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Chapter 1

Introduction

1.1 What is a nanostructure?

Strictly speaking, a nanostructure is any structure with one or more di-
mensions measuring in the nanometer (10~%m) range. Various definitions
refine this further, stating that a nanostructure should have a characteristic
dimension lying between 1nm and 100nm, putting nanostructures as inter-
mediate in size between a molecule and a bacterium. In this lecture, we will
take a slightly more flexible definition and allow “nanostructure” to include
larger structures — providing that the object’s size of the plays an essential
role in determining its physical properties.

Experimentalists now have access to a huge array of nanostructures, both
self-assembled (e.g. fullerenes, nanotubes, ...), and directly fabricated (e.g.
quantum wires, lateral quantum dots, ...). The picture set in the lectures
should give an idea of the diversity of such structures, as revealed through
the techniques of electron and atomic-force microscopy.

1.2 Mesoscopic transport

Nanostructures are typically probed either optically (spectroscopy, photo-
luminescence, ...) or in transport experiments. In this lecture series we will
mainly concentrate on the latter (we will, however, discuss the optics of
quantum dots; in particular in the context of quantum computation). This
field of investigation is often given the name mesoscopic transport, and the
following considerations give an idea of the significance of this term.

We would expect that the resistance R of a bulk 3-dimensional sample

7



8 CHAPTER 1. INTRODUCTION

of a material to be given by

L
R= e (1.1)
where L and A are the length and cross-sectional area of the sample, and
o is the conductivity. A sample for which Eq. (1.1) holds is said to be
Ohmic, and this behaviour is well described by (semi-)classical transport
theory (such as the Boltzmann Equation of Chapter 3 2 ).

If, however, the sample is small enough that the considerations leading
up to Eq. (1.1) do not hold, non-Ohmic behaviour can result. This typically
occurs when the characteristic dimension of the device is smaller than one
or more of the following length scales:

e the de Broglie wavelength of the electrons (given by their kinetic en-
ergy)

e their mean free path, (distance between collisions)

e and their phase coherence length (distance over which an electron can
interfere with itself).

Such a sample, or device, is then described as being mesoscopic — one that
is bigger than atomic, or ‘microscopic’, dimensions but yet small enough
not to exhibit the Ohmic properties of bulk, or ‘macroscopic’ materials.
The important length scales listed above vary considerably with material
properties, temperature, applied voltage, etc, and so the size-scale at which
mesoscopic effects occur is highly variable, and not ridgedly fixed at the
literal nano-scale.

A mesoscopic device may also be thought of as one being big enough
to be successfully manipulated in experiment, and yet small enough to be
interesting!

1.3 Why study nanostructures?

Understanding the nanoworld makes up one of the frontiers of modern
science. Ome reason for this is that technology based on nanostructures
promises to be hugely important economically. Nowhere is this more evi-
dent than in semiconductor industry. Moore’s law makes the observation
that the number of transistors that can be inexpensively placed on an inte-
grated circuit doubles approximately every two years. If the size of IC chips
stay approximately the same, then the linear dimension of the transistors
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must half every four years. Current transistor fabrication already runs at
45nm, and Intel claim that they will have 32nm technology in commercial
devices by 2009. Understanding how electrons behave over such tiny distant
scales is therefore of very obvious importance to the electronics, communi-
cation and computation industries. One potentially game-changing future
application that we will discuss in this course is the use of nanostructures to
perform quantum information processing tasks, and in particular to build a
quantum computer.

Nanostructures and nanomaterials are having real-world impact else-
where. For example, the Quantum Hall effect, for which K. von Klitzing
earned the Nobel prize, now serves as a measurement standard for resis-
tance. Quantum dots are making quite a name for themselves in many
modern application areas such as Photovoltaic devices, QD lasers, and as
even as fluorescent tracers in biological and medical settings.

The theory of nanostructures is an intellectually very rewarding topic.
There are fundamental questions: what is the origin of resistance? what can
we tell about an structure just by counting the electrons flowing through it?,
and what role does information play in the nanoworld? Their pursuit in-
volves a broad range of physical concepts and theories, from simple confine-
ment effects familiar from introductory quantum mechanics through to the
complex many-body physics of the Kondo and fractional quantum Hall ef-
fects. Furthermore, analogies to atomic and molecular physics abound, as do
formal similarities between mesoscopic transport and quantum optics. More
traditional condensed matter and quantum many-body theory all have the
role to play in understanding, an learning how to control, nanostructures.
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Chapter 2

Semi-classical transport
theory

In this course, we are primarily interested in transport through nanostruc-
tures. However, it is instructive, to first review the semi-classical Boltzmann
theory of transport in bulk materials to become familiar with some concepts
and language, and also have a benchmark with which to compare.

2.1 Physical length scales

The transport properties of a device are determined by a set of characteristic
length scales and their relationship to the physical dimensions of the device.
As presaged in the introduction, we expect a conductor to shows Ohmic
behaviour only when its dimensions are greater than all of these length
scales, which vary widely from material to material and also with temper-
ature, applied field, impurity concentration etc. The relevant length scales
are: (following E. Schéll in Theory of Transport properties of semiconductor
nanostructures, Chapman & Hall 1998)

e Mean free path, [,,: The average distance an electron travels be-
fore it experiences elastic scattering which destroys its initial momen-
tum. The dominant elastic scattering mechanism is impurity scat-
tering. The mean-free path is related to the (transport) momentum
relaxation time 7¢, by [,, = v7, where v is the average carrier speed.

e Phase-relaxation length, /4: The average distance an electron trav-
els before information about its initial phase is lost. Inelastic scatter-
ing, such as occurs in electron-phonon interactions, is responsible for

11



12 CHAPTER 2. SEMI-CLASSICAL TRANSPORT THEORY

this dephasing, since in such collisions the energy of the electron is
changed, and its quantum-mechanical phase is randomised. Impu-
rity scattering may also contribute to phase relaxation if the impurity
has internal degrees of freedom. In high-mobility semiconductors, the
phase relaxation time 74 can be of the same order or shorter than the
momentum relaxation time, and /4, = vp7y with Fermi velocity vg. In
low mobility samples, however, 7,,, can be considerably shorter than
74 and diffusive motion may occur over a phase coherent region; then
l; = D7, with diffusion constant D = vp7,/2.

e de Broglie wavelength, A\: An electron with wavenumber k has a
de Broglie wavelength of A = 27/k. In three-dimensions, this can be
expressed in terms of the electron energy E as A = \/h?/2m*E with
m* the effective electron mass. The de Broglie length defines the scale
on which quantum-mechanical effects become important.

e Magnetic length, [p: In the presence of a magnetic inductance B,
electron energy is quantised in integer multiples of hw., where w, is the
cyclotron frequency. The magnetic length 5 = \/h/eB characterises
the extent of the electron cyclotron orbit.

Depending on the relation of system size L to the above lengths, different
transport regimes can be distinguished:

e Classical diffusive transport: For macroscopic dimensions L >
lim,lg, carriers experience frequent elastic and inelastic collisions such
their momentum and phase are relaxed. The average velocity of the
electron is given by its drift velocity v = —pF with mobility 4 =
eTm/m’* from Drude theory.

e Coherent transport: For system sizes smaller that the phase relax-
ation length [y, quantum-mechanical wavefunction of the carriers has
a well-defined phase throughout the system. Quantum interference
effects such as Aharonov-Bohm oscillations or universal conductance
fluctuations may observed in transport.

e Ballistic transport: If the size of the system L is smaller than [,,,
carriers can cross the device without scattering.

e Quantum size effects: If the de Broglie wavelength is greater than
one or more of the system dimensions, size quantisation of the car-
rier wave functions will occur. Propagation in those directions is not
possible and the density of states of the system is modified accordingly.
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2.2 The Boltzmann Equation

A transport theory include must include not just the dynamics of carriers
under the influence of external fields, but also stochastic effects arising from
carrier interactions with impurities, phonons, contacts, etc. The Boltzmann
Equation is a transport theory that operates in the classical diffusive regime
in which the electrons are described by a distribution function f(r,p,t),
which gives the local concentration of carriers in state p in the neighbour-
hood of point r in space. The dynamics of f(r, p,t) under an applied Lorentz
force are governed by Newton’s laws, and the dissipation is incorporated via
a scattering or collision integral, Iy p ¢ [f]. The Boltzmann equation is a semi-
classical theory since f(r,p,t) is a classical distribution function in phase
space, with well defined r and p coordinates, but the scattering integral,
as well as the equilibrium function f(©) (r,p,t), are obtained from quantum
mechanical considerations. The consistency of this approach requires that
the distribution function varies little over the de Broglie wave length of the
electron. Furthermore, in order that collisions may be treated in a simple
way, we require a low carrier density (only binary collisions), that the time
between collisions is much greater than the durations of the collisions, and
that density gradients are small over the range of the interparticle potential.

The Boltzmann equation posits that the total rate of change of the elec-
tronic distribution is given by scattering

d
af(r, P, t) = Ir,p,t [f] (21)

This is made more intuitive by separating the dependencies of f(r, p,t) such
that, by the chain rule, we can write

0 or op
E (I',p,t) - a p'vl‘f(r’p’t) - E .

' vpf(ra P, t) + Il‘,p,t [f] . (22)

We now see that the time-dependence of the distribution function is given
by three terms: a diffusive term, a term arising from the applied fields and
the collision term. The behaviour of f(r,p,¢) can thus be pictured in terms
of these three contributions acting on a small phase-space volume centred
at r, p.

We will consider only elastic scattering here and restrict ourselves to
a single band in a three-dimensional sample. In this case, the scattering
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integral can be written as

3,/
Lpelf] = / (;T—Q)gw (0.0
x {f(r,p',t) (1 — f(r,p,t)) — f(xr,p,t) (1 — f(xr,P',1))}
3.,/
- _/ (de%:sw (p,p) {f(r;p,t) = f(r,p 1)} (2.3)

Scattering from state p to p’ decreases f(r,p,t) and the probability of this
process is proportional to f(r,p,t) and 1 — f(r,p’,t), as the final state must
be empty. Furthermore, there is a basic transition probability W (p, p’) that
we must calculate from a microscopic model of the collision process, typically
with Fermi’s golden rule. The scattering integral also includes the reverse
process of scattering fromp’ to p and from the principle of microscopic
reversibility, we know that W (p,p’) = W (p/, p), whence the second line
above. This integral has the property that

3
/ (265777];)361’[1'7[’725 [f] =0, (24)

illustrating energy-conserving nature of the scattering.

We now write Eq. (2.2) in more familiar terms. We first identify Or/0t|,
as vp, the velocity of an electron in state p. Then, from Hamilton’s equations
of motion with Hamiltonian H, we have

_ o (2.5)

op| _ OH
r_ or’

ot

which is nothing other than the force acting on the electron. With this force
arising from applied electric and magnetic fields, we have

op

Y =e(E+vp xB). (2.6)

r

Putting this altogether, we obtain

0
a (I',p,t) +Vp . vl‘f(rap7t) + G(E +Vp X B) : vpf(r7p7t) = Ir7p,t [f]

(2.7)

This is the Boltzmann equation. It is an integro-differential equation and in
general very difficult to solve.
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Normally we are interested in the steady state, df(r,p,t)/0t = 0. Fur-
thermore, it is usually sufficient to treat the applied electric field as inducing
only a small perturbation in the electron distribution, such that we can work
to first order in the field — or in other words, calculate the linear response
of the system to an applied electric field. We therefore assume that the
distribution function can be written as

f(ra p) = f(O) (I‘, p) + f(l) (I‘, p)’ (28)

where f©) is equilibrium distribution and () is response term of order E.
For the equilibrium distribution, we take the Fermi-Dirac distribution

1
exp ((ep — p)/kBT)) +1

fO,p) = (2.9)

with chemical potential u, temperature 1" and Boltzmann’s constant k. We
allow both p and T to be functions of r (we should therefore, speak of quasi-
chemical potential). Inserting these forms into Eq. (2.7) and linearising, we
obtain

(0) € —
(—afT(Z’p)> Vp© {—T’UVT—F e (E — éVu)}
=—Lplfl+vp: Vrf(l)(r,p) +e(vp x B)- fo(l)(r, p) (2.10)

which is the linearised steady-state Boltzmann equation.

One typically is interested in a homogeneous sample, in which there are
no T or p gradients, and the distribution function is a function of p only.
In this case, we have

B <%> Vo B= —Lplfl +¢(vp x B)-Vp/W(p).|  (211)

2.3 Electrical conductivity

Equation (2.11) allows us to derive the conductivity of the sample as deter-
mined by impurity scattering. In zero magnetic field, we have

e (%) vp - E = I,[f] (2.12)
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We assume the scattering to be elastic and that the impurity potential is
spherically symmetric. This means that

W (p,p)=W (D 0.e)d(ep—€p) (2.13)

where P is a unit vector in the direction of p. One way of making fur-
ther progress (see Jammer, Ch 5.4) is to expand W in terms of Legendre
polynomials, P;:

W (p-rep) =Y Wilep)Pi(p- D). (2.14)
=0

Making an analogous expansion for the distribution function,

FOm) =3 1 (ep)Pilp - B), (2.15)
=1

the collision integral becomes

Iolf1 = =Dlep) Y- e Pip - B) { Woley) — 5y Wilen) - (210)
=0

where D(e) is the density of electronic states at energy e. Substituting these
results into linearised Boltzmann equation Eq. (2.12), we obtain the solution

fl(l)(ep) = 0; Vi#1

-1 (0)
1) _ ! _ eEvp 0f 7 (ep)
D) = {3l W) | pese )
This result may be written as
af (e
f(l)(ep) = —¢eE- vatr(ep)fT(p) (2.18)
p
with the transport relaxation time
_1 1
T (6p) = Dlep) { Wolep) — ng(ep)
dp’ o o
= Do) [Fwppe) 1-pp)  @219)

The factor (1 —p - p’) can be expressed as (1 — cos ) where 6 is the angle
between the two vectors. It weights the contributions of scattered vectors.
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If p’ is parallel to p then # = 0 and this weighting factor is zero — elas-
tic forward scattering does not, obviously, relax the electron momentum.
Conversely, with p’ anti-parallel to p, this weighting factor is maximal, and
correspondingly, backscattering is seen to be the most effective.

Let us write

f) =) +p - glep), (2:20)
with
g(ep) = —eET“f;p) af(;i(ep). (2.21)

Then fM)(p) = p - g(ep) and the collision integral becomes

-g(e &) — fO(e
Llfl = blfo+p-gl= —thrg(ip‘)’) i p)m(fp) (p), (2.22)

From this we can see the significance of the relaxation time. Consider
Eq. (2.1); let system reach steady-state and then switch off all fields. We
have

0 o o Jlept) = FOlep)
i lepot) =~ 2P (223)

which we solve to give
Flep,t) = FOep) + fM (ep)e H/erler) (2.24)

showing that, starting from the transport steady-state, the pth-component
of the distribution relaxes back to its equilibrium distribution with a time
constant 7, (ep).

Now we are in possesion of the steady-state distribution, we can simply
calculate the stationary current density:

e 3
i = = [ Gl (225)
_ 4e? Of O (e)
= 3 deD(€)eTy(€) (— 9 )E (2.26)

The derivative of the Fermi function is peaked at the Fermi surface with a
width ~ kpT" Since the rest of the integral is slowly varying over this scale,
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we can can approximate (—af(0>/ae) ~ (e — ep) and take the remaining
quantities in the integral to be evaluated at the Fermi energy er. With help
of the 3D density of states, D(e) = \/2m3er/(272h3), Fermi energy ep =
h2k%./(2m), and Fermi wavenumber kr = (372n)'/3, the current density can
be evaluated as

2
j = ey (2.27)
m

The relationship between the components of the current density and the
electric field can be written as

ja=Y 0asbp (2.28)
s

where o is the conductivity tensor. For the isotropic model that we are
discussing here, the tensor is diagonal

OB = 00003 (2.29)
with
2
iU (2.30)
m

which is Drude’s result. From this, we obtain Ohm’s law

m

R=—F5—7-—. 2.31
ne?r(ep) L (2:31)

It is customary to express the conductivity as
o = nlelu, (2.32)
in terms of the carrier mobility

= Lol (2.33)
m

Entertainingly, this same result for the conductivity can be obtained from
three very different theoretical analyses — semiclassically as above, within
the classical considerations of the Drude model, and also in the full quantum-
mechanical calculation via the Kubo formula.
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2.4 The Hall effect

We now want to understand transport in the presence of both electric and
magnetic fields. Let us start with Eq. (2.11) with the assumption of a
relaxation time

(0 e
(22 ) v, Ete(vpxB) Ty (o alep) =~ 2B a3y
8ep Ttr(ep)

Omitting the details (see, e.g. Rammer Ch 5.4.2, Ziman Ch 7.12), this
equation can be solved for the linear response function g. We obtain

) _ _eTtr(Ep) (9f(0)(6p) 1
g(ep) Oep 1+ (wcTtr(Ep))2

m
€T €
x |E + (werw(ep)) > Ej + %E x B,

(2.35)

where E is the electric field parallel to B and w. = [e[B/m is the cy-
clotron frequency. From this result and the expression for the current density
Eq. (2.25), we obtain the conductivity tensor for B = Bz as

o 1 —WeTtr 0
o=—"2 | wr 1 0 (2.36)
1+ (weTir)? 2
WeTtr 0 0 1+ (weir)

This conductivity obeys the Onsager relations
0ap(B) = 03a(—B) (2.37)

which stem from fundamental considerations about the behaviour of systems
under time-reversal. Inverting Eq. (2.36), we get the resistivity tensor

1 WeTtr 0
p=c'l=p| —were 1 0 (2.38)
0 0 1

with pg = o ! An isotropic sample, therefore, shows no magnetoresistance,
i.e. pgz does not depend on magnetic field for an isotropic dispersion e, =
e(|pl).

In a Hall bar experiment, a current flowing the = direction, say, gets
deflected by the magnetic field in the z direction, say, leading to a voltage
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appearing in the y-direction. This voltage is known as the Hall voltage and
is determined by state state condition conditions, j, = 0, such that

By _ 9w (2.39)
E, Oyy
The Hall coefficient is then
E 1
Ry=—"Y4Y = — 2.40
U= B, ne’ (2.40)
and the Hall voltage is
1
Va=E/L, = LyBjJCE. (2.41)

A hall bar experiment therefore probes both sign and density of charge
carriers.

2.5 Thermal Conductivity

The Boltzmann equation, Eq. (2.7), can also be used to investigate the be-
haviour of conduction electrons under the influence of a thermal gradient.
Omitting the details here (Rammer Ch5.4.3 or Ziman Ch7.8), we note that
linearising Eq. (2.7) in terms of both the applied electric field and the ther-
mal gradient applied across the sample, we can derive a relationship between
electrical (o) and thermal (k) conductivities:

2
. ™ 2 oo
k= TRETY. (2.42)

This is known as the Wiedemann-Franz law and holds quite generally pro-
viding that we only have elastic scattering. This result can be easily under-
stood: In electrical conduction each electron carries a charge e and is acted
on by the field eE. The current per unit field is therefore proportional to e?.
In thermal conduction, each electron carries an energy kg7, and is acted
on by a thermal force kg V1. The heat current per unit thermal gradient
is then k:%T. The ratio of the two transport coefficients must be there be
proportional to k%,T /e? and the numerical factor arises because we are only
considering electrons near the Fermi surface.
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2.6 Other scattering mechanisms

At low temperatures, elastic scatting from impurities is the dominant form
of electron scattering. However, there are many other scattering mecha-
nisms that can play an important role in transport. For example, surface
roughness leads to additional elastic scattering, whereas interactions with
lattice vibrations (both acoustic and optical phonons) gives rise to inelastic
scattering. To some extent, all these mechanisms can be incorporated in a
relaxation time approach as described in Ferry and Goodnick, Section 2.7.
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Chapter 3

Quantum confinement

3.1 Two-dimensional electron gas and lateral quan-
tum dots

Many important developments in mesoscopic transport have taken place
in the two-dimensional electron gas (2DEG), and are likely to continue to
do so in the future. The 2DEG typically used in transport experiments is
formed at the interface in an AlGaAs-GaAs semiconductor heterojunction,
as described in Fig. 3.1. The AlGaAs is doped with Si donors using a process
known as modulation doping, which allows the donors to be situated a small
distance from the interface (spacer layer width ~ 5nm) . This has the
important consequence that the 2DEG is physically separated from the the
donor ions, which minimises the scattering from these ions and facilitates the
very high mobilities obtainable in the 2DEG. Table 3.1 gives some typical
mobilities for comparison.

Quantum dots (and other more exotic structures) can be created in a

material temperature | p (cm?/(Vs))
organic semiconductor room < 10*
Si room 102-103
C-nanotube room 10°
graphene low 10°
2DEG low 10°-107

Table 3.1: Some example electron mobilities. Here, a “low” temperature
means ~ 20mK, a temperature typical of mesoscopic experiments.

23
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AE
n—-AlGaAs

Figure 3.1: Formation of a 2DEG in AlGaAs-GaAs heterojunction. Left
picture shows the conduction band just after the two materials are brought
into contact with one another (or so we imagine). AlGaAs has a wider gap
than GaAs and the conduction band edges are offset by an amount AF.
Electrons from the donors in the n-doped AlGaAs move across junction
to lower energy states in GaAs, leaving charged donor ions behind. The
combination of the band edge offset with the potential due to donor ions
produces the band edge in the right-hand sketch — a narrow triangular well
is formed at the interface and it is here that the 2DEG is located.

2DEG through the use of top gates — metal electrodes deposited on the
semiconductor surface. Application of a negative voltage to these gates
deforms the electrostatic potential at the 2DEG, and can deplete the electron
gas underneath the gate. These depleted zones can be used to define QDs.
Figure 3.2 shows samples with single and double QDs. Lateral QD size
ranges from ~ pm at the large end, down to 10s of nm — small enough to
contain just a few (0,1,2,...) electrons.

Example numbers from Hanson, et al., Rev. Mod. Phys. 79, 1217
(2007); cond-mat/0610433: The 2DEG is situated 50-100nm below surface,
and has a width of 10nm. Electron mobility and density: 10°-107 cm?/(Vs)
and (1-5)x 10" m~2 respectively. Fermi wavelength of the electrons: 40nm.
Temperature: ~ 20mK.

3.2 Single-particle, single-band effective mass ap-
proximation

Before discussing the effects of confinement, we should make explicit the
approximations with in which we shall work. Although transport in semi-
conductors can be mediated by both electron and hole flow, in mesoscopic
experiments it is usually just the electrons that are involved. Mesoscopic
samples are usually degenerate, which means that the conduction band is
highly populated with electrons. Furthermore, transport energy scales are
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Figure 3.2: Definition of lateral quantum dots in a 2DEG with top gates.
From Hanson, et al., Rev. Mod. Phys. 79, 1217 (2007); cond-mat/0610433

low cf. the band gap and therefore inter-band transitions are avoided. Thus
we need only consider only a single band — the conduction band (CB) —
and the electrons that reside in it.

We describe an electron moving in the CB with the effective mass equa-
tion:

E.+ % (ihY + eA)? + U(r)| () = BU(r) (3.1)

Here m* is the effective mass, A is the vector potential, and E. is the bottom
of the CB. The function ¥(r) is the smooth envelope of the electrons wave-
function, with the effects of the lattice potential having been incorporated
in the effective mass, which we assume isotropic and homogeneous. The po-
tential U(r) describes then the large-scale confinement potential experienced
by the electron.
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We consider the electrons to be non-interacting. Strict justification of
this comes from the Landau theory, in which an interacting electron gas
is re-described in terms of non-interacting quasi-particles with renormalised
energy (as compared to original particles) and a finite lifetime. Providing
this lifetime is long compared to any experimentally relevant processes, the
quasi-particle picture is a valid one, and this is generally the case in semi-
conductors. We may also appeal to a posteriori justification, as we will see
that this simple treatment is sufficient to describe a wide range of interesting
mesoscopic transport experiments.

3.3 Effects of confinement

In the triangular quantum well of Fig. 3.1, confinement in one spatial di-
mension is much stronger than in the other two. With z singled out as the
strongly confined dimension, we may therefore approximate the confinement
potential as U(r) = U(z)U(x,y). With magnetic field in the z direction, i.e.
perpendicular to the plane of the interface, the effective mass Schrédinger
Equation, Eq. (3.1), admits the separable solution ¥(r) = ¢, (2)¢(z,vy),
with ¢, (z) the nth quantised solution of the one-dimensional problem in
the z direction. Index n = 1,2,... defines a set of sub-bands; if we consider
the electrons to be unconfined in the plane of the interface, then the full
eigenfunctions of Eq. (3.1) with U(r) = U(z) are

U(r) = gu(z)ehereibuy (3.2)
with dispersion
W o o
E(n,k)=E.+ e, + 5 (k3 + k;) (3.3)

with €, the eigen-energies from z-confinement.
The density of states (per unit energy, per unit surface area) of such a
quasi-infinite two-dimensional system is

m*

D(E) = ZWG(E—% —E.) =Y Db (E— e, — Ey), (3.4)

with 6 (F) the unit step function and where a factor 2 for spin has been
included. Within the nth subband then, the density of states is constant,
with value nDy. For GaAs, with effective mass m* = 0.07m,, Dy = 2.9 x
10'9/(cm.meV).
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X

Figure 3.3: Sketch of a 2DEG, establishing co-ordinate system. Strong
confinement is in the z direction, and much weaker parabolic confinement
in the y direction. The extent of the sample in the z-direction is large cf.
extent in y and z directions.

Confinement in the z direction is strong enough that experiments are
usually restricted to the lowest n = 1 sub-band. In both 2DEGs and SAQD
the z-confinement is ~ 10 times that in the z-y plane. Thus, sub-bands
n > 2 play no significant role and we can neglect the z direction altogether
— reducing the original 3D problem to a two-dimensional one with effective
2D Schrodinger equation

E,+ 2—;* (ihV +eA)* + Uz, y) | ¥(x,y) = Ed(z,y) (3.5)

with Es = E. + €1, and 2D vector operators.

3.4 Transverse modes in 2DEG

Consider a uniform 2D conductor, much longer than it is wide (Fig. 3.3).
We will consider transport parallel to the long axis of the conductor (z direc-
tion), assuming that the motion is essentially unconfined in this direction.
In the transverse (y) direction, we model the confinement with a harmonic
potential, such that we write

1 *
Ulz,y) = Uy) = 5m’wiy’, (3.6)

with wg the confinement energy in the y direction. Harmonic confinement
is a convenient mathematical form as it leads to analytical solutions. It also
provides a reasonable approximations to confinements found in experiment.

We consider an applied magnetic field perpendicular to the 2DEG (in
the z direction), and choose a gauge such that the vector potential is written

A = —¢é,By; A, = —Buy; Ay =0. (3.7)
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The 2D Schrodinger equation, Eq. (3.5), can then be written

Eot 5 (e +eBy)’ 24 Uy)| w(e.y) = Eb(ry),  (38)

2m*

with p, = —ihd/0x and p, = —ihd/0y. This has solution

P(z,y) = %e“”x(y) (3.9)

with plane wave in z direction (normalised to length L) and the transverse
function x(y) given by the solution of the 1D problem

%(ﬁkJreBy) + m*w2y2 x(y) = Ex(y). (3.10)

1
B4 2
st 2m*py+ 2m

Let us define the cyclotron frequency

leB|

We= "1, (3.11)
and the length
hk
=—. 3.12
W= g (3.12)

We have then
[E + py+ Lt w? (y + i) + m*waQ} x(y) = Ex(y). (3.13)

Completing the square, we have

2, 2 2 2
m* wiwi o 1 5 1 L w B
Byt =5 ¥kt g Pyt om'w <y+ ﬁ%ﬁ) ] x(y) = Ex(y),(3.14)

with
& =W+ w? (3.15)

This, then, has the form of a displaced Harmonic oscillator, and from ele-
mentary quantum mechanics, we have the solutions

w2
Xn,k(Y) = un (q + &—qu> , (3.16)
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E(K)L

Figure 3.4: Dispersion relation for a 2DEG with transverse harmonic con-
finement and perpendicular magnetic field. The three plots are for different
choices of wg and w,, the confinement and cyclotron frequencies, respectively.

with wu,(z) the usual simple-harmonic oscillator eigenfunctions written in
terms of the dimensionless displacements ¢ = y/l and g = yi/l with length

T= /- (3.17)

m*w

The corresponding dispersion relation is

E = E;+

m* wiw? IR
o oz e (ntg)he
h2k2 w32

ot (3.18)

= E;+ <n + %) hw +

with n = 0,1,2,.... This result is illustrated in Fig. 3.4
The first thing to notice is that due to the confinement in the y-direction,
we obtain a series of sub-bands, labelled with quantum number n. In con-
trast to the z-direction, however, here the confining potential is relatively
weak, and more than just the lowest of sub-band will play a role in trans-
port. In analogy with optical wave guides, these sub bands are known as
transverse modes and they play a crucial role in determining the transport
properties of low-dimensional conductors. We also note that the dispersion
of a given transverse mode is of plane-wave form (i.e. quadratic) but with
a renormalised mass m* — m* (1 +w?/ wg) — increasing the magnetic field
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increases this renormalised mass of the electrons and makes the dispersion
relation flatter. Figure 3.4 highlights two limiting cases:

e Zero field: For B — 0, we have w. — 0 and w — wqg such that
1 h2k?

as expected.

e Zero confinement For wyg — 0, we have @ — w, and
1
E = E,+ (n + 5) hwe, (3.20)

in which case, quantum number n therefore the familiar Landau levels
with quantisation energy given by the cyclotron frequency. NB: there
is no dispersion in this limit.

3.5 Quantum dots: Fock-Darwin Spectrum

A useful model for the electronic confinement of a quantum dot is the two-
dimensional, symmetric parabolic potential

m*
U, y) = ouf (5 + 7). (3.21)

The corresponding Hamiltonian of an electron in the dot is

*

H= 77; wi (3:2 + 7). (3.22)

A2
o (p+eA)” +

By using the symmetric gauge for the vector potential A = (—By/2, Bx/2,0)
it can be shown (homework!) that the energy spectrum the dot is given by

1
Enyn. = (ny +1)0Q + 5 wen—, (3.23)
with
w2
02 =wi + ZC7 (3.24)
and quantum numbers

N4y =ngtny,; for ng,n,=0,1,2,.... (3.25)
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Figure 3.5: Fock-Darwin spectrum of symmetric quantum dot up to quan-
tum number n = 7.

This result is known as the Fock-Darwin spectrum after the physicists who
initially discussed the problem in the 1930s (nothing to do with quantum
dots). This spectrum is plotted in Fig. 3.5. For B = 0 we have the regularly-
spaced spectrum of a two-dimensional symmetric harmonic oscillator. In the
high-field limit, the spectrum goes over into that of the Landau levels with
the effects of the dot confinement playing an ever decreasing role.
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Chapter 4

Scattering theory

4.1 Resistance of a ballistic conductor

Consider a small conductor (length L, cross section A) connected to two
contacts which, by necessity, are large compared with the sample. Ohm’s
law states that the conductance of the sample will be G = 0 A/ L, where the
conductivity o is a size-independent material property. If Ohm’s law were to
hold as we decreased the length of the sample, we would therefore expect the
conductance to diverge as L~'. This is consistent with the Drude picture,
in which the resistance arises from electron scattering within the sample; if
the sample length is much shorter than the mean-free path [,,, the electrons
are not scattered at all, whence an infinite conductance.

A conductor with L < [, is said to be ballistic and experimentally, an
infinite conductance is not what is observed. Rather, as L is decreased,
the resistance saturates to a finite value Ggl, the contact resistance. As
the name suggests, the contact conductance arises from the contact of the
mesoscopic sample and the outside world. Essentially, electronic motion
within the mesoscopic conductor is quantum confined (as discussed in the
previous chapter) such that, for a given voltage bias, only a finite many
transverse modes are supported in the sample. Each channel can only carry
a finite current and thus the conductance of the sample saturates. The
resistance occurs naturally as a consequence of trying to drive a current
from the large electron reservoirs of the contacts into and through a very
narrow constriction.

In this chapter we learn how to calculate this conductance not just for
ballistic conductors but more generally, using the scattering or Landauer-
Biittiker formalism. We follow here the treatment in the review by Blanter

33
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(@) (b)

- | ——» —»T
R -
R
 ——» —» Dby
S
bL - -—— dj

Figure 4.1: Scattering. (a) Incident photons (I) are scattered at a beam-
splitter into transmitted (T) and reflected (R) components. (b) Similarly
scattered are electrons incident on a potential barrier. (c) In general, par-
ticles can impinge on a scatterer from both the left and right. Incoming
amplitudes (or mode annihilation operators in the second quantised ver-
sion), ar, ar are related to the outgoing modes by, b through scattering
matrix S.

and Bittiker.

4.2 Electron scattering

In this chapter we will consider devices that are smaller that the phase-
relaxation length L < [4, such that transport through the device is phase
coherent. This is important as it means we can consider electronic wave-
functions coherent across the whole device, along the lines of those discussed
in Chapter 3.

The Landau er Biittiker approach treats the mesoscopic sample simply
as a scatterer of electron waves. This makes a rather direct analogy between
the phase coherent transport of electrons through a mesoscopic device and
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the scattering of photons in optics by a beamsplitter, for example. Fig. 4.1a
shows an incident light beam (labelled I) impinging on an optical beam
splitter. A component of the incident beam is transmitted (T), and a com-
ponent is reflected (R). A similar situation occurs in Fig. 4.1b, where an
electron beam is partitioned into reflected and transmitted components as
it impinges on a finite potential barrier.

This idea of an incoming particle being scattered into reflected and trans-
mitted components is fruitfully described by the scattering matriz S. For
definiteness, let us consider Fig. 4.1b and assume that energy and momen-
tum are conserved in the scattering. Allowing an incident electron plane-
wave to strike the barrier from the left, the total wave function of the system
including scattering is

Yr(L) = e 4 re=the, r <0
YL(R) = tetke; x>0 (4.1)

where coefficient r and ¢ are the (complex) amplitudes for reflection and
transmission, respectively. Similarly, an electron incident from the right
gives

YR(L) = t'e ke, x <0
YR(R) = e ke 4 pleike, x>0 (4.2)

where the coefficients 7’ and ¢’ need not be the same as r and ¢ (although
they will be for a symmetric barrier). These states are called scattering
states. A general input state are™® 4+ are™*** with initial amplitudes a L.R
therefore gives rise a total wave function:

U(L) = ar <eik:v _i_refikm) +apt'e
= ape™ + (apr + agt’) e x <0
U(R) = apte*™® +ap <e"kx + r’e’kx)
= ape " + (apt + apr’) ", x>0 (4.3)

Introducing coefficients by g to describe the amplitudes of the outgoing
modes, we can write these wavefunctions simply as

V(L) = are*® + ppe ke
U(R) = agre * 4 bret® (4.4)
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Comparison of these two forms shows that the input and output coefficients
are related as

)= (0w ) (i) =s (i) W)

This defines scattering matrix S which relates output mode amplitudes to
input ones.

Where does the S matrix come from? Or rather, how are the coefficients
r,t,r" and t’ determined? Well, the answer is that they must be determined
by a precise quantum mechanical calculation of the behaviour of the elec-
trons at the scatterer. An illustrative example is the scattering matrix of
the potential barrier of Fig. 4.1b, for which one must invoke the continuity
of the wavefunction and its first derivative at the interfaces of the potential
barrier to determine S.

4.2.1 The scattering matrix

The preceding scattering matrix just describes a single outgoing and a single
incoming mode in each of the left and right regions. We can easily generalise
to the multimode case, with N7 modes on the left and Ngr on the right.
Labeling an incoming amplitude in mode m on the right as ar,, and so on,
we can collect all such amplitudes into vectors, writing.

br1 ari
b | bV | Lo | @M (4.6)
br1 ari
brNg ARNp

We then relate input and output modes with a scattering matrix
b = Sa. (4.7)

The scattering matrix S is of dimension (N7, + Ng) x (N1, + Ng) and has
the block structure

_(str str \_ ([t t
S_<SRL SRR>_<t 1“')’ (48

where, in the second form, the subblocks represent transmission (t and t’)
and reflection (r and r’) processes.
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Figure 4.2: In the scattering theory of a two-probe mesoscopic transport
experiment, five components of the set-up are identified: left and right reser-
voirs, left and right leads, and the sample itself. The reservoirs act as a sink
and thermalised source for electrons. The left and right leads are considered
to be narrow ballistic conductors with Nz, and Ng transverse modes respec-
tively within in the transport window. Finally, the mesoscopic sample itself
is considered as scatterer, with scattering matrix S.

Flux conservation requires that S is unitary. This has the consequence
that

rr+tft =i + ¢t = 1, (4.9)
it + ¢ = t'Tr + Yit = 0,
rtf + ¢ =l +0tT = 0. (4.10)

If time-reversal symmetry applies, S is also symmetric. Since the transfor-
mation between a and b is unitary, the canonical commutation relations for
b and the same as those for a.

4.3 The Landauer-Buttiker formalism

We will use a scattering matrix to relate states entering and leaving our
mesoscopic sample. In order to describe transport, however, we need more
ingredients than just the scattering matrix. As Fig. 4.2 shows, we identify
five components of the set-up: the sample itself, left and right leads, and the
left and right reservoirs. This is a two-probe set-up (L and R), but we will
generalise to the multi-probe case later. We will use the indices «, 3 = L, R
to label the left and right leads and reservoirs.
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4.3.1 Reservoirs

The reservoirs are assumed to be macroscopic conductors, large and in ther-
mal equilibrium. Each is described by a temperature T, and chemical po-
tential g, set by the external circuit. Normally, we set the temperatures
equal. The electrons in reservoir « are distributed according to the Fermi
distribution:

1
exp (B = pa)/kpTa) +1°
Electrons entering the reservoirs are completely thermalised to this distribu-

tion before being returned to the leads and the only role that the reservoirs
play is to provide thermalised electrons.

fo(E) (4.11)

4.3.2 Leads

Sign convention (after M. Biittiker, Phys. Rev. B 46, 12485 (1992)): In
each lead «, we define a local coordinate x, such that the positive sense
of x, is taken towards the sample. Incoming plane waves are always e*%e
outgoing waves e~ %o 1 This convention makes particular sense when we
consider multi-probe geometries. We also define the vector r |, perpendic-
ular to z,, in lead a.

The leads are assumed to be perfect (ballistic) conductors, and narrow
compared with the reservoirs. We describe electrons in lead a with the

Hamiltonian

1
rot 5Pl + UL, (4.12)

o Pra T o

with U(r ) the perpendicular confinement potential, as in the previous chap-
ter. The eigenfunctions of H, are

H, =

¢;tnkn (TasT1la) = Xan (rla)eik‘n$a’ (4.13)

with x satisfying the transverse problem:

1
{ Qm*pia + U(rl)} Xan(rla) = €anXan- (414)
The dispersion relationship is then
h2k2
Eom(k’an) = 2mo;n + €an, (415)

!This is different to the convention of Eqns. (4.1) to (4.4) in which the left to right is
fixed as the positive x direction for both incoming and outgoing waves.



4.3. THE LANDAUER-BUTTIKER FORMALISM 39

with €., the energy of the transverse mode n in lead . Although index n
is in principle unbounded, for our purposes we need only consider a finite
number of modes in each lead, N, since higher modes will lie outside the
energy range of interest. This energy range, or ‘transport window’ is given
approximately by the bias across the sample.

The contact between the leads and the reservoirs is assumed to be re-
flectionless, which means that any electron impinging on the reservoir is
fully absorbed by it. In practise, this can be realised with the ‘horn’ shaped
contacts along the lines of Fig. 4.2.

4.3.3 Scattering states

We will describe the mesoscopic sample is described solely in terms of its
scattering matrix S, which describes phase-coherent elastic scattering be-
tween the Ny, electron modes of lead L and the N modes of lead R. The
scattering matrix is taken as an input to our theory, and as such must be
calculated by other means, such as the wave function matching mentioned
in the previous section.

Proceeding as before, let us now construct the scattering states of our
problem. Injecting an electron into mode m of lead «, the total wavefunction
is, in lead «,

v _
T,Z)am(a) = E 6mn¢;rnkan + %Saanmgbankana (416)
n

n

and in lead £,

wam(ﬁ) = Z 1/ %Sﬁanm(bgnkan- (417)

Here, sonm are elements of the scattering matrix which, in general depends
on the wavenumber /energy at which scattering takes place. These expres-
sions have been written such that the electron velocity in mode (o, m):

dBwm  Hkam Im
= _ S S L — 4.18
! d(Fkam)  m* Eom — €am (.18)

appears explicitly. This may be thought of as a consequences of the normal-
isation of our wavefunctions, or of a free choice we make about the definition
of S — when we move to an energy representation, these factors will conve-
niently cancel.
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The scattering states t,,,, together with any possible bound states in
the conductor, form a complete set of states for a single electron (J. E. G Fa-
rina, Quantum theory of scattering processes, Pergamon, Oxford, 1973). A
general electronic state in the device-lead system can therefore be written
as

1 A
U(r,t) = T > / dkambam (kam,r)e”“em®la (kam)  (4.19)

with wom (k) = Eam/h and agm (kam ), the amplitudes of the incoming wave
components.

4.3.4 Second Quantisation

We now move to a second-quantised formalism through the introduction
of fermionic creation and annihilation operators for incoming and outgoing
modes. Still in momentum space, the canonical anti-commutation relations
for the incoming operators read

{tam k), aly, (k) } = Sagbumd (k= ') (4.20)

with other anti-commutators equal to zero. Identifying the wavefunction
amplitudes of Eq. (4.19) with these operators , we can write the electron
field operator at (r,t) as

B(r, 1) = % Z / DoV (o T)e—om®lG (3 g 97)

For all subsequent developments, it is more convenient to work in the
energy (rather than k) representation. For this we need to find the rela-
tions analogous to Eq. (4.20) in energy space. Consider the delta function
d (k — k). An important identity for the delta function reads

U@ =3

Taking into account the preceding 0,30, factors, we can thus write

<@ (\/E—eam— \/E’—eam>>

0 (x — x;) with x; roots of f(x;) = 0. (4.22)

o9

5(k:—l<:') =

E—FE) (4.23)
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Therefore, in order that the commutation relations preserve their canonical
form in the energy representation, we define

1 1
iam (E) = ———dam (k); and al,,, (B) = ——=a,,,, (k) ,(4.24
Gam (E) o) (k) and dg,, (E) hvam(k)aam( ), (4.24)
such that
{&Lm(E%&Ln( ’)} = 0030nmd (E — E') (4.25)

with the velocities cancelling. In order to convert the field operator of
Eq. (4.21) into the energy representation we introduce the density of states
D(E), such that [dk — [dE D(E). As the motion in both transverse di-
rections is confined, the appropriate density of states is the one-dimensional

result
11 /2m* 1
DE) = = — = . 4.26
(E) Arh\ E 2hvam (E) (426)

This value is quarter of the value that one usually expects for a 1D DOS, the
reason being that here we have not included spin (spin up and spin down
count as two separate channels), and we only consider states propagating in
a single incoming direction (i.e. just k& and not k). These results allow us
to write the field operator as

T dEam —iw, A~
v (I',t) = Z / mwam(fjam, I')e am(E)t(lam(Eam). (427)

In second quantisation, we can relate outgoing operators annihilators lA)ﬁn(E )
to incoming ones via the scattering matrix, just as we did for the amplitudes
in section 4.2.1

b3 (E) = 850nmbam(E). (4.28)

Arranging the operators into vectors, we have
b(E) = Sa(E). (4.29)

and for the corresponding creation operators,

b'(F) = STal(E). (4.30)

The scattering matrix here obeys the same properties as discussed in the
previous section.
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4.3.5 The Landauer current formula

Employing the scattering states from Eq. (4.16), we can express the left-lead
field operator Eq. (4.27) as

Uy (r,t) = e wmB)

Z/ dE
p— V2Thvupm
VLm _ N
X {&nnﬁbzn + ULSLanQSLn(E)} aLm(E)

Ln
NL(E)

> |
< {01, (B)ara(B) + 67, (E)brn(E) }

e~ wLm (Bt

(4.31)

Following the standard QM expression, the current operator in the left lead,
far from the sample can be expressed as:

intet) = e [des [0, ) 20 0) = (o0 0)) 0 (e,

im ) ox

(4.32)

Evaluating the derivatives with field operators from Eq. (4.31) yields a
lengthy expression. This expression contains the velocity v(E) and by recog-
nising that this is a slowly-varying functions of energy, we can approximate
the current operator as

~

In(t) = ﬁeh 3 / dEdE BBt/ [a}n(E)aLn(E’) - BTLH(E)ELn(E’)] .
' (4.33)

Setting E’ = E + hw and integrating over w gives

In(t) = % 3 / dE [}, (B,t) — iy, (B, 1), (4.34)

where ﬁj{n(E,t) are the time-dependent occupation numbers for incoming
and outgoing electrons in mode n of the left lead. We thus arrive at the
physically appealing result that the current in a given lead is given by the

difference in occupation between left- and right- moving electrons in that
lead.
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Let us define the A matrix for the left lead:

WE(L; B, E') = Smnbardpr — Y STLa;mk(E)ng;kn(E'), (4.35)
K

with srq.mr(E) the scattering matrix element relating BLm(E) to aak(E).
The current operator then assumes a bilinear form in terms of input opera-
tors only:

N e W(E—E' ~ mn A
Ip(t) = %ZZ / dEAE " F-EhGT (B)ATE(L; E, E')ag,(E).

af mn

(4.36)

Inserting the definition of matrix A and comparing with Eq. (4.33), we see
that the d-function part of A gives number operator for incoming modes and
the second term gives the number operator for outgoing modes.

We are now in a position to use this current operator to obtain an ex-
pression for the average current in the left lead (/). Incoming modes are
populated by electrons coming from the reservoirs. We assume that each
incoming mode is in thermal equilibrium with the corresponding reservoir,
and thus the electrons in mode m of lead « are distributed according to the
Fermi function f,(E,,). The bilinear product of incoming mode operators
therefore have the following expectation value:.

<&Lm(E)&ﬁn(E/)> = 60455mn5 (E - El) fa(E)' (4'37)

Taking the expectation value of the current operator of Eq. (4.36) directly
yields the average current as

(1) = 5= [ dE Tx [t/(B)6(B)| [f1(E) - fa(E)] | (4.38)

where t(E) is the off-diagonal transmission subblock of the scattering ma-
trix.

4.3.6 Linear Response

Equation (4.38) gives the current for a general voltage, but we are often just
interested in small applied fields where a linear approximation will suffice.
Let us set a voltage bias V' across sample such that the chemical potentials
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read pur, = p+eV/2 and pr = p — eV/2, with p the equilibrium value. We
have then

fL(E) — fr(E) = f(E — Ep — eV/2) — f(E — Ep +¢V/2)  (4.39)
In the limit of small bias, we can approximate this as

v (f(E—u— eV/2) — f(E—u+eV/2)>

eV
— eV (—f'(E—p) (4.40)
with f(E) = [1+ eE/kBT]_l and f'(E) = 2= f(E). The current becomes
A 62 _
() = F‘; dE Tr [tT(E)t(E)} (-W) , (4.41)

and the corresponding conductance

G = <I—VL> - % / dE Tr [tT(E)t(E)} (-W) . (4.42)

At low temperatures, the derivative of the Fermi functions gives us a delta
function, such that at small bias and temperature we have

fL(E) — fr(E) — eV (E — EF), (4.43)

where, in this last step, we have written p in its zero-temperature limit of
Ep. The linear (or equilibrium) conductance then becomes

2
G = %Tr tT(EF)t(EF)] . (4.44)
The matrix t't has eigenvalues 7}, which are real, and these are the trans-
mission probabilities. The corresponding representation is called the eigen-

channel representation. In this representation, the current of Eq. (4.38),
reads

(i) = 552 3 [ 4B Tu(B) 1u(B) - fn(E)]. (4.45)

and the linear response conductance can therefore be written as

G = %Zﬂ:/dE T, (E) (-W) : (4.46)
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At low temperatures this becomes simply

2
(&
G=— ;Tn; T, = T, (Ep). (4.47)

This is the Landauer conductance formula. 1t states that each channel con-
tributes a unit of conductance Gy = e?/h multiplied by the transmission
probability of the channel. This is quite a nice picture of what is happening
and somewhat in tune with intuition.

A final version of this result makes use of the probabilities Trr.mn =
|s RL;mn|2 for transmission of a carrier from channel n in the left lead to
channel m in the right. In this basis, the natural basis, the conductance
reads

2
e
G = - ;Tmn. (4.48)

Note that linear response is not only valid when the applied bias is small,
but also for the case when the transmission coefficients are only weakly
dependent on energy.

4.4 Examples

4.4.1 Quantum point contact

A quantum point contact (QPC) is a narrow constriction in a 2DEG, see
Fig. 4.3a, through which transport is essentially ballistic. In terms of the
Landauer-Bittiker approach, this means that each channel has transmission
probability equal to unity when the channel lies within the transport win-
dow, and zero otherwise. The total transmission coefficient for the system
is then

T(E)=> 0(E - e,) (4.49)

where 0(FE) is the step-function as usual, and €, are the mode energies.
With such a simple scattering matrix, the (linear, low temperature) con-
ductance is simply found from Eq. (4.47) to be

2 62

G="30(E-e) N, (4.50)
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)
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2D - electron gas
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GATE VOLTAGE (volis)

Figure 4.3: Left: Quantum point contact formed in a 2DEG with top gates.
Right: conductance quantisation in units of 2e?/h. The resulting conduc-
tance steps are smeared out when the thermal energy becomes comparable
to the energy separation of the modes. From H. van Houten and C.W.J.
Beenakker, cond-mat/0512609 (adapted from the experiment of B. J. van
Wees, Phys. Rev. Lett. 60, 848 (1988)).

where Ny, is the number of modes in the transport window. With zero
magnetic field, spin-up and spin-down channels are degenerate, and we write
Ny = 2M, where M is the number of orbital channels. We thus find the
QPC condutnace to be

2 2
G = %M, (4.51)

which shows conductance quantisation in units of

21
h  12.5kQ°

(4.52)

This value, 12.5k(2, is the resistance of a single channel — and it is certainly
not negligible. The conductance of a QPC from experiment is plotted in
Fig. 4.3b. Clearly seen is a sequence of conductance steps as the applied
bias is increased and more modes are brought within the transport window.
The height of the each steps is always 2e?/h, but the position of the steps
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=

Figure 4.4: Resonant tunnel barriers. From Ya. M. Blanter, and M. Biittiker,
cond-mat/9910158.

depends on the values of the mode energies and hence on the precise form
of the transverse confinement potential. With a simple harmonic potential,
the positions of the steps will be regularly spaced.

The effects of temperature and the Zeeman splitting on the QPC con-
ductance are discussed in a homework exercise.

4.4.2 Resonant tunnel barrier

We now consider an example in which the interesting behaviour arises from
the structure of the scatterer, and not from the transverse confinement. To
this end we consider that the leads have a single (spin-degenerate) mode
such that, from Eq. (4.47), the conductance is simply

G- %T(E), (4.53)
with T'(E) the transmission amplitude of the scatterer, and we where we
have included a factor of 2 for both spin directions, which we assume are
scattered identically.

As our scatterer, we take the resonant tunnel barrier structure sketched
in Fig. 4.4, which serves as a model for both quantum wells and quan-
tum dots. If we consider the structure to be purely one-dimensional with
transmission probabilities 17, and Tx for the L and R barriers, the total
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transmission coefficient of the device is

B T.Tr
T(E) = 1+ (1 —Tp)(1 —Tg) — 2/ = T7)(1 — Tg) cos p(E)’ (4.54)

with ¢(E) the phase accumulated in crossing the enclosed region ¢(E) =
2wV 2mFE /h. This expression has a series of maxima which occur at resonant
energies E7 such that the phase is ¢"(E) = 27n. NB: this result comes from
a wavefunction matching calculation or something similar: see homework
exercise or Ferry & Goodnick. For simplicity, we expand Eq. (4.54) about
its resonances, assuming that the spacing between the resonances is greater
than their broadening, and obtain

I'2/4
T(E)~ Y Tmax Z (4.55)
LI By T
where
4PLnFRn

max __
T =

4.
& (4.56)
is the maximum transmission probability on resonance, I',,, = hv, T, is the
partial width, with attempt frequency v, ' = (h/2)(d¢/dE") = w/v, with
velocity v, = \/2E" /m, and the total width of the nth resonant level is
'y =T1n+TRry. T(F) thus consists of a string of Breit-Wigner resonances.

The resulting conductance is shown in Fig. 4.5, from which we clearly
see this resonance structure. Note that the broadening of the peaks is given
by I and not temperature. One further interesting point is that, even if the
transmission probability of the individual barriers is very low, if they are
symmetric, the transmission coefficient of the complete structure is unity.
This may be understood in terms of multiple-internal reflections in the inter-
barrier region.

4.5 The Macroscopic limit

We now analyse the predictions of this Landauer result as we increase the size
of the conductor. Let us assume that all M channels are equally transmissive
(probability T'), such that the conductance is

2
G= 2%MT. (4.57)
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Figure 4.5: The conductance G/Gy with Gy = 2e2?/h for the resonant
tunnel barrier model assumed to have a transmission coefficient given by
Eq. (4.55). We set I, = T, I'y, = I'p, ', = I'g and E] = nhw..
Left: The conductance shows distinct peaks at the resonance energies, with
', = 'y, hw = 20T Right: Close-up of a single resonance for I', = 1/2(red),
I';, = 1/4(blue), I'r, = 1/10(green). The transmission is unity on resonance
for symmetric barriers, regardless of the magnitude of I';, = I'g.

4.5.1 Wide conductor

For a wide conductor we can estimate M, the number of modes by assuming
periodic boundary conditions, for which the allowed values of k, are spaced
by 27/W, with conductor width W. At energy Er = h?k%/2m a wave can
only propagate if its wavevector lies in the range —kr < k, < kp, and the
number of such states is therefore 2kp /(27 /W) = kpW /. Strictly, we have
to take the integer part

M = int(kpW/x) = int(W/(Ap/2)). (4.58)

Assuming a Fermi wavelength of 30nm, the number of modes in a 15 pum
wide FET is of the order 1000, such that the contact resistance is ~ 12.5€).

4.5.2 Ohm’s law

What happens if we now increase the length of the conductor? Using result
Eq. (4.58), the conductance of our wide sample is

2e2 kpW T
h « T

G

(4.59)
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with Dy = m/7h?, the 2DEG DOS. The transmission probability for a
conductor of length L is

Ly

(L) =3—7 L (4.60)

where L is a length of the order of the mean-free path. Proof of this relation
is left for the homework set. It therefore follows that the conductance is
w 9 UFLO
D, .
L+Lo "0 7

G = (4.61)

This result can be understood in terms of the diffusive theory of (classical)
transport in which the current density arises from a gradient in electron
concentration

J=—-eDVn, (4.62)

with D the diffusion coefficient. Comparison with J = oE yields the rela-
tionship between D and the Ohm’s law conductivity:

o = e*DyD (4.63)

This is the Einstein relation for degenerate semiconductors. Returning to
Eq. (4.61), we can identify vpLo/m with the diffusion coefficient D, and use
the Einstein relation to write

oW
G= . 4.64
L+ Ly ( )
Separating out two contributions, we have
L L
Gl=Gl+atl=—"+ 2% 4.65
= i (4.65)

where the first term is the Ohm'’s law resistance, which scales with the length,
and the second is the contact resistance, which has value independent of the
length of the conductor. In the macroscopic limit G, b G-1, and we
recover Ohm’s law.

4.6 Multiterminal conductance

The Landauer-Biittiker formalism can be extended to devices with multiple
contacts. Consider a number of reservoirs labelled with index «, each with
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its own equilibrium Fermi distribution f,(E). At a given energy, lead «
supports N, (E) transverse modes. Introduce annihilation operators dqm
and bay, for incoming and outgoing modes in mode m of channel «, which
are once again related by a scattering relation which, in terms of components,
reads

bam(E) =Y _ sagmn(E)agn(E). (4.66)
Bn
The matrix s is of course unitary. As in Eq. (4.35) we introduce the matrix:
AR5 B, E') = Gmnbaglory — 3 5t g (B)Saiken (), (4.67)
k
such that the current operator in lead a becomes

~ & W(E—E’' ~ mn P
In(t) = %;Z / dEAE' " E=ENhGE (E) AR (05 B, B )iy (E).
Y mn
(4.68)

The signs of currents are chosen so that they are positive for incoming
electrons.

Consider a voltage V3 applied to reservoir 3 such that pg = p + eVj
with p the equilibrium chemical potential of all leads. The average current
in linear response is then

(L) = % ; Vg/dE (-%) [Nadag = Tr (shgsas) | (4.69)

where the trace is taken over the channel index of lead «. Defining the
differential conductance matrix G,g via

d(la)
Gag = —— , (4.70)
dVp V3=0
we have, in linear regime,
(1) = GagVs (4.71)
B

with elements of the conductance tensor

Gop = e—;/dE (—S—é) [ Nadag = Tr (] 55as) | (4.72)
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At low temperature we have

62

Gas = = [Na(saﬁ —Tr (sgﬁsaﬁ)] . (4.73)

In both Eq. (4.72) and Eq. (4.73), the scattering matrix is evaluated at the
Fermi energy.

4.6.1 Three-terminal device

As an example, let us consider a three terminal device. From Eq. (4.71) the
currents are related to the voltages via

L Gu G2 Gi3 Vi
I, | = | Ga G2 Ga3 Va (4.74)
I3 G311 Gz Gs3 V3

At low temperatures, and with M; spin-dependent channels in each channel
i, Eq. (4.73) means that this can be written

I 902 [ M —Rn T ~T3 Vi
I = T —7121 Mo iRQQ _T23, Vs , (475)
I3 —T3 —T32 M3z — Rg3s V3
with
Roo = Tr <s£asaa) i Tap=Tr <5268a5> (4.76)

To find the resistances, we could in principle invert the conduction ma-
trix. However, we can make life simpler for ourselves by first noting that
Kirchoff’s law implies that I; + Is + I3 = 0, and that, since the results can
only depend on voltage differences, we can, without loss of generality, set
V3 = 0. We then have

L G G2 Vi
_ , 477
<I2> <G21 G22><V2> (477)

which we can easily invert to give

(B)=(m ) (n) .
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If we drive a current from terminal 3 to terminal 1 and measure the voltage
across terminals 2 and 3, the resistance is

VoW
R3y = T, o = Ry
_ -Gy
G11G22 — G12Goy

Ty
= _ — . 4.79
(My — Ri1)(Ma — Raz) — ThoTo (4.79)

If we instead drive the current from terminal 3 to terminal 2, and measure
the voltage across terminals 1 and 3, we find

Vi W

R, = — =
3t T 1'2 Lo

= Ry, (4.80)

which yields the same as before but with Ti5 in the numerator instead of
Tgl.



54

CHAPTER 4. SCATTERING THEORY



Chapter 5

The quantum Hall effect

Consider a 2DEG in a perpendicular magnetic field of flux density B. Ac-
cording to the semi-classical (Ohmic) prediction of Chapter 2, we should
expect the longitudinal resistance R to be independent of magnetic field
strength, and the transverse, or Hall, resistance Ry to increase linearly with
B. However, if this experiment is carried out at high B-field strength, with
a high-mobility sample at low temperature the experimentally measured
resistances appear as shown in Fig. 5.1. The significant features are

e At low fields, there is agreement with Ohmic predictions

e As B is increased, longitudinal resistance Rj shows oscillations with
frequency ~ 1/B.

e The Hall resistance Ry shows a series of pronounced plateaus.

e Within these plateaus at high fields, the longitudinal resistance is ex-
tremely close to zero . This is particularly surprising because the
terminals between which this resistance is measured can be some mil-
limeters apart!

The latter of these two points go under the name of the quantum Hall effect,
for which Klaus von Klitzing won the 1985 Nobel prize.

5.1 Shubnikov-de Haas oscillations

The oscillation of the longitudinal resistance with increasing B-field is known
from bulk materials, and is called the Shubnikov-de Haas effect after its dis-
coverers in 1930 (in a Bismuth sample, incidentally). The explanation of

55
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Figure 5.1: Shubnikov-de Haas oscillations and the integer quantum Hall
effect. Experimental results for the longitudinal and Hall resistances of a
2DEG as a function of magnetic field. Figure from Ferry & Goodnick.

these oscillations relies on the concept of the Landau level (LL) introduced
in previously. In Chapter 3 we saw that in the presence of a perpendicular
B-field, the electronic states in a 2DEG split into a series of Landau lev-
els. These we label with an index nry, = 0,1,2,... (corresponding to the
first,second, third,... LL), such that the dispersion is

E, = Eg+ hw, (nir, + 1), (5.1)

with w. = eB/m, the cyclotron frequency. How many electronic states are
there is a Landau level? To find out, first consider the density of states of a
single-subband 2DEG:

m
wh?
The corresponding density of states consists of a set of discrete peaks, as in
Fig. 5.2. We can write

D(E) =Dob(E — E;); Dy = (5.2)

D(E) = Dy" > 6 (E — By — hwe (i + 3)) (5.3)
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Figure 5.2: Density of states of a 2DEG in magnetic field. By comparing
the DOS with and without magnetic field, we can calculate the number of
states within each Landau level. From Ferry & Goodnick.

where the forefactor DEY is the number of states per unit area in a single
Landau level. By comparison of the density of states with and without
magnetic field, Fig. 5.2, this forefactor can be determined as

2B
DLL = eT (5.4)

In reality, and as drawn in Fig. 5.2, the delta-functions are broadened by
scattering into peaks of finite width. At low B, this broadening is greater
than the separation of the peaks and we recover the Ohmic results.

We first imagine a situation in which B is kept constant,and the electron
density n is altered by changing a gate voltage. Due to the discrete form
of the DOS, the Fermi level of the system will undergo a series of jumps as
we change the electron density. Increasing n when Ep is inside a Landau
level simply increases the number of electrons in that level, with only a very
small change in Fr. However, once the Landau level is full, the Fermi level
jumps to the next LL where the process begins over. We say that the Fermi
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level is ‘pinned’ within the LL. The highest occupied LL is

: hn
M = int <26—B + 1) , (5.5)
which obtained as the integer part of the number-density of electrons divided
by the number-density D(I;L of a single LL, plus one since we count the state
centered around hw,. /2 as the first (not the zeroth) LL. The jumps associated
with the discrete values of M as the density is increased is what imparts the
oscillatory behaviour on the magentoreisitance.

Whilst we have considered what happens with increasing electron den-
sioty, the same arguments apply if we consider the density n to be fixed,
and vary the magnetic field. In this case, Eq. (5.5) still holds, but now the
Fermi level jumps between Landau levels with a frequency ~ 1/B.

Shubnikov-de Haas oscillations provide a useful tool for determining the
carrier density, which can be extracted by plotting the positions of subse-
quent current maxima as a function of 1/B ( Homework).

5.2 Edge channels

Naively, one might expect that the maxima in the longitudinal conductance
occur when the Fermi level lies in the middle of a LL, where the density of
states is high. This is, however, absolutely not what is actually happens!
The reason is that the states described by the Landau levels are completely
localised: from Eq. (5.1), their velocity is v(n,k) = A~ 10FE, /0k = 0, and
they thus carry no net current. Classically, the motion of cyclotron electrons
is in simple closed orbits with no net translation and no transport.

The conductance maxima (resistance minima) actually occur when the
Fermi energy lies between the LLs — but what states exist here? The answer
is the so-called edge states. In our description up to now we have considered
a bulk 2D sample, but to properly understand the magneto-resistance of
Fig. 5.1, we must also take into account quantum confinement. As we now
show, this confinement gives rise to a set of states near the edges of the
conductor that extend the length of the sample and are current-carrying.

The properties of these edge states also explain the sequence of remark-
ably flat plateaus in the Hall resistance. Although the QPC, for example,
shows conductance quantisation with steps of height 2¢2/h, experimentally
the height of these steps is constant only to within a few percent, since a
conductor will never be perfectly ballistic. In contrast, the plateaus of the
QHE are measured to be flat to some 1 part in 10® and this amazing degree
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Figure 5.3: Formation of edge channels. Left: The confinement potential
U(y) is flat near the middle of the sample. Right: The dispersion E(n, k) as
a function of k or y; the centre of wavefunction with wavenumber k. Near
the centre, the spectrum is that of the unperturbed Landau levels. The
lowest two are shown. Near the edges of the sample, the dispersion turns
upwards due to the perturbation of the confinement. The Fermi energy Er
is shown lying two Landau levels. The only states in the vicinity of the
Fermi energy are the two sets of edge channels two on either side of the
conductor.

of flatness implies that the effect is not simply the result of good sample
preparation, but rather something of a more fundamental nature, which we
now outline. This flatness is what allows the QHE to be used as a resistance
standard.

5.2.1 Origin of the edge states

In Section 3.4 we considered the exact eigenfunctions of a system with both
magnetic field and transverse confinement. We chose parabolic confinement
and obtained an exact analytic solution. Here we take a different approach
and consider the potential sketched in Fig. 5.3. For most of the conductor
width, the potential is flat; only near the edges do the electrons feel the
effects of the confinement. Here we will treat the effects of the confinement
as a perturbation of the Landau levels.

With confinement in y direction and gauge choice of Sec. 3.4, the effective
mass equation reads

L2 1 UW)| vy = Bé(ey).  (56)

1
Ey+ — (ps +eBy)* + -
2m

2m*
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We first analyse the solutions with zero confinement by setting U(y) = 0.
As discussed previously, the eigenfunctions of the system can be written as

P (2,9) = =¥ (g + q1) (5.7)

VL
with
un(q) = e’qQ/QHn(q); H,(q) = nth Hermite polynomial. (5.8)

We have introduced the two dimensionless distances

qg=+/mw./hy and g =/ mw./hy (5.9)
and the displacement

_ hk
-5
The Landau level wavefunction of Eq. (5.7) is extended in the z direction
but localised to within a few times the magnetic length about the point y;
in the transverse direction.

As in Eq. (5.1), the energy of these states is given by

Yk (5.10)

E(n,k) = E, = Eg+ hwe (n+ %) . (5.11)

Consequently, the velocity of the electron with quantum numbers (n, k) is
10E(n, k)

k)y==—">""2~=0: 12

As discussed above, electrons in a LL carry no net current. '

Now let us include the effects of confinement through perturbation the-
ory. Writing |n, k) as the ket corresponding to v,i(z,y), the change in
energy of the LLs to lowest-order in the confinement potential is simply

E(n, k) ~ By + hwe (n+ ) + (0, KU (y)[n, k). (5.13)

Assuming that the potential U(y) is smooth on the scale of variation of the
wavefunction 1, (z,y), we can write

E(n,k) ~ Es+ hwe (n+ %) + Ul(yg), (5.14)

!This may seem strange given the plane-wave form of Eq. (5.6). However, this form ac-
tually depends on the gauge chosen for the vector potential. Each LL is highly degenerate,
and these states can be combined to give a set of localised wave functions. Perturbation
by e.g. the confinement removes this degeneracy and we obtain non-degenerate solutions
with plane wave form.
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where y; is the centre of wave function in the transverse direction. We
thus obtain a dispersion relation that is dependent on the location of the
electron (strictly: the centre of the electronic wave function). This result is
illustrated in Fig. 5.3: Near the centre of the conductor, the potential U (yy)
is approximately zero, and the bulk Landau level dispersion applies. Only
near the edges of the conductor does the perturbation term U (yy) contribute
significantly, where it causes the energies to bend upwards. Near the edges
there is a continuous distribution of energies.
The velocity of an electron with the dispersion of Eq. (5.14) is

k) — LOEOLE) 10U _ 10UG) e _ 1 0UG)
VW =80k T h 0k h Oy ok  eB dy

(5.15)

Electrons away from the edges are largely unperturbed and thus have v(n, k) =
0 and carry no current. In contrast, states near the edges will have finite
0U(y)/0y and thus be capable of carrying a current. Moreover, states near
the two edges of the conductor carry currents in different directions, since
OU (y)/0y is of opposite sign at the two edges of the conductor.

This last observation has a remarkable consequence: since the wavefunc-
tions of states with different momentum directions reside on opposite sides
of the conductor, there can be virtually no back scattering, since this would
involve scattering a carrier from one side of the conductor to the other and
the overlap between these two wavefunctions is exponentially small. Thus,
even in the presence of impurities, transport within an edge channel will be
almost completely ballistic since the back-scattered states are inaccessible
(and of course, elastic forward-scattering leaves momentum unchanged).

5.2.2 Transport in the edges channels

Now we understand the nature of the edge states, it is time to see how they
effect transport. If, as in the plateau regions of Fig 5.1, the Fermi level
lies between Landau levels, the only states in the vicinity of the Fermi level
are the edge states, as Fig 5.3 makes clear, and we therefore we expect any
current to be carried by the edge states.

A conductor in the Quantum Hall regime is shown in Fig. 5.4 connected
between two reservoirs. Since there is an absence of backscattering, right-
moving states, which are localised at the top of the conductor, originate
solely from the left reservoir; left-moving carriers originate solely from the
right. The electrons in each edge channel will therefore be in equilibrium
with the reservoir from which they are sourced. It is then clear that two
voltage probes on the same side on the sample will measure the same voltage
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Figure 5.4: Two terminal conductor in Quantum Hall regime. Right moving
channels are spatially separated from left moving channels. Left-moving
channels can only be populated by electrons in the left reservoir, Left-moving
channels from the right reservoir.

regardless of their position. Conversely, voltage probes on opposite sides of
the sample will measure a voltage drop given by ur — pr. Whence

Vi, =0 and eV = pur — pug- (5.16)

A more comprehensive analysis suitable for complex Hall geometries can
be undertaken by treating the individual edge channels in the exactly the
same way as we did the the quantised conductance channels within the
Landauer-Bittiker approach. Figure 5.5 shows a typical set up: a multi-
probe experiment with a number of edge channels forming a set of discrete
conductance channels between the probes. In such a set-up there is essen-
tially no back-scattering and the transport is ballistic. Thus the transmission
probability of a single edge channel connecting two terminals is approxi-
mately unity. The total conductance between two terminals connected by
M edge states is therefore

2 2
G =", (5.17)
m

where M is the number of channels connecting the terminals, assumed to be
spin-degenerate. Thus, whenever the Fermi level of the system lies between
LLs, we expect the longitudinal resistance to be zero Ry, = Vi, /I;, = 0, and
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Mg Ly

Figure 5.5: Hall bar with five terminals each with chemical potential ;.
The Fermi energy is set in the Quantum Hall regime such that there are two
edge-channels connecting the terminals. Picture from Ferry & Goodnick.

the Hall resistance to be given by

A h 25.8128k)
H = = =

= = 1
2e2M 2M (5.18)

with M the number of edge channels at the Fermi energy. As is clear from
Fig. 5.3, the number of edge channels is simply the number of LL below the
Fermi level, and recalling Eq. (5.5) this is just

hn
M=int{ ——+1]. 5.19
n ( 5B + > ( )
Note that M can be used to index the plateaus, as in Fig. 5.1 and that this
index decreases as the field increased.

5.2.3 Resistance in Hall bar geometry

Having established the connection between edge states and conductance
channels, we may apply the approach of Biittiker to multi-terminal problems
such as the five-terminal Hall bar geometry shown in Fig. 5.5. We assume
that contacts 1 and 3 are current contacts, and that contacts 2,3, and 4 are
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voltage probe contacts that draw no current. From Eq. (4.71) and Eq. (4.73),
we have

1 M 0 0 0o -M Vi
0 9¢2 -M M 0 0 0 Va
-1 | = - 0o -M M 0 0 Vs . (5.20)
0 0 0O -M M 0 Vi
0 0 0 0 -M M Vs
The first two and last two lines gives
2¢?
[==—Vi=Vs); Vi=Vyy Vs=Vg Vi=Vs (5.21)

The four-terminal Hall resistance in this set-up is then

VizVo _ h 1
I 22M’

Ry = Riz 4 = (5.22)

where we have introduced the notation Rjj v = Vi /L7, and the longitu-

dinal resistance is

Vi—Vs
I

Rp = Ri345 = =0, (5.23)
in line with expectations.

It should be noted that the above results only apply in the quantum Hall
regime i.e. when the Fermi level is in between Landau levels. When this
is not the case and the Fermi level lies within a Landau level, edge states
still exist, but since a continuum of other non-edge states exist between
the edge states at the same energy, back scattering will occur out of and
between edge states. This increased backscattering (relative to QH regime)
is why the longitudinal resistance reaches a maximum when the Fermi level
is within the Landau level.

5.3 Back scattering

We can intentionally introduce back-scattering into the QH system by nar-
rowing the conductor such that the left-moving and right moving channels
come in close proximity to one another. This is typically accomplished
through the addition of a split-gate QPC to the device, as shown in Fig. 5.6.
As in the previous Chapter, we can describe the scattering that occurs at
the junction with a scattering matrix containing amplitudes for scattering
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Figure 5.6: A QPC acting as a beam-splitter for electrons in QH edge-states.
(a) The effect of the QPC can be modelled with a scattering matrix relating
outgoing (b;) to incoming states (a;). (b) Special case in which one edge-
channel is completely transmitted, whilst the other is completely reflected.

between all incoming and outgoing edge-channels. Figure 5.6 shows a single
edge-channel being scattered, for which the scattering relation would be

( by (E) ) B ( r(E) ¢(E) ) ( i1 (E) ) )
b (E) ey (k) ) aE) ) |
Such a set-up has a direct analogy to the beam-splitter in optics, with well
defined input and output “beams”(here, edge-channels) and a scattering
matrix between them.

Figure 5.6 shows a two-channel example in which one channel is perfectly
transmitted through the QPC and the other is perfectly reflected. The
consequences of this type of scattering for the Hall measurement are easily
calculated within the Landauer-Biittiker approach. In the set-up of Fig. 5.7,
a QPC has been inserted in the Hall bar set-up discussed previously. If M
is again the total number of (spin-degenerate) edge-channels and K is the
number of edge channels reflected at the QPC, then the current-voltage
relation for the system is

I M 0 0 0 —M i
0 g2 | -M—-K) M 0 -K 0 17
-1 = -M M 0 0 Vs |(5.25)
0 0 0 -M M 0 Vi
0 -K 0 0 —-(M-K) M Vi
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Hy T

Figure 5.7: Five-terminal QH bar with QPC barrier (black) in middle. The
QPC reflects K channels and transmits M — K. Picture from Ferry &
Goodnick.

where we have assumed the same roles for the probes as previously. Invert-
ing, we find the longitudinal resistance is now

h K

— 2
2e2M M — K’ (5:26)

Ry = Ri345 =

which is non-zero. If the Hall resistance is measured with both probes on one
side of the scatterer, Ry is found to be the same as without the scatter. If,
however, we measure on opposite sides of the scatterer (between terminals
2 and 5 in Fig. 5.7), we obtain

1
Ry = Ri352 = =

2
22 M — K’ (5.27)

which is increased with respect to the value without back-scattering.

We conclude by noting that in modern experiments, the edge states can
be addressed individually, thus allowing selective population and current
detection.
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5.4 Fractional Quantum Hall effect

We have seen that the Hall resistance is given by

h 1
Ry = 2N (5.28)
where N is the total number of filled LLs which we previously wrote as
N = 2M for spin-degenerate levels. At high fields, the electrons are also
Zeeman-split and if B is high enough, all the electrons will eventually be in a
single spin-polarised LL. Based on the foregoing, we would then expect there
to be no further plateaus in the Hall resistance. However, experimentally,

just such plateaus are found, and these occur at Hall resistances of

1l (5.29)
e’ p/q

where p/q is a rational fraction, like %, %, etc, see Fig. 5.8. This effect is
referred to as the fractional quantum Hall effect, with the “normal” QH effect
referred to as the integer QHE. These plateaus arise due to the formation
of many-body electronic states, far removed from the simple single-particle
approach we have been discussing here. The wavefunctions of these states
are named after Laughlin, who first postulated their form.
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Magnetic field (T)

Figure 5.8: Fractional quantum Hall effect. The diagonal line (dashed)
represents the ”classical” Hall resistance and the full line with the steps
are the observed quantum Hall effects. Magnetic fields at which the steps
appear are marked with arrows. The step first discovered by Stormer and
Tsui and Gossard was at 1/3. This picture from Stérmer and Tsui



Chapter 6

Transport through Quantum
Dots

We have encountered quantum dots (QDs) several times now in the lecture
course. They are one of the most widely studied (and useful) of nanostruc-
tures and this level of interest shows no sign of waning. QDs have been
defined in many different physical systems. Examples include

e lateral quantum dots defined by electrodes (top gates) in the 2DEG in
a semiconductor heterostructure. This is an example of ‘bottom up’
QD construction.

e 2DEG patterned in other ways, e.g., etching, scratching, milling, local
anodic oxidation.

e sclf-assembled quantum dots (SAQD) The lattice mismatch between
two different semiconductors promote the spontaneous formation of
QD ‘islands’ of e.g. InAs on a GaAs substrate. This is an example of
‘top down’ growth.

e kinks in nanotubes, nanowires: combination of top down and bottom
up QD formation.

QDs of the first type are the most-often encountered type in transport ex-
periments at the moment, as these allow a high degree of control and the
formation of rather elaborate structures.

A useful classification of quantum dots, based not on their physical con-
strution but rather on their behaviour, is as being either open or closed:
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e An open QD is connected to the bulk electron gas (reservoirs) via
leads that carry several transverse modes N, > 1 for lead a. The
conductance is correspondingly G > €2 /h.

e A closed QD is coupled to the reservoirs via narrow contractions: so
narrow that just a single mode is supported in each lean. Furthermore,
the transmission amplitudes of these modes is very low. The conduc-
tance is correspondingly G < e/h and proceeds via the tunnelling of
electrons between the bulk and the dot.

In this chapter and the next we will focus on closed dots,for which a
tunnelling picture of transport is appropriate. For open dots, strongly-
coupled to the reservoirs, scattering theory is more appropriate and we
can directly employ the LB formalism. Open dots show many interest-
ing features, such as providing a realisation of chaotic cavities (billiards) in
quantum mechanical system. (I am not sure if we have time for this: If you
are interested see C.W.J. Beenakker, Random-Matrix Theory of Quantum
Transport, Rev.Mod.Phys. 69, 731 (1997); cond-mat/9612179).

6.1 Single-electron tunnelling and charging effects

Given the results for the resonant tunnelling barrier of Section 4.4.2, we
might conclude that the (linear) conductance through a QD should show
a series of peaks whenever one of the dots single-particle energy levels lies
within the transport window. As far as the dot potential can be modelled
as being parabolic, sweeping a magnetic field would then yield conductance
peaks at positions given by the Fock-Darwin (FD) spectrum of Fig. 3.5.
Mapping the energy spectrum of a device (here, a QD) in this way is a
process known as tunnelling magneto-spectroscopy.

However, whilst this analysis may hold for open QDs, for closed dots it
is not the full story, as the experimental results of Fig. 6.1 show. Fig. 6.1b
shows the relevant portion of the FD spectrum (in the first LL), and Fig. 6.1c
shows the corresponding experimental results. Superficially, these two spec-
tra look totally unrelated. We have clearly failed to take into account some-
thing very important here, and that something is single-electron charging
effects, or the Coulomb blockade.

The measurements of Fig. 6.1 were obtained for a small semiconducting
dot (width ~ 500nm) weakly coupled to the leads, and both of these facts
play a role in explaining the discrepancy between our simple FD theory and
experiment. Since the dot is only weakly coupled to the leads, electrons
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Figure 6.1: Tunnelling magneto-spectroscopy experiment reported by
McEuen et al., Phys. Rev. Lett. 66 1926 (1991). (a) The system con-
sists of a lateral QD connected to 2DEG leads. At high perpendicular mag-
netic field, edge channels are expected to form. (b) Revelant section of the
Fock-Darwin spectrum. If a single-particle picture was appropriate here, the
dot conductance should show peaks at the energies shown in this diagram.
(¢) Actual peak positions measured in the experiment. There appears to
be little resemblance with the Fock-Darwin prediction. (d) However, if we
subtract a constant charging energy from the peak positions, a very FD-like
spectrum is recovered.

enter and exit via infrequent tunnelling events. Fluctuations in the number
of electrons occupying the QD are suppressed and in this way, we arrive at a
picture of the dot as an almost isolated island on which there resides a well-
defined integer number of electrons n = 0, +1, 2. In this way, the discrete
nature of charge on a microscopic scale is seen to enter our considerations.

What makes this discreteness able to play a role in transport is the
second important characteristic of the QD, namely its small size. Moving
even a small amount of charge (even just a single electron) to or from the dot
will therefore result in a large redistribution of the electric field and hence
the energy of the system. This can be described in terms of a (macroscopic)
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capacitance. Modelling the QD as a disc of radius R, a distance d above
a conducting gate electrode, a standard classical electrostatic calculation
yields the capacitance of the dot to be C' =~ 8€R for R < d. The energy
scale associated with moving a single electron to the dot is therefore

62

= (6.1)

Ec =
which sets the natural scale for charging effects. Typical values of this

capacitance and single-electron charging energy (for dielectric constant €, =
13 for GaAs) are

R (nm) C (F) Ec (meV)
1000 10710 0.09
250 2 x 10716 0.35

10 10717 8.7

We can now offer an explanation of the difference between parts (b)
and (c) of Fig. 6.1. With QDs of size R ~ 250nm, the charging energy
associated with adding an electron to the dot is, from the above table,
FEo =~ 0.35meV, which compares well with the experimentally determined
value of 0.274meV. This is significant compared with the typical energy scale
associated with the single-particle spectrum AFE ~ 0.05meV. The peaks in
the tunnelling spectra occur then, not at the single-particle energies as in
part (a), but at these energies plus contributions from the single-electron
charging, since we must also expend that extra energy to bring the electron
onto the QD. This results in a conductance plot as in Fig. 6.1b, with traces
spaced, by single-particle energies plus charging energies. If we assume that
the charging energy is constant (the so-called constant interaction method,
see later), then we should be able to obtain the FD spectrum by simply
subtracting the charging energies. This was performed for the experimental
data, Fig. 6.1d, where it is observed that we recover a spectrum very similar
to the FD.

6.1.1 When is single-electron charging important?

In small, closed QDs, charging effects can be very important in determining
transport properties. For charging effects to be visible, we require:

e First that quantum fluctuations do not smear out the discreteness of
the electron charge. For this to be the case, the tunnel resistance of
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the contacts, Ry, must be high:
h

If the junction between dot and reservoir possesses this property, it is
known as a tunnel junction.

e And secondly that thermal fluctuations are not able to overcome charg-
ing effects, which implies
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55 > kaT. (6.3)

6.1.2 The constant interaction model

Finding the actual charging energy associated with the transferal of a single
electron from the leads to the dot is a complicated many-body problem.
Often we ignore this difficulty and assume that the constant interaction
model provides a good description of the physics. In this model we assume
that the energy required to transfer an electron to the dot is independent of
the number of electrons on the dot, and that this process can be described
by a single number C' the total capacitance of the dot. Despite its simplicity,
this model provides a reasonable description of experiments.

6.2 Single-electron box

To gain an appreciation of single-electron charging effects, lets consider the
single-electron bozx, as illustrated in Fig. 6.2. We have a QD island connected
to a ideal voltage source (V) through a tunnel junction on the left and a
simple capacitor on the right. The tunnel junction may effectively thought
of as tunnel resistance R; in parallel with a capacitance C;. This tunnel
resistance is so large that, in the limit, the effects of the tunnel junction acts
as an ideal capacitor through which charge is slowly leaked.

Tunnelling allows n excess electrons to accumulate on the island such
that the net island charge is —nle|. This charge will be divided between the
two capacitor plates as

—nlel = QL + Qr. (6.4)
From Kirchoff’s law, the total voltage drop around the circuit is
Vg = YL Gr (6.5)

_CL CG”
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Figure 6.2: The effective circuit for a single-electron box, and for the tunnel
junction it contains.

and the electrostatic energy stored by the capacitors is

h_ @ G

5 2C;  2Cq’ (6.6)

The total energy to add n electrons to the box is called the charging energy
and is given by the free energy

Eg=Es— L, (6.7)

where L is the work done by external forces on the system; in this case it is
the work done by the voltage source L = —VoQgr. Elimination of QJr and

Qr gives

(nle] - Qa)’
2C

where C = Cg+C} is the total capacitance of the island, Qg = CgVi is the
so-called gate charge, and where we have dropped an unimportant constant
independent of n.

This result is plotted in Fig. 6.3. In the interval —e/2 < Q¢ < e/2,
the lowest energy is obtained with no excess electrons on the dot. When
Qc = e/2, states with n = 0 and n = 1 electron becomes degenerate
(and we can expect number fluctuations). Then for ¢/2 < Q¢ < 3e/2, the

Eq = (6.8)
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Figure 6.3: Charging energy of the single-electron box as a function of gate
charge (gate voltage) for different numbers of excess electrons n on the
island.

stability of the system changes, such that n = 1 electron is the lowset energy
configuration. And so on. As Qg increases then, the number of electrons
on the dot increases in discrete steps.

6.3 Coulomb blockade in the single electron tran-
sistor

To see how this discreteness of charge can affect transport, we now consider
the single electron transistor (SET), in which the island is connected to the
external circuit through two tunnel junctions (left and right), and capacita-
tively coupled to a back gate voltage (V). The equivalent circuit diagram
is shown in Fig. 6.4. We assume that the single-particle energy level spacing
is much smaller that the charging energy, such that charging effects alone
determine the behaviour of transport through the system. Note that this is
the case when the island is a metallic grain instead of a quantum dot — since
the Fermi wavelength in metals is much smaller than in semiconductors, size
quantisation plays much less of a role.

Following a calculation similar to the above and defining the total island
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Figure 6.4: Equivalent circuit for the single-electron transistor.

capacitance,
C=Cqg+CL+ Cg, (6.9)
and the gate charge,
Qa =CaVa+ CLVL + CrVE, (6.10)
the charging energy is found to be

(nlel = Qc)*

Ech(naQG) = 20 )

(6.11)

which has the same form as for the box.
In a tunnelling event the number of electrons in the box changes by one,
and the change in energy is accordingly
1 Qg €
En(n+1,Qc) — Ean(n,Qc) = (n+5—— ) . (6.12)
2 e ) C
This energy difference is known as the addition energy of the n+1th electron.
Figure 6.5a shows these addition energies plotted alongside the chemical po-
tentials of the reservoirs. Tunnelling can only occur when one of these ener-
gies lies within in the transport window, i.e. when the chemical potential of
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Figure 6.5: Linear transport through SET. (a) Transport can occur occur
whenever the transport window contains the addition energy E 11 — E, =
Euq(n+1,Qc)—Ex(n,Qg). (b) As the gate voltage Vi is altered, transport
levels enter and leave the bias window giving rise to Coulomb oscillations in
the conductance.
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the electrons in the leads is sufficiently high to overcome this charging en-
ergy. If the addition energy lies outside the bias window, transport through
the dot is blocked — this is known as the Coulomb blockade.

In the linear regime, pur, =~ ur = p, we will obtain a finite conductance
when Egp(n+ 1,Q¢) — Ea(n,Qg) = (n + % — Q—f) % = p. Choosing the
energy axis such that g = 0, transport occurs whenever the state with n
electrons is degenerate with the state with n+1. This situation is analogous
to the single-electron box where, for specific choices of gate voltage, two
state with different electron number became degenerate and the number of
electrons in the box could fluctuate. Here, we have the same thing but in
this case, fluctuating electron number yields transport through the dot.

Altering the gate voltage moves the ‘ladder of states’ up an down, bring-
ing successive states into the bias window. As the addition energies are
regularly spaced (see Eq. (6.12)), this results in oscillating in the current
that is periodic in Vg as sketched in Fig. 6.5b. The spacing between the
peaks is easily seen to be AVy = ¢/Cg.

6.3.1 Nonlinear transport and Coulomb diamonds

These results for the conductance through the QD can be extended to the
non-linear transport regime, where we apply a finite source-drain voltage
across the sample, eVgp = pr — pr. The standard method to investigate
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Figure 6.6: A stability diagram for a SET. The blue shaded regions are the
Coulomb diamonds, where the number of electrons on the dot is fixed at n
and transport through the dot is blocked. Red lines indicate voltages where
the number of addition energies within the transport window changes by
one. We have set e = 1 here for convenience.

such situation is with the help of a stability diagram, as shown in Fig. 6.6.
The two axes are the gate and source-drain voltage and we then plot the
differential conductance G = dI/dVsp at each point using a colour scale
(or some 3D representation). In Fig. 6.6, we just sketch the key features.
For Vgp = 0 we obtain the linear response results with finite conductance
located only at CgVig = n/2. In between, the conductance is zero. As
Fig. 6.6 shows, these regions of zero conductance extend for finite Vgp and
close to form a sequence of so-called Coulomb diamonds. In these diamonds
the number of electrons on the dot is fixed, and there is no transport through
the dot. Increasing Vgp further increases the number of levels within the
transport window, giving rise to the extended diamond pattern of Fig. 6.6.

A set of experimentally-determined stability diagrams is shown in Fig. 6.7
for several different experimental realisations of a single-electron transistor.
The Coulomb diamonds are very pronounced. Note that in some cases, the
Diamonds are not all the same size and that there is a lot more structure to
these diagrams than expected from Fig. 6.6. This is because the quantum
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dots themselves are far more intersting that the simple circuits we have been
considering so far — in particular they have internal structure. In addition,
the constant interaction model is also a huge simplification.

6.3.2 Single particle spectrum

So, what about the single particle spectrum? How does this affect these
results? Well, in a non-interacting picture at zero temperature, and n elec-
tron state is obtained simply by filling up the single-particle states from the
ground-state up, such that the total energy of an n-electron state in the dot
is, from Eq. (6.11),

Ea(n,Qc) = M + i €m (6.13)
b 20 bl
m=1
where €, are the single-particle energies. The addition energy of the n+ 1th
electron will therefore be

1 2
Ech(n + 1, QG) - Ech(na QG) = (n + 5 — ?> % + €nt1- (6.14)

This means that the conductance peaks will no longer be evenly spaced
(AVg = e/Cq), but rather will have a spacing

2

C e
AV, =— 1A — 1, 6.15
60 = oo (e + 5 ) (6.15)
where Ae(n) is the difference in successive single-particle energies. There-
fore, providing that the constant interaction model holds, we can indeed
recover the single-particle energies from the stability diagram.
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Figure 6.7: The low temperature conductances of (a) a metal single-
electron transistor (SET), (b) a semiconducting SET, (¢) a carbon nan-
otube SET, and (d) a superconducting SET are plotted as a function of
gate voltage and bias voltage. The diamond shaped regions along the
zero bias voltage axis are regions of Coulomb blockade. The conductance
is a periodic function of gate voltage for the metal SET and the super-
conducting SET where the confinement energy is negligible. The conduc-
tance is not a periodic function of gate voltage for the semiconductor SET
and the carbon nanotube SET where the confinement energy is impor-
tant. From: P. Hadley and J.E. Mooij, Delft University of Technology,
http://qt.tn.tudelft.nl/publi/2000/quantumdev/qdevices.html



Chapter 7

The quantum master
equation in transport

Simple circuit models of devices like the SET give a reasonable account of the
transport properties — but only up to a certain point. Although the circuit
theory predicts well the positions of the conductance peaks, it says nothing
about their heights, i.e. the conductances themselves. Furthermore, modern
experimental techniques are sophisticated enough to allow the fabrication
of rather complicated structures such as double, triple quantum dots, QD
interferometers, etc., in which quantum effects play an important role. It is
clear that the classical theory of the preceding chapter can not hope to give
a full account of such systems.

To address these issues, we now introduce a more advanced theory of
transport through quantum dots. — the quantum master equation (QME).
This is a very powerful, flexible and popular method of handling transport
through Coulomb blockade systems.

Master equation techniques have their origins in quantum optics. There
are many good books on this topic, for example

e Howard Carmichael, An Open Systems Approach to Quantum Optics
(Lecture Notes in Physics New Series M) (Springer 1993).

e Claude Cohen-Tannoudji, Jacques Dupont-Roc, and Gilbert Gryn-
berg, Atom-Photon Interactions: Basic Processes and Applications,
(Wiley-Interscience 1998).

e Karl Blum, Density Matriz Theory and Applications, (Springer 1996).

The presentation I follow here is somewhat different to the standard

81
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approach — I employ here perturbation theory in Liouville space, a technique
based on the references

e H. Scholler, Schladming lecture notes, http://physik.uni-graz.at/itp
/iutp/iutp_08/lecture notes part_1.pdf

e M. Leijnse and M. R. Wegewijs, arXiv:0807.4027 .

These works themselves borrow on the real-time diagrammatic approach pi-
oneered by Gerd Schon’s group in Karlsruhe.

This Liouville perturbation approach has several advantages. Firstly, we
work consistently in a language in which the description of current statistics
is most conveniently expressed — this is one of the central areas of current
mesoscopics research (inc. at the ITP Berlin). Flexibility — we will derive
here expressions for completely arbitrary mesoscopic system which could be
as simple as a single quantum dot or as complex as a large molecule (think:
molecular electronics!). Furthermore, this approach offers possibilities to
go beyond the standard QME — e.g. to include cotunnelling, resonant
tunnelling approximation, or even renormalisation group approach. Again,
this is a cutting-edge area of research.

7.1 A simple QME example

Before we get into the details of the QME derivation, let us begin by con-
sidering a simple example of a QME in practise. Let us consider a quantum
dot with a single level in the bias window. This level is populated with an
electron from the left lead and emptied to right (see Fig. 7.1a). We will
assume that Coulomb blockade effect is strong enough to prevent double
occupation on the level. Furthermore, we assume that spin is unimportant
here and neglect it from our discussion. We then ask: what is the current
through the dot?

To answer this, let us posit two rates I';, and I'g for hopping to and from
the level. We can then immediately write down a set of coupled rate equa-
tions for the probabilities Py and P; of finding the level empty or occupied,
respectively. These equations read

Py = —TyPy+TrP
Pl = —-I'rP+T1T.F. (71)

It is convenient to write this is matrix form as

()= (o e 72
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(@) (b)

Figure 7.1: Two important quantum dot models discussed in the text (a)
Single resonant level. (b) Double quantum dot. In both cases, strong
Coulomb blockade is present which prevents more than one excess electron
entering the dot system at any one time.

This is a rate equation, which is a particularly simple type of QME. To find
the stationary solution we set

d I

- =0 7.3

dt < Pl >stat ’ ( )
which admits the solution

A ). ()
_ , 7.4
< Pr ) To+Tr\TL 74)

where we have taken into consideration the conservation of probability

The current through the level can simply be obtained by multiplying the
probability of finding the dot occupied, P, with the rate at which a full dot
transfers electrons to the right lead:

' g

[=ePI'p=6—"— 7.6
R I'p+Tr (7.6)
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In the full quantum-mechanical treatment the populations P, are ob-
tained from the diagonal elements of the system density matrix P; = p;;. In
this simple example the state of the dot is simply described by populations.
However, for a more complicated system, there can be internal coherences, in
which case we need also to take into account off-diagonal elements. A good
example is the double quantum dot (DQD) in the strong Coulomb blockade
regime, see Fig. 7.1b. Here, five numbers are required to describe the quan-
tum state of the device: the three probabilities of finding the dot empty, of
in the left or right dot, plus the two coherences between the left and right
states. Coherences between states of different charge are not required, as we
later show.

In general, the aim of the QME approach is to derive an equation similar
to Eq. (7.2) for the reduced density matrix of the system in question. In the
Markov approximation (see later), this equation will have the general form

p = Lp (7.7)

where L is the Liouvillian of the system. Clearly p is a matrix, and the
Liouvillian therefore maps matrices onto other matrices; or rather operators
onto operators. For this reason L is known as a superoperator. Eq. (7.2)
however suggests a useful way of looking at these superoperators: if we
arrange the elements of the density matrix into a vector, superoperator L
becomes a matrix mapping these “density matrix vectors” onto one another.
This representation of L as a matrix is very useful, as we will see.

7.2 Generic Transport Model

We consider now a generic model of quantum transport specified by the
Hamiltonian

H=Hg+ His+V (7.8)

where Hg describes the system, H,es the electron reservoirs (leads), and V'
the system-reservoir coupling.

7.2.1 System

Although we will mainly discuss quantum dot systems here, we will derive
the maser equation in a general way, such that the system can be of arbitrary
complexity. This formalism can therefore be directly applied to e.g. QD
networks, molecules, nanomagnets.
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Regardless of how complicated this system is, we assume that we can
diagonalise its Hamiltonian exactly — let us write the eigenvectors as |a)
where index a describes all quantum numbers necessary to specify the state
uniquely. We write

Hs = Eula){al, (7.9)

where F, is the energy of eigenstate. For transport through the system to be
possible, the system itself must be capable of existing in a number of different
charge states — recall the ‘empty/filled’ basis of our simple example. The
eigenkets |a) are therefore defined in Fock space, with state |a) having N,
electrons. The states |a) form an orthonormal set in Fock space.

We normally consider a relatively small subsector of the full Fock space
— typically an ’empty’ state plus states with just a few excess electrons.
This is permissible since the Coulomb blockade excludes states with higher
electron numbers on energetic grounds. For example, in our single resonant-
level model, we neglect the doubly-occupied level because the charging en-
ergy of this state is assumed high enough that this state lies well outside the
transport window.

7.2.2 Reservoirs

We consider a set of N reservoirs that we label with «; if spin is important we
can include the spin index in . We assume the reservoirs can be described
with a noninteracting Hamiltonian

Hyes = Zwkaa;rgaaka7 (710)
k,a

with wg, the energy of the kth mode in lead «. In the absence of interaction
with the system, the lead electrons are described by the equilibrium Fermi
functions. We us define

1

+ _
o(z )(w) - e(w*ﬂa)/Ta +1

(7.11)
as the Fermi-function of lead o with chemical potential u, and temperature
T,. For convenience, we also define

1
T @ na)/Ta 11

FOw) =1 P (w) (7.12)
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as well as the function without superscript:

falw) = ——

T (7.13)

which makes no reference to the chemical potential. We assume that the
reservoir states lie within a band with band edges at +D.

7.2.3 Tunnel coupling

Tunnelling between system and reservoirs is described by the hopping Hamil-
tonian

V=" takmhdm + thpmdhaka, (7.14)
akm

where ag, is a lead operator, d,, is the annihilation operator for single-
particle level m in the system and t,z,, is a tunnelling amplitude. To trans-
late this Hamiltonian into the same many-body language of Eq. (7.9), we
twice insert a complete set of many-body states to obtain

Vo= ZZtakmaita|a><a|dm|a'><a’|+h.c.

akm aa’

= >3 af tawm(aldmla’)|a) ('] + hec.

akm aa’

= D ke + GlaGhas (7.15)
ak

with the many-body system operator
Jka — Z takm<a‘dm‘a/>5 (Na - Na’ + 1) ‘a><a/" (716)
maa’

Here we have explicitly written in the delta-function since the action of d,,
is to reduce the number of system electrons by one. It is convenient to write
these system operators as

ko = Ztakmjm (717)

with operator
Jm = Z<a|dm|al>5 (Ng — Ngr +1) |a’><a’l|’ (7.18)

which is just the annihilation operator d,, written is the many-body basis.



7.2. GENERIC TRANSPORT MODEL 87

7.2.4 Notation

To ease the book-keeping here, we introduce an ultra-compact single index
“1” to denote the triplet of indices (&1, k1, 1). The first index § = +
describes whether a reservoir operator is a creation or annihilation operator:

T _
a =
a1 = Agikia; = { ki’ =+ (7'19)
QLo s 51 = -
The anti-commutation relation then reads
{ar,a1} =6, 17 (7.20)

with 1= (=&1, k1, a1). We will leave all sums as implicit, such that the bath
Hamiltonian becomes

Hres = Wkal4+kal—Lka- (721)
In the compact notation, the interaction Hamiltonian becomes

V = a+kag+ka+gfkaa7ka
= §1a1g1. (7.22)

Note that whereas, in this convention, the “¢ = +” subscript corresponds
to “7” for the lead operators, “¢ = 4”7 on a system operator denotes an
annihilator. Starting from Eq. (7.17), the interaction can also be written as

V = §1t1ma1j£1m (723)
with coefficients
tykam = tkami t—kam = tzam (7'24)
and operators
j-i—m =Jm; J-m = j;rn (7'25)

Note that although these operators only depend on &, we shall label them
with the full “1” index for convenience: ji,, = je,m.
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7.2.5 Example: single resonant level

In the single resonant level model, there are just two relevant many body
states: “empty” |0) and “full” |1). Taking the energy of the empty state to
be zero and the energy of the occupied dot to be €, the system Hamiltonian
is

Hg = €|1)(1]. (7.26)
The tunnel coupling is simply

V = Z taka};ad + t;deaka, (727)
ak

with d the annihilation operator for the single level. The corresponding
jump operators are given by

j+ = Ja=) (aldla’)§ (No = No + 1) |a)(d

= (0ld[1)[0)(1|
= |0){1f;
o = 1o (7.28)
7.2.6 Example: double quantum dot

Another important transport model is the double quantum dot model Fig. 7.1b
with its internal quantum-mechanical degree of freedom (qubit). The system
Hamiltonian is

Hs = er|L)(L| + er|R)(R| + T. (|L)(R] + |R)(L]), (7.29)

where we have chosen the energy of state |0) to be zero again. With single-
electron levels arranged symmetrically about zero, we obtain

Hs = Se(L)LI~ |R)RD + T (LRI + RYLD. (730

Both € and T, are important in determining transport properties. However,
for simplicity here, let’s assume € = 0. Diagonalising, we find

Hg =Te ([+){(+| = [=)(=], (7.31)
with

£) =2"Y2(L) £|R)). (7.32)
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With the left dot coupled only to the left lead and similarly on the right,
the tunnel coupling is

V= ZthaJIrchL + t*LdeLakL + ZtRkachRdR + tEdeE{akRa (7.33)
k k

with dr|L) = |0) and so on. This means that

drn =Y (0ldzla’)[0)(a'| = 272 (|0)(+] + [0)(~[) = [0}(L|
a' =+
drr = Y (0ldrla")[0)(@| = 272 (|0)(+| — [0)(~]) = [0)(R
a’'=+
(7.34)
and thus we can write
V=" tueal )L+ trrall0)(R| + hec.. (7.35)
k k

This obviously holds true for € # 0 as well.

It might be said that the forms Eq. (7.28) and Eq. (7.35) are obvious
and that the preceding discussion in terms of many-body states, etc, is
superfluous. However, whilst this may be the case for simple models (0 and
1 electrons), it is not for more complex systems, where we have to be more
careful.

7.3 Liouville space

Let p(t) and ps(t) denote the density matrices of the full system and the
dot only respectively at time t. At time ¢ = ¢ let us posit a separable full
density matrix with reservoirs in thermal equilibrium:

p(to) = ps(to)pies, (7.36)

with arbitrary initial state of the dot. Note that this form implies that at
to there are no charge-superpositions between system and reservoir.
The full density matrix evolves under the von Neumann equation:

p(t) = —i[H, p(t)] (7.37)

We rewrite this in terms of the total Liouvillian super-operator

p(t) = Lp(t). (7.38)
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The Liouvillian L is defined by its action on an arbitrary operator O: LO =
—i[H, O], which we write as

L=—i[H,e|. (7.39)

The matrix elements of a general super-operator are obtained by considering
its action on arbitrary operator:

(Lo)nm = Z an,n’m’on/m/- (7.40)

n'm/’

With L = —i[H,e ], we have

(LO)nm = — [H7 O]nm
= —i (Z Hyn Oprim — Z Onm’Hm’m> )
= an,n’m’ = —i (Hnn’émm’ - 5nn’Hm’m) . (7'41)

With the Hamiltonian of Eq. (7.8), the full Liouvillian can be written as the
sum of three parts

L = Ly + Ls + Ly, (7.42)
with Lyes = —i [Hyes,® |, Ls = —i[Hg, ® ], and the all-important interaction
Liouvillian

Ly =—i[V,e | = —i& [a1g1,0 | . (7.43)

7.3.1 Free system Liouvillian

Without coupling to the leads, the system evolves under the action of the
free system Liouvillian Lg = —i[Hg,e |.

At this point it makes sense to start thinking of the Liouvillian as a
matrix that acts on vectors that correspond to density matrices. A density
matrix is converted into a vector via a mapping of the double index ad’ to
a single index. The elements of the Liouvillian (or another superoperator)
are then obtained via Eq. (7.41) and application of the index mapping.

A general system density matrix can be written ps = Y./ Paar|a)(d'].
In vector notation, we will write this as |pg)) = > (q Paar|ad’)) with “ket”
laa”)) corresponding to |a){a'|.

The action of Lg on vector |aa’)) is simply obtained as

Lslaa)) = —i[Hg,la){(d'| | = —i(Eq — Eg)|a)(d'| = —iAgar|aa’)) (7.44)
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which defines the Bohr frequencies A,.. Vectors |aa’)) are therefore the
right eigenvectors of Liouvillian Lg. Let us denote the left eigenvectors of
Ly as ((ad’| such that

«aal|LS =~ «aal| (7'45)
with

((aa'|bb'>> = 5(aa’),(bb’)' (746)

It is crucial to make the distinction between left and right eigenvectors
because, in general, the Liouvillian will not be Hermitian, and the left and
right eigenvectors are not adjoint. Computationally, the left eigenvectors
are most easily found by first determining the right eigenvectors, forming a
matrix of them and then inverting this matrix. We have the completeness
relation in Liouvillian space

1=>laa"){ad|. (7.47)

Example: single resonant level

With just two system states (0 and 1), the system density matrix is pg =
> i =01 Pij|1)(j], which can be represented by a vector of length four: |p)) =

(poo, p1, po1s pro)’, where, by convention, we list the populations first and
then coherences. The action of the Liouvillian on the four right basis states
in Liouville-space is Lg|00)) = Lg|11)) = 0, Lg|01)) = i€|01)), and L|10)) =
—ie|10)).

7.3.2 Interaction Liouvillian

Define superoperators in Liouville space corresponding to the action of g
and a on both Keldysh branches (i.e. both parts of the commutator):

Ly = —i& Yy AVGY, (7.48)
p

with p = £ are Keldysh indices and from now on, we leave the sum over
them implicit. The actions of superoperators G and d are defined via

PO = { 90, p=+ (7.49)
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and
APO = { @m0, p=+ (7.50)

With these definitions, the action of Ly on O is simply

LyO = —i& (a19:0 — Oaygy)
= —i& [ag1, 0], (7.51)

which is as required.
It is also useful to define super-operators corresponding to Eq. (7.23)

Gl = timd],,, (7.52)

with jump operator defined as

0 pe+t
JP 0= JAm . 7.53
tm { O]lma p=—- ( )

7.3.3 Example: single resonant level

In Fock space, the jump operators for the SRL model were found to be
J+ =10)(1];  j- = [1)(0]. (7.54)
We can then write their Liouville-space counterparts as

JE=10 )1 JE=1-)(0-|
Jr =110 JZ=1]-0)(-1] (7.55)

where the “” denotes that the index at that location is left unaltered (really
a sum over all possible indices).

7.4 Perturbation theory in Liouville space

We now derive an effective Liouvillian which describes the time-evolution of
the reduced system density matrix under the influence of the coupling to the
leads. Our approach is to expand the propagator of full system-+reservoir
to second order in the coupling and then trace out the reservoirs.
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7.4.1 Laplace transform

We will work in Laplace space defined through the transform

p(z) = /OO dte=*(=10) p(¢).

to

93

(7.56)

Our starting point is the full von Neumann equation, Eq. (7.38), which

Laplace-transforms as

zp(z) = p(to) = Lp(z),

which we solve as

p(2) = — = plto).

The object (z — L)_1 is the full propagator in Laplace space.

7.4.2 Perturbative expansion

The reduced density matrix of the dot is given by

ps(2) = Tres { (2}

Inserting Eq. (7.58) and the initial condition Eq. (7.36), we have

p5(2) = Trres { ps<to>,ofss} .

z—L
Expand propagator, Dyson-like, in powers of Ly to obtain

1 1
z— L z— Lyes — Ls — Ly

with free propagator

1

QO(Z):—Z—L —LS.

Qo(z) + Qo(2) Ly Q0(2) + Qo(2) Ly Qo(2) Ly Qo(2) +

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)

(7.62)

Inserting this into Eq. (7.60) we see that terms with an odd number of
Ly disappear under the trace. Furthermore, since the coupling with the
reservoirs is assumed to be weak, we can truncate this series at second order
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in Ly. This defines the so-called sequential tunneling limit. The RDM is
therefore

ps(2) ~ Treee { (20(2) + Q0(2) Ly Q0(2) Ly Q0(2) ) ps(to)oid }(7.63)

With substitution of Ly from Eq. (7.48), the second-order term, which we
denote as 3, becomes

5 = (—0)%616Trves { Q0(2) A5 G 0(2) AT GT Qo ()ps (to)pi } - (7.64)

The next task is to separate dot and reservoir degrees of freedom so we can
perform trace. For this we use the dot-reservoir superoperator commutation
relation

AIfGIl), = —pp'Gll),A]f, (7.65)

which may be verified by a translation back to normal operators or by noting
that if the operators reside on different branches, they commute, whereas if
they lie on the same branch, normal fermionic anti-commutation relations
apply. We will also need the following easily verified rules:

TrresLres = —1TTres [HI'657 o ] =0 (766)
Lrespfgs -

Alleres = (Lres — .%'1) Alf; xr1 = —Zflwl.(7.67)

The commutation of the dot-operators through the free propagators there-
fore changes the argument of the propagator:

A?Q()(Z) = Azl)

z2+x1 — Lyes — Ls

When these results are placed into Eq. (7.64) we obtain
i = p1p2£1£2Trres { QS(Z)G!IQ)2 QS(Z + $2)G11)1 QS(Z)AQQ Azl)lpS(tO)pfgs} (769)

with —p1po coming from commutation, and with free dot propagator

03(z) = - = = (7.70)
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We then take the trace over reservoir degrees of freedom to obtain
5 = pipa&a&a (AR AN Qg (2)GR2 Qs (2 + 22) G Qs (2)ps (o) (7.71)
with
(A ATY) = Tr { AP AV pg, (7.72)

the equilibrium reservoir correlation function. It is then straightforward to
show that

(AR ARY) = 7537 = 01 [, 417 (1), (7.73)

which sees the introduction of the Fermi-function of lead . Summing over
index 2 and using the delta function we have

Y — —ppofO(g&pl)(wl)Qs(Z)GQQQs(Z —21)GY Qs(2) ps (o). (7.74)

7.5 Effective system Liouvillian

Quite generally, we can consider the dot RDM as evolving under the action
of an effective Liouvillian. The RDM is then

ps(z) = )Ps(to% (7.75)

z — Legr (2
where the effective Liouvillian is a function of Laplace variable z. This is
quite generally the case when degrees of freedom have been traced out.

Such a Liouvillian is called nonMarkovian in the sense that, if we con-
sider the equation of motion for the RDM in time-domain (inverse Laplace
transform of Eq. (7.75)), we have

t
ps(t) = /t dt' Leg(t —t")ps(t)) (7.76)
0
where it is clear that the evolution of the system at time ¢ depends on
all previous times (NB: we have assume no correlations at ¢t = ¢y). This
stands in comparison with the Markovian evolution of Eq. (7.38) in which
the Liouvillian itself is independent of time and thus the evolution depends
only on the state of the system at time ¢.
Let us rewrite Eq. (7.75) as

1

T—E(z)pS(tO)’ (7.77)

ps(z) =
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with ¥(z) is the the memory kernel or “self-energy” The effective dot Liou-
villian is thus

L (2) = Ls + ¥(2). (7.78)

Expanding Eq. (7.77) to first order in ¥(z) (which will be second-order in
the tunnel couplings) we obtain

ps(z) = (Qs(z) + Qs(2)2(2)Qs(2)) ps(to)- (7.79)

Comparing this result with Eq. (7.64) we can identify $(z) = Qg(2)%(2)Qs(2),
such that the memory kernel is !

$(2) = —p1paGh Qs (2 + i€1wr )R £8P0 (). (7.80)

We now write out the free system propagator to obtain

! GPY F =) (). (7.81)

S(2) = —pipplG—
(Z) p1p2 1 Z+Z£1w1 —LS 1 al

We then insert a complete set of states in Liouvillian space (see Eq. (7.47))
and substitute in for G from Eq. (7.52) to find

—&1p1)
Y(z) = —pip2JPi,, lad ) (ad | T |t time 8 5 (@)
—&1m &im m Z+ Zfltdl T iAaa/
(7.82)

The term in brackets in essentially a number; The term before the brackets
is a super-operator, which is independent of k. We therefore define

5" (k)

z+ Zflwka + Z.Ama’ ’

Iaa/ (Z; 515 041,291) = Z tg]galmtgkalm’ (783)
k

in which we have made explicit the sum over k, such that the memory kernel
can be written

2(2) (z) = _plpgjlemma’» <<aa’|J§’11m,Iaa/ (Z; &1, Ozl,pl) (7.84)

!We have obtained ¥(z) in a simplified manner here, relevant to 2nd order only. More
rigorously, X(z) can be obtained as the sum over all irreducible diagrams in the expansion
of Trresp(z)
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Now perform a trick for going to continuum limit for reservoir: insert 1 =
ff)D dwd(w — wiy) where D is the bandwidth of the leads (assumed to be
the same for all leads). We have then

P £ (wra)
L (2 = d te karmt 1w — = =
aa (Z, 51,041,])1) /D w ; &1kaymb&ikaam (w wka) 2+ i€ whe + iy
(7.85)

Then let us define

Pmmlga(u)) = 271'2 tgmmtgkam'5(w - w;m). (7.86)

k
The diagonal elements
Tiima (@) = 27 Y tkam|*0(w — wia) (7.87)
k

are the familiar Fermi golden rule rates. We can then write Eq. (7.85) as

1 D fo(é_flpl)(w)
I, (z; = — d T ’ ! . .
aa (Z, glyahpl) ot /—D WL mm IS (w)z —|—z'§1w +iAaa’ (7 88)

It is then convenient to introduce a change of integration variable x =
—&1p1(w — pg). With D > p, such that D + p, =~ D we obtain the integral

D

(7.89)

{ me’flal (Ma - flplﬁﬂ)fal (x)
I, (z; = — .
aa’ (Zﬂglaalapl) A /D xiz+p1[$_p1(£lﬂa+Aaa’)]

Flat band approximation

Integrating Eq. (7.89) for reservoirs showing structure can be tricky. Nor-
mally however, we can approximate the rates as flat within the region of
interest, and take I' outside the integral.

Ja()
iz 4+ pi[r — p1(§1pta + Aaar)]

, D
1
Lo (261, 00,p1) = —%me/&m / dx (7.90)
-D

Markov approximation

As it stands, this integral is a function of z, and hence ¥ is nonMarkovian.
If we are interested in the behaviour of the system on time scales much
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greater than the dynamics of the bath (e.g. the stationary current) then we
can take the long-time limit of the integral by replacing z — 0% where 0T
is a positive infinitesimal. This regularises the integral as

Iaa’(z;gla alapl) ~ Iaa’(0+; gl,al?pl)

o e | 0T+ pufe — p(Epta + Aaa)]
(7.91)
Use of Dirac’s identity
1
(0T + )" = —ind(z) + P- (7.92)

where P denotes the principal part, allows us to write

1
Ia(biz(z;&’pl’,ul) = me’§1a1 {ifal(pl(Aaa/ +§1Ma1))
)
L (1 B+ €11 799

in terms of the function

D
ooy = [ at

-D w—A

1 A D
— ReW (= +i ~1 94
Re <2+Z2kaT> N orkpT (7.94)

with ¥ the digamma function. This is a standard and useful integral (this
is result is correct to order 1/D as we made a large D approximation in

obtaining Eq. (7.89)). The real part of the integral I(gi? are rates describing
the transfer of population between system states, whereas the imaginary

parts lead to renormalisation of the system energies.

Rate equation

In general, the reduced density matrix pg contains both diagonal and off-
diagonal elements — populations as well as coherences. If, however, the
coupling to the leads is weak compared with the free evolution frequencies
of the isolated dot Hamiltonian, I' < Ay, it is valid to consider just the
(eigenstate) populations of the system, since the coherences will ‘self-average
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to zero’ on the time-scale of the tunnelling processes in which we are inter-
ested 2. Since the Liouvillian then maps populations onto populations it
must be wholly real and we need not calculate the renormalisation parts, as
they must cancel.

7.5.1 Example: single resonant level

We now derive the (second-order) memory kernel for the SRL in Markov and
flat-band approximations. For each lead @ = L, R, expression Eq. (7.84)
has eight terms, given by the various combinations of py, po and &. We
explicitly evaluate just a single term here to illustrate the procedure. Writing
in for the jump operators of Eq. (7.55), the term in ¥ corresponding to

(p1,p2,&1) = (+,+,+) is
5Tl 40 - [aa") (aa [0 )41 - ol B + 1)
= 1) (10 o (o + 1) (7.95)

Other terms are evaluated similarly and from these we can directly build
the Liouvillian. We can also build the Liouvillian by considering the action
of ¥ on an arbitrary vector |p)) and taking elements. We obtain

(00Slo) = T {{111NS ) (0 — ) = (001) S (110 — )}
(ISlp) = Ta {40010} £ (o — ) = (111) ) (10 — )} (7.96)

Note that the equations for the populations do not couple to matrix elements
in which there is charge-superposition. This is a general feature. Since, for
the diagonal elements, the free system Liouvillian is zero, the total effective
Liouvillian of the system is

_ _f(_)(/‘a —€) f(+)(,ua —€)
b = Lo ( FOa =)~ D (e — ) > (7.97)

This should be compared with Eq. (7.2) — it is similar but now we have pre-
cise prescription for the rates I', and incorporate finite bias and temperature
effects through the inclusion of the Fermi functions.

Note that since the SRL model has no internal quantum degrees of free-
dom, the effective Liouvillian is already of rate equation form without further
approximation.

2This approximation is no longer good if one is interested in the high-frequency noise
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7.6 Infinite bias limit

A very useful limit of the QME is obtained when we assume that biases
applied are large enough that all relevant energy scales lie well within the
transport window, i.e.

ol > Agar, kBT, D. (7.98)

Let us consider a two lead set-up (o = L, R) in the limit u;, — +oo and
ur — —oo. In this case all arguments, including A, can be neglected in
Eq. (7.93). The level renormalisation parts then require the evaluation of
integrals of the form

pu—+D
7?/ ~log P T2 7.99
o~ T (7.99)

which in the infinite bias limit, vanish. Furthermore, the rate parts become
particularly simple since the temperature dependence of the Fermi functions
is now irrelevant, reducing to step-functions. The Fermi function f(*) then
evaluates to unity on the left and zero on the right and Eq. (7.93) therefore
becomes

1
Ic(j}(z; §1,p1,00) = §me’§1a1 (5a1,L5p1§1,—1 + 504171«251,151,4_1)(7.100)

This can be placed back into Eq. (7.84) to give

1
% = —pip2J7% laa’) (ad | Tg S Tmmeeran (G, L0prer,—1 + e ROpi1 1)

(7.101)

Then since there is no further dependence on indices aa’, the sum over
projection operators reverts back to the unit operator, whence

1
x= _plpZJp&mngm 2 Donm/gr0a (504171151)1617*1 + 5a1,R5p1£1,+1)

(7.102)

Summing over £; and «, we obtain
pim® —pim —p1m“pim’R

1
2:—§p1p2{rmm,mﬂ’2 RS Ry R } (7.103)

We can then regeneralise this result to a situation where we have a set of
source leads, labelled with ag with ., = 400, and a set of drain leads,
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labelled with ap with jio, = —0o. The memory kernel is then
1
X = —51911?2 {Pmm’ﬁlast]gfmt]f;lm/ + me’plangi)lmJ;)llm/}

(7.104)

A particularly simple form emerges if each reservoir operator is coupled
to just a single transition in the system. Both examples we have considered
have been of this kind. In the DQD for example, the left lead couples to
the transition |0) <> |L) only, and the right lead couples only to |0) < |R).
Formally, this means that the m and m/’ indices are specified by the revelant
lead index. In this case, we have

1
5= {Tas I pas T Tan I han Thian b - (7.105)

2 —P1&xp 1
We can translate this back into Fock space by considering the action of ¥ on
density matrix p. Substituting in for super-operators J in terms of operators
j acting to the left and to the right, we obtain

S = —3Tas {dasihor + ol — 2ilspis
~STan {3l pdant + pilpian — 2anpily ) (7.106)
Defining
Sas = Jhsi  Sap = Jap (7.107)

we can write this result the action of the full effective Liouvillian as
. 1
Legp = —i[Hs,p]— 3 Z Iy {slsap + pslsq — 250{,05:2{} . (7.108)
(07

This is straightforwardly recognised as having Lindblad form, meaning that
p retains its positivity (and hence interpretation as a density matrix) under
time evolution due to Leg.

7.7 Stationary state and average current

The Markovian master equation for the system density matrix reads

p=Lp, (7.109)
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where we have dropped any now-superfluous indices. The stationary density
matrix pgiat is found by taking the limit ¢ — oo, such that pgat = 0, and the

stationary density matrix can be obtained as the null-vector of Liouvillian
3.

Lpstat =0. (7110)

7.7.1 Current

The average current through the system can be obtained in a number of ways
— in the next chapter we will discuss the current in the context of electron
counting statistics; here, we take a more standard quantum-mechanical op-
erator approach.

Classically, the current in lead « is defined as being proportionally to the
rate-of-change of the charge in the lead. Quantum-mechanically, this gives
us the current operator

I, = enha, (7.111)
in terms of

Mo =Y Oikal—fas (7.112)
k

the number operator of electrons in lead . Employing Heisenberg’s equation
of motion, we can rewrite this as

e e
I, = %[na,H] = E[
e
= — 11
ihalgl, (7 3)

Ne, §10101]

which is identical to the tunnel coupling operator V except for the forefactor
and the absence of the sign £&;. The super-operator corresponding to I, is

—ie

Ly ==

AT GT, (7.114)
which has a definite p = 4+ Keldysh index, since the operator acts to the
right (actually, irrelevant for calculating the average current, but important
for higher statistics).

3The stationary state need not, in fact, be unique, and we would then talk of a null-
space, rather than a single null-vector. However, in most transport models, including
those we will consider here, this is not the case and pstat is unique
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The average current flowing into lead « at time ¢ is simply obtained from
the inverse Laplace transform of the expectation value

(1) (=) = Te {Lp(2)} (7.115)

where both trace and p refer to full system-+reservoir quantities. Procedding
in Liouville-space as before, we have

R ]
= Tr{L7 (Qo(z) + Q(z)LyQ0(2) +...) pppie} . (7.116)

Taking the trace over reservoir degrees of freedom and arranging tunnelling
contributions into an effective Liouvillian, we obtain 4

N(z) = TrD{z?(z)mpD}, (7.117)

with Leg as before and X¢(z), the same as the irreducible memory kernel
derived before, but with the left-most tunnel-vertex replaced with the similar
current vertex as from Eq. (7.114). In effect, this means we can simply take
Y (z) of Eq. (7.84), replace po with 4, drop the pa-sum and add the relevant
forefactor from Eq. (7.114). Making these changes to Eq. (7.84) we obtain

e
£7(2) = — £ a1 T g o0 (00| TE b T (€1, 00,p1). (T.118)
We are normally interested in the stationary current, which we obtain from

<Ia> = <Ia>stat = <Ia>(Z — 0+) =Trp {E?(0+)p5tat} . (7.119)

7.7.2 Example: single resonant level in infinite bias limit

The effective Liouvillian of the single resonant level in infinite bias limit

reads
- -I'y TI'gr
L = ( r, Ty > : (7.120)
the null-space of which is
P00 1 ( I'r )
= = . 7.121
Pstat < P11 >Stat FL +FR FL ( )

Ysee H. Scholler, Schladming lecture notes, http://physik.uni-graz.at/itp
/iutp/iutp_08/lecture_notes_part_1.pdf and M. Leijnse and M. R. Wegewijs,
arXiv:0807.4027
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The current super-operator of the left and right leads are

. (0 0\ wr (0 Ig
Ef_(rLo 2=, o) (7.122)

And evaluating the current as in Eq. (7.119) with either of these operators
gives

I'tl'r

—e—. 7.123
6FL4‘FR ( )

We therefore simply recover the results of the example presented in 7.1.

7.8 The Anderson model

The Anderson model (P. W. Anderson, Phys. Rev. 124, 41 (1961)) was orig-
inally conceived to describe scattering of electrons by a magnetic impurity
within a band of conduction electron states. This same model also serves
to describe the transport through a single-level in a quantum dot. The
critical feature is that electron-electron interactions mean that the doubly-
charged configuration possesses an additional energy U over and above the
non-interacting energy of the system.
The Anderson Hamiltonian (as relevant to dots) reads

H=> edld, + Unn| + Hes +V, (7.124)

where €, is the energy of a spin-o electron in the dot, U is the additional
interaction energy. In addition we define, as before,

Hres = Z Wka,aa;iagakaoy (7125)
k,a,0
and tunnelling term
V= Z takgalzaoda + tZkod:rrakam (7.126)
ako

where we have made explicit the spin index. Applying the machinery of the
previous section, we find that the effective system Liouvillian can be written

L= > Ly+L (7.127)
a=L,R
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Figure 7.2: Current through the Anderson model with parameters €| =
—1.5meV, ¢; = 0.5meV, U = 4meV, I'y, = I'r T',/kpT = 1/4. The levels
involved in transport at various points are sketched below: (a) equillibrium
and (b) small bias — Coulomb blockade; (c) parallel transport through
both single-electron levels; (d) and (e) transport through 1 and then 2 of
the transitions to the doubly occupied state. (After Thielmann et al, Phys.
Rev. Lett. 95, 146806 (2005) ).
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The current calculated from this theory is plotted in Fig. 7.2 for illustrative
parameters.

7.9 Other current blockade mechanisms

We have seen that the Coulomb blockade provides an extremely important
organising principle for understanding the transport through quantum dots,
describing as it does, regions in which transport is blocked on energetic
grounds. However, additional mechanisms also exist that can block the
current through quantum dot systems, which are very different in nature.
We consider two here.

7.9.1 Spin blockade
Y
g
148 I—ﬁl

(b) N n
4«‘1 44.

Figure 7.3: Spin blockade in a DQD. With two electrons in a singlet state
in the dots, tunnelling can occur. With the spins in a triplet state, however,
the Pauli principle prevents tunnelling and blocks the current through the
dots.

Current through a double quantum dot can be blocked through a mecha-
nism known as spin blockade, which arises from the Pauli exclusion principle.
The situation is illustrated in Fig. 7.3. The chemical potentials are arranged
such that singly-occupied states and states with one electron in each dot lie
below the transport window, but the states with two electrons in one dot lie
within the window. On energetic (Coulomb blockade) grounds, one would
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therefore expect transport to proceed through these latter levels. However,
this picture neglects the spin of the electrons. If the system starts occu-
pied with two electrons of different spin in a singlet state (Fig. 7.3a), then
tunnelling can occur between the two dots, making the formation of the
doubly-occupied single-dot state possible. In this case electrons will tun-
nel out of the DQD system. Eventually, however, the stochastic nature of
tunnelling means we will arrive at a situation where the electrons in the
dots have the same spin (or rather, are in one of the three triplet states)
(Fig. 7.3b). In this case, the Pauli principle prevents tunnelling between
the two dots and these two electrons are trapped, since the states in the
transport window are inaccessible. This is the spin-blockade. Note that its
existence relies on the Coulomb blockade, since, if there were no Coulomb
blockade, higher energy, multiple-electron states would become accessible,
enabling transport.

7.9.2 Dark states

Current flow through a QD device may also be blocked by the destructive
interference between quantum-mechanical paths through it (B. Michaelis,
C. Emary, and C. W. J. Beenakker, Europhys. Lett. 73, 677 (2006).) One
example is the triple quantum dot shown in Fig. 7.4. The device is biased
from left to right, and the Coulomb blockade regime is assumed, such that
just a single excess electron can be in the triple-dot-system at any one time.

Essentially, interefence between electron paths through the upper and
lower dots leads to a state in which the electron wave function destructively
interferes at the dot coupled to the collector. With the correct parameters,
this intereference is complete and no current can flow. Formally this effect
is similar to coherent population trapping encountered in quantum optics,
where the state in which the electron is trapped is known as a dark state.
Figure 7.4 shows the current through the device as a function of the detuning
between levels in the dots — the current profile is the transport analogue
of the optical dark resonance. If the system is biased in the other direction,
then the paths no longer interfere and the system conducts. In this way,
quantum interference diodes and transistors can be conceived.

Whilst these blockade mechanisms have been presented here as leading
to a complete suppression of current flow, this is just an idealisation. Ad-
ditional interactions, in particular those with the environmentof teh dots,
which were not included in these simple models can partially remove the
blockade effects,. For example, any interaction which dimishes the phase
coherence of the trapped electron in the triple dot will disrupt the dark
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Figure 7.4: LEFT: Three quantum dots are coupled coherently to one an-
other via tunnel couplings ¢;;, and incoherently to source and drain leads
with rates I';. Each dot contains a single level and by adjusting the relative
positions of these levels, the system can be prepared in a dark state where
no current flows despite the applied bias. RIGHT: The stationary current
(I) through the three-dot system shows a pronounced anti-resonance with
complete current blocking at a detuning of A = Ag where the dark-state
forms. (from Emary Phys. Rev. B 76, 245319 (2007))
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state and lead to current flow. This residual current therefore gives us a
method in which to probe electron-environment interactions in quantum
dots.

7.10 Beyond the second-order master equation

The master equation we have described in this chpater is second-order in
the tunnelling amplitude ¢ and therefore first-order in the rates I'. This
corresponds to the so-called sequential tunnelling limit since it assumes that
the temperature is high enough that the electron’s phase coherence is de-
stroying in between tunnelling events. Electron hops in. Electron hops out.
As temperature is decreased, a certain degree of phase coherence may be
maintained between electron tunnellings, which can lead to new transport
possibilities.

7.10.1 Cotunneling

If, in performing our perturbative derivation of the master equation, we
truncate, not after order I', but after order I'?, we include cotunneling pro-
cesses in the effective Liouvillian. Such processes enable the tunnelling of
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Figure 7.5: An inelastic cotunneling process. (a) With the bias as shown,
current through the dot is blocked for sequential tunnelling processes. How-
ever, (b) an electron from the left lead can tunnel into the dot to ‘virtually
populate’ the doubly-charged state. Then (c) one of these electrons can then
tunnel out to the right. Either spin can tunnel out and here we have shown
a spin-flip process in which in final state of the electron has opposite spin
to its initial state. Due to the Zeeman splitting, these states have different
energy and the process is therefore also inelastic.

electrons to/from the system via intermediate virtual states. An example of
an inelastic cotunneling process is shown in Fig. 7.5.

Cotunneling is particularly important in regimes where sequential trans-
port is suppressed due to the Coulomb blockade. In such regimes, cotun-
neling transport is dominant as these processes are only algebraically sup-
pressed, compared with the exponential suppression of the sequential ones.
Figure 7.2 shows results for both sequential and sequential4-cotunneling
master equation for the Anderson model. In the region of the first current
step, especially, cotunneling plays a significant role.

7.10.2 The Kondo effect

What happens if we decrease temperature further? If we proceed as above
and expand our perturbation series to third order in I', we obtain an in-
dication that something very interesting is happening, as this third-order
contribution causes the conductance of the dot to diverge logarithmically as
temperature is decreased. This divergence was discovered by Kondo whilst
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Figure 7.6: A Kondo spin-flip process. This is an elastic process

studying the theory of transport in metals (where it leads to a divergence in
the resistivity, not the conductnace!). See Bruus and Flensberg for details.

This effect is known as the Kondo effect and it arises arises from virtual
processes such as that depicted in Fig. 7.6, in which the spin of the dot
electron is flipped. To fully describe the Kondo effect requires a nonpertur-
bative approach; the divergence of our power series signals a break-down of
the perturbative reasoning. Kondo physics is an important area of many-
body invesitagation and a full understanding requires sophisticated many-
body techniques (e.g. numerical RG: Wilson 1975, Bethe Ansatz, Tsvelik
and Wiegmann 1983, or see book by Hewson, 1997). The master equation
expansion may also be extended to describe the Kondo effect within the so-
called resonant-tunnelling approximation (J. Kénig 1999/2000). The Kondo
effect in quantum dots is also an active area of experimental investigation
(see Fig. 7.7).
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conductance (€2/h)

gate voltage

Figure 7.7: Conductance of single quantum dot in Kondo regime. With an
even number of electrons in the dot, there is no Kondo effect and the con-
ductance decreases with decreasing temperature. With N odd, the Kondo
resonance comes into play and the conductance increases with decreasing

temperature. Experimental data from W. G. van der Wiel et al, Science
289, 2105 (2000).
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Chapter 8

Shotnoise

Up to now, our considerations have only extended to the average current
(or conductance) of mesoscopic devices. However, transport is stochastic
process and the current will show fluctuations around this average value as
a function of time, something like this:

t

The size of these current fluctuations is termed the noise. If we were design-
ing a stereo system, the (instantaneous) mean current would be the signal,
the important part, and the noise would be seen as an unwelcome influence
and we would try to eliminate it as far as possible.

In mesoscopic transport, however, this negative view of noise has sub-
sided, with the increasing realisation that we can actually learn a lot about
what is happening inside a mesoscopic device by looking at the noise, much
more in fact than can be gleaned by considering the average current alone.
R. Landauer, one of the founding fathers of mesoscopics, has stated that
“the noise is the signal” to reflect the importance of the study of noise.

In this chapter we will introduce key noise concepts and learn how to
calculate noise within the scattering theory of transport. Most of the details
of this chapter can be found in the review by Blanter and Biittiker. A

113
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nice introduction is to be found in Quantum Shot Noise by Beenakker and
Schonenberger, http://arxiv.org/abs/cond-mat/0605025.

8.1 Sources of Noise

The two sources of noise in which we will be most interested are thermal
noise (also known as Nyquist-Johnson noise) and shotnoise (or partition
noise). We first introduce these concepts through a simple example.

Let us consider a single electron channel that impinges on a barrier
such that the electron is transmitted with probability 7" and reflected with
probability R. Ignoring an irrelevant phase factor, the wave function of an
electron scattering at the barrier will be |¢/) = VT|T) 4+ vR|R) where the
kets denote transmitted and reflected states respectively, and R+T = 1. Let
us populate the incoming channel with an electron from a thermal reservoir
with Fermi function f. The input density matrix of the system is then

pin = F1)il + (1= Do) (0], (8.1)

where |7) and |0) denote filled and empty input channel respectively. The
density matrix after scattering will then be

p = fl) [+ (1 = 1)0){0]. (8.2)

Average occupancies of the transmitted and reflected channels are easily
calculated to be

(nr) = fWlnrly) = fT

(nr) = [{¥InrlY) = fR. (8.3)
We are here interested in the fluctuations of the number of particles in
cach channel; to quantify their size, we calculate the variance ((6n)?) with

dn = n — (n), the difference between the number operator and its average.
We obtain

(On7)*) = fT(1— fT)
((0nr)’) = fR(1- fR). (8.4)

We can also calculate the cross-correlator between transmitted and reflected
channels:

(bnpéng) = —f*TR (8.5)
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These variances characterise the total noise in the system which contains
both thermal and partition contributions.

We can separate these two contributions by analysing to limiting cases.
First, we set T'= 1 such that we only have thermal fluctuations. The noise
in the transmitted channel is ((dnp)?) = f(1 — f), which is equal to the
thermal noise of the input channel.

We then consider the zero-temperature limit such that f = 1 such that
the input channel is definitely occupied. We obtain

((6n7)?) = ((6ngr)?) = —(Onpdéng) = TR =T(1 —T) (8.6)

This is shotnoise or partition noise — its source is the partitioning of the
incoming electron stream into transmitted and reflected components and
ultimately the discrete nature of charge. The shotnoise vanishes if either
T =1or R=1 and is maximal when T'= R = 1/2.

As we will see shortly, the thermal noise is simply related to the con-
ductance of the sample and tells us nothing new. The shotnoise, however,
provides new information about the intrinsic properties of the device.

A third source of noise is the so-called 1/f (or flicker) noise, which has
its origins in the random motion of impurities. The characteristic 1/f fre-
quency dependence means that this noise-source becomes important at low
frequencies < 10kHz. Nowadays, mesoscopic measurements can be made at
high enough frequency as to avoid these 1/f contributions and thus, we will
not consider it any further. 1/f noise is, however, of great importance to
attempts at realising quantum computation in the solid state, since in that
setting, it is a significant form of environmental perturbation.

8.2 Noise and quantum statistics

One reason why noise is interesting is that it reflects the quantum statis-
tics of the particles producing the noise. Consider three types of particle:
classical, fermion, and boson, described by Boltzmann, Fermi-Dirac, and
Bose-Einstein statistics respectively. The average occupation of single state
in equilibrium is
0 classical
;  where a= 1 fermions (8.7)
—1 Dbosons

1
T eB/ksT g

(n)

Correspondingly, the variance in the occupancy is

{(0n)%) = (n) (1 — a(n)). (8.8)
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For classical particles (a = 0), ((0n)?) = (n) which is the Poissonian value,
indicative of uncorrelated events (see later). When quantum statistics are
important, deviations from this Poissonian case are observed. For bosons
we typically have ((6n)?) > (n); the particles are ‘bunched together’ and
the situation is described as super-Poissonian. Conversely, fermions tend
to have ((0n)?) < (n) and we say the fluctuations are anti-bunched or
sub-Poissonian. An extreme example of the anti-bunching of fermions is
a zero-temperature channel — this is occupied with certainty, and the cor-
responding noise is zero.

Note that these considerations just provide us with an idea of ‘typical’
behaviours — photons can be anti-bunched (i.e. behave like fermions) and
electrons can be bunched (i.e. behave like bosons). However, this requires
additional sources of correlation in the system, which implies interesting
physics. For example, anti-bunched photons are encountered in resonance
fluorescence in optics, and bunched electron flows can be caused by current-
blockade mechanisms.

8.3 Shotnoise in the scattering approach

We begin by defining the current fluctuation operator in lead a:

A

5Ia(t) = fa(t) - <ja>a (89)

and the time-domain correlation function between currents in leads o and

0 as

Sap(t’ —1) = = (61,(1)0I5(t') 4 015(t")014(1)). (8.10)

DN | =

Without time-dependent external fields, the correlation function must
be translationally invariant and thus a function of 7 =t — ¢/ only. We then
Fourier transform with respect to 7 to give

Sap(w) = / h dret (51, (1)015(t') + 015(t)514 (1)) (8.11)

This is sometimes referred to as the noise power. Note that we have used
an ‘engineering convention’ in this definition of the Fourier transform which
brings in an extra factor of two. This is in accordance with Biittiker and
gives the familiar thermal noise value.
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Since we already have an expression for the current operator (Eq. (4.36))
and know how to take expectation values, we can directly evaluate Eq. (8.11)

Sep(w :%hzz/dEA (s B, E + hw) Ay (3 E + hw, E)

¥6 mn

XS (B)1L = f5(E + ho)] + [1 = [(E)]f5(E + hw)} (8.12)

We are interested here in the zero-frequency noise:

Seg = Sas(0 2HZZ/dE "(o; B, E) A" (B, E, E)

¥6 mn

XA (E)1 = fs(E)] + [1 = £1(E)|fs(E)} (8.13)

This expression is current-conserving and gauge-invariant (unlike the finite-
frequency result of Eq. (8.12) 1)

Let us concentrate on the two-terminal case. Current conservation im-
plies that we have S = S;;, = Sgr = —Srr = —Spgr. Utilizing the eigen-
channel representation of section 4.3.6 and some lengthy algebra, we can
write the noise as

5 = th/dE B)[f(1 - f1) + fa(l - fr)]
FTo(E) (1= Tul(B)) (f1 — fr)? | (8.14)

For slowly-varying transmission probabilities, which we evaluate at the
Fermi-level, we obtain

62

Swh

(8.15)

2kgT Z T2 + eV coth <

>ZT (1-T,

8.3.1 Equilibrium noise

In equilibrium, f;, = fr and the second contribution in Eq. (8.14) vanishes.
Furthermore, we may use the property f(1— f) = —kgT0f/OFE to write the
equilibrium noise as

gea _ 262:7;3?T 3 / dE (-(%) T.(E) (8.16)

'Eq. (8.12) fails to take into account displacement currents. See section 9.5 for more
details.
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Comparison with Eq. (4.46),yields the important relation

| 5% = 4kpTG (8.17)

such that the noise is proportional to both the conductance and the tem-
perature. This is the Nyquist-Johnson noise and it is a manifestation of the
fluctuation-dissipation theorem — equilibrium fluctuations are proportional
to the corresponding susceptibility.

The important point here is that the equilibrium noise tells us nothing
that we don’t already know from conductance measurements.

8.3.2 Zero-temperature — shot noise

At zero temperature the product f(1— f) is zero and the noise of Eq. (8.14)
becomes

ﬂhZ/ dE T,(E) (1 — T,(E)) (8.18)

where we assumed py > pgr. Assuming that the tunnel probabilities are
constant within the transport window, we obtain

3|V| ZT (8.19)

This is the shotnoise — it arises in nonequillibrium and is not simply deter-
mined by the conductance.

8.4 Poissonian noise and the Fano factor

A Poissonian process is a the stochastic process in which events occur contin-
uously and independently of one another. A well-known example is radioac-
tive decay of atoms. The noise associated with a Poissonian process swerves
as an important benchmark — we have already seen in section 8.2 how hav-
ing fluctuations greater or lesser than the Poissonian value is indicative of
quantum statistics.

A (classical) current can be written as a string of electron-tunnel events

t)=eY ot —ty) (8.20)
k
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and for a Poisson process, the times ¢ are distributed such the probability
of there being n electrons in a time-interval 7 is

e ()"

P(N;t) = : n=0,1,2,..., (8.21)

n!
with v the characteristic rate of the process. The mean and the variance
of electron number in interval 7 are then (n) = Ar and ((6n)%) = Ar;
in fact, all cumulants of the distribution are the same and equal to At.
The corresponding current is (I) = —e/7(n) = ey and the shotnoise Sp =
2¢/7((0n)?) = 2e2y. For a Poisson process, therefore noise is proportional
to the current

Sp = 2e(l). (8.22)
The Fano factor is defined as
S S
= = 8.23
Sp 2e(I) ’ ( )

which allows us to easily see whether the current exhibits bunching (F' > 1),
anti-bunching (F' < 1), or is Poissonian (F' = 1).

If we now return to the expression for the shotnoise form Eq. (8.19), we
see that, in the limit of small T,,, we may neglect quadratic terms and the
noise becomes

3|V
g~ M S T (8.24)
n
From Eq. (4.47), the current is

=" E / 2
2mh ~ " (8.25)

such that the Fano factor is equal to one and the noise Poissonian. Further-
more, this is the maximum value achievable by the shotnoise of Eq. (8.19)
since the inclusion of the (1 — T,,) factors always reduce the contribution
from each channel. In general then, we can say that the shotnoise of non-
interacting electrons (as described by this scattering theory) will be sub-
Poissonian with F' < 1. This is in accord with typical fermionic behaviour
as mentioned previously. 2

2Note that this statement about subPoissonian noise applies to the shotnoise contri-
bution to the noise, and excludes the thermal contributions. Values of F' > 1 are easily
obtainable with thermal fluctuations since, as we reduce the voltage across the device, the
current will vanish but the shotnoise tends towards the constant Johnson-Nyquist value.
The resultant Fano factor then diverges.
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8.5 Multi-lead formulae
The corresponding multi-lead results are
Sob = 2kpT(Gap + Gpa) (8.26)

for the Nyquist-Johnson noise, and

62 t
Sap = %;/dE Tr {szrmsa(gsﬁésm
{/H(E)A = f5(E) + fs(E)1 = [y (E))} (8.27)

Shotnoise correlators in the same lead are always positive, whereas those
between different leads are always negative.

8.6 Examples

8.6.1 Hanbury-Brown Twiss

Quantum Hall edge channels can be used to realise a beam-splitter geometry
for which we can now calculate the noise (Fig. 8.1). At zero temperature

the various noise components are S1; = S33 = —S13 = —S31 with
3
e’V
Si3=—""T1-T 8.28
13 — T ) (8.28)

with 7" the transmission of the barrier. The experimental results of Fig. 8.1
bare out the theoretical predictions, in particular the negative cross-correlator.

8.6.2 Single Tunnel barrier

A single tunnel barrier has all transmission probabilities 7,, < 1. From
Eq. (8.15) we have then

e3V eV eV
= — h T p— h . .2
S — cot <2kBT> En n = cot <2kBT> Sp (8.29)

This result illustrates the cross-over between thermal noise for e|V| < kgT
to shotnoise at voltages e|V| > kpT independent of the details of the tun-
nel junction. Very good agreement with this result was observed in the
experiment of Fig. 8.2.
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8.6.3 Units of transferred charge

In a tunnel junction between a normal metal and a superconductor, the
granularity of the current transferred across the junction is not equal to the
elementary charge e, but rather 2e due to the formation of Cooper pairs
in the superconductor. In this case, it can be shown that the shotnoise is
S = 2S5p, and the Fano Factor is twice the normal-metal value. This can be
generalised such that if charge is transferred in independent units of ¢, the
Fano factor will be F' = q.

Surprisingly, ¢ need not be integer-valued. For example, tunnelling be-
tween edges states in the FQHE is mediated by quasi-particles with a fraction
q=-e/(2p+ 1) of the elementary charge.

8.6.4 Point Contact

For a detailed calculation of the properties of a quantum point contact, we
require an electrostatic potential of the constriction. An obvious model is
the saddle

1 1
V(z,y)=Vy— §mw§x2 + §mw§y2, (8.30)

for which the transmission probability is (Biittiker 1990)

1 .
1+ e 7en’

2 [E — hw, (n + %) — VO} hw,. (8.31)

T.(E) =

€n

This can be substituted into Eq. (8.19) and the noise calculated. The results
are shown in Fig. 8.3. At each current step, the shotnoise exhibits a pro-
nounced peak of height Spa.x = €3|V|/47h. Within the plateaus, the noise
is exponentially suppressed.

8.6.5 Resonant Tunnel Barrier

If we consider the resonant tunnel barrier of section 4.4.2 in the non-linear
regime, such that a set of Ny levels are well within the transport window,
the current and noise integrals (Eq. (8.14)) with the RTB transmission co-
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efficient of Eq. (4.55) can be evaluated analytically. The results are

Ny
eI
I = %Z L;i fin (8.32)
n=1 n
2 Nv 2 2
n=1 n
For a single resonance, we have the Fano factor
I? +1I%
F = % (8.34)

which is equal to 1/2 (sub-Poissonian) for symmetric barriers, and is Pois-
sonian for highly asymmetric barriers.
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Figure 8.1: M. Henny, Science, 284, 296, (1999).
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0.2 - 40 - 0.2
I {na)

Figure 8.2: Shotnoise as a function of average current for a tunnel junction
realised by an STM tip in proximity of a metal surface. Birk, de Jong and
Schonengerger, 1995.

0O 2 4 6 8 10 ¢
Figure 8.3: Current (1) and shotnoise (2) of QPC (from Blanter and
Biittiker)



Chapter 9

Full counting statistics

As described in the previous chapter, the noise correlator S gives us a mea-
sure of the fluctuations in a current away from its mean value. However.
there is more to the current that just its mean and variance — if we could
count individual electrons passing through a device, we could a plot a his-
togram like that of part (d) of Fig. 9.1. We could then infer P(n;t) — the
probability of having n electrons passed to the collector in time ¢. From
this quantity we could go on to calculate, not just the mean (n) and vari-
ance ((6n)?) of the number of electrons passed (and hence the current and
shotnoise), but in principle, all the higher cumulants of the distribution.
Knowledge of P(n;t) therefore constitutes complete knowledge of the (zero-
frequency) properties of the current fluctuations, and is thus known as the
full counting statics (FCS) of the current. Just as there is more information
contained in the noise than in the mean current alone, so we hope to learn
more about the system from the FCS than from just the noise.

FCS began as a theoretical investigation (in the scattering approach,
Levitov 1996; in the master equation approach, Bagrets and Nazarov, 2003).
Although there had been a few measurements of the third current cumulant
(or skewness) (Reulet 2003), it is only recently that experimentalists have
been able to determine the FCS through a process of electron counting
(Gustavsson 2006, Fujisawa 2006, Fricke 2007). The breakthrough that
makes this possible is to use a QPC as an extremely sensitive electrometer
— sensitive enough that the charging of a nearby QD with just a single
electron exerts sufficient influence to close an additional transport channel
in the QPC. The presence of an electron in the QD is thus observed as a
change in the current through the QPC and in this way, the passage of single
electrons can be detected. Figure 9.1 shows some experimental details from
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the group of R. Haug in Hannover.
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Figure 9.1: Electron counting experiment. (a) QD with QPC detector. (b)
time trace of QPC current showing single-electron charging processes. (c)
distribution of times of electron in and out of dot. (d) Distribution P(n;t
of the number of electrons transmitted . Fricke et al., Phys. Rev. B 76,
155307 (2007).

In this chapter we learn how to calculate the FCS in the quantum master-
equation approach (Bagrets and Nazarov 2003, Gurvitz 1996/7). In doing
so we shall develop a theory of shotnoise in interacting systems, including
at finite-frequency.

9.1 n-resolved master equation

The theory of FCS in the master-equation approach bears many similarities

to the theory of photon-counting statistics from quantum optics. Our first

task is to derive the n-resolved master equation (R.J. Cook 1981).
Consider the Liouvillian of single resonant level in the infinite-bias limit:

_( Tt Tr
(T T o
Let us concentrate on counting electrons as they enter the collector (the
right lead). For this purpose, we divide the Liouvillian into two parts: the
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jump operator

0 I'r
= 2
which transfers an electron from the dot into the collector; and
(T 0

which leaves the number of electrons in the collector unchanged. The prop-
agator for the system in Laplace-Liouville-space can be written

1 1
Q(Z):z—L:z—LO—JR’ (9.4)

which we expand as
Q(z) = Qo( )+ Q0(2)JrQ0(2) + Qo(2) JrQ0(2) TR0 (2) +

- ZQO ) [TrQ0(2)]" (9-5)

with Qg(z) = 1/(z — Ly). The density matrix in Laplace-space is then

ZQO ) [TrQ0(2)]" p(to), (9.6)

and we define the partial density matrix

P (2) = Qo(2) [JrS0(2)]" p(to), (9.7)

such that p(2) = 3, p™. Since partial density matrix p(™(z) consists of
a total of n jump operators acting (at various times) on the initial state,
it represents that component of the density matrix with n electrons having
been transferred to the collector. If we start counting as t = tg, the initial
conditions read: p© (ty) = p(tg) and p™ (tg) = 0; n # 0.

We now construct equations of motion for these n-resolved components.
For n = 0, we have from Eq. (9.7)

= 2p0(2) = pV(to) = Lop®(2). (9.8)
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Performing the inverse Laplace transform, we find
pO(t) = Lop V(1) (9.9)
For n # 0, Eq. (9.7) yields the recursion relation
p™M(2) = Qo(2)Jrp™(2), (9.10)
from which we obtain
P (t) = Lop™ (t) + Jrp™ D (2). (9.11)

With the the convention p(~™ =0, we can combine these results and write

P (E) = Lop™ (¢) + Trp™ V(1) (9.12)

for all n. This is the n-resolved master equation (for a single one-electron
jump process).

This can be generalised to include processes which transfer an arbitrary
number of electrons to the collector as

P = S W(n —n)p™)(t). (9.13)
n/=0

It is also possible to generalise to multiple counting fields and to nonMarko-
vian kernels (Braggio, Flindt).

9.1.1 The counting field, y

The equation set (9.12) can be solved with a Fourier transform that intro-
duces the counting field x as the variable conjugate to n. We define

p(x;t) = Zp(")emx. (9.14)

Multiplying Eq. (9.12) with ¢™X and summing over n, we obtain

p(x:t) = (Lo + €™ Jr) p(x;t) (9.15)

or

[h0ct) = LO)p(xi 1) | (9.16)
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where we have defined the y-dependent Liouvillian

L(x) = Lo + eXJg|. (9.17)

This is the y-resolved master equation, which is identical to the normal
master equation but with the y-dependent Liouvillian L(x). L(x) is itself the
same as the normal Liouvillian, but with the jump operator Jr multiplied
with eX. This form can be generalised such that processes which transfer m
electrons to lead a acquire a factor e/™Xe and processes in which m electrons
are transferred from lead « acquire a factor e ™Xe,

Equation (9.16) is easily solved in Laplace space:

p(x; 2) = Q(x; 2)p(to) (9.18)
with the x-dependent propagator

1

Q(x;2) = IO

(9.19)

9.2 Vector representation

For practical calculations it is useful to utilise the representation of Chapter
7 in which L is a matrix and p a vector. The eigendecomposition of L reads

N—

L= Xe|ow) (bl (9.20)
=0

>_A

with eigenvalues A, and right and left eigenvectors |¢y)) and ((¢x| respec-
tively. We choose the labelling such that \g = 0 with corresponding right
eigenvector |¢g)) = |pstat)), the stationary state, which we assume unique
and normalised. From orthonormality (¢;|¢r)) = 6k, the left eigenvector
{(¢o| has entries 1 at all positions corresponding to populations and 0 else-
where. Thus the action of multiplying from the left with {(¢¢| is equivalent
to taking the trace in the normal Fock space.

We introduce a similar notation for the eigendecomposition of the y-
dependent Liouvillian:

N—

H

Ak 002k 0N (D (0)1- (9.21)

k=0

We have A\i(x = 0) = Ak, and similarly for the eigenvectors.
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9.3 Electron counting statistics

We begin with definitions of the moment and cumulants generating functions
(MGF: G(x;t) and CGF: F(x;t)):

G(x) = ef'tst) = ZP (n;t)e™X (9.22)

From these functions we can obtain all the moments/cumulants of distribu-
tion P(n;t) via simple differentiation. In particular, the kth cumulant can
be obtained as

k o
(S = —
(6 = 5
The distribution and generating functions are easily obtainable from the n-

resolved approach. The probability of n electrons having passed after time
t is simply

F(x;t) (9.23)

x=0

P(n;t) = Tr { p™ (t)} , (9.24)

and the generating function is therefore
e .
=3 {p e} = T {p(x; 1)} (9.25)
n=0

Inverse Laplace-transforming Eq. (9.19), we can write the CGF
06 = Ty {eL(X)tp(to)} . (9.26)

For studying the long-time limit, we start the system in its stationary
statep(to) = pstat- Employing the vector notation, we have

eF0t) = ((gole" D |go)). (9.27)

We then use the eigendecomposition of L(x) to write
P00 =3 ~((bolow 00D (o (0 [do) e . (9-28)
k

In the long time limit, the only term that survives is that with Ag(x) in the
exponent, since all other terms yield exponentially-damped contributions to
any and every cumulant. We have, therefore

06t C(X)B)\O(X)t, (9.29)
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with ¢(x) = (@0l (X))} (60 (x)|¢0)). Taking logarithms, we obtain
F(x;t) = ()t +1nc (9.30)

and, therefore, to exponential accuracy,
[P t) = X0t | (9.31)

From this we can easily obtain any cumulant via multiple differentiation.
In addition, we can obtain the distribution P(n;t) via the inverse Fourier
transform.

P(n;t) :/ d—XeF(X;t)_i"X (9.32)

< 2T

This is often evaluated using a saddle-point method.

9.4 Examples

9.4.1 Poissonian Process

As with the noise, we use a generic Poissonian process as benchmark. The

CGF is
F(x) = ty(e™ = 1), (9.33)

such that all the cumulants are equal ((6n)F) = yt.

9.4.2 Single resonant level

The y-dependent Liouvillian for the SRL is

[ —T TpgeX
L(x) = < r,  _Tp > (9.34)
Diagonalisng, we find the CGF:
I't AT TR ‘
F()Oz;{\/l— 2 (1—62X)—1} (9.35)
with I' = I';, + I'g. The first three cumulants are
I'y)Tr
= 1
(n) =
I'il'r
(n)) = t-ig® (13 +T%)
r,r
((6n)*) = == (Th — 203 TR 4 6T2T% — 20 T% + T%)  (9.36)
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A typical P(n;t) distribution is shown in Fig. 9.1 alongside experimental
results for a single QD. Note that in the limit in which 4T, T's/T? < 1, the
becomes

Tt
TT

F(x) (eX —1), (9.37)

recovering the Poisson limit.

9.4.3 Double Quantum dot

This theory of FCS applies equally as well to systems with internal coher-
ences. For a DQD in the strong Coulomb blockade regime (0 or 1 electrons).
x-dependent Liouvillian in basis (poo, pLL, PRRs PLRs PRL) Teads:

—T;, 0 Tpgex 0 0
Iy 0 0 iT. —iT,
L(x) = 0 0 -TIp —iT. iT. . (9.38)
0 iT, —il, —ie—Tpg/2 0
0 —iT, iT. 0 ie —T'r/2

I skip the details here but refer you to Fig. 9.2 for some interesting results
concerning the Fano factor of this model.

9.5 Finite-frequency FCS

In this section we look at how to calculate FCS at finite-frequencies. We
follow the approach of Emary et al. PRB 2007. In doing so, we also derive an
alternative method of evaluating specific camulants (Hershfield 1993, Flindt
2005), which is particularly suited to situations with large Liouvillians.

9.6 Multi-time generating function

We are interested in N-point correlation functions, such as (n(ts3)n(t2)n(t1)),
which correlates the number of electrons that have been passed to the col-
lector at N different times. With each electron number, n(ty), we associate
a separate counting field yi. We then view the evolution of the system as
a series of propagations, first tg — t1, then t; — 9, and finally ty_1 — tn.
As Fig. 9.3 shows, in each propagation interval more than one counting
field can be active. In fact, in interval 7, = tp11 — tg, counting fields
op = Zij\iN—i—l—kJ Xi are active.
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Figure 9.2: Mean current and Fano factor through an asymmetric DQD from
both experiment (LEFT) and theory (RIGHT). Of particular interest is the
superPoissonian Fano factor, an effect which is diminished with increasing
temperature. This superPoissonian Fano factor is also absent from calcula-
tions with sequential tunnelling between the dots, indicating that F' > 1 is
a coherent effect. From G. Kiesslich et al., Phys. Rev. Lett. 99, 206602
(2007).

We want to calculate the CGF for such a set of intervals, as this allows us
to calculate any cumulant of the form ((dn(tx))PN (dn(ty—1))PN-1 ... (dn(t1))P),
where py are integers. Here we just give recipe for the CGF, which is (hope-
fully) plausible — details can be found in Emary 2007 and Marcos 2009
(in preparation!). The multi-time CGF for a given set of intervals can be
obtained by taking Eq. (9.27), dividing the propagator up into separate
propagators for each interval, and inserting the appropriate set of counting
fields o in place of x. This gives

N

0t = (T] Qow Tv—r))), (9.39)
k=1

where x = (x1,---,xn), t = (t1,...,tn). We have labelled the CGF here

F~ because the above form assumes a specific time ordering: ty > ty_1 >
... >t1 > tg. To obtain the full CGF we need to include all time-orderings,
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Figure 9.3: Time intervals, electron numbers, and counting fields fora N = 3
correlation function. In interval ¢ty — t¢1 all three counting fields are active,
in interval t; — to, fields 2 and y3 are active, and in the final interval
to — tg, only x3 is active.

and this we do with the use of the time-ordering operator 7. We obtain

N
T — T (][ Qowi mv-r)p(t0)), (9.40)
k=1

Note that this form relies on the Markovian nature of the time-evolution.
The N-time current-cumulant (e = 1) is calculated using;:
SNty tn) = (0I(ty) ... 6I(ty)) =
= atl e atN <5n(t1) e 5n(tN)> =

= ()N, .. Oy Oy - Oy F (X5 ) o (9.41)

Note that, in the QME approach, the number of electrons in a lead is essen-
tially a classical variable — this arises because we assume that no phase co-
herence exists between tunnelling events (in the sequential regime, at least).
Correspondingly, the number and current correlation functions need not be
symmetrised in the usual QM fashion. For noise, we have therefore

S(ta,t1) = 5 (BT(12)61 (1) + T(01)5T (1) = (G1(12)01(1)). (9.4

9.6.1 Finite-frequency shotnoise

The two-time cumulant generating function (CGF) is

eFbexaitatt) - — T Qg tg — 11)Qx1 + X2, t1 — to)),  (9.43)
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and we want to evaluate
o0 o0 . .
S(wl,WQ) = 2/ dtl / dt262w1t1+2w2t25(7f1, tg). (944)
—00 —00

(Note that the 2 in the front is to agree with the definition in the Biittiker
review) The correlator S(t1,t2) of Eq. (9.42) has the properties: 1) time-
translational invariance S(t; +7,ta+7) = S(t1,t2), and 2) symmetry under
exchange of indices: S(ta,t1) = S(t1,t2) (symmetrised, or here classical).

We can take into account the 7 operator by rearranging the frequency
integrals. First, we write Eq. (9.44) as

(e o]
S(u)l,wQ) = 2/ dtldtgewltlJrWQtQS(tl, tg) [6(152 — tl) + H(tl — tg)] .(9.45)
—00
Exchanging variables in the second term we have
(e 9]
S(wl,w2) = 2/ dtldtQ (elw1t1+zw2t2 + 62w2t1+zw1t2) S(tl, t2)9(7§2 - tl)(y946)
—00

due to the symmetry of S(t1,t3). Now let’s change variables to ¢; and
T = tg — tl

S(wl, wz) = 2/ dtldTeiwtl (6“27 + eiwlT) S(tl, t1 + T)@(T), (9.47)

— 00

where W = wy + ws.
Now split ¢ integral and use translational-invariance, S(—t1, —t; +7) =
S(ty,t1 + 1), to obtain

S(wi,ws) =2 /000 dtdr <ei°~"t1 + e*mﬁ) (€27 + €™17) S(t1,t1 + 7).(9.48)
Therefore, we are able to write
S(wi,wa) =2 (g@au&) +5(@,w1) + 5(~@,w2) + §(_@,w1)> (9.49)
with

S(&, C()Q) = / dtldTeiatl—’—inTS(tl, tl + T). (9.50)
0

The symmetry properties of S are thus clear. Finally, let us write S as a
Laplace transform

S(g, 2’2) = / dtldTe_Etl_Z2TS(t1, t1 + T), (9.51)
0
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with z = —iw and z; = —iw;.
Now, writing cumulants in terms of moments, we have

S(tl,tl-i-T) = <5[(t1)5[(t1+T)>
= {(E)I(tr +7)) = ({L(t)){I(t2 + 7))
= ()t + 7)) — (L(t2)){I(7)), (9.52)
where the last line follows once again from the translational invariance of the

mean current. The currents can be expressed as time-derivatives of electron
numbers:
0? 0?

Sttt +7) = g n(ton(h +7) = s () (1)

2 2 2
_ (% . 83_) (n(t1)n(ts +7)) = = () ().

(9.53)
Placing this result into Eq. (9.50), we obtain
S5(z,2) = z(F- z2)/ dtydre™ =27 (n(ty)n(ty, + 7))
0
—29% / dtydre 17227 (n(t)))(n(7)). (9.54)
0

The number correlators are obtained from our moment-generating-functions
as

. o) _ 1 82
zZ = Z - dtydre 1T Q Q t
SEz) = 2E-m) [ didre TG (06,7 2 00 + )
o0 -5 1 0 oo 10
—29Z | dtiem T = ——{(Q(x1,t dre 27— —(Q
w7 [ ane (@ 0a) [ dre Lo (0 ()
-2 (9002 2+ X D)
= 2((&— %2 2 Bx10x2 X25 22 X1 7T X2,%
10 10
—Z2zga—X1«Q(X1,5)>>;8—XQ<<Q(X2,Z2)>> (9.55)
where we have introduced the propagator in Laplace space
Qi2) = [ e = (= L00) ™ (9.56)

Can now expand the propagators as

Qx,z)=[z—L—- Lx]fl = Q(2) + Q(2) Ly Q(2) + Q(2) Ly Q(2) L, 82 (2) + . (9.57)
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with Q(z) = [z — L] ~'. Now, since L, = J(eX — 1), we can further expand
as functions of x and only keep the terms that match with the derivatives
in Eq. (9.55). For the current-squared term we require

%%«Q (oo = %%((Q(z) £ O(2) (ix — X224 ) U= + )
= (Q(2)J2(2))). (9.58)
Similarly, for the two-point generating function, we have
(2.0, 2) 2 (0 42, 2)
2 Dx10x3 X25 22 X1 T X2
= (Q(z2) (1 +2Q(2)J + JQU(z)) 2(2)JQ(2)))
(9.59)
With the “amputation rules”{{... Q(2)) = (Q(2)...)) = (2)71(...)), we have
2
(@0 )2 2, 3)
= L () + 20I9E)7) + H(IA=)RE) (960

and will also use the trick

Q2)00E) = —— (A=) - Q(3)). (9.61)

z— 22

Placing these results into Eq. (9.55), gives us

~ B Z— 29 zZ— 229 5 l - . L 2
§(2.2) = " W) + T (D) + 2(IA2)T) 2 ()
(9.62)
We then employ the eigendecomposition of L to write
N—-1
o - L= |¢:k§<<$| EHTC
k=1
= R(z)+ g (9.63)

The object P = |¢o){(¢o| is the projector onto the steady-state, and R(z)
is the pseudo-inverse of z — L, i.e. the inverse of the part of z — L that is
non-singular in the z — 0 limit. This gives, in particular

TO22) ) = S(TR(2)T) + == (TPT) (9.64)

zZZ9
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The second term of this then cancels with the current-squared contribution,
to give

z— 222
(2)?

We can now use our symmetrization results of Eq. (9.49). First, we find

~ g—ZQ

S(g, 22) =

(TRE)VI) + 2(TR()T). (965)

S(z,22) + 5(Z,21) = %{<<J>> + (JR(21)J) + (JR(22)J)},  (9.66)

where the term containing R(Z) has cancelled. We then symmetrize over z
and, because the two contributions originally come from different halves of
the Z axis, they have opposite convergence factors, giving

S(z12) = 2 <zi - (;_ n)> () + (TR()TY + (TR(z2)T)}
= 252%:7772 {{I) + (TR(G)T) + (TR(z2)T)} (9.67)

In the limit that n — 0, we obtain
S(z1,22) = 2(2m0 (21 + 22)) {{(J)) + (JR(21)J)) + (JR(22)J)) (9.68)

The 27 (21 + 22) forefactor originates from the time-translational invariance
of the correlator. Translating back into Fourier space, we have then

S(w) =2{ (I + (TR@)T) + (JR(-w)J) } (9.69)
with
~1
Rw)=Q; =@ (9.70)

where @ = 1 — |¢0)) (o] is the projector out of the null-space of L. In this
same notation, the current is

1) = (7))} (9.71)

The zero frequency noise is then

$(0) = 2{ (1) +2(JR(0).7) } (9.72)
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9.6.2 Total current and the Ramo-Shockley theorem

The above frequency-dependent result does not directly give the finite-
frequency noise measured in experiment since this result, just as Eq. (8.12),
describes the particle current only and neglects displacement currents aris-
ing from charge accumulation. Note that the zero-frequency result does not
suffer in the same way as the charge accumulation contribution disappears
in this limit. Fortunately, the effect of the displacement current can be eas-
ily incorporated with help of the Ramo-Shockley theorem (1938/39), which
states that the total instantaneous current through a two barrier system of
capacitances Cf, and Cp is given by

— CR CL —
I(t) = mIL(t) + mIR(t) = alyp(t) + BIg(t), (9.73)

with a4 = 1. Translating this into QM operators, we see that the shotnoise
in frequency-domain will have the form

S(w) = a*Srp(w) + B Srr(w) + aB (SLr(w) + SLr(W)) (9.74)

where the noise correlator Sxy correlates currents through leads X and Y.
These correlation functions can be evaluated as in the preceding subsec-
tion with the following modifications. We write the Liouvillian in terms of
both left and right current superoperators, and associate with each its own
counting field: L(x) = Lo+ eXRJg+eXL J. The auto-correlation functions
Sxx(w); X = L, R are then obtained from twice differentiation of the CGF
with respect to the single counting field xx and yield forms identical to
Eq. (9.69). The cross-correlators Sxy(w); X,Y = L, R are obtained from
differentiation of the CGF once with respect to x, and once with respect to
Xr in the appropriate interval (z-variable). The cross-correlators are thus
found to be

Sxy (@) =2{ (IxR@)Jy) + (JxR(—w)Iy ) } (9.75)

In this way, the total noise can be determined in the master equation ap-
proach.
The Ramo-Shockley result can be expressed as

S(w) = aSpL(w) + BSrr(w) — afw?So(w) (9.76)

where Sg(w) is the charge-charge correlation function of the dot. This latter
form shows how the charge-accumulation contribution disappears for w — 0
and that the noise with this contribution is always less than that without,
since Sg(w) > 0.
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9.6.3 Double Quantum dot

An interesting model in which to study finite frequency noise is the DQD
since the existence of an internal quantum degree of freedom is visible in
the finite-frequency noise as a resonant structure. Figure Fig. 9.4 shows
some finite-frequency results for the DQD (Aguado Brandes). The previous
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Figure 9.4: a) Fano factor vs. bias e for different dissipative couplings
a. Parameters T, = 3, I' = 0.15, w, = 500, wy = 10, T = 2 (in peV)
correspond to typical experimental values in double quantum dots. Lines:
acoustic phonons, circles: generic ohmic environment wg = 0 (see text). b)
Frequency dependent current noise (« =0, "= 0, I' = 0.01). Inset: (Top)
Contribution to noise from particle currents Sy, (w)/2el. (Bottom) Charge
noise contribution w?Sg(w)/8el. a = b = 1/2. From Aguado & Brandes,
Phys. Rev. Lett. 92, 206601 (2004)

calculation is also capable for giving higher-order frequency-dependent cor-
relators. In Fig. 9.5 some results for the frequency-dependent skewness are
given (Emary 2007).
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Figure 9.5: Frequency-dependent Fano skewness for the double quantum dot
in Coulomb blockade. (a) Contour plot in the strong coupling regime, T, =
3I'g, with 'y, = ' and € = 0. (b) Sections F®) (w,0) and F®)(w, —w), and
shotnoise F?)(w) show a series of abrupt increases with increasing w. Both
noise and skewness exhibit both sub- and super- Poissonian behaviour (c)
Varying the internal coupling T, the skewness shows rapid increases along
the lines w = A and w = A/2. For w > A the system is Poissonian (slightly
super-Poissonian for w 2 A), while for w < A the transport is always sub-
Poissonian. The skewness is strongly suppressed at low frequencies. (d)
The derivative dF®)(w, —w)/dw as a function of frequency and detuning e
for T, = 3T';, = 3T'g. Resonances occur at w = A, A/2 and ~ T'g.



