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Abstract

The doctoral thesis explores various aspects of electron dynamics in small coherent quantum
systems focusing on adiabatic pumping of electrons, conditions for pumped charge quanti-
zation, and the role of local Coulomb interactions in single- and multi-level transport. The
main body of the work is divided into four chapters that correspond to three published
research articles and the one most recently submitted for publication.

Periodic modulation of the external potential acting on a phase coherent electron system
can result in charge redistribution between the remote reservoirs which are held at equal
chemical potentials. This phenomenon is called quantum pumping, and it is known to be
enhanced in systems that support resonant transmission. Under certain conditions, almost
integer number of electrons on average can be pumped adiabatically through a resonant
system. We explain the mechanism behind this quantization as loading and unloading of
elementary charges onto instantaneous quasi-bound energy states. The role of quantum
interference in this type of quantization is shown to be restricted to the formation of dis-
crete energy states. It is shown that if the linear conductance of the system remains low
throughout the cycle, with a possible exception of distinct resonant peaks, then the total
charge transferred per period can be approximately calculated as a sum of individual peak
contributions (the resonance approximation).

We explore in details the implications of the resonance approximation for a simple tight-
binding model of surface acoustic wave-induced transport in ballistic quasi-1D quantum
wires. The influence of experimentally controllable parameters (acoustic wave power, gate
voltage, source-drain bias, amplitude and phase of a counter-propagating wave) on the
plateau-like structure of the acoustoelectric current is studied. The use of resonance approx-
imation facilitates identification of the relevant model parameters. The results are found
to be in good qualitative agreement with existing experimental observations. However, the
approximation of spinless non-interacting electrons fails to match the characteristic energy
scale of the problem, which can be attributed to the charging energy of a dynamically formed
quantum dot.

In order to extend the tools for calculating the dynamical quantities in the relevant
models beyond the single-particle approximation, a powerful analytical technique, namely,

self-consistent truncation of the equations-of-motion (EOM), is investigated in depth. The
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one-particle Green function of a single localized orbital is considered. The physical spin of
the electrons and a strong on-site Coulomb repulsion between the opposite spin species is
taken into account. We study the EOM hierarchy generated for this Green function by self-
consistently decoupling the hierarchy at high order. Exact analytic solutions of the resulting
coupled integral equations are presented in several limits. In particular, it is found that at
the particle-hole symmetric point the EOM method breaks down due to a discontinuous
change in the imaginary part of the interaction-induced self-energy. Away for this special
point, the solution for the Green function remains physical.

We benchmark the solution of the truncated EOM hierarchy using a set of known exact
results for the Anderson impurity model. Quantities calculated explicitly in the limit of
infinite on-site repulsion include the occupation numbers, the density of states, and the
local spin susceptibility. The latter is a sensitive test for proper description of interaction-
induced correlations, because the spin susceptibility of the Anderson impurity in the single-
occupancy regime should saturate at low temperatures due to Kondo screening effect. The
self-consistent approximation to EOM is found to be very accurate for quantities related
to charge dynamics (e.g., the gate voltage dependence of the accumulated charge). In
contrast, the description of the Kondo effect (which is caused by dynamical screening of spin
fluctuations) is valid on a qualitative level only. We show that the widely used simplified
version of the EOM method, which does not account fully for the correlations on the network,
fails to produce the Kondo correlations even qualitatively.

In the final chapter of the thesis, we consider a two-level model for a quantum dot coupled
to two leads. The model features arbitrary tunnelling matrix elements among the two levels
and the leads and between the levels themselves (including the effect of Aharonov-Bohm
fluxes), as well as inter-level repulsive interactions. A special case — each level coupled to
its own lead plus tunnelling between the levels — corresponds to the two-site version of
the model for quasi-1D channels studied in the absence of many-body interactions in an
earlier chapter. We show that this two-level model is exactly mapped onto a generalized
Anderson model of a single impurity, where the electrons acquire a pseudo-spin degree
of freedom, which is conserved by the tunnelling but not within the dot. Focusing on
the single-occupancy regime, we show that the effective low-energy Hamiltonian is that
of the anisotropic Kondo model in the presence of a tilted magnetic field. For moderate

values of the (renormalized) field, the Bethe ansatz solution of the isotropic Kondo model
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allows us to derive accurate expressions for the dot occupation numbers, and henceforth
its zero-temperature transmission. These formulae cover a large variety of phenomena that
have been previously considered in the literature in different limits: charge oscillations and
population switching, transmission-phase lapses and correlation-induced resonances. We
discuss numerous implications for these phenomena, and emphasize their common physical

origin.
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Chapter 1

General introduction

We begin by defining and explaining the two key concepts announced in the title. These two
concepts are mesoscopic systems and quantum pumping, and they are discussed in Secs. 1.1
and 1.2 respectively. Sec. 1.2 is the key part of this general introduction as it describes
the context and the general direction of the research reported in the thesis. Mini-reviews
for the literature on the main topics brought together in this work are given within the

corresponding subsections of Sec. 1.2.

1.1 Mesoscopic systems with flexible design and con-
trol

The term ‘mesoscopic’ has been traditionally applied ([1], Chapter 1.1) to condensed mat-
ter systems in which the correlation length for the dynamics of the system constituents is
comparable to the sample size. Here we will be interested almost exclusively in electronic
properties of solid state systems at low temperatures, and the corresponding correlation
length can be defined as the distance L, over which the charge carriers (electrons) maintain
their quantum-mechanical phase. On the conceptual level, a system is mesoscopic if it is
sufficiently small to behave “quantum-mechanically”. Apparently, the answer to the ques-
tion whether a given system is mesoscopic or not depends on the external parameters (most
notably the temperature) and on the way the quantum mechanical properties are probed. A
very good introduction to defining and measuring quantum coherency in solid state devices

can be found in [1].
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Over the history of mesoscopic physics there has been a shift of emphasis from systems
with statistically defined properties (such as disordered metals or microgranular composites)
towards individually engineered samples (such as quantum wires, rings and dots). It is this
latter type of systems, namely, nanostructures with specifically engineered and controlled
electronic properties, that the present work addresses. Thus the term “mesoscopic system”
in the title refers more to a quantum dot and less to a piece of a dirty metal.

As for a typical experimental realization, we mention just one (but, perhaps, the most
versatile and well-developed) platform, namely, the mesoscopic structures formed in a two
dimensional electrons gas (2DEG). A great number of detailed reviews of this technique are
available, e.g., in Refs. [1, 2, 3]; the basic idea is explained below.

2DEG can be formed on the interface between two semiconductors, typically GaAs and
AlGaAs. The mismatch in the electronic properties of the two materials generates a po-
tential well for the mobile electrons in the direction perpendicular to the interface plane.
For a sufficiently small electron concentration and at low temperatures, only the lowest
level in that potential well is occupied and the electron motion in the transverse direction
drops out completely from the dynamical (i.e., Schrédinger) equation. Elaborate crystal
growing techniques, such as molecular beam epitaxy, allow for the preparation of 2DEGs
with exceptionally high carrier mobilities, corresponding to mean free paths for the in-plane
electron motion of several micrometers [3]. Even without further structuring, a 2DEG is
an important mesoscopic system in which such effects as localization and the quantum Hall
effect (just to name a few) are actively studied (see, e.g. Refs. [3, 4, 5]).

Additional potential barriers in the plane of a 2DEG can be used to restrict the electron
motion furthermore, and thus to make what can be called a nanostructure. A common tool
for building these extra barriers is the split-gate technique. Narrow metallic gates are formed
on the surface of the GaAs/AlGaAs heterostructure using certain fine resolution lithographic
techniques (e.g., electron beam lithography). Selectively applying negative voltages to these
gates results in potential barriers for the in-plane motion of the electrons. In such a way
the electrons can be confined to one (quantum wire) or zero (quantum dot) dimensions.
A typical experimental setup for a split-gate formed quantum dot is shown in Fig. 1.1.
Lithographically defined quantum dots and channels have been used in the majority of the

experimental studies that are cited in the research papers constituting Chapters 3—6.



CHAPTER 1. GENERAL INTRODUCTION 3

point contacts  Vy

gl

o ng

dot | Vi
GaAs Al Ga, ,As ——1um

Figure 1.1: Example of a lithographically defined quantum dot [6]. On the right is a scanning
electron micrograph of the dot (top view), and on the left is a schematic drawing of the device.
Electrons are trapped vertically in the interface of a GaAs/AlGaAs heterostructure, and form a
2D electron gas (darker area). Their lateral confinement to the dot region is achieved by applying
a negative voltage to the top metal gate (lighter shade), depleting the electrons underneath. The
dot is coupled to two leads (source and drain) through point contacts. Two gate voltages V,; and
Vg2 can be varied to change the number of electrons confined in the dot, and the entrance and exit

barriers are tuned by the voltages V7, and Vg. This illustration is taken from Ref. [2].
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1.2 Charge pumping in mesoscopic systems: main
challenges and overview of the literature

This section first defines the scope and the motivation for the research presented in the
thesis, and then gives an overview of the relevant developments in the field.

The term ‘pumping’ in the context of charge transport can be understood in a variety
of ways. In the broadest sense, pumping is any charge redistribution between the terminals
of an extended system that is caused by a periodic variation of an external potential. Even
an ordinary ac-to-dc transformer! falls into the category of pumping devices in this sense.
However, in classical systems for which the usual local ac voltage, current and conductivity
definitions can be applied, the ac-to-dc conversion is usually called rectification.

Crossing into the mesoscopic domain, the wave nature of electrons becomes important.
The phase breaking inelastic processes that are crucial for the establishment of a local
electrochemical potential no longer take place at a sufficient rate on the lengthscale of the
sample size. As a consequence, the effect of a locally applied external perturbation can
no longer be described as a simple rectification, and new routes for understanding and
calculating the electrical response of the mesoscopic systems become necessary.

In a broad perspective, the majority of these new routes follow two main roads defined
by the cases in which quantum effects are relatively easy to incorporate into a theory. The
first road is the case of a system in which (a) the electron-electron Coulomb interaction is
well-screened, and (b) the electron motion is coherent. The single-particle approximation is
adequate in this case, and a set of flexible tools from one-body quantum mechanics becomes
applicable. The most important concept in this approach is the description of transport as
scattering [7]. We discuss the recent developments in quantum pumping theory within the
single-particle approximation in Sec. 1.2.1.

The second case in which much progress can be done is an almost isolated system. If
one takes a finite system and neglects coupling to the external world altogether, the electron
number and energy inside the sample are described by well-defined discrete observables. One
can expect that switching on a weak link to the outside world (e.g., tunnelling into contacts)

does not destroy these quantum numbers immediately. Therefore, a perturbative approach

'For example, the ac adaptor that powers the computer on which this text is typed.
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can be built for describing the fluctuations brought about by the external coupling. This
way of looking at the system can be very fruitful in a certain range of parameters, most
notably in describing the Coulomb blockade phenomenon [8, 9]. We review the Coulomb
blockade and its relation to pumping in Sec. 1.2.2 below.

The most important practical application of pumping would be the development of a
current standard based on pumped charge quantization. If the number of electrons that are
transported between the two terminals can be made sufficiently close to an integer, then
the value of the resulting dc current could be tied to the elementary charge and the driving
frequency only. This is a very desirable but still unattained goal in the field of metrology [10].

Both of the main approaches mentioned above (the scattering theory, Sec. 1.2.1, and
Coulomb-blockade-type approaches, Sec. 1.2.2) have addressed the feasibility and the degree
of pumped charge quantization. The relevant results and open questions are reviewed in
Sec. 1.2.3.

As we shall see in Chapters 3 and 4, a necessary condition for an accurate charge quan-
tization is to have the number of electrons in the device at equilibrium to be as close to an
integer as possible. This requirement has directed the research towards understanding the
systems in which both the charging energy and the single-particle level spacing are large.
A prototypical example of such a system is a sufficiently small quantum dot, because both
energy scales grow with decreasing the spatial size. So the papers in the second part of the
thesis (namely, Chapters 5 and 6) explore the methods of describing quantum dots with a
small number of relevant discrete orbitals but a large charging energy. The latter comes
from the short-range part of the Coulomb interaction which is explicitly taken into account
in the system’s Hamiltonian. (See Sec. 1.2.4 for a more detailed discussion of the models
involved.)

The need for a flexible theoretical method that properly incorporates both quantum
fluctuations and many-body interaction effects for systems with localized degrees of freedom
is by no means confined to the pumping problem. On quite a general level, the quest for
such theoretical methods has been an active field for more than four decades, ever since
the introduction of the Anderson impurity model [11] in 1961. We review briefly the broad
spectrum of theoretical methods accumulated in this field in Sec. 1.2.4. To a large extent
the goal of the second part of the thesis is to pick and sharpen those techniques that are

suitable for the description of transport properties of small quantum dots.
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1.2.1 Pumping due to interference

Two important papers [12, 13|, published with an interval of several months in 1998/99,
have addressed the question of pumping in mesoscopic systems with negligible two-body
electron-electron interactions. The physical insight of [12] and the calculational framework
of [13] (being based on an earlier work [14]) have paved the way for a surge in the research
activity related to quantum pumping in mesoscopic systems.

The paper by Zhou, Spivak and Altshuler [12] has for the first time directly related the
physics of conventional mesoscopic effects (such as the universal conductance fluctuations
[1]) and the pumping response. Their physical reasoning can be summarized as follows.
In a phase coherent metallic system, coupled to reservoirs held at the same equilibrium
chemical potentials, the local distribution of charge is determined by standing electronic
waves (eigenmodes of the Hamiltonian). As a result, this distribution is very sensitive
to changes in the potential landscape which confines the electrons. If this landscape is
changed by an external perturbation sufficiently slowly, the electronic distribution will follow
adiabatically the instantaneous configuration of the total confining potential. As a result,
the charge within the system will be re-distributed, and a non-zero charge transfer between
the external reservoirs becomes possible.

The paper by Brouwer [13] essentially addresses the same question — adiabatic pumping
response of a phase coherent system, with a chaotic quantum dot as a potential physical
realization. The most significant result of [13] has been a formula relating the total charge
() pumped through the system during a single cycle of the modulating potential to a certain
contour integral over the derivatives of the scattering matrix. This Brouwer formula for the
charge pumping is remarkable in the same way as the celebrated Landauer formula [15, 7] for
the conductance — it relates the transport properties to the scattering matrix of the system.

A particularly suggestive result for () is obtained by applying the Brouwer formula to a
two terminal system with single mode leads [16, 17]:

Q= %j{[l — T ()] Z—i‘dt, (1.1)

where e is the electron charge, 7 is the transmission probability and « is the phase of the
reflection amplitude; the integral is taken over one period of the external potential. An
explicit dependence on the reflection phase may suggest that pumping in such a system is

an intrinsically quantum effect with no simple interpretation in classical terms (e.g., see the
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discussion in Refs. [12, 16, 18, 17, 19]).

More general scattering-based approaches have followed soon [17, 20]. Reference [17]
develops a systematic expansion of the time-dependent scattering states and extends the
results of Brouwer to include external dc bias voltage. The paper [20] addresses the role
of adiabaticity and develops a general theory for a finite frequency response based on the
Floquet scattering theory. This theory is related to an earlier work on photon-assisted
tunnelling (see, e.g., the discussion in Chapter 9 of [21]).

With the help of these formalisms a host of pumping-related phenomena has been explored
in recent years: mesoscopic fluctuations of the pumping current [16, 22|, noise [23, 24], heat
transfer and dissipation [24], symmetries with respect to magnetic field [22, 25, 26]. Several

experiments have been conducted as well [25, 27, 28].

1.2.2 Pumping in Coulomb blockaded systems

An intuitively simple scheme for a charge pump capable of transferring electrons one by one
can be derived from the concept of Coulomb blockade. This development has been mainly
driven by the steady improvement of the experimental techniques in recent decades and
pre-dates the discussion of pumping in mesoscopic systems outlined in the previous section.

The term ‘Coulomb blockade’ [2, 8, 29] is usually invoked when the electron transport
is suppressed by the individual charging energy E. necessary for the addition/removal of a
single electron to/from the device (let it be a quantum dot for concreteness). A necessary
condition is that the thermal energy? T' will be low enough in order not to smear out the
effect, T" < FE.. The degree of electron confinement is regulated by the contacts to the
quantum dot, which are usually quantum point contacts with high tunnelling barriers. The
Coulomb blockade becomes strong, namely, the number N of confined electrons becomes
well-defined, when not only the thermal but also the quantum fluctuations of the electron
energy become smaller than F. [8]. Quantitatively, requiring the energy uncertainty due to
the finite RC time of the circuit to be smaller than E,. implies that the conductance of the
contacts G, should be less than the quantum unit of conductance, G. < e*/(2wh). Note

that the quantum mechanical Planck constant appears in this condition.

2We use energetic units for temperature, kg = 1.
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A typical energy diagram of a Coulomb blockaded quantum dot is shown in Fig. 1.2. The
number of captured electrons corresponds to the highest energy state available below the
chemical potential p, Exy < gt < Eny;. The variation of the voltage V, on the central gate
shifts linearly the quantum dot’s energy levels Ey and can be used to change N in discrete
steps.

A simple pumping cycle employing periodic variations of the gate voltages coupled to a
Coulomb blockaded quantum dot operates as follows (see Fig. 1.3). At the moment when
the (equilibrium) number N of electrons on the dot increases by one, one of the barriers (left
in Fig. 1.3B) is lowered so that the extra electron tunnels in predominantly from the left.
During a later stage of the pumping cycle this additional charge must be released. At this
time (Fig. 1.3D), the other barrier is lowered so that the quantum dot opens to the right.
Such a quasi-static hopping picture ensures that electrons are transferred one per cycle, with
small corrections due to various effects (co-tunnelling, insufficient isolation of the blocked
side of the pump, non-adiabaticity etc. [30]).

Simple schemes of the type shown in Fig. 1.3 can nowadays be easily accessed in ex-
periments with a lithographically defined quantum dot. The first successful work of this
kind [31] has reported measurements of quantized current through a dot held under a con-
stant source-drain bias, with only V; and Vi oscillating at the pumping frequency with a
well-defined phase difference. More refined schemes with several quantum dots connected
in series can be implemented using small metallic islands [32, 33] as the tunnelling barrier
heights need not be changed dynamically to achieve the pumping effect [30].

Several theoretical frameworks for a quantitative description of the Coulomb blockage
have been formulated (see [8] and [9], also a general review [2]) and tested experimentally.
The “orthodox” theory [8] is based on master equations for a ceratin tunnelling Hamiltonian
with the charge on the dot described by a continuous collective variable. Alternatively,
the theory of Beenakker [9] constructs a probability distribution of the individual level
occupation numbers of an isolated dot. A master equation is then obtained by including
lowest order tunnelling processes.

A common feature of these theories is that the correlations in the leads induced by tun-
nelling of individual electrons in and out of the dot are assumed to decay rapidly. On a
formal level this assumption means that the density matrix of the leads is not affected by

the presence of the dot and remains determined solely by the properties of the external
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Figure 1.2: Energy diagram of a quantum dot
in the Coulomb blockade regime. The typical
charging energy E. = €2/C is inversely propor-
tional to the dot’s capacitance C, and for suffi-
ciently small devices defines the energy differ-
ence between the states of fixed electron num-
ber N. The number of electrons is controlled
by the central gate voltage V,, while the height
of the entrance and the exit barriers depends
on the voltages Vi, and Vi on the respective

gates (cf. Fig. 1.1).

Figure 1.3: Pumping cycle for a device with
discrete electronic states. The stages A, B, C,
and D represent the energy diagram at consec-

utive times during one period.
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reservoirs. While this “neglect of correlations in the leads” is well justified for tempera-
tures larger than a typical inverse tunnelling rate I' [9], quantum effects start to play an
increasingly important role as the temperature is lowered below I'. The transport through
a Coulomb-blockaded device gets enhanced by co-tunnelling processes [34] which are the
lowest order correlation corrections to the single-electron tunnelling probabilities. At even
lower temperatures more subtle correlation effects [29] come into play. Systematic inclu-
sion of co-tunnelling corrections into a theory of Coulomb-blockade-based charge pumps [35]
improves the agreement for experiments with fixed tunnelling barriers [36], but remains a
rather restrictive approach.

Another approach for building a single electron pump has been put forward in experimen-
tal studies of surface-acoustic-wave (SAW) driven quasi-one-dimensional channels [37, 38].
The original idea [37] has been to construct dynamically a moving quantum dot using the
running electric potential profile induced by SAWs in the direction from the source to the
drain. A qualitative explanation for the observed current quantization has been given in
Ref. [37]. The reader will find a self-contained review of this work in the introduction to
Chapter 4 (see page 36), where we explore an alternative approach [39] which does not

require high tunnelling barriers at all stages of the cycle.

1.2.3 Pumped current quantization

An interesting perspective on charge pumping has been suggested in the work of Thouless
[40]. He has posed the following question: “If the potential [that an electron system is
subject to — VK] is changed slowly in such a way that it returns to its starting value in
time T, is the integrated current of electrons across a boundary quantized?” Thouless has
given a positive answer under certain special circumstances: an infinite system in a periodic
potential, with the electronic bands filled, subject to an adiabatically varying potential in
such a way that the excitation gap never closes. If the above conditions are satisfied, the net
charge transferred per period is strictly an integer, and is dictated by topological arguments
[40].

If an external periodic perturbation acts on a system within a finite region one might
expect that such a precise pumped charge quantization becomes unattainable, similar to

smearing of sharp thermodynamic phase transitions in finite-size systems. Indeed, soon
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after the scattering approach to adiabatic pumping has been formulated (as discussed in
Sec. 1.2.1 above), several equivalent geometrical formulations of the Brouwer formula have
been investigated [41, 42]. Quite generally, as the system parameters are slowly varied due to
external perturbations, the scattering matrix traces a ceratin contour in the corresponding
abstract space of unitary matrices [41, 42]. The charge pumped over one period can be
expressed then in terms of an integral over the area enclosed by this contour [13, 42]. The
absence of a topological quantization means that any such contour can be continuously
shrunken to zero, with no topological constraints. The pumped charge is closest to a non-
zero integer when the integration area inside the contour covers almost the whole space (e.g.,
the surface of a 3D sphere in the simplest case of two single channel leads). This differential
geometry approach provides important general answers, but gives limited insight into the
actual mechanism of the pumped charge quantization, or the choice of physical parameters
that allow to achieve it.

An important connection between pumped charge quantization and resonant transmission
has been observed in Refs. [43, 19]. This observation can be summarized as follows. Let us
draw the pumping contour directly in the space of parameters that are varied in order to
change the Hamiltonian (see an example for two parameters, X; and X5, in Fig. 1 of Chapter
3 on page 26). The transmission probability for the carriers incident in one of the leads is
a function of the same parameters as well. References [43, 19] have considered particular
models that exhibit sharp peaks in the transmission probability (resonances) as X; and X,
are varied. Typically, a line of enhanced transmission can be identified in the parameter
space (the dotted line in Fig. 1 on page 26) with the global maximum of the transmission
probability at some point M on that line®. It has been found in Refs. [43, 19] that pumping
contours that (1) enclose the point M, and (2) go for most of the time far from M and from
the resonance line (so that the instantaneous transmission along the contour remains small
during the whole cycle), transfer the same number of electrons per cycle as the contours’
winding number around the point M. The fact that such a protocol should produce on
average almost integer charge per cycle can be anticipated from the formula (1.1) on p. 6.

More subtle is the condition for this integer to be non-zero. This criterion of “encircling the

3The point M corresponds to a vanishing reflection coefficient and thus a singularity of the reflection
phase « [43] which we introduced in Eq. (1.1) on p. 6 [16].
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Figure 1.4: Schematic drawing of the Anderson model* (cf. Fig. 1.2).

the point of maximal transmission” also goes in line with the maximal area prescription of
Ref. [42].

Despite the mathematical beauty of these results, the actual mechanism relating resonant
transmission and pumped charge quantization has remained obscure. The simple models of
Refs. [43, 19] that lead to non-trivial contours (quantized transport) include out-of-phase
modulation of tunnelling barriers, not dissimilar to the turnstile mechanism outlined in

Sec. 1.2.2. This similarity is quantitatively explored in Chapter 3.

1.2.4 Strongly interacting dots: models and methods

As we have seen in the previous sections, an interplay between quantum fluctuations and
charging effects makes the dynamics of small electronic systems (such as quantum dots)
complicated. Theoretical methods capable of describing full crossovers between different
regimes of a physical model are quite sophisticated, and usually a delicate trade-off between
the simplicity of a model and the variety of properties accessible for calculation is involved.

A great variety of such methods have been developed in relation to the problem of mag-
netic impurities embedded in a non-magnetic metal. The latter has been actively studied
in the 1960s and 70s. There exists a common paradigm which can be applied both to an
impurity atom coupled to free electrons of the host, and to a quantum dot connected to
leads of a metallic nature.

The main physical components of this paradigm are present in the model of Anderson,
suggested in 1961 for magnetic impurities [11, 44] and successfully applied to quantum dots

since 1988 [45, 46, 47]. Figure 1.4 shows a schematic drawing of the Anderson model.
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We shall describe the model qualitatively below. Some of the Hamiltonians studied in the
present work can be viewed as a direct generalization of the Anderson model; their precise
form is discussed in Sec. 2.2 below and in the corresponding sections of the research papers.
A comprehensive review of the magnetic impurity problem from the theoretical point of view
can be found in the book of Hewson [48].

The Anderson model pertains to a single spin-degenerate energy level ¢, corresponding
to a d-orbital of the impurity® (e.g., an atom of Fe) or a localized state in the quantum
dot. The “free” electrons of the host form a continuous band, which in the quantum dots’
language describes the leads. Once the impurity atom is placed in the metal, the orbital
state corresponding to €y is no longer an eigenstate of the full Hamiltonian. Therefore,
a transition amplitude V' between free and localized electrons is to be included into the
model®. In the context of the quantum dots, V has the meaning of a tunnelling amplitude.
A quantum dot is defined by certain potential barriers that confine the electrons. If the
barriers were infinitely high, the states localized in the dot would have remained stationary
forever. A finite height of the surrounding barrier (which is the lowest at the contact points
between the dot and the leads) implies a ceratin amplitude for tunnelling from a localized
state into the continuum. This amplitude is V' of the Anderson model .

So far the model is a single-particle one, similar to the virtual level model of Friedel [50].
It features a single resonance in the density of states near the energy ¢, (see, e.g., Chapter 1.4
of Ref. [48], or Sec. IV in Chapter 3 of the present thesis).

The crucial component making the Anderson model both challenging and relevant to

strongly interacting systems is the inclusion of the direct Coulomb repulsion between the

4The quantum dot gate voltages V}, /r should not be confused with the tunnelling amplitudes VLR of
the Anderson model.

5In magnetic alloys, more realistic is the case of several degenerate d- or f-orbitals, that can be more
accurately represented by the Cogblin-Schrieffer model [49], see Chapters 7 and 8 of Ref. [48], also Appendix
A of Ref. [11].

6In the context of the impurity problem, it is essential that the “free” electron band comes mainly from
atomic s- and p-states which are “much more extended throughout the unit cell than the localizeable states
near the top of the d-band” [11].

"Possibilities for taking into account the geometry of the mesoscopic structure to which the strongly

correlated dot is connected, are addressed in Chapter 5.



CHAPTER 1. GENERAL INTRODUCTION 14

electrons of opposite spins occupying the same orbital:
Hint = UnTnl (12)

(here ny,| are the occupation number operators for the two spin-orbitals). For a quantum
dot, U > 0 corresponds to E,. — the charging energy due to the repulsion between an extra
electron and the electrons already in the dot.

To have a feeling of what kind of physics the Anderson model is able to describe, let us
consider just one typical experiment®: measuring linear conductance of a quantum dot as a
function of the gate voltage V, (compare Figs. 1.2 and 1.4). Typically, the gate voltage has a
linear capacitative coupling to the localized electrons, therefore one assumes that ¢y oc =V
(the more negative is the gate voltage, the higher is the energy of the electrons being repelled
by the gate). Increasing the gate voltage from highly negative values corresponds to lowering
€. For ey, U + ¢g > p, having either two or one electron on the level is energetically
unfavorable. The total occupation number is close to zero. This is the “empty dot regime”
in the terminology of Chapters 5 and 6.

As the gate voltage is raised, €y goes down. As ey & 1 is reached, there forms a convenient
“pad” for an electron near the Fermi energy to hop from one of the leads through the dot
into the other lead. As a result, the conductance is greatly enhanced, and a peak in the
conductance as a function of V, is observed (the Coulomb blockade peak). The width of
this peak (for sufficiently low temperatures) is of order T' ~ p|V'|* where p is the density of
states in the leads. I' is an energetic measure of quantum fluctuations between the states
of different occupancy (‘0" and ‘1’ in this case) but the same energy (= p at the peak). I'
is also an inverse of the time it takes an electron to tunnel out of the dot, in line with the
time-energy uncertainty relation.

Further lowering ¢, but still keeping ¢y < p < €9+ U brings the dot again into a state with
a relatively well-defined number of electrons on the level, which this time is an odd number
(one). The direct sequential tunnelling is energetically unfavorable (“Coulomb-blockaded”)
again, and the conductance drops. The low” conductance region between the Coulomb peaks

is called the “Coulomb valley”.

8 A much more detailed discussion of the various transport regimes in Coulomb blockaded quantum dots
can be found in the review article by Pustilnik and Glazman [51].

9For not too small temperatures, see below the discussion of the Kondo effect.
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Finally, as the doubly-occupied state comes into degeneracy with the singly occupied one,
the conditions for sequential tunnelling are favorable again. A second Coulomb blockade
peak is observed in the conductance at ¢y + U ~ p, and the dot enters a double-occupied
state at g + U < p.

In the above discussion of the Coulomb blockade we have assumed I' < U (quantum
charge fluctuations are not too strong as to mask the discreteness of the charging energy),
and 7' < I" (electric transport is dominated by quantum and not by thermal fluctuations).
Under these conditions there is yet another energy scale, the Kondo temperature Ty < I,
which can strongly influence the conductance of the dot in the single occupancy (“local
moment”) regime. One electron on a spin-degenerate level means that if the leads are fully
neglected, the quantum dot has a finite spin, S = 1/2 (hence the name “local moment”).
Slight hybridization of the local state with the continuum in the leads makes spin flips
possible. A sequence of such virtual processes generates a cloud of low-energy electron-hole
pair excitations in the leads (“the Kondo cloud”) which are correlated with one another and
with the orientation of the spin on the dot. The eventual result of this dynamical process
at T'— 0 is the complete screening of the local moment by the itinerant electrons, and the
formation of a loosely bound many-body state whose energy is equal to the Fermi energy
1. The typical binding energy of this state is Tx. An equivalent way of characterizing the
system [52] is to say that at 7" = 0 it is a Fermi liquid with a singlet (no magnetic moment!)
ground state. Tk is the typical energy of the lowest energy elementary excitations and their
interactions.

Formation of the Kondo cloud has a profound effect on the electron transport. Incident
electrons scatter elastically on the Kondo cloud, which is automatically on resonance, i.e. has
the same energy as the incoming electrons, u. As a result, the transmission is resonant and
the conductance reaches' the so-called “unitary limit” 2e?/(27h). Thus the odd Coulomb
valley turns ultimately into a Kondo plateau in the whole local moment regime ¢y < p <
€0 + U, as the temperature goes to zero. Any external factor that drives the system away
from the idealized singlet ground state, generally reduces the degree of Kondo screening and
brings the conductance in the valley down from the unitary limit. These important factors

include finite temperature, source-drain bias, external magnetic field and dephasing due to

YOFor a left-right symmetrically coupled quantum dot.
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dynamical environment. The typical size of the perturbations that are capable of dispersing
the Kondo cloud is given by the Kondo temperature Tx. The latter can be understood as
the ferromagnetic bonding energy between the coherent cascade of electron-hole pairs in the
leads and the magnetic moment of the localized electron.

The actual models and the physical quantities of interest for modern studies of transport
through small nanostructure go way beyond the canonical Anderson model which has been
very briefly presented above. A number of such important generalizations is discussed and
characterized in the research papers included in this thesis. We note however that most
of the intuitive concepts for modelling correlated electron transport comes from the simple
version of the Anderson model.

A broad variety of methods and tools exist for calculating different quantities for the
Anderson Hamiltonian. Table 1.1 gives a short summary from the author’s subjective point
of view. Only the methods that in one way or another have influenced the present work
are included in the table. Other important techniques, such as slave bosons, non-crossing
approximation, quantum Monte Carlo etc., are not discussed.

Some more details are in place here for the methods ‘d” and ‘e’ from Table 1.1, since
they are used intensively in Chapters 5 and 6. The equations-of-motion (EOM, method
‘d’) for the Green functions are derived from the time-evolution equation for operators in
the Heisenberg picture [53]. The crucial property of models with many-body interactions is
the coupling between the EOM for the Green functions with different number of operators.
Therefore, the EOM for the single particle Green function become an infinite hierarchy of
coupled equations which is intractable as a whole. The standard way of treating the system
of EOM is to apply a ceratin decoupling approximation which makes the hierarchy finite
[54, 55, 56].

Successful application of the EOM method to quantum dot systems has been pioneered by
Meir, Wingreen and Lee (MWL). In their theory [47] for periodic conductance oscillations,
MWL suggest keeping equations for all the Green functions that involve more than one local
(quantum dot’s) operator, and approximating higher-order Green function using a version
of the mean-field decoupling [53, 54]. This approach can accurately describe the emergence
of Coulomb blockade in the system as the parameters are changed (e.g., I' is tuned from
I' > U to' < U). However, MWL do not impose the self-consistency requirement in

approximating the thermal averages (mean fields), and therefore miss much of the electron-
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hole pair correlations that are essential for the Kondo effect.

A special but very powerful property of the standard Anderson model is its exact inte-
grability (see [57] for a comprehensive review). This allows for the application of the Bethe
ansatz, and leads to an exact solution (method ‘d’ in Table 1.1). The exact occupation
numbers (for each spin projection separately, if the magnetic field is non-zero), derived from
the Bethe ansatz equations at T' = 0, will be of great value in characterizing the two-level

model of Chapter 6.
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Method Pro’s Con’s Refs. Ch.
a. Perturbation in U Analytic, systematic, | Breaks down at U/T' > 1 | [58],

usual diagrammatic rules Ch. 5 of [48]
apply
b. Perturbation in ' Analytic, systematic No Wick theorem, break- | [59, 60] 5, 6
down at the charging
points for T' < I’
c. Mean field (Hartee- | Analytic, simple Uncontrolled, underesti- | [11, 61] 3
Fock) mates correlations (U=0)
d. Equations of motion | Analytic, more accurate | Uncontrolled, hard to en- | [56, 47] 5
than HF sure self-consistency
e. Bethe ansatz Exact, many explicit ana- | No dynamic properties, | [57], 5,6
lytic results challenging at T # 0 Ch.6 of [48]
f. Fermi liquid theory | Simple description in | Valid only if excitations | [52], 5
terms of a few param- | over the ground state are | Ch.5 of [48]
eters, exact  analytic | not too strong
identities
g. Mapping to a spin | Analytic estimates for | Charge fluctuations ne- | [62,  63], | 6
model+poor man’s | Kondo-type effects glected Ch.3 of [48]
scaling
h. Numerical renor- | Very accurate, wide pa- | Numerics only; high calcu- | [64, 65, 61],
malization group rameter range lational demand Ch.4 of [48]
i. Functional renormal- | Accurate up to relatively | Numerical in most cases [66] 6

ization group

large U/T

Table 1.1: Some of the theoretical methods applicable to Anderson model and its deriva-

tives. Only the basic advantages and drawbacks are mentioned. For each method, a few

representative references are given. The last column indicates which chpaters of the thesis

use a particular method (either to derive new results, or as a reference).



Chapter 2

Review of the papers

The following four papers constitute Chapters 3 through 6:

(A)

V. Kashcheyevs, A. Aharony, and O. Entin-Wohlman, Resonance approximation and
charge loading and unloading in adiabatic quantum pumping, Physical Review B, vol.

69, p. 195301, 9 pages, published on 6 May 2004;

V. Kashcheyevs, A. Aharony, and O. Entin-Wohlman, Quantized charge pumping by
surface acoustic waves in ballistic quasi-1D channels, European Physical Journal B,

vol. 39, p. 385, 12 pages, published on 12 July 2004;

V. Kashcheyevs, A. Aharony, and O. Entin-Wohlman, Applicability of the equations-
of-motion technique for quantum dots, Physical Review B, vol. 73, p. 125338, 15 pages,
published on 27 March 2006;

V. Kashcheyevs, A. Schiller, A. Aharony, and O. Entin-Wohlman, Unified description
of correlations in double quantum dots, e-print arXiv:cond-mat/0610194, 23 pages,

submitted to Physical Review B on 9 October 2006.

2.1 Logical structure and continuity

The four papers presented in the thesis explore electron dynamics in small coherent quan-

tum systems focusing on adiabatic pumping of electrons, conditions for pumped charge

quantization, and the role of explicit Coulomb interactions. The following describes briefly
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the sequence of milestones achieved on this way, and the connections between the results
reported in different papers.

As we explained in Sec. 1.2.3, adiabatic quantum pumping through a structure with sharp
transmission resonances may lead to pumped charge quantization. Our first paper (A) raises
and answers the following question: what is the charge redistribution associated with moving
a system adiabatically through an isolated resonance, and why is it close to one electron
transfer? The main idea has been to cast the expression of the pumping current into a form
which can serve two purposes. On one hand, it is applicable to a generic resonance triggered
by a single level of the nanostructure in question. On the other hand, the instantaneous
current formula can be integrated (in a well-defined limit) into a simple expression with
clear physical meaning.

To this end, we have translated the scattering states formalism of Ref. [17] into a form
involving the local Green function [see Eq. (6) on p. 27]. This form has been applied to a
single level with time-dependent position and coupling strength. As a result, a Breit-Wigner
resonance (simple pole) appears in the Green function, in the scattering matrix, and in the
pumping current formula. What is important is that the transmission is maximal when
the pole crosses the Fermi energy. Therefore, the crossing points between the pumping
contour and the resonance line [the “resonance points”, e.g., points B and D in Fig. 1
on p. 26] correspond to time moments when the instantaneous energy level goes below or
above the Fermi surface. This observation has direct implications for pumping, as discussed
qualitatively in the introduction to Chapter 3 (paper A) and quantitatively in the main
body of that paper.

The analysis of a pumping contour in terms of the individual charge loading and unloading
events is not restricted to a single-level model, or to changing just two parameters. For more
complex structures with several sites, each resonance may involve a different level. Still, if the
system is sufficiently weakly coupled, the resonances are generically well-separated and the
total charge pumped per period can be expressed as a sum of the individual contributions,
see Sec. II1.D of Chapter 3 (paper A) and Sec. 2.3 of Chapter 4 (paper B).

The next step in the research program implemented in the thesis has been to apply the
insights of the resonance approximation to a system for which quantized pumping current
has been measured experimentally. This system is a SAW-driven quantum channel that has

been mentioned at the end of Sec. 1.2.2 in the introductory chapter. The main experimental
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observation [38] is the staircase structure of the dc current measured as a function of the
gate voltage (the latter controls the degree of depletion of the electron gas in the channel).
The value of the current at the plateaus in this staircase is to a good accuracy I = e X
(1,2,3...) x f, where f is the frequency of the SAW (typically a few GHz), and e is the
electron charge.

A simple model that captures the basic physics of the quantized current through a SAW-
pump device has been proposed in Ref. [39]. The model features a chain of tight-binding
sites representing the coherent 1D channel. The effect of a SAW on the electrons in the
channel is modelled as a running potential profile, as shown in Fig. 2.1B on p. 24, and
discussed in Sec. 2.1 of Chapter 4 (paper B).

Charge pumping generated by SAWSs is investigated in detail in Chapter 4. As the results
of Chapter 3 suggest, the positions of the instantaneous energy levels as a function of time
have to be traced in order to identify the charge loading and unloading events. Each crossing
of a particular eigenvalue with the Fermi level gives rise to an adiabatic transfer of a single
electron between the reservoirs and the central structure. Whether it is (predominantly) the
left or the right reservoir is determined by the shape of the corresponding eigenfunction. This
construction is explained in detail in Sec. 3 of Chapter 4, and illustrated in the respective
Figs. 2 and 3 on p. 40. We show that the whole dependence of the average current on the
gate voltage can be re-constructed from the eigenvalue diagram.

Empowered by the simple framework of the resonance approximation, we investigate the
role of the potential profile parameters — such as the SAW power, the ratio between the
wavelength and the channel length, the shape of the screening function — on the spectrum
of instantaneous eigenvalues, and, subsequently, on the pumped current staircase. A set
of almost equidistant states that are responsible for the plateaux structure is found to be
localized at the minimum of the travelling potential profile. This means that the pumped
electrons are carried adiabatically by a moving potential well. What is important, however,
and what distinguishes the results of paper B from related earlier studies [67, 68], is that the
existence of such a “moving quantum dot” is not assumed a priori. The latter is generated
dynamically only if the SAW amplitude is strong enough.

Several novel features of the quantized acoustoelectric current that had been measured
[69] but not previously addressed theoretically, are explored in Chapter 4. In particular,

classical interference of two counter-propagating SAWs is found to generate in a character-
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istic pattern of change in the pumping current curves (see Fig. 5 on page 43), in accrod with
the experiment [69)].

Despite the successful characterization of the basic experimental features, the approx-
imation of spinless non-interacting electrons is limited both from the conceptual and the
practical points of view. The spacing between the current quantization steps is explained
within the model as the single-particle level spacing in an approximately harmonic potential
well. The corresponding number is significantly smaller than that measured experimen-
tally. The other inconsistency concerns the treatment of electron spin. The channels in the
absence of SAW show conductance quantization in units of 2e?/h, which means that the
electrons are spin-degenerate. On the other hand, there are well-defined plateaus both for
even and for odd number of electrons transported in a cycle, so that the double degeneracy
is effectively lifted for the electrons that are dynamically captured.

Resolution of these difficulties requires a method that takes into account both the local
Coulomb repulsion and the hybridization with extended states in a non-perturbative manner.
One such method, the equations-of-motion (EOM) technique, is investigated in detail in
Chapter 5. Instead of the pumping current, this study concentrates on a more fundamental
quantity which is necessarily involved in any characterization of the dynamical properties of
the system, namely, on the single-particle Green function.

Similarly to paper A, paper C works out an equation for the local electron’s Green
function assuming an arbitrary structure in the leads. The latter can be, for example, a
grid of tight-binding sites with a certain topology. Both chapters (3 and 5) keep track of
the information about the external network by means of the (non-interacting) self-energy
function »(z) as explained in Appendix A of Chapter 5.

One of the principal goals for Chapter 5 is to establish accurately to what extent the
EOM method can be trusted. For this sake we pay much attention to the Kondo effect,
and compare extensively with the exact results available for the standard Anderson model.
Quantities related to charge transport, such as the total occupation number or the broad
Lorentzian feature in the local density of state, are captured by the EOM technique remark-
ably well (see, e.g., Fig. 1 on page 54). Strong Coulomb repulsion indeed prevents double
occupancy of the quantum dot, and thus effectively lifts the spin degeneracy. These obser-
vations may be seen as a support for the use of the single resonance spinless model employed

in Chapter 3.
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As discussed qualitatively in the introduction (Sec. 1.2.4), the properties of a quantum dot
with an unpaired spinful electron are dominated by its spin fluctuations. In this regime the
EOM technique is found to be much less accurate. Although respecting the self-consistency
condition improves significantly, the results in the local moment regime fall short of a quan-
titative description of the Kondo effect.

The next and the final step in the sequence of papers is the transition form a single-site
model, considered in papers A and C, to a two-site model, this time with a strong inter-site
Coulomb interaction. A schematic drawing of the model considered in Chapter 6 (paper
D) is shown in Fig. 2.1D. This kind of general two-level model has been actively studied in
recent years within many different contexts, as discussed in the introduction to Chapter 6.
The reason for that is that it is a minimal model in which correlated electron transport
through more than one energy level can be studied.

Chapter 6 puts forward a crucial observation which unlocks the main physics of the
model. The lead and dot degrees of freedom can be independently rotated by a unitary
transformation in such a way that the resulting Hamiltonian is of the Anderson type with a
certain pseudo-spin degree of freedom. This pseudo-spin is conserved in tunnelling but not
necessarily inside the structure, as shown schematically in Fig. 1 on page 66.

Once the new model is mapped to a more familiar Hamiltonian, the experience gained
in Chapter 5 can be applied. There is a finite effective magnetic field in the transformed
model. It comes from the rotation of the original “Zeeman splitting” of the site energies,
and from the renoramlization of the dot levels due to coupling to the leads (the latter
are in general “ferromagnetic”, as explained in Sec. II of Chapter 6). In analogy to the
conventional Kondo effect, we can expect a competition between the dynamical screening of
the local pseudo-spin on one hand, and the polarizing magnetic field on the other hand. As
we learn from Chapter 5, the EOM method is not good for keeping track of spin fluctuations,
therefore a different set of methods has been employed in Chapter 6. These are methods
‘g’ and ‘e’ from Table 1.1. These methods do not give as much dynamical information as
the EOM technique, but at the same time describe accurately the full crossover from strong
to negligible Kondo screening as a function of the effective magnetic field. The latter now
depends on many of the original system parameters in a complicated way which is, however,
traced analytically in full detail. Two important observables are calculated and discussed

extensively in Chapter 6: the occupation numbers and the low-temperature conductance.
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Figure 2.1: An overview of the models studied in the thesis.

In summary, the Chapters 36 present a diverse but interconnected picture of the dy-

namical behavior of electrons in mesoscopic systems with a few active local energy levels.

2.2 A guide to the models explored

We supplement the discussion of the overall structure of the thesis by a visual summary of
the models explored. Figures 2.1A through 2.1D relate to Chapters 3 through 6 respectively.
The on-site energies in A and B, as well as the tunnelling couplings in A are time-dependent.
The number of sites NV in the chain of Fig. 2.1B is arbitrary, the case of N = 2 is equivalent
to a special case of Fig. 2.1D.

Several different models for the leads are discussed throughout this work. The first two
papers use a semi-infinite tight-binding chain as a model lead. This results in an energy-
dependent self-energy function ¥ with a non-vanishing real part (see Sections II and IV.A
in Chapter 3 for the definition and discussion of ¥, and also Section II and Appendix A
of Chapter 5). In the appropriate limit (namely, Jﬁr /J — const and sinka — 0 in the
notation of Chapters 3 and 4), the self-energy function becomes energy-independent, and
the wide-band limit used in Section IV of Chapter 5, and throughout Chapter 6 is recovered.
Note also that the level broadening I' in Chapters 3 and 4 is twice the value of I' in Chapters
5 and 6.



Chapter 3

Resonance approximation and charge
loading and unloading in adiabatic
quantum pumping

The content of this chapter has been previously available as

e a preprint, arXiv.org: cond-mat/0308382 (19 August 2003);

e a journal article, Phys. Rev. B, 69, 195301 (6 May 2004).
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Resonance approximation and charge loading and unloading in adiabatic quantum pumping

Wacheslavs Kashcheyevs, Amnon Aharony, and Ora Entin-Wohlman
School of Physics and Astronomy, Raymond and Beverly Sackler faculty of Exact Sciences, Tel Aviv University, Tel Aviv 69978, Israe
(Received 19 August 2003; revised manuscript received 17 December 2003; published 6 May 2004

Quantum pumping through mesoscopic quantum dots is known to be enhanced by resonant transmission.
The pumped charge is close to an integer number of electrons when the pumping contour surrounds a reso-
nance, but the transmission remains small on the contour. For noninteracting electrons, we give a quantitative
account of the detailed exchange of electrons between the dot and thétte#us electron reservoirgjuring
a pumping cycle. Near isolated distinct resonances, we use approximate Breit-Wigner expressions for the dot’s
Green function to discuss the loading/unloading picture of the pumping: the fractional charge exchanged
between the dot and each lead through a single resonance point is related to the relative couplings of the dot
and the leads at this resonance. If each resonance point along the pumping contour is dominated by the
coupling to a single leadwhich also implies a very small transmissjoithen the crossing of each such
resonance results in a single electron exchange between the dot and that lead, ending up with a net quantized
charge. When the resonance approximation is valid, the fractional charges can also be extracted from the peaks
of the transmissions between the various leads.

DOI: 10.1103/PhysRevB.69.195301 PACS numbgs): 73.23.—b, 73.63.Rt, 72.18d, 73.40.Ei

[. INTRODUCTION use this approximation to obtain physical insight into the
reasons for this quantization. Given a conductance peak
There has been much recent experiméntaland (e.g., at the poinM in Fig. 1), one can usually also identify
theoretical™" interest in adiabatic quantum pumping @ “resonance line,” along which the conductance decreases
through mesoscopic electronic devices, such as quantuffom its peak more slowly than along other directidh$®
channels or quantum dot®D’s). Typically, the QD is con- Such a line is illustrated by the dashed line in Fig. 1. In the
nected via leads to several electron reservoirs, and is subjeekample shown in this figure, the resonance line is crossed
to a slowly varying oscillating potential, with period by the pumping contour twice, at poirlisandD. Measuring
=2m/w. Under appropriate conditions, the device yields athe instantaneous biased conductance between the two rel-
nonzero dc time-averaged current between pairs of terminalgvant terminals for each tinteduring the oscillation period,
even when the terminals have the same chemical potentiadne expects two local peaks at these two resonance points.
Under ideal conditions, the char@etransferred between the Under appropriate conditions, which include the limit of
terminals during a period may be “quantized,” i.e., very Weak QD-terminal coupling, most of the pumped current
close to an integer times the electron chagg8everal recent arises when the parameters are close to these resonance
theoretical studies have considered enhancement of the adigeints: for example, one can identify a “loading” of the QD
batic pumping current due to resonant transmissidimough by some chargd Q's°, coming from terminak, at the point
the QD, both for noninteractifig*'®***°and interacting B, and an “unloading” of the QD, byAQ'®’, into terminal
electrons’* Connections between pumped charge quantizay', at the pointD. The resulting total pumped charge per
tion and resonant transmission have been reported in diffeeriod approaches a robust, detail-independent v&Ge
ent contexts! 1019202223 which is determinedonly by the ratios of the coupling

Usually, the oscillating potential is characterized by sev-strengths between the QD and the different reservoirs at the
eral time-dependent parametef;(t)}. As time evolves

during one periodr, these parameters follow a closed con- X
tour in the parameter space. A schematic example is shown
in Fig. 1 for two such parameters. In parallel to discussing
pumping, one can also consider the conductance between
pairs of terminals generated by an appropriate bias. This con-
ductance, which depends on the parameft$, may have
resonance peaks in the same parameter space. In this context,
one freezes the time dependence, and considers the conduc-
tance at some instantaneous values of{tkg’s. thasbeen [ | g
argued! that the pumped charg® will be close to being
guantized if the pumping contour surrounds such a peak
(e.g., at the poinM in Fig. 1), while staying at points with a X:
low conductance.

In the present paper we present an approximate theory for FIG. 1. (Color online) Schematic picture of a two-dimensional
adiabatic pumping of coherent noninteracting spinless elegumping contour, crossing the resonance line at two resonance
trons, which is valid for discrete and distinct resonances, angdoints B andD). The transmission is maximal at the polvit

D pumping contour

resonance
points

resonance line

0163-1829/2004/69.9)/195301(9)/$22.50 69 195301-1 ©2004 The American Physical Society
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resonance points. We also show tidt can be related quan- Hamiltonian for noninteracting spinless electrons is
titatively to the measured values of the peak conductances.
QR is (almost) quantized(in units of €) when there is one
dominant coupling for each resonance.

Our results can be summarized in a very simple and
physically transparent way, by considering the occupation
numbers of the quasibound state on the QD, corresponding Hd:E hmn(t)d:rndn (dot), 2)
to each transmission resonance. Each time the energy of such mn
a state crosses the chemical potentidlvhich is the same in
all reservoirs), the QD gains or loses one electron, so that the L T
total pumped charge flowing into (per period)is quantized. H,= Ek EakCakCak  (leads, Q)
However, the distribution of the pumped charge between dif-
ferent reservoirs is proportional to the corresponding cou-
pling strengthgtunneling rates). Therefore the pumping cur- L=\ (1) Jaknclkdn (hopping. (4)
rent between any two leads can be obtained by summing up k.n
individual resonance contributions, with appropriate signs. d o )

A similar “shuttling mechanism” for pumping has been Here H® is the Haml_ltonlan of anN-state isolated QD
used widely to interpret experimeAtsin the Coulomb (MM=1,...N), the indexa=1,... L enumerates the
blockade regime, when the energetics on the QD is domion€-dimensional leads connected to the @D, creates a
nated by the electron-electron interactidhsin that ap-  standing wavdwy,) with wave numbek and energyE . in
proach, electrons are transferred from a lead to the dot an@® channek, the operatol, describes hopping from the
then from the dot to another lead, whenever such transfef@D into the channek, and thex ,’s are real dimensionless
are favored energetically. In contrast, Refs. 11,15,16,25 angoefficients. For pumping we allow variation ®f(t) via the
26 presented explicit quantum-mechanical calculations fofime-dependent parameterg, and\, .
pumping of noninteracting electrons, calculated the total The instantaneous adiabatic current in the chaenedi-
charge pumped during a full cycle, and emphasized the rolgected from a remote reservoir towards the QD, has been
played by quantum interference in such processes. In sonfXpressed in Ref. 15 as
sense, the present paper bridges between these points of
view: in the limit of weak coupling between the QD and the
leads, we do end up with a loading/unloading picture, even
for noninteracting electrorfS. However, the details of the
charge exchanges during a pumping cycle are found to beheref(E)=1/[1+e(E~#'ksT] is the Fermi-Dirac distribu-
more complicated than in the “shuttling” picture: at a given tion and|xy,) is the instantaneous scattering state normal-
resonance point, charge can usually be shared by severaed to a unit flux, (x| xx o) = (27/vys) S(k—K'), with
leads. Apart from this, the conditions for the applicability of vy,=dEk,/d(Ak) being the velocity in the channel.
our loading/unloading picture are similar to those of a single In Appendix we use standard scattering theory formulas to
electron transistdt,in the sense that the role of quantum rewrite this equation in the form
interference is restricted to the definition of independent
single-particle resonances. In view of this, there is room to Ia(E,t)=Trd[G$(’Hd+2’)Gde+(Gd+ Gg)fa/Z]. (6)
conjecture that some of our results may also apply in the
presence of electron interactions. Here, the operators

The paper is organized as follows. In Sec. Il we review
the physical as'sumptions of the 'model and the formulas used Gy= (E+i0—HI-3)1, @)
for the calculation of the adiabatic current. We then use these
formulas to derive the current for a single resonant state, by
approximating the Green function on the QD by a Breit-
Wigner-type formula. In Sec. Il we obtain our main result—
the adiabatically pumped charge for a sequence of well-
defined distinct resonances—and discuss possible
applications and experimental verification. To demonstrate
this general picture, Sec. IV presents the analysis of the
pumped charge for a simple motfedf a “turnstile” pump- &
ing device. A short summary concludes the paper in Sec. V.

H=H%42 (KL +L,+LD), 1)

e 1 .
la(t):Zf dEf,(E)Iai Ia:%<Xka|H|Xka>’ (5)

S=&-if/2, (8)

r=>r, r.,=iLiG -c"L,, 9)

> & 2&=LNGL+GL, (10)

act only on the subspace of the QD. AISB',Z denotes the
Il. ADIABATIC CURRENT retarded Green function of an isolated chanr®},=(E

A asly—1 3 =
We consider a spatially confined nanostruct(tree QD) +i0—"H,) " We have separated the self-energy operator

connected by ideal leads to the electronic reservoirs with #1t0 a sum of resonance width and shift operafdrs,, and
common chemical potentigt and temperatur@. The total £,, which are Hermitian.
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Equation(6) is a generalized version of the pumping cur-  In the remainder of this section we discuss the physical
rent formula derived in Ref. 25 for a particular case ofinterpretation of Eq(13). The total current=% I, repre-
single-mode tight-bindingTB) leads and time-independent sents changes in the total charge accumulated both on the dot
couplings?® and in the leads. For small dot-lead couplings, one would

The adiabatic current6) can be calculated exactly, pro- expect that the charge on the QD itself is a well-defined
vided that one is able to compute the Green functibron  quantity and a simple picture of single electrons tunneling
the QD. We are interested in the regime when the transport isetween the leads and the QD should apply. In order to
dominated by a single nondegenerate orbital state, and irclarify the relation between our quantum calculation and this

stead of Eq(2) we consider “classical shuttling picture,” we comment on the localization
g of the charge.
H o= €(D] ) (y]=€e(t)d"d. (11 Equation(13) implies that the total current in our model is

. . a full time derivative, | =dQ(E,,I')/dt of some time-
The energy distance to the next resonant statevill be dre‘zpendent charg®@f(t), where

assumed to be much larger than all other energies. The Gree

function corresponding toH %, now assumes the Breit- 1 1 2(E-Eyp)
Wigner-like fornf® Qf(t)= —eJ dEf'(E) >+ —arctan—r—.
(14)
ey . _ _
=% - (12) (We have chosen the integration constant such @fae is
E—e—(yl2[y) bounded between 0 and)IThe chargeQF represents the

The approximation of a single noninteracting energy level/Ntégrated 7388re|t-W|gner. density of states and can be
Eq. (12), is valid for resonant tunneling structures with r]eg_mterpretea ~Cas the_addmonal charge induced in the system
ligible charging energy, and corresponds to the Breit-WignePY an extra electronic statdxz.' ,
treatment of mesoscopic electrical transport initiated in Refs. This delocalized chargQ” is to be compared with the
29 and 30. For example, our results are directly applicable t§¢@l quilibrium occupation inside the QD, which is given
the much studied double barrier pumpiAg3:#in the Py » Q**Te=Trl p|y)(¢l], _where p
resonant tunneling reginfe* We also list several experi- =N~ JAEf(E)2 | xka)(Xko Is the equilibrium density ma-
mental situations when the charging energy is not small, buifix corresponding toH(t)."" Using Egs.(Al), (A6), and
our noninteracting spinless model can still have some rel(12) one can show that
evance. First, it applies when spin degeneracy is removed
either by a constant in-plane magnetic field or by feeding the roc:if dEf(E)
device with fully polarized electrons form half metallic fer- 2w
romagnetic leads, e.g., C;QRef. 33). In this case the en-
ergy scaleA is set by the level spacing of the effective de- ) e oce. ~F
vice Hamiltonian HY Second, the Breit-wigner Would yield the equaht)QOCC— QF' In general o andT" do
approximation(12) is relevant for the Coulomb blockade depend orE, and henc&®™"# Q"
peaks of a strongly pinched quantum dot well above the
Kondo temperaturé*® Specifically, within the Hartree ap- 1. RESONANCE APPROXIMATION
proximation, a large on-site Coulomb repulsion enetgdy
forbids double occupancy of otherwise spin-degenerate ensn
ergy levels and sets the interresonance distaned). Ex-
plicit derivation of the Breit-Wigner resonances for a weakly
coupled interacting system can be found in Ref. 36.
Substitution of Eq(12) into Eq. (6) gives

(Eg—E)2+(I'12)2 (15)

If Eq andI” were independent d, then integration by parts

The Breit-Wigner form(13) of the pumping current dem-
strates a well-established fatt!®that pumping is greatly
enhanced near a resonance. The resonance condit|&g is
— u|=D, whereD=max(I',KT) is the energetic width of the
resonance. One option, considered in Ref. 21, is to design the
pumping contour in such a way that the system stays entirely
. . at resonant transmission. In this case, the Breit-Wigner ap-
T :FaEO_Fa(EO_ E) (13) proximation does not lead to any pumped charge
“ (E—Ep)2+(I'/2)2’ quantizatior?! Here we focus on a more generic case, when
R R the resonance condition is satisfied only during a small frac-
where Ey(E,t)=e+(¢|&ly) and T (E,t)=(y|T',|#). tion of the pumping cycle, as the system goes through a
Since the partial “width’T",, is of order\2|J,,|?, it repre-  resonance point. As shown in Refs. 11,16,19 and 20, this
sents a measure for the coupling of the QD with the channedituation allows for pumped charge quantization. Specifi-
a. The exact adiabatic current for a single level given by Eqcally, we assume that the system remains near a resonance
(13) will be the starting point for our analysis of the pumped point only during a small fraction of the pumping cycle. This
charge in Sec. Ill. Breit-Wigner-type expressions for the currequires relatively narrow resonances, i.e., small widshs
rent pumped by a single orbital level have been derived preand therefore also smdll.
viously in the weak pumping lim#t* and in the presence of Consider a resonance tintg on the pumping contour,
interactions and Zeeman splittiAgHowever, they were not identified by the resonance conditidy(u,tg)=pu. This
used to discuss the details of the pumped charge quantizédentifies a “resonance point” on the contour. Assume also
tion. that the system “crosses” this resonance point completely
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between timeg,; andt,, such that(1) I',, E, are energy Eg. (13)], then the simple picture of loading/unloading of a

independent around the Fermi surfdfm |E— u|<kT); (2)  single electron, as reflected in EL6), is applicable—

at the “boundary” times, the system is far from the reso-regardless of the ratib/kT.

nance,D<|Eqy(u,t12) — u|<A; (3) while at resonance, the We also note that for such an ideal quantizatié)ﬁ&e

couplings change negligiblyfa|<||'50|_ Xinteger), that is independent of the contour details, one
Under these conditions, we can integrate @@) and get would need to consider the limlt ,~I'—0 for each reso-

the charge transferred from the reserweiin a simple form: ~ nance; the resonance approximation becomes exact, with re-
sults which are independent of the details of the contour,

AQES tzdtl . & . { Eoc 16 whenI'—0, and the charge goes only via chanaelvhen
Qu= 4 =€ r sgng (at Eo=p). (16) I',/T—1. As explained in the following section, this im-
plies a vanishing transmission throughout the whole pump-
For this particular resonance point, other parts of the pumping cycle, in accordance with the conclusions of Refs. 11 and
ing contour contribute negligibly to this charge. Equation3g.
(16) is our main result for the pumped charge due to a well-
defined resonance point. We will refer to this result as “the
resonance approximation.” In this approximation, each res-
ervoir contributes on average a fraction of the electronic The criteria for the validity of the resonance approxima-
charge, which is proportional to the corresponding fractionation, listed in the preceding section, can feantitatively
decay width or couplingl’,/T’. The total change in the checked in experimentéor in numerical calculationspy
charge accumulated in the system due to this particular resoronitoring the conductance between different leads as a
nance is thus function of parameters along the pumping contddf A de-
finitive signature of the relevant transport regiffier having
a significant nonzero pumped chargeould be the presence
of an even number of well-separated peaks in the conduc-
tance time trace: each resonandé (n Fig. 1) is associated
This result can be easily generalized for several indepenwith two peaks in the instantaneous transmission, encoun-
dent resonance points. If the pumping contour can be sepzered at the two resonance point8 @nd D) where the
rated into several parts, each containing a single well-definedumping contour crosses the resonance line on each side of
resonance point, and if the pumping currents on the rest ahe resonance, as schematically shown in Fig. 1. Note that
the contour remain negligible, then the total cha@Bg, this measurement is independent of time: one simply mea-
pumped through the channel is given by a sum over the sures the conductance at different points on the pumping
resonanceR=3 . AQ"S. For a periodicH(t), the pump-  contour.
ing contour is C|osed, and Charge Conservami\::o is The contribution of each particular conductance peak to
ensured by Eq(17) and the fact that the number of loading the pumped charge can be calculated along the following
(E,<0) and unloading E,>0) resonance points is the I|_nes. Appl|c§1_t|o;1 of the general (,axpressmn of the transmis-
same. sion probability trom Ehannela to channela, 7., =
—JdEf(E)TI[GJT ,G4l",/], to our resonance modé¢hs
defined in Eq(11)] gives the standard Breit-Wigrf@mesult
(see, e.g., Ref. 34):

B. Relation to conductance

AQE=2 AQF=zxe. (17)

A. Pumped charge quantization

Equation(17) can be interpreted as the loading/unloading
of exactly one electron into/out of the QD, depending on the

sign of E, at the Fermi level. Furthermore, E(.6) implies Tour = —f dEf'(E)
that AQ,esis dominated by the current from a single channel
«a, provided that” ,>T",, for a# «'. If the same applies to
all the resonances, then we end up with a “classical” picture, Let us consider for simplicity an example &f single-
in which the pumping cycle contains a sequence of indi-mode leads. By using the multiterminal Landauer conduc-
vidual discrete events, of exchanging electrons one by ontance formul&’ for spinless electrongj,,, = (e’/h) T, , in
between a reservoir and the QD. After a full cycle, the chargeEq. (18), we recover well-establish&dresults for the peak
on the QD will remain unchanged, and an integer number o€onductance of a strongly pinched QD, that are related to Eq.
electrons will have crossed the QD between any pair of rest16) in an extremely simple way:
ervoirs. This gives a detailed explanation of the pumped
charge quantization within this approximation. e24T T .. 4T

Using the same conditions as used to derive (£§), one Qzejk:F FaDa EEAQZ?SAQS/S, (19)
can show that bottA QF=QF(t,) — QF(t;) and AQ° are
equal to AQ™ This means that every time the system here
crosses a resonance point, the charge associated with the
resonant state changes by+e. Therefore we stress that if
one is interested in the total charge pumped by a single reso- D= I, KT<I,
nance/and not, for example, in the line shape of the current, (8/m)kT, KT>T.

r,r,
(E—Ep)2+(I'/2)2

(18)

(20)
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Measurements of the peak conductance at a particular D. Application to complicated pumping potentials

resonance point for fixed te_mperature and a_lll pqssib_le COM- | the resonance approximation, the pumped charge is ex-
b|r12at|ons of source and drain leads would give, in p””c'ple’pressed in terms of the resonamments, where the pumping
(L*~L)/2 experimental values tg) be used in EQE9). To-  ontour crosses the resonance lines, and do not require the
gether with Eq(17), th|sreg|ves L°—L)/2+1 equations for g information on the contour in the parameter space. We
the L+1 unknownsAQ,” and I'/D. Measurement of the o discuss the conditions under which Ebg) can be used
temperature dependence®§°(T) would yieldD(T), and  to obtain efficient approximate estimates of the pumped
thus determind’. We see that even fdr=2 it is possible to  charge for a model Hamiltonia# 9, which is complicated
predict the adiabatically pumped charge from the conducenough to render an exact integrafionf Eq. (6) impracti-
tance measurements, and for2 different cross checks be- cal. Even when the validity of the resonance approximation
come feasible. is marginal, such an approximate estimate could provide a
Additional input of a few bits of information is necessary handy tool for exploring complicated pumping modédsg.,
to make the solution of Eqg19) and (17) unique. For a Refs. 11,16 and 25and identifying the relevant physical
specific resonance “res,” all the chargasQ'** (for all «) parameters. For simplicity, we restrict this discussion to zero
have the same sign, determined by the type of the resonand&mperature.
“+” for loading and “—" for unloading, see Eq(16). An To leading order in the coupling strengthg, the param-
additional sign uncertainty arises in the case of two terminaleters of the resonant level in Ed.1) are given by the eigen-
(a=1,r): the respective equation for the pumped chargestate of the decoupled %(t) which is the closest to the
AQ,(e—AQr)zgﬁea"(h D/4T), is symmetric under inver- Fermi energyu. Therefore, the following algorithm can be
sion, l~r. The resolution of these uncertainties depends ofiormulated.
the particular experimental situation, and should be easy in (1) DiagonalizeH °(t) (analytically or numericallyto get
simple cases. We illustrate this point in Seéb/) below, the spectrunfen(t),|¥m(t))}

when we discuss a two-terminal example. (2) Calculate the time-dependent decay widig(t)
= (YD) |T (E=p)|m(t)) and shifted energy levels
C. Adiabaticity condition €l (1) = €m(t) +(Ym(D) |E(E= )| hm(1)).

One condition for the validity of the adiabatic picture re- (3) For everyr,n, find all such timesy,; when the reso-

quires that an electron should have enough time to tunndlance conditiorey,(ty, ) = is satisfied.
under the barriers while the system is at resonance. Thus, the (4) At each resonance time-t,;, compute the corre-
inverse tunneling raté/T" should be much smaller than the sponding partial chargeg"' =el'3/= /")) .

duration of the resonance,=D/|E,|, yielding the adiaba- (5) Calculate the total pumped charge as
ticity condition,

- R_ _ m,j o _
ﬁ|E0|<FD (21) QD( mE’] qa Sgnem(tm,j)! (22)

This condition implies that both the amplitude and the fre-

uency of the pumping potential must be sufficiently small
?or anyadiabatig pu?nﬁgﬁhe resonance duratior} car?l be Th_g app!icatio_n of this "?"99““'”” is_ jUStiﬁ?d under the
extracted from measurements of the conductance as follow§2nditions listed in the beginning of this section. The most
measuring the variation of the conductance through the resémportgnt c%ndltlon is the consistency _Of the perturbation
nance, using a very low frequenay,, would yield the reso- gxpansmdnl“a(tm,j)<A(tn?’j), whereA(t) is the level spac-
nance widthr,, for that frequency. The value af relevant  ing Of H*(t) at the Fermi surface.

for the pumping experiments can then be found by rescaling, Tne algorithm will fail for certain values of the adjustable
=1 owol . (not pumping)parameters of the model, for which the num-

At zero temperatured =T and the conditior{21) can be ber of resonance points found in step 3 changes. This change
compared to the adiabaticity criterion for coherent pumping=°'T€Sponds to the appeararice annihilation)of a pair of
formulated recently by Moskalets and #ker.3! They con- oad[ng/unloadmg resonances. Such a crossover is usually
sider the number of sidebands,,, required to describe ad- Manifested by a sharp change step) Refs. 16,25)in the

equately the Fourier transform of the instantaneous scatteriff@t@/ Pumped charge, as function of the model parameters.

matrix. In our case the resonant peak of transmission in the
time domain has the width, , and the number of relevant
Fourier harmonics\,., is at least f7,) "%, wherew is the
cyclic frequency of the pump. The adiabaticity criterion of e illustrate the resonance approximation by a simple
Ref. 31 states that the scattering matrix should vary littleexample of a single energy level with adiabatically varying
with energy over the rangé=*7% wnp,,. Since our character- couplings to the left and right reservoi¢single level turn-
istic energy scale for the scattering matriXisthe condition  stile model)!® Applications to more complicated models,
of Ref. 31 takes the fornﬁ>hwnmaxzhrfl, equivalent to  such as pumping by surface acoustic watesll be re-

Eqg. (21). ported elsewhere.

or setQR=0 if no resonances were found in step 3.

IV. EXAMPLE: TURNSTILE MODEL
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A. The turnstile pumping model X,
. . . . C
The single level turnstile model, discussed in Ref. 15, can Xz« < -
be described as a special case of the general Hamilt¢hjan DY 5 4 —— Pumping COH_tOUF
with N=1 site (and a single energli;;=¢€) on the QD and / ---------- Resonance line

with L=2 leads, denoted bg=1,r. It is now convenient to Y
use a slightly different notation: Consider an infinite chain of X

TB sites, enumerated by=0,%=1,.... The site n=0, A
which represents the QD, has a time-independent energy @ X
and defineg{ &= ed'd, with eigenstatéy). The sites with !
n>0 (n<0) form the right(left) single-mode TB lead:
Ho== 2 I(cienc1tCreiCn), (23)
n=*x1 L —32n0sses dmm— e dg s eoeofoe

where the upper sign refers to=r. The coupling operators

arel = X (t)Jc! ,d, with the two time-dependent pump-

ing parameters(a=7\§. ) 24
The Hamiltonian of the lead®3) is characterized by the

dispersion relatiorE,= —2J coska and the retarded Green  FIG. 2. (Color online) &) The pumping contouA-B-C-D-A

function and the resonance lirgD for the single level turnstile modéRef.
15). (b) Interpretation of the pumping cycle on an energy diagram.
eikaln—m| _ gikalm+n| (a) The effective energy levet, is above the chemical potential
[G'a]nmz >37sinka , (24)  the dot is empty(b) Loading process with preference to the left-

coming electrons(c) The levelE, is below u, the dot is occupied.
wherea is the nearest-neighbor distance. The self-energy Op(,d) Unloading process with preference to the right-goi.ng.electrons.
erator[Eq. (8)] is S— —(X|+Xr)Jeikade. The asymmetry betweeB and D creates the nonvanishing total

umped charge. The arrows indicate schematically the direction and

We CanIder the zero-temperature limit and par,amemz‘gwe relative magnitude of the current pulses caused by each reso-
the on-site energy as= (—2+ 6)J coska, where the dimen-

nance.
sionless parametef is a measure of the detuning of the
isolated levele from the Fermi energy.=—2Jcoska in At the lower left part of the contoud< 8,= (8, + 83)/2
the leads. Near the band bottom one Bas(e— u)/J. =X,+X,, the resonance points aB{X,,5— X,) andB(8

The resonance parameters at the Fermi surface are —X,,X,). The partial charges pumped from the IBfsing
I, =2X_Jsinka, Egs.(16) and(25)] are

b 2X|Jsinka X1
Eo=(—2+6—X,—X;)J coska. (25) AQ, :_82(X|+Xr)JsinKa:_eF’ (27)
BothT", andE, depend on time via the time-dependent cou-
plings X,, which span the parameter spa§ ,X;}. The A B—eg_ Xy (28)
resonance conditioft,=u defines the resonance lin¥, Q= 5

+X,=48. For an explicit calculation, we next choose the i
pumping contour to be a square with corners at pointgvhere we have used sggpEsgn(@/dt)(—X,—X;)=+1 for
A(X1;X;) andC(X,;X5), as used in Ref. 15This is shown pointD. The net pumped charge is thus
in Fig. 2(a), which forms an explicit example of Fig. 1]. " R b B R

The necessary conditions of Sec. Ill, for having distinct Q7/e=Qi/e=(AQ; +AQy)/e=—Qr/
resonances, are satisfied only at the bottom of the TB band . ;
(sinka<coska). As we gradually increasé from zero, the e=1=(81/9), 1 8,<8<8. (29)
resonance line in Fig. 2(anoves in the direction indicated A similar analysis for crossing aD(5—X;,X,) and
by the small arrow. The resonance line crosses the contol(X,,5—X,) (when §,< < &3) yields
only if 2X,=6,<8<8;=2X,. Therefore, within the reso-
nance approximation we have Q¥e=(8318)—-1, if 8,<6<6;. (30)

Qf/e=0, if §<&; or 5>3;. (26) Our resonance approximation results @7/e are shown
for some typical parameteftogether with the exact results,
For the direction of the contour shown by the arrows insee below)in Fig. 3. These results agree qualitatively with
Fig. 2(a), the resonance poitcorresponds to loading of the those of Refs. 11 and 1&"e reaches its maximum value
dot mostly from the left [,>T1,). Its complementary reso- (X,—X)/(X1+X,) at §= &,, where the resonance poirds
nance pointD is associated with unloading mostly to the andD are farthest away from the resonance pdihtwhich
right (I',<I",). This interpretation is illustrated in Fig(l®).  occurs atX;=X,=6/2. Note thatQ%e approaches the
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FIG. 3. (Color online)Pumped chargén units ofe) as a func- - A ' é ' 2 5
tion of & for X;=1/50, X,=1/5, andka= /20, calculated within Time along the contour

the resonance approximatio®f, blue continuous lineand exactly

(Q, dashed line). Thick bars on th& axis mark the resonance FIG. 4. Time traces of the transmission coeffici@ptalong the

widths +T'/J around the special points; ,; where deviations pumping contour for six values af, increasing with constant in-

from the exact result are anticipated. Inset: Absolute error of theervals from top to bottom. Two complementary resonargesd

resonance approximatio®f— Q)/e for the same values af. The D (marked with arrows)are observed fors;< <83 when the

thick dotted line corresponds QR calculated from the transmis- pumping contour crosses the resonance [itfe Fig. 2(a)]. Thick

sion maxima, see text for details. bars on thed axis mark the regions where the loading/unloading
pumping mechanism fails.

qguantized value 1 wheK,/X;—o=, i.e., when the transmis-

sion at the resonance poirfilated to &;X,/(X;+X2)%  In our example, Eq.(25) yields dT',/dE,=T,/E,=

via Eqg.(18)] vanishes. This is consistent with Ref. 11, which —2 tan(xa) when the resonance is on an edge of the contour

required that “a large part of the resonance line” be sur-curve where onlyX,, varies. Thus, the integral in E¢33) is

rounded by the pumping contour. negligibly small as long as the distance between the reso-
nance point and a corner of the square contour is larger than
B. Comparison with exact results I'/3. Indeed, this agrees with Fig. 3, where the regions

|6— 8| <T'/1J are indicated by horizontal bars on theaxis.
Figure 4 shows the Breit-Wigner transmission coefficient
7, , calculated from Eq918) and(25) as a function of time
(defined homogeneously along the pumping conttmrsev-
eral values ofs. As & is increased from zero, a single peak
e develops até= 64, then splits into two independent reso-
Q= —f dX[F(X,X1) —F(X,X2)], (31)  nancesB andD, which move along the pumping contour and
7 finally merge atd= 63 and disappear. By comparing Fig. 4 to
where Fig. 3 one can follow the correlation between the presence of
separate well-defined transmission peaks and the validity of
(6—2Z)sinka coska the resonance approximation for the pumped charge.

- . (32
(6—X—2Z)%coSka+ (X+2Z)?sirfka 32

The formula(13) for the resonance current is exact in our
case. Substitution of EJ25) into Eq. (13) and integration
over the contouA-B-C-D gives the total pumped charge in
the form

F(X,2)
C. Relation to transmission

This result was obtaingd in Ref. 15 using the time derivatives The quantitative relation between the pumped charge and
of the scattering matrix. _ the transmissioriconductancehas been discussed in Sec.
Jn Fig. 3 we compare the exaQ and the approximate |, g | order to illustrate this discussion, let us assume that
Q". As the resonance line in Fig(@ moves from poinAto e transmission tracéig. 4) are theonly available data for
C, the pumped charge rises from zero to a maximum, closg, yyq terminal system. One observes two resonances in the
0 (Xp=X1)/(Xp+Xy), and then falls back towards zero. r5nqe 5, < 5< 5,—both giving the same value of the peak
Except for the vicinity of the special poin&= &;,5,, and transmissiort,,,.. One of the resonances represents loading,
93, there is an excellent agreement between &26), (29),  conpriputingAQ™>0, while the other one necessarily rep-

and(30), and Eq(31). resents unloadingwith AQ!°°<0). If we make a mistake at

The most significant source for deviations of the exact,[his stage and take the wrong sign in E47), it will only
pumped charg€ from the separated resonance refttis change the assumed pumping directi@?—>—,QR. Let us

the term proportional td",, in the expression of the pumping (et the first resonance as loading and calculate the partial

current(13): charge pumped from the left reservaiQ;*>>0. Solution of
Egs. (17) and (19) gives two roots, AQ™=e(1

Q-QR~ € dI' ((Eg— ) . (33 * V1—"7.a9/2, and one must decide which of the two cor-

2] (u—Eg)%+(T/2)? responds taAQ[*°. The same dilemma holds for the second
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resonance. Considering all four options yields three possible APPENDIX: FORMULA FOR THE PUMPED CURRENT
answerQR=+Q’ and 0, whereQ’' =e\/1—7,,,,. The cor-

= : . In this appendix, we use standard scattering theory
rect result QR= may be chosen as the one which gives . . .
the best %t toQ t)he é,ata of the pumping calcula?tion/relat'°n§l'27to derive Eq.(6) from Eq. (5). The scattering

experiment. Once the uncertain signs have been chosen coc‘rt-""tesb(ka> can be obtained from the Lippman-Schwinger

rectly, there is no need to repeat this “trial-and-error” pro- equation
cedure, since the contour changes continuously. Of course, if

some features of the pumping contour design are known | Xka) = (14 GLL) Wy, (A1)
(such as which coupling is dominant in different regiprise _ . _
sign uncertainties are much easier to resolve. where G=(E+i0—H) ! is the retarded Green function

The result of the above calculati¢® — QR|/e is shown in  taken at energff=E,,. The timet enters Eq.(Al) as a
the inset of Fig. 3 by a thick dotted line. One can see thaparameter.
both ways of calculating®d® [from the analytic expressions  Defining projection operato8? andP,, onto the QD and
(26), (29), and(30) and from using the peak transmission] onto leada, one has
give similar small deviations from the exact val@eof the
pumped charge.

We now leave our specific example, and consider(Bg)
for a general resonance. As seen in the example, the integral
in Eq. (33) becomes nonzero whenever=1",/E, is not a L,=L, Pi=P HPY PYw,,)=0, (A2)
time-independent constant during the whole resonance. For
nonconstanty,, the largest deviatiohQ— QR| arises when and therefore
v, changes sign exaé:tly %t the resonance pBint u; one
then finds thaf(Q—Q")/Q~|<xmaxy,|, wherex is a num- d_ L/ d _ T, d t
ber of order utnity, which deendi)don|the details of the con- M= Otkal 7 ki) = (Wil Gt “Colaf Wice)- (A3)
tour. These considerations justify conditi@) in the begin-
ning of Sec. lll.

Hd:[sdelsd, Gd:I’\Ddef)d’ ﬁ)aHﬁ)a’zéa’alHla’

To derive Eq.(7), we start from E—H)G=1, multiply
V. CONCLUSIONS from the right byP? and from the left byP,, and—using the
. . "d 2 I . . A ,\d
We have considered a general model of adiabatic quantu#r(]jenlt'ty P +_2P_“ ! o.btfeun. the relation I?gGP
pumping of spinless noninteracting electrons, in the coherent Cul«Gd - A similar multiplication from the left byp® then
resonant tunneling regime. In the limit of distinct transmis-Yi€lds Eq.(7), with
sion resonances along the pumping contour, the pumped
charge is given by a sum of individual contributions due to
each resonance. During each resonance one electron either
enters or leaves the system, with the probability distribution
between different reservoirs given by the corresponding tungpich is equivalent to Eq(8).

neling rates’, /. , Similarly, the time dependance of the coupling strengths

We have clarified the role of quantum coherence in the\ (1) contributes to the currerit, via the matrix element
resonance-assisted pumped charge quantization by showing, _s ||-_ | H Using the trivial relati
that quantization arises due to population of discrete resonant @ - a'(Xkall o Xkaz -C. ~sIng he trivial refations
states with preference to a single reservoir in each resonandee=(Na/No)Lo AN Py Wie) = 8,01 Wi), @ straightfor-
A quantitative and experimentally verifiable relation betweenward calculation gives
the pumped charge and the peak conductance has been pro-
posed. The resonance approximation also provides a simple R A
calculational algorithm for analyzing complex pumping po- M'a=<wka|La{G$£GdLL+ )\—“(Gd+G£) LT wi,).
tentials. “«

Our results remain valid if1) the spacingA between
different resonant levels is much larger tHagp, kT; (2) the L _
relative magnitude of the couplind, to different reservoirs The normalization to the unit flux (Wy,| Wi )
does not change much during a resonarigthe condition ~ =(27/vy,) 8(k—k’) ~ implies that Paz_f_(dkl/
#E<max(I',KT) is not violated. 27) Vol Wika){Wio| - Using also the standard relatio(G,,

, : . Ity _ : ;
Systematic extension of the resonance approximation t6 Ga)=|Wka){Wka|/%, we find the relation
situations when electron-electron interactions play an essen-
tial role is a topic for further future study. AT = L Wi ) (Wi L g - (AB)

3= LIGlL,, (A4)

(A5)

ACKNOWLEDGMENTS Introducing the trace over the QD’s subspace, using &6)
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195301-8



CHAPTER 3. 34
RESONANCE APPROXIMATION AND CHARGE LOADING . .. PHYSICAL REVIEW B 69, 195301(2004)

IM. Switkes, C.M. Marcus, K. Campman, and A.C. Gossard, Sci-?’S. DattaElectronic Transport in Mesoscopic Systef@ambridge
ence283, 1905(1999). University Press, Cambridge, 1997
2P, Kouwenhoven, A.T. Johnson, N.C. van der Vaart, C.J.P.M?®G. Breit and E. Wigner, Phys. Re%9, 519(1936).
Harmans, and C.T. Foxon, Phys. Rev. L&, 1626(1991). 29A.D. Stone and P.A. Lee, Phys. Rev. Léitl, 1196(1985).
SR.L. Kautz, M.W. Keller, and J.M. Martinis, Phys. Rev. @, OM. Biittiker, IBM J. Res. Dev32, 63 (1988).
8199(1999), and references therein. 31\M. Moskalets and M. Btiiker, Phys. Rev. B56, 205320(2002).

41.L. Aleiner and A.V. Andreev, Phys. Rev. Le81, 1286(1998).  --B. Wang, J. Wang, and H. Guo, Phys. Rev6& 155326(2003).
SP.W. Brouwer, Phys. Rev. B8, 10 135 (1998). 333.A. Wolf, D.D. Awschalom, R.A. Buhrman, J.M. Daughton, S.

SF. Zhou, B. Spivak, and B. Altshuler, Phys. Rev. L&®, 608 von Molna, M.L. Roukes, A.Y. Chtchelkanova, and D.M.
(1999). Treger, Scienc®94, 1488(2001).

"B.L. Altshuler and L.I. Glazman, Scien@83, 1864(1999). 2‘5‘Y Alhassid, Rev. Mod. Phys’2, 895(2000).

8T.A. Shutenko, I.L. Aleiner, and B.L. Altshuler, Phys. Rev6B, H.A. Weidenmiier, Phys. Rev. B55, 245322(2002).
10 366(2000). 36C.A. Stafford, Phys. Rev. Letf7, 2770(1996).

%Y. Wei, J. Wang, and H. Guo, Phys. Rev.62, 9947(2000). ZA-P- Klein and A.J. Heeger, Phys. ReM4, 458(1966).

10M. Moskalets and M. Btiiker, Phys. Rev. B4, 201305(2001). 398- Wang and J. Wang, Phys. Rev.63, 2333152002).

Ly, Levinson, O. Entin-Wohiman, and P. \Ne, Physica A302, A. Alekseev, cond-mat/02014dinpublished).
335(2001). 40M. Blttiker, Phys. Rev. Lett57, 1761(1986).

123 E. Avron, A. Elgart, G.M. Graf, and L. Sadun, Phys. Rev. Lett. **M. Paulsson, cond-mat/0210519npublished).
87, 236601(2001). 42A -P. Jauho, N.S. Wingreen, and Y. Meir, Phys. Re\6® 5528
13y, Makhlin and A.D. Mirlin, Phys. Rev. Lett87, 2768032001). (1994).
148, Wang, J. Wang, and H. Guo, Phys. Rev68 0733062002).  “°B. Wang, J. Wang, and H. Guo, J. Appl. Phg§, 5094(1999).
150, Entin-Wohlman, A. Aharony, and Y. Levinson, Phys. Rev. B **M. Biittiker, H. Thomas, and A. Pte, Z. Phys. B: Condens.
65, 195411(2002). Matter 94, 133(1994).

160, Entin-Wohiman and A. Aharony, Phys. Rev. @, 035329
(2002).

7P, Sharma and C. Chamon, Phys. Re\6@8 035321(2003).

18M. Ya. Azbel’, Europhys. Lett18, 537(1992).

193. Wang and B. Wang, Phys. Rev.68, 153311(2002).

“SDistinct charge steps during the pumping cycle have been pre-

sented in Ref. 25, but with no detailed quantitative discussion of
their relation to resonances.

46Equation(6) can be used to demonstrate the equivalence between

the formalism used in Refs. 15, 25, 16 and 26 and the adiabatic

limit of the Keldysh nonequilibrium Green function techniques
(Refs. 42,38). Without loss of generality one canXgt0, and
use the cyclic property of the trace in E¢6). Extending
the trace to the whole system and multiplying the result by
2 to restore spin degeneracy gives the charge injected into
the system during an infinitesimal timest as 6Q,
=—(e/m)[dEF' (E) T G'T ,GHst]. This is identical to Eq.
(4) of Ref. 38, which in turn was proveRefs. 38,43)equiva-
lent to the Brouwer formulagRefs. 5,44).

#"The use of the equilibriurp is justified because adiabatic pump-
ing is invariant to the rescaling of time and can always be per-
formed quasistatically.

20\, Blaauboer, Phys. Rev. B5, 2353182002).

2IM. Blaauboer and E.J. Heller, Phys. Rev6B, 241301(2001).

22T, Aono, Phys. Rev. B57, 1553032003).

). Banerjee, S. Das, and S. Rao, cond-mat/0307@&%ub-
lished).

24p V. Averin and K.K. Likharev, inMesoscopic Phenomena in
Solids, edited by B.L. Altshuler, P.A. Lee, and R.A. Webb
(Elsevier, Amsterdam, 1991p. 173.

25A. Aharony and O. Entin-Wohlman, Phys. Rev. @, 241401
(2002).

260. Entin-Wohlman, A. Aharony, and V. Kashcheyevs, J. Phys.
Soc. Jpn72A, 77 (2003).

195301-9



Chapter 4

Quantized charge pumping by surface
acoustic waves in ballistic quasi-1D
channels

The content of this chapter has been previously available as

e a preprint, arXiv.org: cond-mat/0402590 (24 February 2004);

e a journal article, Eur. Phys. J. B, 39, 385 (12 July 2004).

35



CHAPTER 4.

Eur. Phys. J. B 39, 385-396 (2004)
DOI: 10.1140/epjb/e2004-00204-0

36

THE EUROPEAN
PHYSICAL JOURNAL B

Quantized charge pumping by surface acoustic waves in ballistic

quasi-1D channels

V. Kashcheyevs™®, A. Aharony"?, and O. Entin-Wohlman'2:3

1 School of Physics and Astronomy, Raymond and Beverly Sackler faculty of Exact Sciences, Tel Aviv University,

Tel Aviv 69978, Israel

2 Department of Physics, Ben Gurion University, Beer Sheva 84105, Israel
3 Albert Einstein Minerva Center for Theoretical Physics at the Weizmann Institute of Science, Rehovot 76100, Israel

Received 24 February 2004

Published online 12 July 2004 — (©) EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2004

Abstract. Adiabatic pumping of electrons induced by surface acoustic waves (SAWSs) in a ballistic quasi-1D
quantum channel is considered using an exactly solvable tight-binding model for non-interacting electrons.
The single-electron degrees of freedom, responsible for acoustoelectric current quantization, are related
to the transmission resonances. We study the influence of experimentally controllable parameters (SAW
power, gate voltage, source-drain bias, amplitude and phase of a secondary SAW beam) on the plateau-like
structure of the acoustoelectric current. The results are consistent with existing experimental observations.

PACS. 73.23.-b Electronic transport in mesoscopic systems — 73.50.Rb Acoustoelectric

and magnetoacoustic effects — 73.40.Ei Rectification

1 Introduction

Single electron transport through low-dimensional meso-
scopic structures, driven by surface acoustic waves
(SAWSs), is a subject of active experimental [1-9] and
theoretical [10-18] research, with potential applications
in metrology [19] and new computation technologies [20].
In a typical experimental setup, a quasi-one dimensional
ballistic channel is defined in a AlGaAs/GaAs heterostruc-
ture and a SAW is launched in the longitudinal direc-
tion at a frequency w/27 of several GHz. Under appropri-
ate conditions, the acoustoelectric dc current I exhibits
a staircase plateau-like structure as function of the gate
voltage (which controls the depletion of the channel) and
of the SAW power. At the plateaus, the current saturates
at quantized values I = e(w/2m)m, corresponding to the
transfer of an integer number m of electrons per each pe-
riod of the SAW (here e is the electron charge). The first
plateau is the most flat and robust to changes in the con-
trol parameters; the higher plateaus become less and less
pronounced as the plateau number m is increased. In addi-
tion, the effect of factors such as source-drain bias [1,2,5],
temperature [1,7], gate geometry [4], a secondary SAW
beam [2,4], and perpendicular magnetic field [5] on the
staircase structure and the quality of the first plateau have
been studied experimentally.

In the experiment, the plateaus are observed below
the conductance pinch-off, when electrons in the source

? e-mail: slava@latnet.lv

and in the drain reservoirs are separated by a potential
barrier. This observation forms the basis for the simple
qualitative explanation of the quantized transport which
has been proposed in the first experimental report [1] and
further refined in references [4,10,11]. They argue that
when the wavelength A of the SAW is comparable with
the size of the depleted region L (as it is in the exper-
iments [1,2,4]), a single potential well forms on top of
the static barrier. This potential well then acts as a dy-
namic quantum dot, which can hold an integer number
of electrons due to the Coulomb blockade effect. The cap-
tured electrons are transferred from one side of the bar-
rier to the other, with possible quantization errors due
to back-tunnelling [10,11]. In the above description, the
formation of the quantum dot and the transport of the lo-
calized electrons are treated separately. Particular effects
which have been studied theoretically within this picture
are the non-adiabatic effects at the quantum dot’s forma-
tion stage [12], and the classical dynamics of the already
confined interacting electrons [15].

A different perspective on the problem has been sug-
gested in references [16,21]. This approach relates the
acoustoelectric transport to adiabatic quantum pumping
of non-interacting electrons. The external potential, gener-
ated by the SAWs and by the control gates, is viewed as a
perturbation acting on a coherent quantum wire [22]. The
resulting “staircase” structure of the acoustoelectric cur-
rent and its dependence on model parameters within this
approach have been studied in references [16,18], using
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the adiabatic approximation in conjunction with an ex-
actly solvable one-dimensional (1D) tight-binding model.
This theory yields a crossover from a non-quantized acous-
toelectric transport to the quantized limit as the SAW
power and/or the static barrier height are increased. Al-
though this picture requires the Coulomb interaction in
order to set the energy scale of the problem [11,12,15],
the main qualitative features of the experiment can be re-
produced within a model of non-interacting spinless elec-
trons [13,16].

In this paper we extend the results of reference [16].
The mechanism of quantized transport is elucidated by us-
ing a resonance approximation for adiabatic pumping [23].
Both current quantization and transmission resonances
are determined by the quasi-bound states of the electrons
captured by a moving potential well. New effects, includ-
ing the influence of a counter propagating SAW, static
potential asymmetry and source-drain bias on the number
and shape of the quantization steps, are considered. We
compare our qualitative conclusions with the published
theoretical and experimental results. In particular, tuning
the amplitude and the phase of a weak secondary SAW
is found to improve the quantization by accordance with
an earlier experimental report [4]. For this effect, we pro-
pose a new quantitative relation between the phase and
the amplitude of the optimal secondary SAW which can
be easily checked using existing experimental setups.

The results are presented as follows. In Section 2, we
describe the model [16] and the algorithms for calculat-
ing the adiabatic current. In Section 3, we explain the
formation of the integer plateaus and make quantitative
analytic estimates by applying the resonance approxima-
tion [23] to the model of reference [16]. Building on these
results we analyze in Section 4 additional factors, not de-
scribed previously, such as reflected SAWSs, source-drain
bias and gradual screening of the pumping potential. Fi-
nally, a discussion of our results in the context of related
work is presented in Section 5, together with several con-
clusions.

2 The model
2.1 The Hamiltonian

The choice of an adequate theoretical model for a meso-
scopic wire is a highly non-trivial task even in the absence
of time-dependent potentials. The nanostructures under
study are narrow constrictions in a two-dimensional (2D)
electron gas, formed either by electrostatic gating [2] or
by shallow etching [5]. A realistic modelling of the corre-
sponding 2D potential field requires a self-consistent nu-
merical calculation [10,12], and thus limits the exploration
of the parameter space. Suitable analytic approximations
(e.g., a saddle-point potential [21] or a combination of
Gaussian functions [15]) for the 2D geometry can be used,
but the necessary calculations of the acoustoelectric effect
are still heavily complicated by the lack of any transla-
tional symmetry.
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Fig. 1. One-dimensional discrete model for SAW-induced
pumping.

LEFT LEAD RIGHT LEAD

In contrast, 1D models of SAW-induced pump-
ing [10,13,16] do not account for the details of the ex-
perimental geometry but still capture the basic aspects
of quantized transport. The underlying physical assump-
tion is that only electronic states in the lowest transverse
mode of a quantum wave-guide play an active role in the
transport and the inter-mode scattering can be ignored.
The use of this assumption is indirectly supported by two
experimental observations: (1) in the absence of SAWs,
the samples demonstrate conductance quantization which
means that the gradual change in the gate voltage de-
pletes the transversal modes one by one; (2) the relevant
regime for the SAW-induced current quantization is just
below the depletion threshold where the lowest transversal
mode dominates the transport.

In the present paper, the system is described by the
simple 1D Hamiltonian of reference [16]. The Hamilto-
nian is defined on a discrete chain of points (sites) which
represent the nanostructrure and the two ideal semi-
infinite leads connecting its ends to the electronic reser-
voirs (Fig. 1). The external potentials due to the gates
and the SAWs are assumed to be completely screened in
the leads, and act only in the nanostructure.

The leads are characterized by vanishing on-site ener-
gies and nearest-neighbors hopping amplitudes —J. An
electron moving in the lead has the energy E(k) =
—2J cos ka, where k is the wave vector and a is the inter-
site distance. Note that for ka < 7/2 the motion is equiv-
alent to that of a free electron with an effective mass
m* = h%*/(2Ja?). The dynamics of the electrons inside
the nanostructure is defined by a three-diagonal N x N
Hamiltonian matrix, Ho(t), with nearest-neighbors hop-
ping amplitudes —J; and diagonal on-site energies ¢,
(n = 1,2,...N is the site number). The connection be-
tween the ideal leads and the perturbed part of the channel
is introduced through a hopping amplitude —.J; (—J,.) be-
tween the left (right) lead and the site 1 (V) of the nanos-
tructure. The resulting full Hamiltonian of the quantum
wire is:

N +oo
M= calny ol = 3 (ulo)(n 1] +he) (1)
n=1 n=-—00
Jl7 n= 07
where J,, = i;d’ 7115 7}V< N,
Ty - )

J, otherwise.

For the special case of J,, = const and €,, = 0, equation (1)
describes an ideal 1D wire.
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The effect of the static gate and the SAW-induced
piezoelectric potential is modeled through the space and
time dependence of the on-site energies €,,(¢). The simplest
case is that of a rectangular barrier and a single running
wave, as introduced in reference [16],

Here, V, is the gate voltage (in energy units), ¢ is the
wave-vector of the SAW, and P is the amplitude of the
piezoelectric potential, induced by a SAW running from
left to right (for ¢ > 0). The origin of the spatial coordi-
nate x, = (n — 1)a — L/2 is chosen to be at the middle of
the channel, where L = (N — 1)a is an effective channel
length.

It is important to emphasize that equation (1) is
not a truly microscopic tight-binding description of the
underlying crystalline lattice, but rather a discretized
version of a continuous 1D Hamiltonian H(z,t) =
—(h2/2m*)(0?/02%)+V (x,t). The matrix elements .J; and
J characterize the kinetic energy of the electrons, but not
the physical tunneling between spatially localized states.
Therefore, it is sufficient to include the time-dependence
only in the diagonal part of H through €, (t) = V(zn,t)
and keep the hopping amplitudes constant!. In view of
this, we expect only the results determined by the lower
part of the tight-binding band to have direct physical im-
plications.

The physical interpretation of J; and J,. is more sub-
tle, since they characterize the (abrupt) boundary between
the perturbed and the ideal parts of the channel. In prin-
ciple, two physically different situations are possible. One
is the case of J; = J,. = Jg = J, which means continu-
ity of the effective mass and corresponds to the absence
of any static potential barriers on the boundary between
the leads and the nanostructure. The other possibility is
to consider a closed structure, |Ji..| < |J|,|Jq|, where
Ji.r have the meaning of physical tunneling amplitudes.
In this case, a SAW-induced time-dependence of J;..(t) is
expected to play a significant role as in turnstile pumping
mechanism [22,23].

In the present work, we consider time-independent
hopping amplitudes only and find that the ratios
|J2,./(JJa)| have little influence on the results (see
Sect. 3.1 below). Therefore, the simplest assumption,
|JJa] = |Ji|> = |J,-|?, will be used in the exact numerical
calculations. The other option, of large and SAW-sensitive
tunnelling barriers at the channel exits, has been recently
considered in experiment [9,24] and constitutes an inter-
esting topic for a separate study.

—Vy + P cos (wt — qz,,) .

2.2 The acoustoelectric current

The discrete nature of our model Hamiltonian allows for
an exact calculation of the adiabatic instantaneous cur-

! One could consider, in principle, a SAW-induced time-
dependence of J, (t) coming from some microscopic model. The
argumentation of the resonance approximation would still be
applicable (Sect. 3.1), but certain specific results may depend
on the details of the instantaneous spectrum of Ho(t).
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rent for any strength of the pumping potential. Formally,
the adiabatic approximation is justified when the excita-
tion energy fiw (10 ueV for a SAW of several GHz fre-
quency) is less than any other scale governing the energy
dependence of the scattering states [21,22]. In practice,
the validity regime of the adiabatic approximation in open
systems is a rather complicated subject [22,25]. We note
that the experimentally observed acoustoelectric current
is proportional to w [2,6], which is a property of an adia-
batic current. The next order corrections to the adiabatic
current can be derived analytically [22,18]. However, the
actual calculation for our Hamiltonian is rather involved
and is beyond the scope of the present paper. In view of
this, we restrict the following discussion to the adiabatic
case.

The adiabatically-pumped current flowing between
two reservoirs with equal electrochemical potentials
W = My, is usually calculated using the Brouwer for-
mula [26,27]. We use an equivalent formalism, developed
in reference [22], which also includes the effects of a finite
bias eVsp = pu — pr # 0. The total instantaneous current,
I, (t), of spinless electrons from the lead o« = I, r into the
nanostructure consists of two parts, I, (t) = IPU™P 4 [bias,
These two parts can be conveniently written down us-
ing the instantaneous scattering states |¥, (¢)) (normalized
to a unit flux), the instantaneous transmission coefficient
7T (t) and the overall scattering phase () of the nanos-
tructure [22]

pump __ € y a(fl+fr)

e = 5 [ o R e) oI )
jas € ha(fl - fT) A

1o = 55 fap{i- 7+ 52 7o)

(4)

Here fo(E) = 1/[1 + #(F=#a)] is the Fermi distribution
with 8 = 1/kgT (T is the temperature). If the system is
unbiased, then I = 0 and equation (3) can be shown
to reproduce [22,23] the Brouwer formula [26,27]. On the
other extreme, if no pumping potential is applied, I2"™P =
0 and equation (4) leads to the Landauer formula [28] for
the conductance, G = (e2/h)T

For most of the discussion we assume both the bias
voltage Vsp and the temperature T to be zero. In this
case only electrons at the Fermi energy u; = pu, = Er
participate in the scattering. Solving the scattering prob-
lem for the potential (2) and using equation (3) yields the
charge @ pumped over one period (the average dc compo-
nent of the current) [16],

27w o2r/w N
Q= / dtIpumP):M/ dt > énlgnal?,

n=1
(5)
,+ 5n,n’ etha <§n,1jl + §n,er) )
(6)

[gil]n,n’ - [EI o HO]

n,n
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where jl;r = Jﬁr /J and k is the Fermi wavenumber, Er =
E(k). The instantaneous transmission is

T(t) = 4lgna|* JiJ sin® ka . (7)

The integrand in equation (5) is a meromorphic func-
tion of z = exp(iwt), with 2N pairs of complex conjugate
poles. Therefore, the integration of equation (5) may be
carried out exactly, once the positions of the poles are
determined by solving numerically the corresponding al-
gebraic equation of degree 2NN.

2.3 Resonance approximation

The second term on the r.h.s. of equation (6) is the self-
energy addition to the Green’s function of the isolated
channel, due to the coupling to the external leads. When
the latter is sufficiently small, the total pumped charge can
be divided into contributions from separate single-particle
levels of Hy. A systematic development of this approach
leads to the resonance approximation for pumping, which
is discussed in detail in reference [23]. Here we summarize
the resulting algorithm for calculating the pumped charge
in the this approximation.

1. Solve the instantaneous eigenvalue problem
> [Hol,y o = E, ™ and obtain the ap-
proximate resonance energies E,, ().

2. Calculate the time-dependent decay widths of each res-
onance into each lead,

) reh = L™ P, Jo |l sinka . (8)

3. For each m, find all such times t,, ; at which the res-
onance condition Ey,(tm, ;) = Er is satisfied.

4. At each resonance time ¢ = t,, ;, compute the partial
charge transferred between the left lead and the mth
quasibound state in the channel,

e E(m)

AQm,j = Fl(m) +Fr(m)

9)

t=tm, j

5. Calculate the total charge pumped from left to right?:

- Z AQm,ngnEm (tm,j) ,

m,Jj

Qres — (10)

or set Q' = 0 if no resonances were found in step 3.

The algorithm has a direct physical interpretation [23].
Whenever the energy E,, of a (quasi-)bound state crosses
the Fermi level Ef, an electron either occupies (“loading”)
or leaves (“unloading”) this state. The corresponding unit
pulse of current is distributed between the channels pro-

(m),

portionally to the I's ’’s. Except for specifically designed

2 Due to charge conservation, it is sufficient to calculate the
charge transfer from the left reservoir. Therefore, the channel
index « is fixed to @ = in equations (9, 10).
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Hamiltonians Ho(t), Q™ — @ in the limit of vanishing
couplings ™ — 0.

The resonance approximation fails when either (i) the
total width of a particular resonance is larger than the
distance to the next energy level; or (ii) the partial de-

cay widths Fl(:l) change considerably while the system is
at resonance [23]. As discussed in detail in the following
section, these restrictions become significant for the non-
quantized transport, but have little influence on the shape
of the current quantization steps. In all the cases in which
the resonance approximation is inadequate, we rely on the
results of an exact calculation.

3 Formation of quantization steps
3.1 Application of the resonance approximation

The results of a full calculation (as outlined in Sect. 2.2)
show [16] that the pumped charge, @, follows a staircase-
type dependence on the gate voltage, V, and/or on the
SAW amplitude, P, for a wide range of the model param-
eters. This ‘quantization’ can be related to the structure
of the transmission resonances [23,29,30]. We first estab-
lish this relation quantitatively and then use it to analyze
various aspects of the model.

The calculation of the pumping curve can be visualized
using a diagram like the one shown in Figure 2. First, one
plots the instantaneous eigenvalues E,, for V; = 0 as func-
tion of time wt (curves in the right panel of Fig. 2). The
small circles on the top of each curve show the time evolu-
tion of the corresponding partial charge AQ: the diameter
of each circle is proportional to |AQ/e| < 1; shading is de-
termined by the sign — black (e) for E,, < 0 (“loading”)
and white (o) for E,, > 0 (“unloading”). Once the eigen-
value diagram is constructed, the set of resonances for
each particular value V, of the gate voltage is determined
graphically: a horizontal line with ordinate F'r+V, crosses
the eigenvalue curves in the right panel at the points where
the resonance equation V; + E,,, (Vy; = 0) = EF is satisfied
(step 3 of the algorithm). The abscissas of the crossing
points determine the resonance times t,, ; to be used in
equations (9, 10). (The dashed horizontal lines in Figure 2
mark the extrema of the eigenvalue curves, and thus cor-
respond to particular values of V; at which the number
of resonances changes.) Finally, the total pumped charge,
Q"*5(Vy), is calculated by summing up the contributions
to equation (10): the magnitude and the sign of each term
is given by the small circle at the respective crossing point
in the right panel. The resulting pumping curve Q"**(V,)
is plotted in the left panel of Figure 2.

Several aspects of the model are illustrated by the con-
struction in Figure 2. One can see that the quantization
of the pumped charge is caused by electronic (hole) states
with the lowest (highest) energy. When resonances occur,
(namely, at {¢, ;}), these states are localized near one
of the channel exits — either I}/I. < 1 or I}/I > 1
— and therefore transfer almost integer charges [Eq. (9)].
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of the potential are: P =8J4, A =4L, N = 10.
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Fig. 3. (Color online) Pumped charge versus gate voltage for different external parameters: J =0.16J4 (left panel), J=1J4
(right panel), calculated in the resonance approximation (a) and exactly for the bottom of the band (b) and at the band
center (c). Parameters of the potential are the same as in Figure 2.

The number of steps counts the number of localized states
involved.

The exact integration [Eq. (5)] takes into account the
“external” parameters of the model, ka, .J; and J,., which
are ignored in the resonance approximation. In the fol-
lowing, we will consider only symmetric couplings, .J;
Jr = J. We have calculated the exact pumped charge,
Q(Vy), for several values of the “external” parameters,
but with the same pumping potential as in Figure 2. Rep-
resentative results are shown in Figure 3 along with the
approximate Q"(V;) from Figure 2 [thin (blue) line]. For
sufficiently small .J, the exactly calculated curves contain
integer steps and sharp, non-quantized features at large
values of V; (e.g., the spikes marked by small arrows in
Fig. 3). The first steps are robust and do not change their
positions as J and ka are varied (except for a trivial shift
of Er). The top of the pumping curve and the spikes are
more vulnerable: as J is increased, the upper steps and the
sharp features shift and become rounded. Narrow spikes

disappear for J = J; and ka close to the center of the
band [see curve (c) in the right panel of Fig. 3].

The resonance approximation reproduces all the de-
tails of the exact calculation for J < J;, because the
resonance widths in equation (8) vanish in the limit of
J — 0. The non-generic sharp features are determined by
the surroundings of level anti-crossings (see Fig. 2), where
the corresponding level spacings are tiny. As we expect
form the validity condition (i) in Section 2.3, the finite
resonance width effects are most important in this region.
Indeed, the discrepancies between the exact and the ap-
proximate curves in Figure 3 are well correlated with the
fact that the shifts and the widths of the resonance levels
for a tight-binding model are proportional to J cos ka and
J sin ka, respectively [Eq. (8)].

We have made a similar comparison between the ex-
act integration and the resonance approximation for sev-
eral sets of “internal” parameters, P/Jy, A/L, and N. The
most important conclusion is that the stair-case structure
of the pumping curve can be reliably estimated using the
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resonance approximation. Hence, we will utilize this useful
technique in the following as a source for various analytic
estimates that will be further checked versus exact calcu-
lations.

3.2 SAW parameters and the number of quantization
steps

For the lowest part of the spectrum (which is relevant
for the quantized transport), the on-site energies (2) can
be treated as a potential function of a continuous spatial
coordinate x,,. For A > L, only one minimum of this po-
tential can be located inside the SAW-affected part of the
channel. The position of this minimum zq(t) = (t — to)v
moves with the sound velocity v = w/q and passes through
the middle of the channel at time tq = w™ (7 + 27 x
integer). Electronic states localized in this moving poten-
tial well can be approximated by simple harmonic oscil-
lator wave-functions [16]. The corresponding energy spec-
trum is E,, = =P —2J3+ A(m—1/2), m = 1,2,..., with
a constant spacing A/Jy; = qar/2P/J;. The lowest energy
wave-function is approximately a Gaussian,

O () = (2r/2) " expl—lmn —wo(6)]2/€2}, (1)

with & = 2a+/Jq/A. The localization length of the higher
levels can be estimated as &,, = £ /m.

The harmonic approximation is valid as long as the
wave-packet is driven adiabatically by a parabolic well and
is not perturbed neither by the ends of the channel, nor
by the “hills” of the cosine-shaped potential profile. This
implies the validity condition

Em < min[L/2 — |zo(t)|, \/2]. (12)
In order to illustrate the above reasoning, we draw the
attention of the reader to a set of constant and equidis-
tant energy levels F,,(t) in the right panel of Figure 2,
in the vicinity of wt = mw. The lowest energy level fol-
lows the harmonic approximation as long as the parabolic
minimum is located inside the channel, that is for the
fraction A/L = 1/4 of the full period. Higher energy
levels remain constant for shorter times, since their re-
spective localization lengths entering equation (12) are
longer. The harmonic structure of the energy levels trans-
lates into a sequence of equidistant steps in the pumping
curve, Q(Vy), with the same energy spacing A, as shown
in the left panel of Figure 2. At each value of gate voltage,

Vg(m) = FE,, — Er, a new pair of resonances and another
step in the pumping curve emerge. The plateaus are rather
flat because the resonant states at the loading (unloading)
moments are well localized at the entrance (exit) of the
channel.

The number of quantization steps, Ngteps, is limited by
two competing mechanisms. The first limit is set by the
number, N7, of localized states that can be transferred
below the Fermi energy. If z,, can be considered as con-
tinuous, the localization condition is roughly the same as
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Fig. 4. Instantaneous eigenenergies E,, (in units of Jg) for
Vo =0, N =10 and (a) P = 8J4, A = 4L; (b) P = 32Jq4,
A =4L; (¢) P = 2Jq, A = 4L; and (d) P = 2J4, A = 2L.
Insets: the pumped charge Q" as function of the scaled gate
voltage Vy+ Er; the distance between the ticks on the ordinate
axis is equal to a unit charge.

the validity condition (12) for the harmonic approxima-
tion. For L < X it follows from &y, = L/2 that Ny =
L?A/(16J5a%) = (7v/2/8) N(L/\)\/P/J4. On the other
hand, for large enough P the discreteness of the tight-
binding grid cannot be neglected. For a rough estimate, we
assume that the continuous approximation breaks down if
it yields an average distance &,,,/m between the succes-
sive zeros of the mth wave-function, which is smaller than
the inter-site spacing a. This happens for m > N,, where
Ny = N?/(4Ny). Putting the two limits together we es-
timate the number of quantization steps, Ngteps, as the
integer closest to min(Ny, N2). By adjusting the parame-
ters one can obtain at best a sequence of N/2 steps. The
optimal parameters L = 0.3\, N = 6, P = 8J; of refer-
ence [16] indeed yield Ngpeps &~ N1 = 2.83 ~ Ny ~ N/2.
The decrease in the number of steps with increasing L/
reported in reference [16] corresponds to the tight-binding
limited regime Ngeps &~ No < A/ L.

Despite a certain inherent uncertainty of our esti-
mates, they prove useful for understanding the effect of
changing the amplitude and the wavelength of the SAW
(Fig. 4). In Figure 4a, the number of steps is close to
optimal, N/2 = 5, and is limited by the localization cri-
terion Ngsteps =~ N1 = 3.9. Increasing P by a factor of
4 (Fig. 4b) reduces the number of steps due to discrete
lattice effects: Ngteps = N2 = 3.2. One can clearly see
that for higher energy levels (close to the band center) the
tight-binding coupling Jy is no longer relevant: E,, (t) with
m > N follow a sequence of cosine curves P cos(wt + §¢)
with equal phase differences qa. These curves correspond
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to the individual on-site energies €, (t). In this regime the
hopping amplitude Jy leads only to tiny anti-crossings be-
tween the energy levels, which in turn give rise to the sharp
peak-like structure in the pumping curve. The effects of
the tight-binding approximation become less pronounced
as P is reduced below the optimum (Fig. 4c). In this case
Nsteps = N1 = 1.96 and the peaks in the pumping curve
are suppressed. The missing steps can be brought back by
shortening the wave-length, as shown in Figure 4d. The es-
timated number of steps is now the same as in the original
case (a). However, the non-parabolic shape of the poten-
tial minimum is more pronounced. Note that in case (d)
the flat region for Ey(t) extends over half of the period,
since A = 2L.

Note that in the physically relevant parameter regime,
the tight-binding effects should not dominate. Therefore,
the condition N1 < Ny = (L/A)\/P/Jq < 1 is obeyed in
the following calculations.

4 Perturbations of the pumping potential

The pumping potential in equation (2) is of a rather high
symmetry. Small perturbations — such as a static impu-
rity or a reflected SAW — can change the shape and the
position of the current quantization steps. In order to ex-
plore these effects, we add to €,(t) a smooth function of
z, and t,

en(t) = =V + Pcos(wt — quy) + U(xp, t). (13)

Similarly to the situation discussed above, the structure
of the relevant energy levels can be analyzed using the
harmonic approximation, provided that U(x,,,t) changes
slowly and the travelling wave-packet is well localized:
&m OU (x,t)/0x < A. The first-order approximation for
the instantaneous energy,

E,(t)=—-P—2J3+ Alm —1/2) + U(zo(t),t), (14)
is valid for |zo(t)| < £ — &, (we consider the case A > L).
Note that z((t) is the position of the potential well min-
imum, and zo(tg) = 0 (the middle of the channel). Now
even within the harmonic approximation E,,(t) is explic-
itly time-dependent and this time dependence maps onto
the shape of the current quantization steps. To make a
quantitative statement we note that the instantaneous
wave-function remains unperturbed in first-order; |y (t)]
becomes greater than |11 (t)| at t = to. At this point, the

partial decay widths are equal, Fl(m) = Egm ), and the reso-
nance approximation yields a half-integer pumped charge.
Therefore, the transition between the consecutive plateaus
takes place at the gate voltages Vg(m) = En(to) — Er. In
particular, half of the first step in the pumping curve is
reached at the gate voltage

Vijp = Vg(l) =Vo+U(0,t) , (15)

such that Q(Vi/2) = e/2. Here Vo = —Ep — P —2J4+A/2
is the threshold voltage for the first step in the absence of
perturbations.
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The resonance moment associated with the left-right
transition at V, = V} /5 is well defined, since the energy
levels F,, (t) are in general no longer constant in the vicin-
ity of t = ty. Therefore, the slope of the first quantization
step can be estimated from the resonance approximation.
The value of the total pumped charge at V;, =V} 5 + 0V
is dominated by the unloading resonance at t = ¢y + dt,
where 6V = Ej(t9)dt. The other resonances contribute
charges exponentially close to an integer; for simplicity, let
us consider only one loading through the left lead (which
gives AQ1 =~ e = const.) before unloading at to. The con-
tribution of the latter, AQ2(t), can be calculated using
the Gaussian wave-function (11) in equations (8, 9). The
resulting total pumped charge AQ1 + AQ> is

(1) 14y)2
t Lvdt
Q~e— o el <)‘(1) :%(1+tanh UQ ) .
1" (O + [N (1)) ¢
(16)
We define the steepness of the first step, S, as
aQ eLv || oU oU|™!
§=% ~ | o + — 17
Wylv—v,, ~ € |5 T |, 7
z=0

The pre-factor in equation (17) is the least accurate, since
the applicability of equation (11) at the ends of the chan-
nel is marginal. Taking the absolute value in equation (17)
makes the result valid for both signs of E’1 at t = tp.
Our derivation is not justified for perturbations that yield
small values of the denominator in equation (17). Then,
the steepness remains bounded due to the finite resonance
width.

The quantization accuracy can be estimated along sim-
ilar lines. However, the results are less transparent since
the energy levels involved are beyond the simple harmonic
approximation.

4.1 Sensitivity to the second SAW

For a particular example of a perturbation which mimics
the experimental situation, consider the following poten-
tial

U(zp,t) =P~ cos(wt+ qrp + ) +bay/L. (18)
Here P~ and ¢ are the amplitude and the phase of a sec-
ond SAW, propagating in the negative direction. It can be
generated either due to reflections of the main beam [2] or
by a second transducer [4]. We also include a simple static
perturbation [proportional to b in Eq. (18)] which breaks
the left-right symmetry of the channel in the absence of
the SAW. The estimates in equations (15, 17) become

Vijp=Vo— P cosp, (19)

. 4N1€
b+ 2¢LP-sing|

(20)

[We have used the relation Ny = L?/(4£?) in Eq. (20).]
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Fig. 5. Interference of two counter-propagating SAWs with an
amplitude ratio P~ /P = 0.2. The phase difference ¢ is changed
from 0 to 77/6, in steps of 7/6, as indicated. Solid curves
show the pumped charge (in units of e) versus the gate voltage
(in units of Jg), the dotted lines mark the best quantization
conditions achieved at ¢ = 0 and ¢ = m. For ¢ € [, 27] the
pumping curves repeat the same sequence in reverse order (not
shown). The parameters used are: P = 8Jq, A = 4L, N = 10.
Curves are computed using the resonance approximation.

First we consider the case of a reflected wave only
(b = 0). A series of pumping curves for different values
of the phase difference is presented in Figure 5. As can be
seen from equation (19), the threshold voltage changes pe-
riodically in ¢, reaching extremal values at ¢ = 0 and 7.
Between these special values of ¢, the staircase structure
is more smooth, and the steps are more symmetric: the
convex and the concave parts of a step become almost
congruent. The pumping curves are identical for £¢ due
to the symmetry of the potential (13) with b = 0.

For a quantitative characterization of the second SAW
effect we have determined numerically the positions and
the slope of the pumping curves at Q = e/2 without any
approximations in equation (5). The results are shown in
Figure 6. Tuning the phase difference ¢ for a fixed ampli-
tude ratio P~ /P to the values at which the r.h.s. of equa-
tion (20) diverges enhances the steepness of the first step
by orders of magnitude. The sharpest steps are achieved
at the extrema of the threshold voltage Vi3, as shown in
the inset in Figure 6 and qualitatively in Figure 5.

The above example shows that a symmetric pump-
ing potential is favorable for quantization: the steepest
plateaus are achieved without a secondary SAW or with
P~ # 0 and ¢ = 0, m, when the total SAW poten-
tial V(zn,t) = €,(t) is invariant under z, — —x,,
t — —t + const.

Further reduction of symmetry is achieved by choos-
ing b # 0 and P~ # 0. Here two regimes are possible. For
small b, the situation is similar to the previous case: the
steepness is greatly enhanced at two values of ¢ between 0
and 27, when the denominator in equation (20) vanishes.
In contrast, for b > 2¢qLP~ it is the static asymmetry of
the channel that determines the slope of the steps, which
now has only one wide maximum as function of ¢. This
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Fig. 6. (Color online) The steepness of the first step S =
dQ/dVy at Q = e(1/2), in units of eJ;' for P™/P =
0.05,0.1,0.2 as function of the phase difference . The curve
for P~ /P = 0.2 corresponds to the data presented in Figure 5.
Inset: threshold voltage Vi,2(p) — Vo versus ¢, in units of Jg.
Curves are computed exactly from equation (5). Thick dashed
(blue) lines show analytic estimates, given by equations (19-20)
for the smallest amplitude ratio P~ /P = 0.05; the pre-factor
N; in equation (20) has been treated as a free fitting param-
eter. The parameters used are: P = 8Jgq, A = 4L, N = 10,
ka=m/5, J =1

27

—580
394
268
182
124
84.1
57.1
38.8
26.4
17.9

%12.2

0.20

Phase difference ¢

a

0.00

0.05 -
Second wave amplitude P /P

0.10 0.15

Fig. 7. (Color online) The steepness of the first step for P =
2J4, A = 2L, N = 10, b = 1J4, as function of P~ /P and ¢.
The dashed (blue) line marks the combinations of amplitude
and phase at which the first order estimate [Eq. (20)] diverges.
Note the logarithmic grey-coding scale. The steepness without
the perturbation (P~ =b=0) is S =613 ¢e/Jq4.

behavior is illustrated in Figure 7, which shows the slope
of the first step as a function of the second SAW ampli-
tude and phase. The initial steepness at P~ =0, b= 1Jy
is S = 12.2(e/Jy) for the selected model parameters. That
is more than an order of magnitude less than in the un-
perturbed (P~ = b = 0) case. Increasing the amplitude of
the second SAW improves the steepness for 7 < ¢ < 27
with a single wide maximum at ¢ ~ 37/2, in agreement
with equation (20). At P~ ~ b/(2¢L) the steepness peaks
sharply, almost reaching the unperturbed value. Further
increase of P~ reduces the steepness gradually, which now
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has two maxima in ¢, approaching ¢ = 7 and ¢ = 27 for
large P, similarly to Figure 6. This example shows that
a weak counter-propagating SAW with properly chosen
amplitude and phase is able to compensate for the static
asymmetry of the pumping potential and significantly im-
proves the sharpness of the current quantization steps.

Available experimental data are consistent with our
conclusions. Periodic oscillations of V;,, have been ob-
served in experiments with one active SAW transducer
when the frequency of the SAW was varied. The period of
these oscillations was found to match a full 27 phase shift
between the main SAW and a weak wave reflected from the
other (inactive) transducer [2]. Later experiments, with
two active transducers on both sides of the constriction,
have confirmed this scenario, and a sequence of pumping
curves similar to our Figure 5 has been reported [4]. Tun-
ing of the second SAW amplitude and phase has enabled
the authors of reference [4] to improve the flatness of the
first quantization plateau.

The key argument leading to equation (20) concerns
the gate voltage dependence of the potential profile at
the point where capture/release of an electron happens
with equal probabilities from either side of the barrier.
Therefore, the phase and amplitude dependence of the
steepness, S(p, P7), is expected to be insensitive to the
particular choice of the pumping potential, as long as it
leads to a clear sequence of current quantization steps. We
suggest the following generic scenario of the plateau qual-
ity improvement, that can be checked by detailed mea-
surements using existing experimental setups. One should
measure the traces of the first step steepness S(p) as func-
tion of the reflected wave phase ¢ for a set of gradually
increasing secondary beam amplitudes P~. At small am-
plitudes, P~ < P, the steepness is expected to have one
broad maximum at some ¢ = ¢g. As P~ is increased, the
value at the maximum, S(yp), increases and at P~ = P,
the maximum splits into two, S(p1) and S(p2), with
v1,2 = o £ arccos(P. /P~), as shown in Figure 7 by
the dashed line [for our model calculation g = 37/2 and
P = b/(2qL)].

4.2 Source-drain bias and variations of screening

Experimentally, acoustoelectric current can be studied
along the full crossover, from the depleted to the transmis-
sive state of the quantum wire, by changing the voltage on
the depleting gate. Our discussion so far has been concen-
trated on the quantized single-electron transport, which
is observed in the depleted regime. As the first conduc-
tion channel opens, the shape of the pumping potential
in real space as well as screening effects become increas-
ingly important [21] and the usefulness of our simplified
1D spinless electron model is very limited. Keeping these
limitations in mind, we will choose model parameters that
most closely correspond to a point contact near the deple-
tion threshold, and illustrate the breakdown of quantized
transport. ~

For P > J; = J, the tight-binding band is significantly
deformed (see Fig. 4), therefore we choose a relatively
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small SAW amplitude P = 0.5J4, but a large number
of sites N = 24 to maintain Ngeps > 1 for A = 2L. The

ratio (L/A\)\/P/Jq = 0.35 is less than 1 (see Sect. 3.2),
and we expect the discrete approximation to be adequate.
The Fermi wave number ka = /12 is taken close to the
band bottom.

Consider first the situation before the SAW is applied
(P = 0). The zero-bias dc conductance of the channel is
determined by the transmission coefficient 7 (Landauer
formula, see Sect. 2.2). There is a potential barrier be-
tween the left and the right reservoirs for —V; > 0, there-
fore the value of V; + Er = —2Jgcoska ~ —2J; is
expected to be the borderline between transmissive and
blocked states of our channel. This corresponds to the
depletion threshold of a true point contact. We plot the
transmission coefficient in the absence of SAW versus gate
voltage, 7 (Vy), in Figure 8a with a thin (blue) line. For
Vg < 0, the transmission is exponentially blocked by a
rectangular barrier of height ~ —V, and length L, while
above the depletion threshold a Fabry-Perot-like pattern
of high transmission is observed due to multiple reflections
at the sharp ends of the constriction.

At a non-zero SAW amplitude, the transmission co-
efficient 7 (t) becomes time-dependent and the adiabatic
formula [Eq. (4)] should be used to relate it to the con-
ductance. In the linear response regime, the second term
in the curly brackets in equation (4) is proportional to
0% f/OE? and can be neglected [22]. This results in a gen-
eralized Landauer formula [22], G = (e2?/h) Tay, where

Tov = (w/2m) fozﬂ/wdt 7T (t) is the time average of the in-
stantaneous transmission coefficient 7 (¢). This quantity is
plotted in Figure 8a with a thick black line. One can see
that switching on the SAW smears the sharp step in the
conductance over the range of £P around the depletion
threshold. Qualitatively similar smoothing of the conduc-
tance quantization steps due to SAW has been observed
experimentally [1,2].

Figure 8a also shows some additional structure below
the depletion threshold. This structure is correlated with
the pumping curve shown by a thick (red) line in Fig-
ure 8b. Comparing Q(Vy) and 7., (V) we see that each
step in the acoustoelectric current is associated with a
peak in the time averaged transmission as indicated by
arrows in Figure 8a (the first two peaks are too small to
be seen on a linear scale). It is easy to explain the origin of
these peaks using the resonance approximation diagram
(see Fig. 2). At gate voltages between the quantization
plateaus the system remains at resonant transmission for a
considerable fraction of the period, therefore 7,, becomes
greatly enhanced.

In the presence of both SAW and source-drain bias,

(27 at 1 (t),

the total charge transfer per period, Q** = [

becomes

Q" = Q + (*Vsp/hw) Ty (21)

(in the linear response regime). The result is a sum of the
two terms: pure pumping contribution [thick (red) curve
in Fig. 8b]; and the average transmission (thick curve in
Fig. 8a), multiplied by a constant. Equation (21) suggests
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Fig. 8. (Color online) Crossover between the depleted and open regimes of the conduction channel for N = 24, ka = 7 /12,
J = Ja. (a) Time-averaged transmission coefficient 7, in the absence [thin (blue) line] and presence (thick black line) of a SAW
with P = 0.5J4, A = 2L. (b) The pumped charge @ [thick (red) line] and the total charge Q*** (thin black lines) for bias voltages
eVsp/(hw) changing from —3 to 3 in steps of one. The dashed-dotted line shows Q™ at no bias [resonance approximation,
Eq. (10)]. (¢, d) The same as in (a, b), but with an exponentially screened pumping potential [Eq. (22)]. A sequence of snap-shots
in panels (a, b) and (c, d) shows the corresponding pumping potential in real space for Vy in the middle of the first plateau;
time increases from top to bottom, wt € [wto — 7/2w; wto + 7/2].

that hw is a natural unit for the source-drain energy mis-
match eVgp. In the quantized pumping region, the con-
tribution of the bias, @5, becomes comparable to that
of pumping, IP"™P if the bias voltage source transports
several electrons per cycle. When 7, is of order one, this
regime is attained for eV equal to several hw. Thus for a
qualitative picture of the pumping curve in the presence of
bias, we have plotted Q*°* for the bias voltage eVsp/hw
ranging from —3 to 3 by thin black lines in Figure 8b.
The main observation is that the higher is the step num-
ber the more sensitive it is to the bias (as one can already
appreciate form the average transmission curve). Similar
behavior is reported in experimental studies [1,2].

The main results of the above discussion remain
unchanged if a phenomenological screening [13,21] is
introduced:

€n(t) = [~V + P cos (wt — qz,)] exp (—a7 /L2) . (22)

We have repeated the previous calculation using the same
values of parameters but modified the pumping poten-
tial (22) with Ly = L/4 = A/8. The results are shown in
Figures 8c and 8d. The main qualitative difference is the
disappearance of the interference pattern in the transmis-
sion curve both with and without the SAW. The number

of steps is reduced to one (shown separately in Fig. 8d'),
since the effective amplitude of the SAW is decreased by
the screening factor in equation (22). Calculations with
larger values of P produce more steps, along the same
lines as discussed in Section 3.2 for the unscreened poten-
tial (2). We have also checked that the behavior of the first
step steepness S(P~, ¢) as function of reflected SAW am-
plitude and phase, follows the general scenario suggested
in Section 4.1.

We note that in the above example (Fig. 8) the
resonance approximation still holds below the depletion
threshold, when a moving quantum well is isolated from
the Fermi sea in the leads.

5 Discussion and conclusions

Quantized electronic transport, driven by SAW’s, has been
considered in several recent theoretical studies [10-15,17].
Here we discuss our approach in relation to those works.

Several models [10-12,15] make a distinction between
electrons already localized in a moving potential well (dy-
namic quantum dot) and those belonging to the Fermi
sea. The current is then calculated by considering the
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loss of electrons from the dynamic quantum dot at the
stage of its formation [12,15] and/or its subsequent mo-
tion [10-12,15]. This approach presupposes the formation
of the dynamic quantum dot, but does not require it to be
at thermodynamic equilibrium with the reservoirs at all
times. Moreover, all the quantization error mechanisms
within these models (gradual back-tunneling [10-12],
non-adiabaticity at the formation stage [12] and non-
equilibrium dynamics during the transfer [15]) consider
electrons with energies that can significantly exceed the
Fermi energy in the remote reservoirs.

Our adiabatic quantum calculation [16] differs from
these studies in two significant aspects: (i) The forma-
tion of a dynamic quantum dot is not a necessary con-
dition for the calculation of the acoustoelectric current.
We do identify, however, the localized electronic states
(whenever such states are present) via the resonance ap-
proximation and confirm that they are responsible for the
quantized transport. (i) In the adiabatic pumping approx-
imation [22], the time-dependent potential never excites
the carrier by a finite amount of energy away from the
Fermi level [25]. Therefore, we never observe quantization
steps when the moving potential well rises above the Fermi
level upon passing through the middle of the channel.

We find the numerical calculations by Maksym [13]
to be the closest to our study. He considers a 1D single-
particle model with a pumping potential similar to our
equation (22). The current at the quantization plateaus
is found to be carried by the lowest energy states of the
local potential minimum, in accordance with our results.

The quantization accuracy in our approach is deter-
mined by two factors which we expect to become exper-
imentally relevant for sufficiently low tunnelling barriers.
The first one is the possibility of both reservoirs to par-
ticipate in the capture/release of an electron. This error
mechanism is covered by the resonance approximation and
leads to simple estimates like our formulas for the first
step steepness discussed in Section 4.1. The second factor
concerns mixing of the localized states with the contin-
uum in the leads, which can give significant width to the
quasi-stationary states in the moving quantum dot. Com-
pared to the predictions of the loading/unloading scenario
(Sect. 2.3), this effect further degrades the flatness of the
quantization (see, e.g., Figs. 3b, 6 and 8d) and eventually
leads to the breakdown of the quantized transport as the
channel opens (Sect. 4.2).

We have not considered explicit Coulomb interactions
between electrons in the depleted part of the channel,
which set the energy scale of the problem. One can make
a naive estimate of the level spacing A, which in the con-
tinuous limit is [16] A = hg+/P/m*. Using typical experi-
mental values [4] for the SAW amplitude P = 20 meV,
wavelength A = 1 pm and GaAs bulk effective mass
m* = 0.067mg, one gets A =1 meV, which is an order of
magnitude less that the distance between the quantization
steps observed in experiments [1,2,4]. This discrepancy
can be qualitatively understood on a mean-field level: if
an electron is captured by the moving potential minimum,
its unscreened electric field makes the potential well seen
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by the other electrons much shallower, and thus increases
the spacing A between resonances by the amount of the
charging energy [31,32]. Such a picture is also supported
by the numerical calculation of a two-electron problem
by Gumbs and co-workers [11]. It is plausible that the
effective values for the parameters of our model can be
estimated from a self-consistent realistic calculation.

In conclusion, we have considered a simple model
for SAW-driven adiabatic pumping of electrons through
a quasi-1D quantum wire. A stair-case structure of the
acoustoelectric current has been mapped onto the in-
stantaneous energy spectrum of the pumping potential.
Numerical calculations and analytic estimates confirm
the experimentally observed behavior of the acoustoelec-
tric current as function of the SAW amplitude, wave-
length, source-drain bias, and the parameters of a weak
counter-propagating beam. Quantitative measurements of
the plateau quality as a function of the second SAW am-
plitude and phase are proposed to probe the relevance of
our model. The presented single-electron picture captures
all the main features of the quantized transport.

This project was carried out in a center of excellence supported
by the Israel Science Foundation.
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The equations-of-motion (EOM) hierarchy satisfied by the Green functions of a quantum dot embedded in an
external mesoscopic network is considered within a high-order decoupling approximation scheme. Exact ana-
Iytic solutions of the resulting coupled integral equations are presented in several limits. In particular, it is
found that at the particle-hole symmetric point the EOM Green function is temperature independent due to a
discontinuous change in the imaginary part of the interacting self-energy. However, this imaginary part obeys
the Fermi liquid unitarity requirement away from this special point, at zero temperature. Results for the
occupation numbers, the density of states, and the local spin susceptibility are compared with exact Fermi
liquid relations and the Bethe ansatz solution. The approximation is found to be very accurate far from the
Kondo regime. In contrast, the description of the Kondo effect is valid on a qualitative level only. In particular,
we find that the Friedel sum-rule is considerably violated, up to 30%, and the spin susceptibility is underesti-
mated. We show that the widely used simplified version of the EOM method, which does not account fully for
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the correlations on the network, fails to produce the Kondo correlations even qualitatively.

DOI: 10.1103/PhysRevB.73.125338

I. INTRODUCTION

Quantum dots embedded in mesoscopic structures are cur-
rently of great experimental and theoretical interest, because
such systems allow for detailed and controlled studies of the
effects of electronic correlations.! The theoretical description
of these systems is usually based on the Anderson model,>3
in which the electronic correlations are confined to few im-
purities that represent the quantum dots. Although a rich va-
riety of techniques has been developed over the years to treat
the Anderson model,* their applications to the quantum dot
systems are not straightforward. In such systems one would
like to be able to study dynamical properties (e.g., transport)
as function of the impurity characteristics (which can be
tuned experimentally) over a wide range of parameters. This
is not easily accomplished by the Bethe ansatz solution, for
example.

The theoretical difficulty can be pinned down to the abil-
ity to derive a reliable, easy-to-handle, expression for the
single-electron Green function on the quantum dot. Because
the electronic interactions in the Anderson model take place
solely on the dot, this Green function can be shown to deter-
mine, under certain conditions, the charge or the spin trans-
mission through the quantum dot, the charge accumulated on
it, etc.3d Consequently, much effort has been devoted to find-
ing faithful analytic approximations for this object. Alterna-
tive treatments rely on numerical techniques, such as quan-
tum Monte Carlo,® or the numerical renormalization group
(NRG) method.” NRG in particular is considered to be ca-
pable of providing accurate estimates of the Green function
over a wide parameter range, although at the cost of running
iterative diagonalizations for each parameter set, and a lim-
ited resolution at high energies and high magnetic fields.

A ubiquitous method to derive an analytical expression
for the Green functions is to use the equations-of-motion

1098-0121/2006/73(12)/125338(15)/$23.00

125338-1
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(EOM).3 In the case of the single-impurity Anderson model,
the EOM of the (single-particle) impurity Green function
gives rise to an infinite hierarchy of EOM of higher-order
Green functions. A well-known approximation procedure is
then to truncate this hierarchy, thus producing certain ther-
mal averages representing various correlation functions. The
latter need to be found self-consistently from the resulting
closed set of equations. The level at which the EOM are
truncated is chosen such that most of the interaction effects
are captured.””'? This scheme has been applied to the original
Anderson model a long time ago,”'!"!*1% yielding approxi-
mate expressions for the resistivity,”! the spin
susceptibility,!®!3 and the magnetotransport'* of dilute mag-
netic alloys. For temperatures above the Kondo temperature,
T, these results agree with perturbation theory calculations.*
Although several limitations of these self-consistent ap-
proaches are known (such as underestimation of the Kondo
temperature or the absence of (T/Tg)? terms in the low-
temperature expansion of the results), they still can form a
basis for a qualitative analytic treatment of the Kondo effect.

The application of the EOM technique to a quantum dot
system has been undertaken by Meir, Wingreen, and Lee’
(MWL). Neglecting certain correlation functions, they have
obtained a closed analytic expression for the dot Green func-
tion. Several subsequent studies have employed their scheme
to describe various effects of the Kondo correlations in quan-
tum dots in different settings, e.g., ac response of a biased
quantum dot,"”> nonequilibrium Andreev tunneling,'® and
coupling to magnetic leads.'” As we show below, the ap-
proximation of MWL fails in various aspects. Recent at-
tempts to improve on that solution turned out to be not com-
pletely satisfactory: either requiring further approximations
on top of the self-consistent truncation'® or leading to itera-
tive numerical solutions.'”->?> The truncation of the EOM at

©2006 The American Physical Society
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an even higher order has been recently investigated numeri-
cally in Ref. 23. It is therefore of interest to examine whether
an exact solution of the self-consistency equations of the
EOM method will improve on the previous results, and will
be capable of producing a reliable approximation for the
Green function that can be used in the analysis of quantum
dot systems.

In this paper we consider a quantum dot embedded in a
general complex network, and obtain and solve the truncated
EOM for its Green function. This EOM contains all the next-
order correlation functions, which we decouple and calculate
self-consistently. We first derive (in Sec. IT) an integral equa-
tion for the Green function, allowing for arbitrary values of
the on-site Coulomb interaction, U. We then analyze (in Sec.
II) the properties of this EOM solution. We find that in the
case of a particle-hole symmetric Hamiltonian the resulting
Green function is femperature independent (a point which is
overlooked in previous treatments of quantum dots, see for
example Ref. 5). However, we show that this is a singular
point in the parameter space. We also investigate the zero-
temperature limit of the EOM solution, and show that it fails
to satisfy the Friedel sum-rule. We then turn to the infinite U
case (in Sec. IV), and derive an exact analytical solution to
the integral equation for the Green function. In Sec. V we
use this solution to obtain the total occupation number on the
dot, and compare it with the exact solution supplied by the
Bethe ansatz. This comparison shows that the EOM solution
is faithful outside the Kondo regime, but fails in the regime
where Kondo correlations play a dominant role. In particular,
the Friedel sum-rule is violated by ~30%, invalidating the
assumptions made in previous studies.'!>?! We then derive
the local spin susceptibility on the dot and demonstrate that
the full self-consistent solution of the EOM, as used in this
work, is required in order to obtain quantitatively correct
results. We also examine the local density of states at the
Fermi level, and find that it shows the expected universal
behavior as function of 7/Ty, though the EOM Kondo tem-
perature lacks a factor of 2 in the exponential dependence on
the single-energy level on the dot. Finally, we examine the
EOM technique from another point of view (Sec. VI): We
expand the Green function derived from the EOM to second
order in the dot-network coupling, and compare the results
with those obtained from a straightforward perturbation
theory.?*?3 This comparison shows again the necessity to in-
clude in the EOM solution the full self-consistent calculation
of all the correlations. A short summary in Sec. VII con-
cludes the paper.

II. THE GREEN FUNCTION ON THE DOT

As mentioned above, several properties of the Anderson
model can be expressed in terms of the Green function on the
dot. Here we examine the determination of this function us-
ing the EOM method. Our discussion is limited to a single
interacting impurity embedded in a general noninteracting
network, for which the Hamiltonian can be written in the
form

H =Hgot + Hpet + Hnetedot- (1)

Here, the dot Hamiltonian is given by
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Hdot = 2 (60 + O-h)ndtr + UndTndl’ Nge= dldm (2)

o

where djr (d,) is the creation (annihilation) operator of an
electron of spin index o==+1/2 on the dot, ¢, is the single-
particle energy there, & is the Zeeman splitting, and U de-
notes the Coulomb repulsion energy. The noninteracting net-
work is described by the tight-binding Hamiltonian

Hnet = Z snoajmana_ E Jmnajnaanm (3)

no mnao

where a' (a,,) is the creation (annihilation) operator of an
electron of spin index o on the nth site on the network,
whose on-site energy is g,,, and Jmn=JZm are the hopping
amplitudes on the network. Finally, the coupling between the

dot and the network is given by

Hnet—dot == E ‘]ng'dz-ang- + H.c. (4)

no

We have allowed for spin-dependent on-site energies on the
network, as well as spin-dependent hopping amplitudes be-
tween the dot and the network. In this way, our model in-
cludes also the case of spin-polarized leads connected to a
quantum dot (see, for example, Refs. 5 and 21). The entire
system is assumed to be at equilibrium with a reservoir held
at temperature T (in energy units) and chemical potential w
=0.

Adopting the notations of Ref. 8, we write a general
Green function in the form

(AB) osin= F1i f h O N([A(1);BL)e" *dr, (5)

where A and B are operators, ® is the Heaviside function,
and 7— 0". The Green function on the dot is then

Go(2) ={dpd)))., z=wzxiy. (6)

In conjunction with the definition (5), a thermal average,
(BA), is related to the corresponding Green function by

B0=if SEpaBy f0= ()
c T

1497

where the contour C runs clockwise around the real axis.
The EOM for the dot Green function is given in Appendix
A [see Eq. (A2)]. As is shown there, that equation includes a
higher-order Green function, whose EOM gives rise to addi-
tional Green functions. The resulting infinite hierarchy of
EOM is then truncated according to a scheme proposed
originally by Mattis?® and subsequently used in Refs. 9-11,
13, 14, 18-21, and 27: Each Green function of the type
((ATBC;d")) in the EOM hierarchy is replaced by

(ATBC;d") = (ATBY(C;d") = (ATC)(B:dT))  (8)

125338-2
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if at least two of the operators A, B, and C are network
operators a,,. Explicitly, the Green functions which are
decoupled are ((am,dgam,—,;d:',», <<a26d(—,am(,;dj,>>, and
(a! _ansdy;dh)) (with =-¢).2 Upon calculating the aver-
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ages (a’ a,,) and (d'a,,,) using Eq. (7), the set of EOM is
closed, and can be therefore solved. The details of this cal-
culation are presented in Appendix A. In particular, the re-
sulting equation determining the dot Green function is

u(z) - <"d&> - P&(Zl) - P&(Zz)

Gy(2) =

where

u(z) =UNU-z+ €+ 0oh+3,(2) +35(z) - 25201,
(10)

and z;=z-20h, z,=-z+2¢€y+ U. The functions P and Q are
given in terms of the noninteracting self-energy on the dot,
3. ,(z), brought about by its coupling to the network [namely,
the self-energy of the noninteracting dot, see Eq. (A7)], and
the dot Green function itself [see Egs. (A25)],

Py(2) =T [Gl, Qu(2)=F.[1+2G], (11)

where the notation §,.[g] stands for

2(7'("1}) - 2(7'(Z) dw.
z7—

ole1= 5= i)z, (12
)¢

Equation (9) generalizes the result of Ref. 11 (see also Refs.
18-21) for the case in which the interaction on the dot is
finite, and the entire system is subject to an external mag-
netic field. Our generalization also corrects a few details in
Lacroix’s earlier treatment of finite U.'?

II1. PROPERTIES OF THE EOM APPROXIMATION
AT FINITE U

As is evident from Eq. (9), the solution of the dot Green
function within the EOM scheme cannot be easily obtained
over the entire parameter range. However, there are certain
limiting cases in which this Green function can be analyzed
analytically. We examine those in the subsequent sections.

A. Particle-hole symmetry

Upon replacing the particle operators by the hole ones,

d'=d,,a ,=a,, the Anderson Hamiltonian (1) attains its
original structure, with

&+oh=—e—-oh-U, U=U,
‘7nm=_‘]mn' (13)

- s _
Jm)' == Jno" Eno =" €no

(Hole quantities are denoted by a tilde.) The dot Green func-
tion in terms of the hole operators is then related to the
particle Green function by

u(@)[z— €= oh =2 ()] +[P5(z)) + P5(22)12(2) — Q5(21) + O5(25)°

)

G,(2) = ((d,:d})), == G,(-2). (14)

One may check that this equivalence holds by introducing
the definitions (13) into Eq. (9). Since 3 ,(z)=-3,(-z) and
i(z)=1-u(-z), one finds that [see Egs. (A25) and (A26)]

Py(z)==P,(~z) and Q,(2)=Q,(-z)-24(~z), reconfirming
Eq. (14).

From now on we shall assume that 3,(z)=—2,(—z). This
relation is realized, for example, when the network to which
the dot is coupled has a wide band spectrum, with the Fermi
level at the middle. We next discuss the particular point
where 2¢,+U=0 and h=0. At this point, the Anderson
Hamiltonian becomes particle-hole symmetric. Then G ,(z)
=_G0'(_Z)’ PO’(Z)+PU(_Z)=0? QU’(Z)_QO'(_Z)=2(T(Z)? and
(ny.»y=1/2. As a result, Eq. (9) becomes

U2
4z-3,(2) - 235(2)]

[GU(Z)]_I =7- EO’(Z) - (15)

Namely, at the particle-hole symmetry point of the Anderson
model, the EOM results in a temperature-independent dot
Green function. This implies that the EOM technique at the
particle-hole symmetric point cannot produce the Kondo sin-
gularity. This property of the EOM scheme has been reported
a long time ago,'%?*3% but was ignored in more modern uses
of it,> which are designed to study the Kondo peak in the
density of states.

The failure of the EOM method to describe faithfully the
Anderson model at its symmetric point, where the Fermi
level lies exactly between the states of single and double
occupancies, is a very severe drawback of this method. An
important question is whether this point is either a singular
or a continuous domain, which the EOM method fails totally.
We return to this problem in the next section.

B. Zero-temperature relations

The zero-temperature limit is of special importance since
the Green function at the Fermi energy at T=0 satisfies the
Fermi-liquid relations*3!

Im[GL(0)] ' =T,, (16)

125338-3
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Re[G:(0)] =T, cot(riiy,). (17)

Here and below we use A*(w)=lim,_,.A(w+in), so that
G!(w)=[G,(w)]" is the usual retarded Green function. In
Egs. (16) and (17), I, is the level broadening,

I,=-ImZX(0). (18)

The first relation, Eq. (16), implies®' number conservation,
and therefore is sometimes referred to as the “unitarity” con-
dition. The second one, Eq. (17), is the Friedel sum-rule, in
which 7, is the total number of spin o electrons introduced
by the quantum dot,’!

ﬁdaz—%_lm ff(w){l—%]@;(w)dw. (19)

When the self-energy 2, does not depend on the energy, 7y,
coincides with the single-spin occupation number on the dot,
<nd¢7>~

It is evident that the EOM solution for the Green function
at the particle-hole symmetric point, Eq. (15), violates the
unitarity condition (16). On the Fermi level, the particle-hole
symmetric Green function is

2

+0 —1=-F -
[Go(0)] =i AT ORI

(20)
and therefore the imaginary part of [G}(0)]™! is not deter-
mined solely by the noninteracting self-energy (as implied by
the unitarity condition), but has also a contribution coming
from the interaction. This is contrary to the result of
Lacroix,'?> whose EOM differs from our Eq. (9) in several
places. On the other hand, the Friedel sum-rule is satisfied by
the Green function (15), which yields ﬁdg=%. This follows
from Eq. (19): The imaginary parts of both G (w) and 3 ()
are even in w, while (at the symmetric point) the real parts
are odd in it. However, G,(w)=w™"' at large frequencies,
whereas 92 (w)/dw=w™2. As a result, the second term in
the square brackets of Eq. (19) does not contribute. With
ﬁd(,zé, the Friedel sum-rule gives Re[G?(0)]™'=0, which is
fulfilled by Eq. (20).

It is rather intricate to study the full EOM solution, Eq.
(9), at T=0, even on the Fermi level. However, there are
cases in which this can be accomplished without construct-
ing the full solution. The investigation of these cases will
also allow us to examine the behavior of G,(0) as the
particle-hole symmetric point is approached. To this end we
note that at 7=0 the functions P(w) and Q(w) acquire loga-
rithmic singularities as w—0,

1 _
Pyl@) ~ = —T,G;(0)lnfo] + O(1).

0 (w) ~ - 71—71“(,[1 +37(0)GL(0)]In|w| + O(1).  (21)

Therefore, we may examine special points at which the func-
tions P and Q are divergent, keeping only the divergent
terms in Eq. (9). Then, that equation reduces to an algebraic
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one, which can be easily solved to yield G, at those special
points.

Let us first consider the case in which the Zeeman field &
on the dot vanishes, but 2¢€,+ U # 0. Using Egs. (21) in Eq.
(9) yields

(GO +35(0) = [G5O)] " +330).  (22)
By writing the Green function in the general form
[Go(D] ' =2- € - 0h-3,()-37'(),  (23)

in which 3 is the self-energy due to the interaction, Eq.
(22) takes the form

S0*(0) - 207(0) = 0. (24)

When the network is not spin polarized, the spin indices o
and & are indistinguishable. Then Eq. (22) implies that
Im 2"(0) vanishes, namely the unitarity condition is satis-
fied. (In the more general case of possibly ferromagnetic
leads, it is only the imaginary part of [G}(0)]'-[GZ(0)]™
which is determined by the noninteracting self-energy alone.)
Had we now sent 2€y+ U to zero, we would have found that
the EOM result at the particle-hole symmetric point does
satisfy the unitarity condition, in contradiction to our finding,
Eq. (20), above. We thus conclude that the failure of the
EOM to obey the Fermi-liquid relation (16) at the symmetric
point is confined to the symmetric point alone, namely, the
imaginary part of 3" on the Fermi level has a discontinuity.

Next we consider the case where 2¢€y+U=0, but h#0.
Using Egs. (21) in Eq. (9) we now find the relation

[Go O] +25(0) == {[GHO)] +22(0)}.  (25)

Inserting here expression (23), we rewrite this relation in the
form

SI0) + 30 (0) = U (26)

Therefore, Im 2"(0)=0, in agreement with the unitarity con-
dition. Sending now the Zeeman field on the dot to zero,
yields the result 2Re 2"(0)=U, which agrees with the real
part of Eq. (20). Thus the EOM result for the real part of 3,
on the Fermi energy does not have a discontinuity. We hence
conclude that the EOM technique’s failure at the symmetric
point is confined to the imaginary part of the interacting
self-energy alone and to the symmetric point alone.

Our considerations in this subsection are confined to
=0, and therefore do not allow us to investigate the Friedel
sum-rule easily. We carry out such an analysis for the
infinite-U case below. Alternatively, one may attempt, as has
been done in Ref. 21, to impose the Friedel sum-rule on the
EOM result, assuming that Eq. (17) holds, with 71, = (n,,).
This is a dangerous procedure, which leads in some cases to
unphysical results, as is demonstrated in Sec. V.

IV. EXACT SOLUTION IN THE U — < LIMIT

In this section we present an exact solution of the self-
consistently truncated EOM, and obtain the dot Green func-
tion, in the limit U — o0, For this solution, we assume that the
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bandwidth D,, is larger than the other energies in the problem
(except U). In the next section we use this function to calcu-
late several physical quantities, and compare the results with
those of the Bethe ansatz technique and other calculations.
For simplicity, we also assume that the noninteracting self-
energy may be approximated by an energy-independent reso-
nance width, i.e.,

3= Fily, (27)

for all the energies in the band, —D,< w <D, (the extension
to the case where there is also an energy-independent real
part to the self-energy is straightforward). This assumption is
certainly reasonable for a range of energies near the center of
the band. However, using it for the whole band introduces
corrections of order |w/D,|, thus restricting the solution to
|w/D,|<1. Then, Eq. (9) for the Green function, together
with the definitions (10)—(12), takes the form

[Go(@)] ' Gow+ ah) =1 = (ngz) = P+ Th), (28)
where
Gilw) =[w-€g+il,- I(w+dh)
Til5+T)Piw+ah)] ™. (29)

Note the shift of energies by oh, compared to Eq. (9). The
function I, introduced here contains the Kondo singularity,”

D, Py
I ()= F—Uf dw'f(—). (30)

. !
™) p, w+in-w

To order O(w/D,,), one has

1 [ D ]
Wli(w)/f‘(,z—\lf<— ¥ ﬂ) +In—=F E, (31)
2 24T 27T 2
where W is the digamma function. Equation (28) for the
Green function also contains the function P,, which, using
the assumption (27), is given by
r, (P )G (o'
L Oty
mJ _p, w*xin-w

(32)

Physically, all the integrals which contain X, must be calcu-
lated between —D, and D, and the resulting Green function
is calculated only for energies inside the band, |w|<D,.
However, the integral P:‘;(w) converges even when one takes
the limit D, — %, because G,(w) ~ 1/ w at large |w| [see, e.g.,
Eq. (28)]. If D, is sufficiently large, so that this asymptotic
behavior becomes accurate and since f(w)=1 for w<-D,,
it is convenient to extend the range of this integral (and all
the related integrals below, unless otherwise specified) to the
range —% < w<%. This introduces errors of order I',/D, or
/D, in the results, which we neglect.

We have thus found that the equation for G involves an
integral containing the function G, and thus the two func-
tions G, and G are coupled. In addition, the occupations
(ngy) have to be determined self-consistently from the Green
functions themselves. Our solution for the Green function
follows the method introduced in Refs. 10 and 33. This
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method allows one to turn the integral equations into alge-
braic ones, at the cost of additional quantities which have to
be determined self-consistently from the Green function.
First, one introduces the functions

I's
D ()=z-€+il,—I(z+ch) —iT;+T,)—
T

f fl@")G3o")
X | do'——

z40h—w'
¥ . . ru’
D ()=z-€—-il'z-1,(z+0h)+ilT;+T,)—
a

» f LGRS CR) (33)

z+oh—-o'
Note that ®!(w) is identical to [G}(w)]™' and (I~>;(w)
=[G ()], while ® () and 43;(w) are different from
[G,(w)]™" and [GL(w)]™", respectively. The knowledge of &7
is sufficient to determine G, since
Dl (w) - P (w) =2iTzf(w+Th)[1 +i(T5+T )G (w+ Th)].
(34)
Similarly, the functions (133 determine G, through the rela-
tion
<I~>:;(w) - (13;(@) =2il,f(w+ o)1 -i(T5+T,)Gi(w+ ah)].
(35)

Returning now to Eq. (28), we eliminate the Green functions
by using Egs. (34) and (35), and the functions P by using the
definitions (33). In this way we find

Bt (w) - Dy(w)

@) 2T flw+oh) Xol(w),
B0 -y -
Polw) 20 f(w+Th) Xq(@), (36)

where

XU(Z) =- i(FU+ Fa.)(l - <nd,;_>) +7Z— €+ iFU— I(;(Z + E'h),

X (2)=i(Cy+T5)(1={ny)) +z—€—ils—1,(z+ ah).
(37)

So far, we have not achieved much simplification over the
original problem at hand. However, noting that

X () - X (w) =2 s (w + Th),

Xi(w) - X(w) = 2iT of (0 + oh), (38)

Egs. (36) yield the remarkable result
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Pl (w) D) - X)X (0) = D ()P (0) - X, ()X (w).
(39)

Therefore, the combination

R(z) = @,(2)P,(2) - X ()X, (2) (40)

is nonsingular across the real axis. In fact, the only singular
point of this combination is at z=. This means that R(z) can
be written as a polynomial with non-negative powers of z.
Moreover, since @, (13, X, and X grow only linearly as z
— o0, that polynomial includes only two terms, ro+rz. The
details of this calculation are given in Appendix B. The result
(39) allows one to express the (unknown) functions ® and )

in terms of the (known) functions X, )Z, and R,

d! R+X}X, dr R+XIXD -
So RERRe g ), Do tTRete g ()
®, R+X;X; P, R+X'X,

(41)

This reduces our problem into two independent linear
Reimann-Hilbert problems, for which a rigorous solution is
available,33-34

P (2) = (2= a)e, Mg(z)=f <‘ %)%
Bol0) = (=DM, Ma<z)=J <‘ %>%

(42)

This is a valid solution as long as In H(w) and In H(w) can
be chosen to be continuous in w and to vanish at both ends of
the integration interval.>> All the cases studied in this paper
obey this requirement, although we could not prove the ab-
sence of solutions other than (42) for a general case with no
spin symmetry. The form of the polynomial prefactors, (z
—a) and (z—a), in Eq. (42) is dictated by the fact that the

leading term in ®,(z) and ®,(z) must be z [see Egs. (33)].
The determination of the coefficients a and @, as well as
other self-consistent quantities, is detailed in Appendix C.

V. PHYSICAL PROPERTIES IN THE U — « LIMIT

Once the functions ® and ® are found, then the Green
function is determined from Eq. (34) or Eq. (35). This
knowledge enables us to compute various physical quanti-
ties, and compare them with the results of other calculations.
The first quantity we consider is the total occupation on the
dot, ny={(ng+n,)), at zero temperature. This calculation is
carried out for the spin-symmetric case, =0 and spin-
independent self-energy. We also denote D=D_, I'=T",. The
result is plotted as function of E,/T", where

Ed =€+ (F/']T)ln(D/F) B (43)

and is portrayed in Fig. 1 (full line). It agrees within 3% with
the exact universal curve ny(E,/I"), as found from the Bethe

o4
PHYSICAL REVIEW B 73, 125338 (2006)

1.00L

%%\x e ﬂo
0'75; : ---- Friedel
F-IIIT R X of Exact
. S i
050 : ;

0.25

PR SRR N SR ST ST SN NS SR

5 0 5 10
E,/T

FIG. 1. The zero-temperature occupation number 7 as function
of the renormalized energy E, calculated self-consistently by the
EOM method (solid line), and from the Friedel sum-rule, Eq. (17)
(dashed line). Open circles show the exact Bethe ansatz results
(Ref. 36).

ansatz,® (open circles). Thus, the EOM solution conforms
with Haldane’s scaling.’” On the other hand, the EOM solu-
tion fails to satisfy the Friedel sum-rule, as has been already
discussed above.’® The total occupation calculated from
Eq. (17) (dashed line) deviates systematically from the
self-consistent values, in particular in the Kondo regime
(np—1). Note that Eq. (27) implies that 71;,=(n,,) [see
Eq. (19)].

As mentioned above, the Fermi-liquid relations are con-
nected with unitarity. In particular, at zero temperature the
linear conductance of a symmetrically coupled quantum dot
is given by’ —2(e*/h)I,Im G, (w=0). Thus, the unitary
limit 2e?/h is reached only if Re[G?(0)]—0 and the Fermi
liquid relation (16) holds. As implied by the dashed line in
the figure, the first of these criteria is not obeyed by the
self-consistent solution.

Next we consider the local spin susceptibility on the dot.
When the leads are nonmagnetic, this quantity is given by
X=%(8M3)zﬁ<”drnm>/ﬁh, with h=—gugB. Here B is the ex-
ternal magnetic field and gup is the gyromagnetic ratio of
electrons in the quantum dot. [The spin susceptibility of the
leads adds to the local susceptibility the usual Pauli term, and
O(T',/D,,) corrections.*] We have calculated y(E,/T",T) by
differentiating the self-consistent equations for {n,,) with re-
spect to /4, and evaluating the integrals numerically. This pro-
cedure is similar to the one which has been used for the
Wolff model in Ref. 10(b), but is free from numerical accu-
racy problems reported there.

The zero-temperature susceptibility derived from the
EOM is found to be in a good quantitative agreement with
the Bethe ansatz results in the mixed valence (|E,/T'|=<1)
and empty orbital (E,;>1I") regimes, as is shown in Fig. 2. In
the local moment regime, E;<<-I', a screening cloud is ex-
pected to form due to the Kondo effect at*¥ T<Tyg
~Te™d@D) leading to a crossover from a high-temperature
Curie law, y~ (gup)*/T, to a finite ground state value, y
~(gup)?/Tg. The latter is underestimated by our self-
consistent solution, as is manifested by the deviation from
the exact Bethe ansatz results depicted in Fig. 2.

Indeed, had we defined the Kondo temperature through
the inverse of the zero-temperature susceptibility, we would
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T=0

Self-consistent
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FIG. 2. The local spin susceptibility y as function of the renor-
malized energy level E;, for T=0. The EOM result (solid line) is
close to the Bethe ansatz one (Ref. 36) (circles) in the empty orbital
and mixed valence regimes, but deviates significantly in the
strongly correlated region (large negative values of E,/T"). Inset:
The scaling of the susceptibility with 7/ T; at three fixed energy
level positions (marked by arrows in the main graph). The solid
lines indicate the high-temperature asymptotic behavior, x(7)
=(gup)*(67).

have found that the EOM method overestimates that tem-
perature. However, within EOM, the relevant energy scale is
determined from the leading (real) terms in the denominator
of the Green function, i.e., by the temperature at which the
real part of G, Eq. (29), vanishes. Using for I(z), Eq. (31), the
approximate form® I(z) = —(I'/ m)In[(z+ixT)/D] where « is a
number of order unity, we find that the leading terms are

I' D T Vo+ T
wo-E;#+—In—=+—In——, (44)
a I = D

yielding for the temperature scale
Ty ~ Te™d", (45)

such that the leading terms are

F [ * *
w+— In \(w/Ty)? + (KTITy)>. (46)
ar

The logarithm in Eq. (46) dominates the properties of the
solution close to the Fermi energy at temperatures 7'< TZ.
The same energy scale T has been determined from the
analysis of the truncated EOM in Refs. 11 and 18. Note that
TZ is smaller than the true Kondo temperature T.

The local spin susceptibility at finite temperatures, calcu-
lated from our EOM solution, is shown in the inset of Fig. 2.
Indeed, x(T)/x(0) scales with T/ TZ, but instead of crossing
over to the Curie law, a region of intermediate behavior in
which y~T7* with —1<x<<0 is observed. The high-
temperature asymptotic x(7)~ 1/T is approached only for
T=T". Such a behavior in the intermediate temperature range
Te<T<T is not supported by NRG or Bethe ansatz
calculations,* which scale with T,> and has thus to be at-
tributed to the deficiency of the EOM method.
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FIG. 3. Data from Fig. 2 compared to the spin susceptibility
given by the MWL approximation in the temperature range from
T=11"down to T=107*T". The inset shows the MWL susceptibilities
only, on a linear scale, allowing for the negative values.

In contrast, neither the Lacroix approximation, as imple-
mented in Ref. 18, nor the MWL approximate Green func-
tion leads to comparable results when used to calculate the
local spin susceptibility. The Lacroix approximation be-
comes intrinsically inconsistent at finite magnetic fields,
since it results in a logarithmic divergence of G (z) as z
—oh. Even when ignoring this inconsistency, the zero-
temperature spin susceptibility calculated in that approxima-
tion attains negative and divergent values regardless of the
quantum dot parameters. The MWL approximation leads to
finite, but quite unphysical values of y for T<I', as we dem-
onstrate in Fig. 3. That approximation gives reasonable re-
sults at T=I": the susceptibility follows roughly the Curie
law =1/T(=1/T") or the zero-temperature value, whichever
is smaller. At lower temperatures one would have expected a
gradual increase in the susceptibility in the Kondo region.
Instead, a window of a negative susceptibility opens, which
is widened as the temperature is decreased. At strictly zero
temperature y is negative for all values of E,. This example
shows the necessity of using the full self-consistency of the
EOM solution in order to obtain the qualitatively correct
behavior.

Finally, we examine the local density of states on the dot,
given by

p(0,T) = —Im >, G}(w)/, (47)

as calculated from the EOM. The inset of Fig. 4 shows the
Kondo peak at temperatures 7= T;. The local density of
states at the Fermi energy follows the universal temperature
dependence, as can be seen in Fig. 4, with the same scaling
factor T*K as the spin susceptibility (compare to the inset of
Fig. 2). The appearance of a single scale determining the
low-energy properties of the system is another hallmark* of
the Kondo effect which is captured by the fully self-
consistent EOM technique.
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FIG. 4. (Color online) The scaling of the local density of states
at the Fermi level as function of the reduced temperature 7/ T , 1S
demonstrated by plotting p(w=0,T) for three different values of the
renormalized single-electron energy on the dot, E; [Eq. (43)]. The
dashed line at p=2/(7l") corresponds to the limit dictated by the
Friedel sum-rule at E;/I"<<—1. The inset shows the melting of the
Kondo peak as the temperature is increased at fixed E,/I'=-5.
Temperature values represented in the inset are marked by arrows in
the main graph.

VI. PERTURBATION EXPANSION
IN THE DOT-NETWORK COUPLINGS

The EOM technique is unfortunately not a systematic ex-
pansion. It is therefore very interesting to compare its results
with those given by a direct expansion. Here we expand the
EOM Green function up to second order in the dot-network
couplings J,,,. For compactness, we confine ourselves to the
case U—, and assume for simplicity that the noninteract-
ing self-energy has just an energy-independent imaginary
part, i.e., % (w)=—il",. By comparing with the direct pertur-

o2 = nO[I(z)) - flex)2a(z1) — Rell(€5) — flen) S e+ V[ I(z1) +3,4(2)]
+ .

o6
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bation theory expansion®*?> we find that, up to second order

in J,,, our EOM result for the dot Green function is exact.
(See also Ref. 23.) On the other hand, the Green function
derived in Ref. 5 (which does not include all correlations
resulting from the truncated EOM) violates the second-order
perturbation theory result, and in fact, predicts a Kondo
anomaly in this order (which should not be there).

The U— o Green function of the EOM is given by Egs.
(28)—(30) and (32). Since the noninteracting self-energy 2.,
and consequently the width I, are second order in the cou-
pling J,,,, the expansion of the Green function reads

0
GO =——, (48)
Z— €,
and
anl - P (z) I5(z) +30(2)
P =—7—7 Y. GO (49)
T i~ €5
where we have denoted
(ngy)=1-6nsz €,=€+0h (50)

and where the superscript (k) denotes the contribution of
order k in the couplings. The function P is found by using
the zeroth-order of the Green function in Eq. (32),

PP(2) = GOQ1,(2) - I(€,) - fle,) 20 (2) + fle) S le,)].
(51)

Using the identities
I(€,) - fle) 2 (€,) =Re[l,(€,) — fl€,)Z,(€,)]  (52)
and
G(z)) = VGV ()1, (53)
Eq. (49) takes the form

GP(z) =
71— €,

(Z - 60')2 (54)

In order to complete the second-order calculation, we need to find the occupation numbers 6nfro) and 5nfr2> [see Eq. (50)]. From

Eq. (48) we find

(1) =

f(&)l1 - fle5)]
1 - f(e,)f(€5) '

(55)

The second-order correction to the occupation number, 5n(02)5—(n0>(2), is obtained by integrating over the Fermi function

multiplied by the second-order correction to the density of states, pf)(w). The latter reads

G;(Z)(w) _ G(_,(z)(w) ~

217

P (w) =

Uy + (T3 =T)(n5) " + Taf (0 - €, + €5)[ (1) = (n)"”]
+ .

&w—%(&?+ww@—mﬁwa

Re /;(€;)
—) -8 (w—-e€,)n Re I(e;)
(960

m(w—€,)?

(56)
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Apart from the terms representing the second-order modifi-
cations of the singularity at €, [the first and second members
of Eq. (56)], our result reproduces the one of Ref. 24, for the
case where the width T, is spin independent, i.e., I';=T";.

(n)? = f f@)pP(0)dw=(nz)® - 1R

This result is identical to the U— o limit of Eq. (5) in Ref.
25 which was obtained by a direct perturbation expansion.
Figure 5 depicts the total occupation, ny== {n,), as function
of ¢, as found from the EOM technique, and as computed
from Egs. (55) and (57) to first order in the width. The two
curves differ by a few percents. The comparison with the
exact result is carried out in Sec. IV.

VII. CONCLUSIONS

We have presented a solution for the Green function of an
interacting quantum dot embedded in a general noninteract-
ing network. Our solution is derived within the EOM tech-
nique, taking into account exactly all resulting correlations
once those equations are truncated. We have tested our solu-
tion by analyzing several limiting cases, and by comparing
several physical properties derived from that solution with
other results available by the Bethe ansatz method and by
NRG computations.

We have found that the EOM Green function is tempera-
ture independent at the particle-hole symmetric point (where
h=0 and 2¢€,+U=0). We have found that this deficiency of

1‘00 T T T [ T T T T T
0.75 i -
< 0.50 f ]
i : : v ]
0.25 ; i ‘\
| —— Self-consistent \\ ]
Lo Perturbationin T ~Xza -
0.00 i MRS SN RS T S T B T S [ B S 1
-10 -5 0 5 10

FIG. 5. The equilibrium occupation number ny=={n,) for the
same parameters as in Fig. 1, and D=100I" (since second-order
perturbation theory does not scale with E,, the bandwidth has to be
specified), calculated from the self-consistently truncated EOM
(solid lines), and by perturbation theory to first order in I, Egs. (55)
and (57) (dashed line). The perturbational result diverges at €,=0.

l€e,) HKn)"
e —————+
Jde

o7
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Note that this density of states remains finite at all tempera-
tures. The Kondo divergence of pff)(O) in the limit 7—0
appears only at k=4 (see Ref. 24). Using the second-order
correction to the density of states, we find

Kn "

—— Re Iz(e5) + Re I(€,). (57)

o o o

the EOM is related to a discontinuity in the imaginary part of
the interacting self-energy at that particular point. However,
this imaginary part obeys the Fermi-liquid unitarity require-
ment away from this special point, at zero temperature. In
contrast, even away from the particle-hole symmetric point,
the EOM result fails to satisfy the Friedel sum-rule deep
inside the Kondo regime, as we have shown explicitly in the
infinite interaction limit.

Albeit these problems, the EOM solution reproduces
faithfully the low-temperature scaling of the spin susceptibil-
ity and the density of states at the Fermi level, though with
an energy scale Ty which differs from the true Kondo tem-
perature [cf. Eq. (45)]. Zero-temperature results are in excel-
lent agreement with the exact Bethe ansatz solution, except
for the Kondo correlated regime. As the temperature is
raised, the EOM results become more and more quantita-
tively correct, and approach high-temperature asymptotics
known rigorously from perturbation theory and NRG studies.
We have expanded the EOM Green function to second order
in the dot-network coupling and found an exact agreement
with direct calculations by perturbation theory. Most impor-
tantly, we have found that it is crucial to include in the EOM
solution all the correlations emerging from the truncated
scheme. Ignoring part of these correlations, as is ubiqui-
tously done in such studies, results in erroneous behaviors of
various physical quantities.

Hence we conclude that the method examined in this pa-
per can provide a reasonable description of a quantum dot
system over a wide parameter range, provided that the self-
consistency conditions inherent to this technique are fully
taken into account.
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APPENDIX A: EOM FOR THE FINITE U CASE

Here we extend the derivations of Refs. 9, 13, and 18,
carried out for an infinite repulsive interaction, to the case in
which U is finite. In addition, we allow for a Zeeman field,
assuming that the quantization axes of the spins are the same
on the dot and on the leads (but the g factors may be differ-
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ent). The Hamiltonian of the our system is given in Eq. (1).

The Fourier transform of the EOM for the Green function
defined in Eq. (5) can be written in two alternative forms®
(both will be used in the following),

z{(A;B).=([A.B],) + ([A,H]_; B)),
=([A,B],) - (A:[B,H]))..

It follows that the EOM for the dot Green function is

(A1)

[~ €~ 0h]Gy = 1 + Ulnagdyidy)) = 2 Jugllangidy).
(A2)
where & is the spin direction opposite to o. Here and in the
following we frequently omit for brevity explicit indications
of the argument z. We first consider the last term on the

right-hand side of Eq. (A2). The EOM for the Green function
appearing there is

(2= €ne){neidi)) = = 2 Tyl di)) = T, G .
(A3)

Introducing the inverse matrix

[z - €= 0h = Ul(ngsdy:dl)) = (nag) = 2 [Volanonagsdi)) + Juol{dia,ed s d)) = I, (al dad i di 0],
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Mnmo'(z) = [(Z - ngt _l]nm’

is the part of H,., pertaining to the spin direction

(A4)

where H7,,

o, we find

<<an(r7dj‘r>> == E MnmU(Z)JjnaGa' (AS)

Note that M is the Green function matrix of the network in
the absence of the coupling to the dot. Using Eq. (A5), we
find that the last term on the right-hand side of Eq. (A2) can
be put in the form

~ D ol diN) =3,G, (A6)

where

E(7'(2) = 2 Jno’Mnmlr(Z)ijr

nm

(A7)

is the self-energy of the dot Green function coming from the
coupling to the (noninteracting) network. Namely, it is the
dot self-energy for the U=0 case.'® As such, it can always be
calculated, at least in principle (see, for example, Refs. 18
and 40).

We now turn to the interacting part of the EOM for the
dot Green function [the second term on the right-hand side of
Eq. (A2)]. The EOM for the four-operator Green function
appearing there reads

(A8)

and gives rise to three new four-operator Green functions (on the right-hand side here). Their EOM are

[Z - 8n(r]<<an(rnd(7;djf>> == E ]nm<<amond(7;d2;>> - J:U«nd(?d(r»dz» - E [Jm(7'<<amrd:r7am(7;dz->> - J;a—«a;;a—d&amrsdz-»],

(A9)

[21 = £aad{(db,5d s d5)) = (i) = 20 Junlldbanad s d)) — T Alngod gy d W) + 2 [ al canod g3 d b))

- Jmo<<dj;7an5ama';dj;—>>] s

(A10)

[- 22+ 8,50} 5d5d 3 d)) = (anodi) + 20 T, (ah, 550 3d)) + J,5(nasd g3 d D)) = 25 ot di))

- Jm&«aj,&doam&; d;—»] 5

where we have introduced the definitions

21 =z-20h,

L =—-27+2¢+U.

(A11)

(A12)

The EOM (A9)—(A11) include four-operator Green functions in which only two of the operators are dot operators. Those are

decoupled as detailed in Eq. (8). One then finds

- E Jna<<anun5';dj-7>> = Ea«nﬁdmdjr» + 2 erMnm(r«ama;d;:—>>[~]m’&<dj;7am’(_r> - J;,(}(ajn,ad(ﬁ],

’
nmm

- E Jn(_r<<d;r7-an(7'd0;dj;>> =(1+2,G,)P5z)) + Eﬁ(Zl)«”ada;djr» - G,05(z1),

(A13)

(A14)
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2 T,(a)55d 3 d)) = (14 3,G ) Po(z) = S(20)(nsd 3 d))) + GoQi(2),

where we have introduced

=- EJ Moo 0

== 2 (a3 )Mo (Al6)
0(2) = 2 JugMumo Nty ame)
= 2 Jm'(r<ajngam’o'>an(r(Z)J:g—- (A17)

’
nmm

The second equality in each of Egs. (A16) and (A17) is
justified below.

Examining Egs. (A13), (A16), and (A17) reveals that one
needs to find thermal averages of two types, the ones belong-
ing to two network operators, <aj,wam/(,>, and the ones con-
sisting of a dot and a network operator, <d:§am(,). These are

found [see Eq. (7)] from the corresponding Green’s func-
tions, whose EOM are given by Eq. (A3) and

(2= 8){(dg o)) = = E((dmama»lmn JnaGo

(A18)

(Z - 8mo’)<<ama';ajlcr>>
= 5mn - 2 Jmm’«am’(r;ajm-» -

!
m

Toolldesar ).

(A19)

Their solutions in terms of the inverse matrix M, [see Eq.
(A4)] are

<<d(]';ajlo'>> == 2 Jmoan(rG(r’

m

(A20)

P,(z) = lim - flw)

7'—0 =T

= 5§ G0,

0,(z) = lim

7' =0

X[Elw=in) = 2,()]) = —§ JW[1+Z,(w)Gy(w)]
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(A15)

<<am0';a;:g->> = ana'+ 2 Mmlo‘];o‘]n’UMn’na'GO'

In'

(A21)

Employing these solutions to obtain the thermal averages
appearing in Eq. (A13), we find

E Jm’5-<dj;7am’&> = 2 J;:,Ia-<a;/a-d&>'

Consequently, the terms in the square brackets of Eq. (A13)
are cancelled. Next, we use the first equality in each of the
definitions (A16) and (A17) together with the auxiliary
Green functions (A5) and (A21), to find P and Q in terms of
the dot Green function G,

Pi=i 16,2
c2m

XE Jno‘]mo'[(z ngt 1(Z - Hnet l]nm’

nm

(A22)

0,0=i T +2,16,:)]
c «T

X E JnUJm(rl:(Z ngt I(Z - Hnet l]nm’

(A23)
where we have used Eq. (A4). Since

(Z _ngt) ! (Z 7_(net) !

z-z'

(Z - Hr?et)_l (Z - H:lret)_l

(A24)

we can use Eq. (A7) for the noninteracting self-energy, to
write the functions P and Q in terms of that self-energy,

dw —(G d0+in)[Z0+in)-2,2)]-Glo-in)[E(w-in) - 2,(2)])

i f dwj(__w(z)([l + 20((1)+ in’)Ga((D+ in')][z,,(w+ l77’) - Eg(z)] — [1 + 20-((1)— in,)GU((x)— lﬂ’)]

p (W) 200 (A25)
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Here and elsewhere the imaginary part of z is always greater
than #’, so that the contour C never encircles the pole at w
=z. Note that using the same procedure employing the sec-
ond equalities in Egs. (A16) and (A17) gives again Egs.
(A22) and (A23), thus proving that the two definitions of P
and Q in Egs. (A16) and (A17) are equivalent. Equation (A8)
can be now easily solved. Inserting the solution into Eq. (A2)
leads to the expression for the dot Green function, Eq. (9).

In treating the functions P and Q in Sec. III A we have
employed several properties of the complex integrals appear-
ing in Egs. (A25). Consider, for example, the integral

iﬁg G =20
C

A26
2 Z—w ( )

Since G(w) and 2(w) have no singularities except for a cut
along the real axis, it is expedient to complete each half of
the contour C by a large-radius semicircle in the upper and
lower half-planes. Then, by the residue theorem, Eq. (A26)
vanishes provided that G(w) falls as w™! or faster at w— .
This means that the Fermi function f(w) in the definition of
P can be replaced by f(w)+const. Another important case is
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when G(w) is replaced by 1 in Eq. (A26). In this case the
contribution of the semicircles does not vanish, and the inte-
gral (A26) gives (z).

An alternative to the fully self-consistent treatment inves-
tigated in this paper has been proposed in Ref. 5. There, the
averages of the form (dj,am() were ignored, and those of the
type (a a,,) were approximated by &,,{a, Ame)-
Namely, He.qor Was put to zero in the calculation of the
averages. Upon such an approximation, P,(z)=0, and

QU(Z)ZJ Im{Ea(w—in)}f(w)dw,

o I—w

(A27)

reproducing Eq. (8) of Ref. 5. Another approximation of Egs.
(A22) and (A23), originally due to Lacroix,'! has been re-
cently analyzed in the context of quantum dots in Ref. 18. In
this approximation one assumes the dot Green function to
vary smoothly enough over the integration regimes in Egs.
(A22) and (A23), so that it can be taken out of the integrals.
This ansatz reduces Eq. (9) of the text to a quadratic form.
These two approximate solutions are discussed in Secs. III
and IV.

APPENDIX B: DERIVATION OF THE POLYNOMIAL FUNCTION R

As explained in Sec. IV, the function

R(Z) = CI)U(Z)CI;U(Z) - XU(Z))ZU'(Z) = Z(Fa' + r&)[z — €~ ZFE'

—iC,+TH)z—e+il",— Iz z+ ﬁh)]{ﬂ —Ngg) — —
T

T, [ Ao)Gyo)rT,
-2 do——T—=2
T Z+0h—w

» (w)G;(a»}

z+oh—w

is nonsingular across the real axis, and its only singular point
is at z=9%. This observation enables one to solve for the

Green function in terms of the functions ® and ®. Here we
examine R(z) in some detail, and also derive the first two
terms of its polynomial expansion.

In the limit z— oo, the function 7,(z), Eq. (31), is given by

D

r
I,(z) ~ =7 1n —7. (B2)
v Z

The z—oo limit of the integrals appearing in Eq. (B1)
has to be taken with care. We write the Green functions
appearing in the integrands there in the form
Gi(w)=Re G (w)+iIm G} (w), and use (ng,)=—(1/m)
X [dof(w)Im G} (w) to obtain

[ r, f(w)G;(w)}
—I,(z+oh)]| (1 —ng)—— | do——

T 7+ o0h-w

L, dww} - <rg+rﬁ>2[<1 (1= )

z+o0h—w
(B1)
I
& dwf(w)G(tr(w) ~ ir(r<nd(r> +AO—(Z), (B3)
T ZI—w z
where
Ayz) = F_U deM_ (B4)
T -

Inserting Egs. (B2) and (B3) into Eq. (B1), the terms which
survive the z— o0 limit are
R(Z) -~ (F(r + F&)2(<nd(r> + <nd(7'> - <nd(r><nd(7'>)
+i([ o+ T'5)(z = €)nge = n45)

+i(ly+ F&)(Z[Aa(z) —-As2)]-(1 - n,;ﬁ%” In %’
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I's Ds
1 =n)—Zn =2, (B5)
Tz

According to the discussion in Sec. IV, the terms logarithmic
in z have to disappear. The integral giving A(z), Eq. (B4), is
well behaved on the positive w axis, since then for large w
the Fermi function makes it convergent. For very large nega-
tive w values, Re G} (w) —(l-nyz)/w, and as a result, the
contribution from that part of the integration to A,(z) is (1
—nyz) (' /7)(1/2)In(,/z), where {,=<D,. Hence, the terms
logarithmic in z are canceled. In our calculations, we have
used

FU’ b(r
Af2) ~ =~ H(1=ngin Di +=, (B6)

and have determined the coefficient b,, self-consistently (see
Appendix C). In this way we find
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R(2) = (T, + T3 [(ngo) + (n4z) = (nao)(naz]
+i(F,+ L) (z - €)nyy—ngz) +by—bsl.
(B7)

APPENDIX C: DETAILS OF THE EXACT SOLUTION

This appendix is devoted to the analysis of the exact so-
lution for the self-consistent EOM, and in particular to the
determination of the unknown coefficients b,, [see Egs. (B6)
and (B7)], @ and a [see Egs. (42)]. This is accomplished by
expanding the solution at large frequencies, and equating the

coefficients with those of the desired functions ® and ®. We
give the details for @; those of the “tilde” solution are ob-
tained analogously.

As has been the case for the integral (B3), the large nega-
tive part of the integral defining M (z) has to be taken with
care. To this end we write

( do )111 H () [ dw \In H(w) = O(- Dz — w)F (w)(— 2i)
i [ [ i [~ (o

2mi) z—w 21

bz w)dw
+f Flwo)de 1)

i—w —o i—w

where the function F,(w) is defined in such a way that the use of the geometric series 1/(z—w)=z"'+z2w+O(z™%) in the first
integral of Eq. (C1) results in convergent integrals. It is sufficient to include in F,(w) the most slowly decaying terms of
In H(w)/(-27i), which are obtained by expanding H(w) for large negative w,

Fa. FE’ FE’ Da. . .
Folo)=——-——F| —In-—+g—-il', +I'5){ny,) +il's|.
o 7w T |

(C2)

[In this expansion one has to include terms of the order O(w™?) because of the linear term in the prefactor in Eq. (42).] Using
Eq. (C2), the second integral in Eq. (C1) is obtained explicitly, and then expanded up to order 72,

PoF (wdo Ts 2z 1[5 =z : th? F%? D;l's
4 ~—In—-— t -t
e I W mz Dz 2 ™Dy 67 mZ

ey (T, + T +1T5)| o S
n— -—le - +1'; +il'z]| —=-—5In—|.
mz D(; . € — Il 4 FAUZ L sz ZD(; Z2 D&
As a result, the asymptotic expansion of the function M ,(z) becomes

M (z) ~ [a,+ (C5/m)In(z/D;) 1z +{B, + Lzl m) €y — i(Ty+ T5){nyy) + il 5]In(z/Dz) — (U 5/ m)*(1/2)In*(z/D3)}/z*, (C4)

where the coefficients «, and B, are given by Fé I';D-
B(T_ -+
6 T
+o0
rz _ + f oliln H (0)/(27) = O(-= Dg— w)F (w)]dw.
A= ﬂ_zg& - W_DU&[EO =il + ) nge) +il'5] -

(Co)

+00
+ f [iIn Hw)/(27) —O(- Dg— o)F ,(w)]dw,
(C5)  An analogous calculation gives F,(w)=F5(w)", leading to
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M (z) ~[@,+ (T ,/m)n(z/D,))/z

+ {B(r+ (Fa/W)[fo + Z(F(r + F&)<ndr7'> - lF(r]
X1In(z/D,) — (T /m)*(1/2)In*(z/D )}z,  (C7)

= L e i+ T ) T
Ay = 7TzDo._7TD0. €t+till o+l gz —tl o
400

+ [ilnH,(w0)/(27) = O(= D, - w)F,(w)]dw,

—o0

(C8)

P I%. F(J'Du-
=<2, 9

BO'_ 6 T

+ j+°° wliln H (0)/27) = O(= D, - w)F,(w)]dw.

-0

(C9)
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Finally, we use Egs. (C4) and (C7) in Eq. (42), and then
compare term by term with the expansion of Eq. (33). This
procedure determines the coefficients a and a,

a=ao,+ Eo—ira, a= &U'+ Eo+l'r5., (CIO)

and gives the self-consistency equations
bo+ilngg) = i(Co+ T3 [By— aay+ alf2 + Tsh/(2m)],
(C11)

by—iT ngy) = = i(Ty+ T5) ' [By — @, + az/2 - T i/ (2)].
(C12)

In the case of a full spin symmetry (including 2=0), one has
a@=a’, B=p°, and a=a", and then Eq. (C11) and Eq. (C12)
become complex conjugate.

For a given set of parameters, Egs. (C11) and (C12) are
solved numerically for b, and (n,,) by an iterative Newton-
Raphson algorithm. The initial values are chosen from the
solution of the noninteracting (U=0) problem.
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Unified description of correlations in double quantum dots
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The two-level model for a double quantum dot coupled to two leads, which is ubiquitously used
to describe charge oscillations, transmission-phase lapses and correlation-induced resonances, is
considered in its general form. The model features arbitrary tunnelling matrix elements among the
two levels and the leads and between the levels themselves (including the effect of Aharonov-Bohm
fluxes), as well as inter-level repulsive interactions. We show that this model is exactly mapped onto
a generalized Anderson model of a single impurity, where the electrons acquire a pseudo-spin degree
of freedom, which is conserved by the tunnelling but not within the dot. Focusing on the local-
moment regime where the dot is singly occupied, we show that the effective low-energy Hamiltonian
is that of the anisotropic Kondo model in the presence of a tilted magnetic field. For moderate
values of the (renormalized) field, the Bethe ansatz solution of the isotropic Kondo model allows us
to derive accurate expressions for the dot occupation numbers, and henceforth its zero-temperature
transmission. Our results are in excellent agreement with those obtained from the Bethe ansatz
for the isotropic Anderson model, and with the functional and numerical renormalization-group
calculations of Meden and Marquardt [Phys. Rev. Lett. 96, 146801 (2006)], which are valid for
the general anisotropic case. In addition we present highly accurate estimates for the validity of the
Schrieffer-Wolff transformation (which maps the Anderson Hamiltonian onto the low-energy Kondo
model) at both the high- and low-magnetic field limits. Perhaps most importantly, we provide a
single coherent picture for the host of phenomena to which this model has been applied.

PACS numbers: 73.63.Kv,72.15.Qm,75.20.Hr,73.23.Hk
Keywords: quantum dots, multi-level transport, Kondo effect, Bethe ansatz, singular value decomposition

I. INTRODUCTION
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age has been established between these seemingly differ-

The ongoing technological progress in the fabrication
and control of nanoscale electronic circuits, such as quan-
tum dots, has stimulated detailed studies of various
quantum-impurity models, where a few local degrees of
freedom are coupled to a continuum. Of particular in-
terest are models with experimentally verifiable univer-
sal properties. One of the best studied examples is the
Anderson single impurity model,! which describes suc-
cessfully electronic correlations in small quantum dots.?3
The experimental control of most of the parameters of
this model, e.g., the impurity energy level position or the
level broadening due to hybridization with the contin-
uum, allows for detailed investigations®*® of the universal
low-temperature behavior of the Anderson model.

In this paper we study the low-energy behavior of a
generic model, depicted in Fig. la, which pertains ei-
ther to a single two-level quantum dot or to a double
quantum dot where each dot harbors only a single level.
The spin degeneracy of the electrons is assumed to be
lifted by an external magnetic field. Several variants of
this model have been studied intensely in recent years, in
conjunction with a plethora of phenomena, such as many-
body resonances in the spectral density,® phase lapses
in the transmission phase,”® charge oscillations,”!? and
correlation-induced resonances in the conductance.'!'?
Albeit being described by the same model, no clear link-

ent effects. The reason is in part due to the large num-
ber of model parameters involved, which so far obscured
a clear physical picture. While some exact statements
can be made, these are restricted to certain solvable lim-
its,% and are apparently nongeneric.!! Here we construct
a framework which encompasses all parameter regimes of
the model, and enables a unified description of the var-
ious phenomena alluded to above, exposing their com-
mon physical origin. For the most interesting regime of
strong fluctuations between the two levels, we are able to
give: (i) explicit analytical conditions for the occurrence
of transmission phase lapses; (ii) an explanation of the
population inversion and the charge oscillations®1%13 (in-
cluding a Kondo enhancement of the latter); (iii) a com-
plete account of the correlation-induced resonances!'! as
a disguised Kondo phenomenon.

After introducing the details of the double-dot Hamil-
tonian in Sec. IT A, we begin our analysis by constructing
a linear transformation of the dot operators, and a simul-
taneous (generally different) linear transformation of the
lead operators, such that the 2x2 tunnelling matrix be-
tween the two levels on the dot and the leads becomes
diagonal (with generally different eigenvalues). As a re-
sult, the electrons acquire a pseudo-spin degree of free-
dom which is conserved upon tunnelling between the dot
and the continuum, as shown schematically in Fig. 1b.
Concomitantly, the transformation generates a local Zee-



CHAPTER 6.

(@) a;, ‘YY (b)
oL DR
® b ®
a2 2 e— ag2

66

hsin 6

FIG. 1: A schematic representation of the double-dot system, along with its reduction in the local-moment regime to an effective
Kondo model with a tilted magnetic field. (a) The model system: two localized levels coupled by tunnelling matrix elements
to one another and to two separate leads. A constant magnetic flux induces phase factors on those elements. Spinless electrons
residing on the two levels experience a repulsive interaction. (b) The mapping onto a spinful generalized Anderson model, with
a tilted magnetic field and different tunnelling elements for spin-up and spin-down electrons. (c) The low-energy behavior of

the generalized Anderson model is mapped onto an anisotropic Kondo model with a tilted magnetic field, Bto.

man magnetic field. In this way the original double-dot
model system is transformed into a generalized Anderson
impurity model in the presence of a (generally tilted)
external magnetic field. This first stage is detailed in
Sec. IIB and Appendix A.

We next analyze in Sec. III the low-energy properties
of our generalized Anderson model. We confine ourselves
to the local moment regime, in which there is a single
electron on the impurity. The fluctuations of the pseudo-
spin degree of freedom (which translate into charge fluc-
tuations between the two localized levels in the original
model) are determined by two competing effects: the po-
larizing effect of the local magnetic field, and the Kondo
screening by the itinerant electrons. In order to quanti-
tatively analyze this competition, we derive an effective
low-energy Kondo Hamiltonian, using Haldane’s scaling
procedure,'# together with the Schrieffer-Wolff'® trans-
formation and Anderson’s poor man’s scaling.'® This
portion of the derivation resembles recent studies of the
Kondo effect in the presence of ferromagnetic leads,!” al-
though the physical context and implications are quite
different.

As is mentioned above, the tunnelling between the im-
purity and the continuum in the generalized Anderson
model is (pseudo) spin dependent. This asymmetry re-
sults in two important effects: (a) different renormal-
izations of the two local levels, which in turn generates
an additional local magnetic field.'” This field is not
necessarily aligned with the original Zeeman field that
is present in the generalized Anderson model. (b) An
anisotropy of the exchange coupling between the con-
duction electrons and the local moment in the Kondo
Hamiltonian. However, since the scaling equations for
the anisotropic Kondo model'®'® imply a flow towards
the isotropic strong coupling fixed point, the low-energy
behavior of the generalized Anderson model can be still
described in terms of two competing energy scales, the
Kondo temperature, T}, and the renormalized magnetic
field, htot. Our two-stage mapping, double-dot = gener-
alized Anderson model = anisotropic Kondo model (see
Fig. 1), allows us to obtain analytic expressions for the
original model properties in terms of those of the Kondo

model. We derive in Sec. IV the occupation numbers on
the two localized levels by employing the Bethe ansatz
solution of the magnetization of a Kondo spin in a finite
magnetic field.1?:29 This solution also results in a highly
accurate expression for the conductance based upon the
Friedel-Langreth sum rule.?! Perhaps most importantly,
it provides a single coherent picture for the host of phe-
nomena to which our model has been applied.

Examples of explicit results stemming from our general
analysis are presented in Sec. V. First, we consider the
case in which the tunnelling is isotropic, being the same
for spin-up and spin-down electrons. Then the model is
exactly solvable by direct application of the Bethe ansatz
to the Anderson Hamiltonian.?%?2 We solve the result-
ing equations®?23 numerically and obtain the occupation
numbers for arbitrary parameter values of the model, and
in particular, for arbitrary values of the local Zeeman
field. By comparing with the occupation numbers ob-
tained in Sec. IV from the Kondo version of the model,
we are able to test the accuracy of the Schrieffer-Wolff
mapping onto the Kondo Hamiltonian. We find that this
mapping yields extremely precise results over the entire
local-moment regime. This exactly solvable example has
another virtue. It clearly demonstrates the competition
between the Kondo screening of the local spin, which is
governed by Tk, and the polarizing effect of the local field
hiot- This competition is reflected in the charging pro-
cess of the quantum dot described by the original Hamil-
tonian. We next proceed to apply our general method to
the features for which the anisotropy in the tunnelling is
relevant, notably the transmission phase lapses and the
correlation-induced resonances.'! In particular, we derive
analytical expressions for the occupation numbers and
the conductance employing the mapping onto the Kondo
Hamiltonian. These analytical expressions give results
which are in a very good agreement with the data pre-
sented by Meden and Marquardt,!! which was obtained
by the functional and numerical renormalization-group
methods applied to the original model.

As our treatment makes extensive usage of the exact
Bethe ansatz solutions for the impurity magnetization in
the isotropic Kondo and Anderson models with a finite
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magnetic field, all relevant details of the solutions are
concisely gathered for convenience in Appendix B.

II. THE DOUBLE-DOT SYSTEM AS A
GENERALIZED ANDERSON MODEL

A. The model

We consider spinless electrons in a system of two dis-
tinct energy levels (a ‘quantum dot’), labelled ¢ = 1,2,
which are connected by tunnelling to two leads, labelled
a = L,R. This quantum dot is penetrated by a (con-
stant) magnetic flux. The total Hamiltonian of the sys-
tem reads

H=H;+Hai+ Hia, (1)

in which H; is the Hamiltonian of the leads, Hy is the
Hamiltonian of the isolated dot, and H;; describes the
coupling between the dot and the leads. The system is
portrayed schematically in Fig. 1a.

Each of the leads is modelled by a continuum of nonin-
teracting energy levels lying within a band of width 2D,
with a constant density of states p.2* The corresponding
Hamiltonian is given by

Hi=> e4ChaCha s (2)

ka

where c,Tm (¢1o) creates (annihilates) an electron of wave
vector k on lead a. The two leads are connected to two
external reservoirs, held at the same temperature 7" and
having different chemical potentials, pr and pg, respec-
tively. We take the limit pur —pr = 0 in considering
equilibrium properties and the linear conductance.

The isolated dot is described by the Hamiltonian

dy

Ha=[d} dg]-fi‘d-[dz

] +Unyng, (3)

where

2¢0+ A

.1
€a=5 [be—z‘m—m)/fz

beiler—vr)/2
} W

260—A

Here, d! (d;) creates (annihilates) an electron on the
ith level, n; = djdi are the occupation-number opera-
tors (representing the local charge), U > 0 denotes the

67

Coulomb repulsion between electrons that occupy the
two levels, eg £ A/2 are the (single-particle) energies on
the levels, and b/2 is the amplitude for tunnelling be-
tween them. The phases ¢ and g, respectively, rep-
resent the Aharonov-Bohm fluxes (measured in units of
the flux quantum 2nhc/e) in the left and in the right
hopping loops, such that the total flux in the two loops
is ¢ = @1, + @R [see Fig. 1a).

Gauge invariance grants us the freedom to distribute
the Aharonov-Bohm phases among the inter-dot coupling
b and the couplings between the dot levels and the leads.
With the convention of Eq. (4), the coupling between the
quantum dot and the leads is described by the Hamilto-
nian

Hia =Y [cf, CLR]-A-[Z;]JFH.C., (5)
k

where

; ar1e¥’?  ars
A= : = . 6
[ GpL apac®)? ] ;o p=¢r+er. (6)

Here the real (possibly negative) coefficients a,; are the
tunnelling amplitudes for transferring an electron from
the level 7 to lead a. Note that the Hamiltonian de-
pends solely on the total Aharonov-Bohm flux ¢ when
the interdot coupling b vanishes. Also, the tunnelling ma-
trix A is assumed to be independent of the wave vector
k. This assumption considerably simplifies the analysis
while keeping the main physical picture intact.

B. Mapping onto a generalized Anderson model

The analysis of the model defined in Sec. IT A employs
an ezact mapping of the Hamiltonian of Eq. (1) onto a
generalized Anderson Hamiltonian, which pertains to a
single-level quantum dot, coupled to a spin-degenerate
band of conduction electrons. We show in Appendix A
that the model depicted in Fig. 1a is fully described by
the Hamiltonian

H= Zak CLUC,W + Z(eo - ag COSG)ng - (d]}di + dIdT) g sinf 4+ Unyny + Z V. (ngda + H.c.) , (7)

k,o o

schematically sketched Fig. 1b, which generalizes the
original Anderson model' in two aspects. Firstly, it al-

k,o

lows for spin-dependent coupling between the dot and
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the conduction band. A similar variant of the Ander-
son model has recently attracted much theoretical and
experimental attention in connection with the Kondo ef-
fect for ferromagnetic leads.'"2°-28 Secondly, it allows for
a Zeeman field whose direction is inclined with respect
to the “anisotropy” axis z. For spin-independent tun-
nelling, one can easily realign the field along the z axis
by a simple rotation of the different operators about the
y axis. This is no longer the case once V; # V|, which
precludes the use of some of the exact results available
for the Anderson model. As we show below, the main
effect of spin-dependent tunnelling is to modify the effec-
tive field seen by electrons on the dot, by renormalizing
its z-component.

The derivation of Eq. (7) is accomplished by a trans-
formation known as the singular-value decompositiop,29
which allows one to express the tunnelling matrix A in
the form

A Vi 0
A:R}-[OTW]-Rd. (8)

Here R; and Ry are unitary 2x2 matrices, which are used
to independently rotate the lead and the dot operators
according to

dy | _ dy crr | _ CkL
)= (g ] [G]=ne (] @
To make contact with the conventional Anderson impu-
rity model, we have labelled the linear combinations of
the original operators [defined through Egs. (9)] by the
“spin” index o =7 (+1) and 0 =] (-1).

The transformation (9) generalizes the one in which
the same rotation R is applied to both the dot and the
lead operators. It is needed in the present, more general,
case since the matrix A generically lacks an orthogonal
basis of eigenvectors. The matrices Ry and R; can always
be chosen uniquely (up to a common overall phase) such
that3" (a) the tunnelling between the dot and the contin-
uum is diagonal in the spin basis (so that the tunnelling
conserves the spin); (b) the amplitudes V4 > V| > 0
are real; and (c) the part of the Hamiltonian of Eq. (7)
pertaining to the dot has only real matrix elements with
hsinf > 0. The explicit expressions for the rotation ma-
trices Ry and R; as well as for the model parameters
appearing in Eq. (7) in terms of those of the original
Hamiltonian are given in Appendix A.

It should be emphasized that partial transformations
involving only one rotation matrix, either Ry or R;, have
previously been applied in this context (see, e.g., Refs. 6
and 31). However, excluding special limits, both R4 and
R; are required to expose the formal connection to the
Anderson model. A first step in this direction was re-
cently taken by Golosov and Gefen,® yet only on a re-
stricted manifold for the tunnelling amplitudes aqo;. In
the following section we discuss in detail the low-energy
physics of the Hamiltonian of Eq. (7), focusing on the
local-moment regime. Explicit results for the conduc-
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tance and the occupations of the levels are then presented
in Secs. IV and V.

III. THE LOCAL-MOMENT REGIME

There are two limits where the model of Eq. (1) has
an exact solution:® (i) when the spin-down state is de-
coupled in Eq. (7), i.e., when V| = hsiné = 0; (ii) when
the coupling is isotropic, i.e., V3 = V|. In the former
case, n| is conserved. The Hilbert space separates then
into two disconnected sectors with n) = 0 and n| = 1.
Within each sector, the Hamiltonian can be diagonalized
independently as a single-particle problem. In the lat-
ter case, one can always align the magnetic field & along
the z axis by a simple rotation of the different operators
about the y axis. The model of Eq. (7) reduces then to
a conventional Anderson model in a magnetic field, for
which an exact Bethe ansatz solution is available.?® (This
special case will be analyzed in great detail in Sec. V A.)

In terms of the model parameters appearing in the orig-
inal Hamiltonian, the condition V| = 0 corresponds to

lariare| = |lariarz|, and ¢ = mod 27, (10)
whereas V3 = V| =V corresponds to

lapi| = |ara|, |ar2| = lagi|, and ¢ = (7 + ) mod 27.

(11)

Here

0 if apiarsariags >0
B = (12)
7 if ar1ar2a6r1aR2 < 0
records the combined signs of the four coefficients aq;.>?
Excluding the two cases mentioned above, no exact
solutions to the Hamiltonian of Eq. (1) are known. Nev-
ertheless, we shall argue below that the model displays
generic low-energy physics in the “local-moment” regime,
corresponding to the Kondo effect in a finite magnetic
field. To this end we focus hereafter on I't,I'},h <
—€0,U + €9, and derive an effective low-energy Hamil-
tonian for general couplings. Here I', = 7pV,2 is half the
tunnelling rate between the spin state o and the leads.

A. Effective low-energy Hamiltonian

As is mentioned above, when V; = V| one is left with
a conventional Kondo effect in the presence of a finite
magnetic field. Asymmetry in the couplings, V; # V|,
changes this situation in three aspects. Firstly, the ef-
fective magnetic field seen by electrons on the dot is
modified, acquiring a renormalized z-component. Sec-
ondly, the elimination of the charge fluctuations by
means of a Schrieffer-Wolff transformation,'® results in
an anisotropic spin-exchange interaction. Thirdly, a new
interaction term is produced, coupling the spin and the
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charge. Similar aspects have been previously discussed
in the context of the Kondo effect in the presence of fer-
romagnetic leads,'” where the source of the asymmetry
is the inequivalent density of states for conduction elec-
trons with opposite spin.?® Below we elaborate on the
emergence of these features in the present case.

Before turning to a detailed derivation of the effec-
tive low-energy Hamiltonian, we briefly comment on the
physical origin of the modified magnetic field. As is well
known, the coupling to the continuum renormalizes the
bare energy levels of the dot. For I't,I"}, h <« —e€g, U +€q,
these renormalizations can be accurately estimated using
second-order perturbation theory in V,,. For V; # V|,
each of the bare levels €, = €y — Foh cos 6 is shifted by a
different amount, which acts in effect as an excess mag-
netic field. Explicitly, for T = 0 and D > |e|, U one
obtains!317

:FT—FLIHEO—FU'

Ah,
s |eol

(13)

As € is swept across —U/2, Ah, «x I't —T'; changes sign.
Had |I'y —T'; | exceeded h this would have dictated a sign-
reversal of the z-component of the combined field as ¢q is
tuned across the Coulomb-blockade valley. As originally
noted by Silvestrov and Imry,'? this simple but insightful
observation underlies the population inversion discussed
in Refs.9,10 and13 for a singly occupied dot. We shall
return to this important point in greater detail later on.

A systematic derivation of the effective low-energy
Hamiltonian for I't,I'),h < —eg,U + € involves the
combination of Anderson’s poor-man’s scaling'® and the
Schrieffer-Wolff transformation.*® For |eo| ~ U + g, the
elimination of high-energy excitations proceeds in three
steps. First Haldane’s perturbative scaling approach'*
is applied to progressively reduce the bandwidth from
its bare value D down to Dsw ~ |eo| ~ U + e9. Next
a Schrieffer-Wolff transformation is carried out to elim-
inate charge fluctuations on the dot. At the conclusion
of this second step one is left with a generalized Kondo
Hamiltonian [Eq. (16) below], featuring an anisotropic
spin-exchange interaction and an additional interaction
term that couples spin and charge. The Kondo Hamilto-
nian also includes a finite magnetic field whose direction
is inclined with respect to the anisotropy axis z. In the
third and final stage, the Kondo Hamiltonian is treated
using Anderson’s poor-man’s scaling'® to expose its low-
energy physics.

The above procedure is further complicated in the case
where |eg| and U + ¢y are well separated in energy. This
situation requires two distinct Schrieffer-Wolff transfor-
mations: one at Dgly, ~ max{|eo|, U + €9} and the other
at DI ~ min{|eg|,U + €o}. Reduction of the band-
width from Dgh, to DZ¥™ is accomplished using yet
another (third) segment of the perturbative scaling. It
turns out that all possible orderings of |eg| and U + €
produce the same Kondo Hamiltonian, provided that I'y,
I’y and h are sufficiently small. To keep the discussion as
concise as possible, we therefore restrict the presentation
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to the case |eg| ~ U + €.

Consider first the energy window between D and Dgw,
which is treated using Haldane’s perturbative scaling.
Suppose that the bandwidth has already been lowered
from its initial value D to some value D’ = De~! with
0 <! < In(D/Dgw). Further reducing the bandwidth
to D’(1 — 4l) produces a renormalization of each of the
energies €1, €, and U. Specifically, the z-component of
the magnetic field, h, = €| — €1, is found to obey the
scaling equation

dh, TI't1—-TIy 1 1
d— 1—eleg/D  1+4+€(U+e)/D]"
(14)

Here we have retained €¢g and U + ¢p in the denomina-
tors, omitting corrections which are higher-order in I'y,
I}, and h (these include also the small renormalizations
of €, and U that are accumulated in the course of the scal-
ing). The a-component of the field, h, = hsin 6, remains
unchanged throughout the procedure. Upon reaching
D’ = Dgw, the renormalized field h, becomes

T—FllnDsw—i-U—i—eo

r
h% = hcosf +
Dsw — €0

; (15)

where we have assumed D > |eg|,U.

Once the scale Dgw is reached, charge fluctuations on
the dot are eliminated via a Schrieffer-Wolff transforma-
tion,'® which generates among other terms also further
renormalizations of €,. Neglecting h in the course of the
transformation, one arrives at the following Kondo-type
Hamiltonian,

Hx = Zakclgckg + J1 (Sess + Sysy) + J252s.

k,o
+ vscS*® Z cel et F Z (vg +ov_):iel ey
k,k' o k,k" o
— h.S, — hyS,. (16)

Here we have represented the local moment on the dot
by the Spin—% operator

= 1
_iss
S == B TO‘U,dUdO" (17)

o0’

(7 being the Pauli matrices), while

§= % Z Z 7?;7(7’62(76,’6’0’ (18)

k,k" 0,0’

are the local conduction-electron spin densities. The
symbol :clack,g: = c%ack,g — Ok 1 0(—€) stands for nor-
mal ordering with respect to the filled Fermi sea. The
various couplings that appear in Eq. (16) are given by
the explicit expressions

2 /TT, [ 1 1
Jo= ML , 19
pIL T <|€0| U—|—eo> (19)
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PUsc =
FT + Pi 1
— = 22
pUx 6 U+ €0> ’ ( )
- ry-1r,. U
h. =hcosf + ———L1n +€0, (23)
l€ol
and
he = hsiné. (24)

Equations (19)—(24) are correct to leading order in I't,
I'|, and h, in accordance with the inequality I'1,I'|, h <
leo], U + €o. In fact, additional terms are generated in
Eq. (16) when h is kept in the course of the Schrieffer-
Wolff transformation. However, the neglected terms
are smaller than the ones retained by a factor of
h/min{|eg|,U + €} < 1, and are not expected to al-
ter the low-energy physics in any significant way. We
also note that h, accurately reproduces the second-order
correction to h, detailed in Eq. (13). As emphasized
above, the same effective Hamiltonian is obtained when
leo] and U + ey are well separated in energy, although
the derivation is notably more cumbersome. In unify-
ing the different possible orderings of |eg| and U + eq,
the effective bandwidth in Eq. (16) must be taken to be
Dy ~ IIliIl{|60|7 U + 60}.

B. Reduction to the Kondo effect in a finite
magnetic field

In addition to spin-exchange anisotropy and a tilted
magnetic field, the Hamiltonian of Eq. (16) contains a
new interaction term, vs., which couples spin and charge.
It also includes spin-dependent potential scattering, rep-
resented by the term v_ above. As is well known, spin-
exchange anisotropy is irrelevant for the conventional
Spln—§ single-channel Kondo problem. As long as one
lies within the confines of the antiferromagnetic domain,
the system flows to the same strong-coupling fixed point
no matter how large the exchange anisotropy is. SU(2)
spin symmetry is thus restored at low energies. A fi-
nite magnetic field h cuts off the flow to isotropic cou-
plings, as does the temperature T'. However, the resid-
ual anisotropy is negligibly small if h, 7" and the bare
couplings are small. That is, low-temperature thermo-
dynamic and dynamic quantities follow a single generic
dependence on T'/Tk and h/T}, where Tk is the Kondo
temperature. All relevant information on the bare spin-
exchange anisotropy is contained for weak couplings in
the microscopic form of T .

70

The above picture is insensitive to the presence of
weak potential scattering, which only slightly modifies
the conduction-electron phase shift at the Fermi energy.
As we show below, neither is it sensitive to the pres-
ence of the weak couplings vs. and v_ in Eq. (16). This
observation is central to our discussion, as it enables a
very accurate and complete description of the low-energy
physics of Hg in terms of the conventional Kondo model
in a finite magnetic field. Given the Kondo temperature
T and the direction and magnitude of the renormalized
field pertaining to Eq. (16), physical observables can be
extracted from the exact Bethe ansatz solution of the
conventional Kondo model. In this manner, one can ac-
curately compute the conductance and the occupation of
the levels, as demonstrated in Secs. IV and V.

To establish this important point, we apply poor-
man’s scaling!® to the Hamiltonian of Eq. (16). Of
the different couplings that appear in Hg, only J., J1,
and h. are renormalized at second order. Converting
to the dimensionless exchange couplings J, = pJ. and
J1 = pJ1, these are found to obey the standard scaling
equations!6-18

dJ,
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o s =
7 - JzJJ_ ) (26>

independent of v, and vi. Indeed, the couplings vy, and
v+ do not affect the scaling trajectories in any way, other
than through a small renormalization to h:

dh
dl

2 = Dye (szz_ + 2@SC@+) 8ln2.  (27)

Here 9, are the dimensionless couplings pv, (u = sc, £),
and [ equals In(Dg/D’) with D’ the running bandwidth.

As stated above, the scaling equations (25)—(26)
are identical to those obtained for the conventional
anisotropic Kondo model. Hence, the Kondo couplings
flow toward strong coupling along the same scaling tra-
jectories and with the same Kondo temperature as in the
absence of vg. and wvy. Straightforward integration of
Egs. (25)—(26) yields

1 S
Tk = Dgexp (——tanh 1—) 28
K 0 PY: 7 (28)

with & = \/J2 — J2. Here we have exploited the hierar-
chy J, > J, > 0 in deriving Eq. (28). In terms of the
original model parameters appearing in Eq. (7), Eq. (28)
takes the form

(29)

r
TK = D() exp |: TFEO(U + 60) In T:l

20y =Ty) Ty

Equation (29) was obtained within second-order scaling,
which is known to overestimate the pre-exponential fac-
tor that enters Tx. We shall not seek an improved ex-
pression for Tk encompassing all parameter regimes of
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Eq. (7). More accurate expressions will be given for the
particular cases of interest, see Sec. V below. Much of
our discussion will not depend, though, on the precise
form of Tx. We shall only assume it to be sufficiently
small such that the renormalized exchange couplings can
be regarded isotropic starting at energies well above Tk .

The other competing scale which enters the low-energy
physics is the fully renormalized magnetic field: By =
hiy @ + hi, 2. While the transverse field h{,, remains
given by hsin 6, the longitudinal field h{ , is obtained by
integration of Eq. (27), subject to the initial condition
of Eq. (23). Since the running coupling J, is a slowly
varying function of [ in the range where Eqs. (25)—(27)
apply, it can be replaced for all practical purposes by its
bare value in Eq. (27). Straightforward integration of
Eq. (27) then yields

I'y—-T

1 ian‘f'GO
m leol

2 —1?

T 1 U(U + 260)
31In(2) D
+ 3In(2) Do 2 (U +€0)?ed’

hiyy = hcosf+

(30)

where we have used Eqs. (20)—(22) for J., vs, and
vy. Note that the third term on the right-hand side
of Eq. (30) is generally much smaller than the first two
terms, and can typically be neglected.

To conclude this section, we have shown that the
Hamiltonian of Eq. (7), and thus that of Eq. (1), is equiv-
alent at sufficiently low temperature and fields to the
ordinary isotropic Kondo model with a tilted magnetic
field, provided that I't1,T'} < |eo|,U + €o. The relevant
Kondo temperature is approximately given by Eq. (29),
while the components of hyo; = hi. T + hi, 2 are given
by h¥,, = hsinf and Eq. (30).

IV. PHYSICAL OBSERVABLES

Having established the intimate connection between
the generalized Anderson Hamiltonian, Eq. (7), and the
standard Kondo model with a tilted magnetic field, we
now employ well-known results of the latter model in or-
der to obtain a unified picture for the conductance and
the occupation of the levels of our original model, Eq. (1).
The analysis extends over a rather broad range of pa-
rameters. For example, when U + 2¢5 = 0, then the
sole requirement for the applicability of our results is for
VA2 + 12 to be small. The tunnelling matrix A can be
practically arbitrary as long as the system lies deep in the
local-moment regime. The further one departs from the
middle of the Coulomb-blockade valley the more restric-
tive the condition on A becomes in order for ﬁtot to stay
small. Still, our approach is applicable over a surpris-
ingly broad range of parameters, as demonstrated below.
Unless stated otherwise, our discussion is restricted to
zero temperature.
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A. Conductance

At zero temperature, a local Fermi liquid is formed in
the Kondo model. Only elastic scattering takes place at
the Fermi energy, characterized by the scattering phase
shifts for the two appropriate conduction-electron modes.
For a finite magnetic field h in the z-direction, single-
particle scattering is diagonal in the spin index. The
corresponding phase shifts, §;(h) and 6 (h), are given by
the Friedel-Langreth sum rule,?%33 §,(h) = 7(n,), which
when applied to the local-moment regime takes the form

5, (h) = g +onM(h). (31)

Here M (h) is the spin magnetization, which reduces3* in
the scaling regime to a universal function of h/Tk,

M(h) = Mk (h/Tk) . (32)

Thus, Eq. (31) becomes 6,(h) = 7/2 + on Mg (h/Tk),
where Mg (h/Tk) is given by Eq. (B1)

To apply these results to the problem at hand, one first
needs to realign the tilted field along the z axis. This is
achieved by a simple rotation of the different operators
about the y axis. Writing the field ﬁtot in the polar form

Btot = htot (Sin ahi —+ cos ahé)

I'y-T U
mhsin@fc—i—(hcose—i— I ' +60>2,
™ l€ol

the lead and the dot operators are rotated according to

{ém]:Rh'[ckT}:Rth'[EZH (34)

6ki Ck|
and
d} _ dT _ dl
] -me (] -me[5] o
with
_ i0n/2)my _ | c0s(0n/2) sin(0h/2)
Rn=e - [—sin(@h/2) cos(0r/2) | ° (36)

Here R; and R, are the unitary matrices used in Eq. (9)
to independently rotate the lead and the dot operators.
Note that since sinf > 0, the range of 6y, is 0y, € [0; 7.

The new dot and lead degrees of freedom have their
spins aligned either parallel (dy and &) or antiparallel
(cil and ¢|) to the field hiot. In this basis the single-
particle scattering matrix is diagonal,

- eiQﬂ']\/[}( (htot /TK) O
S=- 0 e~ 127 Mk (heot/Tx) } : (37)
The conversion back to the original basis set of left- and
right-lead electrons is straightforward,

N /
S=R/RISR,R, = [’t" H : (38)
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providing us with the zero-temperature conductance G =
(e2/27h)|t|2.

Equations (37) and (38) were derived employing the
mapping of Eq. (1) onto an effective isotropic Kondo
model with a tilted magnetic field, in the vse,v+ — 0
limit. Within this framework, Egs. (37) and (38) are
exact in the scaling regime, Tk /Dy < 1. The extent
to which these equations are indeed valid can be appreci-
ated by considering the special case hsinf = 0, for which
there exists an exact (and independent) solution for the
scattering matrix S in terms of the dot “magnetization”
M = (ny —ny)/2 [see Eq. (41) below]. That solution,
which is based on the Friedel-Langreth sum rule?' ap-
plied directly to a spin-conserving Anderson model, re-
produces Egs. (37) and (38) in the Kondo regime.

1. Zero Aharonov-Bohm fluzes

Of particular interest is the case where no Aharonov-
Bohm fluxes are present, where further analytic progress
can be made. For ¢ = ¢r = 0, the parame-
ters that appear in the Hamiltonian of Eq. (1) are
all real. Consequently, the rotation matrices Ry and
R; acquire the simplified forms given by Egs. (A29)
and (A32) (see Appendix A for details).  Under
these circumstances, the matrix product Ry R; becomes
+eiTu(Ontsr 01)/2¢inm=(1-5r)/4 " and the elements of the
scattering matrix [see Eq. (38)] are

t=t =— iSin[QﬂMK(htot/TK)] Sin(al + SRah) s
r = ()" = — cos[2m Mic (heor ) Tic)]

— isin[27 Mg (htot /T )] cos(0; + srbr) .
(39)

Hence, the conductance is

2

G= ;T—h sin2[27 M (heot /Tic)] sin2 (61 + sr6r),  (40)
where the sign sp and angle 6; are given by Eqs. (A31)
and (A23), respectively. All dependencies of the con-
ductance on the original model parameters that enter
Eq. (1) are combined in Eq. (40) into two variables alone,
0; + srO and the reduced field hiot/Tk. In particular,
0; is determined exclusively by the tunnelling matrix A,
while sp depends additionally on the two dot parameters
A and b.

The conditions for a phase lapse to occur are particu-
larly transparent from Eq. (40). These lapses correspond
to zeroes of ¢, and, in turn, of the conductance. There
are two possibilities for G to vanish: either hiot is zero,
or 0;+ sr0j equals an integer multiple of 7. For example,
when the Hamiltonian of Eq. (7) is invariant under the
particle-hole transformation d, — dI, and ¢y — —czg

(which happens to be the case whenever VA2 + 52 = 0
and U + 2¢p = 0), then hyot vanishes, and consequently
the conductance vanishes as well. A detailed discussion
of the ramifications of Eq. (40) is held in Sec. VB below.
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2. Parallel-field configuration

For hsin® = 0, spin is conserved by the Hamiltonian
of Eq. (7). We refer to this case as the “parallel-field”
configuration, since the magnetic field is aligned with the
anisotropy axis z. For a parallel field, one can easily gen-
eralize the Friedel-Langreth sum rule?! to the Hamilto-
nian of Eq. (7).2° Apart from the need to consider each
spin orientation separately, details of the derivation are
identical to those for the ordinary Anderson model,?! and
so is the formal result for the T' = 0 scattering phase
shift: d, = wAN,, where AN, is the number of dis-
placed electrons in the spin channel ¢. In the wide-band
limit, adopted throughout our discussion, AN, reduces
to the occupancy of the corresponding dot level, (n,).
The exact single-particle scattering matrix then becomes

ei27r]\/1 0

S — ez“rr(fﬁ—O-M)R}L . { 0 p—i2nM ] Ry, (41)

where M = (ny —n,)/2 is the dot “magnetization.”

Equation (41) is quite general. It covers all physical
regimes of the dot, whether empty, singly occupied or
doubly occupied, and extends to arbitrary fluxes ¢ and
@r. Although formally exact, it does not specify how
the dot “magnetization” M and the total dot occupancy
(nt + ny) relate to the microscopic model parameters
that appear in Eq. (7). Such information requires an ex-
plicit solution for these quantities. In the Kondo regime
considered above, (ny +n) is reduced to one and M is
replaced by £+ Mk (hiot/Tk). Here the sign depends on
whether the field ﬁtot is parallel or antiparallel to the
z axis (recall that hyot > 0 by definition). As a result,
Eq. (41) reproduces Eqs. (37)—(38).

To carry out the rotation in Eq. (41), we rewrite it in
the form

S = ™t Rl [cos(2n M) + isin(2r M) 7, Ry . (42)

Using the general form of Eq. (A3) for the rotation matrix
Ry, the single-particle scattering matrix is written as .S =
e™ 1) § where

S = cos(2rM) + isin(2rM) cos 0, T,
+ isin(2nM)sin6; [cos ¢y 7 +sing; 1] . (43)

The zero-temperature conductance, G = (e2/2mh)|t|?,
takes then the exact form

2

G= ;T—h sin? (2w M) sin” 6; . (44)

Two distinct properties of the conductance are appar-
ent form Eq. (44). Firstly, G is bounded by sin? §; times
the conductance quantum unit e?/27h. Unless 6; hap-
pens to equal +7/2, the maximal conductance is smaller
than e?/27h. Secondly, G vanishes for M = 0 and is
maximal for M = +1/4. Consequently, when M is tuned
from M ~ —1/2 to M =~ 1/2 by varying an appropriate
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control parameter (for example, ¢y when I't > T'|), then
G is peaked at the points where M = +1/4. In the Kondo
regime, when M — Mg (hot/Tk ), this condition is sat-
isfied for hioy &~ 2.4Tk. As we show in Sec. V B, this is the
physical origin of the correlation-induced peaks reported
by Meden and Marquardt.*! Note that for a given fixed
tunnelling matrix A in the parallel-field configuration,
the condition for a phase lapse to occur is simply for M
to vanish.

B. Occupation of the dot levels

Similar to the zero-temperature conductance, one can
exploit exact results of the standard Kondo model to ob-
tain the occupation of the levels at low temperatures and
fields. Defining the two reduced density matrices

 [dldy) (dhd)
Oa = Md; <d§dl>] (45)

and

5 7t 7t

Oy = l%‘fﬁ %ffﬁ] , (46)
these are related through

O, =RIRIO,R, R, . (47)

Here Rp Ry is the overall rotation matrix pertaining to
the dot degrees of freedom, see Eq. (35).

At low temperatures, the mapping onto an isotropic
Kondo model implies

O, = {Vgﬁ <f?1>] 7 (48)

where
() = Mo /2 + oM . (49)

Here we have formally separated the occupancies (7 )
into the sum of a spin component and a charge compo-
nent. The spin component involves the magnetization M
along the direction of the total effective field ﬁtot. The
latter is well described by the universal magnetization
curve My (hiot/Tr) of the Kondo model [see Eq. (B1)].
As for the total dot occupancy nie, deep in the local-
moment regime charge fluctuations are mostly quenched
at low temperatures, resulting in the near integer valance
Nntot &~ 1. One can slightly improve on this estimate of
Nt DY resorting to first-order perturbation theory in I,
(and zeroth order in h):

y+Iy /1 1

—— | = =1-2 . (50
2m <€0+U+60) pv+- (50)

This low-order process does not enter the Kondo effect,

and is not contained in Mg (hiot/Tr).2> With the above

approximations, the combination of Eqs. (47) and (48)

yields a general formula for the reduced density matrix

Od = Mot /2 + M (hiot /Ti)RIR 7. R, Ry . (51)

Ngot = 1+
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1. Zero Aharonov-Bohm fluzes

As in the case of the conductance, Eq. (51) con-
siderably simplifies in the absence of Aharonov-Bohm
fluxes, when the combined rotation RjpR; equals
(spsg)t/2eimuOnts00a)/2ginT=(1=50)/4 [see Fgs. (36) and
(A29)]. Explicitly, Eq. (51) becomes

Od = ntot/2 =+ MK(htot/TK) COS(ad 4+ 399}1)7'2
+ MK(htot/TK) Sin(ad =+ 599}1)7'95 ,(52)

where the sign sg and angle 6, are given by Egs. (A30)
and (A23), respectively.

Several observations are apparent from Eq. (52).
Firstly, when written in the original “spin” basis d]i
and d; the reduced density matrix O4 contains the
off-diagonal matrix element M (hiot/Tk ) sin(04 + s ).
The latter reflects the fact that the original “spin” states
are inclined with respect to the anisotropy axis dynam-
ically selected by the system. Secondly, similar to the
conductance of Eq. (40), O4 depends on two variables
alone: 64 + spfy, and the reduced field hior/Tk. Here,
again, the angle 64 depends solely on the tunnelling ma-
trix A, while the sign sy depends additionally on A and b.
Thirdly, the original levels di and d; have the occupation
numbers

(n1) = ntot /2 + Mg (htot /Tkc) cos(bq + s90r) ,
(n2) = ntot /2 — My (hiot /Tk) cos(fq + sg01) -

(53a)
(53b)

In particular, equal populations (n;) = (ng) are found
if either hyo is zero or if 64 + spf4 equals 7/2 up to
an integer multiple of . This provides one with a clear
criterion for the occurrence of population inversion,? 1913
i.e., the crossover from (nq1) > (na) to (n2) > (n1) or vice
versa.

2. Parallel-field configuration

In the parallel-field configuration, the angle 0}, is either
zero or 7, depending on whether the magnetic field ﬁtot is
parallel or antiparallel to the z axis (recall that hsinf =
hiot sinfp, = 0 in this case). The occupancies (n;) and
(n2) acquire the exact representation

<TL1> = ntot/2 + MCOSQd,
(na) = ngot /2 — M cos by,

(54a)
(54b)

where nto is the exact total occupancy of the dot and
M = (ny —n)/2 is the dot “magnetization,” defined and
used previously (not to be confused with M = +M). As
with the conductance, Egs. (54) encompass all regimes of
the dot, and extend to arbitrary Aharonov-Bohm fluxes.
They properly reduce to Egs. (53) in the Kondo regime,
when nyoy = 1 [see Eq. (50)] and M — Mg (hiot /Tk)-
[Note that Egs. (53) have been derived for zero Aharonov-
Bohm fluxes.]
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One particularly revealing observation that follows
from Eqs. (54) concerns the connection between the phe-
nomena of population inversion and phase lapses in the
parallel-field configuration. For a given fixed tunnelling
matrix A in the parallel-field configuration, the condi-
tion for a population inversion to occur is identical to the
condition for a phase lapse to occur. Both require that
M = 0. Thus, these seemingly unrelated phenomena are
synonymous in the parallel-field configuration. This is
not generically the case when h{,, # 0, as can be seen,
for example, from Eqs. (40) and (53). In the absence of
Aharonov-Bohm fluxes, the conductance is proportional
to sin®(6; + sgrfy). It therefore vanishes for A%, # 0
only if §; + sgf#;, = 0 mod 7. By contrast, the difference
in populations (n; — ng) involves the unrelated factor
cos(04 + seby), which generally does not vanish together
with sin(6; + sg0p).

Another useful result which applies to the parallel-field
configuration is an exact expression for the T = 0 con-
ductance in terms of the population difference (n; — ng).
It follows from Eqgs. (54) that M = (n; — n2)/(2cosfy).
Inserting this relation into Eq. (44) yields

e (M) sin? 6, . (55)

- 27h St cosfy

This expression will be used in Sec. V for analyzing the
conductance in the presence of isotropic couplings, and
for the cases considered by Meden and Marquardt.'!

V. RESULTS

Up until this point we have developed a general frame-
work for describing the local-moment regime in terms
of two competing energy scales, the Kondo temperature
Tk and the renormalized magnetic field hiot. We now
turn to explicit calculations that exemplify these ideas.
To this end, we begin in Sec. V A with the exactly solv-
able case V; = V|, which corresponds to the conventional
Anderson model in a finite magnetic field.® Using the ex-
act Bethe ansatz solution of the Anderson model,?® we
present a detailed analysis of this special case with three
objectives in mind: (i) to benchmark our general treat-
ment against rigorous results; (ii) to follow in great detail
the delicate interplay between the two competing energy
scales that govern the low-energy physics; (iii) to set the
stage for the complete explanation of the charge oscilla-
tions?19%13 and the correlation-induced resonances in the
conductance of this device.!*2

We then proceed in Sec. V B to the generic anisotropic
case V3 # V|. Here a coherent explanation is pro-
vided for the ubiquitous phase lapses,® population in-
version,”1% and correlation-induced resonances!'2 that
were reported recently in various studies of two-level
quantum dots. In particular, we expose the latter res-
onances as a disguised Kondo phenomenon. The general
formulae of Sec. IV are quantitatively compared to the
numerical results of Ref.11. The detailed agreement that
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is obtained nicely illustrates the power of the analytical
approach put forward in this paper.

A. Exact treatment of V; =V,

As emphasized in Sec. III, all tunnelling matrices A
which satisfy Eq. (11) give rise to equal amplitudes
Vi = V| =V within the Anderson Hamiltonian descrip-
tion of Eq. (7). Given this extra symmetry, one can al-
ways choose the unitary matrices R; and Ry in such a
way that the magnetic field h points along the z direc-
tion [namely, cosd = 1 in Eq. (7)]. Perhaps the simplest
member in this class of tunnelling matrices is the case
where ar1 = —ar2 = ar1 = are = V/V2, o1 = o =0
and b = 0. One can simply convert the conduction-
electron operators to even and odd combinations of the
two leads, corresponding to choosing 0, = 7/2 + 64. De-
pending on the sign of A, the angle 0 is either zero (for
A < 0) or 7 (for A > 0), which leaves us with a conven-
tional Anderson impurity in the presence of the magnetic
field h = |A| 2. All other rotation angle that appear in
Egs. (A2) and (A2) (i.e., x’s and ¢’s) are equal to zero.
For concreteness we shall focus hereafter on this particu-
lar case, which represents, up to a simple rotation of the
di and c,Tm operators, all tunnelling matrices A in this
category of interest. Our discussion is restricted to zero
temperature.

1. Impurity magnetization

We have solved the exact Bethe anstaz equations nu-
merically using the procedure outlined in Appendix B.
Our results for the occupation numbers (n,) and the
magnetization M = (ny —n)/2 are summarized in
Figs. 2 and 3. Figure 2 shows the magnetization of the
Anderson impurity as a function of the (average) level
position € in a constant magnetic field, h = A = 1073U.
The complementary regime ¢y < —U/2 is obtained by
a simple reflection about ¢g = —U/2, as follows from

the particle-hole transformation d, — il

—CL_U. The Bethe ansatz curve accurately crosses over

from the perturbative domain at large ¢g > I' (when
the dot is almost empty) to the local-moment regime
with a fully pronounced Kondo effect (when the dot is
singly occupied). In the latter regime, we find excel-
lent agreement with the analytical magnetization curve
of the Kondo model, Eq. (B1), both as a function of ¢
and as a function of the magnetic field A (lower left in-
set to Fig. 2). The agreement with the universal Kondo
curve is in fact quite surprising in that it extends nearly
into the mixed-valent regime. As a function of field, the
Kondo curve of Eq. (B1) applies up to fields of the order

of h ~ VI'U > Tk.

, and cp —
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FIG. 2: (Color online) Magnetization of the isotropic case as a
function of €p: exact Bethe ansatz curve and comparison with
different approximation schemes. Black symbols show the
magnetization M derived from the exact Bethe ansatz equa-
tions; the dashed (red) line marks the result of first-order per-
turbation theory in I' (Ref.9, divergent at e = 0); the thick
(blue) line is the analytical formula for the magnetization in
the Kondo limit, Eq. (B1), with Tx given by Eq. (B4). The
model parameters are I'/U = 0.05, A/U = 107% and T = 0.
The upper right inset shows the same data but on a linear
scale. The lower left inset shows the magnetization M as a
function of the magnetic field h = A at fixed eo/U = —0.2.
The universal magnetization curve of the Kondo model well
describes the exact magnetization up to M = 0.42 (lower

fields not shown), while first-order perturbation theory in I’
fails from M = 0.46 downwards.

2. Occupation numbers and charge oscillations

Figure 3 displays the individual occupation numbers
(nq1) and (ns) as a function of ¢, for a series of con-
stant fields h = A. In going from large ¢y > I to large
—(eo + U) > T, the total charge of the quantum dot
increases monotonically from nearly zero to nearly two.
However, the partial occupancies (nq) and (nq) display
nonmonotonicities, which have drawn considerable theo-
retical attention lately.®'%!3 As seen in Fig. 3, the non-
monotonicities can be quite large, although no popula-
tion inversion occurs for I't =T').

Our general discussion in Sec. III makes it is easy to in-
terpret these features of the partial occupancies (n;). In-
deed, as illustrated in Fig. 3, there is excellent agreement
in the local-moment regime between the exact Bethe
ansatz results and the curves obtained from Egs. (53)
and (50) based on the mapping onto the Kondo Hamil-
tonian. We therefore utilize Eqs. (53) for analyzing the
data. To begin with we note that, for I'y =I'|, there is no
renormalization of the effective magnetic field. The lat-
ter remains constant and equal to h = A independent of
€p- Combined with the fact that cos(6g + sebp) = —1
in Egs. (53), the magnetization M = (n3 —n)/2 =
(ny — n1)/2 depends exclusively on the ratio A/Tk. The

sole dependence on €y enters through Tk, which varies
according to Eq. (B4). Thus, M is positive for all gate
voltages €g, excluding the possibility of a population in-
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FIG. 3: (Color online) The occupation numbers (ni) [solid
(blue) lines] and (n2) [dotted (red) lines] versus o, as obtained
from the solution of the exact Bethe ansatz equations. In go-
ing from the inner-most to the outer-most pairs of curves, the
magnetic field h = A increases by a factor of 10 between each
successive pair of curves, with the inner-most (outer-most)
curves corresponding to A/U = 107° (A/U = 0.1). The re-
maining model parameters are I'/U = 0.05 and 7' = 0. Non-
monotonicities are seen in the process of charging. These are
most pronounced for intermediate values of the field. The evo-
lution of the nonmonotonicities with increasing field is tracked
by arrows. The dashed black lines show the approximate val-

ues calculated from Egs. (53) and (50) based on the mapping
onto the Kondo Hamiltonian (here 6, = 0 and 04 = 7).

version.

The nonmonotonicities in the individual occupancies
stem from the explicit dependence of Tk on the gate
voltage €y. According to Eq. (B4), Tk is minimal in the
middle of the Coulomb-blockade valley, increasing mono-
tonically as a function of |eg + U/2|. Thus, A/Tk, and
consequently M, is maximal for ¢g = —U/2, decreasing
monotonically the farther ¢y departs from —U/2. Since
Not = 1 is nearly a constant in the local-moment regime,
this implies the following evolution of the partial occu-
pancies: (n;) decreases ({ns) increases) as ey is lowered
from roughly zero to —U/2. It then increases (decreases)
as €q is further lowered toward —U. Combined with the
crossovers to the empty-impurity and doubly occupied
regimes, this generates a local maximum (minimum) in
(n1) ((n2)) near g ~ 0 (e ~ —=U).

Note that the local extremum in (n;) is most pro-
nounced for intermediate values of the field A. This can
be understood by examining the two most relevant en-
ergy scales in the problem, namely, the minimal Kondo
temperature T/Rin = T ley=—v/2 and the hybridization
width I'. These two energies govern the spin susceptibil-
ity of the impurity in the middle of the Coulomb-blockade
valley (when ¢g = —U/2) and in the mixed-valent regime
(when either ¢y ~ 0 or € & —U), respectively. The charg-
ing curves of Fig. 3 stem from an interplay of the three
energy scales A, T2 and T as described below.

When A < Tiin exemplified by the pair of curves cor-
responding to the smallest field A = 107°U ~ 0.2472in
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FIG. 4: (Color online) The exact conductance G [in units
of €?/(2rh)] versus €, as obtained from the Bethe ansatz
magnetization M and Eq. (55) with 6; = 37/2 and 04 = .
Here A/U equals 107° [full (black) line], 10™* [dotted (red)
line], 10™% [dashed (green) line] and 0.1 [dot-dashed (blue)
line]. The remaining model parameters are I'/U = 0.05 and
T = 0. Once A exceeds the critical field h, ~ 2.4T2" the
single peak at g = —U/2 is split into two correlation-induced
peaks, which cross over to Coulomb-blockade peaks at large

A.

in Fig. 3, the magnetic field remains small throughout
the Coulomb-blockade valley and no significant magne-
tization develops. The two levels are roughly equally
populated, showing a plateaux at (n;) ~ (ng) ~ 1/2
in the regime where the dot is singly occupied. As A
grows and approaches T?i“, the field becomes sufficiently
strong to significantly polarize the impurity in the vicin-
ity of eg = —U/2. A gap then rapidly develops between
(n1) and (ng) near eg = —U/2 as A is increased. Once
A reaches the regime T < A < T, a crossover from
h > Tk (fully polarized impurity) to h < Tk (unpo-
larized impurity) occurs as ey is tuned away from the
middle of the Coulomb-blockade valley. This leads to
the development of a pronounced maximum (minimum)
in (n1) ((n2)), as marked by the arrows in Fig. 3. Fi-
nally, when h = T', the field is sufficiently large to keep
the dot polarized throughout the local-moment regime.
The extremum in (n;) degenerates into a small bump in
the vicinity of either ¢y = 0 or ¢y & —U, which is the non-
monotonic feature first discussed in Ref.9. This regime
is exemplified by the pair of curves corresponding to the
largest field A = 0.1U = 2T in Fig. 3, whose parameters
match those used in Fig. 2 of Ref.9. Note, however, that
the perturbative calculations of Ref.9 will inevitably miss
the regime 72" < A < T where this feature is large.?¢

3. Conductance

The data of Fig. 3 can easily be converted to conduc-
tance curves by using the exact formula of Eq. (55) with
0, = 37/2 and §; = w. The outcome is presented in
Fig. 4. The evolution of G(¢g) with increasing A is quite
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FIG. 5: (Color online) The exact occupation numbers (n;)
and conductance G [in units of ¢?/(27h)] as a function of ez,
forT =0,T'/U = 0.2 and fixed €; /U = —1/2. The population
inversion at €2 = €1 leads to a sharp transmission zero (phase
lapse). Note the general resemblance between the functional
dependence of GG on €2 and the correlation-induced resonances
reported by Meden and Marquardt'* for T'y # T'; (see Fig. 6).

dramatic. When A is small, the conductance is likewise
small with a shallow peak at ¢¢ = —U/2. This peak
steadily grows with increasing A until reaching the uni-
tary limit, at which point it is split in two. Upon further
increasing A, the two split peaks gradually depart, ap-
proaching the peak positions ¢y ~ 0 and ¢y =~ —U for
large A. The conductance at each of the two maxima
remains pinned at all stages at the unitary limit.

These features of the conductance can be naturally un-
derstood based on Eqgs. (55) and (53). When A < T30,
the magnetization M ~ A/(27Tk) and the conductance
G =~ (A/Tk)?e?/(27h) are uniformly small, with a peak
at g = —U/2 where T is the smallest. The conductance
monotonically grows with increasing A until reaching the
critical field A = h, ~ 24T, where M| =_y7)2 = 1/4
and G|e,—_y/2 = €*/(2rh). Upon further increasing A,
the magnetization at g = —U/2 exceeds 1/4, and the as-
sociated conductance decreases. The unitarity condition
M = 1/4 is satisfied at two gate voltages €&, symmetric
about —U/2, defined by the relation Ty ~ A/2.4. From
Eq. (B4) one obtains

e U U oTU A
Ej: :_Ei\/T_Pz—i_ . 1n<

2.4\/21“U> - (56)

The width of the two conductance peaks, Ae, can be
estimated for TR < A < T from the inverse of the
derivative d(A/Tk)/deo, evaluated at €, = €=, .. It yields

U

Ae~v ————
7T|€1:1‘r:1ax+U/2|

(57)

Finally, when A > T, the magnetization exceeds 1/4
throughout the local-moment regime. The resonance
condition M = 1/4 is met only as charge fluctuations be-
come strong, namely, for either ¢y =~ 0 or ¢g ~ —U. The
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resonance width Ae evolves continuously in this limit to
the standard result for the Coulomb-blockade resonances,
Ae~T.

Up until now the energy difference A was kept constant
while tuning the average level position €. This proto-
col, which precludes population inversion as a function
of the control parameter, best suits a single-dot realiza-
tion of our model, where both levels can be uniformly
tuned using a single gate voltage. In the alternative re-
alization of two spatially separated quantum dots, each
controlled by its own separate gate voltage, one could
fix the energy level €1 = ¢y + A/2 and sweep the other
level, eo = g — A/2. This setup amounts to changing the
field h externally, and is thus well suited for probing the
magnetic response of our effective impurity.

An example for such a protocol is presented in Fig. 5,
where €; is held fixed at e = —U/2. As ey is swept
through €1, a population inversion takes place, leading
to a narrow dip in the conductance. The width of the
conductance dip is exponentially small due to Kondo cor-
relations. Indeed, one can estimate the dip width, Aegip,
from the condition |e; — €3] = Tk |e,—¢, , Which yields

Aedip ~VUTI exp (—g) . (58)

B. Anisotropic couplings, I'y #T')

As demonstrated at length in Sec. VA, the occur-
rence of population inversion and a transmission zero for
I't = I'} requires an external modulation of the effec-
tive magnetic field. Any practical device will inevitably
involve, though, some tunnelling anisotropy, V; # V.
The latter provides a different route for changing the
effective magnetic field, through the anisotropy-induced
terms in Eq. (30). Implementing the same protocol as
in Sec. VA2 (that is, uniformly sweeping the average
level position €y while keeping the difference A constant)
would now generically result both in population inversion
and a transmission zero due to the rapid change in direc-
tion of the total field Etot. As emphasized in Sec. IVB 2,
the two phenomena will generally occur at different gate
voltages when V; # V).

1.  Degenerate levels, A =b=0

We begin our discussion with the case where A = b =
0, which was extensively studied in Ref.11. It corre-
sponds to a particular limit of the parallel-field config-
uration where h = 0. In the parallel-field configuration,
the conductance G and occupancies (n;) take the exact
forms specified in Egs. (44) and (54), respectively. These
expressions reduce in the Kondo regime to Egs. (40) and
(53), with ), either equal to zero or 7, depending on the
sign of hf.,.
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FIG. 6: The occupation numbers (n;) and conductance G
[in units of ¢?/(27h)] as a function of € 4+ U/2 [in units of
Tyt = (I'1 + I'})], calculated from Egs. (40) and (53) based
on the mapping onto the Kondo model. The model param-
eters are identical to those used in Fig. 2 of Ref.11, lower
left panel: h = ¢ = 0, U/Ttot = 6, I'1/Teor = 0.62415 and
T = 0. The explicit tunnelling matrix elements are detailed in
Eq. (59), corresponding to the rotation angles §; = 2.1698 and
0q = —0.63434 (measured in radians). The angle 0, equals
zero. The inset shows functional renormalization-group (fRG)
data as defined in Ref.11, corrected for the renormalization
of the two-particle vertex.'>3” The small symbols in the in-
set show the conductance as calculated from the fRG occu-
pation numbers using our Eq. (55). The horizontal dotted
lines in each plot mark the maximal conductance predicted
by Eq. (55), (e?/27h)sin? 6.

Figure 6 shows the occupation numbers and the con-
ductance obtained from Eqs. (40) and (53), for A=0=0
and the particular tunnelling matrix used in Fig. 2 of
Ref.11:

A=do| o33 —vo2al| - (59)

Here Ag equals \/T'o1/(mp), with T'yoy = I'1+I"| being the
combined hybridization width. The Coulomb repulsion U
is set equal to 6I't,¢, matching the value used in the lower
left panel of Fig. 2 in Ref.11. For comparison, the cor-
responding functional renormalization-group (fRG) data
of Ref.11 is shown in the inset, after correcting for the
renormalization of the two-particle vertex.'237 The accu-
racy of the fRG has been established!!>'2 up to moderate
values of U/Tot ~ 10 through a comparison with Wil-
son’s numerical renormalization-group method.3® Includ-
ing the renormalization of the two-particle vertex further
improves the fRG data as compared to that of Ref.11, as
reflected, e.g., in the improved position of the outer pair
of conductance resonances.

The agreement between our analytical approach and
the fRG is evidently very good in the local-moment
regime, despite the rather moderate value of U/Tios
used. Noticeable deviations develop in (n;) only as the
mixed-valent regime is approached (for ¢y 2 —T'yo or

~
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€+ U < Tiot), where our approximations naturally break
down. In particular, our approach accurately describes
the phase lapse at ¢g = —U/2, the inversion of popula-
tion at the same gate voltage, the location and height of
the correlation-induced resonances, and even the location
and height of the outer pair of conductance resonances.
Most importantly, our approach provides a coherent an-
alytical picture for the physics underlying these various
features, as elaborated below.

Before proceeding to elucidate the underlying physics,
we briefly quote the relevant parameters that appear
in the conversion to the generalized Anderson model of
Eq. (7). Using the prescriptions detailed in Appendix A,
the hybridization widths I', = mpV,2 come out to be

Ty /Tt = 0.62415, T /Ty =0.36585,  (60)

while the angles of rotation equal

0, =2.1698, 0= —0.63434. (61)
Here 6; and 04 are quoted in radians. Using the exact
conductance formula of Eq. (44), G is predicted to be
bounded by the maximal conductance

2 2

e, e
— 0, = 0.68210—— 2
sin® 0; = 0.68 027rh’ (62)

Gmax =
21h

obtained whenever the magnetization M = (ny —ny)/2
is equal to £1/4. The heights of the fRG resonances are
in excellent agreement with Eq. (62). Indeed, as demon-
strated in the inset to Fig. 6, the fRG occupancies and
conductance comply to within extreme precision with the
exact relation of Eq. (55). As for the functional form of
the Kondo temperature T, its exponential dependence
on € is very accurately described by Eq. (29). In the
absence of a precise expression for the pre-exponential
factor when I'y # I'|, we employ the expression
meg(U + € r

TK = (\/ Urtot/’ﬂ') exp #jrof) DF—1 5 (63)
which properly reduces to Eq. (B4) (up to the small T'?
correction in the exponent) when I'y =T') =T,

The occupancies and conductance of Fig. 6 can be fully
understood from our general discussion in Sec. ITI. Both
quantities follow from the magnetization M, which van-
ishes at g = —U/2 due to particle-hole symmetry. As
a consequence, the two levels are equally populated at
€0 = —U/2 and the conductance vanishes [see Egs. (44)
and (54)]. Thus, there is a simultaneous phase lapse and
an inversion of population at e = —U/2, which is a fea-
ture generic to A = b = 0 and arbitrary A. As soon as the
gate voltage is removed from —U/2, i.e., eg = —U/2+ de
with de # 0, a finite magnetization develops due to the
appearance of a finite effective magnetic field ﬁtot = hi2
with

FT — Fl 1+ 256/[]

firor ™ In 1—26¢/U (64)
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[see Eq. (33)]. Note that the sign of hZ; coincides with
that of de, hence M is positive (negative) for ¢ > —U/2
(e0 < —=U/2). Since cosfq > 0 for the model parameters
used in Fig. 6, it follows from Eq. (54) that (ni) > (n2)
((n1) < (ng)) for ¢ > =U/2 (e¢ < —=U/2), as is indeed
found in Fig. 6. Once again, this result is generic to
A = b = 0, except for the sign of cosfy which depends
on details of the tunnelling matrix A.

In contrast with the individual occupancies, the con-
ductance G depends solely on the magnitude of M, and
is therefore a symmetric function of Je. Similar to the
rich structure found for I't = I'} and A > 0 in Fig. 4, the
intricate conductance curve in Fig. 6 is the result of the
interplay between h{,, and Tk, and the nonmonotonic
dependence of G on |M|. The basic physical picture is
identical to that in Fig. 4, except for the fact that the
effective magnetic field h{ , is now itself a function of the
gate voltage €.

As a rule, the magnetization |M| first increases with
|0¢| due to the rapid increase in h{ ;. It reaches its max-
imal value My,.x at some intermediate |de| before de-
creasing again as |de| is further increased. Inevitably |M |
becomes small again once |de| exceeds U/2. The shape
of the associated conductance curve depends crucially on
the magnitude of My,.x, which monotonically increases
as a function of U. When My, < 1/4, the conductance
features two symmetric maxima, one on each side of the
particle-hole symmetric point. Each of these peaks is
analogous to the one found in Fig. 4 for A < h.. Their
height steadily grows with increasing U until the unitar-
ity condition My,ax = 1/4 is met. This latter condition
defines the critical repulsion U, found in Ref.11. For
U > U,., the maximal magnetization M,.x exceeds one
quarter. Hence the unitarity condition M = +1/4 is
met at two pairs of gate voltages, one pair of gate volt-
ages on either side of the particle-hole symmetric point
eo = —U/2. Each of the single resonances for U < U, is
therefore split in two, with the inner pair of peaks evolv-
ing into the correlation-induced resonances of Ref.11.
The point of maximal magnetization now shows up as
a local minimum of the conductance, similar to the point
€0 = —U/2 in Fig. 4 when A > h,.

For large U > T, the magnetization |M| grows
rapidly as one departs from ¢y = —U/2, due to the expo-
nential smallness of the Kondo temperature Tk |cy——r/2-
The dot remains polarized throughout the local-moment
regime, loosing its polarization only as charge fluctua-
tions become strong. In this limit the inner pair of reso-
nances lie exponentially close to eg = —U/2 (see below),
while the outer pair of resonances approach |0¢| ~ U/2
(the regime of the conventional Coulomb blockade).

The description of this regime can be made quantita-
tive by estimating the position +decir of the correlation-
induced resonances. Since M — Mk (hi,, /Ty ) deep in
the local-moment regime, and since decirg < Ity for
T'iot < U, the correlation-induced resonances are peaked
at the two gate voltages where hf, ~ +£2.4Tp|c—_y /2.
Expanding Eq. (64) to linear order in decir/U < 1 and
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using Eq. (63) one finds

U
decir = O-GWTKLO:_U/Q
UUT, —7nU In('y /T
= 0.6 : texp{ U (T / l)} (65)
Iy =Ty 8(I'y —T)

Here the pre-exponential factor in the final expression for
decir is of the same accuracy as that in Eq. (63).

We note in passing that the shape of the correlation-
induced resonances and the intervening dip can be conve-
niently parameterized in terms of the peak position decir
and the peak conductance Gpax. Expanding Eq. (64) to
linear order in de/U < 1 and using Eq. (44) one obtains

G(5€) = Gimax sin® [%MK ( 2.40¢ )} . (66)
€CIR

where Mk (h/Tk) is the universal magnetization curve of
the Kondo model [given explicitly by (B1)]. This param-
eterization in terms of two easily extractable parameters
may prove useful for analyzing future experiments.

It is instructive to compare Eq. (65) for decig with the
fRG results of Ref.11, which tend to overestimate decigr.
For the special case where ar1 = ar1 and ars = —apo,
an analytic expression was derived for decir based on
the fRG.!! The resulting expression, detailed in Eq. (4) of
Ref.11, shows an exponential dependence nearly identical
to that of Eq. (65), but with an exponent that is smaller
in magnitude by a factor of 72/8 ~ 1.23.3% The same
numerical factor appears to distinguish the fRG and the
numerical renormalization-group data depicted in Fig. 3
of Ref.11, supporting the accuracy of our Eq. (65). It
should be emphasized, however, that Fig. 3 of Ref.11
pertains to the tunnelling matrix of Eq. (59) rather than
the special case referred to above.

We conclude the discussion of the case where A =b =
0 with accurate results on the renormalized dot levels
when the dot is tuned to the peaks of the correlation-
induced resonances. The renormalized dot levels, €; and
€], can be defined through the 7' = 0 retarded dot Green
functions at the Fermi energy:

1

Gyle=0) = T (67)

Here, in writing the Green functions of Eq. (67), we
have made use of the fact that the imaginary parts of
the retarded dot self-energies, —I',, are unaffected by
the Coulomb repulsion U at zero temperature at the
Fermi energy. The energies ¢, have the exact repre-
sentation®! €, = I'ycotd, in terms of the associated
phase shifts 0, = m(n,). Since M = +1/4 at the peaks
of the correlation-induced resonances, this implies that
8o = m/2 & o /4, where we have set nyo, = 1.0 Thus,
the renormalized dot levels take the form €, = Fol,
resulting in

&é =TT, (68)
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The relation specified in Eq. (68) was found in Ref.11,
for the special case where ar; = ag; and ars = —apg.>?
Here it is seen to be a generic feature of the correlation-
induced resonances for A = b = 0 and arbitrary A.

2. Nondegenerate levels: arbitrary A and b

Once VA2 + b2 # 0, the conductance and the partial
occupancies can have a rather elaborate dependence on
the gate voltage 9. As implied by the general discus-
sion in Sec. III, the underlying physics remains driven by
the competing effects of the polarizing field hiot and the
Kondo temperature Tx. However, the detailed depen-
dencies on €y can be quite involving and not as revealing.
For this reason we shall not seek a complete characteri-
zation of the conductance G and the partial occupancies
(n;) for arbitrary couplings. Rather, we shall focus on the
case where no Aharonov-Bohm fluxes are present and ask
two basic questions: (i) under what circumstances is the
phenomenon of a phase lapse generic? (ii) under what
circumstances is a population inversion generic?

When ¢, = pr = 0, the conductance and the partial
occupancies are given by Egs. (40) and (53), respectively.
Focusing on G and on (n; — na), these quantities share a
common form, with factorized contributions of the mag-
netization Mk and the rotation angles. The factors con-
taining Mg (htot/Tr) never vanish when hsinf # 0,
since hyot always remains positive. This distinguishes the
generic case from the parallel-field configuration consid-
ered above, where phase lapses and population inversions
are synonymous with M = 0. Instead, the conditions for
phase lapses and population inversions to occur become
distinct once hsinf # 0, originating from the indepen-
dent factors where the rotation angles appear. For a
phase lapse to develop, the combined angle 8;+ s g6, must
equal an integer multiple of 7. By contrast, the inver-
sion of population requires that 04 + s¢8, = 7/2 mod .
Here the dependence on the gate voltage €y enters solely
through the angle 6, which specifies the orientation of
the effective magnetic field Aot [see Eq. (33)]. Since the
rotation angles 0; and 6, are generally unrelated, this im-
plies that the two phenomena will typically occur, if at
all, at different gate voltages.

For phase lapses and population inversions to be ubig-
uitous, the angle 6, must change considerably as ¢
is swept across the Coulomb-blockade valley. In other
words, the effective magnetic field Btor must nearly flip its
orientation in going from ¢y ~ 0 to €9 ~ —U. Since the z
component of the field is held fixed at A{,, = hsind > 0,
this means that its z component must vary from hi , >
hi, to —hi, > h{, as a function of e¢y. When this
requirement is met, then both a phase lapse and an in-
version of population are essentially guaranteed to occur.
Since h{,, crudely changes by

2
Al ~ ;(FT —T')) In(U/Tor) (69)
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as €g is swept across the Coulomb-blockade valley, this
leaves us with the criterion

(PT — Fl) 1n(U/Pt0t> > A2 + b2 . (70)

Conversely, if VAZ 402 > (I't — I')) In(U/Ttot), then
neither a phase lapse nor an inversion of population will
occur unless parameters are fine tuned. Thus, the larger
U is, the more ubiquitous phase lapses become.?:11

Although the logarithm In(U/Ttt) can be made quite
large, in reality we expect it to be a moderate factor of
order one. Similarly, the difference in widths I't — T’}
is generally expected to be of comparable magnitude to
I't. Under these circumstances, the criterion specified
in Eq. (70) reduces to I't > +/AZ 4 b2. Namely, phase
lapses and population inversions are generic as long as
the (maximal) tunnelling rate exceeds the level spacing.
This conclusion is in line with that of a recent numerical
study of multi-level quantum dots.*!

Finally, we address the effect of nonzero h = /A2 + b2
on the correlation-induced resonances. When h >
Iy In(U/Tot), the effective magnetic field hyoy ~ h is
large throughout the local-moment regime, always ex-
ceeding I'y and I'|. Consequently, the dot is nearly fully
polarized for all —U < €y < 0, and the correlation-
induced resonances are washed out. Again, for practical
values of U /Ty this regime can equally be characterized
by h > Tyt

The picture for I't In(U/T'o1) > h is far more elabo-
rate. When TK|€0:_U/2 > h, the magnetic field is uni-
formly small, and no significant modifications show up
as compared with the case where h = 0. This leaves us
with the regime TK|€0:_U/2 < h <« T'y, where various
behaviors can occur. Rather than presenting an exhaus-
tive discussion of this limit, we settle with identifying
certain generic features that apply when both compo-
nents |hcosf| and hsin@ exceed Tk |c,——p/2. To begin
with, whatever remnants of the correlation-induced res-
onances that are left, these are shifted away from the
middle of the Coulomb-blockade valley in the direction
where |hi..| acquires its minimal value. Consequently,
htot and Tk no longer obtain their minimal values at the
same gate voltage e€g. This has the effect of generating
highly asymmetric structures in place of the two sym-
metric resonances that are found for h = 0. The heights
of these features are governed by the “geometric” factors
sin?(0; + srfp) at the corresponding gate voltages. Their
widths are controlled by the underlying Kondo tempera-
tures, which can differ substantially in magnitude. Since
the entire structure is shifted away from the middle of the
Coulomb-blockade valley where Tk is minimal, all fea-
tures are substantially broadened as compared with the
correlation-induced resonances for h = 0. Indeed, similar
tendencies are seen in Fig. 5 of Ref.11, even though the
model parameters used in this figure lie on the borderline
between the mixed-valent and the local-moment regimes.
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VI. CONCLUDING REMARKS

We have presented a comprehensive investigation of
the general two-level model for quantum-dot devices. A
proper choice of the quantum-mechanical representation
of the dot and the lead degrees of freedom reveals an ex-
act mapping onto a generalized Anderson model. In the
local-moment regime, the latter Hamiltonian is reduced
to an anisotropic Kondo model with a tilted effective
magnetic field. As the anisotropic Kondo model flows
to the isotropic strong-coupling fixed point, this enables
a unified description of all coupling regimes of the origi-
nal model in terms of the universal magnetization curve
of the conventional isotropic Kondo model, for which ex-
act results are available. Various phenomena, such as
phase lapses in the transmission phase,”® charge oscilla-
tions,”10 and correlation-induced resonances!'»!2 in the
conductance, can thus be accurately and coherently de-
scribed within a single physical framework.

The enormous reduction in the number of parameters
in the system was made possible by the key observation
that a general, possibly non-Hermitian tunnelling matrix
A can always be diagonalized with the help of two si-
multaneous unitary transformations, one pertaining the
dot degrees of freedom, and the other applied to the lead
electrons. This transformation, known as the singular-
value decomposition, should have applications in other
physical problems involving tunnelling or transfer matri-
ces without any special underlying symmetries.

As the two-level model for transport is quite general,
it can potentially be realized in many different ways. As
already noted in the main text, the model can be used to
describe either a single two-level quantum dot or a double
quantum dot where each dot harbors only a single level.
Such realizations require that the spin degeneracy of the
electrons will be lifted by an external magnetic field. Al-
ternative realizations may directly involve the electron
spin. For example, consider a single spinful level coupled
to two ferromagnetic leads with non-collinear magneti-
zations. Written in a basis with a particular ad hoc local
spin quantization axis, the Hamiltonian of such a system
takes the general form of Eq. (1), after properly combin-
ing the electronic degrees of freedom in both leads. As is
evident from our discussion, the local spin will therefore
experience an effective magnetic field that is not aligned
with either of the two magnetizations of the leads. This
should be contrasted with the simpler configurations of
parallel and antiparallel magnetizations, as considered,
e.g., in Refs.17,25 and 27.

Another appealing system for the experimental obser-
vation of the subtle correlation effects discussed in the
present paper is a carbon nanotube-based quantum dot.
In such a device both charging energy and single-particle
level spacing can be sufficiently large*? to provide a set of
well-separated discrete electron states. Applying exter-
nal magnetic field either perpendicular®® or/and paral-
lel** to the nanotube gives great flexibility in tuning the
energy level structure, and thus turns the system into a
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valuable testground for probing the Kondo physics ad-
dressed in this study.

Throughout this paper we confined ourselves to spin-
less electrons, assuming that spin degeneracy has been
lifted by an external magnetic field. Our mapping can
equally be applied to spinful electrons by implementing
an identical singular-value decomposition to each of the
two spin orientations separately (assuming the tunnelling
term is diagonal in and independent of the spin orienta-
tion). Indeed, there has been considerable interest lately
in spinful variants of the Hamiltonian of Eq. (1), whether
in connection with lateral quantum dots,*>*6 capaci-
tively coupled quantum dots,*”*° or carbon nanotube
devices.’® Among the various phenomena that have been
discussed in these contexts, let us mention SU(4) variants
of the Kondo effect,”48:50 and singlet-triplet transitions
with two-stage screening on the triplet side.*5-46

Some of the effects that have been predicted for the
spinful case were indeed observed in lateral semiconduc-
tor quantum dots®!*5? and in carbon nanotube quantum
dots.** Still, there remains a distinct gap between the
idealized models that have been employed, in which sim-
plified symmetries are often imposed on the tunnelling
term, and the actual experimental systems that obviously
lack these symmetries. Our mapping should provide a
much needed bridge between the idealized models and
the actual experimental systems. Similar to the present
study, one may expect a single unified description encom-
passing all coupling regimes in terms of just a few basic
low-energy scales. This may provide valuable guidance
for analyzing future experiments on such devices.
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APPENDIX A: MAPPING PARAMETERS

In this Appendix we give the details of the mapping
of the original Hamiltonian, Eq. (1), onto the generalized
Anderson Hamiltonian of Eq. (7).

The first step is the diagonalization of the matrix A,
Eq. (6), which describes the coupling between the dot
and the leads in the original model. Since A is generally
complex and of no particular symmetry, it cannot be di-
agonalized by a single similarity transformation. Rather,
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two (generally different) unitary matrices, Rq and Ry, are
required to achieve a diagonal form,

Vi 0| 5 4.t
4 0] man

(A1)
This representation, known as the singular-value de-
composition, is a standard routine in numerical pack-
ages. Here we provide a fully analytical treatment of the
2 X 2 case relevant to our discussion. To this end we
parametrize the two rotation matrices in the form

Ry = eiXAei(Xdﬂ)TzU(ed,ébd)» (A2)
Ry = /AU (0;,4)), (A3)
where
cos(0/2) e "sin(0/2)
U, ¢) = —e®sin(0/2)  cos(0/2) (A4)

describes a rotation by angle 6 about the axis — sin(¢) +
cos(®) §.

The various parameters that enter Egs. (A2) and (A3)
have simple geometrical interpretations. The two sets
of angles, (64, ¢4) and (6;,¢;), are the longitudinal and
the azimuthal angles of the vectors pointing along the
direction of the z axis which defines the corresponding
spin variables in Eq. (7), see Fig. 7. The three angles
XA, Xd, and x; correspond to the choice of the phases
of the single-particle operators df and cla. The lat-
ter angles are chosen such that the matrix elements of
the transformed Hamiltonian, Eq. (7), will be real with
hsinf > 0. Note that Ry and R; are determined up
to a common overall phase. This degree of freedom has
been exhausted in Egs. (A2) and (A3) by requiring that
det R; = 1.

In order to determine the rotation matrices Rq and Rz,
one diagonalizes the hermitian matrices AAT and AfA,
whose eigenvalues are evidently real and equal to |V,|?.
This calculation determines the matrices U(04, ¢q) and
U(0;,¢1), and yields the values of |V,|. Indeed, using
Egs. (A1), (A2), and (A3), one obtains

['Vél |V(1H = U(6r,¢1) AATUT(01, 1)

= U(04,0q) ATAUT (04, pa). (A5)

Assuming |V;3| > |V}| (the case where |V}| = |V|] is
treated separately in Sec. A 2), these two equations give
V,?=X+Y, (A6)
Y —Zin
04/ = 2arctan | ———— , A7
a/l YT Zap (A7)
¢4 = arctan (amam —ARIOR2 4o f) +7na, (A8)
ariarz + ap1aRe 2
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FIG. 7: The original dot degrees of freedom, d| and d}, define
a pseudo-spin-1 representation with the axes ', 3, and 2’.
The level indices 1 and 2 are identified in this representation
with :t% spin projections on the z’ axis. The energy splitting
A and the hopping b combine to define the magnetic-field
vector hri’. The unitary matrix Ry takes the spin to a new
coordinate system whose axes are labelled with z, y, and z.
The new “spin” labels ¢ =7 and o =| represent i% spin
projections on the new z axis, whose direction is defined by
the longitudinal and the azimuthal angles 64 and ¢4. The new
2 axis lies in the plane of vectors 2 and hs'. A similar picture
applies to the conduction-electron degrees of freedom, where
the lead index a = L, R plays the same role as the original
level index ¢ = 1, 2.

ar2aR2 — GL16
¢ = arctan | 282 TLITRL ¢ 2) 4 mn, (A9)
ar20r2 + GLiar 2

where
1 2
X = 5 %: Ao s (AIO)
Y = /X2 —|det A2, (A11)
1
Zq = B (a‘il - Giz), (A12)
a=L,R
1
Z = B Z (a%; — a%i) (A13)
i=1,2
and

2174 = 1—sgn [(aLlaLg + apiap2) cos g} , (A14)

2m 1 —sgn [(aLlaRl + ar2aR2) cos %} . (A15)
The plus sign in Eq. (A6) corresponds to V;, since the
spin-up direction is defined as the one with the larger cou-
pling, [V;]? > |V||?. The longitudinal angles 0 < 64,6, <
7 are uniquely defined by Eq. (A7), while the quadrants
for the azimuthal angles —7/2 < ¢q4, ¢; < 37/2 must be
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chosen according to Eqs. (A14) and (A15). The auxil-
iary quantities in Eqs. (A10)—(A13) obey the inequalities
X Z Y and Y Z |Zd/l|

The next step is to determine the angles x4, x4, and x;
which come to assure, among other things, that V4 > V|
are both real and non-negative. Let us begin with 4.
When det A # 0, i.e., for V| > 0, the angle x 4 is uniquely
determined by taking the determinants of both sides of
Eq. (A1) and equating their arguments. This yields

XA = % argdet A. (A16)
When det A = 0, the angle y4 can take arbitrary values.
This stems from the fact that V| = 0, and therefore ¢y
can be attached an arbitrary phase without affecting the
form of Eq. (7). In this case we choose x4 = 0.

Next we rotate the Hamiltonian term &, which is the
first term of the isolated dot Hamiltonian, Eq. (3). Upon
converting to the rotated dot operators d% and dI, the

single-particle term &, transforms according to

E1— RyE,RY . (A17)
Consider first the partial rotation U(04, pa)EaUt (04, da)
[see Eq. (A2)]. Writing &; [as defined in Eq. (4)] in the
form

é’d:eo—gfn’-F (A18)

with
h=+/A2+p2 (A19)

and

b — b — A
m = — 3, cos PL— PR 5 SDRQAH-E sin PL— PR 5 (pRg}—Eé , (A20)

the partial rotation U (0q, ¢q)E4UT (04, da) gives

(A21)

€0 — 5 m- 7? 5
where 71 is the unit vector obtained by rotating 7’ by an
angle —f, about the axis — sin(¢q) £4cos(pq) . Defining
the angle 6 € [0, 7] which appears in Eq. (7) according
to cosf = m, it follows from simple geometry that

cost) = — %cosé?d
b .
— Esmﬁd cos[pq + (pr. —¢r)/2] . (A22)

The full transformation RdédR; corresponds to yet an-
other rotation of m by an angle —yx4 about the z axis.
The angle x4 is chosen such that the projection of m
onto the zy plane is brought to coincide with the = di-
rection. This fixes x4 uniquely, unless hsin 8 happens to
be zero (whether because h = 0 or because 6 is an integer
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multiple of 7). When hsinf = 0, the angle x4 can take
arbitrary values. Physically this stems from the fact that
spin-up and spin-down degrees of freedom can be gauged
separately within Eq. (7). We choose x4 = 0 in this case.
The explicit expression for xyg when Asinf # 0 is quite
cumbersome and will not be specified. As for the remain-
ing angle x;, it is fixed by the requirement that V, will
be real and non-negative.

Note that the conditions for the two exactly solvable
cases quoted in the main text, Egs. (10) and (11), are
readily derived from our expressions for the eigenvalues
V. The first case, Eq. (10), corresponds to V| = 0,
which requires det A = e®ariape — arsap; = 0. This
immediately leads to Eq. (10). The second solvable case,
Eq. (11), corresponds to equal eigenvalues, which implies
Y = 0 [Egs. (A6), (A10) and (All) remain intact for
[Vi| = |V|[]. By virtue of the inequalities Y > [Z4|, this
necessitates that Z; and Z; are both zero, which gives
rise to the first two conditions in Eq. (11). The remaining
condition on the Aharonov-Bohm phase ¢ follows from
substituting the first two conditions into the definition of
Y and equating Y to zero.

1. No Aharonov-Bohm fluxes

Of particular interest is the case where no Aharonov-
Bohm fluxes are present, ¢, = ¢r = 0. In the absence
of a real magnetic field that penetrates the structure, the
parameters that appear in the Hamiltonian of Eq. (1) are
all real. This greatly simplifies the resulting expressions
for the rotation matrices Ry and Ry, as well as for the
model parameters that appear in Eq. (7). In this subsec-
tion, we provide explicit expression for these quantities
in the absence of Aharonov-Bohm fluxes, focusing on the
case where V4 > V|. The case where V; = V| is treated
separately in Sec. A 2.

As is evident from Eqgs. (A8) and (A9), each of the az-
imuthal angles ¢4 and ¢; is either equal to 0 or m when
@ = 0. (The corresponding y’ and y axes are parallel
in Fig. 7.) It is therefore advantageous to set both az-
imuthal angles to zero at the expense of extending the
range for the longitudinal angles 64 and 6; from [0, ]
to (—m,m]. Within this convention, Eq. (A7) is replaced

with
[y =24
04,1 =284 arctan | ————— A23
4/l da/l Y Zap (A23)
where
sq = sgn(ariare + ariage) , (A24)
s1 = sgn(apiar: + aL20R2) - (A25)

Similarly, the unit vector 7’ of Eq. (A20) reduces to

m =——x—

=D

N>

(A26)

S| o
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which results in
. b A N
m = [_E cosfy + 7 sde] T
b . A .
— [ﬁ sinfy + + cos Gd] Z (A27)
and
b . A
0 = 7w — arccos 7 Sin 0q + 5 cos 04 . (A28)

Since the rotated unit vector m has no y component,
the angle xq is either equal to 0 or 7, depending on the
sign of m,. Assuming det A # 0 and using Eqgs. (A4) and
(A16), one can write Eq. (A2) in the form

R4 = (sgndet /1)1/2 eim(1=so)=/d gi0a/2)7y —(A29)

sp = sgnm, = sgn (Asinfy — bcosly) . (A30)

Note that the first exponent in Eq. (A29) is equal to 1
for sp = +1, and is equal to etm/2)7= for s = —1. If
det A = 0 we set sgndet A — 1 in Eq. (A29), while for
Asinfy = bcosfy we select sg = +1.

Proceeding to the remaining angle x;, we note that Ry
of Eq. (A29) is either purely real or purely imaginary,
depending on whether

sp = sg sgndet A (A31)
is positive or negative. Since both e(?/2)7 and A are
real matrices, then e?(Xt/2)7= must also be either purely
real or purely imaginary in tandem with Ry in order for
the eigenvalues V7 and V| to be real. This consideration
dictates that x; is an integer multiple of 7, with an even
(odd) integer for positive (negative) sg. The end result
for R; is therefore

im(l—sgr)72/4 ei(el/z)"'y ,

R = R E€ (A32)

Here nr = £1 is an overall phase which comes to assure
that the eigenvalues V; and V| are non-negative.

2. Isotropic couplings, V; =V|

Our general construction of the rotation matrices Ry
and Ry fails when |V;| = |V|| = V. Equations (A6),
(A10) and (A11) remain in tact for |V;| = |V||, however
the angles 0,/; and ¢4/, are ill-defined in Eqs. (A7)-(A9).
This reflects the fact that the matrices ATA and AA' are
both equal to V2 times the unit matrix, hence any rota-
tion matrix U (6, ¢) can be used to “diagonalize” them.
There are two alternatives for treating the isotropic case
where |V;| = |V||. The first possibility is to add an in-
finitesimal matrix nB that lifts the degeneracy of V7]
and |V||: A — A+ nB. Using the general construc-
tion outlined above and implementing the limit n — 0, a
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proper pair of rotation matrices Ry and R; are obtained.
The other alternative is to directly construct the rota-
tion matrices Ry and R; pertaining to this case. Below
we present this second alternative.

A key observation for the isotropic case pertains to the
“reduced” matrix

T = (det A) %4, (A33)

which obeys

TIT =TTt =1, detT=1. (A34)
As a member of the SU(2) group, T can be written in

the form
T = U(Or, dr) X1 /D™ (A35)

with 67 € [0, 7]. Explicitly, the angles 61, ¢ and xr are
given by

07 = 2arccos(| det A|~*/? |ar,]), (A36)
xr = 2arg|(det A)=1/2 ar1], (A37)

and
¢r = arg[(det A)™V2api| — 7 — x7/2. (A38)

Exploiting the fact that det A= V2, the matrix A takes
then the form

A=V RIR, =V eXAU(Or, o) e!XT/D7= - (A39)
where the angle x 4 is defined in Eq. (A16).

Equation (A39) determines the matrix product R}L R,.
Any two rotation matrices that satisfy the right-most
equality in Eq. (A39) transform the tunnelling matrix
A to V times the unit matrix, as is required. The rota-
tion matrix Ry is subject to yet another constraint, which
stems from the requirement that hsinf > 0 in Eq. (7).
We note that this constraint as well does not uniquely
determine the matrix R4.30 Perhaps the simplest choice
for Ry is given by

Ry = eiXagixa/2)T (A40)
with
1 T
Xa = 5(pr —¢r) + 5 (1 —sgnb), (A1)
which corresponds to
hcos =—A, hsinf = |b|. (A42)

Adopting the choice of Eq. (A40), the rotation matrix R;
takes the form
R, = iz (Xa—xT1)/2 U(Or, —¢r), (A43)

where 01, ¢, xr and x4 are listed above.
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APPENDIX B: BETHE ANSATZ FORMULAE

In this appendix we gather for convenience all relevant
details of the exact Bethe ansatz solutions for the impu-
rity magnetization in the isotropic Kondo and Anderson
models in the presence of a finite magnetic field. Exten-
sive reviews of these solutions (including the anisotropic
Kondo model) are available in the literature.!%2%:22 Here
we only summarize the main results of relevance to our
analysis, and briefly comment on the numerical proce-
dure. We confine ourselves to zero temperature, al-
though explicit equations do exist also at finite temper-
ature. Throughout the Appendix we employ units in
which ppg = 1.

1. Isotropic Kondo model

We begin the presentation with the case of a Kondo
impurity, before turning to the more elaborate case of an
Anderson impurity. As a function of the magnetic field h,
the magnetization of an isotropic spin—% Kondo impurity
is given by the explicit expression [see, e.g., Eq. (6.23) of
Ref.22]

M(h) =

—i /+°2 (iw + 0)/27 sech(%)( h
VT oo @i (L 1) \2nTx

)iw/f (B1)

Here T'(z) is the complex gamma function. The Kondo
temperature, Tk, is defined via the inverse of the spin
susceptibility,

4

' =2n Jim M(h)/h. (B2)

Evidently, Eq. (B1) is a universal function of the ratio
h/Ty, which is denoted in the main text by My (h/Tk).
It has the asymptotic expansion

(27TTK> 5
M(h) ~ {l N 1  Inln(h/Tw)
2 T In(h/Ta)  8In2(h/Tw)’

h< Tk,
h> Tk,
(B3)

where Ty = \/7/eTk.

2. Isotropic Anderson model

In contrast to the Kondo model, there are no closed-
form expressions for the total impurity occupancy nios =
(nt +ny) and magnetization M = (ny —n})/2 in the
isotropic Anderson model. The exact Bethe anstaz solu-
tion of the model provides a set of coupled linear integral
equations from which n¢.t and M can be computed. Be-
low we summarize the equations involved and comment
on the numerical procedure that is required for solving
these equations. The expressions detailed below apply to
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arbitrary eg, U, h, and I' at zero temperature. In terms
of the Hamiltonian of Eq. (7), we restrict the discussion
toI’ =T'; =T (isotropic Anderson model) and sin§ = 0
(parallel-field configuration). The case sin@ # 0 follows
straightforwardly from a simple rotation of the dot and
the conduction-electron operators about the y axis.

a. Kondo temperature

The most accurate analytical expression that is avail-
able for the Kondo temperature of the isotropic Anderson
model can be written as

Tk = (V2UT/x) exp[r (I° + e U +€}) /2UTD)] ,

(B4)
where I' = mp|V|?. This expression for Tk exactly repro-
duces Eq. (6.22) of Ref.22 for the symmetric Anderson
model, ¢ = —U/2. Tt also coincides with Eq. (7.11)
of Ref.22 for the Kondo temperature of the asymmetric
model when U > I'. Note that the I'? term in the expo-
nent is usually omitted from Eq. (B4) on the basis of it
being small. It does in general improve the estimate for
Tk.

In the local-moment regime, where Eq. (B4) is valid,
the impurity magnetization of the isotropic Anderson
model is dominated by the universal magnetization curve
of Eq. (B1) up to fields of the order of h ~ VTU > Tk
(see, e.g., lower left inset to Fig. 2). At yet larger fields,
h>>VTU , the magnetization of the Anderson model can
no longer be described by that of the Kondo model, as
charge fluctuations become exceedingly more important
than spin flips. Rather, M is well described by perturba-
tion theory in I'. Importantly, the asymptotic expansion
of Eq. (B3) properly matches (to leading order in I'/U)
the perturbative result? for M when h ~ vTU. Thus,

dg(k)
dk
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the two approaches combine to cover the entire range in
h for the Anderson model.

b. Bethe ansatz equations for the occupancy and
magnetization

The Bethe ansatz solution of the Anderson model fea-
tures four key quantities, which are the distributions of
the charge and spin rapidities, pi/,(k) and &j/,()), re-
spectively, for the impurity (i) and the host (h) band.
The total impurity occupancy and magnetization are ex-
pressed as integrals over the distributions of the charge
and spin rapidities for the impurity:

B
M = %/_Oop}(k) dk, (B5)
ng = 1—/Q&i()\)d)\. (B6)

The upper limits of integration in Egs. (B5) and (B6)
are determined through implicit conditions on the corre-
sponding distribution functions for the host band,

B
== | (B7)

€ Q
% = /_ Ooavh(A) dX. (B8)

As for the distributions of the rapidities for the impu-
rity and the host, these are determined by the same pair
of linear integral equations, only with different inhomo-
geneous parts:

B Q
)+ 25 [ Rig(a) — g0 50y ar' + 2 [ sy ) ~ N a0 = 500 (B9)

—00
B

a(A) — /_QOO RO = N)&(X)dN +/

— 00

where®?
@) = 2cosl11(7r:1c) ’ (B11)
R(x):%Re[\IJ (1—|—z§>—\11 (%Hgﬂ (B12)
e 2
glk) = % (B13)

(here ¥ is the digamma function). The inhomogeneous

SIA = g(k)] p(k) dk = 5O (N),

parts in Egs. (B9) and (B10) are given in turn by

4O = k) + 98 i) - g AR ai,

dk
(B14)

— 0o

— 00

“+oo
) = o 1+ 8 [ g0 g}
(B15)
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+oo B
200 = [ Sh-g®lAmar,  (B10)
0) 1_ +o00
N =5 [ S - gl ar, (B17)
where A(k) is the Lorentzian function
< 1 r
A(k) = (B18)

TAT2+ (h—eo)?

c. Details of the numerical procedure

The main obstacle faced with in a numerical solution
of the Bethe ansatz equations is the self-consistent de-
termination of the upper integration bounds that appear
in Egs. (B5)—(B10). These are computed iteratively ac-
cording to the scheme

ﬁﬁn_l) 76_}(]n—1) - g ,Q(n) - ﬁﬁn) ,&}(l”) . (B19)

Starting with """ and """ as input for the nth it-
eration, B and Q™ are extracted from Eqs. (B7) and
(B8). Using the updated values for B and Q, [)fln) (k) and

5™ ()\) are then obtained from the solution of Eqs. (B9)
and (B10). This cycle is repeated until convergence is
reached. The first iteration in this procedure is usually

initialized with ﬁﬁo)(k) and 5}(10)()\) as input. Standard
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techniques are then used to ensure rapid convergence of
the iterative solution. Typically 15 to 30 iterations are
required to achieve a relative accuracy of 10~* for the
vector (B, Q).

The core of this cycle is the solution of Egs. (B9) and
(B10). These are solved (for given values of B and Q)
by discretizing the integration interval with adaptively
chosen 500 <+ 1000 mesh points. Once a self-consistent
solution is reached for B, @, pn(k) and 61, (\), the corre-
sponding distributions of rapidities for the impurity are
obtained from a single solution of Egs. (B9) and (B10).
The impurity occupancy and magnetization are calcu-
lated in turn from Eqgs. (B5) and (B6).

To test the accuracy of our numerical results, we have
extensively checked them against the analytical solution
for the zero-field occupancy ng(h = 0) and the zero-field
susceptibility dM/dh|p—¢. In suitable parameter regimes,
we have also compared our results to perturbation the-
ory in both U and I'. In all cases tested the relative
errors in ng and M were less than 0.05% and 0.5%, re-
spectively. This accuracy can be systematically improved
by increasing the number of discretization points used in
solving Eqs. (B9) and (B10) for the distributions. Our
results were also in full agreement with those reported by
Okiji and Kawasaki,?® except for M (h) where up to 10%
differences were found. Considering the extensive set of
checks that were applied to our results, it appears that
the discrepancy is due to lower numerical accuracy in the
solution of Ref. 23.
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Chapter 7

Results and discussion

The main new results reported in the thesis can be summarized as follows:

v' Scattering states formalism for adiabatic transport is translated into a convenient

Green function form, and applied to a generic single-level (Breit-Wigner) resonance.

v" The pumped charge quantization in resonant structures is explained in terms of dynam-
ical loading and unloading of quasi-bound states, and a quantitative approximation

based on this insight (the resonance approximation for quantum pumping) is proposed.

v" The resonance approximation is applied to a model of surface acoustic wave driven
quasi-1D channels. All main qualitative features of the experimental data are repro-

duced, and the influence of each of the control parameters is clarified.

v' A self-consistent equation for the local Green function of a small quantum dot embed-
ded in a general mesoscopic network is derived and solved exactly in several physically
relevant limits, including an explicit analytic solution for the asymmetric Anderson

model. The solution demonstrates correct physical behavior in a wide parameter range.

v' The role of self-consistency in the widely used equations-of-motion technique is clarified
by calculating different properties of a single level quantum dot with and without
the self-consistency condition. Breakdown of the simplified approximation in the the

strongly correlated regime is quantified.

v A new way of analyzing a generic two-site model with strong inter-site Coulomb re-

pulsion is proposed. The model is mapped exactly onto a generalized Anderson model
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using a singular value decomposition of the tunnelling matrix. The low-energy prop-
erties of the physically most interesting regime of single total occupancy are described

by a further mapping onto an anisotropic Kondo model in a title effective magnetic

field.

v" Based on the mapping to an effective magnetic impurity model, analytical expressions
for the population numbers and the conductance of the two-site model are put forward.

The results are shown to be extremely accurate in a wide parameter range.

v' Conditions for the population switching, transmission-phase lapses and correlation-
induced resonances in strongly interacting quantum dots are formulated analytically,

and explained in numerous examples.

v' High-accuracy numerical solution to the exact equations for the accumulated charge
and magnetization of the standard Anderson model in the presence of an external
magnetic field is constructed for the first time. The results are used as a reference to

quantify the accuracy of the Schrieffer-Wolff transformation.

These results may have strong implications for a number of active research areas in the
field of correlated transport in nanostructure. Bearing in mind that guesses of this kind are

necessarily speculative, we expect the following insights to have to strongest impact:

e The results concerning the resonance approximation imply that the notion of “interfe-
rence-induced quantization”, which had been often seen as a contraintuitive quantum

phenomenon, can be understood in simple physical terms.

e The in-depth investigation of the equations-of-motion technique has clearly shown that
the simple non-self-consistent version of the method fails to describe even the most
basic features of the Kondo effect. This has implications for numerous studies that

attempt drawing conclusions for non-conventional Kondo physics using this technique.

e All previous studies of the correlated two-level transport had either to assume some
degree of fine-tuned symmetry for the dot-lead couplings, or to explore numerically
a prohibitively large parameter space. The singular value decomposition technique

applied to the tunnelling matrix in Chapter 6 dramatically reduces the number of
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parameters, and facilitates identification of universal physics. We expect this trans-

formation to be useful for other models involving tunnelling and transfer matrices.

The convenient calculational framework presented in Chapter 3 together with the physical
understanding of the pumping mechanism (Chapter 4) and of the role of inter-site capacita-
tive interactions (Chapter 6) has stimulated new experiments on pumping through double
quantum dot devices that are currently underway [70] at the National Physics Laboratory
in Teddington, UK, and at PTB Institute in Braunschweig, Germany. Preliminary results in
the regime of strong tunnelling coupling between the dots show very good agreement with
the models explored in the thesis. Prospects for experimental investigation of the strongly

correlated regime (Chapter 6) in a double quantum dot are being investigated.
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