form, it is immediately clear that, under the
hypothesis of forward scattering, the spin variables are free. The charge sector,
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on the contrary, can be easily diagonalized with a Bogoljubov transformation
[57]. Under this transformation, the charge operators transform as

pr(q) = rpr(q) cosh [&(q)] — rp—r(q) sinh [E(q)] (2.17)
with 2V( )
_ q
4&(q) = —In (1+—7er ) (2.18)
For H, = Hy , + Hint we have
7TUF -1 - ~ 7TUF 2 7TUF 2
H,= —F o (@)pr(—q) t +—— bt N2+ ZE12 (219
T2, 2% () : pr(q)pr(—q) 2t =0 e o e 19

where we have introduced the total charge N, = N ,+ N_ , and the topologic
current [, = N4, — N_ , which describes the imbalance between left- and
right-moving charges. The factor

2V
(g =e®W =1+ —mfz) (2.20)

describes the renormalizing effect of the interactions on the dispersion relation
of the system. In the noninteracting case, gp(q) = 1. It is possible to define
bosonic operators

bi(g) = f—;f 3 2(ra)ox(1) (2.21)

which satisfy canonical commutation relations {bp(q), b};(q’ )} = &gy With
this, we can finally rewrite H, as

_ T TTUF zy2 | 7TUF 1p
HP - q;owp(Q)bp(Q)bp(Q) + 2Lg’2]Np + 2L ]p (2-22)

where we have introduced w,(q) = vr|q|/g0(q) and g, = gp(q — 0). The spin
sector can be rewritten in the same form

_ i TTUF ;2 | 7TUF

with analogous notations. In the spin sector, we have of course g = 1. The
two Hamiltonians are completely decoupled: [Hp, Hs] = 0. Some comments
are in order.

First of all the charge and spin excitations propagate at different veloci-
ties: in the forward scattering approximation v(q) = vg/gv(q). As can be
shown with the bosonization procedure, the injection of one electron in the
Luttinger liquid excites collective charge and spin density waves which are the
only possible excitations of the system. After some time, charge and spin den-
sity waves will be spatially separated: this is the real-space manifestation of the
spin-charge separation, which is the hallmark of the Luttinger liquid. Recently,
experimental evidences of this phenomenon have been reported [58-61].

Of course the excitations spectrum depends on the form of V(g), the Fourier
transform of the projected real interaction between Fermions. For instance, for
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a Yukawa potential V (¥) = Vj exp (—«al7|)/|7| in a cylindrical wire of radius R
one has sy,
V(q) = VoeR @ +a) g, [RZ(qZ + az)} (2.24)

with Eq (z) the exponential integral function [62]. The resulting dispersion rela-

10

10

4 6
g [Units /R]

Figure 2.4: Dispersion relations w-+(q) in units vg/R as a function of 4 in units
R~! for the case of a Yukawa-type electron interaction. The parameters are
Vo/vr = 91 and a~! = 10R. The red curve is dispersion of the noninteracting
spin density waves, the blue one that of the charge density waves. The lin-
earized dispersion law for ¢ — 0, w,(q) = qug/g, with g, = 0.13, is displayed
in green.

tions are displayed in Fig. 2.4. The strong renormalization of the charge sector
(blue curve) with respect to the spin one (red curve) is clearly visible. It is
important to observe that for 4 — 0, the charge spectrum may in general be
linearized to yield w,(q) = vg|q|/g,- Therefore, for the low-energy excitations
around g ~ 0, one can linearize the real w,(q) (green curve), defining an ef-
fective gp. This procedure becomes exact in the extreme limit of zero range
interactions V (x — x) = V&(x — x’) where one gets g, = 1 + 2V /7rop. This
is the limit we will consider from now on.

2.2.3 Bosonization

The Luttinger liquid model allows to express the real-space representation of
the Fermionic creation (annihilation) operators for the branch r and spin s,
‘Pirs(x) (Wrs(x)), in terms of the bosonic density operators pys(q). This pro-
cedure, going under the name of bosonization, has been formalized by Hal-
dane [54] in the case of spinless electrons. Here, we follow a similar approach
[14]. Suppose to start with a noninteracting system. The first step towards the

construction of the creation operator is the definition of a ladder operator LIJ, s
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whose action is to increase by one the number of electrons in branch r with
spin s
U} | {Nps}) = [{Nps + 8,85,0}) (225)

where [{N;s}) represents the state with N, extra electrons with respect to the
filled Fermi sea, with spin s and in branch . The extra electrons are supposed
to be stacked starting from the Fermi momentum kg, each 6k = 27r/L apart in
the momentum space. As a first guess one can assume to put the extra electron
in the lowest available momentum state in the most trivial way

T 1 -1)2 -t- (2Nr,5+1)7r
ul, =L %cr,k,sé <k —r [kp + (2.26)
or, exploiting the position representation for ¢, s,
L . Lt .
U, = L7172 / duxe™ e =P (T () e~ idns(x) (2.27)
0
where ¢rs(x) = —rmN,sx/L. This operator, however, does not commute with

the bosonic operators as it can be checked straightforwardly. A suitable modi-
fication to the field ¢, s(x) allows to take care of this fact. Indeed, with

rs 27 e—“\Pl/%—iPx

7N, .
Ors(x) = —r . *t lim - ————0(rp)prs(—p) (2.28)

the operator Uy, satisfies [p,s(7 # 0),UJs] = 0. Moreover, expanding the
operator exp [—iqbi,s(x)] in (2.27) with the definition (2.28) it can be checked
[54] that the ladder operator has the required property (2.25). Upon defining
the usual charge- and spin-resolved linear combinations

D o(x) = \% S (6,4 (x) = ¢y, (x)

and inverting (2.27), one gets the bosonized form of the creation operator ‘PI,S (x),
which correctly satisfies the canonical commutations,
e—ir(ke—m/L)x i

‘Pils(x) = lim LI;L,S exp { 7 [Ap(x) + s/\g(x)}} (2.29)

a—0 27
with .
Ay(x) = 10y (x) — / dx' Ty () .

— o0

The fermionic operator has been expressed in terms of two canonically conju-
gated bosonic fields

X s e~ lpl/2p—ipx { }
o,(x) = N, _ify e s, (2.30)
(x) TN iT 3 S 3 wl)
1 1 :
My(x) = —Jv++ e“"'p/ze_”’x[ rw(p)] , (2.31)
L L pgo Z

39



CHAPTER 2 [The Luttinger liquid] [Tomonaga-Luttinger liquids]

satisfying
[(Dv(x)' nv’(y)] = iév,v’é(x - y) :
The total charge and spin densities d- (x) are readily obtained:

\/E
dy(x) = —?axq)v(x) . (232)
Note that the density can be decomposed as dv(x) = d9 + dy(x). The term
d9 stems from the zero modes N, in @ (x), while the term d+(x) is the zero-
average density waves contribution. From the continuity equation 0;d-(x) =
—0yxjv(x), we can obtain the current density operators

. V2,

jv(x) = —?d)y(x) . (2.33)
Turning to the interacting case — and restricting to the case of point-like in-
teractions — under the Bogoljubov transformation the fields @ (x) and ©,(x)
undergo the transformation

(Dv(x) - (Dv(x):q)v(x)\/g_v (2.34)

Oy(x) — @V(x)—@\;é_’j),

therefore the bosonized form of the Fermionic operator is simply (2.29), with
the substitutions @+ (x) — ®,(x) and ©,(x) — ©(x). Exploiting the bosonic
fields it is possible to rewrite the Hamiltonian of the interacting system in an
extremely symmetric fashion

(2.35)

H= ;]_;, Z/OL dx |:(ax@v(x))2 + g%(axq)v(x))z (2.36)

v

2.24 Open boundary Tomonaga-Luttinger liquid

In this section we will describe a Luttinger liquid with open-boundary condi-
tions [63-65]. Namely, we will suppose the system to be confined in the finite
region [0, L] by infinite walls, imposing therefore the boundary conditions

Ps(0) = s(L) =0 (2.37)

on the annihilation operator for an electron with spin s. Taking the Fourier
transform of 1s(x) and exploiting the boundary conditions, we get 1s(x) =
V2/L 'y, sin (px)cp,s where cp s is the annihilation operator for an electron with
momentum p and spin s and p = p, = 7nn/L, with n a positive integer. Ex-
panding 1s(x) around the Fermi momentum kg we obtain

Ps(x) = Z eirkFbe,,S(x) (2.38)
with
Yrs(x) = ——= 5 €. (239)
VI &, e
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In contrast with the periodic boundary case, the fields (2.39) are linearly de-
pendent, satisfying ¥, 1,s(—rx) = 0. Therefore, it is possible to describe the
model using only one of the two 1, 5(x): in the following we will work with
right-moving (r = +) operators. In doing so, we notice that from the con-
dition 1s(L) = 0 we obtain 1 s(—L) = 4 ¢(L). It is tempting to regard
the model as a single-branch LL, defined on the whole x axis, with periodic
boundary conditions. Although this approach is straightforward in the case
of a noninteracting system, things get slightly more involved when electronic
interactions are considered. The position representation of the density opera-
tors for electrons in branch r and spin s is simply fs = is(x)1ys(x). Notice
that p4 s(x) = p—s(—x). We can define as well the charge-resolved (p,(x)) and
spin-resolved (o (x)) density operators as in section 2.2.2

or(x) = % P () + 51 ()]
1

oix) = ol (0) = (3]
(2.40)

We consider zero-range interactions V(x — x’) = Vpé(x — x’) and restrict to
forward scattering. In the charge sector one can rewrite the interaction term
(2.16) in position representation

L L
Hint = VO/O dx Zpr(x)pr(x) +2V0/0 dx p+(x)p—(x) (2.41)

with V| the interaction strength. The first term in (2.41) can be simply rewrit-
ten, using boundary conditions, as a local interaction

L
HY = Vo [ dxpi (e (x) (2.42)

while the second term in (2.41) is recast as a nonlocal interaction

L
Y = Vo [ dvpi(x)ps(-2). (2.43)

Notice that the bosonic part of (2.15) can be rewritten in the same fashion as
(2.42)

L L
Hy,, = mog /7L dx py(x)ps(x)  Hoe = 7op /& dx o (x)oy (x) .

Going back to the momentum representation we obtain the Hamiltonian of the
system, rewritten in terms of the right-moving electrons only, defined on a set
of double length L — 2L

B 7o + Vo _ ﬁ g + 2V .
H = —YH57 q§00+(‘1)0+( ‘1)+2Lq OP+(‘1)P+(’7)+74L N,
TTUF . TTUF 2
TR q Ocr+(q)cr+( 9)+ 31 No (244)

41



CHAPTER 2 [The Luttinger liquid] [Tomonaga-Luttinger liquids]

Note that we have explicitly separated the ¢ — 0 modes of the p(g) opera-
tors, Ny . In analogy with (2.21) we can define (properly normalized) bosonic

operators b, (9) = /7/Lq v4(q). We can recast the Hamiltonian in the form

H o= 3 3 {a[er+ ) bl + o (h@bl@) + b @b@)] } +

v g>0
TR + Vv, 2
i N3, (2.45)
with
Vo Vo
Y = =2V,
%o 7T Bo 27 Yo 0
az =0 Be=0 Yo =0.

Eq. (2.45) is readily diagonalized with a Bogoljubov transform obtaining a re-
sult formally similar to (2.22,2.23)

TTOR

N2, 2.46

H=j q;) wy (q)bLby(q) +

where w+(q) = vpq/gv, §p = 1//1+2Vy/7vp and go = 1. The zero mode
operators eigenvalues satisfy the constraint N, + Ny = even [64]. Important

differences with the periodic boundary condition case must be stressed. First
of all, the sum over momenta is restricted to the positive values only. This is a
direct consequence of the symmetry ¥, i, s(—rx) = 0, which allows to describe
the system using only one type of movers. This, in turn, leads to the presence
of only one zero-mode term in either the charge and the spin sector, namely N,
in contrast with the periodic boundary case. Indeed, the topologic currents

(v=p,0)

L
Fr=ve(g = 0) =v-(q = 0) = ["dx pry(x) = v- ()]

are not conserved in this model, as it becomes clear re-writing them in full
detail

Jo=2iy P [cos (1) — 1] [b}(g) = b+ (9)] - (2.47)
q>0 g

The dynamical separation of spin and charge velocities, however, is not af-
fected by the boundary conditions, as can be understood from the explicit form
of the spectrum of excitations.

Also this model can be bosonized, in the same spirit as the periodic bound-
ary conditions case [63]. We first of all quote the bosonized expression for the
spin-resolved density operator for the branch r = +

N5 | 0:Zs(x)

Pt,s(x) = 5T + .

(2.48)

where Z(x) is a phase field defined as

- _ 1 —aq/2 ( ,iqx
= (x) qZO, / qLe (e by + h.c.) (2.49)
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and a~! is a momentum cutoff. Because of the open boundary conditions

Z(x+2L) = Z(x). For the creation operator of a Fermion with spin s, one
has

Looul
I(x) - g}g}) \/2_57066 [Ap(x)+sAc(x)] (2.50)
with
_ 7mNyx gv 1 Zv(x) gv 1 Zv(—x)
M) =31 +<\/ 2 ,/_ng> 2 +<\/ 2 T ) 2

2.2.5 Spinless periodic Tomonaga-Luttinger liquid

In this section, a few results for a spinless LL with periodic boundary condi-
tions are summarized. The derivation goes along the same lines of section 2.2.2,
therefore all the details will be omitted. The system still has two branches of
left (r = —1) and right (r = +1) moving electrons. We denote the excess
number of these electrons by N,. We can as well define a density operator

or(p) = Sk Ci,k +pCrk for the branch r, where c, (cj,k) is the annihilation (cre-

ation) operator for an electron with momentum k in a given branch. The total
Hamiltonian including interactions reads

S or(p)or(—p): +

+

) ) (2.52)
L3V oo ()53 oo (p)

r
where the total excess electrons number N = N, + N_ and the imbalance be-
tween right- and left-moving extra electrons | = Ny — N_ operators have been
defined. Their eigenvalues satisfy N + ] = even voit. The Hamiltonian (2.52)
is diagonalized by a Bogoljubov transformation. Defining bosonic creation op-
erators

bi(p) = L2|—7; S 0(rp)pr(p) (2.53)

the diagonal form of (2.52) is

7T0 7T0
H=3 w(p)b'(P)b(g) + 55N+ 5T (2.54)
p#0

where w(p) = vg|p|/g(p) and

g(p) =41+ —ZZ;EP)
F

is the spinless interaction parameter. The bosonization procedure can be per-
formed, obtaining the fermionic creation operator in branch r

; e—ir(ke—m/L)x
Y (x) = lim

a—0 27

u/ exp {i {rCD(x) — 7T/io dx’ ﬂ(x/)] } ,  (2.55)

43



CHAPTER 2 [The Luttinger liquid] [Tomonaga-Luttinger liquids]

where U] is the increasing ladder operator acting on N, and

—alpl/2p—ipx
o) — _TEN_T i[ , } (2.56)
(x) LN S 2o
Mx) = %]_1_% ;e—alp\/Ze—iPx [Z T’.Or(P):| (2.57)
p#0 r

are canonically conjugated bosonic fields. In the zero-range interaction ap-
proximation, to which we will stick in the following, the Hamiltonian can be
rewritten as

OF

H= E/OL dx {(ax@(x))%r %(aan(x))z] : (2.58)
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CHAPTER 3

One-dimensional quantum dot

”"No man is an island” (J. Donne)

In this chapter, we will develop a model for a spinful quantum dot embed-
ded in a one-dimensional electron system. The system will be modeled using
a LL with spin, introduced in chapter 2. After a general description of the
system (section 3.1), the energy scales of the quantum dot will be introduced
(section 3.2). The sequential tunneling through the dot will be addressed: a
master equation for the occupation probability of the states of the dot will be
described and transition rates will be calculated, addressing the very recent
[18] issue of the relaxation of the collective excitations in the dot (section 3.3).
A phenomenological extension, to include spin-flip effects in the master equa-
tion, will close this chapter.

3.1 The dot model

The system we are going to consider is schematically depicted in Fig. 3.1 (left).
It consists of a one-dimensional quantum dot, which we will describe as a
finite-size LL (|x| < a/2) with charge and spin interaction parameters g, and
g0, connected to one-dimensional left (“L”) and right ("R”) leads (—L < x <
—a/2 and a/2 < x < L respectively, with L — o0) via tunneling barriers
placed at x = Fa/2. We assume the possibility to have interacting 1D leads
and we adopt for them a LL description as well, with a different charge inter-

action parameter go. For simplicity, we assume the charge interaction param-

eter to be the same for both the wires, and we assume to have ngads) =1

Possible experimental realizations of such a system could be the low-density
1D CEO channels, where a behavior consistent with the presence of a quan-
tum dot defined by two impurities has been observed [8] (see section 1.5.1).
Despite the fact that the quantum dot is embedded in the same 1D system
defining the leads, the interaction parameters in different regions can have dif-
ferent values because of inhomogeneities along the channel or other effects
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such as the presence of external metallizations [67]. Also, the one-dimensional
channels will be unavoidably connected to circuital metallic gates. In order to
still detect interaction effects in the 1D leads, the temperature must be not too
low [67]. The system is coupled to external gate (V) and bias (V) voltages.

Ry,,Cr, Ry, Cr

V)2 m
1 v

o —

-V/2
[90, 1] (9, 95 [90, 1] v/

/2 v, —V/2
_a a L
2 2

Figure 3.1: (Left) Scheme of the LL quantum dot (|x| < a/2) connected to semi-
infinite, eventually interacting, one-dimensional wires. The charge (g,) and
spin (g¢) interaction parameters in the dots and those in the leads are assumed
to be different (see text). The gate voltage V affects the chemical potential of
the quantum dot, while the bias voltage V defines the chemical potential differ-
ence of the leads. (Right) Circuital setup for the quantum dot with asymmetric
tunneling barriers, where the L,R tunneling barriers are parametrized by resis-

—L

tances R r = w?/ nez\tL,R|2 (see text) and capacitances Cp r. Here, w is the
cutoff energy of the leads, e the modulus of the charge of the electron and ¢ g
the transmission amplitudes of the L,R barriers.

The tunneling barriers can in principle be asymmetric, having different trans-
parencies. The circuital setup corresponding to this system is shown in Fig. 3.1
(right). The total Hamiltonian of the system reads H = Hy + Hi + Hc. The
first term is the sum of the Hamiltonians of the uncoupled dot and leads: Hy =

H((]CU + H(()L) + H(()R>. The second term (H;) describes the tunneling through the
barriers, while H. models the coupling to the external voltages. The dot is
described as an open-boundary LL with spin (see section 2.2.4). This descrip-
tion relies on the linearization of the spectrum around the Fermi energy, which
gives rise to the bare constant level spacing ¢y = 7rvp/a. In order for the lin-
earization to be meaningful one needs to fulfill Er > ¢y (Er Fermi energy),
which can be rephrased as kg > 7/a. Moreover, we require kgT < ¢ in order
to clearly resolve the level spacing. The Hamiltonian for the dot reads

(d) _ i T l:lPAZ Yo A2:|
Hy"’ = E E w(q)bY(g)by(g) + — | A7+ —8°| , (3.1)
0 S (q) (Q) (q) 1a <o g

with g = rm/a (m > 11is an integer). The collective excitations spectrum reads

wy () = Eq. (3.2)

8v
The zero modes operators 7, § have eigenvalues 7,5 representing the excess
total number of charge and spin (z component) with respect to their average
values on the ground state. The latter correspond to ny = 2kpa/m — 1 and
sp = 0, since we are not considering external magnetic fields. The zero modes
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eigenvalues are subject to the constraint n +s = even. The energy contribu-
tion due to the zero modes represents the energy needed to change the total
charge and/or spin with respect to the neutral condition.

The Hamiltonian for the leads (A = L, R) is (L > a)

TTOR l 1 ) 3.3)

HY =5 S Ou(k)b] \(@)byalg) + 2F 2+

vV k>0

where 0 is the Fermi velocity of the leads and k = 7im /L with m a positive
integer. All the leads operators have a A suffix. The energy spectra for the
collective excitations in the leads are Q, (k) = pk/go and Qg (k) = Tk respec-
tively.

The tunneling Hamiltonian is given by

m= Y ;R[twé”*wwédkmw hc] (3.4)

where x|, = —a/2, xg = a/2 and t R is the transmission amplitude. Note that
in (3.4) the right-movers” operators are involved [63] (see section 2.2.4).

The Hamiltonian describing the coupling to the external voltages, which
takes into account the circuital setup depicted in Fig. 3.1 (right), is

R . 5CV  Cg N
HCZT[HR—HL]—E[C—ZE—FC—ZVg]TZ, (35)
where we have denoted 6C = Cj, — CRr and the total capacitance Cy = Cp, +
Cr+ Cg.

3.2 Energy scales

Since the energy scales of the quantum dot play a fundamental role in defining
its transport properties, especially in connection with the spin-charge separa-
tion phenomenon, it is useful to give here a detailed discussion. An eigenstate
of the Hamiltonian (3.1), which identifies a state of the 1D quantum dot, is

determined by
n,s, {15/’)} , {1},")}> , (3.6)

namely by 7 and s, the zero modes eigenvalues describing the number of excess

charges and the excess spin, together with the occupation numbers {l,gp"ﬂ}

S) =

describing the harmonic collective charge and spin modes. The total energy of
such a state is readily obtained as
E E

Uu(ss) = 7"112 + ?Usz +eplp + €olo (3.7)
where, upon inspection of (3.1), we identify the charge (v = p) and spin (v = o)
addition energies E, = mv,/2ag, and &, = 7o, /a, the CDW/SDW excitation
quanta. Here, we have defined I, = 3 ,¢l7. The linearity of the dispersion re-
lations of CDWs and SDWs gives rise to a degeneracy in the energies of the dot
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collective modes which increases with increasing energy. Recalling the nonin-
teracting constant levelspacing ¢y = 7rvg/a, we have

€0

E,= 2 (3.8)
Because of the Pauli exclusion principle, even in the noninteracting (g = 1)
case the addition energies are nonzero. Despite a theoretical estimate for the
charge addition energy E, is provided directly within the LL model, many
physical effects such as the influence of external metallic gates or inhomoge-
neous interactions are missed by this simple model. Since these effects might
cause strong deviations to the above result, in the following we will treat E, as
a free parameter, assuming it as the largest of the four energy scales introduced
independent of the interaction parameters. The spin addition energy is

€
Ey = 30 : (3.9)
In the following, in order to emphasize the spin-charge separation effects, a
weakly interacting spin sector will be considered (3o 2 1): this slightly de-

presses the value of E, and weakly renormalizes the charge sector. The CDW
and SDW quanta are given respectively by

e = 2EoQ0 £p = 550 . (3.10)
8o
It is important to notice that, in a noninteracting system (g, = g0 = 1) ¢, =
€0 = €. The presence of interactions gives rise to the spin-charge phenomenon.
One of its manifestations is the removal of the degeneracy between the energy
of CDWs and SDWs. A sort of hierarchy in the four energy scales arises (the
equalities holding in the noninteracting case)

Es <er < g9 <ep<Ep,

from which is clear that E; has the natural role of the energy scale for the sys-
tem under investigation. In the following we will always assume this. From a
phenomenological point of view, it is usual to identify E, with the total electro-
static energy of a dot with one extra electron: E, = e?/Cy. With this identifica-
tion, we notice that the term —eCg Vi1 /Csx in (3.5) can be rewritten as —E yng1i,
where ng = CgVy /e is the number of charges induced by the gate voltage.
Since in the following we will be interested in energy differences among states
with different n, it is possible to combine this latter term with the charge addi-
tion term, in order to obtain the total energy of a dot state

E E
U (S, ng) = 7’1 (n— ng)2 + 7652 +eplp+eols . (3.11)

Some examples of dot states |S) are displayed in Fig. 3.2. Figures 3.2 (a,b)
represent respectively one of the two degenerate ground states for n = 1 extra
electrons, and the ground state for n = 2. The reference value is gray-shaded in
the plot. It is clear, from (3.7,3.11), that two different states with the same extra
electrons number n but opposite spin are degenerate. Therefore, there exist
two degenerate ground states for an odd number of extra electrons in the dot,
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A ¥
Eo
(e g
|| |—
a) b) c) d)

Figure 3.2: Some examples of dot states |S). The gray-shaded region repre-
sents the dot reference state, with ny = 2kga/7r — 1 and sy = 0. a) The state

1,1, 6, 6>, one of the two degenerate ground states for a dot with one extra

electron; b) The state

2,0,0, 6>, ground state for a dot with two extra elec-

trons; c) The spin-polarized excited state ’2, 2,0, 6>; d) One of the components

of the lowest lying SDW built ontop of the ground state for two extra elec-
trons, |2,0,{0,0,...},{1,0,...}). The energies of these states are respectively
a)Uy = (Ep+Es)/2;b)Uy = 2Ep; ) U = 2E,+2E4; d) U = 2E, + ¢5. Here
we have put ng = 0 for ease of notation.

with spin s = 1. The ground state for an odd number of electrons is unique,
and has spin s = 0. Along with ground states, it is possible to create polarized
excited states with a total spin s > 1. An example for n = 2, with s = 2, is
depicted in Fig. 3.2 (c). It must be stressed that, because of the degeneracy of
states with opposite spin and equal number of electrons, the excited state with
all spins reversed (s = —2) is perfectly allowed as well. In the absence of an
external magnetic field, because of this energetic degeneracy no net polarization
of the dot can be achieved in the stationary transport limit. Finally, it is possible
to excite collective charge or spin density waves inside the dot. Consider the

action of the operator b:ry(ﬂ /a) over the ground state for n = 2 extra electrons
(from now on, we will drop the “extra” label)

bl (7/a)|2,0,{0,0,...},{0,0,...}) = |2,0,{0,0,...},{1,0,...}) .

Browsing through the definitions of the bosonic creation operators (sections
2.2.4,2.2.2), the explicit form of this operator is

bh(/a) = —= [ps,+ (r/a) — ps.— (/a)] (3.12)

Nis

— i . . .
where pi s(71/a) = 3, ¢ b paaC s Since the confinement imposes a mo-

mentum quantization inside the dot in units of 7r/a, the only possible action
of the operator p,—(71/a) on the ground state of n = 2 is to create the state
in Fig. 3.2 (d), while the operator p, 4 (71/a) creates a state similar to the latter,
but with the topmost spins reversed. As it is clear from (3.12), the action of

bjy(n /a) on the aforementioned ground state creates an entangled excited state
with total spin s = 0, with the two components described above. It is impor-
tant to point out that charge or spin excitations with a higher momentum can
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be created using operators bl,(g > 7/a), as well as multiple excitations with
different momenta, induced by operators of the general form

N1 [pha)]

+
qu

Iy

3.3 Sequential tunneling

Let us now turn to the study of the transport properties of the LL quantum dot
described in the previous sections. In the rest of this thesis I will concentrate on
the sequential tunneling regime, thus neglecting cotunneling effects. This poses
some restriction on the temperature range where the obtained results are valid:
the coherent tunneling contributions can be neglected if kgT >> SE [68], where
OE is the level broadening due to higher order tunneling processes. For the
case of noninteracting leads (gg = 1), this broadening is simply proportional to
the tunneling rate prefactor (3.38). Since the broadening is only slightly renor-
malized for weakly interacting leads [68] and since this is the case of interest
for the rest of the part, we assume the bound kgT > SE. The first step to-
wards the calculation of the stationary current and differential conductance in
the sequential regime will be the set-up of a master equation for the occupa-
tion probabilities of the dot. In order to write the master equation, we first of
all need to know which are the relevant dot states for a given set of parameters
of the dot. In the low-temperature regime 6E < kgT < ¢, the source-drain
voltage V basically fixes the set of such states. In the following, we will stick to
the regime eV < E,. This assumption, together with E, > Eg, ¢, ¢, ensures that
at most two charge states n and n 4 1 are involved in the transport process. This does
not rule out, of course, the possibility to create excited states in the dot as dis-
cussed in the previous section, since it is still possible to have &g, €y, Es < eV.
In section 3.3.1 we will introduce the master equation and the calculation for
the tunneling rate with nonrelaxed excited states in the quantum dot. In sec-
tion 3.3.2 we will approach the opposite limit of infinitely short relaxation time
for the collective excitations in the dot, and modify the master equation in or-
der to employ a phenomenological relaxation for the “spin-polarized” excited
states. This latter regime is the one we will use in the following of this part.

3.3.1 Non-relaxed collective excitations

The dot states have the form |1, s, C,,) where C, represents the set of occupation
numbers for the charge and spin density waves of the state with a given #,s.
The occupation probability for such a state will be denoted by P, c,. The
master equation reads

atpnzsrcn(t) = Z

; Pﬂ’,s’,cnl (t) r|n’,s’,Cn/)ﬂ|n,s,Cn) (3.13)
n’ s'=s+1C,,#Cy

—Pus,c, () r|n,s,Cn)ﬂ|n’,s’,Cn/> ’

with n’ = n,n + 1. Since we will deal with stationary transport properties, the
Lh.s. must be put to zero. Thus, one is left with a set of linear equations. In
order to proceed, we still need to calculate the transition rates T\, 5 c,)—|n,s',C,)-
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To the lowest order in Hj, this can be done by means of the golden rule. We
start from

My (AE) = [ at BB (£ i) (3.14)
where AE = E; — E; and E; ¢ are the total energy of the initial/final states and
we have introduced the shorthand notation |i, f) for the final and initial states
of the system. They can be factorized in dot, left and right leads parts as

‘1> = ‘ndlsd/ Ci’ld>i : ‘nL/SL/ Ci’l]_)i . ‘nR/SR/ CI’lR>i
‘f> = ‘nd/ Sd/ Cnd>f : |nL,SL, Cl’lL>f : ‘nR, SR/ Ci’lR>f .

In a sequential tunneling event, the dot charge and spin must obey the selec-
tion rules already encoded in the master equation, namely 14 s = 14, + 1 and
Sd,f = S4,; = 1. This requires a corresponding variation in either the left or the
right lead: 1) f = ny;+1,s) 5 = s5,+ 1, with A = L, R. Therefore, one is left
with 8 classes of events grouped accordingly to the table 3.1. For each of these

An | As | A | Type of event
+1 | +1 | L InT
+1|-1|L In |

-1 | +1| L Out |

-1 -1 L Out 7

+1 | +1 | R InT
+1|-1|R In |

-1 | +1 | R Out |

-1 |-1]|R Out |

Table 3.1: Table of the eight possible classes of events depending on the type
of tunneling process, determined by An = nqg f — nq,;, As = sq,5 — 84,i, and the
tunneling barrier A.

events, one still has to specify C, i and C, af However, since we will perform
a thermal average over the collective modes of the leads, it is not necessary to
specify Cy, , and Cy p . in the rate. Let us sketch out in detail the calcula-
tion for the specific case of the transition with An = 1 and As = 1 (see table
3.1) on the barrier A. The only term in the tunneling Hamiltonian that gives a
nonzero matrix element is (dropping the overbar on A) tjlpf”(x ;\)l,l)(ﬁl(x A)-
Factorizing the initial and final states one obtains for the squared modulus of
the matrix element in (3.14)

2
B2 =15 =1, Gt [l ()l sa, o) (3.15)

d 2
"<”d +1,54 +1, Cnd+1|1»b(+ T (x2)nq, 54, Cny)

Recalling the structure of the Fermionic operators for open boundary condi-

tions (2.50), we reabsorb the normalization factors inside |f, |2 and contract the
ladder operator between initial and final states. We are left with (to avoid con-
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fusion, we have relabeled &(,d’}\) the bosonic fields for the dot/lead)

(d)

) 2 ) 2
|t)‘|2 <Cn/\_1‘el[ééA)(X)\)Jr&(fA)(x)\)]|Cn)\> ‘<Cnd+1\€ﬂ[£” (x)\)+££-d>(X)\)]|Cnd>k3,16)

= \fA|2<PA<Pd-

We plug (3.16) into (3.14), performing a sum over leads plasmonic final states
and a thermal average over plasmonic leads initial states. We separate explic-

itly the total energy in the dot and leads contributions E; f = E I(CP + EE? and
obtain
)
Tr(d) p(d) —BE;"" .- _r(N)
r|(i?)—>|f>(AE) = |tA|2<Pd/dt el[Ef £ ; ¢ = el[Ef Fi ]tw (3.17)
L

with B! = kgT. After some algebraic rearrangement we obtain (having de-
fined £V (x;t) = 5[()?\) (x,t) + 3% (x,t) as a shorthand notation)

F‘(i;Lm(AE) = \t;\\Z(pd/dt e!AEte=Wa(t) (3.18)
where
o~ WAlt) — <e*i5()‘>(x)\}t)ei‘i()\>(x)\;0)> (3.19)
th

is the result of the trace over the lead collective excitations. By virtue of the
bosonization language, this correlation function is easily evaluated The energy
difference AE simply reads

1 1 Cr+Cg/2
AE :AEC011.+EP (Tld—i’lg-f—i) +Eo- <Sd+§) —EVLcig/
)X

with AE . the difference of the energies of the collective charge and spin
modes in the final/initial states. The factor W,(t) can be explicitly evaluated

Wi (t) = /dw h(;‘)) {coth (%‘”) 1 — cos (wt)] —|—isin(wt)} (3.20)

w
and we have defined the leads spectral density

Ta(w) = %e‘“’/“’c. (3.21)

Here, the effective interaction parameter g~! = (1+ g, 1) /2 for the leads and a
cutoff energy w. have been introduced. With the same procedure, it is possible
to calculate all the tunneling rates entering the master equation (3.13). It turns
out that the factor W) (t) is independent of the barrier and of the spin. We can
work out explicitly (3.18) obtaining

2 2 g7171
() _ |l gae2| (1 | BAE 27
rli)ﬂlf>(AE) N ]’(g—l)(pde r 2g T Bwe (3:22)
with
1 1 eV [ 6C
AE = AE 1. + Ep [(nd,i — ng) An + E} + Es [sd,lAs + E} -5 {C—Z F 1} An

where the sign + (—) refers to an event occurring on the left (right) barrier.
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3.3.2 Fully relaxed collective excitations

Up to now, the excited states of the dot have been considered as infinitely stable
states. Despite this is consistent with the fact that these are exact eigenstates of
the dot Hamiltonian, in realistic systems this is usually not the case. A certain
degree of relaxation, due to the coupling to phonons [14,70] or spin-orbit in-
teraction is in principle to be expected for the excited states of the dot. Also, the
contribution of the neglected higher order tunneling terms can contribute to
the relaxation of high-spin states. Although is very difficult to analyze micro-
scopically these relaxation processes, very recently Khaetskii and Nazarov [69]
have pointed out that in 1D quantum dots the relaxation processes that involve
a spin-flip relaxation occur to much longer time scales than the ones which do
not involve a total spin change. In the following, we will take into account the
relaxation of collective modes. We will proceed as follows

1. we will assume an infinitely fast relaxation of the collective excitations,
i.e. the CDWs and SDWs relax to the corresponding ground state before
the next tunneling event occurs. This assumption will be commented
later in this section;

2. In section 3.3.3 we will modify the master equation introducing a phe-
nomenological relaxation time for the spin-polarized excited states, which
we will subsequently treat as an external parameter.

We can implement the infinitely fast relaxation for the collective excitations as
follows: suppose we can factorize the probability P, ¢ c, as

Pys,c, = Pusmic, - (3.24)

We now make the assumption of thermal independent probability distribu-
tions for charge and spin collective excitations

e, = 2,125 e BeolCul g=PeclCul | (3.25)

where we recall C, is a placeholder for a particular set of occupation numbers
{lg}, {lg} for given n and s, ¢, [Cy] = >q l;’qev and the Z, are defined as

ZV — z\ e_ﬁ zq l;qf:v .
{1y

Plugging (3.24) in (3.13) and summing over all the initial state collective ex-
citations configurations, in the stationary regime we obtain the effective master
equation

Z , Zj:l Pﬂ’,s’ c ; ncn/r\n’,s’,Cﬂ,)—»‘n,s,C@ = (326)
n s'=s n! n

Cu #Cn’

P"/SZ Z ; ﬂcnr|ﬂ,S,Cn)—>|n’,s’,Cn,)
n’" s'=s+1 | C1#Cy

Cu#Cyr
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Note that the only degrees of freedom we are left with, are the total charge n
and total spin s. We can define an effective tunneling rate as

(A) _ (A)
)= lns) = ; 7 o, Co— 5,C..) (3.27)
C,1ZCx
Ca#Cpy
Explicitly, the effective tunneling rate reads
TE(0)_p(0) ,
F|n,s>_>|n/,s/> = |t)\|2/dt el [Ef Ei ]tefw)\(t) z HC’ZdelAEcolL(pd . (328)

Cnd+1 #Cnd
Cnd #Cnd+1

Performing some algebraic rearrangement, we treat the last term in (3.28) in
the same way as we did for the collective excitations in the leads. We obtain

MY ey (AE) = 2] / dt e/AF =Wl g~ Wa(h) (3.29)

|n,s)—|n’,s

where

~Wa(t) — /=i (xt) ,iEd(x;0)
e ' <e M A >th (3.30)

is now the result of the trace over the dot collective modes. The energy differ-
ence AE' = E]((O) — ESO)
butions and the applied voltages, now reads

, which takes into account only the zero-modes contri-

1 1 eV [6C
AE' =E, |(ng,; —ng) An + E} +Eq [sd,iAs + E} - {C—Z ¥ 1} An
With the definition of the dot spectral density
& 2 _
Jilw)=wy — 5(w — mey e~/ @e, (3.31)
Zzgv 21 v

we have
Wy(t) = /dw % {coth (ﬁ7w> [1 — cos (wt)] +isin (wt)} . (332

Since the term exp [—-Wy(t)] can be factorized as exp [—W,(t)] exp [—Wq(t)],
where exp —W, (t) is clearly periodic with period 271/¢,, we can perform a
double Fourier transformation to obtain

e Wr(t) — z ay(n)e~ et (3.33)

The weights a,(n) are evaluated in appendix A. Plugging (3.33) into (3.29) we
finally have

o0 o0

MY ey (AE) =gV 33 @y (OE - pop =g (34
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with

(0) efﬁfv
2gy

W+ +al -1 -2 ). 639

Here, we have defined the zero-temperature weights

(0) r(1/2gv+q)
a- =12~ __"9(g), (3.36)
D= Tt /2g0) 41 0@
the leads contribution
1 _ 1 Bx\|*/ 27 \*
v(x) 7 r <2g +127r> (ﬁwc) , (3.37)

and the prefactor

o\ 7 2w.G
rA) — 1 ¢ we | B _SCTA 3.38
0 |:| ( ¢ ) e2N(1+ ) (3.38)

Here, I'(z) represents the Euler gamma function [62]. The effective parameter
interaction of the leads, g~! = (14 g,')/2, the factor « = ¢~! — 1 and the
intrinsic barriers conductance

el |ty [?

Gy =~ (3.39)
wC

have been defined. Note that the leads contribution (3.37) simply reduces to a
Fermi function for noninteracting leads (g0 = 1). The expression (3.35) holds
only up to temperatures kgT < min{e,, eo}. In the T = 0 limit, we have

av(q) = al’)(g), and )
y(x) = (—i) 0(—x). (3.40)

We
The rate (3.34) is plotted in Fig. 3.3 for an interacting (left) and a noninteract-
ing (right) dot (see caption for parameters). Clearly, if AE = E¢ — E;, the rate
exhibits a step each time

Ef+p6p+q€g<Ei.

The step-like structure of the rate is due to the reduction to an effective mas-
ter equation consequent to the strong relaxation hypothesis for the collective
modes. Indeed it is always possible for an electron, provided with enough en-
ergy, to tunnel into an excited state for the dot, with possibly charge and/or
spin density waves. However, at very low temperatures kT < &, the col-
lective modes quickly relax before the next tunneling event occurs. In per-
fect analogy, an electron tunneling outside the dot can leave excited collec-
tive modes inside the dot, which promptly relax in the above mentioned limit.
Therefore, an excited state is accessible as the final state of a transition, but
not as the initial state. Increasing the temperature, but still for kgT < ¢,, itis
possible for a tunneling electron to pick up a single energy quantum from the
thermal bath and subsequently excite modes with a slightly-higher energy (see

57



CHAPTER 3 [One-dimensional quantum dot] [Sequential tunneling]

~_AE —AE

Figure 3.3: Plot of the normalized tunneling rates (3.34) as a function of the
tunneling energy —AE (units E;) for an interacting dot (gp = 0.7,30 = 1.1)
(left) and a noninteracting dot (g§p = g¢ = 1) (right). Other parameters are
kgT = 0.02E, and noninteracting leads (gg = 1).

appendix A). Note that these final excited states relax nevertheless to the ther-
mal bath. In the interacting case, the step height depends on the interaction
parameters of the dot. It is crucial to notice that the height of the jumps are
in general all different. On the contrary, if the interaction is removed and no
spin-charge separation is anymore present inside the dot, the rate has the pecu-
liar structure depicted in Fig. 3.3 (right), where a sequence of identical, unitary
steps occur — see appendix B. Notice that the small temperature corrections
to the step height are undetectable at the low temperatures considered in the
figure. The effects of interactions in the leads is shown in Fig. 3.4. The leads

Figure 3.4: Plot of the tunneling rates (3.34), normalized to ré}\)j/o, where
Yo = (27m/Bwc)?, as a function of the tunneling energy —AE (units Eg)
for an interacting dot (gp = 0.7, = 1.1). (left) and a noninteracting dot
(gp = g0 = 1) (right). The temperature is kgT = 0.02E,, w. = 50E; and the
leads interaction parameteris gg = 1 (ax = 1), g0 = 0.8 (o« ~ 0.89),and go = 0.6
(x = 0.75) from top to bottom.

interactions smooth out the step-like structure of the tunneling rates, which
moreover gets globally depressed — see also the normalization factor used in
the figure.
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Comments on fully relaxed collective excitations

It is interesting to consider to which extent the two approximations of non-
relaxed (Sec. 3.3.1) and fully relaxed (Sec. 3.3.2) reflect on the transport prop-
erties of the dot. The presence of excited states becomes evident as differential
conductance peaks in the nonlinear (V' > 0) transport regime, whose position
is determined by the energy of the collective modes. Since the dispersion rela-
tion of CDWs and SDWs is linear and because of the availability of collective
excited states as the final states of a transition in the fully relaxed model, both
the ”fully relaxed” and the "non-relaxed” approximations may exhibit conduc-

tance peaks in the same position. Tunneling rates ri , analogous to (3.22)

)
i) —1£)
but in the context of a spinless quantum dot created inside a LL with nonrelaxed
plasmonic modes, were recently used by Kim et al. [18]. The out-of-equilibrium
dynamics of the system was analyzed, the occupation probabilities for the col-
lective excitations were calculated and the differential conductance in the non-
linear regime was obtained. In the opposite limit, Braggio et al. [71] considered
the possibility of fast relaxation of plasmons induced by extra processes [69]
that are not included in the diagonal Hamiltonian of a free LL inside a quan-
tum dot, such as phonon coupling. More recently, the same approach was
applied to the case of a 1D quantum dot with spin [66]. The latter approach is
equivalent to the one described in this thesis, Sec. 3.3.2, although the tunneling
rates were derived with path integral techniques in a system where a single LL
was pierced by two impurities, thus not allowing to have different interaction
constants for the leads and the quantum dot. As Kim ef al have pointed out
[18], the "non-relaxed” and ”fully relaxed” approximations do not give quali-
tatively different results regarding the current-voltage characteristic of the sys-
tem. However, in a very recent work [72], the presence of stable plasmons in a
spinless 1D quantum dot has been shown to affect dramatically its shot noise
properties. These results are commented in somewhat more details in section
5.3.3. In the same system, a crossover towards the results of a model with fully
relaxed bosonic modes [73], was predicted in the presence of a phenomenolog-
ical relaxation rate for the plasmons. The two models give the same results if
vp/Fo Z 1, where v is a phenomenological relaxation rate of the plasmonic

Pl pmh R e = 1)i st
modes and [}, * =T +T (for o = go = 1) is a characteristic tun-
neling rate. In a system with spin, we can expect similar results. For the fully
relaxed system to be well established, therefore, one must have v, s/ o >1,
where now vy, ¢ represent the phenomenological relaxation rates of collective
charge and spin modes. The relation for v, seems somewhat more difficult to
be fulfilled. For semiconductor-based 1D quantum dots[8] one can estimate
Mo ~ 10! s7! by using a tunnel resistance Rg ~ 100 11/¢? and a ~ 0.2 um. It is
difficult to evaluate microscopically the relaxation rates y, . However, one can
estimate [69], using a level spacing of about 1 meV, y, =~ 8 - 1012 s71. It can be
expected that 7, is even larger. In the rest of the thesis we assume y, /Ty > 1
and thus complete relaxation of the bosonic modes.

3.3.3 Spin-flip processes

In analogy with the relaxation of the collective modes described in detail in
the last section, we want to consider the possibility of having relaxed ”spin-
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polarized” excited state (with total spin higher than the ground state), i.e. we
want to allow spin-flip transitions inside the quantum dot. As will become
clear in the following chapter, the spin-polarized states play a crucial role in
the nonlinear transport properties of the quantum dot. Therefore, the spin-
flip relaxation is an important tool to characterize the effects induced by these
states. We introduce the phenomenological relaxation rate

—w [55,,5,2 4 e BEs(s=5)/ Zés,ﬁz} (3.41)

M)~ In.)
where w is the effective (phenomenological) spin-flip rate. The master equation

z Pn/’s/r|n/’s/>_>|n’s>:Pn,sz z r‘nls>_,‘n/,sr> (342)

n’ s'=s+1 n’ s'=s+1

now becomes

Z[ z Pn/,S/F|n,,S/>H‘n,S>—|— Pn/,S/F|Zr‘I’,,S,>Hn,,S>] =
s'=s+1

n s'=s+2
Pys Z

l > Tusy—wsy + Y Fzﬁ,s>ﬂ,s/>],
n

s'=s+1 §'=s+2

(3.43)

with n’ = n,n+ 1. In the following, we will study (3.43) in the nonlinear
transport regime.
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Transport properties

"The way out of a trap is to study the trap itself.” (B. H. Gunaratana)

Solving the master equation introduced in chapter 3 with the underlying as-
sumption of totally relaxed collective modes (section 3.3.2), the occupation
probabilities for the dot states can be readily obtained. Using these probabil-
ities, it is possible to calculate the stationary current and differential conduc-
tance of the system. In this chapter we will analyze both the linear (section 4.2)
and the nonlinear (section 4.3) regimes. In the linear regime, the influence of
the spin degree of freedom and the interacting leads is analyzed. In the nonlin-
ear regime, we show that spin-charge separation and an asymmetric barriers
setup cooperate to trap excited states with total spin higher than the ground
state. This, in turns, gives rise to negative differential conductance [17,19].
The effects of spin-flip relaxation processes and leads interactions on the latter
effect are discussed.

4.1 General considerations

In order to deal with transport properties, we must evaluate the current through
the quantum dot. To accomplish this task, we first have to solve the master
equation (3.43)

§'=s+2

Pn,sZ[ 2 Tins)—fmsy + Z it 5) s ]

n' [s'=s+1 s'=s+

; L/zsil w T ) =lns) T D Pt Ty >] N

with ' = n,n 4+ 1. According to the applied source-drain voltage V, to the
gate voltage Vg and the temperature kT, the set 7 of relevant states on which
(3.43) has to be solved must be considered. Since we have assumed E, to be
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the highest energy scale in the dot (see. section 3.2), depending on V and Vg
at most the two charge states n and n + 1 can play a role in the transport prop-
erties of the dot. This, however, does not rule out the possibility of populating
excited states with high spin: assuming #, the transitions sequence

In,0) 5 |0 41, 1) Q24 |5, +2)

is for instance perfectly plausible at high enough V and, as will become clear
in section 4.3, plays a determinant role in creating negative differential con-
ductance in the presence of spin-charge separation. It is useful to notice that,
because of the constraint n + s = even, it is sufficient to denote the spin s of
a state in order to determine also the corresponding charge state n or n + 1.
Therefore, in the following we will adopt a much lighter notation where only
the spin of the states will be denoted, unless otherwise required for clarity. In
general the master equation is solved numerically and the set 7 is determined
by means of an iterative procedure which determines also the stability of the
solution itself. This allows to explore with great flexibility a wide range of
external parameters. Under suitable approximations, analytically manageable
solutions can be found. For instance, assume 7 even and a very low tempera-
ture kT < E;. The set of relevant states, determined by the applied voltage V,
is7 ={-5(V),-s(V)+1,...,0,...,5(V) = 1,5(V) } where 5(V) (which will
be denotes 5 from now on) represents the maximum spin of the allowed excites
states in the dot. We disregard here spin-flip processes (w = 0). Unrolling
the master equation, it is easy to check that the following recursive detailed
balance relations hold

PoTo.1 = Pilio
Pl = Py
Ps 1T5-1-5 = DPslso51

where I,_,o = I"S(ES, + FS(E>S, is the total transition rate. Since no magnetic field

is present, P; = P_;. Thus we can express all the probabilities up to a normal-
ization constant (|s| > 1, |s| < 3)

s—1 s—1
PS = PO <|_| rqﬁq+1> /(l_l rq+14,q> = POYS . (41)
q=0 q=0

Imposing the normalization condition, one finds
s -1
Py = <1 +2 z Yq> . (4.2)
g=1
Therefore, for |s| > 1 we obtain

5 -1
P = (1 +2y n) Ys. (4.3)
=1

q
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The stationary current can be calculated on either the right or the left barrier.
We choose the right one. The current reads

R)

(
- r\n,s)—»\n—l,s—&-q) (4'4)

I=eY S P [F(R)

n,s)—|n+1,5+
2.2 1,5)—|n+1,5+9)

where, for ease of notation, we have re-inserted the charge index .

4.2 Linear transport

4.2.1 Zero temperature

In the V — 0 limit, the dot is in the linear transport regime. In this regime we
assume symmetric tunneling barriers: G, = Gr, Cp, = Cgr. In order to have
transport in the linear regime at zero temperature, it is necessary to align the
dot levels of two 1 and n + 1 electron ground states states. This condition is in
general not satisfied, and the dot is said to be Coulomb blockaded in its ground
state, unless a suitable tuning of the gate voltage V is performed (see section
1.4). Recalling the dot total energy in a particular state

Es

> s+ loep + loes (4.5)

E
Un,s, 1y ls) = 7’](71 - ng)2 +

we define the electrochemical potential of the quantum dot

1 E
pug(n,sp) =U(mM+1,8,4+1,0,0) —U(n,s,,0,0) = E, (n + 5 ng) + (_1)"7fr .
(4.6)
Here sy, 5,,+1 represent the spin of the ground states for n and n 4 1 electrons
respectively. The resonance condition is achieved if pg(n,s,) = 0. Solving for

ng we obtain the zero temperature position of the linear conductance peaks

2Oy =t Lo (_qyn e
flg (n)—n+2+( 1) 3,

(4.7)
As it is clear, the peaks exhibit an even-odd effect. Namely, the distance be-
tween two consecutive peaks 5(n < n + 1) is given by

S(nent1)=1+ (-1)”“%.
o

The Coulomb blockade region is larger if the number of extra charges in the
dot is odd, namely if the ground state is spin-degenerate. This even-odd ef-
fect, which has been observed in the linear transport of one-dimensional quan-
tum dot created in metallic nanotubes [74,75], is analogous to the shell-filling
effect occurring in quantum dots of higher dimensionalities [76]. In the zero-
temperature peak, the resonance condition is fulfilled for a peculiar value of the
gate voltage, therefore the theoretical shape of the linear conductance peaks is
a delta function.
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4.2.2 Low temperature

In the case of nonzero temperature, the resonance condition can be fulfilled
within a precision of the order of kgT. Thus, the conductance peaks get broad-
ened. In the low temperature limit, kgT < E;, one can disregard the thermal
population of all the excited states and consider the ground states for n and
n + 1 electrons only. The linear conductance G = 9I/dV is then given by

_Be [(—£ (n))e—BEm)/2
G(E(Tl)) - \/g Cosh{[[)’é(n) + (_1)n 10g(2)]/2} (4.8)

with T(x) = $,TW(x) the sum of the left and right barriers tunneling rates
(3.34). We have defined the energetic displacement with respect to the zero-

temperature peak position &(n) = E, (ng - ﬁ((go)(n)). Because of the factor

log(2) in the denominator of (4.8), stemming from the spin degeneracy of one
of the resonating ground states [77], the conductance peak is not necessarily
centered around the zero-temperature position, i.e. (1) = 0. Indeed, the peak
position in the low temperature regime is given by

kgT
fig(n; T) = g (n) + (=1)" @ (g) 2~ (4.9)
o
and the slope prefactor @ (g) is determined by the implicit solution of the equa-
tion
1, .00 4 log (2) + @(g)
Im {w <2g +1 o )} + > tanh [ 5 (4.10)

where 1(x) denotes the digamma function [62]. With noninteracting leads,
one recovers the well known result ® (1) = log (2)/2 [78], while for infinitely
strong interactions we get ®(0) = log(2). The prefactor @ is plotted in Fig. 4.1
as a function of gg. Plugging (4.9) in (4.8), we find that the conductance maxi-
mum exhibits the non-universal power-law behavior

1/g-2
kBT) . 4.11)

gmaX(T) — gO (_

Es

Notice that, at low temperatures, the power law is determined by the inter-

action parameter of the leads only. A plot of the linear conductance peak at

low temperature (kgT = 0.07E,) as a function of the energetic displacement

&(n) and the effective leads interaction parameter g, as in Fig. 4.2, shows the

non-monotonic nonlinear behavior (4.11). Figure 4.3 shows four consecutive

conductance peaks as a function of ng. The detuning of the peaks increasing
the temperature is evident.

4.2.3 High temperature

Increasing further the temperature, when kgT 2 E, expression (4.8) is no
longer valid since the thermally activated population of excited states with
|s| > 1 is no more negligible. In this case we resort to the numerical solu-
tion of the master equation, evaluating numerically the tunneling rates in or-
der to fully take into account the dot spectral density contributions. The results
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1 1 1 1
0 go 1

Figure 4.1: Plot of the normalized slope prefactor ®(go) = 2®(go)/log (2)
— see (4.9) — as a function of the leads interaction parameter go; Inset: Peak
position 7ig(n; T) as a function of T (units Ey/kg) in the low temperature kgT <
E, for various values of go: g0 = 1 (solid), go = 0.8 (dashed), go = 0.6 (dotted),
g0 = 0.4 (dash-dotted).

-0.6

1

Figure 4.2: Linear conductance (4.8) for kgT = 0.07E; in units e2FéR) /Eg for
the transition n < n 4 1 with n even. Here, g, = 0.3 and g, = 1.
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0.16

0 1 2 3 Ng 4

Figure 4.3: Linear conductance (units e? FéR) /Es) as a function of ng for E, =
5Es, g0 = 0.9 and g, = 0.6. Two different temperatures have been considered:
kgT = 0.02E4 (solid curve) and kgT = 0.5E; (dotted curve). The alternate
movement of the conductance peaks increasing the temperature is clearly visi-
ble — see (4.9).

_(0
£ (n)
Gmax
ng(n, Tt
102 T 10
n -+ % ‘ ‘ r
102 101 1 5

Figure 4.4: Position of the linear conductance peak for n even as a function of
the temperature T (units E, /kp for g9 = 0.8, g, = 0.3 and g, = 1 extrapolated
by the numerical solution of the full master equation. Inset: (solid) double-
logarithmic plot of the numerically extrapolated conductance maximum (arbi-
trary units) as a function of the temperature (units as in the main plot). (crosses)
Conductance maximum as extracted by the analytical asymptotic expression
(4.16).
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are shown in Fig. 4.4. The main plot shows the peak position, extracted from
the numerical solution for the conductance, as a function of the temperature
T (units E;/kg). For intermediate temperatures kT < Eo the peak position
exhibits a deviation from the linear law (4.9) and approaches, in the kgT > E,
limit, the universal position ng = n + 1/2. This high-temperature result is in-
dependent of whether # is even or odd. The inset of Fig. 4.4 (solid line) shows
the temperature dependence of the linear conductance peak maximum G™#*
in double-logarithmic scale. The low-temperature regime follows the already
discussed power law (4.11) while increasing the temperature a crossover to a
new power law regime can be clearly observed. In the kgT >> E, regime, it
is possible to obtain an analytic expression for the linear conductance of the
dot. We assume n even, the factorizability of P, s = p(n)¥(s) and a thermal
occupation probability for the spin states

2
Z; e PEos/2 s even

W(S) = { Zgle_BE‘T(SZ_U/Z s Odd (412)

with Ze = Zo = +/71/2BEs as determined from the normalization condition.
Summing over the spin states we obtain an effective master equation for p(n)

p(n)rnﬂn+l = P(” + 1)Fn+l—>n (413)

where the effective rates are

= _ 2
Din1 = z /dse 2PEos r25—>25+p (4.14)
p==1
= _ 2
Tyt = % / ds e 2BESHPIny L) o (4.15)
p==1

As a final result, we obtain the approximate solution for the linear conductance

G(0) = Be? T(¢+Es/2)N(—( —Eq/2)
" 2 T(C+Es/2) +T(—=C — Es/2)

(4.16)

where { = E,(n —ng +1/2). For kgT > Eg, (4.16) has a maximum around
¢ = 0, thus the universal value £ = 0 discussed above. In the same regime, the
peak maximum exhibits a power law behavior

-1

G™aX(T) T1/8+(280)71_2 B & K kBT <¢g

TVgt(20) "+(28) =2 ¢ < kyT < E,
whose exponent depends also on the interactions parameters in the dot. In
Fig. 4.4 the high-temperature power law in the regime &, < kgT < ¢, is clearly
visible. In this parameters region, only the spin density wave excitations con-
tribute to the power law. The asymptotic formula (4.16) is plotted as crossed
dots: it is clear that the matching with the numerical data is very good at high
temperature.
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4.3 Nonlinear transport

4.3.1 Negative differential conductance

Turning to the nonlinear transport (|V| > 0) regime, the solution of the master
equation and, most important, the evaluation of the current and differential
conductance, become extremely involved because of the increasing number of
excited states involved in the transport dynamics. In the most general case,
we resort to a numerical evaluation of the latter quantities. In the following
we will disregard the effect of spin-flip relaxation processes. Their influence
will be addressed in section 4.3.5. In Fig. 4.5 (left) we show the results of this

Figure 4.5: Grayscale plot of the numerically evaluated differential conduc-
tance G (arbitrary units) as a function of the source-drain voltage V (units
Es/e) and ng for n even. Here, E, = 5E;, g0 = 1, g§p = 0.63, asymmetry
A = GL/Gr = 100 and C, = CR. Left panel: kT = 7.5 x 1073E,. Right panel:
kgT = 7.5 x 1072E,.

calculation in low and intermediate temperature regimes, for an interacting
quantum dot with noninteracting leads and asymmetric tunneling barriers, as
a grayscale plot. To fix notations, we define the asymmetry A of the dot bar-
riers as A = GL/Gr. The plot shows several features which are clearly de-
tectable. Black (white) lines represent positive (negative) differential conduc-
tance peaks. In the diamond-shaped zones which develop around V = 0, the
dot is in the Coulomb blockade regime: in the sequential regime the transport
here is only thermally activated and the current is exponentially suppressed.
The vertexes of the Coulomb diamonds at V = 0 correspond to the linear con-
ductance peaks discussed in section 4.2. In the |V| > 0 regime, regions of
increasing complexity are found, with many intersecting lines denoting differ-
ential conductance peaks due to transport involving excited dot states. Most
interesting, negative differential conductance (NDC) peaks (white lines) can be de-
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tected. This behavior will be analyzed in details in the next sections. Looking
at the right panel of Fig. 4.5, it is clear that increasing the temperature washes
out the fine structure of peaks present at low temperature. However, the most
prominent features, such as the negative differential conductance, still survive.
In the following we will concentrate mainly on the low (kT < Eg) temper-
ature regime. In Fig. 4.6, the differential conductance in the (V, ng) plane for

0.66

-1

-8 |4 8

Figure 4.6: Grayscale plots of the differential conductance G (arbitrary units)
as a function of V (units Ey/e) and ng forn = 0, kT = 10~ 2E,, E, = 25E,,
g0 = 0.9, gp = 0.8 and g5 = 1.1. (Left) Asymmetric tunneling barriers, A =
GL/Gr = 50 and Cr/Cr = 5 with Cg/Cgr = 0.01, corresponding to n =~ 0.17;
(Right) Symmetric tunneling barriers A =1,n =1/2.

n = 0 is shown for an interacting quantum dot with slightly interacting leads.
For an asymmetric barriers setup, as can be clearly seen in the left part of the
figure, many NDC peaks are present in the nonlinear conductance spectrum.
However, for an interacting dot with symmetric barriers, no NDC features can
be detected whatsoever.

Recalling the polarization scheme of the dot, for V. > 0 electrons flow
through the dot from the right lead to left one. Therefore, if A = G /Gg > 1,
the states |n,s) will have a higher occupation probability in comparison with
states |n + 1,s). This creates an effective “trapping” phenomenon which, for
sufficiently high barriers asymmetry, can create a bottleneck for the electron
transport. As an example, the occupation probabilities for the two ground
states for n = 0 and n = 1, and for the first excited states with |s| = 2, are rep-
resented in Fig. 4.7 in the case of an interacting dot with A = 50. For increasing
voltage V, it is clear that the current suddenly drops (around V = 2.5) when
the occupation probability of the excited states exceeds that of the ground state
s = 0. Notice that the occupation probability of the states with |s| = 1 is, in
any case, negligible because A > 1. For negative voltages V < 0, keeping
A > 1, electrons travel through the dot from the left to the right lead, therefore
the role of states with n and n + 1 excess electrons is reversed. In the V < 0
case of Fig. 4.6 (left panel), where n = 0, the first excited states which possibly
get trapped are those with |s| = 3, thus the NDC can be expected on the 2 — 3
transition line. Inspecting the scheme in Fig. 4.9, it is easy to check that for
A = 50, this is exactly the case. Reversing the asymmetry, i.e. considering the
case 0 < A < 1 (while still keeping Gr fixed), for V. > 0 (V < 0) states with
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1 10.13
P
0 0
0

Figure 4.7: Occupation probabilities P (dashed), P; + P_; (dotted), P, + P_,

(dash-dotted) and current I (units eFéR)) for an interacting dot with asymmetric
barriers and n = 0 (parameters as in Fig. 4.6), at ng = 0.457.

n + 1 (n) electrons get trapped. In summary, it is possible to expect a trapping
of excited states with 1 extra electrons if (A — 1)V > 0, and a trapping of states
with n + 1 extra electrons if (A — 1)V < 0.

Trapping phenomena, however, are not sufficient to induce NDC. In a non-

0.66

0.38

s v s
Figure 4.8: Differential conductance G (arbitrary units) as a function of V (units

Es/e) and ng for a noninteracting dot with asymmetric barriers (A = 50).
Other parameters as in Fig. 4.6.

interacting dot, where no traces of spin-charge separation are present, no NDC
signatures are found whatsoever — regardless of the strength of the asymmetry.
This behavior is confirmed by Fig. 4.8. The interplay between trapping and
interactions will be examined in detail in section 4.3.4.
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4.3.2 Spectroscopy of excited states

In order to analyze in detail the features of the quantum dot conductance in the
nonlinear regime, we must analyze spectroscopically the conductance peaks
position in the (V, ng) plane. In the following we will consider the T = 0 case,
which is a very good approximation in the low temperature regime. First of
all, we concentrate on the excitations involving states with high spin only. The
discussion of CDW and SDW traces will be done in the last part of this section.
The condition for the transition |n,s) < |[n+ 1,5 £ 1) to contribute the cur-
rent is that the state |1, s) is occupied and that the generalized electrochemical
potential fi4(n,s, £1) =U(n+1,s£1,0,0) —U(n,s,0,0)

fq(n,s,£1) = —&(n) + Eq [x(n) £5] , (4.17)

with x(n) = [1 — (—1)"]/2, falls inside the window defined by the electro-
chemical potentials of the left and right leads py R:

u(V) = —neV < fig(n,s,£1) < (1 —n)eV = ur(V) (4.18)
where we have defined the capacitances ratio 0 < 1 < 1

CR+Cg/2

= ——. 4.19
CL+CR+Cg ( )

The transitions between ground states correspond to the lines on the (V, ng)

I
R P .

Sn 4 250
y
1Y
‘;\ \\V

==

Figure 4.9: Spectroscopic position of the conductance peaks in the (V, 1¢) plane
for n even and a comparatively small value of E,/E,. The red (green) line
corresponds to the transition 1 — 2 (2 — 3). CDW and SDW traces have been
omitted for clarity.

////
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plane

m o) = a0 =)+ (- D

These lines partition the plane in regions where a given set of charge states
{Mmin, - - -, Mmax} is involved in the transport. The regions where only one
charge state is allowed are the Coulomb blockade regions. They are diamond-
shaped if n = 1/2, as it has already been shown in Fig. 4.5, and become
skewed as 7 # 1/2. In Fig. 4.9 the Coulomb diamonds are represented by
the hatched regions and the g.s. to g.s. transitions by the black lines. Inside
the non-hatched regions, the two ground states are populated and conduction
is possible through the dot, therefore excited states of n and n + 1 electrons
can be populated for high enough V. Denoting from now on the transitions
with the relevant spins only, and recalling the degeneracy of the s and —s spin
states in the dot, the first transitions involving excited states are s = 1 « 2.
The position of the corresponding transition lines is obtained considering the
extremal solutions of (4.18) with s = 2 (n even) or s = 1 (n odd). For even n,
the solutions are

)(n) — 2E4/Ep +neV /E, s:1—2
)(n) — 2E4/Ep + (n —1)eV /E, s:2—1

ng

_(0
g
_(0
g = Ng

for V > 0, while for V < 0 we have

ng = Ay (n) + 2E4/Ep+ (1 —1)eV/E, s:1—2
ng:ﬁg))(n)—i-ZEg/Ep—i-neV/Ep s:2—1.

They are schematically depicted as red lines in Fig. 4.9. These lines cut the
plane into two regions, one of which has the states with s = £2 occupied. In-
side this latter region it is possible to have the transition s = 2 — 3, which is
represented by the green line in Fig. 4.9. Following this procedure, a “fishbone”-
like structure of interleaved transition lines is generated in the (V,ng) plane.
This structure is sketched in Fig. 4.9. Along with "high” spin excited states,
neutral CDWs and SDWs can be excited in the transport. For instance, con-
sidering all the possible combinations of CDWs and SDWs occurring in the
transitions s : 0 < 1 gives rise to the families of lines (we quote here only the
V > 0 expressions)

ng:ﬁi(;o)(n)—l—(n—1)eV/Ep—|-lp.sp—i—lgacr s:0—1
ng = ﬁé,o)(n) +neV/Ep+lpep + loeox s:1—0

with I, € N. Similarly, every transition s — s’ can occur through the exci-
tation of collective modes. This gives rise to the intricate structure which can
be clearly seen in Fig. 4.5. In the following of the chapter, we will concentrate
mainly on the specific region of the (V,ng) plane depicted in Fig. 4.10. The
dashed lines in Fig. 4.10 represent the transition 1 — 0 involving respectively
one SDW (light gray) or one CDW (dark gray). The solid gray lines represent
the same excitations occurring in the transition 2 — 1. It is important to point
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Figure 4.10: Scheme of the transition lines for n even, V > 0 and E,/E; > 1in
the ”5 states region”, for an interacting quantum dot with g, < 1 and g, > 1.

out that, to the right of the line 1 — 2, the state s = 2 has a nonzero occupation
probability, so that the transitions 2 — 1, involving a collective excitation, are
detectable as conductance peaks. The width of the zone I is proportional to
€0 — 2E, and that of zone II is proportional to ¢, — &,. In the noninteracting
limit g, — 1 both the zones shrink down and the rate for the transition 2 — 1
exhibits a unitary jump as already discussed in section 3.3.2. In the same fash-
ion, the two dashed lines collapse ontop of the 1 — 2 transition line. Zones
I, II and III define a "5 states region” since dot states with up to |s| = 2 are
occupied here.

4.3.3 Noninteracting dot

Before analyzing in more detail the NDC phenomenon occurring in the pres-
ence of spin-charge separation, we want to show that without interactions no
NDC can develop. We assume to deal with a noninteracting dot with nonin-
teracting leads (g9 = 1), at zero temperature. Since, as it will be shown in the
following, interactions in the leads tend to suppress the NDC features, the hy-
pothesis go = 1isnot restrictive. Moreover, the qualitative picture remains true
also in the T > 0 case. Referring to Fig. 4.11, several transition lines are shown.
In the absence of spin-charge separation, the transition rates exhibit unitary
jumps and show peculiar patterns in the (V, ng) plane. For instance, choosing

Fém as the rates unit, in the zones {A;,} we have ]"éi)l = m and Fl(i)o =A
while in the zones { B, } we have Féi)l =1, Fl(l;)o =(m+1)A, Fl(l;)z =mA and

Fz(i)l = 2. With a bit of bookkeeping, it is possible to solve analytically the mas-

ter equation in all the regions {A;; }, {Bm}, ... and evaluate the current I in the
limit A — oo, obtained keeping Gr finite. In the V > 0 case, the limit described
above is the most favorable in order to obtain NDC. The calculated current is
shown in Fig. 4.11: the conductance lines parallel to the transition 1 — 0 are
asymptotically vanishing for A — oo, while the lines parallel to 0 — 1 show
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Figure 4.11: Scheme of the transition lines (left panel) and values of the current

I in units eFéR) (right panel), for the case of a noninteracting dot with noninter-
acting leads in the A — oo limit (obtained keeping Gg finite), at T = 0.

positive differential conductance. This situation is confirmed by the numerical
calculation for A = 50 (see Fig. 4.8), which already shows a pattern of vanish-
ing lines parallel to the transition 1 — 0, and strong positive peaks parallel to
the 0 — 1 transition. Numerical analysis confirms that these results remain
valid increasing the temperature and considering interacting leads.

4.3.4 Five states model

In order to analyze in detail the role of trapping and spin-charge separation
in the development of NDC peaks, we will consider the analytically solvable
regime where only the states with |s| < 2 contribute the current for an even
number of extra electrons 7. In the (V > 0, ng) semiplane, this corresponds to
two regions: the stripe bounded by the 1 — 0, g.s. to g.s. transition line (bold
black line in Fig. 4.10) and the transition line 1 — 2, where only the states
with |s| < 1 contribute (”3 states regime”), and the the stripe formed by the
zones labeled I, II, and I1I, where also the states with |s| = 2 are involved
(”5 states regime”). Within these zones, it is possible to solve analytically the
master equation and get an analytical expression for the current I. Assuming
no spin-flip relaxation, we obtain

(R) [p(L) L) 1 p®)
ar ™ttt )
I—e 01[10 12}21 . (4.20)

L R R R L
Monsth +2rg [+

In the 3 states regime, this expression reduces to
(R) (L)
13 — 2r0—>1r1 —0

R) L) -
2r(§—>1 + rl(—ZO

In the most interesting 5 states regime, from (4.20) we can obtain approximated
expressions for the differential conductance G. We are mainly interested in the
NDC features, which occur in lines parallel to the transitions 1 — 0and 1 — 2
(see Figs. 4.6,4.10), therefore we consider only the conductance along these
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lines. Moreover, performing the current derivatives, we assume to be away
from the crossing of two conductance lines. We get

_edy

Gy=20 5 A,V (V) (4.21)
P D(Z) p:%l P 1—=1+4p

where Fl(i)1+p(V) = ]"(L>(AU1_,1+,,) with

AU14,0 = Ep |:ng - ﬁg)):| - T‘IEV + lpgp + lg-gg-

and AU, = AUy g + 2E,. We have defined ¢ = 21\, Ti®), and
— R) R) | (L
Ap = dotp {rz(—q - 2]’(5_}1} rl(—zl—p
_ ) p®) L 5p®) (R (D)
DO - ]—‘14»0[_‘2%1 + 2r0~>1 |:r2~>1 + rl~>2:|

The derivative dy (1) (V) is a positive function which, for gg ~ 1, exhibits a
peak near the V = 0 point. Being the transition rates positive functions of the
energy, the sign of the conductance is determined by the factor A,. For the
transitions 1 — 2 (thus p = 1), the condition to get NDC can be rephrased as

or® iR < sr) (4.22)
while for the transitions 1 — 0 (p = —1) we must have
or® R < s, (4.23)

with ® ®
=204 -0,

It is critical to realize that the factor X determines the possibility to achieve
NDC: (4.22) can be fulfilled only if ¥ > 0, while (4.23) requires £ < 0. In
the case of weakly interacting leads, the value of L strongly depend on the
particular zone under consideration. Assuming go = 1 and an interacting
dot one can show that, for reasonable values of g, and g5, £ > 0 in zones |
and II, while £ < 0 in zone III. In the case of a noninteracting dot, zones |
and II vanish and the entire 5 states region coincides with the zone III. For
g0 ~ 1 and small temperature, L = 0 bans the possibility of NDC on both the
transition lines, regardless the intensity of the trapping induced, for instance,
by the asymmetric tunneling barriers. Notice that, for an interacting dot, the
NDC on lines 1 — 2 can only be observed in zones I and II, while on lines
1 — 0 can only be observed on zone III. It is clear that, once the condition on
2 is met, NDC can be obtained by suitably increasing the rates ]"1(90,2. This can
be achieved either by increasing the barriers asymmetry A, or by considering
high enough V in order to open transitions which involve many collective dot
modes. Either way, this means increasing the escape rate of the dot, enhancing
the aforementioned trapping phenomenon which leads to a bottleneck effect
in the transport. For the case of the transition |n +1,1) — |1, 2) we obtain

A>2= A,(:1> Zone |
A>202¢5+1)/(280—1) = AY Zone I1
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while for the transitions [n +1,1) — |n,0,1,0) and [n+1,1) — |n,0,0,1) we
get
A 280t 80128080 _ AP
8pt 80 — 28080

We have defined here the critical asymmetries A,(:1> < A£2> < AS’). Peculiarly,
for each transition line in each of the zones there is a critical asymmetry. For

(i)

noninteracting leads, the A¢’ given above get renormalized to lower values by
the increasing number of CDWs and SDWs involved in rl(l;)O,Z' If the leads are
weakly interacting, the critical asymmetry is a function of the voltage as well,
thus along each transition line the critical asymmetry varies. In principle, for
interacting leads, the NDC condition could be fulfilled only in one portion of a

given zone.

4.3.5 Spin-flip relaxation

As we have seen in the previous section, the NDC can be related to the oc-
cupation of excited states with a spin higher than the corresponding ground
state. It is interesting to study the interplay between the spin-flip relaxation
processes and the trapping phenomenon involved in the NDC. We concentrate
specifically on the 5 states region discussed in section 4.3.4. Solving the mas-
ter equation (3.43) and calculating the differential conductance with the same
approximation as in section 4.3.4 we finally get

ePw w
G= % S Ay >6VFfi)l+p(V) (4.24)
w p==x1
where ®) ®
w =215 [w + FZHJ ’
w R R L
/\i(7 = bw +p [réll - Zr(gjl} rl(llfp
and

L) (R R R L L L R
Dy = rl(ﬂ)orz(ﬂ)l + zréll {réll + rl(ﬂ)z} tw [rl(ﬂ)o + r1(&2 + ZF(L)J :

As discussed previously, the sign of the conductance is determined by /\g,w),
which is now a function of both the asymmetry and the relaxation w. First off,

(w)

without interactions one has AP > 0. Let us concentrate now on the 1 — 2

transition where the condition /\gw) < Oreduces, forT =0,t0 2Es < V < &5)

[24 [24 [24
2o () ) )] e
N wc 2\ eV —-2E, A\2E,
with 2a = 1/g9 — 1 (we recall wc is a cutoff energy). When the equality holds,
a critical value w, for the relaxation rate as a function of the asymmetry (for
fixed voltage V) is obtained. For w > w,, one gets positive differential con-

ductance (PDC), while for w < w. one gets NDC. Thus, the plot of w.(A)
defines a sort of separatrix of the “phase diagram” for the NDC effect in the
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Figure 4.12: Phase diagram for the critical value of the spin-flip relaxation w

(units Fém(ZEg Jwc)%) inside zone I of the 5 states region at T = 0. Different
interaction parameters for the leads have been considered: g9 = 1 (solid), go =
0.9 (dashed), gg = 0.75 (dotted), and go = 0.65 (dash-dotted).

plane (w, A). Such a diagram is shown in Fig. 4.12 for different interaction pa-
rameters of the leads. The intersections of the separatrices at w. = 0 give the
critical asymmetry A. in zone I as discussed in section 4.3.4. Interactions in
the leads increase the critical asymmetry as can be clearly seen. For nonzero
relaxation w, the critical asymmetry increases as well. The combined effect of
relaxation and leads interactions reduces greatly the parameters region where
NDC can be realized. The effect of spin flip relaxation is particularly clear in
Fig. 4.13. The NDC peak around V = 2.25 is greatly affected by the spin-flip
relaxation: a crossover from NDC to PDC is evident. For the parameters in

Fig. 4.13, w. ~ 0.33 in units IﬂéL)(ZE(r Jwc)®. Quite generally, all the conduc-
tance peaks with transitions involving states with |s| = 2 get depressed, while
the other peaks are almost unaffected. It can be expected that in the asymptot-
ically relaxed regime

w
—— > A
rit)
all the conductance peaks should be positive. Indeed, in this regime one finds
2
or(R) L
G=e 0-1 S oY, (v). (4.26)
L L R 1—=1+p
O DR ] YU =

Comments on the observability of NDC

The NDC phenomenon described above could in principle be observed in trans-
port experiments performed on CEO-based quantum dots [8] or CNTs [20].
The necessary condition to be fulfilled in order to apply the model and to re-
solve collective excitations signatures is

kT < ¢g < Ep

which can be rephrased as
AT > a > Ag

where At = 7rog/kgT is the thermal length and Ap = 271/kg is the Fermi wave-
length. In CEO-based quantum dots, the Fermi energy appears to be relatively
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Figure 4.13: Differential conductance G (units e? ]"éR) /Eg) as a function of V
(units E/e) inside the five states region, for ng = 0.485 and various spin-

relaxation rate values (units ]"éL>(2Eg Jwe)®): w = 0.2 (black), w = 0.3 (red),
w = 0.4 (green), w = 0.5 (blue) and w = 0.6 (yellow). The peaks are classified
according to the spins involved in the transitions involved. Other parameters
are kT = 1072E,, E, = 25E,, A = 10,1 = 1/2, go = 0.9, g, = 0.7 and
g0 = 1.25.

low, Er =~ 2 meV, due to the almost complete depletion of the lowest sub-band
[79]. A dot level spacing of about 1 meV can be estimated for a quantum dot of
length a2 ~ 0.2 ym, with an effective electron mass m* ~ 0.07m, (GaAs). Ata
first glance, these parameters seem to be outside the above region of validity of
the model, although the temperature condition is easily achieved. For a quan-
tum dot of larger size (@ ~ 1 um) the situation would be much more favorable.
However, because of the accidental nature of the dot inside the CEO channel,
a fine tuning of its size does not seem easily achievable. Other semiconductor
based quantum dot systems, such as those fabricated by scratching techniques
[80], seem more promising. With this technique it could be possible to fabricate
an appropriately scaled quantum dot inside a quantum wire. The optimal pa-
rameters to be achieved seem to be: a width of the wire of ~ 50 nm in order to
achieve a Fermi energy of a few meV, a distance between the tunnel barriers —
implemented via metallic gates — of ~ 1 um giving rise to ¢y ~ 0.1 meV. Exper-
iments should be performed below 1 K. With this technique, the asymmetry of
the tunneling barriers could be adjusted with precision.

Carbon nanotubes seem to be even more favorable systems concerning the
energy scales, since it is possible to estimate Er ~ 2 eV, vp ~ 8- 10° m/s and
a level spacing ¢y ~ 5 meV [74,75], with temperatures T ~ 0.1K. However, in
this case the model described above needs to be adjusted since this system is
described by means of a four-branch LL [47].
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CHAPTER b

Overview on noise

"All the while the world is turning to noise” (P. Gabriel)

In recent years, much attention has been devoted to the statistical analysis of
the current fluctuations in mesoscopic system. Initially this study has been con-
fined to the second moment in the current fluctuations distribution, which goes
under the name of noise [12,13,81]. Probably the most paradigmatic example
of the effectiveness of the noise as an investigation tool is the direct observation
of fractional quasiparticle charges in the fractional quantum hall effect [82]. In
this chapter, a quick overview of the properties of noise in electronic systems
will be given.

5.1 Generalities

Current fluctuations occur ubiquitously in electron systems. The most impor-
tant causes of this behavior are the thermal excitation, the fermionic statistics
of the carriers and the repulsive interactions among them. The first system-
atic studies on the noise properties of electronic systems trace back to the 1918,
with the seminal work of W. Schottky on vacuum tubes [83]. Schottky pointed
out that in these systems two intrinsic sources of time-dependent fluctuations
are present: the thermal noise due to the thermal agitation of electrons, and the
shot noise due to their granular nature. The fluctuations of current around its

average value (I)
SI(t) =I(t) —(I)

can be characterized by means of the correlation function
(OI(t+T)dI(T)) .

For an ergodic system, the ensemble average (...) can be replaced by a time
average. Furthermore, if the average is taken over a time longer than the aver-
age correlation time, the correlation function is invariant for a time shift. The
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noise spectral density S(w), therefore, can be defined as the Fourier transform

S(w) = /j; dt et (SI(4)51(0)) . (5.1)

The thermal noise [84,85] Sy, is an equilibrium property: by means of the fluctu-
ation-dissipation theorem it can be related to the linear conductance G = I/V
(V. — 0) by the expression Sy, = 4kgTG, which is independent of the fre-
quency up to w ~ kgT. Being an equilibrium property, the thermal noise is not
a very useful investigation tool, bringing essentially the same information as
the linear conductance. When out-of-equilibrium regimes are considered, the
noise strongly deviates from the thermal value and brings valuable informa-
tions about the mechanisms underlying the transport. For instance, in the case
of saturated thermionic valves, the main source of current fluctuations is due
to the stochastical emission of electrons from the hot cathode. This emission is
essentially a classical, uncorrelated Poisson process. In this case, the noise is given
by the celebrated Schottky formula

Spois = 26<I> (5.2)

where e is the charge of the electron and (I) the average current. In mesoscopic
systems, usually the fluctuations of electrons are strongly correlated: in the
stationary limit (w — 0), the Fano factor

_ S(w=0)
F= 5 (5.3)

is commonly used to express the deviations from the uncorrelated regime.
In the following, we will discuss several examples of low-dimensional meso-
scopic systems where peculiar signatures due to electrons statistics and inter-
actions can be detected in the properties of current fluctuations.

5.2 The Hanbury-Brown and Twiss experiment

The statistics of the particles in a beam determines, to a great extent, its current
fluctuations. Consider the three sources in Fig. 5.1, characterized by the same
average number of emitted particles (1) and in statistical equilibrium. The
source (a) is completely uncorrelated and follows the Poisson statistics: the

variance of the emitted particles is given by <(An)2> = <An>2. The sources
(b),(c) emit respectively bosonic and fermionic particles

1

(n)gp = kT £ 1

with variance ((An)ZB,F) = (n)gp (1 £ (n)gp). Itis possible to define the Fano

factor of the source as Fsre = ((An)2,.) / (1src): then,

1+ (ng) Bosonic source
Fsre =<1 Uncorrelated source .
1—(ng) Fermionic source
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a) Source 1 :) Fi=1
random e random: Poisson
b) Fy>1

bunched: super-Poisson

Fy<1

c) Source 3 :)
anti-bunched ha anti-bunched: sub-Poisson

Figure 5.1: Three different types of particle sources. (a) Random source with
pure Poissonian statistics; (b) “bunched” source; (c) “anti-bunched” source.
All the three sources are characterized by the same average number of emitted
particles: the variance, however, distinguishes among them (after [86]).

The first source emits completely uncorrelated particles. A bosonic one has a
natural tendency to emit “bunches” of particles, which give rise to increased
variance and Fano factor. On the contrary, a fermionic source emits ”anti-
bunched” particles, giving rise to a highly ordered sequence of emission events
in time and comparatively small fluctuations which depress the Fano factor.
The anti-bunching is a direct consequence of the Fermi-Dirac statistics of elec-
trons. The average particle current of a source can be defined asi = n/T, where
T is the time over which averaging occurs and 7 is the number of particles emit-
ted in the time T. A Fano factor described in terms of the beam currents can
be derived : in the stationary limit analogous results are obtained. An experi-

T 2
Particle \ Te ’fAIt>
Source "
<I, <A1 (I, (AL
Xcov
p(T)

Figure 5.2: Scheme of a "Hanbruy-Brown and Twiss-like” experiment. The
beam of a source with Fano factor Fj is split in two, reflected and transmitted,
beams with probability T and 1 — T. The two beams are cross-correlated after
a relative delay 7 is imposed (after [86]).

mental setup to determine the Fano factor of a particle source is schematically
depicted in Fig. 5.2: the current I; from a source is divided by a beam splitter
in a reflected I and a transmitted I; beam. After being delayed for a time 7, the
two beams are cross-correlated and the cross-covariance p(7) is evaluated as

(AL(0)AL())
V(AR (A1)
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For T = 1/2 and 7 = 0 one has the important result p(0) = (F; —1)/(F; + 1)
[86], where F; is the Fano factor of the source. This approach has been em-
ployed by Hanbury-Brown and Twiss (HBT) using as a source a high-pressure
mercury lamp [87]. As expected, they found a positive cross-correlations p(0),
signalling the bunching of photons giving a super-Poissonian Fano factor for
the source. Non-thermal sources of light have subsequently been employed,
where the statistical properties of the beam fluctuations deviate from the ones
discussed above: for instance in the case of laser light the fluctuations can be
suppressed down to the Poissonian limit. A single-photon emitter consisting
in a laser-triggered quantum dot has been shown [88] to produce strongly anti-
bunched photons. Very recently, a HBT experiment with electron beams has
been performed in the solid state [89,90]. In the following we describe briefly
the experiment by Oliver et al. [89]. The scheme of this experiment is de-

\ 1 characterizes
1 )\ back-reflection,

device non-idealities

QpPC

Figure 5.3: The Hanbury-Brown and Twiss experiment with electrons. a)
Schematical description of the apparatus. A quantum point contact QPC with
transmission probability Q is used as a monochromatic source of electrons
which are divided by the beam splitter T, with transmission probability T. The
backscattering of electrons in the QPC is described by the suppression factor
0 < n < 1. The reflected (I3) and transmitted (I4) currents are cross-correlated.
b) SEM image of the actual experimental setup, with metallic gates (light gray)
defining the four channels. the central gate is used to create the beam splitter.
The gate 2 is not used in the experiment (After [89]).

picted in panel a) of Fig. 5.3: a quantum point contact (QPC) with up to one
open transverse mode is exploited as a monochromatic source of electrons with
transmission probability Q and Fano factor 1 — Q [12]. The beam is divided by
a splitter T (transmission probability T) into a a reflected (I3) and transmitted
(I4) beams, which are subsequently cross-correlated. For T = 1/2, the zero-
delay cross-correlator is theoretically evaluated as p(0) = P/(P — 2), where
P =nQand 0 < 11 < 1is a suppression parameter which takes into account
the backscattering inside the QPC. The results are shown in Fig. 5.4. In the
regime P — 0, the QPC is almost closed. The cross correlator p(0) — 0, sig-
nalling a Poissonian Fano factor for the source: almost uncorrelated electrons
are emitted. In the P — 1 limit, one single mode in the QPC transmits elec-
trons, whose beam is strongly affected by their Fermionic statistics: a strong
antibunching is obtained therefore the beams are anti-correlated and the Fano
factor drops way below the Poissonian limit. In any case, however, a tendency
to anti-correlations (p(0) < 0) is present, leading to a suppression of the noise
below the Poissonian limit.
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Figure 5.4: Cross-covariance p(0) as a function of the effective transmission
probability of the QPC P = nQ. Dots represent the experimental data, while
the solid line is the theoretical curve p(0) = P/(P — 2). (After [89]).

5.3 Noise in double-barrier systems

5.3.1 Noise suppression

Double-barrier systems — such as, for instance, quantum dots — are extremely
interesting playgrounds where the noise properties can be studied. In addi-
tion to the Fermionic statistics, they show peculiar signatures due to the rel-
evance of interaction effects which affect the transport already at the station-
ary current level. Quantum dots in the sequential tunneling regime show re-
markably clear effects due to Coulomb repulsion as for instance the Coulomb-
blockade. In these systems, Hershfield et al. [91] have studied theoretically the
zero-frequency shot noise, also by means of numerical simulations. A simi-
lar analysis was undertaken by Korotokov [92], while Hanke ef al. considered
the nonzero frequency limit [93]. In Hershfield’s work, a spinless quantum
dot was considered by means of a master equation approach. In the thermal
regime eV < kgT, the usual result S = 4kgTG was obtained. In the shot noise
regime eV > {kgT, E.}, where E. is the charging energy of the dot,important
deviations from the Poissonian regime S = 2el were found (here, and in the
following, we denote the current by I). When only two charge states N and
N + 1 are relevant to the transport in the dot, one has

i+, L
(F+—Hl)2 ’ r++r—

S = 2el (5.4)
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where I’y are the input (4, transition N — N + 1) and output (—, transition
N +1 — N) voltage-dependent tunneling rates. The Fano factor is suppressed
and the noise attains the minimum value when 'y — T'_, where F — 1/2.
The shot noise suppression is a direct consequence of the cooperation of the
two tunneling barriers together with Coulomb repulsion and Pauli statistics,
inducing a strong correlation among the tunneling events. Indeed, suppose
the dot is in the state with N + 1 electrons: no tunneling events will occur on
the source barrier unless an electron tunnels outside the dot through the drain
barrier. In the extreme asymmetric regime, where the dynamics of the dot is
dominated by the most opaque barrier and the additional correlation due to
the transparent barrier is not relevant, one obtains F — 1. In the highly nonlin-
ear transport regime, a similar depression in the shot noise occurs at the onset
of each Coulomb staircase step, where a new charge state influences the dy-
namics of the dot. An experimental verification of these predictions has been
performed by Birk et al. [94], who considered a metallic grain deposed on a
insulator-coated Au substrate. The grain is then contacted by means of a STM

uy)

(oA)

5
2e

1
0,4 0,2 0,0 -0,2 -04
I (nA)

Figure 5.5: (Top panel) Voltage-current curve measured in a metallic-grain SET
contacted with a STM tip at 4.2K. The thick line is the experimental obser-
vation, while the thin line represents a numerical simulation. The Coulomb
staircase, where the current increases in steps increasing the voltage, is clearly
displayed. (Bottom panel) Zero-frequency shot noise as a function of the cur-
rent (squares) and numerical simulation (solid line). The arrows spot the max-
imum and minimum relative values for the noise, the dashed lines represent
the S = 2el and S = el values. (After [94]).

tip and electons tunnel through the grain forming a SET. Increasing the volt-
age applied to the tip, a clear evidence of the Coulomb staircase is observed
(Fig. 5.5 — top). Correspondingly, the zero-frequency shot noise (Fig. 5.5 — bot-
tom) shows a suppression at the onset of each current step (see the arrow la-
beled ”"B”, for instance).
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5.3.2 Noise enhancement

Despite the Fermionic statistics, noise in double-barrier electronic systems does
not always show a suppression below the Poissonian limit. Probably the most
famous example of noise enhancement occurring in electronic resonant tunnel-
ing structures has been observed by Iannaccone et al. [95]. They considered

50

Fano factor ¥
Current (nA)

0 I 1 1 1 0
0.05 0.10 0.15 0.20 0.25 0.30

Voltage (V)

Figure 5.6: Experimental current (solid line) and Fano factor (squares) as a
function of the applied voltage in the double-barrier resonant tunneling diode
studied by Iannaccone et al.. Measurements were performed at the tempera-
ture of 77 K. The maximum value of the Fano factor is 6.6, while the minimum
is close to 0.5. (After [95])

a double-barrier resonant tunneling diode made by a GaAs/Alj3¢Gag 4As
structure, whose I(V') curve exhibits a strong asymmetric peak (Fig. 5.6, solid).
In the NDC portion of the curve, a strong super-Poissonian noise is found, with
a Fano factor exceeding 6 (Fig. 5.6, squares). The shot noise enhancement has
been explained as follows: in the NDC region only the tail of the tunneling
density of states of the resonant structure is available, thus the decrease in the
current. However, the tunneling of one electron inside the structure from the
source terminal dynamically increases the potential of the energy well (Fig. 5.7)
shifting the tunneling density of states towards its maximum and increasing
the possibility that more electrons tunnel inside the structure from the source
lead. Therefore, electrons entering the diode are positively correlated and it is
possible to have a strongly enhanced noise. A detailed theoretical analysis of
this experiment has been provided by Blanter et al [96]. Other works on res-
onant tunneling structures have recently confirmed the possibility to observe
enhanced shot noise [97,98].

Shot noise enhancement has been theoretically predicted also in quantum
dots. As an example, Cottet et al. have shown that in a three-terminal quan-
tum dot with ferromagnetic leads [99] or with paramagnetic leads but in the
presence of a magnetic field [100], Coulomb interaction is responsible for the
appearance of positive cross-correlations among the output currents and/or
super-Poissonian Fano factors for the input current noise. The physical mech-
anism which drives the noise above the Poissonian level is a dynamical spin
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Figure 5.7: The mechanism leading to enhanced shot noise in a resonant tunnel
diode. The enhancement is obtained because an electron tunneling into the
well (a) from the source terminal raises its potential energy, so that more states
are available for tunneling from the source (b). (After [95])

blockade: assuming the dot cannot be doubly-occupied (eV,kgT < E.), be-
cause of the magnetic environment, up and down spins tunnel through the dot
with different rates. Those with a lower tunneling rate modulate the transport
through the opposite spin-channel, leading to a bunching of tunneling events.

Sauret et al. [101] recently considered the fluctuations of the spin-resolved
current Iy = Iy — I} (where [ 1(1) 1s the current of electrons with spin T (])) and
of the spin currents I; |. They considered a system without magnetic field or
barriers — thus having (I;) = 0 - obtaining an interesting results in the case
when only two charge states N and N + 1 contribute to the transport

2R+ ()

o Sspin = 2el (5.5)

S charge — 2e

where [ is the total charge current. While the result for the charge noise Scharge
is a simple generalization of the Hershfield’s formula to the case of a system
with a spin-degenerate ground state, the spin noise Sspin is strictly poissonian,
insensitive to the tunneling barriers details. The result for the spin current can
be interpreted as follows: because of the absence of magnetic environment,
the electrons coming from the source lead have completely uncorrelated spins.
This means that although the next spin can tunnel inside the dot only after
the previous has traveled through the drain lead, its spin will be completely
uncorrelated. Therefore, from the point of view of the spin-resolved current,
no correlation among the barriers is present, in sharp contrast with the result
for the charge noise. Allowing the possibility of double dot occupancy, the
Pauli exclusion principle implies correlations among the spins tunneling in the
dot. As Fig. 5.8 shows, Sspin decreases below the Poissonian value, while the
charge noise increases.

Finally, we cite the recent result by Thielmann et al., where super-Poissonian
shot noise has been theoretically reported in a many-channels molecular quan-
tum dot in the sequential tunneling regime [102].
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Figure 5.8: Charge (Scharge) and spin (Sspin) noises as a function of x, the adi-
mensionalized tunneling rate for the transition N +1 — N + 2. x = 0 means
no double occupancy of the dot, x = 1 means completely open N +1 — N + 2
transition channel. The case ' = 2I"; has been considered. (After [101])

5.3.3 Noise in LL quantum dots

Recently, the zero-frequency shot noise of a one-dimensional quantum dot in
the sequential tunneling regime has been extensively studied by Braggio et
al. [73] and by Kinaret et al. [72]. They both considered a one-dimensional
spinless LL with interaction parameter g. In this system, two impurity levels
emerge above the Fermi level and define a quantum dot. Transport through
this system has been considered in the sequential tunneling regime: employ-
ing a master equation approach the nonlinear regime has been analyzed. In
the two systems, however, radically different assumptions have been made:
in [73] the collective excitations of the dot have been assumed to be strongly
relaxed, while in [72] nonrelaxed excitations have been assumed and a phe-
nomenological relaxation rate y;, ! has been introduced in the master equation.
Figure 5.9 shows the results by Braggio et al. for the Fano factor F in the nonlin-

7 T T T T 3
# ?‘)Q/‘r?

05 k& { L I . i
0 2 4(,;1/'/2E(A6 8 10

Figure 5.9: (Fully relaxed case) Fano factor F as a function of the transport
voltage eV /2E. at zero temperature for a level spacing ¢ < E., strongly asym-
metric barriers and different interaction constants: g = 1 (red), ¢ = 0.8 (black),
g = 0.6 (blue) and g = 0.4 (grey). (After [73])

ear transport regime. A relatively small level spacing ¢ < E. has been chosen
and strongly asymmetric barriers have been considered. Inside the conduction
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region, a sequence of dips are present in the Fano factor, corresponding to an
increasing number of charge states contributing to the transport. This result
resembles the Hershfield noise suppression: however, non-Fermi liquid corre-
lations give rise to peculiar signatures. For instance, the dip position for an
interacting systems exhibits a detuning 6Vy;, around the noninteracting value
for sufficiently asymmetric tunneling barriers. This detuning is a complicated
function of the interaction parameter ¢ and is clearly detectable in the curves
shown in Fig. 5.9. We also notice that increasingly strong interactions lead to
a more pronounced suppression of the noise. In the case of nonrelaxed plas-

3.0 ' T ' ' T T —
- [—- g=03 /1
L ——-g=05 R
2.5 — a07 Y.
- a=1.0 fl/
2.0F A .
e~ r ‘/'/ / 'l
1.5F e /l \ -
./ // \
- s \
1.0- —r !
- ()
L 1 | 1 |
0.55 T 2 3 5
eV/Sp

Figure 5.10: (Nonrelaxed case) Fano factor F as a function of the transport volt-
age eV /¢p at zero temperature (¢}, is the plasmon energy) with asymmetric bar-
riers as in Fig. 5.9 and different interaction parameters: ¢ = 1 (green), g = 0.7
(black), g = 0.5 (red) and g = 0.3 (blue). (After [72])

mons, the results are strikingly different. Figure 5.10 shows the behavior of the
Fano factor in the nonlinear transport regime for strongly asymmetric barriers.
For an interacting system, the Fano factor reaches strong superpoissonian val-
ues when the voltage is high enough to open a transport channel involving a
plasmon. Increasing the interaction, this effect is even more pronounced. The
origin of the noise enhancement can be explained as follows: for sufficiently
high voltages, the two transport channels (the asterisk denotes a plasmonic
excited state of the dot)

N—-N+1—-N
N—-N+1*"—=N

compete in the transport. If one of the two channels modulates the other, a
condition might be reached where F > 1, in analogy with the effect described
in [99,100]. The fluctuation enhancement is due to the presence of nonrelaxed
excitations: in Fig. 5.11, the Fano factor for g = 0.5 and various values of the
phenomenological plasmon relaxation rate y; is shown. The latter is expressed
in units Ty, the averate tunneling rate of the system. For sufficiently large re-
laxation rates, any plasmon excitation induced by electron tunneling relaxes
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Figure 5.11: (Phenomenological relaxation) Fano factor F as a function of the
transport voltage eV'/ ¢p at zero temperature with asymmetric barriers as in
Fig. 5.9 and ¢ = 0.5 for different values of the relaxation rate yp (units of the
average tunneling barrier rate Ip): v, = 0 (black), yp = 0.1 (red), yp = 1
(green) and yp = 10% (blue). (After [72])

before a subsequent tunneling event. Therefore, as the plasmon relaxation rate
increases, the Fano factor recovers the characteristic of the model discussed in

[73].
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CHAPTER 0

Shot noise in a 1D ring

"Defer no time; delays have dangerous ends.” (W. Shakespeare)

In this chapter we want to study the shot noise of a one-dimensional quantum
ring [21]. Possible experimental realizations of this system include [22,23]. The
1D ring geometry allows to study the interplay between Fermi statistics, inter-
actions, and Coulomb Blockade. Signatures of this interplay , which were for
instance found in the behavior of the linear conductance [103], will reflect in the
richness of the interaction-induced noise analyzed below. After a description
of the system under investigation (section 6.1), we sketch briefly the technique
employed to calculate the noise spectrum (section 6.2) and concentrate on the
zero-frequency regime. In section 6.3.1 we present results in the absence of
external magnetic flux, while in section 6.3.2 the effects of the latter is briefly
investigated. In section 6.3.3 we present an interpretation of the results in terms
of a Monte Carlo simulation of the transport dynamics in the system.

6.1 The ring model

The system we want to describe is schematically depicted in Fig. 6.1. It is com-
posed by a one-dimensional quantum ring of radius R, connected to two exter-
nal leads. The ring will be described by a spinless Luttinger liquid (see section
2.2.5) with interaction parameter g. The external leads will be modeled by in-
teracting one-dimensional electron systems, with interaction parameter g,. For
the isolated quantum ring, the Hamiltonian reads

E E D \?

Hrin
CDO n>0

where the zero mode N = N + N_ represents the total number of excess
charges in the ring and ] = N, — N_ represents the imbalance between clock-
wise and anti-clockwise moving charges. We assume the ring is capacitively
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Figure 6.1: Schematic description of the one-dimensional ring under investiga-
tion. The ring has radius R and the one-dimensional leads are characterized by
the interaction parameter g,, while the ring by the parameter g. Clockwise ”+”
and anti-clockwise ”-” current components are displayed.

coupled to an external gate which induces an extra charge eNg. Furthermore,
the ring is pierced by an external magnetic flux ® (we denote the flux quan-
tum @y = h/e). The zero modes N, | satisfy the condition N + | = even. The
charging energy Ey is mainly due to Coulomb interactions. However, being
strongly influenced by the external circuit and metallizations, it will be treated
as a free parameter which sets the highest energy attainable as in the case of
the one-dimensional quantum dot (see chapter 3). The orbital addition energy
is Ej = vp/2R < Ey. The last term in (6.1) is the contribution due to bosonic

charge density waves, with bL (by) the creation (annihilation) operator for an
excitation with energy ne, with ¢ = v/R and v = vg/g the group velocity of
the collective excitations in the ring. The leads Hamiltonian is similar to (6.1)
but with a continuous dispersion relation for the CDW modes. The ring and
the leads are coupled by a tunneling Hamiltonian which connects the ring and
the leads in the tunneling points x; and x;

Hi= 5 [tap(x)y ) (x) + he.] (6.2)
i=1,2

expressed in terms of the bosonized form of the Fermi operators (see section
2.2.5). In the following we will limit our analysis to the sequential tunneling

(i)

regime. Within this framework, we will evaluate the charge I}, and magnetiza-

(i)

tion I i tunneling currents at the i-th barrier, which are related to the clockwise

and anti-clockwise contributions I(+i) and 1) by
(ORI (U
10 = 10—

The charge and angular currents are related to the variations of N and | that
occur because of the tunneling. The latter, in particular, can be related to the
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ring magnetization. An external source-drain voltage is connected to the ex-
ternal leads in order to drive current in the nonlinear regime: the electrochem-
ical potential in the i-th lead is assumed to be constant and fixed to the value
p; = (—1)%eV /2, with a symmetric voltage drop on the tunneling barriers.

6.2 Evaluation of noise

We want to evaluate the frequency-resolved charge and magnetization current
noise, defined as the symmetrized correlator (v € {N, J})

(@) = [~ dee e ald()ar) o) + Al a1 (1) (63)

where we have defined the current fluctuations AL’ (t) = i (t) — <Iq(,l>> "cen-
tered” around the stationary average values ( 1(})). In order to evaluate the
average currents and their correlators, we set up a master equation for the oc-
cupation probability of the ring states. As in the case of the one-dimensional
quantum dot, we assume here the complete relaxation of collective excitations
in the LL describing the ring. Therefore, the only dynamical variables are N

and J. The master equation reads

1 1
WPnpt)= 3 ¥ [P\N'/m(t)r\(]\l)’,]’)—>|N,]) - P|Nr]>(t)r\(l\l),]>—>\]\l’,]’>}
N'=N+1i=1,2
J'=J+1
(6.4)

and is defined over the set of ring states relevant to the transport for given
external voltages and magnetic flux. Here, we proceed in very general terms.
Later on, we will specify to the relevant case of only two charge states in the
ring. We have introduced the tunneling rate through the i-th barrier F&I NN
Since the model and the approximations made insofar are very similar to the
ones described in chapter 3, we omit the details and quote only the results. For

temperatures kgT < ¢ we obtain the tunneling rates
(i) () <
F\N,DH\N/,]@ (AE) = ON'=N+10y=j+11) z apy (AE — pe) (6.5)
p=-1

where AE = E|\v 1y — E |y j) is the energy difference of the considered transi-
tion. We have

j (8+1/8)/2 2w.G;
r(l) =(1= —&/ we e .
0= (1) 21(1/g0)” (©6)
with the intrinsic barriers conductance G; = me?|t;|*/w? and
0 1 1 _ 0 0 0
ap:a;>+§(g+§)e e [al0), +al%, — 2], 67)
where the zero-temperature ring weights are
O _TUs+1/8)/2+4) gy 68)

T T g+ 1/9)/2) ¢!
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The leads contribution y(x) is given by

1 Bx 1/8,-1
(e[ Ga) ™ e

The periodic boundary conditions in the ring modify the structure of the inter-
action parameter contribution leading to the appearance of terms of the form
(¢+1/g)/2. Introducing a labeling for the states [N, J) = «, and defining the
total transition rate I,_.g = I"o(tl)
as

1
= o= Bx/2
27re

y(x) =

I"( ) _,p We can rewrite the master equation
/3
which leads to the Compact matrix form

d:P(t) = MP(t) (6.11)

where we have defined the vector P of the ring states occupation probabilities
and the transition matrix M as

M—a if Ny=Ngtland o= ]JpE1
Mocﬁ =4 — Zoc;éﬁ rﬁ*)“ if Ny = Nﬁ and J, = ][3 . (6.12)
0 elsewhere

The formal solution of (6.11) is clearly
P(t) = eMP(0)

where the vector P(0) is determined by the boundary condition at t = 0. From
the definition (6.12) it is clear that for each /3

Y Mg =0, (6.13)
24

whence it follows promptly

)

ensuring the normalization of the master equation solution. The sum rule
(6.13) warrants the presence of a left and a right eigenvectors with zero eigen-
value. While this is not a general rule, the eigenvector belonging to the zero
eigenvalue is generally non-degenerate. In the system we are discussing this
is precisely the case. therefore, we will assume in the following the existence
of a non-degenerate right eigenvector Py with zero eigenvalue. Physically, the
eigenvector P represents the stationary probability distribution for the occu-
pation probabilities of the ring states. In order to calculate the current through
the ring, we introduce the matrixes v(i)'A, with the index A referring to the
clockwise (A = +1) and anti-clockwise (A = —1) components of the tunneling
current. They are defined as

(), iNa=Np=(-1)iand Ja— Jp = (~1)'A
oy ==l i Na— N = (=1)"*1and Ja— Jp = (<1)"*1A - (6.14)
0 elsewhere
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It is then possible to define matrixes for the charge and magnetization current
VN =y (0
X

V(i)'] e Z AV(i>'A .
A

The stationary average values of charge (Iy) and angular (Ij) currents are easily
obtained as (v =N, ])

(1Y = —eTr[v() VP (6.15)

(the trace of a vector has been defined as the sum of its components). We define
now the zero-modes matrixes N and J, which are expressed in components by

Nog = Nabap 5 Jap = Jabag,

satisfying the following commutation relations
IN,M] = —vON 4 y@N g M) =~y 4y

With the aid of these matrixes it is possible to show that the stationary currents
are independent of the barriers

By = (1. (6.16)

Following [91], we can use the elements defined above to calculate the correla-
tors involved in (6.3). The general expression reads

(W (O1(0) = e [0() Vi (1) + (=) VY (=D £ 8, 018() 7| (6.17)
where the sign + (—) referstoi =2 (i = 1),
Vi’]’-”/(t) = Tr{vm"’eMtv(j)’v/Po} (6.18)

and

(6.19)

7Y Tr{[N,vi) NPy} ifv=N
C T vOIIRe)  ifv =

The equation (6.17) is especially simple if it is possible to spectrally decompose
the propagator exp (Mt) by means of a set of right eigenvectors only. This is
the case, when the transport is described by a one-step Markov process, which
satisfies the detailed balance principle

Mocﬁ(PO)[j = Mﬁ{X(PO){X
so that it is possible to define the symmetrized version M of the matrix M
_ 1
(PO)zx

The matrix M has a spectrum of real eigenvalues Ay (0 < k < dim(M) — 1) with
eigenvectors x;. For many physically relevant systems one has A, < 0[104],

M=TMT ' ; (M),;= (M) 54/ (Po)g- (6.20)
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with a nondegenerate zero eigenvector, which we choose to label Ay. By means
of the matrix T we can transform also the current matrices and the stationary
eigenvector Py. Exploiting the representation of the symmetrized propagator
over the basis spanned by the x; we finally obtain the important expression for
(6.17)

1Py = e29(t)k§0(1‘)5z7“>'vxk) Akf( UVPO) (6.21)
+ 626(—t)k§0(f’677(j)”xk) )‘kf( (’)“’PO) (6.22)
+ 5 018()PY [Y,v(i)'v} P, (6.23)

with Y, = N (J) for v = N (J). After some algebraic rearrangement we rewrite
(6.3) as

sl 42 ;c” A2$2e 5 j—21P} [YV, (0¥ }I"O (6.24)

with the sign — (+)ifi = j =2 (1) and
(k) = (szﬂf)'vxk) (xkv( Iz VPO) . (6.25)
In the stationary w — 0 limit, the noise is independent of the barriers indexes
s (w—0)=S5, (6.26)

By means of the symmetrized matrixes, we can express the average stationary
currents ]
(I,) = —eP{wl) 7Py, (6.27)

where we have suppressed the barrier index because of (6.16).The expression
(6.24) is analytically manageable only when dim(M) is small and, generally,
only in the T = 0 regime. However, it is particularly useful for numerical
evaluations with standard numerical tools [105].

6.3 Results

In analogy with what discussed in chapter 4, with Ex > Ej only two charge
states N and N + 1 are involved in the transport processes. Exploiting the con-
dition (—1)N = (—1)/, we need to specify the value of | only in order to fully
identify a particular ring state: we identify therefore the labeling discussed in
the previous section with (N,]) — J. At low temperature kyT < Ej, to a
good approximation only a finite number of states is involved in the transport

] € {]min/ .. -r]rnax}-

6.3.1 Zero magnetic flux

In the case ® = 0, the states | and —] are degenerate, therefore Jmin = — Jmax-
In the following, we assume V > 0 and N even. We concentrate on the (V, Ng)
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Figure 6.2: (a) Scheme of the relevant transport regions in the (V, Ng) plane
for ® = 0 and N even. Solid lines denote detectable conductance peaks, the
involved |J| values are denoted. The black lines represent transitions which
do not involve CDWs. The green line represents the transition 2 — 1 with
the excitation of one CDW. Yellow region: three-states regime max = 1. Cyan
region: 5 states regime Jmax = 2. (b) Same scheme as in (a), for 0 < @ < ©(/2.
Each transition line is now split in two (for the sake of simplicity, the CDW-
related green lines have been omitted). Arrows indicate the lines evolution
increasing @.

plane regions where at most [max = 2 — yellow and cyan in Fig. 6.2 (a). The, M
isa 5 x 5 tridiagonal matrix. By means of (6.27) and (6.24) we can calculate the
average current (I,) and the noise Ss,l / >(w). In the following, unless otherwise
specified, we will concentrate on the stationary limit of the noise (6.26). We
define the Fano factor for the charge noise and a generalized Fano factor for the

magnetization noise

FNE

The only analytically manageable results in the 5 states regime are those at T =
0, which nevertheless describe quite well also the finite-temperature regime
kgT ~ 0.1E;. We quote them below

) = Tiol + 7172 (—i zzl—)rl)ﬁ/fro’ {I) =0 (6.28)

Fy = 142 1’1(1—1’2)2_(1+1’11’2)(1+1’1)2T1/T0 6.29)
[1+rr2+ (1+r1)71 /70|

F = 1—%1;2 (6.30)

o= o =2 = . (6.31)

Here, 1 represents the populating ratio between the states ] = 0 and |]| = 2.
For r; > 1, the transition 1 — 2 is favored in comparison to 1 — 0. The
ratio r, represent the escape ratio from | = 0 and |J| = 2. The stationary
occupation probabilities ratio for the states |J| = 2 and | = 0 can be expressed
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as 2P, /Py = r1r;. Finally, we have defined the dwell times of the ring states

T = L (632)

(2)
2r0~>l

1
n o= — (6.33)
(1) (1)
I—‘1 —0 + rl —2
1
r2~>l
In the case of three states only (yellow region, Fig. 6.2 (a)), r1 = 0 and we re-
obtain the well-known results for a quantum dot with a degenerate ground

state [101,104] — see also eq. 5.5

2 2
10 +T1

Fy=——1
(To+T1)2

<1 ; F=1 (6.35)

In the five states region (cyan, Fig. 6.2 (a)), on the contrary, new dynamics are
found. If the dwell times of the |J| = 2 and | = 0 are non-degenerate (r, # 1),
we can have a superpoissonian charge noise (Fy > 1) if the asymmetry A =

ri/r® > Ac with
4o 2N Qtnm) (i)
SRR,

—

(6.36)

Here, we have defined the normalized rates I_"o((ll g = I"o((ll s / Fé”. Note that in
the A > A, one has 71 < 72, so that the transport dynamics is dominated
by the two latter time scales. Their inhomogeneity, driven by the interactions,
is the responsible for the superpoissonian noise of the charge current. On the
contrary, F; depends on r1 only. Itis possible to obtain F; > 1 only with a “pop-
ulating inversion”. Notice that r; > 1 does not imply an inversion of population
P, > Py. For interaction 0.5 < ¢ < 1, the region with Jmax = 2 is split by
theline Ey_,; = eV /2 + EN(Ng — 1/2) 4 3E; /2 = ¢ (green line in Fig. 6.2 (a)),
corresponding to the transition 2 — 1 involving a CDW in the final state. We
denote these regions as I and II, depending on E;_,; < eor > e. If g = 1, the
green line collapses ontop the transition 0 — 1 and only region II is present;
if g < 0.5 only region I is present, because the green line falls outside the cyan
zone.

In Fig. 6.3, the values of Fy (a) and Fj (b), calculated along the line Ny =
1/2 4+ 0.93E;/En — eV /2EN (red dash-dot line in Fig. 6.2a), are shown as a
function of the offset adimensionalized voltage (eV — 2.43Ej)/e. Both exhibit
clear jumps as a consequence of the excitation of CDW modes in the transitions
|J =1 — ] =0and|]| =1 — |J| = 2. In the absence of interactions (§ =
1 = g4, magenta curves) the plasmonic modes are degenerate ¢ = 2E;. Since
Ei_»=Ei_o0+ ZE] and E» 1 = Eg_1 + ZE]’ from (6.5) it is clear that r; < 1
and rp = 1, leading always to at most Poissonian noise. With an interacting
ring, the degeneracy is lifted (¢ > 2Ej) so that it is possible to have r, # 1.
In this case it is possible to achieve Fyy > 1, if A > A.. The super-Poissonian
charge noise is robust against the leads interactions as can be seen in Fig. 6.3
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1
0.6 = - b

0 (eV — 2.43E;) /e 2.5

Figure 6.3: Fano factors as a function of (eV — 2.43E;) /¢, where V varies ac-
cording to Ng = 1/2 4+ 0.93E;/En — eV /2EN, with kT = 0.02Ej and A = 20.
(a) Fy for an interacting ring, ¢ = 0.7, and different interactions in the leads:
g¢ = 1 (red), 0.9 (cyan), 0.5 (green), 1.2 (blue); magenta: g = ¢, = 1. (b) Fj,
parameters and colors as in (a).

(a). In particular, and in striking contrast with the behavior of Fj, the charge
noise is not sensitive to the presence of repulsive g, < 1 or attractive gy > 1
interactions in the leads. On the contrary, for the magnetization noise, it is
crucial to have g, > 1 in order to obtain super-Poissonian values.

For an interacting ring, in region I it is always r, = 1. Moving along the red
dash-dot line Ng = 1/2 4+ 0.93Ej/EyN — eV /2Ey;, one can identify two energy
regions o+ (1)

o_(n) if(n—1)e<eV —243E; < (n—g)e
o4+ (n) if (n —g)e < eV —2.43E; < ne.

In these two regions, for r; one has

B {1 ino_(n)
r =

n/(n+1) inoy(n)

In 0_(n), for A > A and gy = 1, the Fano factors reach the asymptotic limits
Fy = 142/9 and F; = 1. By tuning the voltage V, one periodically enters the
regions o (1), where the Fano factor depends on the details of the interactions.
For noninteracting leads one has

2n(n+A) 2nA
Fv =1 , F=1-—-—©———. 6.37
N=lt e b CERICIES) (637)

with A = (¢ + ¢~ 1)/2. For interacting leads, one finds smoothened steps in
Fy and Fj, with a power law behavior as a function of V. For particularly
strong interactions ¢ < 0.5, the smoothening of the step-like structure is al-
most complete. It is interesting to notice the strong increase of Fy, as compared
to the suppression of Fj (green curves). In Fig. 6.4, the critical asymmetry Ac
is plotted in the plane XY, where X = 1/2 — Ny — 1.5E;/Ey + eV /2Ey and
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0.08%

Figure 6.4: Color-contour plot of A for ¢ = 0.7, ¢, = 0.8, kT = 0.02Ej in the
XY plane (see text). (a) Region I, Ax, = 4100. (b) Region 11, A = 2.6 10°.

Y = —1/2+ Ng — 0.5E;/Ey + eV /2Ey. Note that Y = 0 corresponds to the
transition line 0 — 1, Y = 0.03 to the line E;_,; = ¢, and X = 0 to the line
1 — 2 (cf. Fig. 6.4 (a)). In the panels (a) and (b), the regions I and I are shown.
In both regions, near certain lines parallel to the X axis, for g, it is possible to
have r; = 1. Here, A. diverges and no super-Poissonian charge noise can be
achieved. Away from these lines, increasing the voltage, A. decreases because
of the increasing number of excited plasmons present in the output transition. The

latter decrease the dwell time 77 increasing the “output” rates F1(20 ,. For suf-

ficiently high voltages, one can eventually reach the condition 4. < 1.

6.3.2 Non-zero magnetic flux

When ® # n®y/2 (n € Z), the degeneracy of the states with +] is lifted.
As a consequence, the transition lines ] — ]’ split in two and move in op-
posite directions increasing @, with a separation proportional to E;®/®g. In
Fig. 6.2 (b) an example of such a situation is shown. The plane (V, Ng) is sub-
divided in many different regions, in each of which different values of Jyin
and Jmax are found. This makes an analytical diagonalization of the matrix M
extremely difficult and we have to resort to numerical evaluations. Many in-
teresting results are found. We restrict our attention on the 0 < @ < @(/2
regime. The results shown in Fig. 6.5 represent Fy and F; evaluated along a
diagonal line which lies inside zone II at ® = 0 and are specular with re-
spect to the ® = ®@(/2 when ®y/2 < ® < @j. As a whole, the results
are periodic, with period ®g. Increasing ®, many moving transition lines
cross the diagonal, fixed one. Therefore, it is possible to study the correla-
tion effects on the noise spectrum in a wide range of transport regions. As
Fig. 6.5 confirms, the noise exhibits an extremely rich dynamics by tuning the
flux. At ® = 0 one has A < A, so that Fy < 1. However, increasing the
flux, super-Poissonian charge noise is reached for ® ~ 0.4®, signalling the
crossover to a transport regime where A > A.. The onset of this region is
at ®* = 0.350, given by the intersection of the line along where V is var-
ied, Ny = 1/2 4+ 1.7Ej/En — eV /2Ey, with the upper moving transition line
2 — 1 with one plasmon, Ng = 1/2 + Ej/2EN(4/g — 3 +4®/®() — eV /2EN,
ie. @ = [1.7+4 (3—4/g)/2]®(/2. The possibility of crossing over between
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0.5 1.21
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Figure 6.5: Density plot of Fy (a) and Fj (b) as a function of (eV — 3.2E;) /¢
(voltage moving according to Ng = 1/2+1.7E;/Eyn — eV /2Ey) and @, in units
®. Parameters are: g = 0.8, ¢, = 1, kgT = 0.02Ej and A = 20.

sub- and super-Poissonian behavior as a function of the flux is a signature of
the presence of interactions. Indeed, in a noninteracting ring we always find
sub-Poissonian behavior, regardless of the number of states supporting the
transport. Concerning the magnetization noise, interactions in the ring and
finite flux are not enough to induce F; > 1 (Fig. 6.5 (b)).

6.3.3 Monte Carlo simulation

As discussed in section 6.3.1, the interaction-induced separation of the time
scales Ty and T, is responsible for the super-Poissonian behavior of Sy. In
order to better understand this mechanism we set-up a BKL Monte Carlo sim-
ulation [106] in the T = 0 regime. An effective time evolution for the system is
modeled by a sequence of discrete steps. At the k-th step, the ring makes the
transition [ — Ji41. The transition is supposed to be instantaneous, while the
average time between the k-th and the k + 1-th steps is simply the dwell time
7)j,- The situation is schematically depicted in Fig. 6.6. The k-th transition is

Q NoQ Ny N
/ ez S S /!
N Q A Q N Y

70 T1 70 1 T2 T
Figure 6.6: Schematic description of the Monte Carlo simulation. The subse-

quent simulation steps are denoted by red crosses. An example of possible
transitions and corresponding dwell times is displayed (see text).

performed according to a conditioned probability given by

r]k"]kJrl/ z D7
J'=J*

(we omit here the barrier indexes for ease of notation) with —2 < Ji, J/, Jr1 1 < 2
and |Jx41 — Jk| = 1. It is possible to show that the average time spent in each
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state converges, in the asymptotic (k — oo) limit, to the stationary occupation
probability as calculated by solving the master equation 6.4 in the t — oco. In

ONON NON NONON NONON NON NONONON NON /

a
- - I — ——

O 00O e e 00 O CeedL eOe b

e __J e J o« ©) ©) e _J ®

O 000 © @ & 0000 OO0 @0 O O O d

[ N N N R N S N

T/To
Figure 6.7: Output sequences of a Monte Carlo simulation for tunneling events
at junction 2, with eV = 3Ej, Ng = 0.48, kgT = 0.02Ej and A = 20. Black
(white) dots denote a clockwise (anticlockwise) entering electron. Colored bars
are the sequence of the orbital value |J|, green: oscillations 0 — +1 — 0; red:
oscillations £2 — +1 — £2;(a)g =g/ =1,(b)§=0.7,8, =1,(c) g = 0.7,
gr=05(d)g=07g =12

the following, we consider A > A,, ® = 0 and V > 0 in the 5 states region.
Figure 6.7 shows typical outcomes of the simulation, represented as sequences
of tunneling events for clockwise (black dots) and anti-clockwise (white dots)
electrons tunneling through the input barrier. Since 71 < 72, the ring state
“oscillates” alternatively around | = 0 and |J| = 2. The colored bars describe
these oscillations: green represents the transitions 0 — +1 — 0, red repre-
sents £2 — +1 — £2. We denote these two sequences as Sy and Sp. The
average time interval between tunneling is 7y inside Sy and 1, inside S, and.
Correspondingly, the average number of transitions in Sp is ng = (1 +1r1)/r
with an average duration time Ty = 17y, while in S, we have n, = (1+1r7)
with an average duration time T, = n,7,. It is interesting to notice that T, rep-
resents the average sequential-tunneling relaxation time of the states |J| = 2
[107]. Without interactions, Fig. 6.7 (a), the tunneling events are uniformly dis-
tributed since (1) = 7). In the interacting case, the removal of the degeneracy
of 19 and 717 is reflected in a bunching tendency of the tunneling events as can
be clearly seen in panels (b,c,d) of Fig. 6.7. The bunching can obviously be
present either in Sy — panels (b,d) — or in S, — panel (c). In all of these cases
we have Fy > 1. Quite generally, while with superpoissonian noise we always
find a bunching of the tunneling events, the converse can be false: if 4 < A.
the bunching might still occur but the interplay of the two barriers with com-
parable transparency gives rise to negative correlations and a depression of the
noise below the Poissonian limit, thus giving Fy < 1. The interpretation of F;
is distinctly different (Fig. 6.7 (d)). Here, the time scales 7y » do not play any
role. The important parameter is the number of events n, inside the sequence
S, in which the ring oscillates around the excited state | = 2. The condition
Fj > 1is fulfilled only for ny > 2, independent of the bunching mechanism, which
in principle could even be absent.
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Conclusions

In this thesis, we have investigated the influence of electronic interactions, spin
and orbital degrees of freedom in the transport properties of quantum dots and
quantum rings created in correlated one-dimensional electron systems. The
latter have been described by means of the Luttinger liquid model and the
sequential transport regime has been considered by means of a master equation
approach. Several important results have been achieved.

The transport properties of a quantum dot are strongly influenced by the
presence of the spin degree of freedom and by interactions. In the low-tempe-
rature linear transport regime, a spin-induced even-odd effect is found in the
conductance peaks position. Increasing the temperature, the peaks positions
evolve until equidistant peaks are found. The peaks movement is sensitive
to the presence of interacting leads. The conductance peak maxima exhibit a
power law scaling as a function of the temperature: in the low temperature
regime the exponent is given by the leads interaction parameter only, while in
the high temperature regime it gets renormalized by the influence of the inter-
acting quantum dot. In the nonlinear transport regime, an interacting quan-
tum dot shows negative differential conductance (NDC) if an asymmetry in
the source and drain tunneling rates develops. Spin-flip relaxation processes
and leads interactions tend to deplete the NDC effect: their effect has been
analyzed.

In the case of the quantum ring, we have investigated in details the charge
and angular current noise in the zero frequency regime. The shot noise of an
interacting quantum ring can be driven to super-Poissonian values if tunneling
barriers are asymmetric. The angular noise is independent of asymmetry. Both
charge and angular noise are sensitive to the presence of interacting leads: the
latter in particular can become super-Poissonian only for attractive interactions
in the leads. Tuning the external magnetic flux, different transport regimes can
be accessed: in an interacting ring, the charge noise exhibits crossover from
sub- to super-Poissonian values. An interpretation of the noise in terms of typ-
ical transport time scales and bunching of tunneling events has been provided,
with the aid of a BKL Monte Carlo simulation.
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APPENDIX A

Dot correlation function

Plugging the quantum dot spectral density (3.31) into (3.32) we obtain Wy (t) =
W () + Wi ()

efmysy/wc

Wc(lv)(t) = § {coth <%) [1 — cos (myeyt)] +isin (mvevt)}

my=1 2 2gvmv
(A1)
After some algebra, we can rewrite exp [—Wy(t)] as
e_wd(t> — I_l Kve_WVHr(t>e_2WV,0(t>e_WV,*(t> (AZ)
v
where 12
Ky = (1—eer/we) 7 (A3)
and
_ 1 coth (Bmyev/2) F1 e s
= L l —mpPey
Won(t) = % ; e . (A.5)

Since the charge and spin sectors are completely independent and factorized, in
the following I will omit the v index. The calculation is rather straightforward
in the T — 0 limit. In this case, we have Wy(t) = W4 () = 0 and we are left
with )
11
Xp==——.
7 m zg m

oW-(t) = § 1

A6
> (A6)

§ imet
Xme~

m=1

Analyzing (A.6) one realizes that it can be re-grouped exactly as a Fourier ex-
pansion:

e W-00) = Z a,(go)e_ipd. (A7)
p=0
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(0)

In order to obtain the p-th coefficient a,’ one has to collect all the terms with
an energy pe in the exponential. The first five terms read

eV = 14 X6 + X+ FXE| 2 [ X5 + F2X0Xs + 4 X3 P4(A)
+[Xa+ § (2% X+ X3) + H3X3X, + i XF| et

Looking carefully at each term in the expansion some conclusion can be drawn.
The p-th term corresponds to the emission of collective mode quanta in the dot,
whose energy sums up to pe. Since we are dealing with T = 0, only the emis-
sion of bosons is allowed. Each term has a prefactor whose structure is deeply
connected with the integer partitions theory. The k-th integer partition of an
integer n is defined as the decomposition

Lk
n= Z n;
i=1
where 0 < n; < n are integer numbers. The “length” of the decomposition is
represented by [;.. As an example, a possible partitionof 7is 7 =3 +2+1+1
and has length 4. A closed formula for the number p(n) of partitions of 7 is not
known ,although asymptotic forms and recursive relations can be found [108].
A Ferrers graph for the k-th decomposition is a tableau with /i lines: each n;
entering the decomposition is represented as 1; dots in a line, and the lines are
stacked ontop of each other in reverse lexicographic order. The Ferrers graph

Figure A.1: The Ferrers graph for the partition7 =3 +2+ 1+ 1.

for the decomposition 7 = 3 4+ 2 + 1 4 1 is given in Fig. A. With the aid of the
Ferrers graph is easy to generate all the possible partitions for a given integer,

thus allowing to generate each term in the coefficients ag)). We obtain

p(n) I p(n) L It
o) _ 1 _ 1 ( 1 ) 1
aY) =Y Plm]— [ Xe, = S Plmd—( — — (A.9)
! k; 7 Ii! le k; 7l It\2g/ Lin

where P[] is the number of possible permutations of the partition 7z;. Note
that, from a physical point of view, I} represents the number of emitted bosons,
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while n; represents their momentum (in units 7r/a). The sum over all the par-
titions (including the corresponding permutations number), thus, takes into
consideration all the possible emission sequences at a given energy ne. Notice,
in particular, that the excitation with the highest momentum has the lowest ex-
ponent for the term (2g) ~! while the excitation with the lowest momentum has
the highest exponent. By studying the prefactors for increasing 7, it is possible
to demonstrate by induction that

L0 _ T(1/2g+n)
" n(1/2g) n!
The contribution of the single events is now buried into the rather compact

form (A.10). The Fourier expansion of exp [-Wj(t)] at zero temperature thus
reads

o(n). (A.10)

1/2g X ,
efwd(t) — (1 _ e*f/wc) /28 z agl())e*lnft (All)
n=0
Considering the case T > 0, the procedure becomes rather cumbersome. In the
following, we will consider the limit kgT < ¢ only. We expand W4 (t) to the
lowest order in exp [—n3¢]

. 1 1+e—n ¢ —imet
S TR
and consider
o~ W () g =2Wo () ;= W—(t) (A12)

From now on, we will systematically retain the lowest order in temperature,
namely exp [—f¢], in all the expressions we will consider. This automatically
truncates the expansion for the first two exponentials in (A.12)

e W) 1 4 e Pexy it (A.13)
e~ 2Wolt) 1 — 2 FEX, (A.14)
The Taylor series for exp[—W_(t)] is
| 1 q| oo 1 —npe . q
> (2—) [ e e—mﬂ , (A.15)
q=0 q: 8 n=1 n
thus terms of the form

! _ q,
i i (1 te nﬁe) efiq’nst _ X‘il
2¢ 7 n

/! /'

I q-: Bn(q’'—k) ing'et
—_——C TRE eTMEE (AL16)
kZo k(g —k)!

arise. Retaining only the term exp [—f¢| one obtains, forn =1,
X;]/ (1 + q’e_ﬁe) e et (A.17)
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while forn > 2 ,
X7 emind'et (A.18)

Thus, one can formally use the expansion (A.8), replacing X;]/ with (A.18). We
obtain

{1 + e*ﬁfxlelff} [1 - 2e*ﬁfxl}

S ape el 4o b f(t)} (A.19)
p

where f(t) stems from (A.18). Expanding the products, we have

z apefipst + Xlefﬁe [z a;}O)efi(pfl)st _ z 2a§}0)efip£t + z a;}(?lefipst (A.20)
p p p p

since, exploiting the explicit form of f(t), the term X f(t) reads
, , 1 ,
Xif(t) = e " + Xpe 2t 4 {Xz + EX%} e et

Therefore, grouping the terms according to the excitation energy, the Fourier
expansion at low temperature now reads

e—Wcl(t> — (1 _ 6—5/wc)1/2g § ane—inf:t (A21)
n=-—1
where i
an = ald) + ezg [l +aly —2a))] . (A22)

Two considerations are in order. First off, the sum in (A.22) starts from n =
—1. Physically it corresponds to a tunneling process which occurs absorbing
one energy quantum from the collective dot excitations. Secondly, the Fourier
weights get renormalized at finite temperature. In particular, it is interesting to

notice the term 5
e P ) _ 0
29 TAyp = 0-1,4

which is due to tunneling events which simultaneously absorb one energy
quantum from the collective modes, and excite n 4 1 quanta.
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Noninteracting rates steps

We want to calculate the rates steps in the noninteracting case (g, = g0 = 1)
for the one-dimensional quantum dot. First off, we consider the T = 0 case.
Since ¢, = €5 = ¢y, the rate can be rewritten as

+°‘°+°"<> no o _ <40 B
NAE) = z z ap (qp)as’ (9o)Y(AE — qpep %50)—2141 Y(AE — o)
9p=040=0 =0
with l
A= 3 a0, )=l =),
2
After the shift g = p —1/2, we have
1 LT p-12] L an[30-2p)
7 2 AT G- (2] 2, 30-2)

where we have used the useful identities [62]

1 . 1 T . . X
r<§+1x> F(E—1x> —m, r(l‘f‘lx)r(l—lx)—m

Therefore, the rates exhibit unitary jumps in the T = 0, noninteracting, limit.
Turning to 0 < kT < &9, we now have

F(AE Z Al)/ AE lé‘o) .
I=-1

With the aid aid of Mathematica™ we find
I+1

A= 3 alaall =) =126 P05 50 ala) = aule) = ).
P2
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ifl] >0,and for! = —1

A_1 =2a(0)a(—1) = e Péo,
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Monte Carlo convergence

We want to show that the Monte Carlo algorithm described in section 6.3.3 con-
verges to the stationary occupation probability as calculated from the Master
equation (6.4). We define a five-dimensional ”state vector” R whose compo-
nents

R={R_5 R_1,Ro,R1, Ry}

represent the simulation probability density of the states ] = —2...2. The evo-
lution matrix Q (not to be confused with the transition matrix M in the master
equation) is defined as

o r 0 0 0
1 0 1/2 0 0

Q=|01-r 0 1-7r 0 (C.1)
0 0 1/2 0 1
o 0 0 r 0

At each step of the simulation, the matrix Q represents the transition probabil-
ities among the ring states. Here, we have defined r = ]"1(22 / (I"l(i)o + I"l(i)z),
the conditional probability for the transition 1 — 2, 1 — r is the conditional
probability for the process 1 — 0, 1/2 is the conditional probability for the
transitions 0 — =+1, while 1 represents the forced transition £2 — =£1. The
simulation evolves from an initial state Ry according to

Ryi1 = QORg. (C.2)
Note that, at each step k, it holds
R = TI'{Rk} = TI'{R()}

so the “evolution” does not affect the normalization of R. We choose an initial
condition Rg so that R = 1. For each step of the simulation, to each elemen-
tary process is associated an average time scale as shown in table C.1 We treat
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Transition | Time scale
-2 — -1 T2
-1 — -2 T
-1—0 T
0——1 T0
0—1 T0
1—-0 T1
1—2 T
2—1 %)

Table C.1: Table of the average time scales for the processes involved in the
Monte Carlo simulation.

these time scales as a cost function: at each simulation step the ring “pays” an
amount of time determined by the occupied state. We introduce a cost matrix

C defined as
Cryr =781,y

with —2 < J,J < 2. The vector f;, whose components represent the total
average ”cost” up to the k-th simulation step, satisfies the recursive relation

fri1 =+ CRg. (C.3)

Physically, the averaged cost (fx) ; = (f);/Tr{f} simply represents the av-
erage time spent in the J-th state. Because of the system ergodicity, in the
asymptotic regime k — oo, this time simply represents the total occupation
probability of the ring states. To show this, we apply the method of the z trans-
form [109]: transforming and combining (C.2) with (C.3), we obtain

, 1 -1

which must be anti-transformed. After lengthy but straightforward calcula-
tions we finally obtain

(% (1-r)1
1 f = =P_
kggo( k)]:() (1—7)10+11 +712 J=0
g 1 T _
klggo (fk)]:il 2 (1 —NTo+T+1 P]:il
. - 1 T .
klgg) (fk)]:iz 2 (1-r1+17+m = Pr=s2

which correspond to the stationary solution of the 5 states master equation.
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