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Abstract

The subject of this work are quantum-dot-based impurities in correlated
systems. Modern nano-technology allows advanced experiments, where en-
gineered quantum impurities are placed inside a correlated host, allowing a
controlled way of studying their physics. A commonly engineered quantum
impurity is the quantum dot, a small droplet of electron liquid confined in
a small region of space. In this thesis we study structures of quantum dots
that are attached to electronic leads as concrete realizations of various types
of quantum impurities.

We suggest a new realization of Kondo impurities which allows a spin-
resolved measurements, and can be generalized to the more complex SU(N)-
Kondo impurities. We focus on the realization of SU(2) and SU(3) Kondo
and study the transmission through these impurities. We find in the unitary
limit a 3/4 quantum conductance in the SU(3) case.

We study the coherence properties of transmission through Kondo im-
purities, by considering an open Aharonov-Bohm ring with an embedded
quantum dot. We develop a novel many-body scattering theory which en-
ables us to calculate the conductance through the dot, the transmission phase
shift, and the normalized visibility. We find, for the non-Fermi liquid fixed
point of the two-channel Kondo, that the transmission phase is 7/2 despite
the fact that a scattering phase shift is not defined. The normalized visibility
at zero temperature is found to be 1/2, indicating that exactly half of the
conductance is carried by coherent single-particle processes.

Also, we present a model of two interacting levels that are attached to
two electronic leads, where one of the levels is attached very weakly to the
leads. We analyze, using rate equations, the average current and the noise
of electrons transmitted through the two levels. We show that the shot noise
is enhanced by the interactions, and that the Fano factor depends on the
properties of the couplings between the levels and the leads. We study both
sequential tunneling and cotunneling processes and show that there is a range
of parameters in which the cotunneling processes affect the noise significantly,
even though most of the current is carried by sequential tunneling.

Most of the results that are presented here were already published; the
discussion of the SU(N)-Kondo appears in PRL 106, 10640. The shot noise
and Fano factor of two-level systems are analyzed in PRB 85, 045325. The
work that discusses the transmission through Kondo impurities was submit-
ted for publication in PRB, and a preprint can be found on the Arxiv.
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Chapter 1

Introduction

The problems of correlated electrons systems are among the most difficult
and interesting problems of physics. Particles in correlated electrons sys-
tems influence each other and therefore, in principle, one needs to consider
complex many-body states in order to describe these systems. When de-
scribing electrons in a metal, the huge number of interacting particles makes
this task effectively impossible. Fortunately, in most cases, the simple Fermi
liquid picture describes well the physics of electrons in metal. In the Fermi
liquid theory, the interacting electrons are replaced by renormalized weakly
interacting quasi-fermions with the same charge and spin as the original elec-
trons [1, 2, 3]. The Fermi liquid description is so successful, that the rare
cases where it fails are usually referred to as 'non-Fermi-liquids’.

This work deals with quantum impurities that are embedded into a corre-
lated electrons host. The interactions between the electrons and the impurity
can change dramatically the behavior of the system, resulting in a completely
different theoretical description for the correlated hosting particles. A canon-
ical example of a quantum impurity in a metallic host is the Kondo impurity
model |4, 5| that describes a magnetic impurity in a non-magnetic metal. The
Kondo model was established in order to explain a non-monotonic behavior
of the electrical resistance in various metals as a function of the temperature.
The dominant mechanism for the resistivity in metals is electrons scattering
by vibrating nuclei. Since these vibrations increase with temperature, the re-
sistivity increases monotonically with temperature in most metals. However,
in 1934, a resistance minimum was measured in gold, indicating that another
scattering mechanism exists [6]. Kondo showed in 1964, that electrons scat-
tering off magnetic impurities gives a In(7") contribution to the resistivity,
which can explain the observed minimum in the resistance.

In the simple Kondo model, free electrons, v, interact with a local mag-
netic impurity, S. This situation is described by the Hamiltonian

HKondo = Z Ek’LpZ;Sd}ks + JZ Z %15555'%'5' ' g ’ (11)

k,s k,s k's

where J is the Kondo interaction strength, and & are the three Pauli matri-
ces. At relatively high temperatures, the interactions are small and J can
be treated perturbatively. When the temperature is reduced, J becomes
larger, and as the temperature goes below a characteristic energy scale- the
Kondo temperature Ty- the spins of the electrons screen the impurity and
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J cannot be treated perturbatively anymore. In the two extremes, the high
temperatures (T > Tk ) and the very low temperatures (T' < Tk), the sys-
tem is close to renormalization group (RG) fixed points, both of which are
described by Fermi liquid theories: At T' > Tk a free electrons fixed point,
and at T' < Tk, the Kondo fixed point, in which the impurity is screened by
the spins of the surrounding electrons.

There are two natural ways to generalize the Kondo physics: the multi-
channel-Kondo, and the SU(N)-Kondo. In the multi-channel-Kondo (MCK),
a few disconnected channels screen the impurity |7]:

k k
Hyek = 3 Y etlitris + Y i Y Y Wl Gawthwin - S (1.2)

i=1 k,s i=1 k,s k's'

If the strengths of the couplings of the different channels, J;, are identical,
then the system flows to a non-Fermi liquid fixed point at zero temperature.
In this case, the spin SU(2)-level 1 symmetry is generalized to a SU(2)
symmetry at level k.

In the SU(N)-Kondo case, the system is generalized to have N flavors
instead of spin up and spin down [8, 9, 10]:

N2-1

Hsuv ZZGWW@/JW H TN L TR S” (1.3)

a=1 k,f Kf'

The three 2 x 2 Pauli matrices are generalized to the N> —1 N x N generators
of the SU(N) group. There are therefore N species of spin-less-like electrons
in the leads, which are rotated into each other by SU(N) transformations.
This model flows to one of N possible RG fixed points, depending on the
details of the impurity. All these fixed points are described by Fermi-liquid
theories.

Modern technology allows the fabrication of nano-scale devices, which
are small enough to manifest the laws of quantum mechanics. The nano-
scale system which we are interested in is the quantum dot. A quantum
dot device [11, 12, 13] is a small droplet of electron liquid confined in a
small region of space. The droplet can be attached by tunneling processes
to external leads, allowing electronic transport across the system. Another
electrode, the gate, is capacitively coupled to the dot, and by varying the
potential on the gate-electrode one can control the number of electrons in
the dot. Quantum dot devices are not only important in themselves, but
they can also be used as a very powerful experimental tool. The possibility
to control the strength of the dot-to-environment coupling, the number of
electrons in the dot, and the fact that it is possible to integrate it with
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Figure 1.1: Schematic picture of the conductance through a quantum dot at
temperatures much below the charging energy of the dot. NV is the number of
electrons in the dot. The red line is the conductance at temperatures much
above the Kondo temperature, T' > Ty, and the blue line is the conductance
at the Kondo regime, T < Tx. The conductance at the odd valleys (odd
number of electrons in the dot) is enhanced because of the Kondo effect.

other electronic systems, allow us to realize many physical concepts using
quantum dots. In the context of impurities, one can think of a dot as a
tunable impurity; the dot serves as impurity, with the attached electrodes
being the hosting environment.

When the ground state of a quantum dot is tuned by a gate voltage to
carry a fixed number of electrons, decreasing the temperature to below the
charging energy of the dot, reduces the conductance through the dot, because
of Coulomb blockade [11, 12, 13, 14|. Hence, when the conductance through
the dot is measured as the function of the gate voltage, the conductance at
values of the gate potential, with a well defined charge in the dot is reduced.
Similarly, the conductance peaks whenever there is a degeneracy between
two states with different number of electrons in the dot (see Fig. 1.1).

When the temperature is lowered even further, then whenever the ground
state of the dot is tuned to carry an odd number of electrons, the conductance
through the dot is enhanced, until it reaches (for a symmetrically coupled
dot) 2¢%/h at zero temperature [15, 16, 17]. The enhancement of the con-
ductance is due to the single-channel Kondo (1CK) effect [4, 5]- the dot
acts as a magnetic impurity that interacts with the spins of the electrons in
the surrounding leads. At low temperatures, below the characteristic Kondo
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temperature, Ty, a spin resonance is formed, and the conductance through
the resonance is perfect and equals e?/h per spin (see Fig. 1.1).

In the following parts of the introduction we provide a background ma-
terial which is important for the main subjects of this work. In Sec. 1.1,
we discuss the transport though quantum dots in the Coulomb blockade
regime, the sequential tunneling, and the cotunneling processes. In Sec. 1.2,
we hint the relations between the Anderson model and the Kondo model.
In Sec. 1.3, we shortly discuss existing realizations of various Kondo impu-
rities with quantum dots and their limitations. In Sec. 1.4, we bring the
background material and highlight important questions about the coherence
properties of transmission through Kondo impurities. In Sec. 1.5, we discuss
the shot noise, the Fano factor, and what can we learn by measuring them.
This part gives necessary background material both for high-temperature
description of the SU(NN)-Kondo systems, and for the the two-level model
analysis.

1.1 Low-temperature transport through quan-
tum dots

We describe the transport through a quantum dot using the Anderson model [18].
We consider a quantum dot with discrete spinful levels which is attached to
two leads, left and right (see Fig. 1.2). This system is described by the
Hamiltonian [19, 20]:

Ho= " echscars + D endlodns + BN — GV, fe)? — B,52

a=L,R k,s n,8
+ (th D e+ H.C.) , (1.4)
a,n k

where the operator c,.s annihilates an electron with momentum & and spin
s in lead a, the operator d, annihilates an electron in the dot at energy
level n with spin s, N = Y, d}dps, and & =3 df Zd,y. C, is the
capacitance between the dot and the gate, V} is the gate voltage, L. is the
charging energy of the dot, and Ej is the total spin energy of the dot.

The conductance through the dot is carried by electron tunneling between
the dot and the leads. At the lowest order in the tunneling coefficients, t¢,
electrons can tunnel from one of the leads into an empty level in the dot,
or from an occupied level into the leads. Such tunneling events are called

sequential tunneling, and they are allowed whenever an empty level (occupied
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Figure 1.2: Schematic picture of a multi-level quantum dot attached to two
leads. (a) Example of a sequential tunneling process. (b) Example of an
elastic cotunneling process. (¢) Example of an inelastic cotunneling process.

level) is aligned with available electron (hole) in the leads (see Fig. 1.2). The
next leading order tunneling processes are the so-called cotunneling processes
in which an electron or a hole tunnels between two leads through a virtual
state in the dot (see Fig. 1.2). There are two types of cotunneling processes:
elastic cotunneling- where the state of the dot is not changed by the tunneling
process, and inelastic cotunneling- where the state of the dot is changed
(either its spin, or its energy) by the cotunneling process.

1.2 Transport through quantum dots in the Kondo
regime

In this section, we shortly present the relation between the Anderson model
and the Kondo model. We consider a single level dot that is coupled to two
leads, left and right. The Anderson model Hamiltonian of this system can
be written as

Hi= 3 D encltarstey ) did+Udidid]d,+ (ZtaZCLdeS—kH.C.) ,

a=L,R k,s s a k
(1.5)

where the energy of the single level (tuned by a gate voltage) is casted into
4. Double occupation of the level requires an additional charging energy U.

The Anderson model Hamiltonian (1.5) is related to the Kondo Hamil-
tonian (1.1) via the Schrieffer-Wolff transformation [21]. In order to get the
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Kondo Hamiltonian, we first perform the following rotation of the two leads:

()= (omey ) () oo

with the angle o = tan=!(tg/t). In the new basis, only one linear combi-
nation of the two leads, 1, is coupled to the dot, and the orthogonal linear
combination, ¢ is decoupled from the other parts of the system. The sec-
ond step is to perform a unitary transformation of the Hamiltonian (1.5):
H = e¢*He , where At = —A. The dot is tuned to a Coulomb valley, where
sequential tunneling is not allowed. By choosing the operator A properly,
one can eliminate the first order in tunneling part of the Hamiltonian and
bring it to the form

- tr|” + |t
HI - Z Ekglisgks + Z Ekwl:r:sd}ks U |:|€L‘ U _|_| €R| :| Z Z wksass W'
k,s g g k,s

k,s
(1.7)
which is equivalent to the Kondo Hamiltonian (1.1) with an additional free
fermion-field, ¢ (higher order terms are neglected). The total spin of the dot
replaces the magnetic impurity, and the Kondo coupling strength is

7=l + ) (G - = ) (18)

€g

1.3 Realizations of two-channel and SU(N) Kondo

Realizations of 2CK

As already mentioned, the 1CK physics can be generalized to more complex
models, known as the multi-channel Kondo models, where a few independent
channels compete to screen the impurity [7]. In the 2CK case, when the
couplings of the two channels to the impurity are identical the system flows
to a non-Fermi liquid fixed point at zero temperature. The 2CK system was
first discussed as a purely theoretical problem [7], but it was soon invoked as
a candidate explanation for remarkable low-energy properties of some heavy
fermion materials [22, 23, 24, 25] and glassy metals [26, 27, 28, 29, 30| and
more recently in graphene [31, 32, 33]. In the past decade, a few single-
impurity realizations of the 2CK system were proposed [34, 35, 36, 37, 38|,
offering the hope of microscopically manipulating system parameters, and
one of the proposals [37|, that suggested a realization with quantum dots,
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was built and measured [39]. The conductance through a 2CK impurity,
within one of the two channels, at the non-Fermi liquid fixed point is e?/2h
per spin, assuming equal coupling to the two leads in that channel [40].

Realizations of SU(IN) Kondo

Physical systems that exhibit SU(N > 2) Kondo are quite rare, and usually
complex. In practice, they are limited to N = 4, where the spin and another
degree of freedom are exploited to form a four-fold degeneracy. Examples
of such systems are: double-quantum-dot systems [41, 42, 43, 44|, triangular
triple-quantum-dot systems |45| and carbon nanotubes [46, 47, 48|.

In one of our works [49], we suggest a new way to realize Kondo impurities
with quantum dots that can be easily generalized into SU(N > 2) Kondo,
by using a structure of N quantum dots. For concreteness, we focus on the
case N = 3 as it is relatively easy to construct, yet rich enough to exhibit
most of the features of the larger N cases. In addition to the realization of
SU(N)-Kondo, our system allows spin-resolved measurements, giving access
to physical quantities that are not accessible from other existing realizations
of Kondo impurities. Recently, such a device with N = 2 was built, and
spin-resolved spectroscopy of the Kondo effect was made |50].

1.4 Coherent transmission through Kondo im-
purities

The Fermi liquid nature of the 1CK fixed point states that the system can be
described using exclusively single-particle excitations. It means that at zero
temperature, when a single particle hits the impurity, it can only be scattered
into a single-particle. In the original Kondo problem (1.1), the outgoing single
particles and the incoming single particles are connected by a 7/2 scattering
phase shift [51]. Thus, in the configuration of a quantum dot coupled to two
leads, in the scattering ¢ — & basis (1.6), incoming single particle states in
the 1-lead are scattered off the dot into outgoing single particle states in
the 1-lead, with a 7/2 scattering phase shift. In the left-right basis it has
been shown [52] that at zero temperature, incoming electrons from one of
the leads, always scatter coherently through the dot into the other lead. The
phase that these electrons accumulate while they cross the dot was found to
be identical to the scattering phase shift, 7/2 [52].

At the non-Fermi liquid fixed point of the 2CK, the simple picture of
elastic scattering of single particles is no longer valid. At zero temperature,
a single particle that interacts with a 2CK impurity, can be scattered only
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into a many-body state [40, 53]. Thus, there is no elastic single-particle
scattering off a 2CK impurity at the non-Fermi liquid fixed point. Given
that there are no elastic single-particle scattering events off the impurity, one
might imagine that the transport through a 2CK impurity has no coherent
part. Nevertheless, we showed [54] that at this fixed point exactly half of
the conductance is carried by coherent processes. This result is in agreement
with the relation between the inelastic scattering cross section and the total
cross section that was found in Refs. [55, 56]. The conductance through a
2CK impurity has a coherent part because the electrons that interact with
the effective spin of the dot are described by the 1 linear combination of the
two leads (1.6) . The other linear combination of electron operators in the
two leads, &, is decoupled from the dot. While there are no elastic single
1-particle scattering events, coherent transport via &-particles is possible.

The coherent properties of the transport through an impurity can be
measured in a two-path experiment, in which electrons are sent from a source
lead through two possible paths into a drain lead (see Fig. 1.3). We assume
that the propagations along the different paths are independent of each other,
namely, changes in the properties of one path do not affect the propagation
along the other path. One of the paths contains the impurity of interest, and
the two paths encircle a magnetic flux ¢. The interference between the two
paths depends on ¢ through the Aharonov-Bohm (AB) effect. Hence, the
conductance of the setup contains two parts: a flux-independent part, which
is related to the separate conductances of the two paths, and a flux-dependent
part, which is related to the interference of the two paths.

Two measurable quantities can be extracted from a two-path experiment:
the transmission phase shift of the flux-dependent conductance, and the ratio
between the amplitude of the flux-dependent part and the flux-independent
part of the conductance. We cast |54] the source-to-drain conductance of the
two-path device into the form

Gsd = Gd + Gref + 2\/5\/ GdGref COS (% + 9015) ; (19)

where (G4 is the conductance through the path with the impurity when the
reference path is switched off, and Gy is the conductance through the refer-
ence path when the impurity’s conduction is switched off. The impurity will
generally be realized as one or more quantum dots, so we will interchange-
ably refer to “impurity” and “dot” depending on context. We assume that
the paths are independent: manipulations of the dot (for example, with gate
potential) do not influence the conductance of the reference path, and vice
versa. The {ransmission phase, ¢y, is related to the relative phase between
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tref

Source Flux-¢ Drain
) : tq
1mpurity

Figure 1.3: Schematic picture of a two-path setup. Electrons are sent from
the source lead toward the drain lead through two paths, whose partial waves
interfere with each other. The transmission amplitudes of the two paths are
tq and t.f, and they encircle a magnetic flux ¢. The coherent transport
through the impurity can be studied by embedding it into one of the paths.

the two paths, and the normalized visibility n is related to the size of the co-
herent part of the conductance compared to the total conductance. Note: the
phase of the reference path is arbitrary, determined by path length, potential
landscape, etc. So is the phase of the path with the impurity, excluding the
transmission phase of the impurity itself. Below we assume for simplicity
that each of these phases is 0 mod 27, so that ¢, is purely the transmission
phase of the impurity itself. The definition of 1, implicit in Eq. (1.9), is such
that for Fermi liquids, at zero temperature and without spin, n = 1. This
can be easily checked by applying the Landauer formalism [57, 58, 59, 60| for
the two-path experiment setup.

The normalized visibility 1 can be reduced to below one by four mech-
anisms: First, if the transmitted electrons accumulate an energy-dependent
phase when they are scattered through the impurity, or just along either
path, then at nonzero temperature n is reduced because of the thermal av-
eraging. Second, if the phase depends on the spin, the spin summation can
also reduce n. Third, if part of the conductance is carried by incoherent
scattering processes, where single electrons are scattered into many-body
states, the interference and therefore n are reduced. Fourth, electrons that
are subjected to external dephasing lose their coherence, so external dephas-
ing also decreases the interference and 7. External dephasing depends on the
specific model and the details of the setup. Hence in this dissertation, we
focus mainly on the first three mechanisms, and only qualitatively explore
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the effect of external dephasing on 7.

Since G4 and G can be measured directly, the normalized visibility can
be experimentally determined. This requires two measurements: the conduc-
tance through one of the paths, and the two-path conductance. Measuring
the transmission phase of a 1CK impurity in a two-path setup was already
suggested before [52], and the predicted ¢; = 7/2 was measured [61], demon-
strating coherent electron transmission through a many-body state. Yet, no
special attention was given to the amplitude of the flux-dependent part of
the conductance. In particular, non-Fermi liquid cases, where n can give
information on the underlying physics (and also ¢; is different from that in
the 1CK case), were not treated.

1.5 Shot noise, Fano factor and Coulomb inter-
actions

In this thesis, we also present a work we did on the shot noise in asymmetric
interacting two level systems [62]. The motivation for this work goes back
to my MSc thesis [63|, where we analyzed the asymmetry-dependence of the
Fano factor in two-level quantum dots, in order to explain the experimental
results reported in Ref. [64]. In the current work, we fully analyze how
the shot noise and the Fano factor depend on the asymmetry, we study
how the temperature affects this dependence and in addition, we extensively
study the effect of cotunneling processes (next leading order perturbation).
Surprisingly, we find that the latter play an important role in this system,
and there is a range of parameters where the noise is governed by the rare
cotunneling processes even though most of the average current is carried by
sequential tunneling processes.

Let us first present some necessary background on shot noise, Fano factor,
and the effects that Coulomb interactions impose on them. Fluctuations in
electrical current, which we simply call noise provide additional information
about the charge transport that is not accessible from average current mea-
surements (for a review see Ref. [65]). Among the various noise sources we
focus on the shot noise. The discreteness of the transferred charge causes
fluctuations in the current. These fluctuations, named shot noise, depend on
the charge of the conducting particles and therefore measurements of shot
noise provide information on the discrete nature of the conducting particles
and their correlations. The shot noise of a Poisson process of uncorrelated
current pulses of charge e is Ssnoy = 2€(I), where (I) is the time averaged
current. The noise is proportional to the average current since in a Pois-
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son distribution the mean equals the variance, therefore the mean number of
current pulses equals its variance. The Fano factor, F' = gzh}’“, is a dimen-
sionless parameter that characterizes the granularity of the current. When
driving a current through a single spinless electronic level, the correlations
that are imposed by the Pauli exclusion principle reduce the Fano factor; the
Fano factor varies between half and one depending on the symmetry of the
couplings between the level and the external leads |66, 67, 68|.

Correlations can also be imposed by Coulomb interactions [69]. In most
cases, the effect of Coulomb repulsion on the noise of a mesoscopic sys-
tem is similar to the effect of the Pauli exclusion principle. Both impose
a time delay between consecutive current pulses and therefore we expect
negative correlations between them that suppress the shot noise [70]. How-
ever, several theoretical works on various systems have showed that Coulomb
interactions might also lead to a super-Poisson shot noise with a Fano fac-
tor FF > 1. Examples of such systems are: quantum dots that are coupled
to ferromagnetic leads |71, 72, 73, 74|, multi-levels quantum dots [75, 76],
multi-dots structures |77, 78, 79, 80, 81, 82|, and also three terminal quan-
tum dots [83, 84, 85]. There are also experimental works [86, 87, 88, 89, 64|
in which a super-Poisson noise was measured in quantum dots, rather than
the sub-Poisson noise, which is expected from the single level model of the
quantum dots.

A simple mechanism that might explain the enhancement of the Fano
factor in such systems is tunneling through two levels that are coupled to
the leads, where one of the levels is coupled much stronger than the other
level. The two levels are interacting, namely, there is a Coulomb repulsion
between electrons that occupy the two levels. In this case, the electrons that
cross the system tunnel mainly through the level that is strongly coupled to
the leads. However, once in a while an electron can tunnel into the weakly
coupled level and then, because of the Coulomb interactions, the tunneling
of other electrons through the strongly coupled level is prevented, and the
current is blocked. The current resumes only after the electron tunnels out
of the weakly coupled level. Therefore the intuitive picture is a current that
is blocked occasionally and therefore the noise is enhanced. The idea of two
interacting levels as a possible source of super-Poisson noise was discussed in
the context of quantum dots that are coupled to ferromagnetic leads |71, 72|
and also in the context of double quantum dots structures [77].

In this thesis, we present a detailed analysis of the two levels model with
Coulomb interactions, this analysis is based on the work which we report in
Ref. [62]. In particular, we study how the shot noise and the Fano factor
depend on the left-right asymmetry, namely, the asymmetry between the
couplings to the two external leads. The fact that the enhancement of the
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shot noise depends on the left-right asymmetry of the coupling to the leads
emerges from previous works (e.g., the results of Refs. [74] and [77]), and also
from my MSc thesis [63]. Nevertheless, a complete theoretical analysis of this
dependence was missing. The two levels mechanism for noise enhancement
can be found in many physical realizations such as single level with spin
dependant coupling and double quantum dots, or two levels in a quantum
dot, in a strong magnetic field. Although the quantitative details of each
system are different, the qualitative behavior of the noise enhancement is the
same.

This thesis covers three main projects, which deal with different aspects of
the subject of quantum-dot-based impurities in correlated electron systems:
realization of SU(N)-Kondo impurities, transmission properties of Kondo
impurities, and shot noise in asymmetric two-level systems. In Chapter 2,
we present the techniques that we used in our research. Some parts of this
Chapter are relevant only to parts of these projects, and therefore, the context
of the presented material is emphasized when it is needed. In Chapter 3, we
present the main results of our study. We divide this chapter into three
parts, each of them corresponds to one of the main projects. In Chapter 4,
we summarize this work as a whole and provide an outlook for possible
further study. In the four Appendices, we give additional material which is
not essential for the understanding of the main ideas this thesis expresses,
and yet can enlighten parts of this work.



Chapter 2

Methods

In this part, we present the techniques that we used in order to derive the
results that we later report on Chapter 3. Some of the techniques are relevant
for more than one project that included in this dissertation, but part of them
are relevant for only one project, or even part of it. Hence, on each section
in this chapter, we refer to the relevant works and emphasize the context of
the presented material.

2.1 Realization of SU(N)-Kondo using quan-
tum dots and edge states

2.1.1 The basic building blocks

We suggest [49] a new realization of the Kondo effect and its generalization
to SU(N), using edge states of the quantum Hall effect that interact with
quantum dots (see Fig. 2.1). The basic building block that we use is a
quantum dot coupled to the edge state of an integer quantum Hall liquid.
The Hamiltonian of a single building block is therefore

Hy =Y ehlih + egd'd + (WZWJ + H.C.) : (2.1)
k

k

The edge state is described by a chiral spinless fermion, ). The operator
d" populates the dot, which is assumed to have a single energy level €g that
is controlled by an outer gate. W is the tunneling coefficient, we use the
notation W (rather than the previous-t notation) in order to emphasize that
there is only one edge state (and not two leads).

Consider now N such building blocks as drawn in Figs. 2.1(a) and 2.1(c)
for N = 2,3. We suggest using quantum dots with strong Coulomb interac-
tions between them but very small tunneling between different dots (smaller
than Tk ). Double-dot systems fulfilling even stricter conditions already ex-
ist [90, 91, 92, 93] with good control over the couplings to the leads, the gate
voltages, and with practically zero tunneling between the dots. The imple-
mentation of Kondo effect due to the Coulomb interactions in those systems
was demonstrated [90, 92, 93|. Promising triple-dots systems are also ex-
perimentally available [94, 95| making the current proposed realization of

13
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SU(3)-Kondo reasonably possible. We want to stress that obtaining the
SU(N)-Kondo physics at low energies (IR) does not require a high accuracy
of the symmetry between the N different blocks. As long as the deviations
from the symmetry are not relevant under RG, the system exhibits Kondo
physics in the IR.

The Hamiltonian that describes a system with N building blocks is

Hy= ) > el tha+e Y dida (2.2)

a=1..N k «

+ (W D) wlda+ h.c.> + Y Uapd dadlyds.
a k

a<f

The indices «, 3 label the different building blocks and U,s is the charging
energy between the dots a and 3. We have made the assumption of identical
sub-systems (that is ¢, ,W and ¢, are flavor-independent), and we assumed
that there is no tunneling between the dots. These assumptions are not cru-
cial. Small differences between the energies of the dots and small changes in
the tunneling coefficients have an effect similar to a small magnetic field and
a small exchange field in the familiar SU(2) Kondo effect. We therefore only
require that the differences are small compared to the Kondo temperature:
Ae, < T and |[AW|*/e, < Ty. Jumping ahead, these deviations from the
symmetry will at most change the IR behavior by marginal operators and
the conductance through flavor ¢ would be given by % sin?(7n;) (n; is the
average occupation of the ith dot). Small tunneling terms between the dots
(tapdl,ds+h.c.) can be mapped to small differences in the energies of the dots
by simply rotating the basis of the dots, we only require that |t,s5| < Tk.

In the N = 2 case, the Hamiltonian (2.2) can be mapped to the spinful
dot Hamiltonian (1.5) after the rotation to the ¢)—¢ basis (1.6) (not including
the trivial part of the free £ lead). The two blocks act as up and down pseudo-
spins and the system realizes the SU(2)-Kondo physics. By using N building
blocks, we obtain the SU(N)-Kondo. For concreteness, we later focus on the
case N = 3 as it is relatively easy to construct, yet rich enough to exhibit
most of the features of the larger N cases.

Besides the ability to realize SU(N) Kondo, the systems that we suggest
have more advantages: First, as our realization is based on edge states it can
be easily integrated into an electronic Mach-Zehnder interferometer, allowing
accurate phase shift measurements. Second, our realization allows measure-
ments of a single pseudo-spin (or generally a single flavor) transport. Third,
we can break the SU(N) symmetry, potentially allowing a non Fermi liquid
behavior such as in the two impurity Kondo model and its generalizations [8].
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Figure 2.1: (a) Realizing SU(2) Kondo using two edge states and two quan-
tum dots. Electrons can tunnel from each edge state to its nearest dot.
There is a strong coulomb interaction between the dots. The left /right sub-
systems act as different pseudo spins. This realization allows phase shift
measurements. (b) Realizing SU(2) Kondo using four edge states and two
quantum dots. The edge states are split to allow an independent transport
measurement of each pseudo-spin. (c) Realizing SU(3) Kondo using three
edge states and three quantum dots with strong coulomb interaction between
them. Electrons can tunnel from edge state to the nearest dot only. The three
sub-systems act as different flavors. (d) Realizing SU(3) Kondo using four
edge states and three quantum dots. Here, we split the upper edge state to
allow transport measurements between the two new upper edge states.
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Fourth, it paves the way to possible generalizations to fractional quantum
Hall edges, which may show a richer structure.

2.1.2 Realization of SU(N)-Kondo

Let us assume temporarily identical charging energies, U,g = U. In this case
the Hamiltonian (2.2) possesses a SU(N) symmetry acting on the states of
the dots by S* = 3=, 5 dl T} 3dg, where T* are the N x N generators of SU(N).

Having m electrons in the dots amounts to an impurity in a representation of
SU(N) with m anti symmetrized indices, each in the fundamental representa-
tion [9, 8]. We will discuss below to what extent different m’s can be realized,
but for now we consider a general m. In this case, after a Schrieffer-Wolff
transformation the Hamiltonian (2.2) is

Hyg = Z Z Ekwkawka + JZ Z Z z/}k:oz aﬁwk’ﬁs

i B kK

where J ~ W?2/U and the index i runs over the N> — 1 SU(N) generators.
Conformal field theories with SU(N) Kac-Moody level 1, which is the case
here, have N gaussian invariant boundary states that correspond to N pos-
sible Fermi liquid fixed points of the RG. The natural conjecture, supported
by the Friedel sum rule, is that populating the array of dots by 0 < m < N
electrons leads to a flow to each of these boundary states, characterized by
boundary conditions v;(x = 0%) = %'V ;(z = 07).

We now discuss the feasibility of the SU(V) picture. We make a distinc-
tion between two cases: N = 2,3, where the situation U,s = U (or close
to it) can be achieved, and SU(N > 4), where there is no way to achieve
identical charging energies.

SU(N < 3) Kondo: We arrange the dots on the vertices of a triangle,
such that the distances between pairs of dots are roughly the same. We do
not require that the triangle be exactly equilateral. However, it is convenient
to start from this idealized case, and then verify that the dynamics of the
system does not change significantly in the non strictly equilateral physical
case. In the exactly equilateral case U,g = U, the Hamiltonian:

= Y @it +egZdea

a=1...N k
(sz%d +hc>+ZUa5d dodyds,
a<f

is SU(N) x U(1) symmetric and the system therefore flows to a SU(N)
symmetric fixed point at zero temperature. The SU(N) symmetry breaking
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operators are marginal at most: Y, Aagtlths With Aag ~ ¢4/Uap, hence,
small deviations from the point U,3 = U can then be analyzed using the IR
theory where they are at most marginal.

SU(N > 4) Kondo: Unlike the N < 3 case, we can no longer assume
Uasp = U because the distances between the various pairs of dots, adjacent
and non adjacent, cannot be made approximately equal. We can however
arrange the dots on a two dimensional regular polygon, then U,g = Uy—g. In
this case, the system has a Zy symmetry (rotation by 27/N) and a U(1)™
symmetry associated with charge conservation of each flavor. In the next
paragraph we show that the Zy x U(1)" symmetry ensures that the SU(N)
symmetric single occupation fixed point (m =1 or m = N — 1) is attractive.
In the physical case, the Zy symmetry is not exact, nevertheless analyzing
the IR fixed point shows that symmetry breaking operators are marginal at
most.

The stability of the fixed point in the Zy x U(1)" symmetric case pro-
ceeds as follows: The general marginal operator near the IR is of the form
Zaﬁ Aas®ltbg. The U(1) symmetry on each of the edges, i.e. charge con-
servation in each subsystem, implies invariance under independent multipli-
cation of each v, by a phase. Hence the matric A\og = A\pdas. The Zy
symmetry then enforces that all the )\, are equal. The only remaining per-
missible operator, A\ 11, does not break the SU(N) symmetry. Since
the SU(N) fixed point is attractive, there is a finite range of UV couplings
in which the theory flows to this IR fixed point. In the physical case the
Zy x U(1)N symmetry is approximate and the only exact symmetry is total
charge conservation which is the sum of the N different U(1)s. This sym-
metry in enough to exclude all the relevant operators in the theory (¢ and
¥7). The allowed operators !5 are marginal at most. Notice that if the
system is tuned to have 1 < m < N — 1 electrons in the dots then without
further tuning the ground states do not form a representation of SU(N) and
therefore the theory is not SU(N) x U(1) symmetric.

This picture explains the experimental results in [44] and [47] where in-
dications of SU(4) Kondo were obtained starting from UV systems which
lack the exact symmetry. The picture is further supported by a perturbative
scaling analysis and by NRG computations for N = 4 |41], suggesting a large
basin of attraction for this flow.
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2.2 Two-path experiments, transmission phase,
visibility, and normalized visibility

In this section, we discuss two-path setups and define the transmission phase
¢ and the normalized visibility n. These quantities are essential for study-
ing the coherent properties of transmission through impurities, and we later
calculate them for various Kondo impurities (see Sec. 3.2).

The prototype of two-path experiments is the double-slit experiment. In
a double-slit experiment particles are launched toward the double slit, where
they split into partial waves which interfere with each other. In the elec-
tronic version of the double-slit experiment, schematically drawn in Fig. 1.3,
a coherent electron beam is emitted from a source lead toward a drain lead,
via a beam splitter that allows electron flow along two different paths that
encircle a magnetic flux ¢. The source-to-drain conductance is given by

Gt — %Z / de (—%) Ty(e), (2.3)

where Ti(¢€) is the probability for an incoming electron with energy e and
spin s to be transmitted through the double slit, and f(€) is the Fermi-Dirac
distribution function. If all the electrons that pass through the double slit
do so elastically and coherently, the probability T(e€) is given by [57]

e
Ts = ’td,s‘2 + ’tref,s’2 + 2 ’td,stref,s‘ COs (h_gi + 95) ) (24)

where t4, and ., are the transmission amplitudes of the two slits. The
transmission amplitudes are complex quantities with a phase difference, ;—f +
O, between them. The phase difference contains a contribution 6, deter-
mined by the details of the transmission through the double-slit setup, and
a magnetic-flux-dependent part ‘;L—f coming from the AB effect.

Equation (2.4) is valid only if all the electrons are coherently transferred
through the double slit [96]. If some of the electrons are transferred inco-
herently through one of the slits, then, since these electrons do not interfere,
the flux-dependent term of T is reduced. If we embed into one of the paths
a quantum dot (as in the lower path in Fig. 1.3), we can examine the dot’s
coherence properties by measuring the conductance. In such a device, the
phase that electrons accumulate as they cross the dot is encoded in the rel-
ative phase between the two paths 6,.

In experiments, the measured source to drain conductance is typically
cast in the form

Gsa = Go + G cos (%ﬁ + <pt) . (2.5)
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Gy is the part of the conductance which is independent of the magnetic flux,
and is related to the independent conductances of the two paths, and G, is
the amplitude of the flux-dependent part of the conductance. In the general
case, ¢, is different from 6,, but if ¢4 s, ters, and 0, are independent of spin
and energy, then ¢, = 04 = 0;. In standard two-path experiments, the
ratio G,/Gp, is called "visibility", and it measures the strength of the flux-
dependent conductance oscillation compared to the average conductance.

The ratio G4/Gy can be reduced by several mechanisms. Trivially, a
mismatch between the transmission amplitudes, |tq| # |t.f|, decreases the
ratio |tatree|/(|ta]® + |twe|?), and therefore reduces G4/Go. In addition to
the trivial transmission amplitude mismatch, four other mechanisms noted
earlier (see Sec. 1.4) can reduce G,/Gy: thermal averaging, spin averaging,
inelastic scattering, and externally-induced dephasing.

There is a conceptual difference between transmission amplitude mis-
match of the two paths, and the other three mechanisms for G /Gy reduction
(we assume for the moment that there is no external dephasing). Unlike the
transmission amplitude mismatch, these other mechanisms cannot be probed
by simple single-path conductance measurements of the system. To isolate
the transmission mismatch from elastic versus inelastic scattering and energy
or spin dependent phase, we decompose the conductance (2.5) into the form
of Eq. (1.9):

C;(d + Gref + 2\/5\/ GdGref COS (% + th) .

G4 and G are the independent conductances through the two paths, which
can be measured directly by closing off one and then the other path. Equation
(1.9) defines a new quantity, the normalized visibility n. If all the electrons
transmit coherently through the two paths, and accumulate the same phase,
then n = 1, independent of possible transmission amplitudes mismatch.

We want to make a comment about the feasibility of interference mea-
surements in two-path experiments: In real experiments, there is a typical
coherence length, [.., along which the propagating electrons preserve their
coherence. This length depends on the details of the realization of the two-
path setup, and we assume that it is much larger than the lengths of the
two paths lef, lg < leon. However, this assumption is not enough: Elec-
trons with different energies propagate along the two paths, accumulating an
energy-dependent phase difference 0, = €(l,or — lg) /vp, where vp is the Fermi
velocity. As a result, the thermal averaging introduces a new lengthscale, the
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Source Drain Source Drain

(a) Closed AB ring (b) Open AB ring

Figure 2.2: (a) Closed AB ring: electrons that are emitted from the source
tunnel to the drain through the ring either clockwise or counter-clockwise.
The two interfering paths encircle a penetrating flux, ¢. Time reversal sym-
metry constrains the conductance: G(¢) = G(—¢). (b) Open AB ring: elec-
trons that propagate along the ring may leak out to side leads that are
attached to the ring. The restriction G(¢) = (—¢) ceases to be valid.

thermal length [97] Iy = vp/TKpT:

/de (—%) 2 |td strer,s| cos {;—i + 93(6)}

€¢ lref B ld 1
=21t stre s . 1 '
|ta,stret,s| COS [ } Iy sinh[(lef — 1g)/17]

he
Hence we also require that the difference in length between the two paths is
much shorter than the thermal length [98] |l — lg| < I7. In this case, the
difference in length introduces a second-order correction to the amplitude of

2
M 3 . lreffld 1 ~ _ l lreffld _ 2
the oscillations: e S T 1—5 ( = ) ~1=T2

(2.6)

Open Vs. Closed Aharonov-Bohm ring

Although we will not need or discuss all its details, it is useful to have in
mind a concrete physical system that realizes a two paths experiment, the
AB ring. In an AB ring setup with closed geometry, as schematically drawn
in Fig. 2.2(a), electrons tunnel between two leads through a conducting ring
which encircles a magnetic flux. Electrons can propagate through each of the
two arms of the ring, and as the two possible ways interfere, the conductance
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depends on the magnetic flux. Yet, there is a major difference between the
closed AB ring setup and the double-slit experiment. In a naive electronic
double-slit experiment picture, the phase of the interference depends contin-
uously on the flux-tuned relative phase between the two paths. In the closed
AB ring, however, Onsager relations impose the restriction G(¢) = G(—¢),
which yields [99, 59] ¢ = £m. This phase rigidity has been measured [100],
and although it is an interesting phenomenon by itself, it prevents a direct
measurement of the phase difference between the two arms of the ring.

We can overcome this by using an open-AB-ring setup, as schematically
depicted in Fig. 2.2(b). In such an experimental setup, that was used by
Schuster et al. [101] and later on by others [102, 103, 104, 61|, electrons that
propagate along the ring can leak out of the ring into side leads. The loss of
electrons during the propagation through the ring relaxes the two-terminal
Onsager restriction [60] G(¢) = G(—¢). Although the open geometry solves
the phase rigidity problem, the intuitive double-slit picture is not assured. In
a double-slit setup, the transmissions through the two slits are independent
of each other, and particles traverse the two slits only once. Therefore, we
require that in the open AB ring setup, the propagation of particles along
each path is independent of the details of the other path, and that there
are no multiple traversals of the ring. We rely on the same features when
defining the procedure for measuring 7. An example of a model for an open
AB ring with a detailed analysis of the conditions required for the realization
of a double-slit setup appears in Ref. [105].

Another difference between the AB ring and the ideal double-slit experi-
ment is the effect that the penetrating magnetic flux has on the propagation
along the two paths. In the ideal double-slit experiment, magnetic flux tunes
only the relative phase of the paths. In contrast, in a real AB ring with
an embedded dot, the Kondo temperature of the dot, and the conductance
through the dot, may depend on the magnetic flux. These effects of the
magnetic flux on AB rings, were studied before and appear in the litera-
ture [106, 107, 108, 109, 110, 111, 112]. But these effects can be made small,
particularly for open AB rings [110]. From now on, we thus assume an open
geometry that realizes a double-slit experiment.

2.3 Single-particle transmission properties and
the 7 -matrix

In this section, we present a general discussion on the relation between scat-
tering of electrons off the impurity and the conductance of the system. We
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relate the three measurable quantities, G4, ¢;, and 7, that were defined in
Eq. (1.9), to the scattering matrix and the T-matrix of the i-particles.

We develop a novel many-body scattering theory [54] which enables us to
derive the mathematical expressions for ¢; and n. We also show, that if one
measures only the total conductance of the two spins together, then at T' <
Ty the phase ¢, is always equal to 7/2, and it has no perturbative corrections
up to order O(T/Tk)?* for the Fermi liquid fixed points and O(T/TK)ﬁ
for the non-Fermi liquid fixed points of the k-channel Kondo systems. The
theoretical part that appears in this section is essential for the derivation of
the results that we present in Sec. 3.2.

We consider an open AB geometry that realizes a two-path setup, and
we zoom in on the path that contains the impurity. We make a distinction
between the external leads (the source and the drain), and the internal leads
through which the electrons propagate toward the impurity. We refer to the
latter as left and right leads (see, for example, Fig. A.1). Electrons from
the source can be transmitted into the left lead, then they propagate toward
the impurity. After the electrons are scattered off the impurity they can
propagate along the right lead and then be transmitted out into the drain.
A specific model that describes this situation is proposed and presented in
Appendix A. While the source and the drain are coupled very weakly to the
internal leads (because of the losses needed to ensure each electron traverses
the ring only once), the electrons in the internal leads can, in principle,
interact very strongly with the impurity. Hence, in general, the left and the
right leads are described by complex many-body states. A general state in
the two leads can be characterized by two numbers, n;, and ng, measures of
charge carried in each lead. There are, of course, many possible states with
charges eny, and eng, since states with the same charges in the two leads can
differ by multiple particle-hole excitations. We use the notation |ngp,ng,?)
for these states, where the index 7 labels the possible states with charges eny,
and eng in the two leads. Note: in the k-channel Kondo case, if there is no
charge transfer between the different channels, n;, and ng are the charges in
one of the channels, and states with the same values of n; and ngr can also
differ by excitations in the other k — 1 channels.

The scattering matrix, S, connects incoming and outgoing states in the
leads o

‘nlLv n/R>j>0ut = SZE,’Z;’%?’TLD NR,)in - (2.7)
Charge conservation imposes n; +nf, = np +ng = m, so S is a block-
diagonal matrix, as sectors with different integer value m, are not mixed.
Since the source and the drain are coupled very weakly to the internal leads,
in the limit of zero source-drain bias voltage at low temperature, we assume



2.3. SINGLE-PARTICLE TRANSMISSION PROPERTIES 23

that only one particle at a time is launched from the external leads toward
the impurity. Hence, we focus only on the block m = 1 of the S-matrix.
When a single electron is sent from the source, through the left lead, into the
impurity, there are three possible options:

e The electron is reflected back to the left lead,
e The electron is transmitted to the right lead,

e A complex many-body state is produced, where a total charge ne is
transmitted to the right lead and a charge (1 — n)e is reflected to the
left lead (n =0,£1,£2...) .

We want to distinguish between the elastic single-particle scattering pro-
cesses and the scattering processes that involve many-body states. We there-
fore use the following notation: we denote by |L) the incoming or outgoing
single-electron states in the left lead, and similarly |R) in the right lead. In
the notation |np, ng, i),

L) = [1,0,0) , IR) =10,1,0) , (2.8)

where we arbitrarily choose i@ = 0 for the single-particle states with total
charge one. The many-body states (also with total charge one) are denoted
by |x%), where

‘X:~0> = ‘1 - nvnvi> : (2.9)
We use the following notation for the S-matrix elements that connect incom-
ing single-particle states with outgoing single-particle states:

1,00 1,00 01,0 s 0,1,0 _
31,0,0 =T, 80,1,0 =t, 30,1,0 =T, 51,0,0 =t. (2.10)

The matrix elements that connect single-particle states with many-body
states are:

Sioe™ =By, Su™ =By, (2.11)
Schematically, the ny;, + ng = 1 block of the S-matrix is
|L>0ut r t/ 14LJr |L>in
|IR)ows | = t ' Apg' R)in | (2.13)
|X>out BL BR C ’X>in

where the matrix C denotes the matrix elements of § that connect incoming
many-body states with outgoing many-body states. Here we don’t include
spin, but generalization of what follows to spinful electrons is straightforward.
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Since the S-matrix is unitary and block diagonal, its n; + ng = 1 block
is also unitary. This leads to the following relations:

2+ > B =1, (2.14)
P+ 1 +Z B =1, (2:15)
[rf? + ¢ + Z Ay =1, (2.16)
2+ [ + Z 45 =1. (217)

n,t

Consider now the average current at the right lead. The current is carried
either by transmitted charge (from the left), or by reflected charge

I = %/de fl(e) <|t’2+2n‘B7LM 2) +f,,,(€) <|T/’2+ZH‘BEZ 2_1>]
= %/de file) <|t!2+;n‘32i 2) (o) (’t/’2+;(1—n) ‘Bgf 2)

(2.18)
At equilibrium, the current is zero, therefore
2+ BY = [P+ > (1 —n)|BE" (2.19)

and the current becomes

1= 4 [ delste) - ite) (W + 2 }Bz#) S ew)

Thus, the conductance is

2 o ‘
Gy = %/de (—a—f) <|t\2 + nzn | B} 2) : (2.21)

The coherent part of the conductance is obtained directly from Eq. (2.21)

G of
Geoh = E/de <_E> It . (2.22)
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The contribution of the incoherent processes, where the single particles are
scattered into many-body states, is

2 ) '
Glncot = %/de <—a—{> S n|BE. (2.23)

n,i

Suppose now, that there is a unitary transformation that mixes the two
leads and block-diagonals the n; +ng = 1 block of the S-matrix. Physically,
it means that there is a linear combination of the two leads, £ = —sin(a) L+
cos(a) R, which is decoupled both from the impurity and from the orthogonal
combination of the leads, ¢y = cos(a)L + sin(a)R . This is the case, for
example, in the Anderson model for a single level quantum dot that is coupled
to two leads. The fact that £ is a free decoupled field simplifies the above
expressions as it imposes the following restrictions on the S-matrix in the
Y — € basis: Sgy = Spe = 0 (v = ¢, Xn), and Sge = 1. In particular, the
restriction Sye = Sgy = 0 requires t' = ¢ which, together with Eq. (2.19),

yields the relation
Zn ‘BZ” - Z(l —n) }Bﬁi

n,% n,%

2

(2.24)

Moreover, we can relate B and BJ%'. Since (omitting the in and out
subscripts)

By = (xu|L) = cos(a)(x;|¥) — sin(a)(x,[€), (2.25)
By = (XulR) = sin(@)(x;|1) + cos(@)(x;,1¢), (2.26)
and as (x|€) = 0 we get
B! = cos(a)(x,|¥) . (2.27)
Bl = sin(a) (1) (228)
We obtain the relation 4 '
By = tan(a)B}" . (2.29)
Plugging this relation into Eq. (2.24) gives
[1 + tan®(a)] Z n|Bp 2= tan®(a) Z |Bzi}2 . (2.30)

Thus, we get the important equalities

S n By =sin?(a) Y |BY|, (2.31)

Zn ‘B}ﬂz = sin?(a) Z ‘Bﬁif . (2.32)

n,t
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Together with Eqs. (2.14) and (2.15), the sum rules (2.31) and (2.32), tell
us that the incoherent part of the conductance, which is carried by single-
particle to many-particles scattering processes, can also be determined by
the coherent single-particle part of the S-matrix.

Notice also that 3 (¥[x5) (X5l¥) = >, [(¥[x,)|? is the sum of proba-
bilities to find outgoing states if the incoming state is [¢)). Since we sum over
all possible outgoing states besides |¢) and |£), and as (¢]|y) = 0 we find that

DI lY) = 1= ol =1 ISl (2:33)

SO |
D BEL = cos(a) (1 = ISpul?) (2.34)
> [BE[" = sin*(@)(1 ~ [Suul) - (2:35)

n,.

The conductance (2.21) can be written as

= ——/de— [[]” + sin®(a) cos*(a) (1 — [Syy|?)] (2.36)

and the contribution of the single-particle processes to the conductance, out
of the total conductance is

[ degt 1t |
JdeE (142 + sin®(a) cos? () (1 = [ Sy ?))

The fact that there is a linear combination of L and R which is decoupled
both from the impurity and from the orthogonal linear combination imposes
restrictions on the values of r, ¢, 7/, t' (since Sy¢ = Sgyy = 0 and Sge = 1). By
applying the unitary transformation on the S-matrix one finds that

(2.37)

Gcoh/ Gd -

t

=14 —. 2.
Suw * cos(a) sin(«) (2.38)
Plugging (2.38) into (2.36) and (2.37) gives
e? sin of
Ga = —g#/de— (18w = 1P + [1 = |Suul*]) (2.39)
dedL |Syy — 1
Gcoh/Gd - f Ede | vv | (240)

Jde%L (|Spy — 117 +[1 — |Syyl?])



2.3. SINGLE-PARTICLE TRANSMISSION PROPERTIES 27

At this point we can already see two important features: First, Geon/Gq
depends only on Sy, and in particular does not depend directly on a. Second,
if |Syy| =1 (but Syy # 1) then Geon/Ga = 1, and if Sy = 0 then Geon/Ga =
1/2. In other words, for a zero temperature Fermi liquid theory = 1, and for
a theory where 1 has no single-particle to single-particle scattering processes
(like in the 2CK case at zero temperature) n = 1/2.

Using the definition & = 1 + ¢T for the 7T-matrix, we get the known
result [113, 114, 115] for the conductance through the impurity

2 12 9 a

L)) /de SN ot Ty (2.41)
4 Oe

The ratio of the coherent part to the total conductance is

J de (=55) [Ty ”

Geon/Gq = .
R P T Y

(2.42)

2.3.1 Normalized visibility

There is no way to measure directly the contribution of the single-particle
processes to the conductance. Namely, there is no direct measurement of
Geon/Gq . However, a two-path experiment gives access to the transmission
amplitude, ¢. If in addition to the impurity, the two leads are connected via
an independent free reference arm, then the flux-dependent part of the con-

ductance is Gy = [ de (—g—f) 2Re {treftei%} . Since |tef| can be extracted

from the conductance of the reference arm when the other arm closed off, ¢
is accessible from the flux-dependent conductance.

While Gy, is proportional to the thermally-averaged value of the trans-

mission squared [see Eq. (2.22)], Gauy is proportional to the thermally-averaged
value of the transmission, [ de (—%) t(e). The normalized visibility that we

have defined in Eq. (1.9) is therefore slightly different from Geon/Gq

- [ de (=30) T

" Jde (“2)2Im Ty} 243)

Although G /Gy is closely related to the measurable quantity 7, they are
identical only at zero temperature, or where 7, is independent of the energy.
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2.3.2 Transmission phase

The phases of ¢ and 7y, are related to the phase shift of the scattering theory
of the y-particles. If we write Sy, = |Syyp|e?¥ | then

1— ’S¢w| COS(25¢>>
. ) 2.44
| Sy | sin(20,) (2.44)

arg(Tyy) = arctan (

The phase arg(Tyy) yields the value 0, for |Syy| — 1 and 7/2 in the limit
|Syy| = 0. The transmission phase is the phase of the thermally averaged

T-matrix
oo =arg{ [ de(-55) Touter}. (245

2.3.3 The 7/2 phase-lock of the transmission through
Kondo impurities at T < Tk

The flux-dependent part of the conductance, Gg.y, depends on the average
value of Ty,. Until now, the averaging was over different incoming energies
(thermal averaging). When we add the spin degree of freedom, we average
Ty also over spin. This is because in Gy, we sum over the two spins

Gﬁux = Z/ 6_2R€ reftsei%} (246)
=— Z/de—?Re icos(a) sin(a)trefﬁ7¢¢ei%} .

We have assumed that ¢, is independent of the spin. If the system is spin-
symmetric, Ty yyp = 740 = Tyy can be extracted from Gpyy. The normalized
visibility in this case is

| [ de (—5F) 7?w\2
[ de (=85) 2Im Ty}

and the transmission phase is

oo=arg{ [ ae (-5 ) muta } (2.4

In the absence of spin-symmetry, Gg.x does not necessarily give us access
to Tsupy- To see this, consider the simple case where all the particles are scat-
tered into single particles, namely, |Sy,| = 1 for both spins. This situation

n= (2.47)
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describes, for example, the Fermi-liquid fixed points of 1CK or 2CK with an
applied magnetic field. In this case, Ty = i(1 — €¥%s) = 2sin(dy,)e?ws.
In the Kondo case, the system has the following particle-hole symmetry [see,
for example, the Hamiltonian in Eq. (1.1)]

ks > L, (2.49)

that enforces [51, 116| d,1(e) = —dy (—€) . The transmission phase at zero
temperature is

i = arg [sin(0,1) (e — e7%1)] = (2.50)
and the normalized visibility at zero temperature
Sin () (et — e~idur)|?
sin(Gur)( I sin?(dy1) - (2.51)

20 {sin5y1) (€51 — &%)}

We see that the transmission phase is locked at 7/2 , independent of the
phases of T,y . We also see that the normalized visibility can be smaller
than one, even though all the scattering processes are single-particle to single-
particle scattering. Interestingly, information about the phases of 7 4, (the
phase shifts of the scattering theory), is now encoded in n . There are two
ways to extract Ty, despite the m/2 phase-lock of Kondo impurities: either
to use the normalized visibility to extract the phase shift, or to measure the
transmission of each spin separately.

2.4 Rate equations method

In this section, we present the rate equations technique for transport cal-
culations, which we used for obtaining the results in two different systems:
The UV conductance of the SU(N)-Kondo systems (see Sec. 3.1), and for
the extensive study of the transport properties in the interacting two level
system (see Sec. 3.3).

We shortly review the technique that was developed in Ref. [117] and the
generalization of it to include cotunneling processes that was developed in
Ref. [118]. Consider a small system with n possible states, |1),[2),...,|n),
which is weakly tunnel-coupled to external leads. The system can be in one of
its n states, and its dynamics is driven by tunneling processes. For example,
in the triple-dot structure of the SU(3)-Kondo, the system has eight states:
empty dots, single electron in one of the dots (three states), two electrons in
the dots (three states), and full occupation of the three dots. Generally, there
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are many tunneling processes that change the state of the system from |i) to
| f) which we denote their rates by w;'; where a labels the different possible
tunneling processes. The rate w; y = > wy'; is the total transition rate from
the state |i) to the state | f). The dynamics of the system is described by the
rate equations

S P = S [Pty — PULHRgd, (252)

keS

where P(f,t/i) is the probability of the system to be in the state | f) at time ¢
if it was in the state |i) at ¢ = 0, so the initial condition is P(f,t = 0/i) = 9, .
Eq. (2.52) neglects coherence superpositions of different states [the terms
P(f,t/i) are the diagonal matrix elements of the density matrix|. Neglecting
the coherent superpositions of the states is justified when the coherence time
is much shorter than the delay time between consecutive tunneling events.
Alternatively, if there is a quantum number that distinguishes the two states
(e.g., spin), if at some point in time the density matrix that describes the
system is diagonal, then coherent superpositions are zero at all later times.

It appears to be useful to write the rate equations in a matrix form. We
define the vector (there are four such vectors)

Pi(t) = [P(1,t/i), P(2,/i),..., P(n,t/i)], (2.53)

and the matrix

k#1
W1.2 _ZWQ,]C w32
M= k#2 . (2.54)
w1,3 w23 - Z W3k
k#3

The rate equations become 2P;(t) = MP;(t), with the initial condition
P;(t=0)=(0,...,0,1,0,...,0) = €;. The solution of Eq. (2.52) is readily
found to be P;(t) = eM'%;. Let P be the stationary solution, namely,
M Pt =0 and (since it is a probabilities vector) Z Pt =1.

current. We define the quantity si%, the totalnnumber of electrons that
tunnel through the tunnel-junction a to the right during the process « that
changes the system’s state from |i) to |f). The junction « connects the
system to one of the external leads. For example, the junction between the

two level system to the left lead or the right lead. If s{} has a negative sign, it
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corresponds to electrons that are moving to the left. The stationary current
through the junction a can be written as

=e» ) saptw? (2.55)
i, fES «

Zero frequency noise. The noise is related to the auto-correlation function
via Wiener-Khinchin theorem

Sul) =2 [ e (L + ) I(0) — (1YY, (2.56)

—00

where we are interested in the zero frequency limit. We write here a compact
expression for the noise, details of the derivation can be found in Ref. [118§].
The zero frequency noise can be written as

Sap(w — 0) =22 {trUp, — W, - MY, — W, - M'Y,}, (2.57)

with the following vectors:

=) st Ptl, (2.58)

fES «
Zzsaaplst a <Iea> 13]§t7 (259)
€S «

(W Z Z She W f- (2.60)
fES «

We have used the trace of a vector to denote the sum of its elements. Al-
though the matrix M is not invertible, there is only one traceless vector V,
(i.e. the sum of all its elements is zero) that satisfies MV, = Y, [118] and
we use this vector as M~ 1Y,,.

2.5 Two interacting levels

In this section we describe two models that we used in the analysis of the
transport through asymmetric interacting two-level systems, which is pre-
sented in Sec. 3.3. We start with the Anderson model, with two interacting
levels that are attached to two leads (see Fig. 2.3). For simplicity, we discuss
a spinless problem, adding the spin degree of freedom does not change the
qualitative behavior of the system and not important for the understanding
of the underlying physics. One of the levels (level 2 in Fig. 2.3) is attached
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very weakly (compared to the other level) to the leads. A simultaneous oc-
cupation of the two levels is possible, however this situation is not likely
to happen as it requires an additional charging energy, U, because of the
Coulomb interaction. This model describes, for example, an interacting two
level quantum dot in a strong magnetic field. The Hamiltonian that describes

the system is
H = Hleads + HQIevels + Hta (261)

where

Hiaas = » _erLLLi+ ) er RLRy,
k k

HQlevels = Eldidl + EQd;dQ + Ud{dldgdg,
H, =3 (tLdi + 17 Rld;) + HC.

ik
Here, Ly (Ry) are left (right) lead annihilation operators, d; is the ith level
annihilation operator, and we have assumed that the tunneling coefficients
(tiL’R) are independent of the energy. We also assume that all the tunneling
coefficients have the same sign.

We calculate the average current and the zero-frequency noise using rate
equations method in which we assume that the two levels are weakly coupled
to the leads. By weakly coupled we mean that the widths of the levels are
much smaller than the temperature, or alternatively, at low temperatures it
means that the bias voltage (see Fig. 2.3) is much larger than the levels’
widths

=TV (\tﬂ2+ 1R

2) < ‘,MR’L — EZ

: (2.62)

where % are the electro-chemical potentials of the leads and we have as-

sumed for simplicity the same density of states, v, in the two leads.

2.5.1 Qualitative simplified model

Before we continue with the analysis of the Anderson model using rate equa-
tions, we want to present a simplified intuitive model, which we suggested in
Ref. [62]. This simplified model captures, at least qualitatively, most of the
results that we later achieve through a more rigorous analysis. The advantage
of this model is that it helps us to establish a simple physical picture that
we can use to interpret the results that we get through the rate equations
formalism.

Consider the two level system which is depicted in Fig. 2.3 and assume
strong interactions, i.e., a large U. At this point, we also assume, for sim-
plicity, zero temperature. As a function of E;, there are two regions where
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Two level system

- ~

' » T ¥R T '
Left lead E— Right lead
‘ > th o« >t o« '
A pt
B, pon = (P + 4 P)
GVbi .
“l B, b e = mv (|57 + [t5]7)
L

Figure 2.3: A schematic picture of the model. The energies of the two levels
are F; and Fs. The bias voltage is the difference between the two chemical
potentials: eVijas = pf — pf. Here the width of level 2 is much smaller
than the width of level 1 which is assumed to be much smaller than the bias
voltages: 72 < 71 < |t — B 5. We assume that the tunneling coefficients
are independent of the energy and we also assume for simplicity that they
all have the same sign, and that the two ratios between the left tunneling
coefficients and the right tunneling coefficients are identical, tF/tf =t /t&.
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we expect to have current: at uf* < E; < pul where the two levels are be-
tween the chemical potentials (assuming that |E; — Fy| < Vi), and at
p? < By + U < p* where one of the levels is occupied and effectively, be-
cause of the Coulomb interaction, the other level is shifted up and placed
between the chemical potentials. We choose to focus at this point on the
later: p* < E; +U < p*. Since level 2 is coupled weaker than level 1 to
the leads, most of the time the current flows through level 1 (i.e. level 2
is occupied and electrons enter and leave level 1). However, after a while,
the electron in level 2 can tunnel out to the right lead and by that, because
of the Coulomb interaction, it reduces the effective energy of level 1 (from
E; + U to E7) making the tunneling out of level 1 impossible. The current
is therefore blocked. The current resumes only after a new electron from the
left lead tunnels into level 2. Hence, the picture is a current (through level
1) that is stopped occasionally (by tunneling out of level 2). This situation
is schematically drawn in Fig. 2.4.

Shot noise on top of a telegraph noise

The current, as drawn in Fig. 2.4, fluctuates between two modes: A zero-
current mode where the current is dramatically suppressed, and a nonzero
mode where the current is carried by pulses of charge (electrons) that tunnel
through level 1. We therefore suggest the following simplified model: the
current I(t) is a multiplication of two signals

I(t) - Ishot<t> X Ctelegraph@), (263)

where Igot(t) is the current through level 1 and Clelegrapn(t) is a random
telegraph signal that fluctuates between two values, zero and one, according
to the occupation of level 2. In this simplified model, the current flows only
through level 1 and only when level 2 is occupied. We neglect the effects that
the Pauli principle imposes on the current Iy, (t) and treat it as a sequence
of current pulses of charge e with a Poissonian statistics characterized by a
rate I'y. The changes in the value of Cielegrapn are Poissonian events with the
rates 1/7; and 1/7 for the events of changing the value of Cieegrapn from one
to zero and zero to one, respectively. The fluctuations in the current I (t)
are known as shot noise, and the fluctuations in the signal Ciclegraph(t) are
known as telegraph noise [119].

Assuming that oot and Clelegrapn are uncorrelated, the average current is

1

<I> = <ISh0t><Ctelegraph> =el}

(2.64)

T1—|—7'0
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A Current

Level 27 is occupied

1T

Level '2’ is empty

Figure 2.4: A qualitative description of the transport through the two level
system in the region u® < E;+U < p*. Electrons are tunneling through level
1 until the electron in level 2 tunnels out and then the current is blocked. The
tunneling events through level 1 resume when another electron tunnels into
level 2. The current behaves as a multiplication of two signals: A sequence
of current pulses through level 1 and a telegraphic signal, the occupation
of level 2. T'y is the average rate of tunneling events through level 1, 7 is
the average time duration until level 2 is filled, and 7y is the average time
duration until level 2 gets empty.

The noise is related to the auto-correlation function of the total current via
Wiener-Khinchin theorem

S@ozz/mdnwwu@+7ﬂu»—<m% (2.65)

o0

1
- <Ishot > 2 Stelegraph (W) + <Ctelegraph>2 Sshot (w) + ; Sshot (W> * Stelegraph (w> .

Using the known results for the shot noise and the telegraph noise [119] we
get

T1 4e’T%

e T )+ P )

(2.66)
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Fano factor and asymmetry dependence

Before we study the Fano factor and its left-right asymmetry dependence, it
seems necessary to inquire about the linear dependence of the noise on the
current as the second term in (2.66) is quadratic in I'y. Since the rates 1/7
and 1/7y are the rates of tunneling out of and into level 2, they depend, up to
a symmetry factor, linearly on -y, that was defined in Eq. (2.62). Similarly,
[’y is linear in ~;. Therefore, under the reasonable assumption that ~; /s is
independent of the left-right asymmetry (that is, the couplings of the levels
to the leads cannot be changed independently), 1/ and 1/7 are linear in T'y.
Hence, the zero-frequency noise, S(0), depends linearly on I'y and therefore
depends linearly on the current.

The probability of finding level 2 occupied, which is the probability of
finding Cielegraph = 1, is Pr = mzﬁ. Similarly, the probability of finding level
2 empty, which at zero temperature is the probability of finding only level 1

occupied is P, = Toffﬁ. The Fano factor is

2’/—027'1F1
2e(l) (7o + 71)?

=1+I72P%. (2.67)

Notice that I'y 7 is the average number of tunneling events during a Celegraph =
1 stage, which is the average number of tunneling events through level 1 be-
fore a tunneling event out of level 2 takes place. At zero temperature it can
be estimated as |t£|?/|tl¥|?, or, assuming the same left-right asymmetry for
the two levels, I'y7y = 41 /72. The Fano factor (2.67) becomes

F=1+2"p2, (2.68)
Y2

The probability P, depends on the asymmetry between the coupling to
the left and the right leads, i.e. on the ratio |tZ|?/[tf|?. To see this consider
the simple case of zero temperature and large U. For u > pft (see Fig. 2.3),
the rate of tunneling out of level 2 is, according to Fermi’s golden rule,
I = 2F[t82. Similarly, the rate of tunneling into level 2 is To_,; = 2F[t5|2.
If we neglect cotunneling effects there are no direct tunneling processes from
level 1 to level 2, so the steady state probabilities satisfy

P.le st = Pile e . (2.69)
P; is the probability of finding both level 1 and level 2 occupied. In the limit

|Ey — Es| < Vias, the probability of finding only level 1 occupied, P, equals
the probability of finding only level 2 occupied. In the limit of large U, the
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probability of finding both level 1 and level 2 empty (for u? < E; +U < pb)
is zero. Thus, P; + 2P, = 1. The steady state solution (2.69) becomes

P — Ff~>e o 1
© T Tt + 2T [EF2/|LRP2 +2°

(2.70)

By increasing [tF|?/[t]|?, we decrease P,. In the limit |tZ|?/[tE]? — oo,
P, — 0 so the Fano factor (2.68) F' — 1. By decreasing |tF|?/|t£|? we increase
P, and in the limit [tZ|?/|t]f|> — 0 it gets its maximal value P, = 1/2 and

the Fano factor is maximal, F' =1+ 2’% ~ 5’%

Finite temperature

At zero temperature, the only possible tunneling event that follows a tun-
neling event from the system to the right lead, is from the left lead into the
empty level. Therefore, changing the value of Cigjegrapn from one to zero in the
simplified model, corresponds to a tunneling event from level 2 to the right.
In addition, every tunneling event from level 1 to the right, corresponds to a
current-pulse in the simplified model. Hence, we can estimate the number of
tunneling events during a Ciejegraph = 1 stage as 17y & [¢5[2/[¢5|2. At finite
temperature, there is also a finite probability that a tunneling event from
the system to the right will be followed by a tunneling event from the right
lead back to the empty level. In the limit [t£]?/[tF|*> — 0 the probability of
tunneling from right to left may become important. If the couplings to the
right are much stronger than the couplings to the left, electrons may tunnel
many times back and forth between the right lead and the system before a
tunneling event from the left lead to the system takes place. The time scales
71 and 7y in this case, become smaller than 1/I'y, and the value of I'y7y goes
to zero. Therefore, we expect that at finite temperature the Fano factor will
have the value one in the limit [¢tZ|?/|t|> — 0. To conclude, as we decrease
[tF2/|t]|? the Fano factor (2.67) gets larger, but at finite temperature, at
some point, if we decrease |t£]?/|tF|? even further, the Fano factor will start
to decrease toward the value one at [tF|?/|tE|? — 0.

Cotunneling effects

Similar to finite temperature, cotunneling processes may suppress the Fano
factor at |tZ|?/[tF]? — 0. Consider the limit [tF|? < [t£]|?. Without cotun-
neling, if level 2 is empty, the electron in level 1 need to wait a long time
before it can tunnel out to the right lead since such a tunneling event must
follows a tunneling event into level 2 which, at zero temperature, is possible
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only from the left lead. Cotunneling processes, however, allow the two pro-
cesses at once; occupying level 2 and evacuating level 1 in a single quantum
process. In particular, the electron in level 1 can virtually tunnel out to the
right lead while another electron is virtually tunnel from the right lead into
level 2 (we use the term virtually to emphasize the fact that the intermediate
state does not conserve energy). In the limit [¢Z|>/|t|> — 0 the total rate of
such processes may become larger than the rate of sequential tunneling from
the left lead into level 1. Thus the occupation of level 2 and therefore the
telegraphic signal, Cielegraph(t), fluctuates much faster than the pulses’ rate
1/T'1, and the value of I'; 7y goes to zero. Therefore we expect a suppression
of the Fano factor due to the cotunneling processes toward the value one in
the limit [¢F]?/|tF]? — 0.

Weak interactions

Up to this point, we have assumed strong interactions, namely, a very large
U. If U is not large compared to the bias voltage, U < eVj.s, changing
the occupation of level 2 doesn’t block completely the current through level
1 since electrons can tunnel through level 1 in both cases; while level 2 is
empty or occupied. Yet, we can still use the intuitive picture of a sequence
of current pulses through level 1 and a random telegraph signal describing
the occupation of level 2. The rate of the pulses depends on the occupation
of level 2 and we consider two different rates: I'y describes the tunneling
rate through level 1 while level 2 is full and I'; describes the tunneling rate
through level 1 while level 2 is empty (previously Iy was zero). Similar to
Eq. (2.63), we consider the current

[(t) = shot(t) X Ctelegraph(t) + jshot(t) X [1 - Ctelegraph<t)] ’ (271)

where Lot (Lanot) is @ sequence of current pulses with a characteristic rate
[y (T';). The Fano factor is

2(F1 — F1)27'02T12

F=1+ —
(10 + 7m)2(m 'y + 7I'y)

(2.72)

where 7y is the average time duration in which level 2 is occupied and elec-
trons tunnel through level 1 with an average rate I'y, and 7y is the average
time duration in which level 2 is empty and electrons tunnel through level 1
with an average rate I'y.

At low temperatures, KpT < eVijas, if u? < By < p* and pf < E,+U <
p*, the tunneling rate through level 1 barely depends on the occupation of
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level 2, i.e. Iy ~ T';. We can approximate (2.72) by

AL

F=1
+ 'y

PX(1—P.)?, (2.73)
where AT, = T, —T'; and Ty = (10 + 1)~ ' (at low temperatures this is
the tunneling rate through level 2). Notice that P, OTT , which is the
probability of finding level 2 empty, is different from the probability of finding
only level 1 occupied, since now the two levels can be empty simultaneously.

2.5.2 The Anderson model- tunneling rates

We now go back to the Anderson model for the two interacting levels (2.61).
We want to analyze the system with rate equations, so we describe it using
the four states, |nj,ng), where ny and ny label the occupation of the two
levels. The system dynamics is driven by transitions between states that
are caused by tunneling processes. For example: Transition from the state
|0,0) to the state |1,0) happens when an electron is tunneling from the left
lead or the right lead into level 1 while level 2 is empty. The term H; in the
Hamiltonian (2.61) allows tunneling processes and the rates of the transitions
are derived perturbatively in H;.

Sequential tunneling rates

To the lowest order in H; the transition rates can be calculated using Fermi’s
golden rule. We use the notation w;; for the rate of a tunneling process that
changes the system’s state from 2" to ’j’ by tunneling an electron from the
left to the right direction (and similarly w; for electron that moves from
right to left). For example, wyj o = I'{ Frp(E1 — p*) is the rate of tunneling
from the left lead into level 1 while level 2 is empty, where we have defined

b= 2T bR, TR = 2T iR, (2.74)
h h

and the Fermi’s function Frp(x) = (1 + €°%)~! gives the probability for the

availability of an electron for the tunneling process. In Fig. 2.5 we depict the

lowest order tunneling processes, to which we refer as sequential tunneling

processes. The rates of all the sequential tunneling processes are listed in

Appendix B.

Cotunneling rates

The next leading order perturbation in H; generates cotunneling processes
with intermediate virtual states. Usually, when the tunneling coefficients are



40 CHAPTER 2. METHODS

- ~ P ~
’

. » .
Level 1 Level 1 Level 1 Level 1
2T xN
Level 2 Level 2 Level 2 Level 2
— — — —
Woo,10 “oo,10 Woo,01 Woo,01
Level 1 ’u Level 1 Level 1 Level 1
Level 2 Level 2 Level 2 Level 2
— — — —
W10,00 W10,00 Wo1,00 Wo1,00
,, - SS ‘ ', P
Level 1 Level 1 chgl 1 Levgl 1
,/ - - = s ‘ - - M ~
Levgl 2 Le(xf& 2 Lev_e)l 2 Lozl 2
_>
Wot,11 Wot,11 Wi0,11 W1p,11
Level 1 d Level 1 Levgl 1 Levgl 1
Leigl 2 Le(iel 2 Lev_e>l 2 ¥ Lev<_el 2
W11,01 W11,01 W11,10 W11,10

Figure 2.5: A schematic picture of the lowest order in H; transitions (the
sequential tunneling processes) and their notations.
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small [y, 2 of Eq. (2.62) are much smaller than the temperature or bias volt-
age| the higher order perturbation theory is not crucial as it barely improves
the approximation. However, this is not always true. Consider, for example,
the limit t# < tF; in this case, a cotunneling process, which takes an electron
out of level 2 into the left lead and takes another electron from the left lead
into level 1, can become more likely to happen than a sequential tunneling
from level 2 to the right lead. In other words, a second leading order pertur-
bation in X can be more important that a first leading order perturbation
in t®. We discuss later the importance of the cotunneling processes in the
two level model and at the moment we emphasize that this is more than a
small improvement of the approximation. We discuss two types of cotunnel-
ing processes: elastic-cotunneling, namely, processes that contribute current
but don’t change the state of the two level system, and inelastic-cotunneling,
namely, processes that change the state of the two level system (and might
not contribute to the current through it).

Elastic-cotunneling rates. Figure 2.6 depicts schematically the elastic-
cotunneling processes that we take into account in the transport calculations
of the two level system. Each process has two possible intermediate states.
For example, electron can tunnel through an empty system via level 1 or
2, thus, cotunneling processes of the form |0,0) — |0,0) have two possible
intermediate states: |1,0) and |0,1). The two possible paths interfere and
we need to sum the amplitudes of the two possibilities rather than their
probabilities. If there is a quantum number that distinguish the two levels
(e.g., if the system is a single spinful level with spin-dependent couplings
to the leads) the two path do not interfere, and we simply sum their rates.
We use the notation w;; (w;;) for elastic-cotunneling processes in which an
electron is tunneling to the right (left) direction (see Fig. 2.6). Elastic-
cotunneling processes in which an electron tunnels back and forth between
one of the levels and one of the leads don’t change the state of the system
and don’t contribute any current, and therefore don’t appear directly in the
transport calculations. The total elastic-cotunneling rates are the sum of
the rates of all the possible processes, namely, integration over all incoming
electron’s energies. For example,

2
ey tpty

€ — E1 € — E2
(2.75)

2 2
W&;,oo = %/deFFD (5 _ ,uL) [1 — Frp (6 _ MR)}

The rates of all the elastic-cotunneling processes are listed in Appendix B.
Equation (2.75) is a formal expression and the actual rate, which we use in
the rate equations, cannot be directly calculated from it. The reason is the
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Figure 2.6: A schematic picture of the elastic cotunneling processes and their
notations. Each process has two possible virtual intermediate states. The
rate is the sum of the amplitudes of the two possible paths (rather than
the sum of their probabilities). The processes w;,; are the same as w;; after
exchanging the final states with the initial states.

divergence of the integral due to the finite widths of the two levels (which
we treat as two delta functions in energy). This divergence was already
discussed before [120, 121], and a regularization scheme for the calculation
of the cotunneling rates was developed. We summarize the regularization
scheme in Appendix C. It is worth noting that one can avoid the necessity
of regularization by using the diagrammatic technique that was developed
in Refs. [122, 123, 124]. We find that additional correction due to levels
shifts and broadening captured by this approach [125] are irrelevant in the
large bias limit (v; < eVias) that we consider. Calculation procedure of
the average current and current noise using this technique was developed in
Ref. [126] and gives the same results in the v; < eVias limit.

Inelastic-cotunneling rates. In Fig. 2.7, we depict the cotunneling
processes that change the state of the two level system, i.e. the inelastic-
cotunneling processes. To this order in Hy, the inelastic-cotunneling processes
change the system’s state between the following states: |1,0) <— [0,1),
|0,0) «— [1,1). The latter are somewhat more complex than the other
cotunneling processes as they have four possible intermediate states (see
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Fig. 2.7). We use the notation wfj for the rate of processes in which the
system changes its state from |i) to |j) in the following way: the electron
that enters or leaves level 1 tunnels to the right direction, while the elec-
tron that enters or leaves level 2 tunnels to the left, and similarly we define
wfj,wfj,wfj. We use the notation wgg 1y, wij o for processes in which the
two electrons enter or leave the two levels by tunneling one to the right and
the other to the left. The rates of all the inelastic-cotunneling processes are
listed in Appendix B.

Beyond the cotunneling approrimation. The rate equations based
calculation is valid as long as the tunneling coefficients are small enough as
we insert the tunneling processes only up to second order in the perturbation
H;. Practically, it means that either ~;/eVias or 7;/KgT need to be small
numbers. Yet, the next leading order in H; generates logarithmic contri-
butions that diverge at low temperatures and bias voltages |5]. Hence, for
bias voltages smaller than a characteristic energy scale, the Kondo tempera-
ture, the perturbative approach fails. The Kondo temperature in our case is
Tk ~ /71Ue Y/?1 and in all cases in this work we consider much larger bias
voltages. We also want to note that small corrections due to the renormal-
ization of the energy levels and broadening play very minor role in the large
bias case that we consider. They at most slightly modify the quantitative
results with no important effect on the qualitative behavior.
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Inelastic-cotunneling processes
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Figure 2.7: A schematic picture of the inelastic cotunneling processes and
their notations. The processes wp; 19 are the same as wjgo; after exchanging
the two levels. The processes wjq oo are the same as w11 after exchanging
the final states with the initial states.



Chapter 3

Results

In this chapter we present the main results for three projects: First, we
present the analysis of the SU(2) and SU(3) systems that we suggest. Sec-
ond, we present our results about the coherence properties of transmission
through Kondo impurities. Last, we present our analysis of the shot noise
and Fano factor of asymmetric two-level systems.

3.1 Realization of SU(2) and SU(3) Kondo

We first look at the UV limit (high temperature or bias voltage) and later
discuss the Kondo physics at the IR. Special attention is given to the measure-
ment of each pseudo-spin/flavor independently. In order to measure trans-
port properties in one flavor we split an edge into two different edges which
are coupled to the same dot, as drawn in Fig. 2.1(d). In equilibrium, one lin-
ear combination of the two edge states is decoupled from the upper dot and
the orthogonal linear combination plays the role of a single edge state that is
coupled to the upper dot. Transport is measured by applying a voltage dif-
ference between the two edges allowing measurements of average current (I),
zero frequency shot noise Sgot, and the Fano factor F' = i}d; of each flavor
separately. Measuring correlations between two flavors can be carried out by
splitting two edges as drawn in Fig. 2.1(b), where we can apply different bias
voltages on different flavors.

3.1.1 UV description

We assume a constant density of states v in the edges and a very weak
coupling between the dots and the edge states (v|W|*> < T, or v|[W]? <
Vbias), and use the rate equations method [117] to calculate the conductivity
and the current noise.

Figs. 3.1(a) and 3.1(c) plot the Coulomb peaks structures of the SU(2)
and SU(3) systems. Contrary to naive expectations, at finite temperature the
outer peaks are not centered around €, e — U, in the N=2 case, or around
€r, € — 2U in the N=3 case. Due to the asymmetry between occupied and
empty states near the outer peaks, the peaks are shifted by 7'In(N)/2. We
discuss this point in Appendix D.

45
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The Fano factor of a single spinful quantum dot which is attached to two
spinful leads is 5/9 at the Coulomb peaks. In the system of Fig. 2.1(b) it
corresponds to applying the same bias voltage on the two pseudo spins and
measuring the total current (I +1). However, in the systems of Figs. 2.1(b)
and 2.1(d), we can apply distinct bias voltages and measure distinct currents
for the different pseudo spins or flavors. The Fano factors that we obtain are:

F=7/9, F{=7/8, F;=11/18,

where F, is the Fano factor near the N=2 Coulomb peaks, and FY (Fy) is
the Fano factor near a outer (central) peak of the N—3 case. The Fano factor
is related to the effective charge of the current pulses that cross the dots, it
is therefore counter-intuitive to find different Fano factors in the total and
single flavor currents. The difference is a result of the zero frequency cross-

correlations between the different flavors. Using rate equations we find in the
N = 2 case:

Su(0) = lim [ de 2 [(L(0L(0) — () (1) (3.)
2.2
_2m|WiTe itanhe—%tanhe—m

h 27 4T AT

where V; | are the pseudo-spin bias voltages. Similarly, in the N=3 case, for

a # B
; 2mv|W2e? . eV eVs
Sé%(()) = —TR()tanhEtanhE ,

where the index i = o,c labels a central (outer) peak, and R° = 1/16,
R =1/27.

(3.2)

3.1.2 The IR Kondo fixed point

In Figs. 3.1(b) and 3.1(d) we depict the zero temperature conductance of
a single pseudo spin/flavor in the N = 2,3 cases. The conductance was
calculated using self consistent Hartree approximation. We average over the
solutions of the self consistent equations for the average occupations of the

—1 Ba+tUQX g0 18)

levels [127] n, = § — = tan , where 7 represents the identical

width of the levels. The Friedel gum rule and spin/flavor symmetry are
then used to determine the phase shift d, = 6 = 7>~ n,/N and the
conductance sin®(d). Let us focus on the N=3 case |Fig. 3.1(d)]. When the
gate voltage is tuned to have only a single electron or a single hole in the
three dots, the conductance is enhanced due to the flavor-interaction and

the Coulomb valleys disappear. An unusual plateau is created instead of the
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three peaks of the UV limit. As long as the dots are occupied by a single
electron or a single hole we find the conductivity
3 e?
4h
At the exact particle hole symmetric point, €, = e — U, we find a full e*/h
conductivity and a sharp peak is formed, indicating the larger symmetry.

G'sU(3)~Kondo = (3.3)

3.1.3 [Edge states cross-correlations in the Kondo limit

We now discuss the finite frequency flavors correlations in the IR limit. The
cross-flavors correlations is a new observable made available by our realiza-
tion, whereas it is not experimentally accessible in most existing realizations
of Kondo effect. This cross-flavors correlations is of order w/Tk relative to
the familiar large thermal noise in the total flavor. For w = 100MHz and
Tk ~ 1K, w/T}, ~ 1% which, being the only contribution in the cross channel,
can be readily observed.
Formally, we define J;(z) =: ) (2)¢;(z): and

Jelw) =Y Iiw), Twyle) =D s )T (@)

ij=1

where N = 2,3, T@ are the three Pauli matrices, and T®) are the eight Gell-
Mann matrices. The effective Hamiltonians of the two systems are [51, 8, 9):

Hy = %/dz [Jf(x) + %J_é)(x) + )\2j(22)(1‘)5($):| , (3.4)
Ha= - [ do |20+ 570 + T (@0(0)] (3.5)

with Ay ~ 1/T}). We calculate the noise functions

Sy, a') = / et (L, 1), Ty 1)) (3.6)
and we find that they receive O (w/T}) correction (i # j):

S (w;z,a!) = e~ @=2) 2 coth b <1 - iXNngx/> ;

7T 2 T

S,(N)(w-:z: ) = N priw(e—a) (—) cothﬁ—w
ij ) N —1 T 2

with F, = 0(z) — 0(2'), N = 2,3, \a = 6y and A3 = 2);. Due to F,,
Sij receive correction only if the two currents are measured at two different
sides of the dots.

i)\N W 2

Fou | (3.7)
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Figure 3.1: SU(2) system: (a) The conductivity of a single pseudo spin at
high temperature (7" > =) for two different T/U ratios. We choose the
Fermi energies of the leads to be zero. The Coulomb peaks are not exactly
centered around 0, —U due to the asymmetry between empty /occupied states
near the peaks. (b) Self consistent Hartree solution of the zero temperature
conductivity of a single pseudo spin for two different v/U ratios. SU(3)
system: () The conductivity of a single flavor at high temperature (7' > ~)
for two different T'/U ratios choosing the Fermi energy to be zero. The outer
peaks are not exactly centered around 0, —2U due to the asymmetry between
empty/occupied states near the peaks. (d) Self consistent Hartree solution
of the zero temperature conductivity of a single flavor for two different ~/U
ratios.
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3.2 Transmission properties of Kondo impuri-
ties

In this section, we present the results of the transmission phase ¢;, and
normalized visibility 7 of Kondo impurities [both were defined in Eq. (1.9)].
We focus on the 1CK impurity and the 2CK impurity, since there are concrete
realizations of such impurities with quantum dots, and only quote the results
for the general k-channel Kondo. In the 2CK case, we consider both its non-
Fermi liquid fixed point, and its Fermi liquid fixed points, reached by turning
on a finite magnetic field or a finite channel anisotropy.

3.2.1 Single channel Kondo

In the 1CK case, the 7 4, matrix element, up to second order in 1/Tk, is [40]

2¢ e \? T\ >
241— -3 — | — | —
T Qk) (E)

Since [ ede (—%) =0, then [ de (—%) T4 (€) is purely imaginary, there-
fore the transmission phase is

Tsaow (€) =i (3.8)

%:g+0@ﬁm4 (3.9)

The transmission phase matches the scattering phase shift of the 1CK (up
to T'/Tk corrections) when potential scattering is neglected. The normalized
visibility

T\?

n=1- (—) +0(T/Tk)* . (3.10)

Tk
Two mechanisms reduce the nonzero-temperature normalized visibility, elas-
tic scattering with energy-dependent phase shift, d,(e) = 7/2 + ¢/Tk, and
the appearance of inelastic scattering. Both are allowed by the dominant
irrelevant operator near the 1CK fixed point [40].

Finite magnetic field

At zero magnetic field, the 7-matrix is independent of spin (i.e., T5ypyp =
T\.wv), because of the symmetry between the two spins. Therefore, the trans-
mission phase and the normalized visibility of the spin-summed conductance,
are the same as the transmission phase and the normalized visibility of each
spin separately. However, when a magnetic field is applied, the 7T-matrix
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becomes spin-dependent. Hence, the transmission phase and the normalized
visibility of each spin are, in general, different from each other and from the
measured (spin-summed) quantities.

Consider, for example, the zero temperature case, where, as long as B <
Tk, the system is described by a Fermi liquid theory, so [116] Ty = i(1 —
e%v:). As we discussed in Sec. 2.3, the particle hole symmetry ¢, — 1!,
enforces dyr(€) = —dy (—€). In this case,

55(0) = <g - %5) , (3.11)

where oy = 1, and oy = —1. Notice that since ¢, is half of the phase of

Syy, it is defined up to 7. As we measure the conductance of the two

spins together, the total transmission phase ¢, = 7/2 independent of B [see
B

Eq. (2.50)], and the normalized visibility is less than one, n = sin®(% — 7o) R

1— (%) [see Eq. (2.51)], even though all the scattering processes are single-
particle to single-particle scattering.

A possible way to overcome this /2 phase-lock of the transmission phase,
is to measure the conductance of a distinct spin [49]. The distinct spin
transmission phase at zero temperature would simply be 5, and there is a
QB difference between the spin up and spin down phases. The normalized
Vlslblhty of each distinct spin would be n = 1, as we expect for a Fermi liquid
fixed point.

7_87

3.2.2 Two channel Kondo

In the 2CK case, two disconnected channels interact with the impurity. We
consider a case where we can measure the transport in one of the channels,
and there is no charge transfer between the different channels (this was the
case, for example, in the experimental setup of Ref. [39]). Notice that in this
case, the index 7 in the states |np,ng,i) [see, for example, equation (2.7)],
labels states with different particle-hole excitations in the leads and also
states with different excitations in the other channel.

If the two channels are equally coupled to the impurity, then the system
flows to a non-Fermi liquid fixed point. In this case, up to first order in
1/V/Tk, the matrix element 7y, is [40]

Tow () =i <1 . 3Ax/ﬁ1(e)> , (3.12)

where

! l—u 4 1
I(e) = du | v 2T Fy (u - — = | - 3.13
@-/ ( /= wﬁ<1_u>2> (3.9
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A ~ 1/4/Tk is the strength of the leading irrelevant operator near the 2CK
fixed point, and Fy; (u) is the hypergeometric function Fhy (u) = o f% &

— o do (u+172\/ﬂcos9)% .

The thermally averaged value of Ty is
af , ST
de ~ 5 Top(€) =1 (1 + 4\ 7TT) . (3.14)
Since [ de (—%) Ts.wp(€) is purely imaginary, the transmission phase is
T
=75 + O (T/Tk) . (3.15)
The normalized visibility is
1
=3 (1 + 4)\\/7TT> +O(T/Tx) . (3.16)

These results are not surprising, since at zero temperature, there are no
single v-particle to single -particle scattering processes at the non-Fermi
liquid fixed point. Thus, Sy, = 0 for both spins, and hence ¢, = 7/2
[see Eq. (2.44)]. Since in this case Tyy = i, we find a normalized visibility
n = 1/2, indicating that half of the conductance is carried by elastic single-
particle scattering |55, 56].

The sign of A depends on the initial strength of the Kondo coupling. A
is positive for strong coupling, and negative for weak coupling [40]. The
normalized visibility can, in principle, be enhanced by nonzero temperature,
unlike the usual case where the temperature reduces interference effects. The
enhancement of the normalized visibility is due to the fact that the nonzero
temperature allows single i-particles scattering off the impurity (syy # 0).

Finite magnetic field and finite channel anisotropy

The non-Fermi liquid fixed point is unstable, since finite magnetic field and
finite channel anisotropy turn on relevant perturbations near the non-Fermi
liquid fixed point [128]. In the presence of such perturbations, the system
flows under renormalization group to a Fermi liquid fixed point, at zero
temperature, rather than the non-Fermi liquid one. In the case of channel
anisotropy, the channel which is coupled more strongly to the dot flows to
the 1CK-like fixed point, and the other channel flows to a free-electrons-like
fixed point. Under a finite magnetic field, the system flows to a Fermi liquid
fixed point which is different from the 1CK fixed point.
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In this subsection we study the 2CK case under these two possible per-
turbations. At zero temperature, 7y 4y is given by [129, 130]

—(VAVTx) + i (B2)
JAVT (s

where A is the difference between the coupling strengths of the two channels,
and cp is a dimensionless number of order one. T* ~ Tk (vA)? + (cgB)?/ Tk
is an energy scale that characterizes the flow away from the non-Fermi liquid
fixed point. G(x) = 2K (ix), where K(x) is the complete elliptic integral of

Tewy(€) =i

G(e/T") |, (3.17)

the first kind. ay; = 1, @ = —1, and we have assumed B = B.. At zero
temperature, the averaged value of 7y, is

%erw:i 1 - —(wavTi)

(3.18)
VAVTR)? + (47

Thus, for A = 0, (Tyy) = i. Hence, the transmission phase is ¢, = /2
and the normalized visibility is n = 1/2 even for B # 0, where all the
electrons are elastically scattered with a phase dy s = a,m/4. A spin-resolved
measurement, however, would lead to ¢, = a,m/4 and n = 1, since for A =0

/ﬁ( Z)ﬂwzia—mg. (3.19)

In Table 3.1, we summarize the results for the zero temperature normalized
visibility and transmission phase for the various relevant perturbations, where
we define

v|AlVTi
AV + (52
cpB, /\/E

sin(vy) = : (3.21)
RN e

Channel anisotropy. Recall that we are measuring the conductance
through one of the channels. At zero magnetic field, if A > 0, the ¥-particles
form together with the impurity a singlet, while the electrons in the other
channel are simply free. Thus, 77 and ¢, are the same as in the 1CK case. On
the other hand, if A < 0, the electrons in the other channel form a singlet
with the impurity, and the y-particles are free. Therefore at zero temperature

cos(7) (3.20)
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the conductance through the impurity, the dot, is zero. In this case there is
no interference, and hence, 7 = 0 and ¢, is not defined. Although this is a
Fermi liquid, n < 1 near this fixed point since most of the charge is reflected.
To explain it we now discuss the nonzero-temperature case.

At nonzero temperature, the A < 0 case should be treated more deli-
cately. Up to second order in 1/T™, Ty 4y is [130]

€ 9 /e\? 7 (7T’
So(e) = (=) i . 3.22
Tl = 1 +i51 (7) *ig (T> (3:22)

Most of the charge is reflected and only a small amount of charge can be
transmitted, either elastically or inelastically. This is similar to the 1CK
case, where at nonzero temperature most of the charge is transmitted, and
only a small part is reflected either elastically or inelastically. Up to second
order in 1/T*, the portion of elastic transmission through the impurity out
of all scattering events of incoming particles with energy e is

Tows©f 2/9

2 {Tos(@} 141 () (3:23)

In the € > T limit, 2/9 of the charge is transmitted elastically. The phase

that the particles accumulate in this limit is proportional to €, ¢;(€) ~ 5.

The thermal averaging, however, has a crucial effect in this limit. The
thermally-averaged T-matrix ,(Tpy) = izy (7=
proportional to T2, and therefore

2 . . .
) , 1s purely imaginary and

n(T)=5 (gg)z . =72, (3.24)

Finite magnetic field. At finite magnetic field, we see that in order to
access the phase shift of the 1-particles, d,5, one needs to measure each spin
separately. Notice that at A — 0 (v — 7/2), the spin-averaged normalized
visibility and the transmission phase are the same as in the non-Fermi liquid
fixed point (B =0,A =0): n =1/2 and ¢; = 7/2. In order to distinguish
the Fermi-liquid fixed points from the non-Fermi liquid fixed point, one can
measure the temperature dependence of the conductance through the impu-
rity. Non trivial v/T-dependence indicates a non-Fermi liquid fixed point.
Alternatively, as we already mentioned, spin dependent measurements of 7,
and ;s give different results for the Fermi liquid and the non-Fermi liquid
fixed points.
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Table 3.1: Zero temperature normalized visibility and transmission phase for
various relevant perturbations.

UE Pts n L
B=0,A=0]1/2 /2 12 | /2
B=0,A>0]| 1 /2 1 /2
B=0,A<0| 0 - -
B#0,A=0]| 1 asm /4 1/2 /2
B#0,A>0| 1 |aym/2—7/2) | cos*(y/2) | 7/2
B#0,A<0]| 1 agy/2 sin?(y/2) | 7/2

Generalization to k-channels

We have focused on the 1CK and the 2CK impurities, since there are concrete
realizations of these impurities with quantum dots. Yet, it is worthwhile to
study the more general k-channel Kondo case. In the Fermi liquid fixed points
at zero temperature, all the ¢-particles are scattered into 1-particles, namely,
|Syy| = 1. In the non-Fermi liquid 2CK fixed point, none of the ¢-particles
are scattered into i-particles, namely, |Syy| = 0. In the more general k-
channel Kondo case, however, where k > 1 channels screen the impurity, a
finite part of the v-particles are elastically scattered off the impurity. At
zero temperature, the single ¢-particle element of the S-matrix is [40]

cos (22
SEOK = —(Zj“) : (3.25)
cos (7x)
The conductance, up to O (T/TK)%(, is [40]
2 cos (2= T \ =%
Gq = < sin?(2a) |1 — # + ¢k (—) ) (3.26)
h cos (57x) Tk

where the factor cx can be calculated numerically [40]. The normalized
visibility is

1 . cos(ZQT”) T \ =F
e _@“K(ﬁ)

=

+O(T)Tx)7* | (3.27)

and since S%ijK is real, the transmission phase is

%:g+0@ﬂ@ﬁ. (3.28)
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3.2.3 External dephasing

In Sec. 2.2 of Chapter 2, we defined the normalized visibility n, which is the
amplitude of the AB oscillations, normalized in a certain way. In Sec. 2.3,
we showed that n has a physical meaning, and that it is related to the pro-
portion of the total conductance carried by single-particle scattering. In this
subsection we want to comment about the feasibility of n-measurements.

So far, we have discussed three mechanisms that reduce the normalized
visibility: the possibility of non-coherent charge transfer through the dot
into many-body states, thermal averaging over a transmission with energy-
dependent phase, and averaging over spin-dependent transmission phase. AB
oscillations in a real-life experimental setup can also be suppressed by other
mechanisms that are not related to the physical properties of the examined
impurity. A real experimental two-path setup is usually coupled to a com-
plicated environment. For example, in an open AB ring setup the shapes
of the two paths, the quantum dot(s), the tunnel barriers, and many other
components of the setup are all defined by applying voltages to nearby nano-
patterned electrodes. Therefore, each component of the system is coupled
to an environment (metal electrodes, semiconducting leads) with associated
noise and degrees of freedom.

An electron that propagates through the two paths leaves a trace in the
environment; equivalently, a propagating electron that interacts with the
environment, accumulates a random phase [131], ¢. As a result, the ampli-
tude of the AB oscillations is multiplied by the averaged value (e’?). The
normalized visibility in the presence of the environment is therefore [60]

‘fde (_%) %¢‘ ~ {1 - 1<5¢2>] U‘de (_g_{) 7@}
2

VI de (=90) 21m Ty} VJ de (—9) 20m {Ty} '
(3.29)

Vi = (")

The details of the coupling to the environment depend on the details of
a specific experimental setup. Yet, we can roughly estimate the external
dephasing by assuming that the phase-randomness originates mostly from
the thermal fluctuations of the environment. At nonzero temperature 7', the
electrodes in the environment suffer from Nyquist noise, and we can estimate
(6¢?) ~ T. Hence, dephasing by the environment can reduce the normalized
visibility linearly in the temperature. In the Fermi liquid fixed points, n has
T? corrections without external dephasing. This means that at low tempera-
tures the dominant suppression of 1 would be due to external dephasing. In
the non-Fermi liquid fixed point of the 2CK, n has a v/T dependence in the
absence of external dephasing. Thus, at low temperatures the change in 7
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(enhancement for A > 0 and reduction for A < 0), is expected to be stronger
than its suppression due to external dephasing. The relation between the
system and the environment is outside the scope of this work. In particular,
we do not get into specific models for the environment. We want to note that
there are models that treat rigorously the effect of a specific environment on
the interference in AB rings (for example, a quantum-point-contact that is
coupled to an embedded quantum dot [132, 133]; or a fluctuating magnetic
flux [134]).

In the 2CK non-Fermi liquid case, a noisy environment can, in principle,
turn on relevant operators. Thus, a noisy environment with strong effect
on the system would make the observation of the non-Fermi liquid behavior
difficult. Hence, if a non-Fermi liquid behavior is indeed observed in an
experimental system, it indicates a relatively weak external dephasing.

3.3 Enhanced shot noise in asymmetric inter-
acting two-level systems

In this section we present the main results for the shot noise and the current
through interacting two-level system that is modeled by Eq. (2.61). The
calculations are based on the rate equations method which we presented
in Chapter 2 [Sec. 2.4]. The results are explained using the approximated
intuitive approach of signal analysis that we developed in Sec. 2.5.1.

3.3.1 Strong interactions

Current

In Fig. 3.2(a), we plot the symmetric current (I'Y = I'Z) through the two level
system as a function of F; at large U (U > eVj,,s) with the following param-
eters ([ = TR+ T + T8+ TL): KgT = A, eVia = 100, By — Ey = AL,
U = 100AT and T'"" = 1005". Two Coulomb peaks with a width ~ eVija
appear in the current: at E; ~ 0 (the right peak), where the two levels are
between the leads’ chemical potentials, u’ and p® (similar to the schematic
picture in Fig. 2.3), and at E; &~ —U, where one of the levels is occupied so
the other level is effectively shifted and placed between pX and pft. The right
peak is a bit lower than the left peak because of the small energy difference
between the two levels (E; > FEy). At finite temperature, this small energy
difference makes the probability of finding level 2 occupied a bit larger than
the probability of finding level 1 occupied. While near the right peak the
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Figure 3.2: The current through the two level system with the following
parameters (I' = TF+TE4+TR4TL): KT = hT, Vi = 10T, Ey—FEy = AT,
U = 100AI" and Ff“L = 1OF§’L. We assume the same left-right asymmetry for
the two levels: T1 /Tl =TL /Tl = TL/TE. (a) The symmetric (I'*/T% = 1)
current as a function of E;. (b) The current at the right peak, E; = 0,
as a function of the left-right asymmetry. The dashed line is the sequential
tunneling current, and the solid line is the current including both sequential
and cotunneling processes. (c¢) The (cotunneling) current at the valley, F; =
—U/2, as a function of the left-right asymmetry. The sequential tunneling
current is practically zero at the valley. (d) The current at the left peak,
E; = —U, as a function of the left-right asymmetry. The dashed line is the
sequential tunneling current, and the solid line is the current including both
sequential and cotunneling processes.
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current through the strongly coupled level- level 1- is blocked by the occu-
pation of level 2, near the left peak the occupation of level 2 allows it, and
therefore the left peak is a bit higher. If the sign of the energy difference was
the opposite (E; < F3) the right peak was higher than the left peak.

In Figs. 3.2(b) and 3.2(d) we plot the left-right asymmetry dependence
of the current at the right and left peaks respectively. We assume the same
left-right asymmetry for the two levels, I'¥/Tf = '} /TR = TL /T2, Due to
the lack of a particle-hole symmetry at the peaks the current is not maximal
when the system is symmetrically coupled to the leads. To understand this
consider the current at the left peak in the simple case of zero temperature
and no cotunneling processes. The right lead current (2.55) in this case is
simply (I) = Py, (TE+T%) ~ P, TE where Py, is the probability of finding the
system doubly occupied. The probability P;; can be easily calculated since
the probability of finding the system empty in this case (zero temperature
and F; = —U) is zero. Also, in the limit |F; — Fy| < Vs the probability
of finding only level 1 occupied, Pjo, and the probability of finding only level
2 occupied Fy; are identical and given by P, of Eq. (2.70). The probability
of finding the system doubly occupied is therefore P;; = 1 — 2F,. The av-
erage current is (I) = I'f(1 — 2P,) = (TT + FF)FL/%RH(l — FL/F2R+2>’ and
it is maximal, for a fixed ' + T'E, at I'*/T® = /2. Indeed, the current in
Fig. 3.2(d) is maximal at 'V /T a~ v/2 (the calculation is done at finite tem-
perature and includes cotunneling therefore /2 is only an approximation).
Similarly, the maximum of the right peak is at T'*/I'F ~ 1/4/2. The current
at the valley Fy = —U/2, depicted in Fig. 3.2(c), carried by cotunneling
processes, is maximal where the two levels are symmetrically coupled to the
leads, 't = T'E,

Fano factor

The current is carried by tunneling of electrons, namely current pulses of
charge ’e’, resulting in a shot noise. On top of the tunneling events, as we
discussed in Sec. 2.5.1, there is also a telegraph noise; by tunneling into or
out of level 2, we change the tunneling rate through level 1. Since most of the
current is carried by tunneling through level 1 the current alternates between
two different average values. For example, if we focus on the left peak of the
current, By = —U [see Fig. 3.2(a)], most of the tunneling events are via
level 1 while level 2 is occupied. However, because of the strong interactions,
each time the electron leaves the narrow level, level 2, the current drops
dramatically and resumes only when a new electron enters level 2.

In Fig. 3.3, we depict the Fano factor at the left peak (E), = —U) of the
current through the two level system with the following parameters: eVj.s =
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Figure 3.3: The Fano factor, ' = TiI) at By = —U (the left peak of the
current) as a function of the left-right asymmetry with the following param-
eters: eVijus = 0.1U, Ey — By = 0.01U and hTY + RCE + ATY + ATE = 0.010.
We assume that the two levels have the same left-right asymmetry, 'Y /T'E.
When we change I'" /T we keep the total width of each level fixed. (a) The
Fano factor for different ratios of the two levels’ widths (v; = R(I'f +TF)/2)
with KT = 0.01U and eV} = 0.1U. The dashed lines are the sequential
tunneling Fano factors and the solid lines are the calculated Fano factors
including cotunneling processes. In the inside box in the upper right corner
we zoom in on the small values of I'V/T'2. The Fano factor is larger than
one (super-Poissonian noise) and maximal in asymmetric coupling. (b) The
Fano factor as a function of the left-right asymmetry for different values of
eVhias/T'- The ratio between the levels’ widths is Ff’L = 10F§’L. The dashed
lines are the sequential tunneling Fano factors and the solid lines are the
calculated Fano factors including cotunneling processes. The cotunneling
processes dramatically decrease the Fano factor for large eVis/T.



60 CHAPTER 3. RESULTS

0.1U, Ey — Ey = 0.01U, and Al'Y + AT + AL 4+ ATE = 0.01U. By increasing
1 /72, we increase the average number of electrons that tunnel through level
1 while level 2 is occupied [the quantity 'y 71 in Eq. (2.67)]. Indeed, similar to
what we expect for the simplified model of Sec. 2.5.1 [Egs. (2.67) and (2.68)],
the noise is larger for large /792 as one can see from Fig. 3.3(a).

In Fig. 3.3, we plot the left-right asymmetry dependence of the Fano
factor. Similar to the simplified case of Sec. 2.5.1, we find the following
asymmetry dependence of the Fano factor: for large I'l /T, the Fano factor
is [’ = 1, and as we decrease I'*/T'®, we see enhancement of the the Fano
factor. Also, as we discussed in Sec.2.5.1, the finite temperature suppresses
the Fano factor below some I'l /T < 1 toward the value F' = 1 in the limit
I'E/TRE — 0. The most interesting feature in Fig. 3.3 is the unexpected
influence that the cotunneling processes have on the Fano factor. At low
temperatures (KgT < eVhias), the cotunneling processes suppress the Fano
factor significantly in the asymmetric coupling regime I' < T'F (the dashed
lines in Fig. 3.3 represent calculations without cotunneling processes).

The physics behind the reduction of the Fano factor in the I'!/T? <«
1 limit can be explained by the simplified picture of Sec. 2.5.1. At zero
temperature and taking into account sequential tunneling only, as we reduce
I'L/TE the Fano factor is enhanced toward the value F ~ 2% in the limit
I'L/TR — 0 [see Egs. (2.68) and (2.70)]. This suits the upper (red) dashed
line in Fig. 3.3. Finite temperature allows backward tunneling- opposite
to the voltage bias direction, which reduces the number of current pulses
through level 1 each time level 2 is occupied. The reason is that for 'Y <« I'%
electrons tunnel many times back and forth between the right lead and the
system before a tunneling event from the left lead to the system takes place.
Thus, the quantity 'y in Eq. (2.67) (see also Fig. 2.4) is reduced and the

Fano factor is suppressed.

Cotunneling processes, similar to the finite temperature, allow backward
tunneling. Virtual tunneling to the left is possible as a part of a full two
particle cotunneling process. The important cotunneling processes which
suppress the Fano factor in the asymmetric limit are the inelastic processes
than change the system’s state between the states |1,0) <— |0,1). In the
asymmetric limit, the total rate of these processes becomes larger than the
rate of sequential tunneling from the left lead into level 1. As a result, the
occupation of level 2 changes faster than the time delay between consecutive
current pulses through level 1. The quantity I'y7; is reduced and the Fano
factor is suppressed toward the value F' = 1 in the extremely asymmetric
limit ' /T'% — 0.

We want to mention the experimental work that was reported in Ref. [64],
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where a super-Poisson noise with a strong asymmetry dependence was mea-
sured in quantum dot that was attached to two leads at strong magnetic
field. Omne of the suggested explanations for the enhancement of the noise
in this system was an additional level that is weakly coupled to the leads.
Indeed, the strong dependence of the Fano factor on the asymmetry of the
dot-leads coupling, which is very similar to the asymmetry dependence of the
Fano factor we have in Fig. 3.3, indicates a possible two level system. We
must emphasize that although our results fits qualitatively the experimental
measurements, the rate equations formalism is not suitable for quantitative
analysis of the experimental results since the quantum dot was attached rela-
tively strong to the leads, a situation that makes the rate equations approach
invalid. Nevertheless, qualitatively, we believe that the significant asymme-
try dependence of the Fano factor is a strong evidence for the presence of a
second interacting level that was weakly attached to the leads in the experi-
mental setup.

Spinful electrons

In order to avoid unnecessary complexities, we have assumed that the elec-
trons are spinless. Physically, this situation can be realized by two-level
quantum dot at strong magnetic field or two single level quantum dots at
strong magnetic field. The spin degree of freedom can be added to the
problem in two ways: single spinful level with spin dependent couplings to
the leads or two spinful levels with different couplings to the leads. The
single spinful level case is very similar to the system that we analyze, the
only difference is the fact that processes with different spins cannot interfere.
Therefore some of the cotunneling rates are slightly different (e.g., cotunnel-
ing of electron through an empty level). Nevertheless, we want to stress that
the most important cotunneling processes in the more physical situation of
relatively strong interactions, which are the inelastic processes |1,0) <> |0, 1)
(or | 1) «> | 1)), have exactly the same rates as in our model. Moreover,
and this is the important point, the physics behind the noise enhancement in
the spinful case and in the spinless case, is the same. The noise is enhanced
because of the blocking effect which is a result of the Coulomb interactions.
Therefore, the same qualitative dependence on the asymmetry is expected.
This is true also in the two spinful levels case, and in fact also in multi-level
systems with interactions. If the blocking effect enhances the noise, we expect
similar dependence of the Fano factor on I'l /T with similar suppression due
to finite temperature and cotunneling.
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3.3.2 Weak interactions

While U is large, say U > eVi,as, the current at the left (right) peak, Fy ~ —U
(Ey =~ 0) is changed dramatically when an electron is tunneling into or out
of level 2, since the strong interaction blocks the tunneling through level 1.
This is not the case for small U. If U is small compared to Vi, the current
alternates between two relatively close values, and the effect on the noise is
smaller. Yet, if the ratio between the levels’ widths, v, /s is large enough, the
enhancement of the noise can be important. In Fig. 3.4 we depict the current
and the Fano factor for relatively small U (U = eVj,,5/5) with the following
parameters (I' = ' + TL + T+ TL): U = 2AL, eV = 10RT, KT = AL,
E; — E; = 0.5h and ; = 10000y;. We see again that the cotunneling
processes are important as they enhance the Fano factor significantly (the
cotunneling processes contribute less than 20% of the current but almost
double the Fano factor). Notice also that unlike the Fano factor of the strong
U case, the Fano factor is maximal when the system is symmetrically coupled
to the leads, I'" = I'".

To explain the enhancement of the noise in the small U case, we use the
intuitive picture that we studied in Sec. 2.5.1; a sequence of current pulses
through level 1 and a random telegraph signal describing the occupation of
level 2. The rate of the pulses depends on the occupation of level 2 and we
consider two different rates: I'; describes the tunneling rate through level 1
while level 2 is full and Ty describes the tunneling rate while level 2 is empty.
The Fano factor is given by (2.73)

—2<AF1>2P2(1 ~ P, (3.30)

F~1
+ rnr, ¢

where the rate I'y = (10 + 71) "' is the tunneling rate through level 2, AT’y =
I' = TI'y, P, = —=—, and we have used the fact that I'y = 'y + Al'y = I}

To+71’

for U < eVias. We see that although the Fano factor is usually reduced to

one for AF—Fll < 1, in the extreme case of % < (AF—?)Q the Fano factor can be
enhanced.

We can now understand why the Fano factor is enhanced noticeably due
to the cotunneling processes. For U < eV}, the rate of the sequential tun-
neling through level 1 barely depends on the occupation of level 2 since the
energies F; and Fy + U are close to each other compared to Vi.s. The co-
tunneling processes however, are much more sensitive to U. In Fig. 3.5 we
illustrate this point by comparing the dependence of the sequential tunneling
and the cotunneling rates through level 1 on the occupation of level 2, with
the same parameters of Fig. 3.4(b). In Fig. 3.5(a), we plot the sequential
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Figure 3.4: The current and the Fano factor in the small U (U < eVas)
region with the following parameters (I' = 't + 'L + ¥ + T'}): U = 2hal,
eVhias = 10RI', KgT = hl', £} — Ey = 0.5A and v, = 10000y2. (a) The
current as a function of F; at the symmetric point, ' = I'®. The dashed
line is the current including sequential tunneling only, and the solid line
is the current including also cotunneling processes. (b) The Fano factor
at By = 0 as a function of the left-right asymmetry. The dashed line is the
sequential tunneling Fano factor and the solid line is the Fano factor including
cotunneling processes. The cotunneling processes enhance the Fano factor
significantly.
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Figure 3.5: The dependence of the tunneling rates through level 1 on the
occupation of level 2 in the small U (U < eVj,s) region with the following
parameters (I' = T + 7 + T8 4+ TL): U = 2hT", Vi = 10RT, KgT = AL,
E, =0, Ey = —0.5A" and 7y, = 100007,. Negative cotunneling rates mean
that the cotunneling processes decrease the current (see for example Ref.
[[118]]). (a) The sequential tunneling rate from the left lead through level
1 to the right lead (((wi]y)™" + (wgi11) ")~ when level 2 is occupied and
((wig00) "+ (wWog10) ")~ when level 2 is empty). (b) The cotunneling rates
from the left lead through level 1 to the right lead (w7 ; +wgi 1 When level
2 is occupied and wij o + wWog g9 When level 2 is empty). (c) The difference
between the sequential tunneling rates of the two stages (level 2 is empty
and full). (d) The difference between the cotunneling rates of the two stages
(level 2 is empty and full).
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tunneling rates from the left lead through level 1 to the right lead when level
2 is empty- [(wig00) " + (woo,10) '] and full- [(wi7 o) 7"+ (woi ) 7T (ex-
pressions for the rates are given in Appendix B, see Fig. 2.5 to clarify the
notations). In Fig. 3.5(b) we plot the cotunneling rates from the left lead
through level 1 when level 2 is empty- wi( 19 + wop oo, and full- wii 1 + wpi oy
(expressions for the rates are given in Appendix B, see Fig. 2.6 to clarify
the notations). In Figs. 3.5(c) and 3.5(d) we plot the difference between the
values of the tunneling rates through level 1 when level 2 is empty and the
values of the tunneling rates when level 2 is full |in Fig. 3.5(c) the sequential
tunneling rate and 3.5(d) the cotunneling rate]. We see that although the
sequential tunneling rate is order of magnitude larger than the cotunneling
rate, the cotunneling processes are much more sensitive to the occupation
of level 2, making the difference between the two values of the cotunneling
rate on the same order of the difference between the two values of the se-
quential tunneling rate. Thus, even though the cotunneling processes have a
small contribution to the current, they contribute the same as the sequential
tunneling to AI'y and therefore have an important contribution to the Fano
factor. We want to emphasize that the Fano factor is enhanced in the weak
interactions regime only if level 2 is coupled to the leads extremely weaker

2 2
ATy ATy
T where (_F1

Since (2.73) depends quadratically on the multiplication of the probabil-
ities of finding level 2 empty and full, P,(1 — P.), the enhancement of the
Fano factor due to AT'; is maximal where P,(1— P,) is maximal. In the limit
of small U, the energy of the system, wether it is empty, singly occupied or
doubly occupies, is more or less the same for £y = 0, therefore P,(1 — P,) is
maximal where the system is symmetrically coupled to the leads.

than level 1, as we require E—f < ( is a very small number.
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Chapter 4

Conclusions

In the following, we summarize the main ideas that this thesis expresses. We
mention the novelties, compared to existing works, and provide an outlook
for possible further studies.

In this thesis, we have presented our suggested realization of SU(N)-
Kondo impurities with quantum dots structures. The physics of the familiar
Kondo effect is the low energy fixed point of a SU(2) symmetric system
with an impurity. Although the generalization of this problem to SU(N)
symmetric system was discussed, physical realizations of SU(N > 2) Kondo
models are rare, usually complex and limited to N = 4. In this work we
suggest a realization of Kondo effect using edge states of the quantum Hall
effect that interact with multiple quantum dot structure. This realization is
naturally generalized to SU(NN) Kondo.

We have analyzed the transport properties of the suggested SU(2) and
SU(3) systems in the two fixed points: The high energy fixed point and the
low energy one. We showed new features of the pseudo-spin-resolved current:
The spin-spin correlations (or more generally the flavor-flavor correlations)
and the different Fano factor of a single pseudo spin current. The ability
of measuring a distinct pseudo spin current in the suggested systems makes
these features experimentally accessible. Following our suggestion, an exper-
imental realization of SU(2)-Kondo with access to each spin separately was
built and measured [50], and a spin-resolved spectroscopy of the Kondo effect
was made. We also present explicitly the conductance of the SU(3) system
in the Kondo regime where it has an unusual fractional value 3/4.

Besides the ability of realizing SU(N) Kondo, the systems that we sug-
gest have four more advantages: First, as our realization is based on edge
states it can be easily integrated into electronic Mach-Zehnder interferom-
eter, allowing accurate phase shift measurements. Second, our realization
allows measurements of a single pseudo-spin [or generally a single flavor for
SU(N > 2)| transport. Third, breaking of the SU(N) symmetry can be
brought under a good experimental control, potentially allowing a non Fermi
liquid behavior such as in the two impurity Kondo model and its general-
izations. Fourth, it paves the way to possible generalization to fractional
quantum Hall edges which may show richer structure.

We also presented, in this thesis, our work on transmission phase shift
and normalized visibility of Kondo impurities. We explore interference
(and hence coherence) in transport through both Fermi liquid (conventional
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Kondo) and non-Fermi liquid (e.g., two-channel Kondo) states. It is not
obvious that there should even be coherent transport through a non-Fermi
liquid, since quasi-particles need to convert to more exotic excitations, and
then back to quasi-particles. But we find that substantial coherence does
remain even in this case.

We provide a novel many body scattering theory which enables a theoret-
ical analysis of the coherence of the transport. In addition to the commonly
measured quantity in two-paths experiments, the transmission phase shift,
we discuss the visibility- the ratio between the flux-dependent part of the
conductance and the average conductance. We show that if the visibility is
normalized properly, then the normalized visibility is related to the portion
of the coherent part of the transport. Our many body scattering approach
enables us to calculate the conductance through the dot, the transmission
phase shift and the normalized visibility. In Fermi liquids at zero temper-
ature, the transmission phase shift is identical to the scattering phase shift
of the quantum dot, and the normalized visibility is one. We give the tem-
perature correction for these results, and the generalization to non-Fermi
liquid cases. In particular, we show that in the non-Fermi liquid fixed point
of the two-channel-Kondo, the normalized visibility at zero temperature is
half, indicating that exactly half of the conductance is carried by coherent
transport. In this case, we find that the transmission phase shift is 7/2 even
though a scattering phase shift is not defined for such an impurity.

The conductance of a two-path setup with a penetrating magnetic flux de-
pends on the magnetic flux because of the Aharonov-Bohm effect. Measure-
ments of the flux-dependent conductance give access to information about
the coherent nature of the transport. Manipulations on quantum dots allow
the realization of various types of Kondo fixed points. Hence, we discuss a
two-paths setup with an embedded quantum dot as a tool for studying the
coherent properties of transmission through Kondo impurities. In particular
we discuss the special non-Fermi liquid fixed point of the two-channel-Kondo
impurity. We show that regular measurements of the conductance of the two
spins together, are not sufficient in the absence of spin-symmetry. Special
particle-hole symmetry locks the phase shift at 7/2, independent of the ac-
tual phase that electrons accumulate when they are transmitted through the
impurity. A way to overcome this phase-lock is to perform a spin-resolved
measurement.

In this thesis, we also study the shot noise enhancement in asym-
metric interacting two-level systems. Measurements of the shot noise,
S, provide additional information about the system, which is not accessi-
ble from measurements of the average current, (I). In several situations,the
Fano factor F' = S/2(I) gives the effective charge of the current carriers and
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therefore it is crucial to understand it thoroughly. We present a detailed
study of the Fano factor for interacting two-level systems and its dependence
on various parameters. In most cases, Coulomb interactions reduce S. How-
ever, several theoretical and experimental works have showed that Coulomb
interactions may also enhance S, resulting in a Fano factor F' > 1. In this
work, we study in detail a model of two-level system coupled to two electronic
leads where the coupling of one level is stronger than the other. There are
many physical realizations of two level systems, such as one spin-full level
in a quantum dot with a spin dependent coupling or two levels in a quan-
tum dot subjected to a strong magnetic field. In the absence of Coulomb
interactions, the expected Fano factor of such systems is % < F<1. We
show that strong interactions enhance the Fano factor significantly in such
systems, and that the enhancement depends very strongly on the asymmetry
between the couplings to the two different leads. Our results are relevant to
large variety of experimental situations and explain in detail and in a simple
intuitive way the dependence of the Fano factor F' on various parameters of
the system.

In particular, the dependence of the Fano factor on the asymmetry of
the couplings to the leads was hardly discussed before, and a clear picture
of this dependence and its origin was missing. We calculate the current and
the shot noise using rate equations formalism and show that while at zero
temperature the Fano factor is a monotonic function of the asymmetry of
the couplings to the leads, at finite temperature it has a maximum. In our
calculations we include both sequential tunneling processes and the more
complex cotunneling processes, and we show that the cotunneling processes
play a crucial role in such systems. There is a range of parameters in which
the cotunneling processes affect the noise significantly, even though most
of the current is carried by sequential tunneling processes. In particular,
the cotunneling processes change the dependence of the Fano factor on the
asymmetry of the coupling to the leads. Even if the interactions are relatively
weak, if the coupling of one level is much stronger than the other the shot
noise can still be enhanced. Significant part of this enhancement is due to
the rarer cotunneling processes.

Also, we develop a simple intuitive picture of the current through the two
levels as a multiplication of two signals: A sequence of current pulses and
a telegraphic signal. This simplified picture capture, at least qualitatively,
most of the results that we achieve through the rigorous rate equations based
calculations and can be used to gain an intuitive understanding of the trans-
port through the system. We believe that our results can be used to identify
two level systems and to explain existing and possible future experiments,
where the shot noise is enhanced due to additional weakly coupled states.
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Appendix A

Model for a quantum dot impurity
embedded into an open AB ring

In this appendix, we present a model for a possible setup of a quantum dot
that is embedded into an open AB ring. Setups of this kind, can be used to
study the transmission through 1CK and 2CK impurities.

Consider the open AB ring setup that is depicted in Fig. A.1. The system
contains two external leads (source and drain) and two internal paths. The
external leads are coupled to the two paths by four transmission coefficients
(tref, ¢ref ¢L %) which are assumed to be very small. The two possible
paths are either through the quantum dot (the lower arm in Fig. A.1) or
through the reference arm (the upper arm in Fig. A.1). When an electron
is propagating along the lower arm, it has a finite probability to leak outside
the system. However, once it gets close enough to the dot we assume that it
can only scattered (forward or backward) off the dot. We refer to the area
near the dot from the left (right) as left (right) lead (not to be confused with
the external leads, source and drain). The Hamiltonian of the system is

H = Hexternal + Href + Hsystem + Ht 9 (Al)

where each of the three first elements on the right hand side of (A.1) describes
one part of the system. Hyemal describes the external leads

Hexternal = Z Z chikscrk’s s (AQ)

r=S,D k,s

where ¢, are the annihilation operators of electrons with spin s in external
lead r. H,e describes the free electrons in the reference arm. The lower arm
is described by the Hamiltonian

Hgystem = Z Z ekcjksciks + Haor + Z Z (ticjksds + h.c.> . (A3)

i=L,R k,s i=L,R ks

where c¢,.s are the annihilation operators of electrons with spin s in the
internal lead i, and d, annihilates an electron with spin s in the dot. Hgu
describes the quantum dot itself and any other system that might interact
with it but do not interact directly with the other part of the setup (e.g. a
capacitively coupled gate electrode, other dots etc.). The different parts of
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Figure A.1: Schematic model of a quantum dot embedded into an open AB
ring. The four transmission coefficients between the two paths and the exter-
nal leads (£2°f, ¢¢f tL tR), are very small. To the lowest order in the external
transmission coefficients the propagations along the arms are independent
of each other. Because of the losses, time reversal symmetry is broken. We
encode the losses in the transmission coefficients.

the setup are connected via H,;

Ht = Z Z tfnefcikscref,ks + Z tSLC:quSCLks + thRCTDkSCRks + h.c.. (A4)
ks r ks ks

We don’t get into the details of how the setup is coupled to other side leads.

To the lowest order in the external transmission coefficients, H;, the two
paths are independent of each other. Therefore, using the definitions of
and 7 [see Eq. (1.9)], the conductance can be written in the form

Gsa = Ga + Gret + 2y/n\/ GqGiet cOS (;—i + 80t> :

where Gl is the conductance through the reference arm, and G, is the
conductance through the dot. There is a linear combination of the internal
leads, £ = —sin(«)cr, + cos(a)cg, where av = arctan(tg/t.), which is decou-
pled both from the dot and from the orthogonal combination of the leads,
1 = cos(a)cy, + sin(a)cg . Following the discussion on Chapter 2 [Sec. 2.3]
the transmission through the dot is proportional to the 7T-matrix of the -
particles.

So far, we haven’t specified what is the Hamiltonian of the dot, Hyy . In
other words, we haven’t specified other systems that interact with the dot
(and do not interact directly with the ring). In the following two subsections,
we discuss two specific cases: a 1CK case, where the dot is attached to a gate
electrode and tuned to form a 1CK impurity, and a 2CK case, where another
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large dot is coupled to the small dot with appropriate gate electrodes to form
a 2CK impurity [37].

A.1 Single-channel Kondo

The dot is capacitively coupled to a gate electrode. If a gate voltage is
applied, then at low enough energies, by tuning the gate voltage and the
tunneling barriers between the dot and the ring (¢, g), one can bring the
Hamiltonian (A.3) to the form of Kondo Hamiltonian [135]

Hsystem = Z Eszswks + Z ekg;isgks +J Z Z ?/1;15553'1/1145' : g ) (A5)
ks

k,s k,s k',s'

where £ = —sin(a)cy, + cos(a)cg, and ¢ = cos(a)cy, + sin(a)cg. J is the
Kondo interaction strength, ¢ are the three Pauli matrices, and S is the
total spin of the dot. Up to second order in 1/Tk the T yy-matrix is [40]

2¢ e \2 aT\?>
24i— —3(—) — (2=
+ZTK (TK) (TK)

A.2 Two-channel Kondo

Tspw (€) =1 (A.6)

We can tune the part of the system that is described by Hgo; to form a 2CK
impurity (e.g., by adding another relatively large quantum dot, and couple
it to the small dot [37]). The Hamiltonian (A.3) becomes [37, 136]

Hsystem - Z Ekwliswks + Z Ekgl];ggks + Z EkD,Z:sDkS
k,s k,s

k,s

+ Z Z (waz:so_-;‘s’wk’s’ + JDD]Jisgss’Dk’s’) : § 5 (A?)

k,s k' s

where Dy are the annihilation operators of the large dot, and Jp (Jy) is the
strength of the interaction between the spin of the electrons in the large dot
(in the 1 lead) and the total spin of the small dot. By tuning the parameters
properly, we can bring the system to the symmetric point Jy, ~ Jp, where it
displays a non Fermi liquid behavior [37]. In this case, up to order 1/y/Tk,
the 7 y-matrix is [40]

Tow (€) = (1 . 3A\/7T_TI(6)) ,

where I(e) was defined in Eq. (3.13).
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Appendix B

List of tunneling rates

In this appendix we give the expressions for all the tunneling rates that enter
the rate equations calculation for the two interacting levels.

B.1 Sequential tunneling rates

To the lowest order in H; the transition rates can be calculated using Fermi’s
golden rule. We use the notation w;7 for the rate of a tunneling process that
changes the system’s state from i’ to ’j’ by tunneling an electron from the
left to the right direction (and similarly w;; for electron that moves from
right to left). For example wgf o is the rate of tunneling from the left lead
into level 1 while level 2 is empty. The rates of the sequential tunneling

processes are

w£,10 = 111LFFD(E1 — ML) , (B.1)
wooor = Uy Frp(Ea — p*) (B.2)
wigoo = DI Frp(u" — By (B.3)
wor 00 = L8 Frp(u — Ey) (B.4)
wot11 = DY Fpp(Ey + U — p*) (B.5)
wign = U5 Frp(Ey + U — p*) (B.6)
wiior = T Fep(u — By = U) (B.7)
W1_1>,10 =N Fpp(p* — By —U) . (B.8)

We have defined 5 5
LF=vIoeh?, T = v, (B.9)

)

and the Fermi’s function Frp(x) = (1 + €°*)~! gives the probability for the
availability of an electron or a hole for the tunneling process. The left moving

rates, w;, have similar expressions with p” < p and T'f, < I'f%,.

B.2 Elastic-cotunneling rates

Each elastic cotunneling process has two possible intermediate states. For
example, electron can tunnel through an empty system via level 1 or 2,
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thus, cotunneling processes of the form |0,0) — |0,0) have two possible
intermediate states: |1,0) and |0,1). The two possible paths interfere and
we need to sum the amplitudes of the two possibilities rather than their
probabilities. We use the notation w;? (w;;) for elastic-cotunneling processes
in which the electron tunnels to the right (left) direction. The total elastic-
cotunneling rates are the sum of the rates of all the possible processes, namely
integrating over all incoming electron’s energies.

(B.10)

(B.12)

Watoo = 27;;2 / deFrp (€ — p*) [1 = Fpp (e — u)] Etft; Etiti 2 !
it = 2 [ ackip (c— ) [1 - Fro (e - ) [ A BE
it = 2 [ () [1 = B () [ A T
i = B [ ek (=) 1= Fro e = ) [ + B

The left moving elastic-cotunneling rates, w;;, have similar expressions with
ul < pft. Equations (B.10)-(B.13) are formal expressions, and the rates
which we use as input for the rate equations, cannot be directly calculated
from these integrals. The reason is the divergence of these expressions due to
the finite widths of the two levels (which we treat as two delta functions in
energy). We use a regularization scheme [120, 121] for the calculation of the
cotunneling rates. The regularization scheme is summarized in Appendix C.

B.3 Inelastic-cotunneling rates

We consider the inelastic-cotunneling processes that change the system’s
state between [1,0) <— |0, 1) and |0,0) «<— |1,1). We begin with the
former; we use the notation w; ; for the rate of processes in which the system
changes its state from |i) to |j) in the following way: the electron that enters
or leaves level 1 tunnels to the right direction, while the electron that enters
or leaves level 2 tunnels to the left, and similarly, we define w, ],wi,w

For example, if the system’s initial state is |1,0) and the electron in level 1

tunnels to the right lead, while another electron from the right lead tunnels

U
(B.13)
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to level 2, we denote the rate of this process by inl. Again, there are two
possible intermediate states for the processes |1,0) +— |0, 1), and we need
to sum them properly. The formal expression for these rates are

22 HRYL (RyL
Wioo = A /dEFFD(E_HL) [1— Fpp (e + E1 — By — p)] 61]252—6_222_(] ,
(B.14)
271'1/2 tLtR tLtR 2
oo = A /dEFFD(G_NR) [1— Frp (e+ Ey — By — pi")] 61]252_6—222—U ,
(B.15)
= 27Tl/2 thR thR 2
Yo T g /deFFD (e —u) [1 = Frp (e + By — By — pi)] 6122 —E_E;_U :
(B.16)
o 22 14D (LyL 2
10 = deF —ulYM1 = F E, — E, — b 1l Ity
“10,01 A /EFD(E 1) | wp (€ + E > — )] P
(B.17)

To get these integrals we used the energy conservation: if the incoming elec-
tron (that enters level 2) has the energy €, the outgoing electron (that leaves

level 1) must have the energy € + F; — E,. To get the rates: walo, WE):1,10=

Woﬁmo and W(i,ma we may write integrals like (B.14)-(B.17) and exchange
th" s t2" and E, > E,. Once again, the formal expressions (B.14)-(B.17)
need to be regularized in order to extract the input terms for the rate equa-
tions calculation (see Appendix C).

The last rates that we discuss are the inelastic |0,0) <— |1, 1) processes’
rates. These processes are somewhat more complex than the other cotun-
neling processes as they have four possible intermediate states. We use the
notation wyg 11 (weg11) and wiy gy (wiy o) for processes in which two electrons
enter or leave the two levels by tunneling to the right (left). We use the
notation wgg 17, Wij oo for processes in which the two electrons enter or leave
the two levels by tunneling one to the right and the other to the left. The
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rates for the |0,0) <— |1,1) inelastic cotunneling processes are

- _27TV2 le Ly p BB I
Woo,11 = T €5 FD(E—M) FD([—€+ 1+ 2+U]—,u)><

h 2
2
tity ity ity tity (B.13)
E-El E—El—U €_E2 E—EQ—U ’ '
= 2712 1 R R
“oo,11 T T d€§FFD (G—M )FFD ([—6+E1+E2—|—U]—,u )><
2
i ties (B.19)
e—F, €e—FE—-U €—E, e€e—FE,—-U|"’ ’
o 2my? L R
Woo,1 = T deFpp (€ — p*) Frp ([—€+ By + Ex + U] — p')
2
G tity (B.20)
6—E1 E—El—U €_E2 6_E2_U ’ .

212 1
lel,oo =—F /dE—FFD (ML - 6) Frp (ML —[—e+ Ey+ Ey + U]) X

h 2
2
tity ity ity tity (B.21)
E-El E—El—U €_E2 E—EQ—U ’ '
= 2712 1 R R
Wi1,00 = 5 dﬁgFFD (M - 6) Frp (,u —[—e+E + Ey + U]) X
2
R i ties (B.22)
e—F, €e—FE—-U €—E, e€—FE,—U|’ '
o 21 L R
Wi1,00 = T deFrp (M —6) Frp (,u - [—6+E1+E2+U]) X
2
G ity (B.23)
6—E1 E—El—U €_E2 G—EQ—U .

The factor 1/2 that appears in Eqgs. (B.18), (B.19), (B.21) and (B.22) is due
to the double counting of processes: by integrating over € we sum both ¢ = ¢
and € = —€' + F1 + F>+ U, however these two processes are identical since in
both cases when the two levels are empty the two electrons are in the same
lead with energies ¢ and —¢’ + F; + Eo + U. Hence, as we double count each
process we insert a factor of 1/2. Notice also that for w(ﬁn, wff)yn, Wﬁ,oo
and Wﬁ,oo» by including the point € = w in the integral, we include
an impossible process, as the two electrons in the lead have the same energy
(W) Nevertheless, this point contribute zero to the integrals, and
therefore we have no problems with the formal expressions (B.18), (B.19),
(B.21) and (B.22). The integrals in (B.18)-(B.23) need a regularization in
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order to extract the rates that we use in the rate equations, the regularization
scheme appears in Appendix C.
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Appendix C

Regularization scheme

In this appendix we summarize the regularization procedure for the cotun-
neling rates [120, 121]. All the cotunneling rates that appear in Appendix B,
excluding the |0,0) <— |1, 1) rates, can be brought to the form

2

2nv A B

I(Av Bv ECU Eb7,u17,u2) —

/deFFD(E_Ml) [1 — FFD(E — ,LLQ)] . _ Ea + . _ Eb

(C.1)
where the amplitudes A, B are multiplications of two tunneling coefficients,
and one might need to use the relation Frp(—€e) = 1 — Frp(e) in order to
bring the expression of a specific cotunneling rate to this form. The integral
(C.1) diverges due to the finite widths of the energy levels [120, 121]. We

first add by hand a width to the levels

h

212

h

/deFFD(e — 1) [1 = Frp(e — p2)]

I(AaB7EaaEb»M1ﬂM2) - X (02)

A B 2
— + —| .
e—FE,+1iy e—Ey,+1iy

Next, we solve the integral (C.2) and write the solution as a power series in
~v. We extract the cotunneling rate by subtracting the 1/ term and taking
the limit v — 0. We should emphasize that in general each level has its own
width and the sign +iy depends on the process; we associate different signs
for incoming and outgoing electrons. If one adds the widths properly, the
divergent term (1/v) has a physical meaning, and one can read the sequential
tunneling rates from it. Nevertheless, these details are not important for the
regularization procedure, and the finite values of the cotunneling rates are
independent of the details of the regulator v. We can write (C.2) as

272
I(A7BaEa7Eb7,u17:u2) = 3

[Il(A> Ea>ﬂlvﬂ2) + Il(Ba Eba /L1>M2) + IQ(Aa B7 Eaa Eb?ﬂla ,U2)] )

X
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where

A

H(A E,, M1,M2) = /dEFFD(€ - Ml) [1 - FFD(6 - #2)} m

IQ(AaB)EaaEbvulauQ) = /'de-F‘FD(E - Ml) []- - FFD(E - ,UQ)] X

2Re A . = — .
€e— b, +ive— By — 1y

The solutions of I1 and /2 can be written using digamma functions with
complex variables (1(z)). I1 contains a divergent part

|APPNg(p2 — 1) "

T1(A, Eq, pi1, pi2) = (0-3)

~
L By B By b
I P, — B, P o — Bl Y
m{v|5+ 5+ b= E)| v |5+ 2+ L - £
where 3 = 1/(KgT) and Np(ug — pu1) = [eP#2=r1) —1]71. After the subtrac-
tion of the 1/ term and taking the limit v — 0:

T1(A, B, o) = |APNoa — ) - (C.4)

Im{w [2+2—6(u —Ea)] — ¢/ [2+2—6(u —EQ)H :

There is no divergence in 12, therefore we simply solve it and take the limit
v —0

Np(p2 — 1) L ip
I12(A,B,E,, E —Ap_ B2 T Sy Yp - ,
( Y Y as b?/’Ll?/’LQ) E _ Eb Re w 2 + 27T( a ILLZ) (C 5)
i3

1 13
. (B (B, - (B .
65+ L) -0 |5+ B )| 40 |5+ - )|
We can use the solution of (C.1) to solve the rates of the processes
|0,0) «— |1, 1). Notice that the formal expressions for these rates [Eqgs. (B.18)-
(B.23)] contain four terms inside the absolute value. We may use the trivial
identity

la+b+ct+dP=la+b?+latc)f—la—d —|b—c®+|b+d?+|c+d?,

to write Eqgs. (B.18)-(B.23) as sums of six terms of the form of (C.1).



Appendix D

Coulomb peaks structure of the con-
ductivity at finite temperature

Figs. 3.1(a) and 3.1(c) plot the Coulomb peaks structures of the conductivity
of the SU(2) and SU(3) systems. Contrary to naive expectations, at finite
temperature the outer peaks are not centered around €p, ep — U, in the N=2
case, or around €p, €p — 2U in the N=3 case (e¢r = 0 in the plots). Focusing
on the right most peak, the conductivity through a dot « is proportional to:

Gl ~ [Poley) + Paleg) /()1 — J(ey)] (D.1)

where Py = (1 + Ne_eg/T)_l is the probability of finding all the dots empty,
P, = (1 — Py)/N is the probability of finding an electron in the dot « (for
T < U) and f(€) is the Fermi Dirac distribution function of electrons in the
edges. The term [FPy(e,) + P,(€g4)] does not have a particle hole symmetry
at finite temperature, therefore the peak is shifted from ep, in this case by
T1In(N)/2. In the SU(3) system the point ¢, = e — U is a half-filling point;
the three dots are occupied on average by 3/2 electrons. Due to particle hole
symmetry, the Coulomb peaks structure is symmetric around €, = ep — U
and the central peak is pinned at this half-filling point.
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