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ABSTRACT

On-demand single electron sources (SES) are of key importance for future elec-
tronic applications such as metrology or quantum optics with electron. They
allow for achieving a controlled, low-fluctuations flow of particles in a coherent
mesoscopic conductor. One way to characterize the precision and spectrum of the
injected single-particle state from these sources is to study correlations of charge-
and energy currents.

We analyze a prominent example for such single-electron sources which is the
emission of single electrons from a driven mesoscopic capacitor in the quantum-
Hall regime. By employing the Floquet scattering approach, we study the features
of this source in charge- and energy-current noise. Whereas the charge-current
noise is proportional to the number of emitted particles, the energy-current noise
is sensitive to properties of the driving potential. When the mesoscopic capacitor
is driven slowly, we compare its features with the application of a Lorentzian-
shaped, time-dependent potential to a coherent conductor. Both sources emit
exactly the same pulse but with different type and number of particles.

In contrast to charge currents, energy currents and their fluctuations are more
difficult to access experimentally. We theoretically propose a setup for the de-
tection of fluctuating charge and energy currents, as well as their correlations,
generated by an arbitrary time-dependently driven electronic source. Employing
the Boltzmann-Langevin approach, we show that these fluctuations are detectable
through a read-out of frequency-dependent temperature and electrochemical-pote-
ntial fluctuations. We discuss the feasibility of our detection scheme for a con-
crete example of the mesoscopic capacitor setup in the quantum Hall regime.
Finally, we review different, experimental-related aspects that should be taken
into account when optimizing the proposed detection scheme.

Keywords: single-electron source; time-dependently driven mesoscopic capaci-
tor; Floquet scattering theory; charge current; energy and heat currents; fluctua-
tions and noise; Boltzmann-Langevin approach.
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1 Introduction

Miniaturization of electronic devices to the mesoscopic and nanoscale regime, over
the last 30 years, has enabled one to address charge transport on the same scale.
On-demand single electron sources, which are one kind of mesoscopic devices, are
of key importance for future electronic applications. In fact, driven single electron
sources allow for a controlled and noiseless injection of particles into a coherent
mesoscopic conductor, which is of interest for both experimental and theoretical
research. For instance, in metrological applications [1], one aims to redefine the
standard unit of Ampere with an accurate source emitting one discrete electron-
charge e per period at frequency in the GHz regime. Other novel applications
are related to quantum information processing [2] and quantum optics with elec-
trons [3, 4] in the quantum Hall regime. In the latter case, the possibility of
achieving a tunable synchronization of electrons emitted from such sources was
essential for implementation of fermionic interferometers (such as, Mach-Zender
interferometer [5] and Hanburry-Brown-Twiss interferometer [6]), in analogy to
their photonic counterparts.

For all of these applications, one needs an accurate on-demand single elec-
tron source with low fluctuations. Such a source can be characterized by study-
ing transport quantities, and in particular, noise. = Importantly, the precision
of sources that inject single electrons into a mesoscopic conductor cannot be
accessed by studying only the average charge current, as it contains no infor-
mation on the statistics of particles. Therefore, one has to resort to the second
moment of the statistics, which corresponds to the low-frequency charge-current
noise [4, 7-9], and it provides information on the number of injected particles,
including the neutral electron-hole pair excitations. The particles injected from
the source carry energy [10-13] in addition to their charge. In recent years, this
has motivated theoretical research on the fluctuations of energy currents, and also
mixed correlations of charge and energy currents as a spectroscopic tool for both
static [14-19] and driven systems [20-24]. Understanding these, are of essential
importance for efficient application of on-demand sources, because we get infor-
mation about energy properties and quality of the emitted pulses. Finally the
question arises how charge current, heat current and their corresponding noises
are experimentally accessible in order to characterize single electron emitters.

The detection of charge-current fluctuations has extensively been studied for
different kind of sources in Refs. [4, 9, 25, 26]. However, in contrast to charge
currents, energy currents —both their average and their fluctuations— are difficult
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to access experimentally. For instance, Battista et al. [22] suggested to measure
power fluctuations in order to detect heat-current noise in the situation when the
single electron source realized by employing a time-dependent bias voltage. In
this thesis, we propose another feasible way to access energy- and charge-current
fluctuations caused by time-dependently driven single-electron sources. Our sug-
gestion is to measure temperature and electrochemical-potential fluctuations [27—
29] in a probe contact.

1.1 On-demand single-electron sources

This thesis analyzes two different ways of how to create single electrons: First,
in the quantum-confinement regime with a time-dependently driven mesoscopic
capacitor [6], single electrons are pumped from a time-dependent QD to a quantum
Hall edge state through a quantum point contact (QPC). This source is of key
importance for fermionic quantum optics. Second, without dealing with quantum
confinement, single electrons can be emitted by applying a time-periodic bias
voltage across a junction thereby minimizing additional excitations of electron-
hole pairs. In this thesis, we consider the ideal case, namely, when a Lorentzian-
shaped time-dependent potential is applied to a coherent conductor [4, 30-32].

There are also many other feasible approaches, for instance: (i) by using surface
acoustic waves, see Refs. [33-35], single electrons from a quantum dot (QD) move
from one side to the other of a conductor created by a two-dimensional electron-
gas (2DEG) with the velocity of the surface acoustic wave; (ii) in superconducting
turnstiles [36], by connecting a superconductor island to two normal leads. Single
electrons can tunnel from normal lead to the superconductor if the charging en-
ergy, which is created due to the energy gap, can be provided by applying a gate
or bias voltage.

1.1.1 Time-dependently driven mesoscopic capacitor

The first realization of a mesoscopic capacitor working as an accurate single-
electron source has been demonstrated by Feve et al. [6]. This experiment employs
quantum-Hall edge state created in 2DEG by a application of a large perpendicular
magnetic field. A QD with discrete energy spectrum and level spacing A is coupled
to an edge state at one side of a coherent conductor. The connection is made
through a QPC which works as a beam splitter with transparency Dg and it is
controlled by a gate voltage, see in Fig. 1.1(a). After injection from a mesoscopic
capacitor, particles propagate ballistically along the edge state in a coherent way.

By applying a time-periodic voltage to the QD, one of the energy levels can be
moved above the Fermi level, so that an electron is emitted. When the energy
level is brought back to its initial value, one hole leaves the dot, or in other words,
the level become again occupied by an electron, Fig. 1.1(b). Then, the electron



Figure 1.1: (a) Scheme of the mesoscopic capacitor. It contains a quantum dot
(QD), coupled to a two-dimensional electron gas (2DEG) through a quantum point
contact (QPC) with transparency Ds. (b) A sketch of the single particle emission,
with the application of a time-dependent gate voltage: (1) The QD is initially in
equilibrium. (2) By increasing the potential, one occupied level of the QD can be
brought above the Fermi sea, so thal one electron is emitted. (3) Then, the energy
level of the QD is brought back to its initial value and one electron can enter the QD,
which corresponding to the emission of a hole [6].

and the hole propagate along the 1D edge state in the 2DEG. The direction of
such a propagation id indicated in Fig. 1.1(a) by the red arrows. More details
of the working principle of this setup is explained in Chap. 3. The mesoscopic
capacitor is also called single-electron gun, since it injects exactly one electron
and one hole, one after the other.

1.1.2 Lorentzian bias voltage

Creating single particles without quantum confinement has been studied theoret-

ically by Levitov et al. [30-32], and experimentally confirmed in by Dubois et

al. [4]. It is known fact that by applying a regular periodic voltage, for instance, a

sinusoidal voltage on a conductor, a bunch of electron-hole pairs is excited, shown

in Fig. 1.2(a). However, by applying a particular shape of the voltage, pulse of a

quantized single-electron charge can be generated onto the surface of the Fermi

sea without extra electron-hole pairs. This is achieved by a voltage pulse that
changes periodically in time like a Lorentzian function,

oo

Vb(t) = ﬁ Z W2 .

€T oo (t —nT)" + W2

By applying this voltage, the excitation of an electron-like particle is created,

which propagates coherently through the conductor. This single-electron excita-

(1.1)
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(b) Levoiton

Figure 1.2: (a) By applying a sinusoidal pulse, many electron-hole excitations are
created out of the Fermi sea. (b) By applying Lorentzian pulses, a single Leviton is
created.

=
E
v
(0]
(V)

tion has recently been called a Leviton [4], see Fig. 1.2(b).

1.2 Thesis outline

The topic of this work is a theoretical study of on-demand single electron sources.
We start by introducing Floquet scattering theory in Chap. 2, to study transport
quantities in a time-dependent mesoscopic system. It is followed by Chap. 3 where
we describe the emission of injected particles from two different sources: First, the
adiabatic-response of a slowly driven mesoscopic capacitor in a chiral system, and
second, a Lorentzian-shaped bias voltage applied to a coherent conductor. We
study precision and spectral properties of these systems through charge current,
energy current and their fluctuations with the help of Floquet scattering theory.

In Chap. 4, we focus on the mesoscopic capacitor source. We show how slightly
increasing the driving frequency of the potential (requiring a treatment, which
includes one order higher in an expansion in the driving frequency) leads to a
modification of the temporal pulse, the energy properties without modifying the
number of emitted particles.

In Chap. 5 we briefly overview the appended paper. We propose there a ex-
perimental method allowing for the extraction of transport properties which are
studied in previous chapters through reading out macroscopic fluctuations. Specif-
ically, we theoretically derive the relation between the charge current, energy
current, and their fluctuations with electrochemical potential and temperature
fluctuations in a probe contact. Moreover, we discuss experimental issues in de-
tecting of these quantities in the time-dependently driven mesoscopic capacitor.
We give an overview of different, experiment-related aspects that should be taken
into account when optimizing the proposed detection scheme. Finally, all results
of the work are summarized and presented in Chap. 6.



2 Theoretical description of
time-dependent transport
phenomena in mesoscopic
systems

Over the past two decades, a scattering matrix approach, also referred to as the
Landauer-Buttiker approach [37, 38|, has proven to be an invaluable tool to study
both equilibrium and non-equilibrium transport phenomena in non-interacting
mesoscopic systems. In particular, the time-dependent (Floquet) scattering the-
ory [39, 40] is used to describe a periodically driven mesoscopic system.

In this chapter, we present a review of the basics of Floquet scattering theory.
Within this framework we derive transport quantities, such as charge current,
energy current and their fluctuations, to characterize the system.

2.1 Setup

Our aim is to investigate transport properties in a periodically driven mesoscopic
system. For this purpose, we introduce here a generic setup that captures main
features of systems of interest in this thesis. In particular, it consists of a coherent
mesoscopic conductor referred to as a scatterer connected to two contacts via

Figure 2.1: Schematic representation of the system under consideration: A scattering
region (red area) is periodically driven with frequency Q0 (red area) connected to two
electronic reservoirs (yellow area) via leads (green area). Particles with energy E
emitted from the L(eft) reservoir can be reflected or transmitted by the scatterer while
absorbing or emitting n Floquet quanta of energy (red arrows).
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ideal ballistic leads, as illustrated in Fig. 2.1. The system can be brought out
of equilibrium with a periodically time-dependent potential energy. For example,
this can be achieved either by applying a gate voltage to the scattering region
or by applying a bias voltage to the contacts, see Chap. 1 for the two example
systems treated here. Both left (&« = L) and right (« = R) contacts act as
an reservoirs of non-interacting electrons with well-defined temperature T, and
electrochemical potential p,. Furthermore, it is assumed that the temperature
and electrochemical potential are not affected by the flow of particles into and
out of the reservoir'. The scatterer and the reservoirs are connected to each
other through ballistic leads. Each lead can support N transport channels which
basically work as waveguides for electrons, however, for simplicity we consider
here only one channel per lead. Electrons injected from reservoirs propagate
coherently in the leads and can either be reflected or transmitted through the
scatterer periodically driven with a frequency of Q = 27 /T, where T is the
period of the driving. In the next section we study this scatterer through Floquet
scattering matrix.

2.2 Floquet scattering matrix

According to the Floquet scattering theory [40-42], electrons can absorb or emit
n energy quanta h{) (Floquet quanta) when scattering at a time-dependent po-
tential energy, as schematically indicated with the red arrows in Fig. 2.1. In the
following, we derive a relation between the incoming and outgoing wave functions
by introducing the Floquet scattering matrix.

The time-dependent Schrédinger equation for an electron in the scattering re-
gion, characterized by the wave function @ and mass m, is given by

t, 7
WD _ ) + vo) e, 2.)

with the potential energy U(t) being periodic in time, U(t +T) = U(t). The
Floquet function method [43, 44] assumes that if ¢ (¢, 7) is a solution to Eq. (2.1),
then so is ¢(t+7, 7). This result is known as the Floquet theorem. Consequently,
in analogy with the Bloch theorem, the wave function can be written as

W) = e RS ity (7). (2.2)

q=—00

This so-called Floquet wave function is a superposition of an infinite number of
sidebands corresponding to different energies. Note that in the stationary case,
that is, when driving in the scattering region is switched off, only the term with
q = 0 survives. The energy E is not uniquely defined, which means that if F

'Note that, this is only the case until Chap. 5



changes by an arbitrary number p € Z of energy quanta to E + phf2, the wave
function remains unaffected. Thus, it is convenient to choose the energy E to be
the Floquet energy, since it is defined up to the energy quantum Af).

The wave function in the leads (outside of the scatterer ), which is a superposi-
tion of impinging wave functions and outgoing wave functions from the scatterer,
is described also by Eq. (2.2) [45]. Note that impinging wave functions are de-
scribed by Eq. (2.2) with ¢ = 0. We add index @ = R (L) to the wave function
Yaq(T) which refers to the wave function associated with the right (left) side of
the conductor with respect to the scattering region. The unknown wave func-
tion 1),4(7) is derived by solving the time-independent Schrédinger equation for
a stationary Hamiltonian in the leads,

P2 P2,
H,(7) = —oz 4 oL 2.3
)= om T am (2:3)
Eigenstates 14,4(7) of H,(r) can be expanded in orthogonal basis states
Vg X Xa (7L )eHoo®. (2.4)

Here, koq = \/ 2m(E, — E,)/h is the wave vector of an electron moving freely in
the longitudinal direction (x-axis) and (7)) is the standing wave which describes
the transverse component of the wave function. The wave function 1,,(7) is the
superposition of incoming and outgoing basis states in lead «. The basis states
which enter the scatterer are described by Eq. (2.4) with & > 0, while these exiting
the scatterer are given by Eq. (2.4) with £ < 0. The full state in the lead « reads
as

y 3 aw(E,) balEy) | _orw
o(t, ) = [ dE xo(FL) Y | —mm=ezethen® DA _omtheat | =170 (2.5
valtF) = [ 4B xa(7) g { hwa(Ey) hwo(Ey) 29

where v, (E,) is the velocity of each state. Here, a,(E,)/\/hva(E,) is the prob-
ability amplitude of the current carrying states into the scatterer at the energy
E, ', and b, (E,)/\/hve(E,) is the probability amplitude of the current carrying
states from the scatterer at the energy E,,.

If we assume that the incoming coefficients a,(E,) are known, the outgoing
coefficients b, (E,) are found from

b(E)= S Seas(By En)as(En), (2.6)
B=L,R m=—00

Note that E, is equal to E + ghf2. Since the Floquet energy F is defined up to h{2 and ¢ can
take negative numbers, also E, can be negative. As a result, £, — E, can become negative,

leading in turn to imaginary koq = \/ 2m(E, — E,)/h, which corresponds to a bound state that
does not contribute to transport.
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where Sy og(Ey, Ey) is the Floquet scattering matrix. All information about
transport properties are encoded in this matrix. The amplitudes of this matrix
depend on two energies: First, the incident energy E + mhf) from the lead S,
and second, the scattered energy E + ghf) to the lead a. The number ¢ — m is
the amount of absorbed or emitted energy quanta, which means that energy is
not conserved during a scattering process. However, in the stationary case (when
the driving is off), these amplitudes are entirely determined by the incoming en-
ergy [46]. Therefore, the relation between the incident and the scattered amplitude
reduces to bo(E) = > s-1r Sap(£)as(E), meaning that energy is conserved.

Conservation of the number of particles during the scattering process leads to
unitarity of the Floquet scattering matrix,

>N Sk ap(Eny En) Sk any(En, E) = 6m00s- (2.7)

2.2.1 Second quantization

In order to calculate the transport quantities, it is convenient to use the second
quantization representation. To use this formalism, the amplitudes are replaced
by annihilation [creation] operators G, (E) [a},(E)] corresponding to an incoming
clectron from a reservoir av at energy E. Likewise, by(E) [b],(E)] refers to an an-
nihilation [creation| operator corresponding to an outgoing electron to a reservoir
a at energy E. The field operator is determined after replacing a,(E) and b, (E)
in Eq. (2.5) with a4 (E) and b,(E), respectively. This yields

)= [dB ff;“ [Ga(Ee™ s + ba(Ee ] e, (28)

\/ R
)= [apy el W 6B B (B)ee] et (2.9)

Using these field operators, we can define current operator in terms of the incoming
and outgoing operators. If we assume that the incoming operators are known, the
outgoing operators are defined by

S S Seas(Eyp En)is(En). (2.10)
5:L7Rm:foo

HE)= S S Shos(Ey Bn)dl)(En). (2.11)
/BZL’R’ITL——OO

The operators ag(E) and bo(E) are fermionic operators, reflecting the fact that
we are dealing with electrons. Therefore, they obeys anti-commutation rules,
{dL(E), dg(E’)} — 0,30(E — E'), and the same holds for bs(E).

As it will be seen in Sec. 2.4, to derive currents and their fluctuations, we
need to evaluate the quantum-statistical average of products of pair operators,



(af (E)ag(E")) and (b} (E)bs(E')). Assuming that the reservoirs are in an equi-
librium state, the statistics of the incoming operators can be determined by the
equilibrium statistical properties of the reservoirs. These properties are char-
acterized by the Fermi-Dirac distribution function of the reservoir, f,(F) =
1/[1 + elFmra)/keTe] with temperature T, Boltzmann constant kg and electro-
chemical potential u,. Consequently, the expression describing the distribution
function for the incoming particles is

(l,(E)ag(E")) = 6apd(E — E') fo(E). (2.12)

The statistics of the outgoing operators derived using Eq. (2.10) and Eq. (2.11),are
given by

(BL(E)bs(E)) = X Z St.aa/ (B, En)Sr,pe(E', By ) il (Ba)as (Ey,)).

o/ ,B' nym=—00

For the stationary case, the relation above reduces with the help of Eq. (2.12) to
(01, (E)ba Z|Sa5 ) fo(E).

2.3 Time representation of the scattering matrix

We have introduced above the scattering matrix in the energy representation.
However, in next chapter where we describe the mesoscopic capacitor, another
representation of the scattering matrix will be more convenient to use. By means
of a Fourier transform, the scattering matrix can be expressed in time space,
S(t,t), in which the incident particle at time ¢ can be detected at ¢. For our
purposes, a more useful representation is actually the mixed time-energy form.
Performing a partial Fourier transform it can be written in the form

S(t,E) Z e ¥ S(E,, E), (2.13)
and T dt
S(E,, E) = e ™ S(t, E). (2.14)

The scattering amplitude S(¢, F) is determined by the energy of the incident par-
ticle E and the time ¢ when the particle leaves the scatterer. This representation is
consistent with the Heisenberg uncertainty principle: When the time of departure
from the scatterer is well defined, see Eq. (2.13), then the energy of the particle
is not defined and its energy can be one of E,, = E + nhf).

Inserting the definition of S(¢, F) into Eq. (2.7), and making the inverse trans-
formation, the unitarity condition is expressed as follows:

T dt

mQt R - 7
[ e 81, E) (1, E) = bl (2.15)
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This property will prove especially useful for reducing the number of scattering
amplitudes that contribute in the transport quantities, when calculating current
noises in Sec. 2.6.

2.4 Charge current

The charge current operator can be derived by using the continuity equation
together with the Schrodinger equation. Let us begin with the continuity equation
for particles, which can be written as

0P >
o 2.1
o V]a(T,t), ( 6)

where j, is the particle-current density, and p, =|14|* is the particle density.
Note that below for the sake of compact notation, we use ¥, (t,7) = 1b,. From
the Schrodinger equation we have ihdyp, = Hv, and —ihop)), = H), where
H(7) = —V2h2/2m + U(t). Therefore, the left side of the equation above can be
calculated as follows,

dya

d *
a [¢a¢a] - wa + ¢a dt
h L &
= 5V [V va — 07, Vida] (2.17)

By comparing above equation with Eq. (2.16), we can extract the particle-current
density. By substituting wave functions with field operators, we can define the
particle-current density operator as

|2

d¢*

T Dt 7
B g2t D (5] @iy

Ja(T)t) =

Our aim is to calculate the charge current operator which is defined as fa(x, t) =
—e [dr Lja(ﬁ t), where dr; indicates the integral over the cross section of the
lead a and the electron charge is —e while e > 0. Now, we express the current
operator in terms of the incoming and outgoing operators, Eq. (2.8) and Eq. (2.9),
and we obtain (further details can be found in App. A)

(1) = —% [[ dBapeE=En {ZSL(E)@Q(E’) - aL(E)aa(E')}. (2.19)

The time-dependent charge current is obtained by evaluating the quantum aver-
age of Eq. (2.19), where the quantum averages (a/,(F)a,(E')) and (bl (E)b(E'))
are given by Eq. (2.12) and Eq. (2.13):

Lo(t) = (Ia(t))
_ _% %Zl [ ABe™52 (B, B)Sas(Er, B){fs(En) = fa(E)}.  (2:20)

2ma
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Moreover, the time-averaged charge current, I, = (1/7) fJ dt(I,(t)), is given
by

==7 ¥ % [ABISw(EEN {fuB) - (B} (221

B m=—00

Note that the charge current in the stationary case (time-dependent potential is
switched off) is obtained by substituting S,s(E, E,) with S,s(E)d,0 in the above
equations.

2.5 Energy current

Particles carry energy independent of their charge. Thus, by studying energy cur-
rent, we can get information about the energy properties of the injected particle.
The starting point is now the continuity equation for energy,

0"

V_’ - E
e 2-22

where j¥ is the energy-current density and p¥ = (H) is the energy density. Notice
that since the time-dependent potential pumps here energy into the system, we
have to add a source term p& to the continuity equation. This term, p&, is called
energy density of a source. Following the same line as for the charge current, we
consider first, the left hand side of this equation. Therefore, we look at the energy
density separately, and start to calculate the expectation value for the energy of
an electron with Hamiltonian (¢, 7) = —V2h2/2m + V(2),

(H) = (6| H|p) /dr/d (17 (P H ) ()

= / A7 [(|7) (P H ) + ([ H[ ()],
(2.23)

and for its time derivative,

Ly
Oup" = 5 [ A7 O [ IF) (FH ) + (6 HIFY(F1Y)] (2.24)
Then, the integrand is transformed with the help of the Schrodinger equation,

[<¢I7’><“|H|¢> (WIH|7) (1))

2
WO = I (00920 + 0 P20 + 0P +6T%00) . (225)
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After doing some straightforward algebra, given in App. B, the Eq. (2.24) can be
reformulated as

g _OV(t)

ot
2
_ h_v VN Op — OV 4+ YV Ot — OVt — —V( IG )] :

(2.26)

Orp

If we now compare the equation above and Eq. (2.22), we will find out that the
first term in Eq. (2.26), due to the power provided by the time-dependent driving,
acts as a source term, meaning that

g _ V()

Ps =5, P (2.27)

and from the second term of Eq. (2.26), the energy-current density is found to be
E B’ —~ — — —
JEG) = ¥ [0 = 000 + 00 - e — Vi)

(2.28)

The energy-current density operator 7% is determined by replacing the wave func-

tions with the field operators in the equation above. In the following, when con-

sidering the mesoscopic capacitor, we take V' (t) = 0 in all reservoirs. Therefore,

the total energy current operator, I7(x,t) = [ di\ jZ(7,t), is defined by

E+F

I2(t) = / dEAE =2 F-E (3 (B)D,(E) — 6l (B)aa(E)} . (2.29)

Taking the quantum average of the energy-current operator, we obtain the time-
dependent energy current,

Lh$2 :
Iy [am <E+ . )e”QtS;ﬂ(E,En)Sag(El,En)

6 n,l
X {fﬂ(En) - fa(E)} . (230)

In analogy to the charge current, we also obtain the average energy current
by integrating the time-dependent energy current over one period of the driving,

IE = (1/7) fgdtlf(t) and we get
% Y. [ABEISu(B. B (sl Ea) - ful E)}. (2:31)

Note that in the context of transport, the relevant physical quantity is the
heat current. This quantity corresponds to the energy carried by particles, and



13

measured with respect to the electrochemical potential of the relevant contact
when V(t) =0,
To(t) = IP(t) + P, ). (2.32)
e

The time-average heat current is then achieved by taking the average of the energy
and the charge current.

2.6 Current noise

So far, we have focused on the expectation value of the charge, the energy and
the heat current. However, these currents can also fluctuate. We analyze these
fluctuations through their noise spectra in order to get additional information
about the transport properties in mesoscopic conductors.

We follow Ref. [46] to explain the origin of noise in a mesoscopic coherent
conductor. In general, the two main sources of noise in these type of systems are
thermal fluctuations (thermal noise), and fluctuations due to random emission of
particles (shot noise). At finite temperatures, thermal noise leads to fluctuations
of the occupation of states in a conductors, which is charactrized by the occupation
number n that can equal either zero or one for each fermionic state. The statistical
average of the occupation number is given by the Fermi distribution function
(n) = f. At equilibrium (i.e., without applying any external voltage) fluctuations
of the occupation number away from its statistical average are given by

((n—=(n))*) = f(1=f). (2.33)

When the system is driven out of equilibrium (with a bias voltage or a time-
dependent gate voltage) into a transport regime, one can observe shot noise, even
at zero temperature. Shot noise in an electrical conductor is a consequence of
charge quantization and provides information which cannot be obtained from a
conductance measurement alone. To demonstrate the origin of shot noise, we
consider the same system as in Fig. 2.1 where the scattering region is a barrier
(stationary case) with energy-independent probability for transmission D and
reflection R =1 — D. Then, a stream of particles is sent towards the barrier.
Let us indicate the occupation number of the incident state by n,.. This state is
occupied with probability 1 and on the average (nin.) = 1, thereby the fluctuation
Anine = Nine — (Nine) = 0. Consider now the transmitted state and the reflected
state characterized by the occupation numbers np and n;_p, respectively. Since,
due to scattering, a particle is either transmitted or reflected, we have (npng) = 0.
The average occupation numbers are (np) = D and (ng) = 1 — D, and owing
to the fermionic nature of electrons the average of squares occupation numbers
are ((np)?) = D and {(ng)?) = 1 — D. Using this, the mean squares of the
transmitted and reflected beams as well as and their correlations are given by

<(ATLR)2> = <(ATLD)2> == —<ATLDATLR> == D(l - D) (234)
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Such fluctuations are called partition noise because the scatterer divides the in-
cident stream of particles into two streams of integer particles. The partition
noise vanishes both in the limit of a transmission probability of unity and for
vanishing D.

Let us provide a more formal derivation of Egs. (2.33) and (2.34) by employing
currents operator instead of occupation numbers. By calculating the quantum
statistical expectation value of the correlator between the current fluctuations,
we can determine the low frequency spectral density of the current noise P(i(ﬁy(w).
Using the Landauer-Buttiker formalism [38, 46], we have

2m6(w + )P (w) = %<{5f<a<w>, 575w b, (2.35)

where AX = X — <X ) is the current fluctuation. The charge-current noise Péé
is obtained by replacing operators X and Y with the charge current operator,
Eq. (2.19). Importantly, by substituting X and Y with I”, energy-current noise
Po%E is defined. This quantity is of the central interest in this thesis, as it allows
for obtaining information about energy properties of the scattering regime. The
mixed-current noise which stems from the fact that emitted particles carry both
charge and energy, is described with the correlation between the charge-current
operator X = I and the energy-current, operator Y = IF and shows different
features from those of the charge- and energy-current noises. The current noise
can be detected in the reservoirs «, f = L, R. The case of a = ( is referred to as
the auto-correlation noise while the case of a # (3 is known as the cross-correlation
noise.

2.6.1 Zero-frequency noise

The current noise P(i(ﬁy(w) at zero-frequency can be written as

P (w=10) = / Tt e At (AX (') AYs(t + 1), (2.36)
0 T —00

By employing the Floquet scattering theory [47], the zero-frequency noise is iden-

tified to have two different physical contributions. The first one stems from cor-

relations due to the particle exchange between two different reservoirs, therefore,

and we will refer to it as the transport part of the noise. It is given by

PY X [AB g, £y (B [~ fy(En)

h 2w

X Sor (B, En)Spy(Ey, En)San(E, Em)S5, (Eq, Em). (2.37)

On the other hand, the second contribution originates from correlations due to the
exchange of particles between states with different energies in the same reservoir,



15

and thus, it is called the interference part of the noise,

1
Pt =3 X X [dBwy, £3(Ea) (1= f,(Bw)
Y n,mq

X Sp (B, En)Spy(Ey, En)Son(E, En)Ss, (Ey, Em)

— %; /dE TYq |Sa5(E» Eq)|2fﬁ<Eq> [1 - fﬂ(E‘I)]

52 [ (S50l ) o] £l ) [~ Fol).

(2.38)
Here, the expression for the charge-current noise P!/ is obtained when x = y = —e
and z, = y, = —e . The energy-current noise PEE is acquire by replacing z,y = F

and 7, = y, = F + ¢hQ) . The mixed-current noise P'Z, is given when z = F and
vy = F +qhf) and y, =y = —e.

So far, we have formulated the transport quantities in the presence of the time-
dependent potential energy, using the Floquet scattering matrix. However, cal-
culating these quantities is a complicated task, in general. In the following, we
are concerned with finding a regime in which, the calculation of these quantities
is analytically possible.

2.7 Adiabatic approximation

To calculate the currents and their corresponding noises in terms of the Floquet
scattering matrix, we need to solve the full time-dependent scattering problem
which can only be done numerically. However, when the dynamical properties of
the scattering region vary slowly, compared to the time a particle spends in the
scatterer, an adiabatic approximation can be used instead. Such an approximation
remains valid as long as the following condition is satisfied,

h$2

5E < 1. (2.39)
Here, 0 F is the interval energy over which the scattering matrix changes signif-
icantly, and €2 denotes the driving frequency with which the scatterer is modu-
lated in time. In this limit, the Floquet scattering matrix can be expressed in
terms of the frozen scattering matrix [40]. The frozen scattering matrix is not a
real time dependent matrix, it rather corresponds to a stationary scattering ma-
trix parametrized by time i.e., S(x(t), F) where x(t) = {xl(t),xz(t), 'y TN, (t)}
Therefore, the adiabatic Floquet scattering matrix can be written as S© (¢, E) =
S(x(t), E), where x(t) is a set of parameters changing slowly and periodically in
time x(t) = x(t + 27/9Q).
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The Floquet scattering matrix in the zeroth-order approximation is given by
the Fourier transform of the frozen scattering matrix,

StE)~ SOt E) = Y e ™S (B). (2.40)

n=—oo

The elements S,(E) are the Fourier coefficients of the frozen scattering matrix
determined by the incident energy E and the transfered energy nhf2,

A A

Soa(E, Ey) = Su(B). (2.41)

By inserting this equation in Eq. (2.7), we can see that this approximation still
satisfies the unitarity condition up to the lowest order.

2.7.1 First-order approximation

In Ref. [47], the next leading (first) order in €2 of scattering matrix can be expanded
through the frozen scattering matrix at the average of the initial and the final
energy, Sn( E,+ E]/ 2). One can then expand the frozen scattering matrix up to
the first order in 2 and we end up with

. . nhQ 95,(E)

+ QA (E). (2.42)

Here, A, (E) is introduced for the unitarity condition Eq. (2.7) be to satisfied !. In
Chap. 4 we derive the first-order correction of the scattering matrix to study trans-
port quantities in the time-dependently driven mesoscopic capacitor beyond the
adiabatic-response regime. We do this by explicitly expanding the time-evolution
in the scattering matrix due to the periodically driven gate potential applied to
the capacitor and find a result that exactly coincides with Eq. (2.42).

Note that in this thesis because of our specific setup, A, (E) is zero. However, one would need
to include this term, in systems with backscattering.



3 Characterization of on-demand
electron sources

In this chapter, we investigate two different types of single-electron emission pro-
cesses: First, from a driven mesoscopic capacitor [6], and second, from a time-
dependent Lorentzian-shaped bias voltage [4, 30]. By employing time-dependent
scattering theory we study transport phenomena, such as charge current, heat
current and their corresponding noises as a spectroscopy tool to compare single
particle pulses emitted from the two sources.

We start by describing the Floquet scattering matrix for two different setups:
(i) a chiral setup including a slowly driven mesoscopic capacitor, and (ii) a non-
chiral setup including a time-dependent, Lorentzian-shaped bias voltage. The
main objective of this chapter is to compare these two types of setups analyti-
cally by studying transport quantities with the help of a Floquet scattering matrix
approach.

We find that the two setups emit particles with equivalent energy spectra, how-
ever, they differ from each other in the number of emitted particles and design of
the systems.

3.1 Emission schemes

Here, we describe the two different types of sources which were introduced in more
details in Chap. 1. In both systems, there are two electronic reservoirs, which are
kept at the same temperature, kgl'. They are connected to each other via a meso-
scopic conductor that includes a central scatterer, a QPC of energy-independent
transparency D. Single electrons are injected from the left side and impinge on
the central QPC from which they are scattered into either reservoir L or R. In
this section, we describe the scatterer by the Floquet scattering matrix, which is
comprised of two parts: first, the central QPC, and second, the single electron
emitter.

3.1.1 Time-dependently driven mesoscopic capacitor

As Fig. 3.1(a) shows, the main ingredient of setup A is a chiral mesoscopic con-
ductor. In the quantum Hall regime, single-channel edge states [red lines in

17
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(b)

Figure 3.1: (a) Sketch of the setup A, the single particle source (SPS) consists of
a mesoscopic capacitor with a time-dependently driven voltage Vy(t). The capacitor
is coupled to the edge state of a 2DEG (the green area) through the QPC with trans-
parency Ds. Injected single particles from the capacitor propagate along an edge state
( red lines with arrows) in the 2DEG. These particles can be reflected or transmitted
by the central QPC with transparency D. (b) Principle of the single electron emission
by the mesoscopic capacitor, it emits one electron/hole separately when an energy level
of the QD resonates with the Fermi level of the reservoir. The level spacing of the
capacitor is A = h/T.

Fig. 3.1(a)] arise due to the application of a high magnetic field perpendicular
to a two-dimensional electron gas (2DEG).

It is assumed that only one edge state contributes to the transport, and acts
as an electron waveguide. The core of setup A is a mesoscopic capacitor. It
is coupled to the left-top edge state via a QPC with transparency Dg, demon-
strated as modeled experimentally by Feve et al. [6]. Electrons propagating from
reservoir b along the edge state, can be reflected with amplitude /1 — Dy at the
QPC, and continue their propagation along the edge state or, be transmitted
into the capacitor region with amplitude /D,. Electrons which are transmit-
ted into the capacitor acquire a time- and energy-dependent phase due to the
time-dependently driven top-gate voltage and the discrete level spectrum of the
confined region, respectively. It is convenient to construct the scattering matrix
for this region semiclassically (using the analogy to a Fabry-Perot type scattering
process [48]),

o0 q—1 )
Sean(t, E) = —\/1— Dy + D, 3" (\/1 - DS) (OFL=i0(t) (3.1)
q=1

with the dynamical phase ¢,(t) that is given by

1 st
Pg(t) = — dt'Ug(t'). (3.2)
FL t—qT
The scattering amplitude Sc,p(t, £) depends on the energy of the incoming elec-
tron, F, and the time, , at which the electron leaves the capacitor. The periodic
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time-dependent potential energy of the electron is Uy(t) = Uy + 0Uq(t), where
SUg(T + 1) = 6Ug(t'). Owing to the presence of this potential energy, electrons
acquire a time-dependent phase ¢,(t), during such a propagation. The electron
leaves the capacitor at time ¢ after traveling ¢ times around it, where the time for
a single turn around the capacitor of length L is given by 7 = m.L/(hk). The
scattering amplitude can equivalently be written in terms of the incoming and
outgoing energy, by taking a Fourier transform

T dt
T
As shown in Fig. 3.1, electrons propagate along the edge state after being emit-

ted from the capacitor, and they impinge on the central QPC with transparency D.

These electrons can be reflected back to reservoir L with the probability amplitude

v 1 — D through the central QPC, or can be transmitted to reservoir R with the

probability amplitude v/D. The total scattering matrix, due to the central QPC
and the mesoscopic capacitor, can be written as

Seap(En, E) = | —=Seap(t, E)e™, (3.3)

) V1 =D Seap(En, E) VD 6,0
SAE, E) = : (3.4)

\/EScap(EnaE) _Vl_D 5n0

The obtained scattering matrix is energy-dependent. This makes the analytical
derivation of transport quantities impossible. To this end, in the following, we
describe the scattering matrix in the adiabatic-response regime, as explained in
the Sec. 2.7.

Slowly driven mesoscopic capacitor: Adiabatic-response regime

In the adiabatic-response regime, Sec. 2.7, the scattering matrix of the mesoscopic
capacitor can be described in terms of the frozen scattering matrix. Here, since
the potential changes slowly with respect to the average time that an electron
spends in the capacitor, one can only keep the first term in the expansion of the
potential energy U,(t') around time ¢ in Eq. (3.2),

/t t_qT AU = /tt_q dt’ (Ug(t) ot — t)a%(,t/) + ) —U,(t)qr.  (3.5)

This adiabatic expansion is valid only if the terms higher than the first order in
(¢27) are negligible. This assumption can be made if the relevant adiabaticity
parameter 7/ Dy is sufficiently small

Or
— 1. .
D. < (3.6)
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Note that the transparency Dy determines here the number of circulations of an
electron around the capacitor after which the electron leaves it. In other words,
the smaller the value of Dy is, the larger the number of circulations q will be and
vice versa, i.e., ¢ < (1/Dy).

In the limit stated by Eq. (3.6), the scattering matrix, as formulated in Eq. (3.1),
is given by the frozen scattering matrix

JI= D — eié(t.E)
1 — /1 — Dgei¢(t-E)’

Importantly, the time enters here only parametrically. Hence, the time- and
energy-dependent phase acquired by an electron in the capacitor is

SOt E) =

cap

(3.7)

o(t, B) =k, L +2rAH(E — p—Uy) — 2 A7 0U(t). (3.8)

In the above equation, we have linearized the energy spectrum around the Fermi
level, k(E) ~ k, + (E — u)/(hv), where k, is the wave number of an electron at
the Fermi energy p. Recall that Uy(t) = Uy + 6Ug(t), and notice also that we
neglect the effect of screening, leading to a difference between the applied gate
voltage V4(t) and the induced potential [49-51]. Therefore, the potential energy
is simply found to be proportional to the gate voltage through a negative charge
Uylt) = —eVi(t).

Here, we are interested in an ideal source that emits well-separated pulses which
do not overlap with each other. First, we introduce the level width of the QD,
that is 0 = DgA/(4m). This level width is defined by the coupling between the
QD and the 2DEG. To have well-separated pulses, ¢ should be much smaller
than the level spacing, 6 < A, and for this reason, a weak coupling is required.
This means that the transparency of the QPC has to be extremely small Dy < 1.
Consequently, as it is derived explicitly in App. C.1, the scattering matrix in the
slow-driving regime gets the form [47, 52]

h .
t —leap — Wcap 0<t<T/2
t—th +i0cap -
0 ca cap
SOt E) = e (3.9)
AL P
t— 1ty — 10cap’ - ’

where 20 is the width of the pulse in time, with o given by

— '[)S
77 0lde(t, B)/dt

(3.10)

h/e
teap

Here, we assume that only one level of the QD contributes to the emission process.

Therefore, the emission time of the electron, tc, ., is defined as the time at which

the level of the QD crosses the Fermi level, while the potential energy is increased.
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The time interval between electron g, and hole tgap emission is long enough,
so that the particles are definitely emitted before the next level crosses. This
translates as

|toap — tonp| > 0. (3.11)

cap

Now, using Eq. (3.3), the scattering matrix in the energy domain can be found
to be

N €
—20ge MW ginfean > (),

Sncap(E) = —QQae”QUCﬁ‘PemQt?ﬁP, n <0, (3.12)
5n70, n = 0
e/h

Where the parameters o,, and tehp are, in principle, energy-dependent. However,
the scattering matrix can be treated as energy-independent, when the thermal
energy and the energy quanta of the driving frequency are much smaller than the
energy scale for which the scattering matrix changes appreciably. In other words,
this occurs when

hQ, kT < h/o. (3.13)
In such a case, o and té‘a/g are energy-independent and taken at the Fermi en-
ergy. The scattering matrix reads then as Ségl))(t, () = Secap(t). In consequence,

the energy domain scattering matrix depends only on the energy difference, i.e.,
Sp.cap(1t) = Sn.cap- Note that Sy, cap has to be unitary and fulfill 3, |, cap|® = 1.
This is only necessary up to the first order in Qo.

3.1.2 Lorentzian bias voltage

Now, we turn to describe the second example of on-demand single electron sources.
Figure 3.2(a) shows a system consisting of a coherent conductor connected to
reservoirs L and R. By applying a Lorentzian-shaped, time-dependent bias volt-
age, Vi (t), to reservoir L, single-particle pulses can be created. Due to the periodic
nature of the driving potential, an electron can absorb or emit n energy quanta
hQ with a probability amplitude [22]

o= Ze) with c(t) = eirlo @ (5E)Vs) (3.14)

Here, V4 (t) is the periodically repeated Lorentzian-shaped, time-dependent volt-
age and is given by [30-32]

o ‘/OT > Olev

>

Vi(t) —> :
Q Jj=—00 (t_ leev_-]T> +0126V

(3.15)

Notice that the coefficient ¢,, depends only on the ac-component of the bias volt-
age, Vi,(t) — V1, where V), is the de-component of the voltage. Furthermore, 7 is
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(a) (b)

Figure 3.2: (a) Sketch of setup B, by applying the Lorentzian-shaped, time-dependent
bias voltage Vi(t) to reservoir L, single electrons propagate along a coherent conduc-
tor. These electrons can be reflected or transmitted by a central QPC with a trans-
parency D. (b) Creation of a Leviton on the Fermi sea without any trace of a hole.

the period of the bias voltage. An electron is emitted at time tf,, in every period
and the width of the emitted pulse is equal to 20y.,. Integrating the voltage bias
with respect to time over one period, (e/h) JJ dtVi(t), gives the integer number
n of injected particles. Here, we assume that exactly one Leviton in every period
is emitted. Thus, n = 1, if Vj is given by hf)/e,

T v h
%/0 dtVh(t) = }f/—; =1 = V= (3.16)

In the presence of V4 (t), the incoming operators ar, which contribute in the
current and noise operators, are not directly related to the operators aj, injected by
the reservoir with equilibrium statistical properties. However, they are connected
to each other through the relation

&L(E)Z %o Ckfli(Ek) (3.17)

k=—o00

The statistics of the operators @’ and &7 are described by

+00
(@l (E)ar(E")) = Y falER)d(E — E). (3.18)
k,l=—00

Notice that due to the absence of the time-dependent potential in reservoir R,
ar(F) = ap(F). The particles impinging on the central QPC, can be reflected to
the original reservoir or transmitted into the other one. The operators BQ(E) of
these scattered particles can also be related to the operators a, (F), through the
Floquet scattering matrix which reads

B \% 1-D 577,0 \/E Cn
SB(E,,E) = : (3.19)

\/Ecn —\/1—D5n0
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Here, we have used S(F,, F) to keep the notation consistent. It is, however,
important that the scattering matrix of setup B depends only on the transferred
energy, nh{2, and is independent of the incoming energy, F.

So far, we have described the scattering matrix of each setup, separately. They
give the relation between the impinging and scattered operators contributing to
the derivation of transport quantities. Next, we calculate these transport quanti-
ties to compare the emission scheme of the presented setups.

3.2 Comparison of two different on-demand single
electron sources

In what follows, we compare two setups with different single electron sources that
have been explained in the previous section, the mesoscopic capacitor in the slow-
driving regime (\A) and the Lorentzian bias voltage (B). We derive charge current,
energy current and the corresponding noises in setup A to find its similarities and
differences with setup B which has been studied in Refs. [10, 20, 21, 52].

It is important to keep in mind that the scattering amplitudes describing the
slowly driven mesoscopic capacitor, Eq. (3.12), and the setup with the Lorentzian
bias voltage, Eq. (3.14), depend only on the transferred energy. However, the for-
mer case is valid only at low temperatures and small frequencies, h), kgT < h/o,
while the latter one is held at any temperature and frequency ranges. In the next
chapter, we study the mesoscopic capacitor when such a condition is relaxed.

3.2.1 Charge and energy currents

We start by calculating the time-dependent charge and energy currents of setup A
and compare them with those of the setup B which have been studied in Ref. [10].
The time-dependent charge current in reservoir R for setup A with the slowly
driven mesoscopic capacitor, see App. D.1 for more details, is found to be

e 0S8k ()
]ﬁél(t) - _2-27TD 0? Seap(1), (3.20)

where we assumed pup, — pur = 0. Here, Scap(t) is the frozen scattering matrix of
the mesoscopic capacitor in the slow-driving regime which is given in Eq. (3.9).
By replacing Eq. (3.9) into the charge current, Eq. (3.20) becomes

At =-D ’ - ? . 21
Rl =2 (t —t)2 402  (t—th)2 + o2 (3:21)

Likewise, for setup B, one obtains

o

{6 =~"D

Do (3.22)
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0 té th 1
t/T

Figure 3.3: Time-dependent charge current of setup A with the red solid line and
setup B with the black dashed line in arbitrary units. The slowly driven mesoscopic
capacitor emits one electron pulse at time t° and one hole pulse at time t", while the
Lorentzian-shaped bias voltage emits only one electron pulse at time t°.

In order to simplify the notation we henceforth indicate the pulse width by ocap =
Olev = 0. Analogously, we write the emission times of the capacitor as toap = t°

and ¢/, = t" and the emission time of the Leviton as t{,, = t°.

Equation 3.21 is plotted in Fig. 3.3 with the red solid line. In setup A, the
electron-current pulse is emitted at time t¢ with width 20, and the hole-current
pulse is emitted at time ¢" with the same width. Integrating each pulse with
respect to time gives exactly one electric charge, e. This means that due to the
emission of a hole and an electron pulse in each period, the average current is
zero. In setup B, the shape of the current pulse is the same. The only exception
is that the hole-current pulse does not exist, as it is shown in Fig. 3.3 with the
black dashed line.

Another difference can be found when studying the charge current in reservoir L
for two different setups. In setup A, the time-dependent charge current at reser-

voir L is obtained by substituting D with 1 — D in Eq. (3.21). Therefore, we have

Ig(t) _ It
D 1-D
The time-dependent charge current is not conserved unless we take into account

the charging and discharging of the mesoscopic capacitor, which become clear
from

(3.23)

oU (t
I () + I\ (t) = v ai ). (3.24)
Here, v is the instantaneous density of states in the capacitor and reads
1 05*(t, F)
= S(t, ). 3.25
s = (t.10) (325)

E=p
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On the contrary, in setup B, the time-dependent charge current is conserved at
every instant
I5(t) = —IE(t). (3.26)

This difference in conservation of the charge current in two setups A and B,
comes from the chirality of the conductor and also from the emission scheme. Un-
like setup B, particles in setup A are injected to the chiral edge state in the con-
ductor from the outside. This leads to a contrast between Eqs. (3.23) and (3.26).

Beside charge, particles also carry energy. Thereby, it is useful to study the
energy current to extract information on the energy properties of the emitted
pulses. Importantly, the energy carried by the emitted particles does not depend
on their charge. In analogy to the charge current, the time-dependent energy
current in setup A is obtained by

[E,A h aS«jap(t) aScap<t>

R (t):ED T 5 (3.27)

see App. D.2 for more details. By replacing Scap(t) into Eq. (3.9), energy current
is written as

BA, _ hD o? o?
%/“%_%UZ&@—#V+U¥%WQ—WV+U¥}' (3:28)

It can be clearly seen from the above equation that the energy-current pulse for
both electron and hole have the same shape and sign. Integrating Eq. (3.28) over
one period, time-averaged energy current is obtained as

<$A:2D%, (3.29)

see App. E for more details. Here, we have introduced &€ = hS)/(20), which
corresponds to the average energy of the emitted pulse. Therefore, the average
energy current of setup A is defined by the average energy that an electron pulse
carries together with a hole pulse during one period.

The time-dependent energy current for setup B is the same as the one found for
setup A. The only difference comes from the fact that the Lorentzian-shaped bias
voltage emits only one electron within a period. Therefore, the average current is
derived to be

&
17'7
and it differs from the result for setup A only by a factor 2.

In the same line as with the charge current, now, we inspect the conservation
of the energy current in setup A. First, we obtain the time-dependent energy
current in reservoir L by substituting D with 1 — D in Eq. (3.27). Then, the
relation between the left and the right reservoir is found to be

VA VA
() _ ()
D 1—-D°

IE% =D (3.30)

(3.31)
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The energy current conservation is satisfied by considering the energy which is
stored in the mesoscopic capacitor, given by

EA 0 + 1840 = 5

: 8U>2. (3.32)

ev —
ot
This is the continuity equation for energy, where the right hand side is related to

the source energy and work performance of the system. However, in setup B, the
energy current is conserved at every instant,

IEB(t) = —I1FB ). (3.33)

This difference comes from following an analogous argument as for the charge
current, and ascribes to the chirality and emission scheme.

The obtained results suggest that, in general, there are two main, conceptual
differences between the charge current and the energy current in these two different
setups. The first difference is due to the number of emitted particles, while the
second one stems from the system design. In setup A, pumping from outside leads
to an apparent violation of charge and energy-current conservation. Nevertheless,
the current conservation is now restored when the charge and the energy stored
in the mesoscopic capacitor is taken into account.

We emphasize again that this comparison is valid as long as the condition
hQ, kgT < h/o is satisfied for the mesoscopic capacitor, while the Lorentzian
bias voltage is applied at arbitrary temperature and driving frequency.

Finally, it is worth mentioning that the general properties of charge and energy
currents for the two different sources discussed in this section, have previously
been studied in Refs. [10, 20, 21, 52], independently.

3.2.2 Charge- and energy-current noises

The next transport quantities that we consider are the charge-current noise and
the energy-current noise. To derive the current correlations in setup A, we insert
the scattering amplitudes from Eq. (3.4) in Eqgs. (2.37) and (2.38). Then, by
making use of the unitarity condition given by Eq. (2.7), the current noise in terms
of the scattering amplitudes of the slowly driven mesoscopic capacitor Scap, at the
right reservoir with o, § = R, is derived to be

D(1— D)
VA
Pt‘?Pi = TZ |Snycap|2/dExy

x%ﬂmu—mwwwﬂmu—nwm} (3.34)
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and
Pi)n(t},/ﬁA = ; S_q cap n q,cap S*k,cap S:;—lﬁcap /dE
nkq
LY + Ty,
X {%fL(Eq) (1 — fL(Ep)] + 2y fr(E)[1 — fr(E)] } (3.35)

where X,Y = I,I”. In the case of the Lorentzian bias voltage in setup B, the
current correlations Pt); E’ nd Pnt R are obtained by substituting Sy, cap With ¢,
in Egs. (3.34) and (3.35).

Charge-current noise

Having found the energy-current noise, we will now move on to calculate the
charge-current noise for setup A, and then discuss the similarities and differences
with setup B, which has been investigated previously in Ref. [22]. Using unitarity
of the scattering amplitudes for the transport term in Eq. (3.34), we can write

Pt = D(1 - D)e—h2 S [ capl? [ AE
< {fulB) 1= fa(B)) + fn(B) L= f(B)] | (3.36)

Performing the integral with respect to energy, we obtain

a2 2 nhi}
Pok = - D(1 )nZ>O|Sn| (nh€) coth T ) (3.37)

Additionally, inserting the expression for S, Eq. (3.12), we end up with

2 Q
plLA iD(1 — D)(2Q0)2 Y e 2% (niQ) coth ( nh ) . (3.38)
’ h n>0 QkBT

Recalling the assumption kgT < h/o, one quickly realizes that by increasing the
summation index n, the term coth[nh€/(2kgT)] ~ 1 well before the term e~2"7¢
deviates appreciably from unity. Thereby, we can write

pLA — 2 (1—D)(2Q0)> Y e 2" (nhQ)

o h n>0
22 D1~ D)0 (3.39)
A o (€200 _1)2° :

Finally, we expand the above equation to the leading order in ¢f) < 1, and it is
found to be

(3.40)

2
PILA— D(1 - D)2
tr,R ( ) T
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The factor 2 in the transport part of the charge-current noise denotes the fact
that exactly two particles are emitted from the source during one period.
The transport part of the charge noise for setup B, from Ref. [22], is given by

2 00

PUIE—D1-D)S Y |eu2(nhQ) coth (

nhQ) — eV
h

41
2kpT (3:41)

n=—oo

A comparison between this and the obtained result for setup A, Eq. (3.37), reveals
that the only difference comes from the probability |c,|?, which in setup A is
|S,cap|*-

Here, the interference part of the charge noise, Eq. (3.34), using the unitarity
of the scattering matrix, is written as

Pl = D* [AB{ (B = (B + (B - (B)]},  (3.42)

Being independent of S, cap, this immediately gives

2
e
Pigt’,ﬁ = D2E2kBTO- (3.43)
The interference contribution to the charge noise stems only from the tempera-
ture fluctuations in the reservoirs and has nothing to do with the source of the
single particle emitter. For the same reason, this term is exactly identical for
setup B [22], Parh = Pii.

1 1

Energy-current noise

Along the same lines as for the charge-current noise, we start with deriving the
energy-current noise by the expressions following from Eqgs. (3.34) and (3.35) for
setup A, and then, we compare our results with those for setup B, which have
been studied previously in Refs. [20-22].

For the transport part, using the unitarity of S, cap, after rearranging the terms,
we can write,

D(1 - D)
VA
Prit = 2% |Sncapl? [aeE?

. {fR<En>[1 )+ B fR<En>]}. (3.44)

Then, following the integration with respect to energy, and using the energy-
symmetry properties of the different terms, |S,|*> = [S_,|?, we have

D(1-D Iy
Povt = , PU=D) S |Sucap|2 nAQ(kpT)? + (nhQ)? § coth [ — . (3.45)
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Again, having in mind the limit kg7 < h/o, in the same manner as for the
charge noise, we replace the S, cp With the expression given in Eq. (3.12) to
simplify Eq. (3.45) and get

PEEA _ 2D(1 — D)

R = - (2Q0)? 3" e 2 (nh2)?. (3.46)

n>0

The resulting adiabatic-response limit for the transport term becomes

2
PEEA _ D(1 - D) £ (3.47)
’ T
The equation above tells us that the transport part of the energy-current noise is
proportional to the square of the average emitted energy, & = A2/(20). On the
other hand, the average energy of the emitted particles £ is inversely proportional
to the temporal width of the pulse o. Hence, the transport part of the energy-
current noise is connected to the pulse shape.
The transport part of the energy noise in setup B has been derived in Refs. [20—
22], and it is given by

D(1—-D) & _
7357%8 = % > |cn|2{nhQ(7rkBT = eVb)2 -+ (nhﬂ)3}

n=—oo

X coth (

nhf) — eVb> (3.48)

2kpT

As discussed earlier for the transport part of the charge-current noise, the only dif-
ference between Eq. (3.45) and Eq. (3.48) is in the different probability amplitudes
which is |c,|* in B and |S, cap|? in A.

To complete the discussion of the energy-current noise, we need to derive the
interference part from Eq. (3.35). To begin with, one can write

PEE*‘—DQ S, _.S* 5.5 |dE E,E
inuR—Tz q—n kfnkq/ gk

k,qn

x {fL<En)[1 (B + fr(BE)1 fR<E>]}. (3.49)

In the equation above, we have dropped the subscript ‘cap’, for simplicity, in the
notation for the scattering amplitudes. Integrating with respect to energy, as
derived in App. F, we end up with

2

PEE,.A . 22 (hQ>2 Z
int, R T

(nh§2) coth (
h n>0

nh) D? 212
— = (kgT)3.
QkBT> - (keT)

ZqS‘I*”S; h 3

q

(3.50)
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Implementing the adiabatic condition, o€2 < 1, we can expand the summation to
the leading order in o2, as

quq—nsz; _ e—|n\aﬂ (ein|teﬂ . €i|nthﬂ) . (351)
q

Moreover, using the limit kg7 > h/o in Eq. (3.50), this equation can be written
as
D2 D2 2 2
77551;{4 = T(ﬁJQ)Q 23" e 271 — cos(nzen)](nhS2) + 7%(kBT)3,
n>0

(3.52)

where, for the sake of brevity, we have introduced the auxiliary notation z., =
Q[t® — t"]. The first term in the above equation, again using o) < 1, can be
expressed as

(200_>2 Z 672n90n[1 o cos(nzeh)] -1 (UQ)Q[(UQ)Q COS2(Zeh/2) B Sin2(zeh/22)]'
n>0 [(092)2 cos? (zen/2) + sin® (zen/2)]
(3.53)

From this expression it is clear that for electron and hole emissions well inside each
half-period, i.e. [t¢ —t"| > o (or equivalently z,, > o), the sum in Eq. (3.53)
approaches unity and hence, the correlator does not depend on the electron and
hole emission times ¢, Performing the summation in Eq. (3.52), we find
2 D?og?

PEEA = D? 2% + = (ke )", (3.54)
In the equation above, the first term is proportional to the energy of the emitted
particle and the second term, likewise the one which is derived for the interference
part of the charge noise Eq. (3.43), is associated with the thermal fluctuations.
The interference part of the energy noise for setup B is obtained by substituting
Sy, with ¢, in Eq. (3.49),

[0.9]

D2
ngﬁg = 3" |eVu|*(nhQ) coth (

D* nhQ) — eV D? 272
2h

— = (kgT)? :
where V,, = (1/7) JJ dtVi(t)e™?. This equation for setup B is comparable with

Eq. (3.50) for setup A, and the difference between them has its origin in the

n=—oo

dissimilar factors, ’Zq qu,nS;"Z in setup A and |eV,|* = ‘Zq ch,ncZ‘z in setup B.

Importantly, we point out that the results for the two sources are only similar at
low temperatures, more specifically, when considering the constraint kg7 < h/o
for the mesoscopic capacitor. A difference appears at higher temperatures and
frequencies, when the scattering matrix of the slowly driven mesoscopic capacitor
Ség%)(t, F), becomes energy-dependent, see Eq. (3.9). In such a case, the shape of

the emitted pulses from the mesoscopic capacitor can take a completely dissimilar
shape than the pulses generated by the Lorentzian bias voltage.
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Mixed-current noises

Here, we complete the transport quantities by deriving the mixed current-noise.
This noise, defined as the correlator between the charge and energy currents,
stems from the fact that the transported particles carry both charge and energy.
Meaning that the mixed-current noise differs from the charge- and energy-current
noise in the sense that it is related to the averaged energy transported by the
charge of the particles.

The mixed current-noise for setup A, using Egs. (3.34) and (3.35), for the
transport part is formulated as

7-A e
P = 1 D(1=D) Y |Sucapl” [ dEE

BB B+ AL - falBN]. (350)
and for the interference part is given by

Pick = 2 D* [ AEE{ f(B)1 = u(B)] + fa(B)1 = fw(B))}.  (3.57)

Here, due to the absence of bias between the reservoirs, and also the energy-
symmetry properties of the scattering amplitude, |S,|* = |S_,|?, the mixed cor-
relator vanishes,

pIEA _ (3.58)

However, in setup B, for the Lorentzian bias voltage from Ref. [23] we have

1

Pﬁﬁ:%ﬁ@%@f (3.59)

3.2.3 Transport quantities at zero temperature

In this section, we compare the transport quantities derived so far, in the zero
temperature limit. In such a limit, the result is therefore only due to the driving
source and the central QPC transparency D. First, we bring a summary on
the charge transport properties in both setups and then, the energy transport
properties is recapitulated for each case. Finally, we review all the transport
properties by collecting the presented results in Tab. 3.1.

As we discussed in Sec. 3.2.1, the slowly driven mesoscopic capacitor in setup A
injects one electron and one hole per period, resulting in a zero average charge
current. On the other hand, in setup B, the Lorentzian-shaped bias voltage give
rise to the emission of only one electron with a charge —e during one period,
yielding a non-zero average charge current.

The charge-current noise at zero temperature is only proportional to the trans-
port part. Information about electron-hole pair excitation, in addition to the
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Table 3.1: Comparison of the transport quantities for the two setups under consid-

eration.
Quantity [1/7] Mesoscopic Lorentzian bias
capacitor (A) voltage (B)
Iy 0 —De
Pit = Pils 2D(1— D) D(1- D)
I¥ 2DE DE
Ir 2(1 - D)& ~DE&
Plis 4D(1 — D)&? 2D(1 — D)&?
PELR 2D2E? D*g?
Pk 2(1 — D)*€? D2E?
Pk = Phir 2D(1— D)&? —D*¢&?

number of emitted particle, is attained by this quantity. A different factors, 1
and 2, between two setups confirm the fact that the mesoscopic capacitor emits
two particles within a period, while the Lorentzian bias voltage emits only one
electron in one period.

Information about the spectrum of the sources is achieved by studying the en-
ergy current and the energy-current noise which is discussed widely in the previous
sections. As one can see in Tab. 3.1 the average energy current for both setups is
proportional to the average energy which is carried by the emitted particles. The
average energy of the injected particle is inversely proportional to the width of
the temporal pulse &€ = h/(20).

The differences in the energy transport quantities have two main origins: First,
from the number of emitted particles, through a factor 1 and 2 for the mesoscopic
capacitor and the Lorentzian bias voltage, respectively, and second, from the
chirality and the dissimilar emission schemes of the two setups. More specifically,
setup A comprises a chiral conductor and the mesoscopic capacitor is coupled to
the edge state from the outside, i.e., only those particles that are injected from
the left reservoir emit or absorb energy quanta. Nevertheless, this is not the case
in setup B where the source is voltage-bias driven. It implies that both particles
which are incoming to and outgoing from the left reservoir take energy quanta.



4 Analysis of single electron pulses
from a mesoscopic capacitor
beyond the adiabatic-response
regime

In the previous chapter, we studied the slowly driven mesoscopic capacitor. In the
adiabatic-response regime, through the analysis of the charge and the energy cur-
rents and their corresponding noise, we obtained information about the number of
emitted particles, the temporal profile of the pulse and, consequently, its energy
distribution. Moreover, we concluded that the slowly driven mesoscopic capac-
itor differs from the case of the Lorentzian bias voltage, driven at an arbitrary
frequency, only in terms of the number of emitted particles.

Here, we modify the driving scheme of the mesoscopic capacitor by increas-
ing the driving frequency beyond the adiabatic driving regime. Throughout this
chapter, our aim is to derive the non-adiabatic transport quantities by including
the next leading (first) order correction in the expansion of the scattering matrix.
We investigate whether increasing the driving frequency in the mesoscopic capac-
itor leads to extra differences compared to the setup base on the Lorentzian bias
voltage.

4.1 Emission scheme beyond the adiabatic-response
regime

In this chapter, we study the same setup as in Sec. 3.1.1, but in the non-adiabatic
response regime. The only difference here is that the mesoscopic capacitor is
driven at a higher frequency with respect to the slow-driving regime. The scat-
tering region is described by the general scattering matrix, given by Eq. (3.4),
which we now expand up to the first order in the driving frequency. Notice that
the superscript A is dropped henceforth, since in the present we are only dealing
with the mesoscopic capacitor.

33
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4.1.1 First-order approximation of the scattering matrix

From Sec. 2.7.1, the scattering matrix beyond the adiabatic-response regime is
generally described by Eq.(2.42). To find the specific form of this scattering
matrix for the mesoscopic capacitor under consideration, we start with expanding
the time-dependent phase in the scattering matrix, Eq. (3.1), up to first order in
qT, ,

[ arur) = Uyl g - OUg(t) lar)” (4.1)
t—qT 815 2

then, the scattering matrix in terms of the frozen scattering matrix S{) (¢, E) is
found to be 250) (1. E)
ho*SO (t F

t,E) =St E) +is— 2~ 4.2

Scap( ) ) Scap( )+ 2 OtOE ( )

Importantly, in order to consistently include all the contributions of the order
(792)!, one has to approximately treat the energy dependence of the frozen scat-
tering matrix around the Fermi level. In particular, we cannot simply take
Séa%)(t E) ~ S ap(t 1), as we did in the previous chapter, but the frozen scat-
tering matrix needs to be expanded around the Fermi level up to the first order in
the energy, SU)(t, ) ~ SOt 1) + (B~ )0SQ)(t. E)/(DF)|p—. As a result, the
total scattering matrix in this regime becomes energy-dependent and it is written

as

080 (t, F) h0?S0) (1, E)
_ (0 ca ca
Scap(ta E) — S«ga%)(ta M) + (E o M)§T|E=u + 7'2 a;T|E=/u (43>
where Séal))(t, F) is the frozen scattering matrix, obtained in Eq. (3.9). The scat-
tering matrix can also be expressed in the energy representation and written as
05y cap(E) 08y cap(E)

Seap(En, E) = S, + (B — p) —=222—2 Q20 | 4.4
oEn B) = 5, 4 (B — ) 22w, Ppg@omenlB) ()

with Sy, cap(£) given by Eq. (3.12). The unitarity of the scattering matrix,
Z |SC3P(EN7 E)|2 =1 (4'5)

is satisfied, when keeping terms up to order (Qo)!, consistent with the considered
limit (Qo) < 1.

By inserting Scap(En, ), Eq. (4.4), into the total scattering matrix Eq. (3.4), we
are now able to study the charge current, the energy current and their fluctuations
up to the contribution of the first order in the driving frequency, Qo.

Energy-dependent emission time and pulse width

In this subsection, we explicitly calculate the energy dependence of the emission
time and the width of the temporal pulse. Previously, we have treated t*/" and
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o as energy-independent parameters. However, when going beyond adiabatic
response in the following, also their energy-derivatives will become important.
The knowledge of their explicit energy dependence will be helpful to estimate the
magnitude of the calculated observables.

For simplicity, we now focus on a time-dependent potential energy which is
harmonic and given by Uy(t) = Uy + U, cos(Q + ). By replacing the potential
energy in Eq. (3.8), we obtain

o(t, E) =2nx(F) — 2#% cos(Qxt + ) + . (4.6)

Here, the energy-dependent phase is given by

k,L 1 _
Ey="t"4 _(E-—u-U 4.7
X(E) = 2=+ (B = =T, (1.7)
where k,, is the wave number at the Fermi level and A is the level spacing in the
capacitor, acting as a QD.

The emission time can be obtained when S(¢, F) ~ 1 which, in turn, yields the
resonance condition ¢(t', F') = w. From that, we find
1 Ax(E)

A x(F
CoS (Qte/h + c,o) = % el — % F g arccos <7> . (4.8)
g g

We make use of this emission time to derive the half-width of the temporal pulse,
o, which is determined by Eq. (3.10),

Dy A
g =
47T Q | dUg(t)/dt|t:te/h
Dy A 1
= . (4.9)
19 |50 \1=[AX(B)/ 0Ty
Notice that ¢ = —o" = 0. An electron is emitted when the occupied level shifts

above the Fermi level, i.e., dUq(t?)/dt > 0. On the other hand, a hole is emitted
when the occupied level moves below the Fermi level, i.e., dUq(t")/dt < 0.

As we pointed out in the slow-driving regime, only one level of the QD con-
tributes to the emission processes. This can be achieved by tunning the dc com-
ponent U, and the ac amplitude §U, of the potential energy. They translate as

_ A _ _
\Ug| < ) and |Ug| < |0Ug] < A — |Uy. (4.10)

In the following, we first describe the transport quantities for a general peri-
odically time-dependent potential energy. Then, to illustrate the main findings
numerically, we consider the case of the harmonic driving potential introduced
above.
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4.2 Charge current

The time-dependent charge current consists of two terms: The first, representing
the adiabatic-response contribution, Eq. (3.20), and the second, being the relevant
correction to this adiabatic-response current. The latter term takes the form (for
detailed derivations see App. D.1.2),

67:[, 0 a‘s’é‘a (tvﬂ) aSC&( )
]ls)<t>:_—Dat( o oF =)

(4.11)

By inserting the zeroth-order approximation of the scattering matrix, Eq. (3.9),
into the equation above we end up with

(1) o _@ do* ot¢ 00 h 8th h
10 = =20 (<R A0 + B0 + G A0 + 5B
(4.12a)
where we have defined the auxiliary functions
‘ 3 _ _15)2
Ay = T =30 H) (4.12b)
[(t —17)? + 07
: AP R:
Bi(r) = =t (4.12¢)

(6= ) + o7

with j = e,h for electron and hole, respectively. Function A7(t) is an even function
with respect to the emission time ¢/, as depicted by the green dashed line in
Fig. 4.1(b). It changes width and height of the pulse with the prefactor dgo’.
Function B(t) is an odd function as shown by the blue dashed line in Fig. 4.1(b).
It shifts the emission time with a prefactor Ogt/. The derivative of the pulse width
Eq. (4.9) and the emission time Eq. (4.8) with respect to this potential energy are
found to be

1 doc/h 4 n 78

o2 OFE :Ff_i VI—12 Dy’
1 ote/h |5U | T

o

(4.13a)

where 7 is a dimensionless parameter defined by n = Ax/ 0U,. The correction
term to the current, (M (¢), is obtained by inserting Egs. (4.13a) and (4.13b) into
Eq. (4.12a),

(1)
Iy (t) 7§} 3 |(5U| 7} 3
— = 47 — 0°A° V1 Be(t
—e D/(m o) * V1—mn? Dy 8T A D2 ®)
PR e oS AMt) — 8m (/1 — n? 00| 7¢2 SBMt). (4.14)



37

0 0.2 0.4 0.6 0.8 1
t/T

Figure 4.1: (a) Zeroth-order component of the time-dependent current []E%O)(t), black

dashed line] and the total current [I(t) = I}(S) (t) +I}(%1)(t), red solid line] are shown as
a function of time in one period T = 27 /Q . Here, U, > 0 and 02 = 0.03 to make the
current peaks more visible. (b) The current is corrected by two terms: Function A(t),
which is multiplied by Opo and changes the width and the height of the pulse in time.
Function B¢(t) which is multiplied by Opt®, and shifts the pulse to the later times.

The total time-dependent charge current beyond the adiabatic-response regime
is written as I(t) = IO(t) + IM(t), where 1) (t) is given by Eq. (3.21), and is
shown in Fig. 4.1(a) with the black dashed line. The correction terms, which are
due to the energy dependence of both the emission times and width of the pulses,
lead to a difference between the pulse of the electron and the hole.

By assuming U, > 0, i.e., the equilibrium point is located above the Fermi level,
the sign of dpo becomes positive for the electron and negative for the hole, and
conversely for Uy < 0. Therefore, the first term in Eq. (4.14) with Uy > 0 makes
the electron part of the pulse wider and thinner, and the hole part of the pulse
gets higher and thinner.

The prefactor Opt’ is positive for electron, whereas it is negative for hole and in
both cases its magnitude changes with dU,. Hence, the second term in Eq. (4.14)
causes both the electron and the hole pulses to shift to the right side, meaning
that there will be a delay in the electron and the hole emission.

To find out which of the terms appearing in Eq. (4.14) dominates, we compare
their order of magnitude with the help of Eqs. (4.13a) and (4.13b), and write

aEO.e/h
aEte/h

o, (4.15)

_|_2n
=
Here, we already have Qo < 1 and from Eq. (4.10), we know that n < 1. It can
be seen that if n < 1, i.e., the dc component of the potential energy is close to the
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Fermi level, the term proportional to the width and height correction, A’(t), is
much smaller than the term related to the emission-time correction, B’(t). This
means the delay in the emission time is more visible than the modification of the
width and the height.

The charge being carried by each pulse is obtained by integrating each of them
in Fig. 4.1. The integration of each functions, A’(t) and B’(t), yields zero. Thus,
every pulse still carries the same amount of charge as they did in the adiabatic-
response regime, and the total average charge current remains zero.

To conclude, in the non-adiabatic response regime, like in the slow driving
regime, exactly one electron and one hole are emitted per each period. It means
that the charge of the emitted particles remains unchanged. However, the correc-
tion terms change the shape of the electron and hole pulses in an opposite manner,
and furthermore, they lead to the shift of the emission time.

4.2.1 Spectral current

By analyzing the spectral current, we can conclude how the correction of the width
and emission time affect the energetic properties of the emitted pulse. Spectral
current is obtained from the energy-resolved time-integrated particle current,

ir(E) = D 3 |Seap(En, E)* {fL(E) — fr(En)}. (4.16)
Here, |Seap(En, E)|? is given by Eq. (4.4) and equals

1
14197 0B 4 k) (1= n00), 0> 0.
ocO0F

2 2 1
|Scap(En, E)| —|Sn7cap| 1 + _3_2 <2E + Tth) (1 + TLQO’) 7 n < O, (417)
ag

0n,0, n =20,

where S), cap is the frozen scattering matrix Eq. (3.3). At zero temperature, kg1 =
0, where the Fermi function is taken to be f(F) = ©(—FE), the spectral current
is obtained as

Q0o [2B0 1 /2E0\?
200 + — N E
U+208E[h 2(}1)] >0
ir(E) = De2IElo/n (4.18)
EQ 00" [2E51 (2E0)\?
905 — —- - E
7 208E[h2<h>]’ =0

where the electrons and holes are associated with positive and negative energies,
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Figure 4.2: Spectral currents for the zeroth-order component [igg)(E), black dashed
line] and the total component [ip(E) = igg)(E) + ig)(E), solid lines| are shown as a
function of E/(hQ) for both positive U, (red line) and negative U, (blue line). Notice
that, for convenience, we plot the absolute value of the electron and hole currents. We
have chosen |hQ20ga’| = 107% and o2 = 0.001, different from the other plots in the
present chapter to make the difference between the currents wvisible.

respectively. The first terms in both lines of Eq. (4.18) are the adiabatic response

spectral current, ig)(E) oc e 2Elo/h and the second and third terms describe the
correction term ig)(E). The spectral current ig)(E), in contrast to the time-
dependent charge current, is not sensitive to correction to the emission time.
However, it is sensitive to dgo. The correction term causes a shift in weight to
higher or lower energies, for electron or hole, depending on the sign of dgo. It
can be seen from Eq. (4.13a) that this sign can be fixed by tunning the average
potential energy U,. In Fig. 4.2, we plot the absolute value of the spectral current
both for negative and positive values of U,. Integrating the correction term with
respect to energy in Eq. (4.18), vanishes separately for positive and negative
energies, which confirms that the charge of the injected particles is not modified.

4.2.2 Energy current

Studying the total time-dependent energy current at zero temperature helps us
to realize how the modified driving scheme changes the energy current pulse. As
derived in App. D.2.2, the correction term of the energy current can be written
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as

EO 4y = — h_zD{li (835[;1)( )S(o) (tvﬂ))

8mi | 30F 93t cap
a aS«jap ( ) aQScap(t E)
o ( ot oo En ) (- (4.19)

By inserting the frozen scattering matrix, Eq. (3.9), into the correction term of
the time-dependent energy current we obtain

ote
)

oth
a—EBE’h(t)> :
(4.20a)

"
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AEJL(t) o

h? 00° .
00 = 5D (-5t +

where we have defined the auxiliary functions,

E.j L (t — te)4 — 1802(t — t°)? + 504
ATIL) = =12 1 02 : (4.20Db)
E.j L o(t — )3 — 5a3(t — t°) .
B (t) = —4 Gt 02]4 : (4.20¢)

Here, function A®7(t) (an even function with respect to the emission time #/) is
multiplied by dgo?. Tt is shown by the green dashed line in Fig. 4.3(b) and changes
the width and the height of the energy current pulse. Function B¥7(t) (an odd
function), is multiplied by dgt’. It shifts the emission time, as is illustrated by
the blue dashed line in Fig. 4.3(b). Then, along the same lines as for the charge
current, the correction term of the time-dependent energy current can be rewritten
by using Eqs. (4.13a) and (4.13b),

;) Q0 g 5 Ul 72
[ " S A — 47_ A e B 7et
WD/(rod) VTP D 0+ 8my1=n* =35 5y o B

(4.21)

The total time-dependent energy current is I (t) = Ig(o) (t) + Ig(l)(t), where
]g(o)(t) is given by Eq. (3.28), as is shown in Fig. 4.3(a). The correction term of
the energy current [ g (1)(75) changes the shape of the pulse and the emission time.
When U, > 0, the energy pulse of electrons (holes) becomes smaller (higher) and
wider (thinner) with respect to their counterparts in the adiabatic driving regime,
due to the presence of the first term of Eq. (4.21). In addition, the emission time
is shifted to the later times due to the second term in Eq. (4.21).
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Figure 4.3: (a) Zeroth-order component of the time-dependent energy current
/]g(o) (t), dashed line] and the total energy current [I5(t) = ]g(o)(t) + ]g(l)(t), solid
line] are shown as a function of t/T. We have chosen U, > 0 and o) = 0.03 is
assumed the same as for the charge current. (b) Energy current is corrected by: First,
the correction function AF(t), multiplying Opo’, that changes the width and height of
the pulse in time. Second, the correction function B (t), multiplying Opt’, that shifts
the pulse to later.

The energy which is carried by each pulse is obtained by performing the time
integral for the current Eq. (4.21). The average energy carried by one pulse is
obtained as

TE.j J 3
1 h 1 0o <h> (4.22)

B 20

DO/(2r) 20  hOE

In the equation above, the first term is the average energy of the particle in the
slow-driving regime and appears to be the same for both electron and hole. The
second term comes from the integration of function AF7(t) which, in contrast
to the charge pulses, generates a non-zero value. There is no trace of function
B (t). This meets our expectations, since B (t) is only associated with shifting
the emission time and does not change the average energy of the pulse.

The correction term, depending on the average potential energy Uy, takes a
different sign for electron and hole. When U, > 0, the average energy carried by
an electron pulse is decreased and the average energy of the hole pulse is increased
by the same amount. Since the correction terms of the electron pulse and hole
pulse cancel each other per each period, in one full period the average energy
remains the same, like in the adiabatic driving regime.
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4.2.3 Current noise

So far, we have focused on the currents and their averages to study how increasing
driving frequency affects the charge and the energy of the pulses. Now, we move
one step further and investigate the charge-current noise and energy-current noise
at zero temperature, which provide us with information about the number of
emitted particles and their spectra.

To begin with, we derive the charge-current noise by substituting S), cap With

Scap(En, E) in Eq. (3.36),
62
Piln = D(1 = D)3 Y- [ dB|Sep( By B)P

< {fB) L= fa(B)) + f(B)[1 = fu(B)] | (428)

Here, |Scap(En, E)|* is given by Eq. (4.17). By performing the integration with
respect to energy, it can be seen that the correction terms in the electron part and
hole part vanish, independently. The zero correction to the charge-current noise
implies that slightly increasing the driving frequency does not change the number
of emitted particles.

Along the same line as for the charge-current noise, we derive the energy-current
noise by substituting S, cap With Seap(Ep, E) in Egs. (3.56) and (3.49). Thereby,
the transport part of the energy-current noise takes the form

gpr _ DA -D)

Pik == X [ ABE |Sep(En, F)P

. {fR<En>[1 BN+ B fR<En>]}, (4.24)

and the interference part is written as

,PiEtJ?R = %2 Z /dE Equ Scap(Eq» E”)’S:ap(Ek? En)Scap(Ekv E)S:ap(EQv E)
k,qn
< B = A + (B~ (BN} (4.25)

The transport part of the energy noise is obtained by inserting the scattering
amplitudes from Eq. (4.17) into the equation above and performing the integral
with respect to the energy. We end up with

Pin (£>2 _ 1200 (£>4
D(1—-D)Q/(27) \20 h OF \20

A\? 1200" [ B \*
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The first terms in both lines are the transport part of the energy-current noise in
the adiabatic response regime, discussed in Sec. 3.2.3. In contrast to the charge-
current noise, the correction to the width appears in the energy-current noise
in each half-period. However, the electron part (first line) and the hole part
(second line) cancel each other in one period. This situation becomes even more
complicated when considering the interference part of the energy-current noise,
since calculating contributions of the four scattering amplitudes is a non-trivial
task. Nevertheless, we find out numerically that the mixed contributions of the
electron and the hole scattering amplitudes to the interference part of the energy-
current noise vanish. Thus, we only need to calculate the terms corresponding to
the electron part and the hole part separately. Carrying out this calculation, we

find

P h\® 890 (h\'

D2Q/h <20> 0B (2(;)

h\?> 8ach (h\*
+(5e) + 558 (52) - (1.27)

The first terms in both lines are the interference contribution to the energy-
current noise in the adiabatic-response regime. The correction terms for electrons
and holes are similar to those of the transport part but with different prefactors.
However, since Opo® and dxo” have always the opposite signs with respect to each
other, the electron and the hole correction terms cancel each other in one period,
and the total energy-current noise remains unchanged.

In this chapter, we studied the mesoscopic capacitor, introduced earlier in the
thesis, when the driving frequency is beyond the adiabatic-response regime. We
have presented an extensive discussion on investigating the impact of the in-
creased driving frequency on the transport quantities. It has been shown that
the charge- and energy-current pulses are modified due to the energy-dependency
of the temporal-pulse width and the emission time, as depicted in Fig. 4.1 and
Fig. 4.3. In addition, we have demonstrated that while the amount of the charge
carried by each pulse remains the same as in the slow-driving regime, their average
energy is modified by the term corresponding to dgo”.

Moreover, in deriving the charge-current noise, the correction to the adiabatic-
response regime vanishes, implying that slightly increasing the driving frequency
does not change the number of emitted particles. However, this is not true for the
energy-current noise, since the temporal width correction contributes to both the
transport part Eq. (4.26) and the interference part Eq. (4.27) of the energy noise.

Finally we conclude that even with slightly increasing driving frequency we
still inject one electron and one hole in each period. However, different driving
frequency results in different charge- and energy-current pulses.







5 Detection of noise in the
mesoscopic capacitor through
probe fluctuations

In the previous chapters, we focused on the currents and their fluctuations, orig-
inating from the single electron sources. Now, the question arises how to experi-
mentally access these quantities. This problem is addressed in the present chapter
in which we overview the key results of the appended publication. Specifically,
we propose a suitable approach to measure the charge current, the energy current
and their corresponding correlations.

In this chapter, we illustrate the working principle of this method for a spe-
cific system, namely, the time-dependent driven mesoscopic capacitor, which has
previously been discussed in Chap. 3. We concentrate on the investigation of
charge and energy current and their fluctuations by such a system. Notice that
this method is generally applicable to other on-demand single-electron sources,
as explained in detail in the appended paper. First, we introduce the detec-
tion setup on which our proposed method is based on. The main component
of this setup is a small contact acting as an electrically and thermally floating
probe [53, 54]. This probe is characterized by time-dependent electrochemical po-
tential and temperature which are subjected to fluctuations. These fluctuations
originate from particles injected to the probe and also from the fact that due to
the size constraint, the probe can not thermalize immediately. Next, we employ
a Boltzmann-Langevin approach [46, 55] in combination with the Floquet scat-
tering theory [40, 41] to derive how the charge current, the energy current and
their correlations are related to averaged electrochemical potential, temperature
and their frequency-dependent fluctuations [27, 28], respectively.

5.1 Setup

The mesoscopic conductor including the time-dependently driven mesoscopic ca-
pacitor has already been analyzed in Chap. 3. Here, we describe the setup by
dividing it conceptually into two parts: the detector and the injector, as shown
in Fig. 5.1. The injector part consists of the mesoscopic capacitor which is driven
with frequency 0 = 27 /7 as introduced in Sec. 3.1.1, and the left electronic
reservoir. This reservoir is characterized by a fixed temperature, 11, = Ty, and a

45
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SPS

Figure 5.1: Schematic representation of the coherent chiral mesoscopic conductor
with a quantum point contact (QPC) of transparency D. The conductor is in contact
with an electronic reservoir (L) on the left and with a probe (p) on the right. Reservoir
L is kept at pp, = 0 and T, = Ty. The floating probe has fluctuating electrochemical
potential p,(t) and temperature T)(t) due to the emitted particles from specifically im-
plementing time-dependently driven single-particle source (SPS). The SPS is realized
here by means of a slowly driven mesoscopic capacitor at frequency €.

grounded electrochemical potential, 7 = 0, meaning that particles arriving into
the reservoir do not affect its temperature and electrochemical potential. How-
ever, the injector part considered here is not the most general one. On the other
hand, the detector part is formed by the central QPC and the right contact. For
the purpose of this chapter, we assume that the right contact is an electrically and
thermally floating probe, since the electrochemical potential and the temperature!
are built-up in the probe as a result of the impinging current.

5.1.1 Probe properties

Electrons in the probe rapidly relax to the local thermal equilibrium before they
can escape from the probe. In other words, the relaxation time due to the electron-
electron interaction in the probe, 7._., is shorter than or of the same order of the
timescale that is associated with the source driving. As a result, the probe is
characterized by the Fermi distribution with well-defined temperature 7},(t) and
electrochemical potential y,(¢) at all times.

In order to build up the electrochemical potential p,(¢) and the temperature
T,(t), it is crucial that the probe has a finite electrochemical capacitance C' and a
heat capacity C'g. The former capacitance corresponds to a geometric capacitance
C, connected in series with a quantum capacitance Cy, C' = (1/Cy+1/Cq)~". The

'Note that there is no additional, externally applied thermal bias or voltage bias in the setup.
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heat capacity depends on the temperature of the probe, Cp(T) = v(7kg)*T/3,
where v is the density of states at the Fermi level. These two capacitances deter-
mine the timescales of the fluctuations. The electrochemical potential fluctuates
on a time scale set by the charge relaxation time, 7pc = C/(Dg), where Dg is
the electrical conductance of the QPC and g = e?/h stands for the quantum con-
ductance per spin. The temperature fluctuates on a timescale set by the energy
relaxation time 75 = Cg/k. Here, k is the thermal conductance which describes
the outflow of energy from the probe and in general is assumed to consist of both
electronic and phonon contributions.

Furthermore, the timescale associated with injection of particles into the con-
ductor from the mesoscopic capacitor is much smaller than the timescales on
which the electrochemical potential and the temperature fluctuate,

Tee ST < TR, TE- (5.1)
This inequality implies that one deals with two different timescales: first, describ-
ing fast fluctuations of the current due to the charge injection from the source
and the QPC, and second, associated with slow fluctuations of the electrochemical
potential and the temperature in the probe. In consequence, it means that one
can use the Boltzmann-Langevin approach to separate timescales to relate such
fluctuations to each other in the probe.

5.2 Boltzmann-Langevin approach

The Boltzmann-Langevin method is a convenient tool to study current fluctua-
tions in the probe. To begin with, the time-dependent charge and energy currents
are written as a sum of the time averaged part denoted by a bar and the fluctu-
ating time-dependent part,

L(t) = I, + AL(t) and TP(t) = I¥ + AIP(1). (5.2)

Along the same line, the electrochemical potential and temperature take the fol-
lowing form,

pp(t) =Ty + App(t) and  Ty(t) = Ty + ATy (1) (5.3)

The averaged currents, fp and ff , are derived by means of the Floquet scattering
method. The fluctuations Apy(t) and AT}, (¢) are induced by fluctuations in the
charge and energy currents, AL, (t) and AT (t).

The fluctuation part of the current in the probe can be further expressed as
a sum of the fluctuations of the conductor and the linear fluctuations of the
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temperature and electrochemical potentials,

AL | [0t | (2 2 [ Aut)

_ X o, 9T, (54)
o1y oIF
AL (t) o1l (t) e AT, (t)

Here, 01,(t) and 617 (t) are the bare fluctuations, referred to also as the so-called
Langevin sources. These terms physically originate from the source, scattering at
the QPC, the left reservoir temperature Ty, and the averaged temperature of the
probe T',. According to inequality (5.1), the Langevin sources are fast fluctuations
whereas the electrochemical potential and temperature can be treated as slow
fluctuations.

In the following, we derive a direct relation between the bare fluctuations and
the electrochemical-potential and the temperature fluctuations.

5.2.1 Correlation of electrochemical-potential fluctuations

Here, we summarize the key points of the calculation for the electrochemical-
potential fluctuations. We start from the continuity equation for charge, which is

given by 40)
BT I,(t). (5.5)

Note that the time-averaged current is zero since there is no long-time accumu-
lation of charge in the probe, meaning that I,(t) = AI,(t). The total charge in
Eq. (5.5) is expressed classically in terms of the total electrochemical capacitance,

Q1) = OV = = (1) (5.6

By inserting the equation above and Eq. (5.4) into Eq. (5.5), and performing
the Fourier transform, the electrochemical potential Ay, (w) can be expressed in
terms of the bare charge fluctuation d7,(w),
Mppl) 1 31(w)
—e Dg 1+ iwtpe’

(5.7)

where e = C'/(Dg). This equation is valid as long as the fluctuations of the
electrochemical potential remain small in order to keep the linearization performed
in Eq. (5.4). This condition can be satisfied either on the timescale of the charge
relaxation time in the probe, 7pc, or on the timescale on which fluctuations are
measured, 1/w, with the effective timescale given by /73, + 1/w?.

In the next step we calculate the correlators. The frequency-dependent corre-
lations of the electrochemical-potential fluctuations from Eq. (2.35) (by putting
X,Y = p) can be found

76(w + & YPEH (W) = (Apip(), App(@) + App(W), Aptpl@)). (5.8)
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Using the Boltzmann-Langevin approach, a large separation of timescales between
fluctuations of the probe quantities and the bare fluctuations is assumed. For this
reason, while the electrochemical-potential correlator is measured at relevant finite
frequencies, the bare-fluctuations correlator is considered at zero frequency. Thus,

we can write

2
e 1 I

(Dg)? 1+ (wrpe)? P

where 73;[ represents a charge-current noise and it can be derived using the Flo-
quet scattering matrix. The charge-current noise for the slowly driven mesoscopic
capacitor is derived in Egs. (3.40) and (3.43), but for two contacts are kept at
the same temperature. In Sec. 5.3, we explain different components of the bare
fluctuations correlator, 73;] . In order to detect the charge-current noise by reading
out the electrochemical-potential correlators, we need to maximize this quantity.
One way to do this task is to maximize the prefactor e?/{[1 + (wTrc)?|(Dg)?)}.
However, it is not as straightforward as it looks, since we have to consider the con-
tribution of Dg to the charge-current noise. This issue is explained more precisely
in the appended paper.

P (w) = (5.9)

5.2.2 Correlation of temperature fluctuation

In the same manner as for the electrochemical potential, one can derive the tem-
perature fluctuations. The starting point is now the continuity equation for energy

d%t) =1Vt - SV [Ti(t) - T3] . (5.10)

The second term stems from the coupling of the probe to the phonon bath at
temperature Ty with electron-phonon coupling strength given by XV. The energy
is expressed classically in terms of the charge capacitance and heat capacity as
_ Q2(t) + CE(Tp) Tp(t) _ C 2 CE(Tp) Tp(t)

E(t) = =5 5 = —52t(t) + 5

Note that the time-averaged energy current is zero since there is no long-time
accumulation of energy in the probe, meaning that I7(t) = AIF(t). By insert-
ing the equation above and Eq. (5.4) into the energy current, Eq. (5.10), in the
frequency representation, we obtain then

(iw)gﬂpAup(w) + (iw)CpATy(w) = (5[5(w) - %Aup(w) — kAT, (w).  (5.11)

Here, we keep terms up to first order in Apuy(t) and AT,(¢). By substituting
App(w) with Eq. (5.7), we get

AT (w) = —— 51E(w)+%51p(w) | (5.12)

k+iwCg | P
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In addition, in the equation above, one identifies the bare heat fluctuations,

0 Jp(w) = 5I§(w) + i/ ed I (w), (5.13)
which are related to the temperature fluctuations by
1 0Jy(w)
AT, = - P 14
b() k 1+ iwTg (5.14)

Along the same lines of what has been explained for the electrochemical-potential
correlator regarding the large separation of timescales, the bare source correlator
is given by the low-frequency limit while we are working in the frequency-regime
relevant for temperature correlator. Therefore, we calculate the temperature cor-
relator in terms of the energy-current noise by replacing the electrochemical po-
tential in Eq. (5.8) with temperature, and we get:

TT 1 1 JJ
Py (w) = 21T (W) Py, (5.15)
where Pg 7 is derived for the slowly driven mesoscopic capacitor in Eqs. (3.47)
and (3.54). Experimentally, the temperature correlator needs to have a large
magnitude so that the heat-current noise can be detected. It can be achieved by
diminishing thermal conductance x or tunning parameters which are related to
TE and Pg 7

Finally, the correlation between the electrochemical-potential fluctuations Eq. (5.7)
and the temperature fluctuation Eq. (5.14) give direct access to the mixed-current
noise through

—e 1+ w?tpeTE 17
PET (W) = : P 5.16
P )= Dgn [T+ @rel 1L+ (wrncP] 7 10
Here, the mixed correlator is symmetrized, meaning that PgT = PPT #. This

correlator depends on two timescales set by the charge and energy relaxation
times of the probe.

5.3 Extraction of information about the source from
the probe

So far, we have obtained a direct relation between the correlations of the macro-
scopic fluctuations of the probe variables and the correlations of the bare fluc-
tuations of the probe. Since various parameters of the setup can be tuned, we
can use these to maximize the source fluctuations while minimizing at the same
time the fluctuations of the back-action in the probe. By doing that we get infor-
mation about spectrum and precision of the single-electron source. Moreover, to
gain further insight into the single-electron source fluctuations, in the following
section we decompose the charge- and energy-current noise into two parts that
originating from the source and the background fluctuations.
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5.3.1 Correlator decomposition

It is instructive to write 731;43 , where A, B = I, J, as a sum of terms with physically
distinct origins,
PP =P+ Py (5.17)

Here, 73543 describes the correlations coming from the driving source. Hence, in
the absence of the source, PAP is zero. The second term, POAB , represents the
correlations in the absence of the source, which appear due to the non-zero and
constant temperatures of the left reservoir and the probe when they are kept at
the background temperature 7. Mind that here 7z, = p, = 0. This background

noise can be written as
2
PP = 5D [ dBravs fo(B)[L — fo(E)). (5.18)

where x4, x5 = —e for A,B=1,and x4, x5 = F for A, B = J.
Importantly, the source correlators PSAB can be further divided into direct and
induced correlations as

PAB — pAB | pAB (5.19)

s,dir ,ind*
The direct correlator (‘dir’), is obtained for the probe reservoir kept at constant
temperature T}, = T, with the distribution function fo(E) = (1 4 #/ksTol)=1,
This correlator comes from the source driving and constant temperature of the
reservoirs.

D(1—-D
PAB :¥ > /dE za2p|S(E,, E)|?
7 h n#0
< { fo(Ba) (1= fo(B)] + fo(B) [1 = fo( )] |
D? TAKTB g+ TAT .
+ o YN [ap SRS B 5 (£, E)S(E,, Ey)
n#0 q,k

X S(Ep, B)S* (Bp, En) fo( )1 — fo( ). (5.20)

Here, x4y = 2p, = —e for B =1, and x4, = vp4 = I, for B = J. The induced

correlations (‘ind’) arise due to the fluctuations of the probe properties, which
are affected by the source driving, constant temperature of the left reservoir and
transparency of the QPC . In terms of the transport and interference contributions,
we find

PAL = D(1L = D) Y. [ dBwazslS(En, E) [£,(B) - fol B [1 = 2fo( )
h n#0

1 2 E E
+ED nééo q%k/dExAl‘B{fp(E)[l_fp(E)] _fO( )[1_f0( )]}
(5.21)
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To summarize, Eqgs. (5.17)-(5.21) provide us with a complete description of the
correlations of the bare fluctuations in the probe. The direct part of the noise,
Eq. (5.20), together with the background noise, Eq. (5.18), are calculated in
Chap. 3 for a slowly driven mesoscopic capacitor. The induced noise is the new
quantity and arise from the temperature gradient.

5.4 Discussion

In this chapter we have proposed a method to detect transport quantities of the
mesoscopic capacitor setup, derived in Chap. 3 and 4. However, this method,
based on the given argument in the appended paper, can be extended to an
arbitrary time-dependently driven electron source. More specifically, we suggest
that the charge-current and the energy-current fluctuations should be accessible
through the detection of the macroscopic fluctuations of the temperature and the
electrochemical potential of a probe contact.

Using the Boltzmann-Langevin approach, the fluctuations of the probe can be
divided into fast (bare) and slow fluctuations. Temperature and electrochemical-
potential fluctuations are described as slow fluctuations, while charge-current and
energy-current fluctuations are defined as fast fluctuations. The correlations of
the bare fluctuations are given by the low-frequency limit while the correlations
of the temperature and the electrochemical-potential fluctuations are measured
in the relevant frequency-regime.

Furthermore, to measure the above-mentioned macroscopic fluctuations one
should optimize the detection scheme by taking into account different experimen-
tally relevant parameters. We are concerned with two different kinds of tunable
parameters: First, the main setup parameters including the QPC transparency D,
the background temperature, the coupling strength >V and also the probe capac-
itances, C' and C'g . Second, the source parameters, listed as the temporal width
of the pulse o and the driving frequency 2.

Besides, we have analyzed how relevant experimental parameters enable us to
detect the pure source fluctuations, Eq. (5.20), by minimizing the fluctuations
due to the back-action, Eq. (5.21), from the probe. The difficulty in finding the
optimum parameters is that when they are adjusted to maximize the direct part,
Psﬁr, the effect of the induced part, Psflifd, might be increased, both directly and
indirectly. In the appended paper we have explained in more detail what is the
optimal parameter range that ensures an ideal detection.

The difficulty in tunning the parameters is that while they are adjusted to
maximize the direct part, stjldl?r’ the effect of the induced part, P;?ffd, is also
increased, both directly and indirectly. In the paper we explain in detail what the
optimal parameter range is ensuring the ideal detection.



6 Summary

In this thesis transport quantities such as charge currents, energy currents and
their corresponding noise, generated by on-demand single-electron sources have
been analyzed. We have shown several examples where these transport quantities
can serve as a spectroscopic tool to characterize on-demand single-electron sources.
In addition, we have proposed a setup for the detection of charge and energy
currents and their fluctuations via the fluctuations of macroscopic quantities of a
probe contact. The investigations have mostly been based on the concrete example
of a quantum-Hall setup with a time-dependently driven mesoscopic capacitor
acting as single-electron source.

We have started by introducing two prominent examples of on-demand single-
electron sources in Chap. 1: First, a time-dependently driven mesoscopic capaci-
tor, studied as the main example system in this thesis, and second, a Lorentzian-
shaped bias voltage which is used as a comparison in some cases. Then, in Chap. 2
we have described Floquet scattering theory which was used as a tool to derive
the above-mentioned transport quantities.

Then, in Chap. 3, we have focused on investigating the transport quantities
for a quantum-Hall setup with the slowly driven mesoscopic capacitor (setup .A).
Next, we have contrasted the obtained results with those for a setup emitting
single electrons by means of the Lorentzian bias voltage (setup B), which has been
previously studied in Refs. [10, 20, 21, 52]. The main difference between these two
setups, in general, arises from the fact that the scattering matrix describing the
mesoscopic capacitor is energy-dependent, while that of the second setup, driven
with the Lorentzian bias voltage, is energy-independent. However, for the slowly
driven capacitor at low temperatures (h$2, kT < h/o), studied here in more
detail, the scattering matrix of both systems is energy-independent. Despite this,
we have identified two main further differences related to the number of emitted
particles and the ability of the mesoscopic capacitor to store and release charge
and energy. This leads to a relative factor for the setup A with respect to setup
B, in the average energy current, charge-current noise and energy-current noise.
Furthermore, the average charge current emitted from the mesoscopic capacitor
is zero in contrast to the conductor with Lorentzian bias driving. In addition, in
order to quantify the differences due to the possible charge and energy storage
in the mesoscopic capacitor, we have written down continuity equations taking
account of this aspect.

In Chap. 4, we have modified the driving scheme of the mesoscopic capacitor

o3



54 6 Summary

by increasing the driving frequency beyond the adiabatic-response regime. We
were thereby required to derive transport quantities including the next leading
order correction in the driving frequency in an expansion of the scattering matrix.
We have therefore investigated the features associated with the increased driving
frequency which occur in the time-resolved charge current, the energy current,
and the energy noise, while leaving the number of emitted particles intact.
Finally, in Chap. 5, which summarizes the appended paper, we have addressed
the question of how one can experimentally get access to the charge current, energy
current and their fluctuations. We have proposed a detection scheme exploiting
frequency-dependent temperature and electrochemical-potential fluctuations in a
floating probe. The important part of the setup, which is different from the
devices discussed in the rest of the thesis, was that we have replaced the right
reservoir with a thermally and electrically floating probe. We have employed
a Boltzmann-Langevin approach to explicitly derive how the fluctuations of the
source are related to the electrochemical potential and temperature fluctuations.
In particular, the feasibility of our detection scheme, in presence of the slowly
driven mesoscopic capacitor (previously studied in Chap. 3), has been broadly
investigated in the appended paper. We have studied to what extent the back-
action of the probe reduces the access to the noise of the single particle emitter.
An analysis of the different, experimentally related parameters has shown how an
optimization of our proposed detection scheme, indeed makes a detection of the
previously investigated features in the energy-current fluctuations feasible.
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Appendix A

Current operator

In this appendix, we present a detailed derivation of the charge current operator
Eq. (2.19). From the definition of the charge current operator we have

A

I, (z,t) —e/er]a 7). (A1)

By replacing the density operator o (7 t) with Eq. (2.18), we get

e / ar it a%“ ") Wéﬂ;mz;a(t, 7). (A2)
Inserting the field operators Egs. (2.9) and (2.8) one obtains,
A a(T)Xa(TL) s
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We use the orthonormality of the transverse wave functions, [ dr'| xo (7L )xa(7L) =
1, to find

A h 1 - /
fatost) == 50 [ 4B [dE'Y wﬁ e

(E)da(E/)e_”k”(E>_’““ [ o(E)

—~
D
~—
>
R
—~
g
~—
=
I
o
Q
S
Q
—~
$
~
%
R
—~
&
=
—
—~
=
=~
~

o7



58 A Current operator

If we consider F and E’ to coincide or to be close to each other, then the velocities
can be assumed to be approximately the same. This assumption is not always true,
however, the final answer to describe the current and the current noise is obtained
to be the same. Therefore, the current operator at the local lead coordinate x = 0
reduces to

I.(t) = —% |[ dBape=En {dL(E)&a(E’) . ISL(E)BM(E’)}.
(A.5)



Appendix B

Energy current density

Here, we do some algebra to show that how one can get the second term of
Eq. (2.26) from the second term of Eq. (2.25),

12 - - - -
—o - [0V + 0 VIO + 0V + Vo]
? hz =, * * =% = * 4m (7
Lo ¥ |0V w0 - 90T+ uTaw - U@

(B.1)

Notice that, the first term in Eqgs. (2.25) and (2.26) are the source term due to
the time-dependent driving potential.

We start with the first line of Eq. (B.1):

2
- zh— (00" + N2 + O VA" + VP07
‘4
=— zh—ﬁ (0" Vi + 4"V i + 00 V™ + V")
5
o (VY + VO + VY + Vova)
2 5 . - >
= zh—v (00" V1 + V" VO + OV U™ + PV ")
2
+ L (G0 + Vo)
m2
=— 2h—€ (0" Vi + 9"V — 0V + Vo)
m
2
+ I (a2 + 0 9y) (B:2)
m

From Schrodinger equation, we have ihdyth,(t, 7) = Hiba (t, 7) and —ihdpdl (¢, 7) =
H!(t,7), where H(t,7) = —V2h?/2m + U(t). We can write the last line of
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60 B Energy current density

Eq. (B.2) as
h2
m

S <h—2§2¢* Vi — U (7, )" 521#)

m \2m

(0" V2 + 0 V)

h h2 =2 1 T2, /% — =2 %
+ — | =—V VY + U, ) VY

2m

(U (7 1)5(7 1) — 2 (VU 1) (7, 1). (B.3)

The second term vanishes, since no potential energy gradient is assumed to be
present in the reservoirs while the current is measured. Therefore, Eq. (B.2) is
found to be
h2 * * = x = *
—o (02 + V2O + VR + Vo)
h? - = - - -
== 5=V (=00 VY + VO — 0Vt + VO
+2V (U7, 1)j(7.1))
(B.4)



Appendix C

Scattering matrix of the mesoscopic
capacitor

In this appendix, we first describe the general scattering matrix of the mesoscopic
capacitor, Eq. (3.1), and then derive the scattering matrix when the capacitor is
driven slowly.

The capacitor is connected to the conductor through a QPC. The scattering ma-
trix describing the relation between amplitudes of the impinging and the scattered
particles is given by

- 1 (C.1)

A particle propagating from left, along the edge state, can be reflected from the
source QPC with the probability amplitude r» and continue propagation in the
conductor or, it can be transmitted to the capacitor with the probability amplitude
t. The particle after ¢ times turning around the capacitor and taking time- and
energy-dependent phase is transmitted to the edge state of the conductor with
probability amplitude . Now, we can construct the scattering matrix of the

Figure C.1: The impinging amplitudes to the QPC, i and i. are scattered to ampli-
tudes o and o., while the transparency of the QPC is defind as D, = |t?].
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62 C Scattering matrix of the mesoscopic capacitor

capacitor and write

S E) =1+ 2] S (=)t oL ok Jir U] (C.2)
q=1

where k is the wave number of the particle which makes one turn around the
capacitor with length L in time 7 = m.L/hk). For simplicity, we remove the
subscript "cap" for the notation Scap(t, £) = S(t, £). In the following, we obtain
the modified scattering matrix for the slow driving regime.

C.1 Scattering matrix in slow driving regime

In the slow driving regime, [/, dt'Uy(t') &~ Ug(t) q7, the scattering matrix is
obtained as

SOt B) = r 4 |2|(—r) ! i )0 giahL=FUs(1)
=1
v 4 pia(kL ( )
BTN A=A (C.3)
We replace r = e%\/T — Dy by assuming § = 0 or T,
V1— D, + e?tE)
SO, E) = R (C.4)
1 + /1 — Dge?t.E)
With
o(t, E) = kL — 2r AU, — 2r A~ 10U, (t) — 6. (C.5)

One can expand the wave number k£ around the Fermi wave number, meaning
that kL = k,L + (E — p)L/(hwv). Therefore, Eq. (C.5) is reduced to

o(t, B) = kyL +2rA™(E — p— Uy) — 2rA™10U,(t) — 6. (C.6)

The ratio L/v is found to be the time 7 during which, the electron with the Fermi
velocity v turns around the capacitor of length L.

Here, we are interested to have well-separated injection of electrons and holes.
For this reason, we are concerned with the weak-coupling limit, i.e., Dy < 1.
Thereby, we can write /1 — Dy =1 — Dg/2 in Eq. (C.4). On the other hand, the
time of crossing, ", is when the scattering amplitude is maximized and defined
by SO (t, E) = 1. That corresponds to ¢(#***, E) = 7. If the deviation from the
resonance is considered to be d¢(t, F) = ¢(t, E) — ¢(t'°, E), then expanding the
exponential component of the phase gives,

elOE) — IO E) 0OE) — 1 _i5¢(t, E) — h.o. (C.7)
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In consequence, taking into account all of the discussed simplifications, the scat-
tering matrix can be expressed as

o 1—Dy/2+4 (=1 —idg(t
S(O)<t, E) _ 619 / +( [ ¢( ))
1+ (1= Ds/2)(—1 —id¢(t))
do(t) +iDs/2 '
Furthermore, by expanding d¢(t, F) = (t — tres)% pes, it becomes
t — res _ jres
SO, E) = C.9
( ) ) t — tres 4 jores’ ( )
where
‘ Dy Dy
0" = —uE - ACTIE (C.10)
2% tres _47TT() tres

The equation above can be expressed for electrons and holes, separately by con-
sidering the following argument: An electron is emitted when the occupied level
shifts above the Fermi level by increasing the potential energy, i.e. ddUg(t)/dt > 0
and as a result, 0 = —og. On the other hand, a hole is emitted when the empty
level of the capacitor moves below the Fermi level by decreasing the potential, i.e.
déUy(t)/dt < 0 and thus, " = +0. Here, o is defined by

Dy
d6(LE)
2 dt

(C.11)

te/h ‘

Then, the scattering matrix for the electron part and the hole part can be defined
separately as

L leap = (0o 0<t<T/2

SOwE) =1 fop 0y (C.12)
p t—tgap—I—z'crcap T/2<t<T
b —top — iacap’ - ’






Appendix D

Currents with the
mixed-representation scattering
matrix

D.1 Time-dependent charge current

In this appendix, we derive the general time-dependent charge current in terms
of the mixed-representation of the scattering matrix Eq. (2.13). To begin with,
we start with Eq. (2.20),

== ZZ /dEe_Z S S5 (E, En)Sap(Er, En){f3(En) = fulE)}

__¢ %Zl /dEe—” WS ((En, E)Sap(Ey, E) { f3(E) — fa(Ey)}.

(D.1)

By employing the partial Fourier transform of the scattering matrix Eq. (2.14),
the current can be written as

H=—1 H» [AE {f5(E) — fulBp)ye i

dt’ t” —in o *
// Qv i Sﬁ@ E)S ( ,E)

(&

= ;/dE{fﬁ }/ U= G () E) Sap(t, E).
(D.2)

In the next section, we derive the adiabatic-response current Eq. (3.20) and the
correction term to adiabatic-response regime Eq. (4.11) by expanding the scatter-

ing matrix in terms of the driving frequency that for the case of the mesoscopic
capacitor is described by Eq. (3.4).

65



66 D Currents with the mixed-representation scattering matrix

D.1.1 Adiabatic-response regime

The expression for the charge current in the adiabatic-response regime is ob-

. : . . : (i :
tained by inserting the energy-independent frozen scattering matrix .S ((1 ﬁ) (t, 1) into
Eq. (D.2). We find

/
00 =5 S5 [ S (0h) 9 SO ) St
6 n
e At oy OSED W )
=7 ZZ/?e e —ﬁat, S (%)
ﬂ n
e 352(50) (t, 1) L0
- _2'27'{'% ot Saﬂ(tnu’)v (D 3)

where, we additionally assume pup, — ug = 0.

D.1.2 Correction to the adiabatic-response regime

Charge current beyond the adiabatic-response regime is describe by considering
the next leading order correction in the expansion of the scattering matrix. Using
the scattering matrix Eq. (4.3), the correction to the current is found to be

e dt/ in g

100 == § X [AEfH(E) = fulB) [ e
(0) #(0) 11

v {E M| OS5 (t', B) st E)

*(0
Sa(ﬁ)(twu’) oF E=p T a—E|E:M e

h| 928, B) ) o, 9289 E)
S « 9 - t * t « ) B
3 ram Fen Sas () + Sag (b 1) =5 5 le= }
(D.4)
By assuming up, — pr = 0 and performing the integrals, we obtain
B2 [ 028 4(t, 1) 0S¢, B) 35"V, )
Wy —_ € v af s af A B St
e o8 1=t gepp e S )
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Carrying out the remaining algebra in the equation above, the correction to the
current is simplified to

ehd [0S0 ) 059t E)
f(”“)wt( & oF e (D-6)

D.2 Time-dependent energy current

Along the same lines of the charge current, we express the time-dependent energy
current in terms of the mixed-representation of the scattering matrix Eq. (2.13).
As an starting point, we rewrite Eq. (2.30),

zﬁ: zl: /dE th> _Z(Z)QtS;ﬁ<E, En)Saﬁ<El7 En)
x{f3(En) — fa(E)}, (D.7)
Using [ — | + n, we have
a0 —% %Zl / dE (E + ”—"m) —ilmmQt G (B, E)Sas(Ey, E)
X {fs(E) — fa(En) }- (D.8)

By employing the partial Fourier transform of the scattering matrix Eq. (??), the
current can be written as

_%ZZ/dE<E l+nhﬂ —i(l—n)Qt // dt’ t” mQt/eith”
x Sap(t's E) Sap(t", E) {fs(E) — fa(En)},
dtl inQ(t—t'
- 25 [ 4B L) = ful B} [ e

M St B) Sup(1, ) — 2oyt 1) 2o By

(D.9)

x {(E +

Now, we can derive the adiabatic-response energy current Eq. (3.27), and the
correction term to it Eq. (4.19) by using the scattering matrix Eq. (4.3), which
describes the driven mesoscopic capacitor setup.

D.2.1 Adiabatic-response regime

The time-dependent energy current in the adiabatic-response regime is described
in terms of the frozen scattering matrix. By considering pr, — ur = 0, the energy
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current is given by

1 d N h 05" (t, )
[ _ bl hQ inQt—t") "ty o*(0) tl af\b
h %;/ T n ( QZ)SO[B ( 7:“) ot )
(D.10)
Performing the integrals, the energy current is derived to be
05:9 (¢, 11) 05 (¢

47 B ot, i ot

D.2.2 Correction to the adiabatic-response regime

The correction to the adiabatic-response energy current is obtained as
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By considering p1, — pr = 0 and performing the integral, we have
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Appendix E

Average energy current for the
mesoscopic capacitor setup

The average energy current in the mesoscopic capacitor setup A which is given in
Eq. (3.29) is derived in the present appendix.

We start by inserting the energy-independent frozen scattering matrix, S(E,, ) =
S, in Eq. (2.31). We obtain

A0 = SIS, [ AEE uE) - ()] (E1)

Recalling that, there is no bias voltage (ur, — pr = 0), and solving the integral
with respect to energy, followed by inserting the expression for S, in Eq. (3.12),
we find

h$? (209)262"9(1 + 62"9)

[—EA
or (e —1)3

blb

§j2aﬂ —2no(np0)? = (E.2)

Finally, making use of the condition 0{2 < 1 to the leading order in o§2, we get

_ £
§A®:2D?. (E.3)
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Appendix F

Interference part of the
energy-current noise

Here, we present a detailed calculations of the interference part of the energy-
current noise in the case when the source is the slowly driven mesoscopic capacitor
Eq. (3.50).

The interference part of the energy-current noise is proportional to D?, and equals

D2 . i i}
Piﬁfl{l(o) — T / dE { Z Equ Sq,nSk_nSkSqu(En)[l — fL<E)]

k,qmn

+E* fu(E)L- fulE)]
We start by writing the first integral as a sum of three terms

[AE S EyBi Syt Sy B[ = fulB) =pi+p+ps  (F1)

k,qn

where

= [ dEE? Y ByBy Sy nSi_,SkS; fulEa)[L = fu(B)

k,qn

p2=(hQ) [ ABE Y (k + ) Sy-uSi_nSiS; fulE)[L = fu(E)

q,k,n

ps = (Q)? / AE Y kq Sy nSi_uSeSE fu(E)[L — fL(E)].

q,k,n

Using the unitarity of S,,, we have directly

(F.2)
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For the third term, p3, we first reformulate it as

2

po = (02 [AE S S(EDL = F(E) X aS-0S;
’ HQ
= (h2)* 3" 1> 4S4-nSi| (nhQ) coth ( n ) : (F.3)
n>0| ¢ 2kBT
As a result, the total interference part is obtained by
D2
PﬁfﬁA(o) = T(Qpl + p2 + p3)
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