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"Parce que tu m’as vu, Thomas, tu as cru. Heureuzr ceuxr qui n’ont pas vu et qui ont

cru. !

Jean 20,28

"La vie de tout homme présente deux faces ; celle de sa vie personnelle, d’autant plus
libre que ses intéréts sont abstraits, et celle de sa vie élémentaire, la vie de ruche ot

l’homme obéit inéluctablement aux lois qui lui sont prescrites.”

Léon Tolstoi, Guerre et Paix

"Il ne faut pas oublier qu’un accélérateur de particules est quelque chose que nous ne
fabriquons pas avec quelques morceaux de bois, mais quelque chose qui implique un effort

soctal considérable.”

Alexandre Grothendieck, 1972
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Résumé en Francais

Introduction

La motivation générale de ce travail est de manipuler des électrons individuellement
dans des circuit électroniques. Contrairement & un ordinateur ou & un circuit classique,
ol l'information est codée sous la forme d’impulsion de courants macroscopiques, nous
voulons ici réduire des impulsions au strict minimum, c’est-a-dire un seul électron. Au-
dela de I'avantage de la miniaturisation du support de I'information, réduit a une particule
élémentaire, les aspects quantiques de la matiére commencent a étre atteints. De tels effets
ont été déja observés dans les expériences d’optique quantique électronique, analogues aux
expériences d’optique quantique mais en utilisant des électrons dans des solides, comme
par exemple l'interféromeétre de Mach-Zehnder électronique [67, [107], les expériences de
Hong-Ou-Mandel [37] ou de Hanbury Brown et Twiss [13].

A
A

Figure 1: Eléments nécessaire aux expériences d’optique quantique électroniques. 1 -
Le rail quantique, ’équivalent de la fibre optique. 2- La lame séparatrice, permettant
de transmettre ou de réfléchir les électrons avec une certaine probabilité. 3 - La source
d’électrons a la demande, permettant d’injecter quelques électrons dans les rails quan-
tiques. 4 - Le routeur ou interrupteur quantique, guidant les électrons dans les différentes
parties du circuit. Ces deux derniers éléments seront I'objet d’étude de cette thése.

Il est légitime alors de se demander si, en utilisant des électrons soumis aux lois de la
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mécanique quantique, il est possible de réaliser du calcul quantique avec de tels objets.
Une proposition serait de coder 'information sur les trajectoires balistiques des électrons
dans des conducteurs balistiques et cohérents, communément appelés "flying qu-bits"
[64]. Dans ces conducteurs, les électrons se déplacent sans collisions sur des dizaines de
micrométres et gardent leur cohérence quantique (la distance sur laquelle les effets quan-
tiques se manifestent) le long de leur trajectoire. On peut ainsi réaliser des rails quantique
(figure|[l} 1), ou I’équivalent de la fibre optique pour électrons, en plongeant un conducteur
balistique et cohérent sous un champ magnétique intense appliqué perpendiculairement
a sa surface : on observe alors I'effet Hall quantique et le transport électronique a alors
lieu dans les canaux de bord, des trajectoires unidimensionnelles qui suivent le contour de
I’échantillon. On peut aussi créer des lames séparatrices en déposant des grilles électro-
statiques qui créent une barriére de potentiel pour les électrons, qui auront une certaine
probabilité de la traverser par effet tunnel (figure(l} 2). Des contacts ponctuels quantiques
[126] (Quantum Point Contact, ou QPC, en anglais) réalisent ce genre de systéme.

Pour manipuler des électrons individuellement, il est alors nécessaire de disposer des
sources d’électrons et des "routeurs" ou un "interrupteur" quantique (figure|l] 3 et 4). La
source d’électrons va permettre d’envoyer un a un et a la demande de 1'utilisateur tandis
que l'interrupteur va permettre de guider les électrons a travers les différents parties du
circuit. Ces deux éléments seront ’objet d’étude de cette these : formellement et expéri-
mentalement proches, nous les étudierons d’'un point de vue théorique et expérimental.
La suite de cette présentation s’organisera en deux partie : la premiére sur les sources

d’électrons et la seconde sur 'interrupteur.

Vers des sources d’électrons a la demande dans des rails
quantiques : Etude du bruit photo-assisté en effet Hall

Quantique entier

Comment injecter exactement un électron parmi les nombreux autres qui peuplent un
conducteur ? Si différentes sources a un électron ont déja été réalisées [102] [61], nous
intéressons ici aux sources qui injectent un électron dans un état quantique bien déter-
miné. La premiére source de ce genre a été réalisée au LPA en 2007 et utilise une capacité
meésoscopique jouant le role de puit quantique, chargé et déchargé a ’aide d'une électrode
extérieure [41]. Ainsi, un électron puis un trou sont injectés successivement i une én-
ergie bien définie dans le conducteur, mais 'instant d’émission n’est pas déterminé par
I'utilisateur. Dans un autre type de source complémentaire, les sources a impulsion de
tension, I’émission d’électron est déclenchée par I'application d’une impulsion de tension
directement appliquée sur le conducteur. Plus particuliérement, c’est cette type de source

sera étudiée dans cette thése.
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Quel est I’effet d’'une impulsion de tension appliquée sur un con-

ducteur ?

On s’intéresse ainsi a réaliser une source d’électron dans un conducteur quantique que
j’ai réalisé dans le laboratoire, dont la vue au MEB est présentée sur la figure 2l Le
conducteur quantique, représenté en bleu, est un gaz bidimensionnel d’électron formé
dans une hétérostructure d’AsGa/AsGaAl. Il y a six contacts sur lesquels on va pouvoir
appliquer un potentiel extérieur (en orange) ainsi que de grilles électrostatique (en noir)
qui vont réaliser un QPC et controler les coefficient de transmission 7 et de réflexion p des
électrons émis par les contacts 0 et 3 vers les contacts 1 et 4. Fonctionnant dans 'effet

Hall quantique, les trajectoires électroniques sont représentées en rouge.

V=V, ,+V,sin(2mvt)

Figure 2: Vue au MEB de I’échantillon utilisé durant cette thése pour I’étude du transport
photo-assisté dans le régime de 'effet Hall quantique entier. Le conducteur quantique est
représenté en bleu, les contacts en orange et les grilles électrostatiques en noir. Le but
de I'expérience est d’injecter des électrons a partir d’impulsion de tensions sinusoidales
appliquées sur le contact 0, et de mesurer le courants et ses fluctuations a travers les
contacts 1 et 4.

Pour réaliser une source d’électrons, une premiére idée serait d’appliquer un potentiel
DC V. sur un conducteur quantique. Dans ce cas 14, le potentiel chimique du contact
0 est augmenté d’une quantité eV, au-dessus de 1’énergie de Fermi et des électrons sont
émis en moyenne a des intervalles de temps t = h/eVy., et le courant injecté s’écrit ainsi
comme [y = %Vdc, ol % est le quantum de conductance. Cependant, cela ne forme pas
une source a la demande d’électrons, car ils sont émis de maniére continue sans connaitre
le moment d’émission.

Par conséquent, une idée pour déclencher le moment ou les électrons sont émis serait

d’appliquer un potentiel qui dépend du temps, soit une impulsion de tension : Vj =
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Viae + Vae(t), oit V. est une tension purement alternative de fréquence v. Comme la
relation précédente entre le courant et la tension est toujours valable, I'intégration de
cette relation sur une période nous permet de voir qu’on injecte n = %fdtvo(t) charges
dans le conducteulﬂ Cependant, appliquer une impulsion de tension sur un conducteur
quantique n’est pas anodin : I'ensemble des électrons de la mer de Fermi ressentant le
potentiel alternatif, on génére une excitation collective [83], modélisée par l'opérateur
de seconde quantification A, qui décrit les états électroniques émis par le réservoir 0
pulsé : Ay(e) = > piao(e — lhv), ot ag(e) sont les opérateurs de seconde quantification
qui décrivent les états électroniques émis par le réservoir 0 lorsqu’il n’est pas pulsé et les
coefficients p; sont les coefficients de Fourier de e=*®), avec ¢(t) la phase acquise par les
électrons lors du pulse. Cette excitation collective s’interpréte comme la présence de N,
électrons (resp. N, trous) au-dessus (resp. en-dessous) de la mer Fermi en superposition
cohérente et n’est pas un état quantique bien défini, susceptible de générer des fluctuation
de courant dans le circuit. Ce type de transport dynamique est appelé "photo-assisté"
car un électron a une probabilité |p;|*> d’absorber [ quanta d’énergie hr. Néanmoins,
Levitov et al. [74] ont montré que lorsque le pulse de tension est lorentzien et porte une
charge n entiére, aucun trou n’est crée et on injecte exactement une excitation quantique
élémentaire de charge n, appelée leviton. Cette propriété fondamentale a été montrée
expérimentale en 2013 dans notre laboratoire durant les thése de J. Dubois et T. Jullien,
dans le cas ot il n’y a pas de champ magnétique.

Le premier objectif de cette thése est de montrer qu’il est possible d’injecter des levitons
dans des rails quantiques, c’est a dire montrer la validité du transport photo-assisté dans le
cadre de 'effet Hall quantique. Pour cela, nous allons nous intéresser au bruit de courant
en exces, créé par le partitionnement des excitations électron-trou sur la barriére du QPC,
qui permet de compter le nombre total d’excitations N, + IV,,. Plus particuliérement, nous
allons mesurer ces fluctuations, quantifiées par la densité spectrale de puissance Sy, en
fonction de la tension DC : S7(Vg.) = >, [pi|>S¢(Vye — lhv /€), ot St sont les fluctuations
sans pulses appliqués sur le réservoir 0, ce qui nous permettra de remonter a la distribution
des p; qui décrivent le transport photo-assisté. On se focalisera dans nos expériences sur
des impulsions sinusoidales, les plus simple a réaliser, afin de valider ces résultats pour
d’autre type de pulses, comme les pulse lorentzien qui permettront d’injecter des levitons

dans les canaux de bords.

!Pour une impulsion de 1 ns de durée et de 4 1V d’amplitude, on injecte un électron dans le conducteur.
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Interrupteur quantique : bruit de charge fondamental

généré par le processus d’ouverture et de fermeture

Que se passe t-il lorsque la mer de Fermi est brutalement coupée en deux parties dis-
tinctes 7 C’est la question qui se pose lorsqu’on s’intéresse a la possibilité de réaliser un
interrupteur quantique. On considére un conducteur élémentaire séparé par une barriére
électrostatique, par exemple un QPC, faisant varier les coefficients de réflexion p(t) et
de transmission 7(¢) au cours du temps (figure [3). Ainsi, lorsque 7 = 1, p = 0 (resp.
7 =0, p = 1), tous les électrons émis par le réservoir de gauche sont transmis (resp.
réfléchis) vers le réservoir de droite (resp. de gauche), ce qui correspond a un interrup-
teur fermé (resp. ouvert). Pendant le temps ou la barriére s’ouvrent, les électrons se
délocalisent dans 'espace disponible de part et d’autre de la barriére et s’intriquent (fig-
ure . Au moment ou la barriére se referme, de 'entropie d’intrication quantique est
créée due au manque d’information sur la position des électrons, dont la fonction d’onde
se projette soit d'un coté soit de l'autre. Cela se manifeste a travers des fluctuations
de courant [76] dans les canaux de conductions qui peuvent étre mesurées a travers les
contacts du conducteurs. Ces fluctuations sont fondamentales, dans le sens ol elles ne
sont dues uniquement au processus d’ouverture et de fermeture de l'interrupteur, méme

a température nulle et a ’équilibre.

QPC closed D=0

QPC open D=1
> >
~
to<t<t
0<C< 1:( - < @ L 4

A
QPC closed D=0

Figure 3: Schéma d’un interrupteur quantique. Une grille électrostatique (en gris) impose
une barriére électrostatique qui autorise ou non le passage des électrons de part et d’autre.
Un interrupteur quantique peut étre réalisé a partir d'un QPC, comme celui présenté sur
la figure 2| & I'aide du potentiel de grille V5. Le processus d’ouverture et de fermeture de
I'interrupteur génére de I’entropie d’intrication quantique entre les deux réservoirs et des
fluctuations de courants aux bornes du conducteurs. Ces fluctuations sont fondamentales
car elles sont uniquement liés a ce processus d’ouverture /fermeture.

Le second objectif de cette thése est de mesurer ces fluctuations générées par le fonc-
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tionnement d’un interrupteur quantique. Nous utilisons un QPC, comme celui présenté
présenté sur la figure 2| mais ot la tension sinusoidale est appliquée sur les grilles afin
de réaliser le processus d’ouverture et de fermeture de I'interrupteur au cours du temps.
Les fluctuations de courant sont mesurées a travers les contacts 1 et 4, alors que tous les

autres sont au potentiel de la masse.
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Introduction

The purpose of this thesis is to explore the dynamics of electronic quantum transport,
thanks to two experiments of current noise measurements across a coherent ballistic con-
ductor, implemented by a Quantum Point Contact (QPC). We studied in a first part
the Photo-assisted properties of a sine excitation applied on the lead of a QPC in the
Quantum Hall Effect and in a second part the most elementary switch of a conductance
channel implemented by the potential barrier of a QPC, which plays the role of a quantum

switch.

Quantum transport in mesoscopic physic

The work presented here belongs to the field of mesoscopic physics. Thanks to the de-
velopment of micro-fabrication and cryogenic techniques during the last three decades,
it has been possible to implement artificial systems of intermediate scale between the
macroscopic world and the atomic scale, and whose properties are governed by the quan-
tum laws. One of the first striking manifestation was the Aharonov-Bohm oscillations
measured in a gold ring of 800 nm diameter at 10 mK[130]. Surprisingly, this experiment
demonstrates that the length in which electrons preserve their quantum phase coherence,
also called the coherence length, is much larger than the crystal lattice despite the inter-
actions with impurities and the chaotic motion of electrons. Thanks to the development
of the 2 Dimensional Electron Gas (2DEG) in GaAs heterostructures[124] for the high
speed electronics, the large coherence length can be combined with the ballistic motion
of electrons|60], over distances of tens of microns. In these materials, electrons behave
like free quantum particles with a low effective mass in a 2D plane: condensed matter
physicists can now perform experiments of a quantum pool, where billiard balls have
been replaced by electrons[123]! Furthermore, it is possible to implement unidimensional
ballistic coherent conductors in 2DEG using surface gates, whose electrostatic barrier po-
tential confine electrons in one direction[126]. For instance, the number of lateral modes
in a quantum wire can be controlled in a Quantum Point Contact (QPC) thanks to its
tunable barrier, allowing to evidence the quantification of conductance[l132, 127]. The
DC transport properties in such devices have been widely studied experimentally and

theoretically, in particular thanks to the formalism developed by Landauer, Martin and
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Biittiker[21) 19, [86].

Dynamical transport for electronic optic experiments and quantum
computation using flying qu-bits

From that, one can ask if the large coherence lengths and ballistic trajectories of electrons
in such devices could be used in order to perform the experiments of quantum optics,
such as Hong-Ou-Mandel|63] or Bell’s inequality[6] experiments. Indeed, the fermionic
nature of electron make their emission one-per-one easier, in principle, than photons used
in quantum optics which tend to be emitted by packets[42]. Moreover, the possibility of
controlling electrons through the Coulomb interaction is of a great interest for quantum
computation, by using "flying qu-bits" where the information is coded on the electronic
trajectories[64][95]. But how manipulate only one electron among billions in a crystal?
This major difficulty has been overcame in the nineties with the first manipulation of
unique charges, performed into a serie of metallic islands, where the Coulomb blockade
allows to transfer electron one-per-one[51l [102]. Another approach is to use the piezo-
electric properties of the GaAs in order to generate Surface Acoustic Waves (SAW), which
create a moving potential for electrons in a depleted 1D wire. It enables to transfer an
electron above the Fermi sea from a quantum dot to another|61, [89]. An important step
forward for the implementation of flying qu-bits was the realisation of coherent electron
sources by injecting an electron just above the Fermi sea in a quantum wire. The first
has been realized in 2007[41] thanks to a mesoscopic capacitor playing the role of a
quantum dot[46], which injects an electron at a well defined energy above the Fermi
sea. Another idea is to use voltage pulses for the injection of a leviton, a single charge
wavepacket with a Lorentzian shape for which the extra electron-hole excitations created
when an arbitrary voltage is applied on the lead of a quantum wire[74] are cancelled.
This has been experimentally demonstrated in our group[37] and we discuss below about
the perspectives explored in this thesis. Thanks to these coherent electron sources, it
has been possible to perform the electron tomography and Hong-Ou-Mandel experiments
[70, 71, 12]. In parallel, the framework has been built thanks to the theoretical study of the
dynamic of quantum transport in coherent ballistic conductors |16}, 24], 27, 25], 20, [T, 110]
and stimulates numerical simulations, for instance the study of the propagation of time-
resolved pulses in quantum wires [49] 50)].

We propose in this thesis to go forward in the study of AC transport in coherent
ballistic conductors and in the realisation of quantum circuits for flying qu-bits. To
achieve this, we demonstrate in the first part the first step validating the possibility to
implement a voltage-pulse electron source in the Quantum Hall Effect (QHE) in order
to use the edge channels as quantum rails for levitons. In the second part, we study the

experimental realisation of a quantum switch, a required element for the manipulation of
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the flying qu-bits in a quantum circuit and connect the problem of a switch in a single
conductance mode with more general physics, such as the measurement of entanglement

entropy.

Photo-assisted shot-noise in quantum Hall effect

The first part of this thesis is devoted to the study of Photo-Assisted Shot-Noise (PASN)
in the QHE. Its observation is the first necessary step which validates the possibility
to implement a voltage pulse source in this regime. The principle is simple: a voltage
pulse applied on the contact of a quantum wire injects a charge ¢ = % [dt V(t) that
corresponds to one electron for a carefully chosen V' (¢) area. If an arbitrary voltage shape
induces photo-assisted extra electron-hole excitations[39], Levitov and al. shown that the
Lorentzian shape send in the wire a single electron above the Fermi sea with no extra
excitations[83, [74], [66], B1]: a leviton, realizing a clean electron source suitable for flying
qu-bits. This has been experimentally realized in our group|37] in the absence of magnetic
field.

AUNAN oi
/g -
/777 /777
ol
— I
1777

Figure 4: The Photo-Assisted Shot-Noise experiment in the Quantum Hall Effect regime.
A time-dependant voltage is applied on a contact of a QPC acting as a beam-splitter.
The effect of the AC voltage is to create coherent electron-hole excitations whose number
is counted through current fluctuations 6i2 measured on the transmitted and reflected
channels. The understanding of those excitations is required for the implementation of a
single electron source in the QHE.

However, the control of the leviton trajectory is required for quantum computation
and this can be done by using the chiral propagation in the QHE, where edge channels
play the role of quantum rails for levitons. Therefore, it is crucial to ensure that the
physics of photo-assisted processes leading to the remarkable property (no extra electron-
hole excitations) of Lorentzian pulses demonstrated without magnetic field is still valid in
the QHE regime. To achieve this, we count the number of extra electron-hole excitations

through the photo-assisted shot noise generated by their partitioning on the potential
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barrier of a 6-contacts QPC acting as a beam-splitter, as illustrated in the figure [4]
To test the photo-assisted physics the study is restricted to a sine pulse which is more
convenient: there are no relative phase shifts or amplitudes to control. This experiments
remains an experimental challenge: one has to send RF voltages at very low temperature,
while the noise measurement is disturbed by the parasitic interferences provided by the
presence of the 14 T magnet. The results presented in chapter 4 show a good agreement
between the Photo-Assisted theory, paving the way for an implementation of levitons in
the QHE regime.

Quantum switch

In the second part of this thesis, we study the fundamental charge noise generated by an
elementary switch on a single mode of conduction: a quantum switch. Indeed, a quantum
switch could enable the control of the trajectory of the flying qu-bits in the QHE regime in
quantum circuits. However, during the switching process, current fluctuations due to the
creation of extra electron-holes is generated and can disturb the computational process.
Therefore, understanding of those fluctuations is essential and is also connected to more
general physics we detail below.

The problem is the following: a coherent unidimensional conductor is separated in
two parts thanks to a punctual scatter of transmission D(t), for instance a QPC which
plays the role of a switch. The transmission varies quickly in time, connecting and discon-
necting the right and left sides of the quantum wire and this generates intrinsic current
fluctuations. This noise is fundamental: even in the limit of zero temperature without
partitioning on the QPC, fluctuations appears as soon as the transmission is suddenly
modified.

Originally proposed by Levitov[76], this problem can be viewed in terms of entangle-
ment entropy. This picture is illustrated on the figure B} two reservoirs of a quantum
wire are initially spatially separated (D = 0) and are suddenly connected (D = 1) at
time to. During a time t;, electrons of both reservoirs delocalize in the whole available
space, making the two reservoirs entangled. Then, the left and right sides are again dis-
connected, creating entropy due to the loss of information about the electron location
during the time t;. This entanglement entropy creation[I19] is directly related to the
current fluctuations: indeed, a delocalized electron is projected either on the right or the
left side after the final separation. This induces fluctuations of the number of charges
between both sides and then generates a charge noise. Moreover, the problem can also
be described in terms of entangled electron-hole excitations in the Fermi sea produced
during the switching process|133], 32].

Therefore, we propose in this thesis to derive the QS noise according to the photo-

assisted theory developed for the PASN and to provide expressions well adapted for a
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Figure 5: The Quantum Switch experiment. A single mode quantum conductor is initially
separated by a fast tunable barrier in its middle which plays the role of a switch. During a
time ¢, the barrier opens and electrons from one part delocalize in the other part making
the two previously disconnected parts entangled. Then, the closing of the switch generates
fundamental charge fluctuations in the conductor, which are measurable. This picture is
inspired from [76].
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comparison with experimental data, by taking in account the realistic time-dependence of
the transmission. Then, we performed experimentally the first measurements of the QS
noise implemented thanks to a QPC where the AC voltage is now applied on the gates.
The results are found in a good agreement with the expected theoretical noise for both
in the absence of magnetic field and in the QHE regime, evidencing the experimental

signature of the Quantum Switch.

Outline

This manuscript is organized as follows. In chapter 1, we first review the basics of DC
transport in quantum conductor for two types of sample: the 2-contacts and the 6-contacts
geometries, used in the experimental work. The Floquet formalism is presented in order
to derive the expressions of PASN and to interpret the results in terms of electrons-hole
excitations. Then, we apply this powerful formalism in the case of a time-dependent
transmission of the scatter and an elegant expression of the QS noise is obtained. The
chapter 2 and 3 are devoted to the experimental aspects of this thesis. In chapter 2,
we present the general feature of the QPC and the sample fabrication thanks to our
facilities of our laboratory and also a simple model in order to design the gate adapted
for the PASN or the QS experiments. The measurement set-up, RF wire engineering
and the calibration are detailed in chapter 3. The experimental results of the PASN in
the QHE are reported in chapter 4 in which we highlight the good agreement with the
expected theory, except an offset in the noise that we attempt to explain. The last chapter

presents the QS noise measurements: without magnetic field, the experimental results are
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remarkably well described by a QS noise combined with PASN resulting of a parasitic
AC drain-source voltage that we understood. The results in the QHE regime exhibits an

unexpected behaviour of the conductance, while the measured noise is consistent with the
QS noise.
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Chapter 1
AC-transport in quantum conductors

The purpose of this chapter is to study the theoretical aspects of the AC transport in a
quantum wire with a tunable scatter. Starting from the DC description of the current
and the noise in this system, we recall both the theoretical framework for the PASN
experiment, in which the AC potential in the lead is periodically driven and for the
QS experiment where the transmission of the scatter is periodically driven. Thus, it
allows us to understand the mechanisms of the photo-assisted process occurring in the
AC transport and to derive direct formulas of the current and the noise for a comparison
with the experimental data presented in chapter 4 and 5. The formalism used for the
description of electrons in coherent ballistic conductor is strongly inspired from the work
of M. Biittiker, R. Landauer, T. Martin|19, 86, 85] and the Master course of D. C. Glattli
of Mesoscopic physics.

This chapter is organized as follows: in section 1, we first review the DC transport for
the two types of quantum conductors used in our experiments. Then, we study in section
2 the effects of a periodic voltage applied on a quantum wire thanks to the Floquet
formalism and we obtain the expressions of the photo-assisted shot-noise. In section 3,
we describe the properties of the periodic modulation of a scatterer in a quantum wire,

which plays the role of a switch.

1.1 DC transport in unidimensional quantum conduc-

tors

1.1.1 Scattering theory in quantum conductors

We consider a quantum conductor, represented in the figure[1.1] composed of N quantum
wires indexed by « € [0...N — 1] each of them connected to a thermal reservoir (or
contacts) R,. A reservoir plays the role of electron thermal bath: an electron moving

toward a reservoir is absorbed with a probability 1 and can be re-emitted at a random
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energy and phase. The energy distribution of electrons emitted by the reservoir « at

temperature T is characterized by the Fermi distribution|36]:

1

foz(g) = 1 + eBle—pa)

(1.1)

where 8 = 1/kgT and u, is the chemical potential of the reservoir, which is equal to
the Fermi energy cp at thermal equilibrium. When a DC voltage V. is applied on it, it
increases the chemical potential by ., = ep + eV [3].

Figure 1.1: A quantum conductor composed of N = 6 quantum wires «, each of them
are connected to a thermal reservoir R,, which emit or absorb electrons (red arrows). All
wires are connected to the elastic scatterer S in the center.

In the conductor leads, the electron motion is ballistic and quantum coherence is pre-
served along its trajectory. An elastic scatterer S placed in the center can reflect or trans-
mit an electron emitted by the reservoir a to an other reservoir 3, with a probability am-
plitude Sg,. It is convenient to define S by the scattering matrix S = (Su8)a,sep0...n—11[18]-
Electrons in the quantum wire « are fully described by the Fermi operato T,

N ds . N-1 . .
U, (24,t) = /— <éa(6)61k(6)$“ + Sagége_’k(e)z°> et/ (1.2)
/2mhv(e) ;

where v(e) = hk(e)/m* is the velocity of an electron of energ e. The term &, (g)e*()za

represents the annihilation operator of an electron emitted by R, propagating into the

—ik(e)

increasing z,. Terms S,zage Te represents the annihilation operator of an electron

emitted by Rg scattered by S toward R, with a probability amplitude S,3 which propa-

'In the following, integrals with no integral interval denoted corresponds to indefinite integrals.
2m* is the effective mass. The dispersion equation is thus € = h?k?/2m*.
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gates into the decreasing x,. Note that 1/27hv(e) is a normalisation term. The annihila-
tion operator & and the creation operator a' verify: (al (¢1)as(c2)) = fa(€1)d(e1 — €2)0as,

where (...) is a statistical and quantum average. The Fermi operator W, is the basic tool

for current and noise calculations presented in this chapter. Indeed, the current operator

defined as: R R
- h (1..dV, 1d¥f .
(20, t) = — (-qﬁ ~ = aqfa> (1.3)

- . o .
2m* \ ¢ dz,, 1 dx,,

It represents the total current created by the flows of incoming and outgoing electrons in
the quantum wire . The time and space arguments (z,,t) are kept in the expression of
L, in order to highlight the propagation in the AC transport regime considered in section
[4.2] The current noise, or current fluctuations, are described through the Power Spectral

Density (PSD) of the current operator, defined as:

Styeny(@) =2 [ e ({LOL(E+ )~ F0) Tl + 1)) (1.4)

where — is the time average over t. This average is performed only for time-dependant
problems, for instance in AC transport. In the case of a # f3, eq. is the correlationf’
between current fluctuations of contacts o and . This quantity, sometimes denoted Sy,
quantizes the fluctuations of the current around its mean value at a given frequency. More
details about noise properties can be found in the phD thesis of Laure-Héléne Reydellet
[11].

The case of several modes in a quantum wire is easily generalised from the framework
presented here. We assume that each mode is independent from anothelf_f], so that the
resulting current or noise is the sum over all modes possible, except if they are mixed by
the scatteretﬂ For simplicity, it will not be taken in account in the notation and we will
directly generalize from one to several mode in the following calculations.

The present framework is here applied for two types of quantum conductors: the 2-
contacts and 6-contacts geometries, corresponding to the experimental devices used in
this thesis and presented in chapter 2. All the information about the geometry of a
system is included in the scattering property, described by the scattering matrix S =
(Sap)a,selt...N—1] defined previously. We detail in the following the calculation of current

and noise for both geometries.

1.1.2 2-contacts geometry

The first geometry studied is a Quantum Point Contact (QPC) with 2-contacts presented
in figure It is the simplest geometry for quantum transport experiments. The quan-

3 Also called cross-correlation.
4We neglect for instance interaction between edge channels in the QHE regime.
5The case of mixed modes are studied in this chapter
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tum conductor (in blue) is connected to the reservoirs (also called contacts or leads) L and
R (in yellow). A scatterer S is placed into the constriction in the central part. An electron
emitted by L or by R has an amplitude probability p to be reflected and a probability 7 to
be transmitted through the scatterer. We assume that these amplitudes are independent
of the energy of the incoming electronﬁ The scatterer is tunableﬂ so that electrons can

be completely reflected (QPC closed) or completely transmitted (QPC open).

I

Iy
~— L

R |-

Figure 1.2: A 2-contacts geometry quantum point contact. The blue part in the quantum
conductor, the yellow parts are the reservoirs left L and right R. A constriction in the
middle with a tunable potential barrier scatters the incoming electrons emitted by the
left or right reservoirs.

For this geometry, the scattering matrix S is:

S = (p ! ) (1.5)
T —p

This holds only for B = 0 as ST = S. It is implicitly supposed that scatterer is perfectly
centered in the quantum conductor so that the phase accumulated by the wave function
of electrons does not appear in S. The unitary of the matrix is equivalent to the current

conservation:
SIS=8S' =1 < |p+|r*=1 (1.6)

In the following the probability of reflection and transmission are denoted D and R and

are respectively given by:

D = |7|? (1.7)
R=|p|? (1.8)

This scattering matrix of the 2-contacts QPC does not change when a magnetic field is

applied. Thus, formulas of current and noise derived in the following stay unchanged

6This is a good approximation for energies closed to the Fermi sea. This assumption will be justified
in the chapter 2.
"In chapter 2, we describe more precisely how we experimentally tune the barrier of the QPC.
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without external magnetic field or in the quantum Hall effect.

Current operator

Starting from the scattering matrix of the 2-contacts geometry, the expression of the Fermi

operator Uy is:

~ de . . .
W (xn,t :/— a ()™ 4 (pa; () + Tag(e))e e st/ 1.9

L(@r,t) %hU@( 1(€) (pa(e) r(€)) ) (1.9)
Therefore, using eq. the operator iL(x, t) of the current flowing from the left to the

right at time ¢ at the position x; reads:

A e R N R R R N

I (zp,t) = ; / dedes (aTL(sl)aL(ag) — p?al (e))ap(e;y) — T2ak(e1)ag(ey)
(1.10)

+ TpéTL(sl)éR(gg) — Tpé%(&)éﬂ@)) e ier—e2)(t—ar/vr)/h

This full development will be used for the noise computation in the following. The current
I r(zg,t) flowing from the right to the left has an identical expression by replacing terms
indexed ..., by ...g. Only the terms éTLéL and éEéR of the quantum average of the

current, denoted [, are non-zero and give:

~

I = (e, 1) = 2 / de - D fue) — fale)] (1.11)

We take in account the spin degeneracy through the factor 2. The mean current is uniform
and stationary. I depends only on the difference of population between the reservoirs
L and R. At equilibrium, pup = pugr = €p, the current flowing from L to R is equal to
the current flowing from R to L so that the total current is zero. If the left reservoir is
polarised with a DC voltage V., it increases its chemical potential of u;, = ep + eV, and
the flow does not compensate each other. Then, the current readﬁ

2¢?

This relation exhibits the quantum of conductance Gg = (e?/h)~" ~ 25812 Q that de-
pends only on the physical constant h and e and not on the nature of the wire or its
geometry. It is interesting to note that even for a fully transparent conductor (D = 1),
a quantum wire has a conductance bounded to 2¢?/h, despite the absence of dissipation

processes. The effect of a voltage applied on a reservoir is that there are more electrons

8The Fermi energy in our samples is er ~ 6.5 meV, voltages applied are typically eV, ~ 200 eV and
temperature of electrons is T' ~ 3.5 peV. Thus, it is reasonable to assume: eVy., kT < ep. Consequently,
fle+eVa)=fle)+ eVdcg—J; and Z—é ~ §(e — eFp). More details can be found in [22].
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flowing from the left to the right than from the right to the left.

The case of several modes in the QPC is easily deduced from eq. Each mode
is independent from an another. It is equivalent to m quantum wires in parallel, each of
them having a conductance 2¢?/h. Transmission and reflection of the mode k are |73 |*

and |pg|?>. The conductance is then simply the sum of all contributions:

2 m
== > Il (1.13)
k=1

The values of transmission coefficients depend on the potential of the scatterer. This will

be discuss in detail in chapter 2.

Current fluctuations

The noise is computed using the current-current operators and expression It is pos-
sible to compute and measure the auto-correlation at contact L, (iLiL>, and R, <iRiR>,
and the cross-correlation <i I r). The experimental interest of these three contributions
measurement will be explained in detail in chapter 3. In this section, we deal with the
noise generated by DC voltages that does not depends on time. Consequently, the aver-

age in is only a statistical average and time ¢ has no importance. Using expression of
current <iL> in eq. and eq. , the noise on the contact L reads:

Stowr, (W) =2 / dt’ " (1,(0,0)I,(0,¢))
—2— dt’ /d51d€2d53d54(|7| (al (e1)ar(e0))(aL(e2)al (3)) + 71" (ak(e1)ar(cr)) (AR(e2) Ak (e3))

+ 1ol |7 (@] (21)ac (e0)) (r(ee)af(es)) + |pl*|7I*(@k(c1)ar(ea)) (AL (e2)aL (e )>)€M’+"(a3‘“)t'/h

(1.14)

The time t is chosen to be zero because processes are stationary in the DC case. Only
non zero terms are written and four operator averages are decomposed thanks to Wick’s
theoremf’] In the following, we only consider the limit of low-frequency fluctuations,

corresponding to hw < kpT and all noise calculations will be done af’”]w = 0. In other

Wick’s theorem for four annihilation and creation operators is (af(eq)a(e2)al(e3)a(es)) =

(a'(e1)a(e2))(a’ (e3)aleq)) + (af(e1)alea)) (a(e)al (3))
10At the temperature of 25 mK, kgT ~ 0.5 GHz and noise measurements are performed at the MHz
regime. Experimentally, we have only access to the limit w — 0 of the noise.
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words, for hw < kgT, the noise is a white noise. Then, we obtain:

Sty (0= 0) = 25 / ds<D2fL<e><1 — Fu(e)) + D2 Fale)(1 = ful))
h (1.15)
T+ RDSu()(1 — fu(e)) + RDfa(e)(1 fL<s>>)

The first line of eq. corresponds to thermal fluctuations of each reservoirs and the
second line [1.15] exhibits the partitioning of electrons over the Fermi sea, highlighted by
the term RD. An analytical integration gives a simpler formula:

2¢?

\% eV,
o= Ak T2 D? + RD-E cotn [ 22 1.1
Sxt = ksl ( T RD o T <2kBT (1.16)

where V. is the potential applied on the reservoir Ry. At equilibrium (V. = 0), the
noise reduces to Sy, x5, = 4kBTD%, which is the usual Johnson-Nyquist formula with
conductance D%[?Q], corresponding to the thermal fluctuations of the reservoirs. For
voltages eVy. > 2kpT', fluctuations are mostly provided by the partitioning of electrons
through the scatterer, highlighted by the term RDf;(¢)(1— fr(¢)) in the expression [I.15}
an electron emitted by L at an energy £ meets a hole emitted'’| by Rg and is either
reflected or transmitted. The rate of partitioned particles is proportional to Vj., so the
noise tends towards a linear function: S; — 4RD%eVdC in this case.

Because of the symmetry, fluctuations are the same on both contacts R; and Rpg.

Thus, auto-correlation noise on R gives exactly the same expression:

SILXIL = SIRXIR (117)

The cross-correlation term involves not the same terms of I and I (in eq. ) for the

calculation of the noise, but the result is found identical, except to the minus sign:

SILXIR = _SILXIL (118)

Minus sign evidences the fact that fluctuations in R and L are anti-correlated. This
results from the current conservation in the low frequency limit. Cross-correlated noise
has several advantages compared to the auto-correlation: for instance, the contribution

of the experimental set-up to the noise is considerably reduced.

HBecause of Fermi exclusion principle, partitioning occurs only when an electron is scattered in an
empty outgoing state, corresponding to a hole.
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1.1.3 6-contacts geometry

We propose here to compute expressions of current and noise for a 6-contacts QPC,
presented in figure Contacts are now denoted from index 0 to 5. This geometry is
relevant in the Quantum Hall Effect (QHE) using the chirality of edge channel?] In
the following, the 6-contacts QPC is supposed to work in the QHE regime and electrons
follow the trajectories drawn in figure [[.3] Similarly to the 2-contacts QPC, a scatterer

S reflects or transmits electrons emitted by contacts 0 and 3.

Figure 1.3: A 6-contacts QPC working in the QHE regime. Edge channels are represented
by the red lines. Partitioning of electrons emitted by the reservoir Ry and R3 occurs in
the scatter S. Contrary to appearances, this geometry is topologically equivalent to the
schematic quantum conductor presented in the figure [1.1

The scattering matrix S for a 6-contact QPC is now a 6 x 6 dimensional matrix and

67:9005\

0

reads :
( 0 0 0 0

Tl 0 0 drers
0 ez () 0 0
0 0 el 0 0
peos () 0 pe¥ 0 0
0 0 0 0 e ()

o O O O

(1.19)

where 7 and p are respectively transmission and reflection coefficients of the scatterer
S. Terms e*¥ii are Aharonov-Bohm phases accumulated between the contacts ¢ and j,

proportional to the path length travelled on the edge channels. Some of these phases

120n the contrary of the 2-contact QPC, there is no interest to perform experiments without magnetic
field. More details are given in chapter 2.
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verify an interesting relation:

o1 — 13 + Po1 — P34 =0 (1.20)

Indeed, ¢;; is proportional to the path length travelled on the edge channels between
contacts 4 and j, denoted A;A;, as shown of figure[[.3] If the coefficient of proportionality

between phases and distances is denoted a, we obtain:

@01 — 3013 = a(AlAO — A3A1) = CZ(A()S —|- SAl — AgS — SAl) = a(AOS — Ass) (121)
Po4 — P34 = G(A4A0 - A4A3) == G(A4S + SAO — A4S — SAg) = —G(A()S — AgS) (122)

where S is the position of the scatterer. The eq. highlights that trajectories converge
on the point S, giving the name of "Quantum Point Contact" to these devices.

The unitary of S must be verified here: S'S = 1, because of the current conservation
p*+ 7> = R+ D = 1. Scattering matrix is obviously not Hermitian unlike the 2-contact
geometry. Indeed, time-reversal symmetry is not longer true: travelling trajectories in
the opposite direction is topologically different, which is easy to visualise in figure [I.3] by

reversing the direction of red arrowg ™}

Current operator

In this geometry, it is interesting to compute the currents io, I, and I, when a DC
polarisation Vj,. is applied on the contact 0. We suppose that no potential is applied on
the other contacts. Using the Fermi operato ¥y and eq. , the current in the wire 0
io is:

A e

Iy(20,t) = A /d€1d82 <ég(51)50(52> - é§(€1)55(52)) e~ H(E1—e2)lt=z0/vr) (1.24)

—

13Time reversing is also equivalent to change B into —B.
141n this case, ¥y reads:

Wo(z0, (e)etF &0 1 4y (e)ei“"ﬂse_ik(s)r“) eit/h (1.23)

d .
1= Fr (
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where z is the axif'"| of incoming and outgoing currents in contact 0. The current operator

in the wire 1 is composed of partitioning terms and reads:

€ ~ ~ ~ A ~ ~
:[1(1’1, t) = % /d61d82 (ai(&ﬁal(é‘g) — ,023.8(81)30(62) — T2a§<81)33(52)
_ Tpe—i<p10+i<p1353(51)53(52> _ Tpe_wwﬂ“amé};(&)éo (52)) 6—%(61—62)(t—w1/vF)

(1.25)

Current I, is identical to expression , by replacing index ...; «— .. .4and ...g — ...3.
Averaged currents are denoted Iy, I; and 4. Similarly to the calculation of the 2-contact

geometry, the integrated forms read:

62

Iy =5-Vs (1.26)
62

I = (Vi = DYy — RV4) (1.27)
2

Iy = (Vi = RVy — DVA) (1.28)

where V7, V3 and V} are the voltages on contacts 1, 3 and 4. The quantum of conductance
Go = e*/h appears as a factor of proportionality between currents and voltages. In
the QHE, there is no spin degeneracy, so the factor 2 does not appear. The current
emitted from the contact 0 does not depend on R or D and is diverted either toward
the contact 1 or the contact 4. Thus, it is more relevant in this geometry to deals with
the transmission and reflection coefficients D and R rather than the conductance of the
sample. Experimental aspects of conductance of the 6-contacts geometry are treated in
chapter 2 and 3.

The case of several modes correspond to an integer filling factor » > 1. Contributions

of each edge channel add independently to the current, so the previous expressions [1.28

become:
e2
Iy =71V (1.29)
2
e
I =2 (Vi - %;Dk - ;Rkvg) (1.30)
2
e
L ==V - ijRkvo — ; Dy, V3) (1.31)

where T}, and Rj, are in this case the transmission and the reflection of each mode k.

In that case, the conductance of the sample with QPC fully opened is now the Hall

150ne can note that edge channel in the figure from contact 0 to 1 has no the same axis of current
from contact 5 to 0. However, the 6-contacts geometry presented in figure [I.3]is topologically equivalent
to the general quantum conductor of figure so that it is correct to reduce the problem to one axis .
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conductance, Gy = vGg = ve*/h.

Current fluctuations

We compute here the auto-correlations <ilil> and (i4i4> and the cross-correlation (LL)
of currents in the wires 1 and 4. Contact 2 (respectively contact 5) allows to disconnect
contact 1 and 3 (respectively 4 and 0), so that fluctuations of 1 and 3 (respectively 4 and
0) are uncorrelated. The noise calculation is similar to the previous computation in eq.
and is not developed here. For the 6-contacts geometry, the auto-correlation reads:

2¢?

Shxn = e /d€ (fl(g)(l — f1(€)) + D*fo(e)(1 — fole)) + R*f3(e)(1 — fs(e))
(1.32)

L RDAE( - £2(6)) + RDA(E)(1 fo(€))>

Thermal terms appears in the first line while partitioning time with factor RD are written
in the second line. If the contact 0 is polarised such that V5 = V. and V3 = 0, the noise
is:

2

Vie Vie
Siixn, = Siyx1, = ZkBT% (1 + D?+ R>+2RD ;deT coth <26/<:BdT>) (1.33)

Auto-correlations on contact 1 and 4 are identical. Expression is slightly different from

eq. of the 2-contacts geometry because of the spatial separation of edge channels.
For the case of several modes, at filling factor v, an edge channel can be partitioned

at once. Thus, the contribution of v — 1 other edge channel in the noise reduces to the

thermal terms. The auto-correlation noise at filling factor v then reads:

2

Vie Vie
Srixt = Stixr, = 2kBT% (2;/ —1+D*+R*+ 2RD2€k;T coth (26deT>) (1.34)

The Johnson-Nyquist noise is recovered for V. = 0: St «1, = 4kpT ve? /h. Tt corresponds
to the thermal noise generated by a conductance of ve?/h that does not depend on the
transmission D of the scatterer. It highlights that for this geometry, the conductance seen
by every contact is the Hall conductance Gg = ve?/h.

The cross-correlation expression between contact 1 and 4 is different from auto-correlations,
contrary to the 2-contacts geometry. The filling factor does not appears in the final inte-

grated form:

e? eVie eVie
o = —4kgT<RD (1 th 1.
Shixy sl R ( 2y (2I<:BT)) (1.35)

Indeed, only thermal fluctuations of the partitioned edge channel is non equal to zero. It
is interesting to note that fluctuations vanishes when the QPC is either open or closed:

in that case, contacts 1 and 4 are completely uncorrelated.
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1.2 Photo-assisted shot-noise

In this section, we study the effects of a periodic voltage, of fundamental frequency v, ap-
plied on a quantum wire. First, we present the Floquet formalism[44] in order to describe
the electronic states under an alternative (AC) voltage. In this formalism, electronic
wavefunctions become a superposition of states of energy shifted by quanta hv, giving the
name of "photo-assisted" to the properties deduced from this process. The computation
of the current operator allows to recover the number of charges injected in the quantum
wire per period. The partition noise generated in this regime, or photo-assisted shot-noise,

is a direct measure of the total number of excitations in the Fermi sea.

1.2.1 Floquet Formalism
Effect of an AC voltage on the Fermi sea

What is the response of electrons in the quantum wire when a periodic voltage V()
is applied on it? A first assumption would be to consider the adiabatic continuity of
the static case studied before. A DC voltage applied on a reservoir increases chemical
potential of a quantity eV, thus, a time-dependant voltage drives the chemical potential
i = ep + eVys(t) and transport properties are adiabatically modulated. For example,

resulting noise would be the adiabatic temporal average of the DC-noise:
1/v
Sed- — / dt - SPC(Vy(1)), (1.36)
0

where v is the fundamental frequency of V (¢) and SPC the expression of shot-noise
by replacing V. by V().

In the following, we are going to show that this classical picture corresponds to the low
frequency limit of the Floquet formalism presented here. The later has been developed
first by Moskalets and Biittiker[93] 94] for quantum charge pumping where charge carriers
are scattered by an oscillating scatterer. We apply this formalism to a reservoir driven by
a periodic potential and interpret the result as electron-hole excitations. We also apply it
for the quantum switch study in the next section, where the transmission of the scatterer
is periodically driven.

The voltage Vs(t) is decomposed on its static and alternative components: Vi (t) =
Vie + Vie(t), such that m = V. The effect of the DC voltage is to shift the chemical
potential of the Fermi sea, uy = ep + €Vz.. The pure alternative part V,.(t) adds a time-
dependant Vac(t) potential in the leads from the contact to the QPC and is supposed

to be spatially uniform far from the scatterer, and decreases slowly to zero be fore the
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scatterer. Solving the Schrodinger’s equation, single-particle Hamiltonian is:

~ 2

P
Com*

— eV ae(t) (1.37)

The eigen wave functions are still plane waves, but with a supplementary time-dependant
phase ¢(t):

U(z,t) =

ei(k(s)xfst/h)fM)(t) e t
/ dt' V. (t) (1.38)

) t) =+

i TR
The voltage V,.(t) adds a phase ¢(t) to the wavefunction of electron at all energies.

As V,.(t) is a periodic function of fundamental frequency v whose the mean value is 0,

e~"*(®) is also a v-periodic function, so it can be developed as a Fourier serie:
400
efid)(t) — Z pl€727ril/lt’ (139)
l=—00

Where p; are the Fourier coefﬁcient of e*®) . Writing the Fourier serie in the expression
1.38] the wave function finally exhibits a superposition of state at energies shifted by [hv:

+o00 ;
ezk(s)x

\IJ(I,t) = Z Di \/Z

l=—00
The electron in a driven Fermi sea is in a discrete quantum superposition of the previous

e*i(E‘Flhl/)t/h (141)

eigen state. It can be interpreted as follows: an electron at energy £ has a probability
P, = |pi|* to absorb (resp. emit) [ quanta of energy hv for [ > 0 (resp. [ < 0). This
process is similar to an absorption or an emission of a photon, giving the name "photo-
assisted". The Fourier coefficients verify an interesting property[129]: taking modulus

square of [1.39, we obtain the equality:

+o00
> DiPrem = Omo (1.42)

l=—00

In particular, for m = 0, Y, [p|* = 1 results from the conservation of the current where

the probabilities are P, = |p;|2. Note that if the sum of non-diagonal terms is zero, they
are not necessary zero, p;pj+r 7 0.

Values of the serie {p;}icz obviously depends on the temporal shape of V,(t) during
one period. For a sine signal Vy,(t) = V,.sin(2nvt), Fourier coefficients are p; = j;(«),

where ji() is the ["-Bessel function and its argument « is the dimensionless amplitude

16 Coefficients p; are given by :

I :
P = T/ dt 2™t/ T e=i(1) (1.40)
0
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a = eV,./hv|100].
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Figure 1.4: (a) An electron in a alternative potential eVys(¢t) of period 1/v is in a super-
position of state at energy e + [hv. (b) The whole Fermi sea of reservoir Ry submitted to
Vis(t) at T'= 0K. It exhibits coherent electron-hole excitations.

For the calculation of operators, we need to write down the annihilation and creation
operators in the driven reservoir, denoted with a capital: A and AT, aanda'. Figure
details how it is build. The annihilation operator A(e) describes the amplitude probability
to find an electron at energy e after emission/absorption of quanta hv. For example, the
contribution of an electron emitted by the reservoir at energy ¢ — lhv is pja,(e — lhv)

Then, for the reservoir « driven by V(¢), it reads:

Au(e) = ZOO Piag(e — lhy) (1.43)

k=—00

where a, is the annihilation operator describing an electron of the reservoir o without
modulation. Consequently, for a periodically driven reservoir, we only have to replace
a, «— Aa in the calculation of noise and current. The modulated quantum field operators
allows to understand how the whole Fermi sea is affected by the AC potential. The

quantum and statistical average reads:

(AL@)As(E) = 3 pipifule — hw)d(e — & — (1 — k)hv)dag (1.44)

The DC properties (through Vj.) are included in the Fermi distribution f, and the AC
properties are reflected in the sum over the p; coefficients. This sum on the Fermi function
fr translated of [hv corresponds to a distribution of electron and hole excitations|128].

The occupation number, plotted in figure (b), has a staircase structure of height equal
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to the quanta of energy hr with a width P, at energy € + [hv: electrons are excited above
the Fermi sea and holes under it. In the limit 7" = 0 and in the case of a pure AC voltage,

the number of electron above the Fermi sea is simply given by:
+oco
N.=>IP, (1.45)
1=0

and the number of holes, under the Fermi sea:
Ny=- > IP, (1.46)

Note that N, and Nj, are equal when V;, = 0 (pure AC voltage) in order to respect
the current conservation. Electrons and holes are in a coherent superposition. Indeed,
diagonal factors p;p, #0 are not necessary zero[57, 56]. This situation differs radically of

an incoherent Fermi sea.

1.2.2 Current operator and charge injection

We compute in this section the current operator and their averages in the framework of
Floquet theory for both geometries of QPC considered in section

2-contacts geometry

We consider the case of a periodic voltage Vy,(t) applied only on the left reservoir Ry, of
QPC presented on figure [[.2] As said previously, the DC operators a;, are replaced in
that case by the Floquet operators A defined in Similarly to the expression m,

we obtain:

A ~

e T A fovA A
I (x,t) = E/dald@ (AL(€1)AL<€2) — PPA L (e1)AL(g5) — T2l (e1)aR(e,)

(1.47)
. AT A . A A —i(e1—e —x/v )
—iTpA; (e1)ar(e2) —l-ZTpaL(sl)AL(ag))e (e1—e2)(t=z/vp)/R
Using eq. [1.44] the average gives:
T 2e * i(l—m)(t—z/v
In(w,t) = (e, 1) = / de|r|? (Zplpme(s — Lhy)emt=elon) /b fR(e)>
lm (148)

2 2
:%DVds(t — z/vr)

Finally, we recover the formula extended to the case of a time-dependant voltage. The

current propagates in the wire at the Fermi velocity vrp with an amplitude proportional
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to the AC voltage.

6-contacts geometry

For the 6-contacts geometry, the voltage Vo(t) = Vis(t) = Vi + Vie(t) is applied on
the contact 0. There is no external potential is applied on the other contacts. The
computation is performed similarly than what have been done in section [1.2.2] by using
the expression of currents or of the 6-contacts geometry. In the framework of
Floquet formalism, the operators a, are replaced by A, defined in . Then, the average

gives:

~ e )
Io(zo,t) = (Lo(z,1)) 7 /d6 <|T‘2 > pipmfole = thw)et-mm/or/h f5(5)>
l,m

(1.49)
o2
:Evo(t — 2o/ vr)
Similarly, the currents in the wire 1 and 4 are:

o2
Il(ZEl,t) = EDVYO(t_t,_xl/UF) (150)

2
Li(za,t) = %RVO(t —t — x4 vp) (1.51)

where t' = AgS/vr is the delay accumulated from contact 0 to the scatterer. The voltage
Vo(t) generates a propagative sine currents in the wire 0 which is split by S into a su-
perposition of a reflected and a transmitted currents. Finally, transport properties in the
quantum wire in the quantum Hall effect are identical to the case of zero magnetic field,

except the spatial separation of the propagation.

1.2.3 Current fluctuations

Photo-assisted processes are not explicit in the expression of currents developed in the
previous section, which is equivalent to an adiabatic modulation of the DC current in
both geometries, propagation excepted. On the contrary, noise reveals characteristics of
the Floquet states, that strongly differs from a trivial adiabatic modulation|82] 108 128§].
Photo-assisted shot-noise has been measured in ballistic [106] and diffusive[ITI5] coherent
conductors. The figure [1.5| shows how remarkable structure of photo-assisted Fermi sea
impacts the partitioning noise.

Electrons excited above the Fermi sea of the left reservoir meet empty states (of
electrons) of the right reservoir, generating a partitioning noise. Same process occurs
with holes created under the Fermi sea. This partitioning of electron-holes excitation is

modulated by shifting the whole right Fermi sea with an additional DC voltage V.. The
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Figure 1.5: Photo-assisted shot-noise schematic. Temperature is 0 K. The right reservoir
Rpg sends only electrons under the Fermi sea whereas an AC voltage applied on Ry, creates
an electron-hole superposition. Partitioning of electrons (respectively holes) occurs above
(resp. under) the Fermi sea.

partitioning noise increases by step while we jump from step to an another of the staircase
structure of the Fermi sea. We propose here to derive formula of the noise with a driven

reservoir, called photo-assisted shot-noise, for the two geometries studied.

2-contacts geometry

In the 2-contacts geometry, voltage Vys(t) = Vi + Viaecos(2mvt) is applied on the left
reservoir. Current fluctuations are derived from expression of I r(z,t) using eq. H Main
differences with the DC case is that the current-current operator is periodic with time ¢
and is averaged over one period. Calculation is the same of eq. [1.14] by replacing &, with

A;. Expressions are heavy and not written here for simplicity. Then, the noise reads:

S, = P (P11 = (6 + D2Tale)1 - i)

#RDF(e = 1h)(1 = fal0) + RDJa(e)1 = fule ~ 1))
(1.52)

Thermal terms in the first line stays unchanged from the DC case despite the modulation
of the left reservoir. Photo-assisted signatures appear in the partitioned contributions in
the second line where Fermi distributions of the left and right reservoir are compared.
The resulting integrated form is finally a sum of DC shot-noise shifted of [hv toward V.,
2

with a probability |p The auto-correlation Sj gy, of the right reservoir is identical
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and cross-correlation is opposite. The integrated form reads:

+oo 9
2e eV — lhy eVy. — Lhy
o 2 2 de de
Stpxiy = l;)o o4k T (D + RD=3 - coth (—kBT )) (1.53)

In particular, the DC shot-noise is recovered at V,. = 0.

6-contacts geometry

In the case of the 6-contact geometry, the voltage Vs(¢) is applied on the contact 0. Then,

the auto-correlation on the contact 1 of the 6-contacts geometry is:

2 400
Vie — lh Ve — Ih
Snxn = 4kBT% <2u ~1+D*+R*+RD > 2 = coth (M))

sl 2kgT kgT
(1.54)
Expression of Sy, «, is identical. The cross-correlation is:
S TS RD (14 io ipr 224 ot (e (1.55)
I,1x4 B h lzfoo b 2T knT

It is interesting to note that the expressions of PASN developed previously are written
as a superposition of DCSN translated of quanta [hv, for both geometries or for the auto
and cross-correlation. This results has been shown in [3I] by Crépieux and al. in the
case of a filling factor v = 1. In the general case, the photo-assisted shot-noise ST45N ig

connected to the DC shot-noise SFASY by the relation:

“+oo
STAN(Vae) = ) ST (Vae — thwfe) (1.56)

l=—

Experimentally, this expression is convenient to evidence photo-assisted processes. The
noise is measured at V,. = 0 and V,. # 0 and measurements obtained are compared
according to eq. An analytical expression of the DCSN is not required. More
surprisingly, J. Rech and al. [I05] has shown that a similar expression describes
also photo-assisted processes in the fractional quantum Hall regime in the case of strong
back-scaterring regimes (D >> 1), where the theoretical framework is radically different.
Note that a similar expression has been derived by I. Safi and E.V. Sukhorukov|[I11], T09]

also for the expression of the current: I7A5N(Vy) = Y, |pi|*IP¢(Vye — lhv/e), which is

consistent with the results of eq. and [1.51}"]

17The photo-assisted process does not directly appears in the expression of current because it is a linear
function of the drain-source voltage on the contrary of the noise. Photo-assisted processes manifest for
current measurement in the fractional quantum Hall effect, where the where the conductance is strongly
non-linear.
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Excess noise and electron-hole excitations

Unlike the current, the contributions of the partitioning electrons and holes are cumula-
tive in the PASN. Thus, the noise counts the total number of electron-hole excitations
generated by an arbitrary voltage Vys(t). More precisely, we are interested in the excess
number of particles, denoted AN,_;, in addition to the injected charge ¢. In the limit
T =0, it is connected to the excess noise AS through®}

AS; = S;(Vie # 0) — S(Vie = 0) (1.57)
2 +00
€ 2
= 2RO 3 Ini (a-+11 = ) (1.58)
o2
= 2ERD/wANe_h (1.59)

AN, _j, represents the number of particles injected in addition to the number of charges g,
and it strongly depends on the time-dependence of V(¢). For instance, the excess number
of particle vanishes for a Lorentzian profile for integer values of ¢: the leviton[66, [74]. Also,
the total number of holes and electrons in the Fermi sea is recovered at ¢ = 0: AN,_, =
N, + N;. Note that this situation differs from the electron-hole excitations successively
emitted over a period from a mesocopic capacitance[41] where a similar formula is found

and have been experimentally verified [13].

1.2.4 Photo-Assisted Shot-Noise as a function of DC drain-source

voltage

As explained in figure[I.5] the shot-noise versus the DC polarisation reflects the properties
of the set of [p|?. It corresponds to probe the energy distribution of the excited Fermi-
sea, or to perform an energy spectroscopy. Figure [I.6] shows the photo-assisted noise as
a function of the reduced charge g = eV,./hv (proportional to the DC-voltage) at several
reduced amplitudes o = eV,./hv, at the limit 7" — 0. The slope of the noise exhibits
abrupt changes every time ¢ is an integer, or when voltage displacement eV, is a equal
to a quanta hr. This is a characteristic signature of photo-assisted processes.

This signature is enhanced in the excess noise defined in eq. [1.57] highlighting that only
photo-assisted processes. Furthermore, AS; is more convenient to measure experimentally
than raw noise, as it will be shown in chapter 4. It highlights more clearly the distribution
of electron-holes toward the Fermi sea. The figure[l.7]shows the excess noise for several AC
amplitudes. The curve shape has abrupt variations in the slope every ¢ = n and reveals
the distribution of electron and hole in energy. For a sine excitation, as many electrons are

created above the Fermi sea as holes under, the curve is symmetric regarding V. = 0. The

18 At zero temperature all expression of PASN are identical and are all denoted by S.
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Figure 1.6: Photo-assisted shot-noise as a function of reduced charge ¢ = eV,./hv for
several AC amplitudes. Parameters are T'=0 K, D = 0.34,v = 18 GHz.

Lorentzian profile exhibits a spectacular behaviour: no holes are created. The number of

electron-hole in excess AN,_j, is denoted by AN,_;, in the left ordinate axis.
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Figure 1.7: Excess noise as a function of the number of injected charges ¢ = eV./hv. It
corresponds to the difference of the curves with the blues curves of the previous figure 1.6
: AS; = S(a # 0) — Sy(aw = 0). Parameters are T'=0 K, D = 0.34,v = 18 GHz.

The temperature of figures [I.5][I.6] and [I.7] is zero. Photo-assisted processes are sen-
sitive with temperature increasing, which smooths the staircase structure of the Fermi
sea . Changes in the slope of the photo-assisted shot-noise are softened until char-
acteristic variations become indistinguishable. The figure shows extra-noise AS; as a
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function of ¢ for several temperatures. We use the reduced temperature, defined as:

 ksT

0= (1.60)

Parameter © quantizes competition between thermal disorder and photo-assisted effects
in a driven Fermi-sea. Thermal effects are dominant for © > 0.1, and it is impossible to
observe typical signature at ¢ = n for larger values of ©. Experimentally, it restricts the
minimal value of frequency to v > kg7 /h©. At an usual temperature of T = 40 mK,

frequencies must be chosen above 8 GHz.

1.8

1.6F

AS; (107542 H2)

0.0

Figure 1.8: Excess noise as a function of the number of injected charges ¢ = eVy./hv
for several values of the reduced temperature © = kgT'/hv. Parameters are a = 1.5,
D =0.34, v =18 GHz.

1.2.5 Classical adiabatic regime

For a voltage Vys(t) = Vy. + Ve cos(2mvt) with an arbitrary low frequency v, the Fermi
sea is expected to be driven adiabatically. In other words, at each time ¢, the chemical
potential in the driven reservoir is p = eVy,(t), even in the limit of 77 — 0. The resulting
noise, denoted St corresponds to sweep and average over the curve of a DC shot-noise

(in blue, in figure [L.6):
Sdiab = SPC(Vy(t)) (1.61)

As it will be shown, the quantum PASN strongly differs from this trivial, classical adiabatic
regime. It does not depend on the frequency and there is no electron-hole correlations

generated. Actually, the adiabatic framework is consistent with the Floquet formalism
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only at very low frequencies. More precisely, the expression tends to the average of
the DC modulation:

+oo
> pPSPC (Ve thvfe)  —r  SPOVar (1)) (1.62)
l=—00

In particular, it stays valid at zero temperature: in that case, frequency is compared to
the amplitude of the AC excitations. It is harder to distinguish adiabatic and photo-
assisted when hr < eV, or a > 1, illustrated in figure At o = 1, both curves are
clearly distinct. The main difference between this classical model and the photo-assisted
transport is that the changes in the slope occurs at respectively V. = V.. and V. = hv/e.
At a = 3.0, PASN and adiabatic noise tend to get mixed up.

Adiabatic noise
ar we PASN, o = 3.0

2-9 / \ PASN, a = 1.0
3.0

2)
N
~

AS; (1075 A2/ H
K
/

1H Adiabatic noise o 0.0
=== PASN, o = 3.0

PASN, a = 1.0 =0.5
0 , 053 -2 -1 0 1 2

'3 2 1 0 1 2 3 4= eVie/hw
q=eVy/hv

w

Figure 1.9: (Left) Photo-assisted shot-noise (coloured lines) and classical adiabatic mod-
ulation of DC shot-noise (grey dashed lines) versus reduced charge ¢, for « = 1 and 3, at
temperature © = 0. (Right) Excess noise of a photo-assisted shot-noise (coloured lines)
and of an adiabatic modulation of DC shot-noise (grey dashed lines) versus reduced charge
q, for « =1 and 3, at temperature 7" = 0.

The difference between the adiabatic noise and the PASN is also evidenced in the
curve of the noise as a function of the AC voltage amplitude V,. while V. = 0, presented
in figure Curves are plotted at 7' = 0. The adiabatic noise is a linear function of

Vae whereas the PASN exhibits oscillations around the asymptotic line.

In chapter 4, we will present noise measurements as a function of the DC and AC

polarisation, as shown in the figures and The experimental results will be
compared to both the PASN and the noise deduced from the adiabatic model. It will
allow us to prove that photo-assisted processes governs the physics of AC transport in

quantum conductor in the quantum Hall effect regime.
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Figure 1.10: (Left) Photo-assisted shot-noise (red solid line) versus the reduced amplitude
a = eVye/hv, for Vi = 0. The classical modulation of DCSN represented by the grey
dashed line is a pure linear function of V.. Parameters are : v = 18 GHz, T' = 0. (Right)
Difference between the photo-assisted shot-noise and the classical noise versus the reduced
amplitude «, with the same parameters. The PASN exhibits clear oscillations as a function
of a.

1.3 Quantum switch

In the previous section [£.2] we described the transport properties of a quantum wire with
a periodically modulated voltage applied on a contact. We propose now to study effects
of a periodic modulation of the scatterer potential of a quantum wire. This problem
is solved using the Landauer-Formalism applied in this chapter: the driven potential
of the scatterer is reduced to a time-dependent transmission and reflection coefficients.
The Floquet formalism is applied on the scattered electronic states to derive the current
and its fluctuations in the wire. The main result is the presence of an additional and
unavoidable noise generated by the transmission variation, even at thermal equilibrium
or in the limit of zero temperature. It cannot be explained by an adiabatic modulation
of the transmission of the usual thermal or shot-noise. This noise has been proposed as a
meter of entanglement|76], 9, 113].

The problem can be viewed as a switching process. It corresponds to open or close
an elementary quantum wire successively, connecting and disconnecting electrons propa-
gating in the left and the right side of the scatterer. The intrinsic and fundamental noise
generated by the switch can be connected with the study of electron-hole entanglement
in the wire. A direct measurement of entanglement entropy is performed through current
fluctuations.

This section is organized as follow. We first described the quantum switch with a time-
dependent scattering matrix, and we use the Floquet formalism in order to describe the
scattered electronic states. Then, we compute the current and current-current operators

for the 2-contacts and 6-contacts geometries. Finally, we connect these results with the
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entanglement entropy measurement proposed by Klich and Levitov|[76].

1.3.1 Time-dependent scattering matrix

We first study the 2-contacts geometry presented in figure [I.2l The potential of the
scatterer is modulated periodically at the frequency v, so that scattering matrix S is now
time—dependenﬂ The transmission and reflection coefficients are denoted 7 +— 7(¢) and
p <— p(t). Despite the name "quantum switch", transmission does not reach necessary

zero or one, and can take intermediate values. The scattering matrix S reads:

S(t) = (p(t) () ) (1.63)

() —p(t)

The unitary of S is still preserved, ensuring the current conservation at all time ¢:
p(t)? +7(t)° =1 (1.64)

The fermion operators describing the scattered outgoing states are time periodic with
fundamental frequency v. For instance, in the left side, the scatterer Fermion operator is:

b.(t) = p(t)ar, + 7(t)ag. Its expression in the energy domain is:

br(e) =) war(e — 1hv) + Bag(e — lhv)
l (1.65)
=I'r(e) + Ar(e)

where T'z(e) = Y, mar(e — lhw) and Ag(e) = 3, Biar(e — lhv), and q; and §; are
respectively the Fourier coefficients of p(t) and 7(¢):

p(t) = Zale_zi”””’ (1.66)
I

T(t) = Z@le_%”lh” (1.67)
I

Therefore, the Fermi operator of electrons in the left side reads:

ap(e)e™@eL 4 (I (e) + AR@))e—i’f@m) e~/ (1.68)

- de
Uy (e, t) = /W<

The quantum switch modelling is similar to the Floquet formalism presented in section
1.2.1} Floquet states are now the scattered states[93|, as explained in figure An

incoming electron at a given energy ¢ collides the barrier and absorb (I > 0) or emit (I < 0)

9The first study of a time-dependent potential barrier has been done in [23] by Biittiker and Landauer
and shows the absorption or emission of a quanta hv as we will see in the following.
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|> in transmission. Tt

a quanta of energy [hv with a probability |oy|? in reflection and |3,
is interesting to note that 3, [a;|* and ), = |3|* are respectively the probability to be
reflected and transmitted. The resulting structure is a presence of electron (resp. holes)
above (resp. under) the Fermi sea, described by I, and AR, which are respectively the

reflected and transmitted scattered Floquet operators, defined in eq.

& &

oS0,
eprtel, e+2hv T
ethy — -
8[: . . & = ¢ . - . 8[:
& -hy — —
e-2hv — —
1 i M i N -
0 0

1 X
Ji(e) Ja(e)

Figure 1.11: The transmission of the barrier of the QPC is time-dependent. Electrons
from both reservoirs are scattered in Floquet states. A DC polarisation enables to probe
the resulting entangled electron-holes excitations generated similarly to the PASN.

The current conservation implies that the number of electrons and holes generated are
equal: no charges are created in the process. Similarly to the photo-assisted shot-noise
presented in section an additional DC-voltage to the left or right reservoir allows to
probe the scattered state in energy. Indeed, electrons emitted at an energy € = ep + eV,
have probability lower than one to be partitioned because a scattered electron has a
probability to occupy this energy state (figure [[.11)). Similarly to the PASN, we expect
to observe abrupt changes in the slope of a DC shot-noise when scatterer is periodically
modulated.

These definitions are easily extended to the 6-contacts geometry (figure [1.3)). Coeffi-
cients of p <— p(t) and 7 <— 7(t) are now time-dependent in the 6 matrix in eq.
Scattered Floquet operators are replaced by [y and Aj.
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1.3.2 Current operator
2-contact geometry

The left current operator iL(x,t) is deduced from the definition eq. using the Fermi
operator in eq. [I.68

. e ) ) A A ) A
Ip(z,t) = 7 /d£1d52 (aTL(&)aL(az) — FTL(gl)FL(gQ) — Ak(gl)AR(gQ)

(1.69)
- IA‘TL(gl)/A\lQ(gz) - AE(&)ﬁ[,(&g)) e~ ie1—e2)(t=z/vr)/h

Only the three terms in the first line have a non-zero average. The calculation of
(T (e1)T'1(e2)) and (Al (1)Ag(e,)) is similar to the expression in eq. [1.44] Finally, if

a DC voltage polarisation V. is applied on Ry, the current iL(x, t) is:

(Tp(x, 1) = ==|7(t)*Vae (1.70)

The resulting current is the generalisation to a time-dependent transmission of the Landauer-
Biittiker’s law (eq. [1.12)). Experimentally, we measure the time-average of 7(t): effect of

the driven transmission on the conductance is simply the adiabatic modulation.

6-contact geometry

For the 6-contacts geometry, the incoming current I, on the contact 1 is:

A e ~ ~

Y =T €10E&2 AI€1A152—A;§€1 352—A151 1\&2
fio,t) = ;[ devdeaal ) (ea) ~ Fle) (o) - Al 0o .

A ~ A

—m@QM@a—AMawx@Qe“ﬂEMtW@m

Currents I, is obtained by inverting index 0 <— 3. Resulting current is the also the
extension of the eq. [L.28 I,(t) = (Vi — |[7(t)]>Vo — |p(t)|?V3) and I4(t) = < (Vi —
(&) PVs — |p(t)[*Vh).

1.3.3 Quantum switch noise

The calculation of noise is similar to the photo-assisted shot-noise. Starting from eq.
and using expression of the current, we introduce, for the computation, the quantities
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R; and S) defined as:
1/v '
R, :I// dt e~ 2 p(1)? (1.72)
0
1/v '
S :u/ dt e 2™ p(t)7(t) (1.73)
0

which are the Fourier transform of p?(t) and p(#)7(¢). Using those definitions, the inte-

grated form of quantum switch noise reads:

202 & , lhv 1S)|1? [ Thy — eV, lhv + eV,
Stxn, = 47 Z [0t0 — Rl Bl _ | ™ 9\ gBl—evan) _q - eBhvteVa) _ |

l=—00

(1.74)

The first term, in the case of [ = 0, can be understood as the thermal contribution.
The term |S;|? corresponds to the partitioning noise. The DC shot-noise formula in
eq. is easily recovered when R; = D - 9,9 and S; = RD - §;. Cross-correlation is

SILXIR = _SILXIL‘

Quantum switch in addition to a driven Fermi sea

The quantum switch theory can be extended to the case where the reservoir Ry, is also
simultaneously periodically driven as shown in the section The Fermi operator ay, in
the expression of the current operator are replaced by the Floquet operator A; defined
in eq. A straightforward calculation gives the expression found in eq. but the

coeflicients S; read now:
1/v ‘ 4
S = 1// dt e~ 2™ (1) 7 (t)e 0 (1.75)
0

where the function ¢(t) is the time-dependent phase of eq. used in the Floquet
formalism. The case of a pure PASN is easily recovered by taking R, = (1 — 72)d;0 and
Si = |l

A simple example: a sine modulation

We propose to illustrate the previous calculations by applying the formula[l.74/on a simple

example, which has been studied in [I33] using Full Counting Statistics (FCS) formalism.
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We consider a sinusoidal time-evolution for the transmission and reflection coefficients PO

p(t) = sin(wvt) (1.76)
7(t) = cos(mvt) (1.77)

This is the simplest case for the calculation of Fourier coefficients R; and S;. We explic-
itly choose the frequency of p(t) and 7(t) to be equal to v/2, therefore the coefficient
D(t) = |7(t)]* is v periodif"] The unitary of the matrix is respected. In that case,
Fourier coefficient R; and S; are equal to zero, except Rg = 1/2, Ry = R; = 1/4 and

S_1 = =51 =1/4. The analytical expression of the noise is then:
2¢? h h
Stxr, = kT + "2 coth | —= ) +
h 4 kgT (1.78)
hv + eV, o hv + eV, hv — eV, th hv — eV, '
———co co —
2kgT 2kgT

At low frequencies v — 0, we recover the expression of an time-averaged DC shot-
noise whose transmission?]is D(t) = cos?(rvt). The interesting case of low temperatures
(T = 0) and of an absence of polarisation (V. = 0) highlights the fundamental charge

noise generated by the quantum switch:
Sp, x1, = €V (1.79)

This example shows that current fluctuations may be arbitrary large as v is not bounded
and are generated in a quantum conductor even at the equilibrium in the limit of 7" = 0.

The interpretation of this simple example can be understood in terms of electron-hole
excitations, as proposed by Zhang and al. [133]. At each period, an entangled pair of a
electron and a hole is created at energies respectively equal to +hv around the Fermi sea
and four equipossible cases can occurs: two cases where the electron and the hole move
together to the right or to the left, and two cases where the electron and the hole go in
opposite direction. The last situations generate the noise fluctuations: indeed, it is easy

1

to show that at each period, the standard deviation of the charge is 562. Therefore, the

20Guch time dependence of 7 and p can be performed in principle but is an experimental challenge.
More details are provided in chapter 2 and 5.

2Tn the experiments of the quantum switch presented in the chapter 5, we consider that the frequency
v is the frequency of the coefficient D that we experimentally measure.

22More precisely, at low frequency the noise becomes:

262 3 1 eVdc GVdc
=4kpT—— (= + th
Sty =4kpT— (8 82T © <2kBT)>

2¢2 eViye eVie
2 _
= 4kpgT N <D(t) + D(t)(1 D(t))QkB coth <2/€B >>

with D(t) = cos?(mvt)
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current noise is simply e?/h, by taking in account the factor 2 due to the spin degeneracy.

+hv | /\

&
-hv 8 L 8 *c.|
S S S S
1/4 1/4 1/4 1/4

Figure 1.12: Four equipossible outcomes when 7(t) = cos(mvt) and p(t) = sin(7vt) in
terms of entangled pair of electron-hole. The two last cases generate current fluctuations.

1.3.4 Characteristic signatures of quantum switch noise
QS noise as a function of DC polarisation

The quantum switch as a function of DC polarisation is characterized by an additional
offset in the noise level and abrupt changes in the slope at multiples of two quanta:
eVae = 2nhv. It is illustrated for V. = 0 in the figure left, that represents the QS
noise deduced from eq. [I.74]as a function of the polarisation voltage for several frequencies.
The corresponding transmission |7(¢)|* used for the computation of Fourier coefficients
R, and S; is represented by the blue curve in figure [I.13] right®®l The adiabatic limit
(v — 0) is represented by the dark blue curve and corresponds to a DC shot-noise with
a modulated conductance. The offset is proportional to the frequencyEf]. It is important to
note that a current noise is generated even at the limit 7" = 0 in the absence of polarisation

voltage.

Abrupt changes in the slope of the noise are clearly visible in the excess noise AS; =
Sr — Si(v = 0), in figure The slope changes every eVy./hv = £2n. Odd values of
[ do not contribute to the noise[7_5] Rojy1 = S911 = 0. The QS noise is displayed in figure
for several amplitude, A, which can be understood also as the velocity of switching.
A "hard" transition between a closing (D=1) and an opened switch (D=0) generates more

QS noise than a soft transition.

23 Coefficient 7(t) is deduced from the saddle-point model of a QPC, explained in detail in chapter 2
241t is proportional in the limit kT < hv.
%5p%(t) and 7(t)p(t) are periodic function with fundamental frequency 2v. Thus, only even Fourier

coefficients are not equal to zero.
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Figure 1.13: (Left) QS noise as a function of DC polarisation at several frequencies, in
the limit 7" = 0. The blue curve is the adiabatic limit » — 0. Characteristic signatures
of QS noise is the additional offset and abrupt changes in the slope every eV, = 2nhuv.
(Right) The transmission |7(¢)|> = 1/1 + e4°52™ versus time used for the QS noise
computation. It is inspired from realistic transmission of QPC, modelled in [I7]. Those
simulations are displayed for an amplitude A = 10.
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Figure 1.14: QS excess noise as a function of DC polarisation for several sweeping velocity
A. QS excess noise is defined as the difference of QS noise and its adiabatic limit. It
corresponds to the subtraction of the curves displayed in figure from the blue curve.
Offset generated by the QS is removed for a clear comparison.

Transmission shape dependence

Experimentally, it is interesting to perform the QS noise as a function of the mean trans-

mission D,,, without polarisation voltage?] The mean transmission is defined as:

1/v
D,, = 1// dt - |7(t)]? (1.80)
0

26 Advantages of this type of measurement are detailed in the chapter 5.
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In the previous examples, the mean transmission was set to D,,, = 0.5. We suppose here
that a gate voltage denoted V| controls the transmission D(Vg) = |7(Ve)|?. In order to
generate QS noise, Vg is time dependent: Vi (t) = Vo + AV sin(2wvt). The DC voltage
Vo set the mean transmission D,, and the AC component AV makes the transmission
time-dependent.

Examples of transmission shape versus Vg are displayed in figure [I.15] left. The green
curve is deduced from the saddle point model of a QPC (presented in chapter 2). The
yellow and red curves are more realistic and model respectively the 0.7 anomaly and
Fabry-Perrot resonances (visible on realistic transmissions presented in chapter 3). The
dashed lines are the corresponding mean transmission D,,, obtained from eq. by
using: D(t) = D(Vg(t)).

The QS noise is derived as a function of D,, for each transmission shape by computing
the respective Fourier coefficients R; and S;, and displayed in the figure [[.15] right. The
shape and the maximum value strongly depends on the shape of the transmission. In
particular, the properties of symmetry regarding D,,, = 0.5 are preserved in the noise, for
instance in the case of the green and red curves. Conversely, the asymmetry of the yellow
conductance is recovered in the corresponding QS noise. This property of symmetry will
be useful for the experiment of QS performed in this thesis and allows us to discriminate

the QS noise for other unwanted shot-noise.

1 2 3 0.0 0.2 0.4 0.6 0.8 1.0
DIH

Figure 1.15: (Left) Model of experimental transmission as a function of the voltage V4.
Dashed lines represents the corresponding transmission with a sine modulation of V.
(Right) QS noise generated in the limit 7" = 0 by the respective transmission in (left) as
a function of D,,. The noise shape strongly depends on the transmission profile.

2"The experimental implementation of a quantum conductor is review in the chapter 2.
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1.3.5 Entanglement entropy measurement

The quantum switch problem has connections with more general physics, such as the
quantum information [I0] or quantum quenches|28], B0, 40]. Levitov and al. establish
a direct relation between the QS noise and the entanglement entropy of the electrons
in the quantum conductor|[76]. Entanglement entropy describes the quantum correlation
between separate part of a system. The QS problem can be described as follows: initially,
the switch is opened (D = 0) and electrons are localized in each left and right reservoirs.
Then, the switch is closed (D = 1) during a time w and electrons are delocalized in the
full space of the quantum wire, generating entanglement between the left and the right
part.

Repeating this process at a frequency v leads to an entanglement entropy Sy per
cycle[76, §]. Using the Full Counting Statistic (FCS)[84], the entropy S, reads™|

s, = e log (M) (1.81)

3 Tt

where tg is the "cut-off" time needed to open or to close the switch. The current fluctu-

ations through the quantum wire are connected to the entanglement entropy thanks to:

3e’v e’y sin(mrw

kpm? o

It is interesting to compare this expression with the formula of the QS noise in eq. [1.74}

The comparison between both expressions is made through numerical analysis displayed
in figure [1.16| The time-dependence of the transmission used for the computation of eq.
m is a square wave, with a width w and a short time cut-off ¢, = 1/100v. The figure
1.16| presents the QS noise found with the FCS (red curve) and the Landauer-Biittiker
(green curve) approach, as a function of the ratio w/T, where T = 1/v. Unexpectedly,

the QS noise using FCS approach is ~ 4 times lower.

28Fluctuations are Gaussian whereas the system switches from D = 0 to D = 1 and only the second
moment, the current noise, matters.
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Figure 1.16: QS noise as a function of the pulse width ratio w/T deduced from the
FCS (red curve) and the Landauer-Biittiker (green curve) approach. The transmission
versus time is a square wave of period 7" = 1/v with a width w. Parameters used are:
v = 500 MHz, short-time cut-off tg = 20 ps and T = 0.

Conclusion

In this chapter, we provide the basic tools to understand the physics of AC transport in
quantum conductors. The DC current and its fluctuations have been derived for two type
of QPC geometries within the Landauer-Biittiker formalism. In addition, the Floquet
scattering theory allows us to describe the properties of the charge injection in the quan-
tum wire and of charge noise of a elementary switch. The experimental results presented
in the chapter 4 and 5 will be compared to the expression of noise fluctuations for the
photo-assisted shot-noise and the quantum switch noise, developed in this chapter. In the
following, we propose to review the experimental implementation of quantum conductor

through a QPC and how these objects are designed for our experiments.
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Chapter 2

The Quantum Point Contact at GHz

frequencies

The Photo-Assisted Shot Noise (PASN) and the Quantum Switch (QS) experiments are
based on the Quantum Point Contact (QPC), an experimental device which implement
a one-dimensional quantum conductor with a tunable barrier. A QPC is implemented
from 2 Dimensional Electron Gases (2DEG) in a GaAs/AlGaAs heterostructure in which
the coherence and ballistic lengths are large: the transport is ballistic and coherent, and
is described by the Landauer-Biittiker formalism presented in the previous chapter. In
order to create a one-dimensional quantum conductor in a 2DEG, one can use the edge
channels of the quantum Hall effect. In an other way, the QPC takes advantage of the
electrostatic potential of gates deposed on the GaAs surface whose the width is comparable
to the Fermi wavelength[7]. It creates an electronic tunable potential barrier while the
constriction confines electrons to a unidimensional motion.

Two QPCs have been made in the laboratory with electron gas grown at Cambridge
university. These samples have been designed to be particularly suitable for our needs:
the circuit is well-adapted for high frequency and the gate is design for the need of each
experiment. This chapter presents first the two dimensional electron gas in an GaAs
heterostructures and how QPC is made from a 2DEG. Then, we propose a simple model
which describes the conductance shape as a function of the voltage gate for two different
geometries of the gates. It allows to choose the relevant geometry for the PASN and the
QS experiments. Finally, we present the improvements made in the fabrication of the
6-contacts QPC.
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2.1 What is a Quantum Point Contact 7

In the previous chapter, we theoretically derived the DC and AC transport in ballistic
coherent conductors. These systems are implemented in our experiments with 2 Dimen-
sional Electron Gas (2DEG) where the electronic quantum coherence and the ballistic
length are large enough for a fabrication with lithography processes. The main features of
2DEG are first presented and then we show how the 2-contacts and 6-contacts geometries
for a QPC are realized from the 2DEG.

2.1.1 The 2-Dimensional Electron Gas (2DEG)

Experimental implementation

The two dimensional electron gas are artificial systems historically developed with the
MOSFET (Metal Oxide Semiconductor Field Effect transistor) 50 years ago. More re-
cently, Molecular Beam Epitaxy (MBE) machines allow the realization of high quality
GaAs and Gal_xAlesf_-] heterostructures with long electron mean free path needed for
the high speed electronics[90] and for quantum experiments. The samples used during
this thesis have been made with the heterostructure presented in figure (Left), from
Cambridge University: 10 nm of GaAs, 40 nm of Gag7Alg3As doped with Silicon (n-
doping), 40 nm of Ga;_,Al,As and GaAs.

In those heterostructures, the resulting energy of the conduction band as a function
of the depth z is displayed in figure with a schematic view of charge repartition in
the layers[121] 122]. The main feature is the presence of a 300 meV triangular quantum
well[15] at z = 90 nm, with a width of [ ~ 5 nm and quantized energy levels, separated
by AE ~ 20 meV. The density n sets the Fermi energy £r between the two first energy
levels such that at the limit T = 0, only the first energy level is occupied. An excitation
energy AFE —e ~ 10 meV < 100 K is required for an electron to change its orbital: thus,
at T' < 1 K, the motion along z of electrons in the conduction band is completely frozen.
Electrons at the interface of the heterostructure of Gag7Aly3As/GaAs forms an effective
2DEG.

Quantum properties of 2DEG

The electronic quantum states in a 2DEG are well-described by a Fermi liquid. The quasi-
particles near the Fermi sea behave as free particles of mass m* = 0.067m., m. being the
electron mass in the vacuum. It is consistent with the hypothesis made in chapter 1 for

the Landauer-Biittiker-Martin formalism.

!Gay_,Al As is an alloy where a ratio of  Ga atoms in the lattice are replaced by the same ratio of
Al atoms.
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Figure 2.1: (Left) GaAlAs/AsGa heterostructure and charge repartition in the layers.
(Right) Energy e of the conduction band as a function of depth z. A 300 meV energy
gaps appears at the interfaces of GaAlAs and GaAs whereas the electrostatic field resulting
of the charge repartition creates a triangular quantum well between GaAlAs Si-doped and
the GaAs substrate. The Fermi sea set above the first quantized energy level in the well:
at low temperature, z motion of electron in the conduction band is frozen, making the

2DEG.

wh?

The Fermi energy ep = 7=

n =~ 6.5 meV is large enough in comparison with the
excitations applied in our experiments, which are typically eV, ~ hrv ~ 100 pV. Similarly,
the velocity dispersion is negligible near the Fermi sea: the velocity of an electron at an
energy 100 pV above the Fermi sea is only 0.6% fastei] than the Fermi velocity vp. It is
consistent with the implicit assumptions made in the previous chapter for the computation

of the noise.

Quantum coherence length: The size of the experimental devices for quantum exper-
iments must be smaller than the coherence length of the wave function, or the quantum
coherence length [, of the electrons in the 2DEG. At low temperature, the electron-
phonon interaction vanishes and the decoherence is due to the thermal noise of the
environment|[IT16] which limits the life-time of quasi-particles to the characteristic time

Tp = lg/vp =~ chLT ~ 40 pm. Tt is larger than the typical size of our samples (~20 um)

2An electron with an energy de above the Fermi sea has a velocity v + dv where dv is: dv/vp =
de/m*v?
I3

3The decoherence due to electron-electrons collision limits the life-time of a quasi-particle of energy

A to[52):
2
Te  4Amh \eF ER Pr

where 2¢g7r = 2m*e?/h? is the Thomas-Fermi screening vector in 2D and pp = v/2m*er/h the Fermi
momentum. In our sample, it leads to life-times of 74 ~1 ns, corresponding to coherence length of
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In the integer quantum Hall effect regime, experiments performed in Mach-Zehnder in-

terferometers reported coherence lengths of ~ 20 um which decrease as oc 1/T[107].

Ballistic length: The random distribution of the Si donors in the AsAlGa layer creates
an additional random potential in the resulting electrostatic potential seen by an electron
in the 2DEGﬂ In the case of a hard disorder, as represented in the figure (Left), the
motion of an electron is diffusive. On the contrary, in the case of a weak disorder (figure
(Right)), the motion is ballistic on large distances. The mean distance travelled by
electrons between two successive collisions is the ballistic length [.: motion is ballistic
(resp. diffusive) if the typical size of the sample is lower (resp. larger) than [.. The
ballistic length is related to the mobility’] 1 of electrons in the 2DEG:
el,

- 2.2
p— (2:2)

Nowadays, typical mobility is ~ 106 V7!.cm?.s7! and can reach 107 V~'.cm?.s7[101]; in

our case it is g = 3-10° V-1.cm?.s7?

so the ballistic length is then [, ~ 22 pm, larger
than the size of where the physics take place (~ 10 pym in our experiments) so that the

transport is purely ballistic.

Diffusive regime Ballistic regime

Figure 2.2: Schematic representation of trajectory for an electron in the diffusive regime
(Left) and in the ballistic regime (Right).

Note that the collisions are elastic and the quantum coherence is preserved even after
several collisions: Webb and al. evidenced Aharonov-Bohm oscillations measured in a
gold ring|[130], showing that /5 > .. The mobility is related to the macroscopic resistance

per square of the sample R,. Using the same argument than in the Driide model, one can

~200 pm, larger than observed.

4These fluctuations are softened by increasing the density or the distance between Si ions and the
2DEG

For an charge submit to an electrical field E moving at the mean velocity (7)), the mobility is defined
as F = ()
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find that R, is related to the mobility x and the electronic density n, by :

Ry— (2.3)

euns

The resistance per square R, is ~ 10  for our samples. As a consequence, the Joule
dissipation occurs (in the absence of magnetic field) when currents of few nA flow through
the QPC.

2.1.2 QPC : A voltage constriction for a one dimensional channel

with a tunable scatter.

How to make a QPC from a 2DEG? In the following, we review in detail the main
elements of a QPC: the mesa, the ohmic contacts and the electrostatic gates represented
on a schematic of the figure We review the quantisation of conductance, evidenced
by the tunable potential barrier in the 2DEG controlled by the gate voltage. Then, we
detail the advantages of the 6-contacts QPC geometry presented in chapter 1 thanks to
the chirality of edge channels in the quantum Hall effect.

Electrostatic
gate

% Ohmic
W~ M~ ( contact
‘ / al

W |

10pm

<+ AsGa

substrate

2DEG

Figure 2.3: Schematic representation of a 2-contacts QPC. The 2DEG (in blue) is at
~ 100 nm depth under the surface, in a restricted area called the mesa. It is electrically
connected to an external circuit with ohmic contacts (in orange). Electrostatic gates (in
yellow) tuned the transmission of electrons crossing the QPC with a negative voltage V4.
In the constriction, 2DEG can be considered as a quantum wire. Schematic is not on
scale.
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Mesa

The mesa is a spatially restricted area of the 2DEG. It has a hourglass shape which results
of a large external size needed for the ohmic contact and a constriction in the central part,
in order to limit the surface shared with the electrostatic gates. This constriction prevents
from Schottky noise of the 2DEG electron tunnelling with the electrostatic gates through
the AsGa. The name "mesa" comes from the geological termff} the mesa is fabricated
by etching the unwanted area of AsGa with orthophosphoric acid, thus its transversal
shape is similar to a geological mesa|97|. The etching must reach at least the depth of the
2DEG, 100 nm in our case, to ensure that there are no free-carriers outside of the mesa.

Its size is typically the ballistic length square, (2. As mentioned in section m it
is in our samples of the order of ~ 20 um. This choice is justify by a compromise. A
larger mesa increases the resistance per square and the collision rate with the disorder.
A smaller mesa becomes harder to fabricate, in particular for the etching and the ohmic

contact.

Ohmic contact

The electron gas is approximatively 100 nm under the surface of the AsGa heterostructure
which is an insulator at low temperature: it is thus required to electrically connect the
electron gas with a external circuit. A solution consistq| in the diffusion of a conductor
through the AsGa substrate at high temperatures, called an ohmic contact|14] [77], repre-
sented in orange in the figure We use an alloy of Gold, Germanium and Nickel, which
has a melting temperature around 450 °C, lower than these metals taken separatelyﬂ
Fifteen minutes at 470 °C are enough to have a sufficient spreading and good electrical
contact[58]. The resistance depends on the direction of the contact regarding the crystal-
lographic axes|73, 53], therefore the ohmic contacts of our samples have a tooth shape, as
shown in part 2.3.2] The typical resistance is Rco ~ 100 Q at low temperatures, which
is higher than the resistance per square of the mesa Ry = 16 €2 but negligible compared
to the quantum of resistance Rg = e% = 25812 Q.

Electrostatic gates

The electrostatic gates are metallic tips connected to an external voltage V; deposed on
the mesa. The typical size between the two gates is few hundreds of nanometres, usually
300 nm for a 100 nm deep 2DEG. A negative polarisation voltage creates an electrostatic
potential for the electrons in the 2DEG, whom width is at the order of the Fermi lengh.
It is the smallest element of the QPC and an electron-beam lithography is required for

6In geology, a mesa is an elevated area of land with a flat top and sides that are usually steep cliffs.

" Another possibility is to etch until the 2DEG depth and contact it with a metallic deposition without
thermal diffusion.

8Melting point of gold and germanium are respectively 1064 and 938 °C.
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the fabrication. All details about the shape, the potential created and the quantization
of conductance are given in the section

Conductance quantisation

A QPC is an experimental realization of the quantum wire described in chapter 1|127,[132].
In the constriction, the width of the electrostatic potential created by the gate voltage
is of the order of the Fermi wavelength \p = \/m, so that the transversal motion of
electrons is quantized by a discrete number of modes. Each mode is equivalent to an
unidimensional wire of conductance 2¢?/h. The number of modes is controlled by the
height and the width of the potential barrier, through the gate voltage V. In the figure
2.3] QPC is polarised with a voltage V' and the current flowing into it is denoted I. As
explained in chapter 1, conductance of the QPC is then:

e2

G == D(Ve) == > In () (2.4)

<I~

|2 evolves from

where |7;,(V)|? is the transmission of the mode k. For each mode, |74 (V)|?
0 to 1 successively with V. It manifests experimentally by the apparition of plateaus in
the conductance curve. The figure shows the experimental conductance G = I /V as
a function of Vg of a QPqﬂ The conductance increases by steps of 2e?/h with V. Modes

k of conductance 2e?/h open successively while Vg increases.

Figure 2.4: Experimental conductance of a 2-contacts QPC (sample 1) as a function of

gate voltage Vi;. The measurement is performed at 24 mK with no external magnetic
field.

9The conductance curve presented in the figure has been measured on sample 1.
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QPC in the quantum Hall effect

As mentioned in the chapter 1, electrons follow unidimensional trajectories that fit closely
the edges of the mesa in the quantum Hall effect. Therefore, the transport takes place in
the edge channels, where the current is conserved |26, [59] and flows without dissipation[75].
A remarkable property is the chirality of edge channels, as illustrated in the figure
Incoming and outgoing electrons in each contact are spatially separated. The 6-contacts
geometry presented in figure 2.5| and in chapter 1 is relevant for the measurements in the
quantum hall effect regime. The voltage V is applied on the contact 0, and measurement
are performed through contact 4 and 1. Contacts 2 and 5 are connected to the ground.

Then, relations between currents and voltages reads:

Iy =—W

I = %(uvl —TVp)

ve
h==5h
[3 — O
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5 h 4

where R =Y, |px|* and T' =Y, |7|? are respectively the total reflection and transmission
coefficients. The injected current I does not depends on the voltages of other contacts
and the voltages V; and V, are linear with respect of coefficients R and T, which make
their calibration easier.

Moreover, edge channels in this configuration cancel correlations between contact 1
and 4. Consequently, the cross-correlation measurement (I; 1) is not sensitive to the mea-
surement environment connected on contact 1 and 4. In particular, the cross-correlation
measurement is not affected by the amplification chain. The noise calibration is also eas-
ier: the coefficient of conversion between current noise and voltage noise does not depends
on the transmission, on the contrary of the 2-contacts geometry presented in figure [2.3]
However, it is not possible to perform measurement with no magnetic field: in that case,

contacts are short-circuited by the ground.
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Figure 2.5: Schematic representation of a QPC under a magnetic field B with 6 ohmic
contacts for quantum Hall effect for the filling factor v = 2. Edge channels are represented
in red.

2.2 Electrostatic gates design

We present in this section the electrostatic gate conception. More precisely, we study
the impact of the gate geometry on the curve of conductance as a function the gate
voltage Vg, as shown previously in the example of the figure It is important to
decide which geometry is well adapted for the experiments performed in this thesis. For
the PASN experiment the stability of the transmission is required, thus, the conductance
must vary slowly with respect to V. On the contrary, the QS experiment requires an
abrupt variation of conductance in order to close or open the switch (ie. to go from the
transmission 0 to 1) with a small voltage amplitude AV, which reduces heating effects
and increases the amount of the QS noise generated.

Two types of shapes for the gates are studied here: the sharp and the square shapes,
respectively for the PASN and the QS experiments. We use a saddle-point model in
order to predict qualitatively the conductance curve as a function of the gates voltage
and thereby we justify the choice of the shape for each experiment. We compare the
conductance deduced from this model with experimental data of two home-made QPC

with sharp and square gate, whose a SEM picture is shown in the figure [2.6
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2.2.1 Electrostatic potential of the gates and saddle-point model

A negative voltage applied on the gates depletes the electronic density and creates a
local potential constriction ¢ for the electrons in the 2DEG[I34]. The resolution of
Schrodinger’s equation for an electron of the 2DEG in the potential ¢(x,y) gives access
to the properties of the QPC, such as the quantisation of conductance or the energy-
dependence of the transmission. Here, we suppose that the plan of the 2DEG is (z,y)
with z the main direction of propagation and y the main axes of the gates, transversal to
the direction of propagation. The electrostatic potential ¢(x,y) seen by the electrons can
be computed by solving the Laplace’s equation[33], but it is hard to explicit the boundary
conditions of the problem[99] from the geometry of the gates shown in the figure A
self consistent treatment is required|I18], 43] in order to take in account the screening
effects in the 2DEG.

1320 nm

2330 nm

V SpotMagn Det WD Exp }———  500nm
pkV 3.0 67365x SE 19.0 121

SpotMagn Det WD Exp |—| 500 nm
KV 2.0 56660x SE 269 104

Figure 2.6: (Left) SEM picture of QPC with square gates. (Right) SEM picture of QPC
with sharp gates.

We propose here to use the model proposed by Biittiker[17], describing the potential
¢(z,y) near the bottleneck as a saddle point in order to justify qualitatively which shape
is the well adapted for a given experiment. The transmission probabilities of crossing the
potential wall along x is computed by solving Schrodinger’s equation. For both geometries
studied here, the potential near the centre (z,y) = (0,0) is a wall along the x direction
and a well in the y direction, with a respective depth and height which depends on the
voltage applied on the gate, Vz. This can be modelled by a quadratic potential:

L oo, 1 L 9,
o(x,y) = ¢o — MW T + M wyY (2.5)

The curvatures of the saddle are expressed in terms of an effective mass of electrons in
the 2DEG m* = 0.067m,._, pulsations w, and w, and the height of the barrier ¢o. As we
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focus only on energies close to the potential ¢y at (z,y) = (0,0), high order terms are
neglected. The typical width of the well is few hundreds of nanometres comparable to
the Fermi wavelength Ay ~ 50nm, leading to a quantization of the momentum over y. As
the transverse motion is frozen in that region, the QPC is considered as a unidimensional
channel. For an electron moving in the z direction, the quadratic dependence of the

potential gate is equivalent to an effective unidimensional potential V,,(z) :
V() = ¢ + hwy(n +1/2) — 1/2m*wia?, (2.6)

with discrete levels, energetically spaced of Aw,. Solving the Schrodinger’s equation with
potential in expression [29, [78], conductance G through the barrier is given by:
2 2 1

e e
“=P=% > 1 + e~ 2n(u—hwy(n+1/2)=¢o) /hews

(2.7)

where D is the transmission probability for an electron to cross the barrier and p is the
chemical potential of the reservoir of the incoming electrons. The sum operates on the
total number of modes in the quantum well. The dependence on the gate voltage Vi is
hidden in the parameters ¢y, w, and w, and not explicit in eq. .

In the case where w, — 0, the effective width of the barrier diverges and the QPC
becomes a perfect wave guide: the transmission of an incoming electron through the
barrier is possible only if its energy E is exactly the energy of a level of the quantum
well: £ = hw,(n + 1/2). For finite w,, the barrier can be crossed by electrons whose
the incoming energy is in a narrow window around fw,(n + 1/2): the transmission is
smoothed. This has been verified in [65], where Iqbal and al. fabricated a QPC with a
tunable potential ¢ thanks to six gates controlled independently in order to vary from
200 to 600 nm the effective length, which is proportional to the inverse of w,. Their
measurements confirm that the transition between the plateaus of conductance becomes
more abrupt when the effective length increase (ie. w, decreases). Zakka-Bajjani and al.
[?] reported that a short QPC length (~ 80 pm) exhibits a smooth conductance curve. As
a consequence, a square (resp. sharp) geometry is relevant for the QS experiment (resp.
the PASN experiment).

2.2.2 Comparison with the experimental conductance

We compare here the experimental conductance of the QPCs whose the gates are shown
in the figure 2.6} it confirms that the transmission is more abrupt for the square geometry
than the sharp one. We also propose to derive an expression of the conductance deduced

from the saddle-point model as a function of the gate voltage, in order to extract the
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parameter of the potential ¢(x,y). We assume the potential to be homothetic@] with
respect of Vi, ¢(z,y) oc =V

o(x,y) = —coVa — cVar® + ¢, Vay’ (2.8)

where ¢, and ¢, are the curvatures respectively in the x and y direction and ¢y the height
of the barrier, at a given gate voltage V. These parameters are connected to ¢g, w, and

w, of the saddle-point model through:

We = 4/ L‘ZVG =e v/ Vo (2.9)
m
—2
Wy = \/%VG = e/~ Vo (2.10)

bo = —coVa = —eoVg (2.11)

where e, = \/2¢c,/m*, e, = \/2¢,/m*, eg = ¢o. We now have a direct formula of the
conductance as a function of Vi; and the parameters e,, e, and e defined in 2.9 and

.11t

e? 1
G(VG) - ﬁ Z _27r,u7h(n+1/2)5y\/%+eovc (212)
nol4e hear/— Ve

The figure 2.7, left, shows the measured conductance of the QPC with square gates.
The measurement is performed at 25 mK, without magnetic field™] Similarly, the figure
2.7 right, is the measured conductance of the QPC with sharp gates (figure right).
The plateaus of quantisation clearly appears and the pinch-off voltages are ~ —0.43 V
and ~ —0.65 V.

In addition, we attempt to fit those experimental conductance with the formula [2.12]
The simulated conductance curves are displayed in the figures and reproduce well the
experimental data. The fitting parameters are reported in table 2.1} Note that this model
does not take in account the 0.7 structure[125], visible on the conductance of the square
gate.

A direct comparison between the two experimental curves evidences the difference
between the two geometries. In the figure 2.8, we overlaid the experimental conductance

thanks to a translation of the voltage gate V;. The first transition is similar for square and

10The screening effects in the 2DEG are neglected.
"In QHE, conductance is computable with the saddle point model but its expression is different from
formula refbuttiker

68



Square gates Sharp gates

= Simulation ‘ Simula‘ﬁon
@ @ Exp. conductance . © @ Exp. conductance OO
3.0F il 3.0 H M q
&
2.5 : 2.5F oo 1
Q
=20 =2 E;;mmtnooo
= 2. < 2.0
= $ &
& & g
G L ICRE OD
OQ
1.0F 1.0 3
OOW
0.5 0.5¢ PP
]
©
0.0 0. () teoaneroeG i i H
—0.45 —0.70 —0.65 —0.60 —0.55 —0.50 —0.45
Ve (V)

Figure 2.7: (Left) Experimental conductance of a QPC with square gates (red dots).
The solid line represents the simulated conductance by using eq. and the fitting
parameters reported in the table (Right) Same curves with sharp gates.

Experimental fit | he, | he, | e L
Square 1.63 | 4.41 | 40.1 | 18.0
Sharp 1.15 | 2.43 | 25.0 | 17.1

Table 2.1: Values in meV of fitting parameters e,, e, and ey for square and sharp gates,
deduced from curves fitted presented in figure

shape gates but the difference between two types of gate appears clearly for the following
transitions: in square gates, the conductance is more abrupt than for the sharp gates.
The calculations in the quantum Hall effect are not presented here but described in
[17]. In this regime, transmission behaviour includes the cyclotron pulsation w, = eB/m*
and radically differs from previous results only for strong magnetic fields. In that case,
the transition is hard, with a very narrow voltage window, for both shape of gate. The
choice of the shape must also considers the presence impurities in the experimental 2DEG,

which are not taken in account in those calculations.
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Figure 2.8: Experimental measurement of the conductance of QPC with square gate (red
dots) and sharp gate (green dots), translated at 0 V in order to compare the transition
between plateaus.

2.3 Sample design and fabrication

In this thesis, experiments have been performed thanks to two QPC: sample 1, made in
the summer 2013 by Benoit Roche and sample 2 I made in spring 2015. The table
summarizes their characteristics. The fabrication and design of these samples have been
realized entirely in our laboratory for both samples. These samples are designed in order
to apply a GHz frequency on the voltage gate (resp. ohmic contacts) in the case on the
QS experiment (resp. PASN experiment). We first present the sample 1 and then we

describe the improvements done for the fabrication of sample 2.

Sample 1 2
Density (cm™?) 1L.7-10" | 2.0-10"
Mobility (V~t.em?.s71) | 2.2-10° 3.1-10°
Gates shape Square Square
Geometry 2 contacts | 6 contacts

Table 2.2: Main features of sample 1 and sample 2.
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1.8mm

Figure 2.9: Optical image of the 2-contacts QPC sample 1. The coplanar waveguides
indexed with 1 and 2 (resp. G) are connected to the two ohmic contacts (resp. to the
gates) and are surrounded by ground planes. Black stains in the edge are due to aluminium
micro-bounding. Dashed square correspond to the size of the SEM image in figure [2.10

2.3.1 2-contacts QPC: sample 1

The sample 1 is a 2-contacts QPC used for the measurements of QS without mag-
netic field™ The GaAs wafer has been provided by David Richie and lan Farrer from
Cambridge University. It has a density of n = 1.7 - 10*e¢m™2 and a mobility of p =
2.2 -10V-t.em?.s7t. The figure shows the circuit of the sample. The potential of
the gate is applied on the ports denoted by "G" and the 2 ohmic contacts are connected
through the ports 1 and 2. The circuit is made of 100 nm gold evaporated on the sub-
strate. All lines are surrounded by ground planes which form coplanar waveguides that
enable a good transmission of the RF voltages from the port to the QPC. More technical
details about the propagation of RF voltages on the sample can be founded in the phD
thesis of Julie Dubois [38]. The hourglass shape of the mesa and the square gates of

sample 1 are clearly visible on the figure [2.10

The results of the QS experiment that will be presented in the chapter 5 highlight
two main misconceptions of this sample. Firstly, the proximity between the mesa and the

gates creates a capacitive coupling, inducing AC parasitic currents heating the 2DEG.

12The presence of a magnetic field does not change the measurement but this 2-contacts geometry not
allow to get benefit of the spatial decoupling of edge channels.
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Figure 2.10: (Left) Optical picture of the mesa of sample sample 1, recognizable with
its hourglass shape presented in figure [2.3] The coplanar waveguides indexed by 1 and
2 (resp. G) are connected to the two ohmic contacts (resp. to the gate). (Right) SEM
picture with artificial colors of the gates of sample 1.

Those effects are enhanced by the wide size of the gate on the mesa and the absence of
ground planes near the mesa. Secondly, the asymmetry of the gate regarding the mesa,
which is clearly visible on the figure [2.10] left, generates additional parasitic AC drain-
source voltages adding an unwanted noise. Those unwanted effects are studied in details

in chapter 5 and lead us to improve the 6-contacts samples presented in the following.

2.3.2 6-contacts QPC for quantum Hall effect: Sample 2

The sample 2 is a 6-contacts QPC designed for both PASN and QS experiments in the
quantum Hall effect regime and is improved in order to prevent the issues in the QS
experiments. The figures 2.11] 2.12] and [2.13] show respectively the circuit, the mesa and
the gates of the sample. The GaAS wafer also comes from the same team of Cambridge
University, with a density of n = 2.0-10cm ™2 and the mobility is p = 3.1-10°V~t.cm?.s 7L,

The circuitry design is inspired by sample 1 for the waveguide geometry and is adapted
to a 6 contact geometry for quantum Hall effect, shown in figure It has also two
main improvements near the mesa in order to reduce the effects of the capacitive coupling
between the 2DEG and the gates.

Geometry design

The sample 2 is used for both QS and PASN experiments. Consequently, the ohmic
contacts and the gates must be connected to coplanar waveguides for a good transmission
of the RF voltages. The circuit shown in the figure 2.11] is designed in order to be the
most symmetric so that the resulting shape has an octagonal symmetry, where the lines
connected to the QPC are equivalent regarding the RF propagation. The exponential
shape for the size reduction from 300 pum to 20 um and the width ratio of the coplanar
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Figure 2.11: Optical image of sample 2. Lines from 0 to 6 are connected to the 6 ohmic
contacts. Lines "G" are connected to the gates. The dashed square corresponds to the
size of the SEM image in figure 2.12]

waveguides is inspired from those designed by Julie Dubois[38] in order to have a 50 2
impedance matching.

The size of the mesa (figure is larger than in the case of the sample sample 1
in order to minimize the ohmic contact resistance. The capacitive coupling between the
gate and the mesa is reduced in comparison with sample 1, thanks to the extension of the
ground planes around the gate lines until the mesa and the limited width of the gate to

300 nm on the mesa. Those improvements are visible on the figure [2.13

Fabrication

For the 2-contacts samples like sample 1, the symmetry of the gates regarding the mesa is
limited by the alignment accuracy between the circuit and the mesa, shown in the figure
Indeed, the fabrication of those elements is based on an optical lithography using a
photomask whose alignment markers are far from the center; thus the resolution is limited
to few micronﬂ Moreover, the asymmetry visible in the figure results of the absence

13Using the wafer mask aligner of our clean room.
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Figure 2.12: SEM image of the mesa of sample 2 with artificial colors. Blue corresponds
to the 2DEG (mesa), the black to the gates (in aluminium) and the gold to the circuit in
gold. Dashed square correspond to the size of the SEM image in figure [2.13]
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Figure 2.13: SEM image of the gates of sample 2. Black color correspond to aluminium.
300 x 300 nm square shape of the gate is visible.

of markers at the QPC scale near the mesa making the alignment of the gates smallest

part (300 nm) hard.
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Figure 2.14: (Left) Optical picture of the alignment markers of sample sample 1. It is the
first step for the fabrication of the 6-contacts geometry entirely made by electron beam
lithography. The size of the picture is 500 pm. (Right) Optical picture of the same sample
after the mesa etching and the ohmic contact deposition. Note that the position of these
elements is highly symmetric.

The improvement of the 6-contacts QPC fabrication consists in using an electron beam
lithography for all steps during the process, which is slower than the optical lithography
but more accurate. The first step is to draw alignments markers on the substrate as
shown in the figure left. Then, the mesa is etched and ohmic contacts are deposed
with a remarkable accuracy regarding themselves (figure right). There are two steps
of fabrication for the circuit: one at large scale with a rough resolution (>2 pm) and
another around the mesa in order to place 10 x 10 pum markerﬂ closed to the QPC.
Finally, thanks to these markers, the accuracy of the position of the gates (in black in the
figure is better than in the case of the 2-contacts samples.

Those markers are the four black squares near the gate line and are visible in the figure
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2.4 Conclusion

Quantum experiment in one dimension theoretically studied in chapter 1 can be imple-
mented by using a QPC. Indeed, quasi-particles in 2DEG behave like free fermions with
a ballistic motion and their quantum coherence is preserved over large distances. Electro-
static gates deposed on a constriction in the shape of the 2DEG create a unidimensional
motion with a potential barrier playing the role of the scatter. Electrostatic simulation
of the gate and a model for the conductance gives a qualitative argument to choose the
relevant shape: For the PASN experiment, sharp gate are relevant whereas for the QS
experiment, we will use square gates. Finally, sample are designed to apply high frequency
on the QPC with a coplanar waveguide design, for experiment without magnetic field or

in quantum Hall effect.
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Chapter 3
Experimental set-up

The measure of extremely low current fluctuations has been the central part of the ex-
perimental work of this thesis. We present here our experimental set-up devoted to noise
measurements at low temperatures under high magnetic fields while RF voltages are ap-
plied on the samples. The measurements are performed in a helium-free cryostat designed

by Cryoconcept with a 14 T magnet.

Figure 3.1: Principle of current noise measurement at low temperature. Currents fluctu-
ations ¢i% and di% emitted are independently collected by two channels A and B. RLC
circuits Z4(w) and Zp(w) whose resonant frequency is ~ 2 MHz convert current fluctu-
ations into voltage fluctuations. Auto and cross-correlations of voltages V4 and Vg are
computed thanks to a digitizer of the PC. From these, an appropriate calibration of the
measurement lines presented in section [3.16] allows to recover the current fluctuations
emitted by the sample. Our set-up also enables to apply DC and RF voltages.

The measurement principle is described on figure [3.1] in the general case of the Photo-
Assisted Shot-Noise (PASN) and the Quantum Switch (QS) experiments. Noise mea-
surements are realized thanks to two independent channels denoted A and B. Current
fluctuations di4 and dip measured by channels A and B generated by the sample are

converted into voltage fluctuations through the RLC resonators of impedance Z4(w) and
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Zp(w), whose resonant frequency is ~ 2 MHz. Both signals are amplified by amplifiers
on the 4K stage and at room temperature. A digitizer performs real time measurements
of voltage fluctuations V4 and V. They are sent to a computer which calculates the auto
and cross-correlations of channels A and B. An appropriate calibration allows to recover
the current noise S} emitted by the sample from the voltages recorded.

The cross-correlation measurements of current fluctuations emitted by electronic de-
vices at low temperatures and at the MHz regime presents several advantages. First,
the 1/f noise generated by the amplification chain and the environment background is
negligible at these frequencies|35]. Secondly, the cross-correlation directly cancels[54] the
intrinsic noise of amplification chain and reduces the standard deviation by a factor v/2[88].
Finally, our set-up reaches a resolution of 5-1073° A%/Hz in 5 minutes approximatively
in high magnetic fields for an electronic temperature of 40 mK. Many technical aspects
of low-noise measurements are detailed in [53] 08].

This chapter is organized as follows. In the first section, we describe the experimental
set-up for the PASN and the QS experiments in detail. Then, we focus on the description
of the measurement lines (RLC, amplifiers) and of the injection line (DC and RF voltage
line). The data acquisition and the improvement made in this thesis in order to increase
the resolution of the noise measurement are presented in the third part . The last part is

devoted to the calibration of the conductance of a QPC and the current noise.
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3.1 Set-up for PASN and QS experiments

The experimental set-up is composed of two main parts: the measurement lines (section
composed of RLC impedances, the amplification chain and DC wires which are iden-
tical for both PASN and QS experiments, and the injection lines (section composed of
DC and high frequency coaxial wire in order to apply DC or RF voltages on the samples.
The technical aspects about the cryostat and the thermalisation of DC and RF lines are
detailed in the appendix [Bl We present here an overview of the set-up for the PASN and
the QS experiments.

3.1.1 PASN experiment

The figure presents a schematic of the PASN experiment. The aim is to measure the
current noise of the sample 2 described in chapter 2, while voltages at GHz frequency (or
RF voltages) are applied on an ohmic contact. The sample is cooled down at 25 mK in
a Helium-free dilution cryostat while a 14 T superconducting coil apply a perpendicular
magnetic field.

The voltage injection line is composed of two parts: DC lines for the DC voltages, Ve,
and RF line{] for GHz voltages denoted by Vgr. A voltage divider of ratio 1/1000 set
on the 100 mK stage allows to apply DC voltages with a high accuracy (~ pV) with no
heating in the mixing chamber (on the 25 mK stage). For the PASN experiment, there is
a unique RF line with three 20 dBm attenuators on the 3.6 K, 1 K and 100 mK stages in
order to reduce the thermal noise coming from the 300 K environment. The 60 dBm total
attenuation divides Vrp by a factor 1000, larger in practical because of intrinsic loss of
the RF lines. The voltage source can deliver 2 V until 40 GHz, which is enough to reach
at least ~ 120 uV effectively applied on the contact of the sample. In addition, a bias-tee
at 25 mK adds the DC voltage V..

The measurement is performed over two independent channels A and B, composed by
two RLC resonators Z, and Zp and home-made cryogenic amplifiers on the 3.6 K stage
and commercial amplifiers at room temperature. The voltage source V,,; with the 2 k2

resistor provides the power required for the cryogenic amplifiers.

3.1.2 QS experiment

The figure describes the main features of the QS experiment. In that case, the goal is
to measure current noise generated by the high frequency voltage applied on the gates of

the sample 1, described in chapter 2.

'In the following, RF means "radio frequencies" and refers to high frequency, in our case, frequencies
above 1 GHz.

79



22nF Acquisition 22nF
| |
| |‘| >, << |‘| |
2kQ 2kQ

@ Vie Vae Ve

300K

1K

20092  200kQ

100mK

25mK

Figure 3.2: Schematic set-up of the PASN experiment. A unique high frequency line
(highlight black line) is connected to the injection ohmic contact. The sample is repre-
sented by a electronic microscope image of the QPC with artificial colors : the 2DEG is
in blue, ohmic contact in orange and gates in black.

The set-up is similar to the PASN experiment. The 2-contacts geometry of the sam-
ple allows us to perform the experiment either with no magnetic field or in the QHE
regime. The DC-voltage line for the sample polarisation is connected to the sample
through impedance Z,. The main difference from the PASN set-up is that the gate
voltage is provided through two independent RF lines in order to control its phase and
amplitude with accuracy. The total attenuation is 23 dBm for each high frequency line,
which is large enough to reduce the thermal noise brought from the external environmen-
tal: the transmission of the QPC is not affected for variations of gate voltage lower than
0.1 mV. Two bias-tee at 25 mK add high frequency to DC voltages for each gate. The

measurement, set-up is identical to the PASN experiment.
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Figure 3.3: Schematic set-up of the QS experiment. In this experiment, there are two
independent high frequency lines (highlight black lines) connected to the two gates. Mea-
surement lines are identical to the PASN experiment. The sample is represented by an
optical picture of the QPC. The artificial blue color correspond to the 2DEG, the upper
and lower triangular yellow shape to the gates and the toothed yellow shape on the left

and the right is the ohmic contact.

3.2 Measurement lines

In this part, we describe the measurement lines composed of the RLC resonators Z4 and
Zp and the amplifiers used for both the PASN and QS experiments. These elements are
connected with DC wires presented in section

3.2.1 RLC resonators

The impedances Z, and Zp in figures [3.2 and [3.3] are passive RLC resonators fully de-
scribed in the figure The goal of these resonators is to convert the currents 4 and
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I coming from the sample into voltaged’] V4 and Vp in the MHz range, as proposed in
[35]. In order to maximize the cross-correlation signal, the matching between the two
impedances over the frequency must be as large as possibleE], in the ideal case Z4 = Zp.
As the linear capacitance of the wire is comparable to the capacitance of the RLC circuit,
the length of the wires and the thermalisation lines must be chosen carefully. In our case,
the two resonators have a close resonant frequency fy 4 = 1.85 MHz and fy p = 1.87 MHz
and bandwidth Af ~ 500 kHz.

[AI C, I i,=0
Sample Io/—( i = J_ H } Amplifiers
1 !
4 | &l L . ol af | Vi
— 1
I R1 RZ CZ I
| T |
L e e e e = = ]

Figure 3.4: Schematic view of resonator Z4. The values of capacitors, resistors and
inductance are reported in table [3.1] The resonator Zp is made with the same electronic
components. The difference between the two circuits is mainly the wire capacitance C,
which is due to the length of the wire.

Z 4 and Zp are defined as the total impedance seen by the ohmic contacts where current
fluctuations are measured. The voltages and the currents outgoing from the ohmic contact
connected to the resonator Z4 are denoted V), and 14, so that Vy = —Z414. Note that
the voltage V), at the entrance of the amplifier G4 (in figure , is not strictly equal to
V4 because of the presence of the capacitance Cy; the figure is then not strictly true.
Nevertheless, at high frequencies, V4 ~ V} is a good approximation, and will be used for
the calibration of noise measurement (see appendix . The values of all components is
given in table [3.1]

The components have been chosen for their temperature and magnetic stability. For
instance, the 22 pH coil (COILCRAFT 1812CS) does not have a magnetic core and is
suitable for measurement under high magnetic fields. Moreover, it has a small resistance
(~ 10 Q) at room temperature, negligible in comparison with Ry. Resistors are made of
metallic thin film (CMS 0805-size), whose resistance varies less than 10% from 300 K to
4 K or 25 mK. All capacitors are also 0805-size CMS and made from C0G/N PO, stable

in temperature.

2Conversion factors between voltage and current noise are detailed in section
3More precisely, the real part of the cross-correlation that we measure is proportional to
[ dwZ? (w)Zp(w). Thus, this is maximum if the resonance frequencies are the closest as possible
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Component | Value
Co 125 pF cut DC-current coming from amplifier
Ch 9.4 nF set accurately the resonant frequency
Cy 22.4 nF set accurately the resonant frequency
R, 5 kQ2 dissipate DC-current coming from amplifiers
Ry 2.5 k€2 dissipate DC-current coming from the QPC
L 22 uH | set the frequencies measurement in M H z range
Cy, ~ 90 pF intrinsic capacitance of wires

Table 3.1: Values of components of resonators Z, and Zg, described in figure [3.4

3.2.2 Amplification chain

The amplification chain is composed of two voltage-to-voltage amplifiers in series. The
first is a hand made cryogenic amplifier thermally fixed to the 3.6 K stage in the cryostat.
The second one is a commercial amplifier NF SA-421F5 at room temperature, powered
with external battery, in order to avoid interference from DC voltage sources. It has a
gain of 46 dB (x400) and a low noise density : 0.5 nV/v/Hz.

Cryogenic amplifiers used for the experiments presented in this thesis have been de-
veloped by Thibaut Jullien|71]. Here we expose the principle of these amplifiers and their
components; for more details, please report in Thibaut Jullien phD thesis. The princi-
ple of these amplifiers is based on the sensitivity of a High Electron Mobility Transistor
resistance (HEMT) with its gate voltage (figure [3.5). A HEMT is connected toward its
gate to the input of voltage 0V},, thus oV;, = V. The capacitance C5 of resonators
cuts DC currents coming from the sample so that V;, is composed of only voltage fluc-
tuations. A polarization resistance R,y imposes a current / through the HEMT, thus:
Vaeur = I - Rypyur(Ve). Fluctuations of V;, makes the resistance Ry gy fluctuates as

well, in the case of small variations of V;,, :

OR
RHEMT(VG) = RHEMT(VG - 0) + W Vg:O(SV;n (3.1)
g
As the current is constant, voltages fluctuations of V;,, are recovered in Vg gy, multiplied
by a factor :
OR
Vaeur =1 Rupyur(Ve =0) + 1 - Wh/g:o(ﬂ/m (3.2)
g

The 22 nF capacitance before the commercial amplifier at 300 K (figure and cuts
the DC voltage. Thus, the output voltage V,,; is :

R
V;Ju =1 ——ly,= 5‘/”1 3.3
t 3Vg|vq 0 ( )
The gain G of this amplifier is thus G = ¢,,/gas = I - g—%]vgzo, where g,, = g‘l;j; is the
differential conductance and g45 = %I—‘j.; is the transconductance. G strongly depends on
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the current polarisation I, the frequency of the fluctuation of 6V;,. Both amplifiers are
on the 3.6 K stage, with a good stability over temperature during time.

Transistors are two commercial HEMT in parallel. They are polarized with an external
voltage source (a battery) directly through the measurement line. HEMT are well adapted
for high frequency and low temperatures. Cryogenic amplifiers are realized on Copper-

Kapton-Copper PCB in order to have a good thermalisation with the 3.6 K stage.

% 7 22nF
HEMT I_‘
Vout
Rpol

V,=oV,, o—»‘
@

22nF

Commercial
| > amplifier

Sample-

Figure 3.5: (Left) Schematic of cryogenic amplifier. (Right) Cryogenic amplifier. Values
of components are : Rop = 11 2, Roo = 20092, Coy = 22 nF, Cep = 5 pF and Ce; = 100
pF. Real size is 1.8 cnx2.8 cm.

In figure the gains of each amplifier G4 and G are displayed as a function of
voltage polarisation V). Their maximum value is around ~ 4 but in practical, the gains
are set to G4 ~ 3 and G ~ 2 for stability and a good SNR. Their intrinsic noise is ~ 3.5
nV/ VHz. The gain of amplifiers is stable under magnetic field until 9 T, thanks to a

compensation coil.
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Figure 3.6: Gain of home-made amplifiers as a function of the voltage polarisation V.
The maximum value is ~4 but the working range is ~ 6.2 V for a good SNR.

3.3 High frequencies and DC injection lines

In this section, we present how samples are connected to DC and RF line with a good
transmission, while electronic temperature is limited to 40 mK. The choice of material
and the geometry of DC and RF lines components is crucial: the first issue is to limit
heat transfer brought by the wire between the cryostat stages whereas inner conductor of
Wiref] must be thermalised. Consequently all the wires, either DC or RF lines, are made
into resistive materials.

The second issue is the thermal electromagnetic radiation[87]. All the components
of the set-up (wire, attenuator, voltage source) generate a voltage noise due to Johnson-
Nyquist noise or to the thermal motion of electrons in conductors. For instance, at room
temperature a typical 50 2 impedance generates large voltage fluctuations: VAV? ~
130 'V, compared to the voltages applied in our experiment of few V. These fluctuations
also increase the effective electronic temperature by kg AT ~ eAV. The power spectral

density of these voltage fluctuations over a typical impedance R at temperature 7" is[53]:

4Rhv
Sy(v) =

- exp(k};}) -1

(3.4)

The voltage fluctuations are then AV? = [ dvSy(v). At low frequencies hv < kgT),

we recover the famous Johnson-Nyquist formula Sy (v) = 4kgT R[90, [68]. For instance,

4Wire of DC and RF lines are coaxial wires.
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300K correspond to a frequency of 7 THz, higher than the cut-off frequency of RF-lines.
But for lower temperatures, the frequency dependence must be taken in account: 1 K <«
20 GHz. The external noise radiating in the sample is drastically reduced either by to
having low cut-off frequency in order to limit the contribution over the spectra (DC lines)

or by decreasing the amplitude of Sy with attenuators (in the case of RF lines).

3.3.1 DC lines

The DC wires are thin coaxial cables of stainless steel and are made from LAKESHORE
(CC-SS-100 Coaxial Cable). Their linear resistivity and capacitance are respectively
30 Q/cm™! and 156 pF.m~!. The total resistance of the DC lines of length 1.5 m is
4502, which is lower than the RLC impedance (2500 2). By modelling these DC wires

as RC' circuits, the cut-off frequency is f, = 16 MHz, just over our frequency

1~
2rRC —
measurement. Thus, the voltage fluctuations due to thermal noise are in the worst case

AV ~ 1 ;V and are completely negligible.

3.3.2 RF lines

At the opposite, the loss of the RF lines is weak until GHz frequencies (attenuation of 10
dBm at 12 GHz), therefore the voltage noise is directly transmitted on a large bandwidth
Af ~ 20GHz which corresponds to the loss specifications of the constructor. For the
PASN experiments, RF lines are directly connected to the 2DEG of the sample (figure
. As a consequence, the thermal noise dramatically increases the electron temperature.
For the QS experiment (figure [3.3)), voltage fluctuations are less critical because gates are
sensitive to voltages of typically few mV. The voltage fluctuations seen at the end of RF
lines on the mixing chamber can be expressed as the sum of the contribution of each
impedance R at temperature T} over the bandwidth Av = 20GHz, attenuated by a
factor A.[87]:

4Rhv
AV2, = Z/A dy—— Ay (3.5)
k/' v

exp( kBTk) -1
For the PASN experiment, three 20 dBm attenuators are set respectively on the 3.6 K,
1 K and 100 mK and are considered as a 50 €2 impedance. The 20 dBm attenuation
corresponds to a reduction by a factor A = 100 of spectral density. The figure [3.7] shows
the contribution on the sample of the the spectral density of each thermal noise source.
Because of the attenuation, high temperatures (300 and 4 K) are completely negligible,
and the main contribution to the thermal noise is the 100 mK stage. Summing all these
contribution and integrating over frequency, we find voltage fluctuations (eq. (B.5))) of
AV ~ 1 uV, corresponding to a temperature of 7' = 12 mK. It could be possible to
decrease this temperature thanks to a 10 dBm attenuator on the mixing chamber in order

to reduce the 100 mK noise, but it is no longer possible to apply more than 50 4V on the
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sample at high frequency.
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Figure 3.7: Resistors of the RF lines (for example the resistance of an attenuator is
~ 50 ) generates thermal fluctuations given by the formula In this figure, we plot
the power spectral density as a function of the frequency coming of these fluctuation from
different resistors at several stage on the fridge, by taking in account the attenuation.
The PSD of the 300 K and 4 K components are widely reduced by the attenuators (in
the window). Finally, the major contribution to the thermal fluctuations is due to the
100 mK stage, where there is no attenuation in order to reach the AC amplitude required
for our experiments.

Finally, RF transmission until 18 GHz is efficient. The table [3.2] gives the attenuation
of RF lines for several frequencies, which remains reasonable under 20 GHz, and allows

to explore the physics of dynamic quantum transport.

Frequency (GHz) | Attenuation (dBm)
6 2.4
9 2.0
10 9.5
12 10
18 13

Table 3.2: Intrinsic attenuation of RF lines for several frequencies deduced from the PASN
measurements presented in chapter 4.
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3.4 Data acquisition

3.4.1 Real-time acquisition

This experimental set-up allows to perform two independent and low time-consuming
measures and their cross-correlation. A digitizer (Acquiris UL071A-HZ4 from agilent
instruments) records simultaneously voltages V4 and Vg, presented in the figures and
and uses a memory size of Ny = 65472 points at a rate of 20G-s~!. In order to save
time, the memory size is divided into two blocks: one stores new incoming data, a second
operate fast Fourier transform (FFT) on the measured voltages in order to compute the
power spectral density (PSD). The PSDs of V4 and Vp are computed from equations [3.6]
and [3.8] for respectively the auto and the cross-correlation:

1 Vap(w) - Vi)
N, Af

moy k=1

Svaxva (W) = (3.6)

ey, -V
SvavB(w)ZNl > B’k(wlf 1) (3.7)

moy k=1

1 V() - Vi (w)
Nmoy k—1 Af

Svaxve (W) = (3.8)
where f/A and VB are the Fourier transform of the voltages V4 and Vp. These definitions
are the discrete equivalent of those proposed in the chapter 2 for the noise theoretical
calculation. Each PSD measurement is averaged Ny,,,. 32732 points of V4 (t) and Vp(t)
at a rate of 10 G-s™! (one measure every 3.3 ms) are measured in real-time. Therefore,
the resolution of the PSD spectra is 305 kHz, from 0 to 10 MHz. The FFT are computed
thanks to a C++ software with high time-efficiency: 10000 averaged PSD takes 35 s
experimentally whereas a pure data acquisition needs 33 s.

The figure shows typical PSDs for auto-correlation of channels A and B, averaged
Nioy = 10° times. The 1/f noise is dominant for frequencies below 50 kHz. The main
contribution is due to the noise of the amplifiers, slowly decreasing from 1 to 8 MHz. The
contribution of thermal noise of impedances Z, and Zp is visible near 2 MHz. The noise
generated by the sample in which we are interested in is a white noise: thus, the goal is

to measure the additional noise that appears in the PSD.

3.4.2 Experimental resolution

The resolution of our signal, the current noise Sy, is given by the "noise of the noise"
or the standard deviation og,. The width of the PSD curves gives an estimation of og,
(figure and is determined thanks to the 32400 points of the curve. We implicitly
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Figure 3.8: Autocorrelation PSD Sy, 4 and Sy over 0 to 10 MHz, with N,,,, = 10°. Main
signal comes from cryogenic amplifiers. Johnson-Nyquist noise of impedances Z 4 and Zpg
is visible around 2 MHz. Interferences due to the external electromagnetic environment,
brought by the current leads, mainly appears after 5 MHz (spikes).

suppose that there is no dependence over frequency. In figure og, is displayed in
logarithmic scale over the number of averages N, from 10° to 10° for channels A and
B. The solid curves are linear fits whose slope for A is ~ 0.51 and ~ 0.49 for B. We can
deduce that the statistics of the measurement is in a good agreement with the normal
distribution og, o< 1/y/ N0y until 10° averages.

As the interesting signal is a white noise, the noise is measured only over a bandwidth
Af centered on the resonance frequency of the RLC and averaged over Ny, = Af/305
Hz=802 points (in our case, 0 f = 245 kHz). The effective standard deviation is then
05, = 05;/7/Ntreq- In the table we reported values of the resolution of the cross
correlation, deduced from the curves of the figure 3.9 It is important to note that for

large values of Ny, typically 2 - 10°, 75, starts to increase because of the 1/f noise.

Ninoy time o5, (A?/Hz)
103 3.3s 2.2-107%
10 33 s 7.0-107%
10° | 5min30s| 2.2-107%

Table 3.3: Resolution of cross-correlation noise measurements and the time required

3.4.3 Limit of noise measurements and improvements.

In practice, the noise resolution in our experiments is limited to approximatively og, =~

51073, whatever the number of averages. This issue is due to the time needed for
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Figure 3.9: Standard deviation o4 and op of the auto-correlations, converted in current
noise Sy 4 and St p, as a function of the number of average N, in logarithmic scale.
Continuous line are a linear fit with a 1/2 slope. The 1/,/N,,,, law is valid up to 10°
averages.

the data acquisitions of an entire measurement: typically, a curve of DCSN of 50 points
averaged 10° times takes 5 hours. During this time, the background noise due to external
parasiticd’| vary over characteristic times of tens of minutes. It is low enough to have a
good resolution for short-time measurements (<10 minutes), as shown in figure 3.9 but
reduce the effective resolution of a entire noise curve.

This background noise is due to the current leads of the magnet whose the impact
appears clearly on the figure[3.10] (Left) which shows the real part of cross-correlation PSD
in the case of the PASN set-up, similarly to the figure restricted on the interesting
frequency window f € [1.4;2.5] MHz. The green (resp. blue) curve is the PSD when
currents leads are disconnected (resp. connected), whereas the average of cross-correlation
noise is supposed to be zeroﬁ It appears clearly that current leads bring an undesirable
noise background. For safety reasons, it is not possible to let current leads disconnected}
This noise adds an offset S;o on the total noise measurement that forbid any absolute
measurement of the noise. A more disturbing effect is that S;, is unstable over long
times. In figure (Right), an evolution appears clearly from one day to another.
Consequently, for measurements of several hours St changes and adds an uncontrollable

time-drifting on the noise that limits the resolution to g, ~5- 1073 A2 /Hz.

5These external parasitics are brought by the current leads of the magnet.

6These spectra have been taken with the sample 1 which is a 6-contacts QPC. As shown in chapter
1, the cross-correlation noise is o< D(1 — D) and thus supposed to vanish when the QPC is completely
opened or closed. In figure QPC is closed.

“If a quench of the magnet occurs at high magnetic fields, it may induce hazardous voltages in the
power outlets.
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Figure 3.10: (Left) Cross-correlation PSD restricted to f € [1.4;2.5] MHz. Blue (resp.
green) curve corresponds to the case of connected (resp. disconnected) current leads of
the magnet. (Right) Evolution from one day to another of cross-correlated PSD.

As the current leads play the role of big antennas between the laboratory environment
and inside the cryostat, a first attempt was to isolate as much as possible the current lead
and the power supply of the magnet. The power supply is protected with a Faraday-cage
and the current leads with copper sleeves and ferrite blocks. It reduces sufficiently the
unwanted noise and improve the resolution to ~ 5 - 1073 A% /Hz.

At the end of this thesis, I developed a new measurement protocol that reduces the
resolution under 1- 1073 A%2/Hz. The idea is to perform a serie of quick low-averaged
measurements, less than 1 minute for an entire curve, repeated few hundreds times. The
noise background does not vary for measurements shorter than tens of minutes. As in
any case we do not have access to the absolute value of the noise, the mean value of
each curve is systematically removed. Finally, we obtain a cloud of points as shown in
figure (Left). The mean value of this cloud appears in red dots. More interesting, it
provides the effective statistics of each point. In the figure , (Right), the histogram of
the gathered value allows to verify that statistic is conformed to the normal distribution.
In the curves presented in figure [3.11] the standard deviation of a single measurement is
o =2.06-10"% A?/Hz for 10 averages, that corresponds to the width of the cloud. The
effective standard deviation is o5 = 0//Nyoy = 9.9-10731 A2 /Hz, for 430 measurements.
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Figure 3.11: (Left) A noise measurement 1000 averages repeated 430 times. The cloud
of points corresponds to all the results, red dots are the averages. (Left) Histogram of all
the values (in blue). Red dashed curve represent the theoretical normal distribution with
a standard deviation ¢ founded with the cloud of points.

3.5 Conductance and noise calibration

In this part, we explain the conductance and noise calibration procedure in order to
recover the current noise from the measured voltage signals. The conductance is obtained
thanks to a measurement in the MHz range and allows fast acquisition with a high SNR.
The calibration of the noise in order to convert the measured voltage noise signals into
the current noise generated by the sample is inspired from [35].

We focus the analysis on the PASN experiment performed on the 6-contacts geometry
sample. The calibration of the 2-contact geometry is similar and is fully detailed in the
phD thesis of Thibaut Jullien[7I]. The figure represents the electrical model of the
experimental set-up. Ohmic contacts are indexed from 0 to 5 and their respective voltages
and currents are related thanks to the Landauer-Biittiker’s law, as explained in chapter 2.
The contact 0 is connected to the injection line while noise measurements are performed
on contacts 1 and 4. The amplification chain is reduced to a voltage gain on each channel

A and B. The measured voltages are denoted V4 and V3.

3.5.1 Calibration of the transmission and reflection coefficients

The coefficient of transmission D = >, |7|* and reflection R = Y, |px|* of the QPC
are measured with accuracy by using the noise measurement set-up as a lock-in detector.

The principle is the following: an AC voltage of amplitude 6V is applied on the injection
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Figure 3.12: Electrical model of the experimental set-up working in the integer quantum
Hall effect. The contact 0 is polarised by the voltage V; and the noise is measure through
contacts 1 and 4. The amplification chain is reduced to voltage gains in each channel.
For the noise calibration, the QPC is closed (D = 0) such as V; and Vj are completely
decorrelated.

contact 0,
Vo(t) = 0V cos(wot) (3.9)

and the amplitude of respective voltages V4 and Vp of ohmic contacts 4 and 1 are measured
at the pulsation wy. A simple linear relation between coefficients and voltages is found

thanks to the relations between voltages developed in chapter 2:

Ga R
Vi = — 3.10
A 1+ Ry /Za(wo) v ( )
Vg = Gs D (3.11)

1+ Ry/Zp(wy) v
where Ry = h/ve? is the hall resistance, v is the filling factor and G4 and Gp the

gain of the amplification chain. The maximum values of V4 and Vg are obtained at the
resonance of the impedances Z4 and Zp thus pulsation wy is chosen near ~ 1.8 MHzﬂ This
measurement takes also benefit from working in the MHz range : 1/ f noise is considerably
reduced and we obtain an excellent SNR. The voltages V4 and Vi are recovered through

the noise measurement presented in section

wo+ow
VA = / dUJ\ / SV,A(W)Af (3.12)

0—0w

8The pulsation wq is chosen outside of the bandwidth of measurement, in order to prevent the noise
measurement from the contribution of V4 (t) = §V cos(wpt).
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where dw/2m ~ 1 is small in comparison with the resonance frequency in order to averaged
over a narrow frequency window, minimizing the noise background. The spikes of this AC
voltage appears at 1.8 MHz on figure [3.8] As we send an AC voltage, 0V must be small
in order to avoid to measure non-linearities of the transmissionﬂ In practice, 0V ~ 5
1V verifies this requirement. In the figure [3.13] amplitudes V4 and Vp are displayed as a

function of gate voltage Vi for several filling factors v, from 1 to 6.

Vp(mV)

Figure 3.13: Left: Raw signal V4 proportional to the reflection coefficient R. Plateaus of
conductance are clearly visible for each filling factor. Right: Raw signal Vp proportional
the transmission coefficient D.

The plateaus of conductance are easily visible for each filling factor, with an excellent
accuracy. The measure of a curve in the figure takes only 30 s. As the values of 0V,
Ga, Gp, Za(wy) and Zp(wp) are not perfectly known, coefficients R and D are calibrated
according the position of plateaus, which is easy thanks to the simple linear relation
between Vy (resp. Vp) and R (resp. T'). The figure shows the coeflicients R and
D deduced from the curves at v = 4 of figure [3.13] Measurements are in an excellent
agreement with current conservation: we recover experimentally R+ D = v by using two
independent measurements.

For each noise measurement, transmission is set with this calibration protocol and its

stability is ensured thanks to a control feedback on the gate voltage.

3.5.2 Noise calibration

We propose a simple procedure for the calibration of the measured noise using the
Johnson-Nyquist noise. Indeed, the RLC impedances and the gain of the amplification
chain are not perfectly known and must be calibrated for both channels. The principle is
the following: the QPC is closed (D = 0) and PSD are measured at several temperatures.

An appropriate fit of the spectra gives access to the characteristics values of the RLC

9The dependence of the transmission with the energy, in this case, with the injection voltage V. The
sample 2 has non-linearity for voltage polarization of tens of uV.
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Figure 3.14: Conductance measurements for sample 2 for v = 4. R and T are respectively
the reflection and transmission coefficients. Blue line correspond to the addition of the
red and the blue curve.

impedance and the total gain. Then, we deduce the coefficients of conversion between the

measured voltage noise Sy and the current noise S; emitted by the sample.

Electrical description and conversion coefficient

In the case of a closed QPC, the electrical model of the QPC and the measurement lines
is simplified as shown in the figure |3.15] Contacts 1 and 4 are completely decorrelated
and the sample is reduced to the thermal current fluctuations of a Hall resistance Rpy.

The noise sources of the figure |3.15| are modelled by:

- 0ige and digy are the current fluctuations generated by the cryogenic amplifiers,

respectively St g, and S7 gy, their order of magnitude is ~ 1072042 /Hz;

- 01z, and diz, are the current fluctuations due to the Johnson-Nyquist thermal noise

of total impedances Z4 and Zp, respectively St z, and St zp, their order of magni-
tude is ~ 10727 A%/ H z;

- 0l and di.4 are the current fluctuations emitted by the QPC. In the case D = 0,
their PSD is identical and corresponds to the Johnson-Nyquist noise of the Hall

resistance at a temperature 7. The order of magnitude is ~ 1072%4%/H 2.

The relation between PSD and currents is equivalent to the definition proposed in eq.

3.7 and St = %. By applying the current conservation law on the model in figure
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3.15) we obtain a relation between current sources and the voltage measured:

Va(w) = GaZly(w) ((%Ga + 8iga + 57'@1) (3.13)
Vi(w) = GZp(w) (Sics + diz + dies) (3.14)

where V4(w) and Vg (w) are the Fourier transform of the voltages V4 and Vp and Zyp =

-1
1 1
(ZA/B+E> ’
Vi 0i,; Olyy Vi

NIzl

Figure 3.15: Schematic representation of current source noise. Z’; is the total impedance

—1
7' = (Z—lA + ﬁ) , where Ry is the Hall resistance. dig,, 017, and i, are respectively

the current fluctuations respectively due to the cryogenic amplifier, to the thermal noise
of Z4 and to the sample noise.

From that, it is possible to show that the auto-correlation on channel A Sy 4, the

auto-correlation on channel B Sy p and the cross-correlation Sy axp are:

Svixvy, = AX A (Sr,ga + S1,24 + Sr) (3.15)
Svyxvy = B x B - (Sr,ap + Sr,z6 + 51) (3.16)
SVAXVB =AxB- S[ (317)

where A x A, B x B and A x B are respectively the conversion coefficients of the auto-
correlation of channel A, the auto-correlation of channel B, and the cross-correlation.
The advantage of the 6-contact geometry is the linearity relation between Sy and S
as the measurement lines are fully decorrelated in the quantum Hall effect regimd™} Tt
simplifies the computation of V4 and Vp and makes disappear all parasitic contributions
of the thermal and amplification noise in the cross-correlation signal. On the contrary,
the conversion coefficients depends on the transmission of the QPC for the 2-contacts
geometry. The coefficients A X A and B x B are real numbers and A x B is a complex
number which depends on the recovering of impedances Z4(w) and Zg(w). Thus, in order
to convert Sy into Sy, an accurate knowledge of all the resonator components and gain
values is required. The technical calculations are detailed in the appendix [C]and only the

main features are presented here.

9During the calibration, gates are supposed to be completely open are closed. Then, there is no
partitioning noise.

96



Johnson-Nyquist noise calibration

The thermal noise generated by the impedance 7y and Zj is well-know and is given
by the Johnson-Nyquist law: S; 7z = 4kpTR(1/Z(w))[68]. Several PSD of the auto and
cross-correlation at different temperatures of the mixing chamber are measured and the
noise of the cryogenic amplifiers S; g, and S; ¢y is removed by subtracting the noise at
25mK. The remaining noise is displayed on the figure right and corresponds to the
thermal noise generated by the RLC. The subtracted PSD AS are then fitted in order
to extract the components of Z4 and Zp and the gains G4 and Gpg. For instance, the
subtracted PSD is for channel A:

ASy, v, (W) = Svaxvy (W) = Svaxvy (W) [17=2smr= 4kp(T — Trep) GAR [Z)(w)]  (3.18)

Tes is the electronic temperature of the resonator when the fridge is at 24 mK which is at
least the phonon temperature. This temperature is often superior to 24 mK because of the
inefficient electron-phonon thermalisation process and the electromagnetic noise which is
equivalent to an effective heating. 7. is extracted from the equation averaged over
the frequency and linearly fitted. The result is proportional to T" — T..4:

<ASV7A(W)>AW X (T — Tref) (319)

A measure of (ASy 4(w))a, versus temperature is reported on figure (3.16, Left). The
fit brings an estimation of T,.s. The reference temperature T),.; is reported for both
channels A and B and several filling factors in the table [3.4

V| Trera | Trer,B
2 | 44mK | 34mK
3 | 51lmK | 39mK
4 | 52mK | 40mK

Table 3.4: Temperature of reference deduced from[3.19] It corresponds to the temperature
of electrons in the resonators. As the QPC is closed (D = 0) during the calibration, the
channel A (which measure the noise on the contact 4) receive the parasitic noise from the
contact 0 connected to the injection line and is warmer than the contact B.

The electronic temperature in resonators 7,.; is found higher for the channel A: as
the measurement are taken QPC closed, parasitic radiations coming from the contact 0
(connected to the injection line) are transmitted on the contact 4 and not on the contact
1. An other point is the imprecision on the fit for temperatures lower than 100 mK. The
recent calibrations, performed from 50 mK to 400 mK, are more accurate and we found
Trey ~ 30mK for both channels.

The subtracted PSD are then fitted with equation The measured PSD are

faithfully reproduced by the model and the experimental values of resonator components
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are then deduced from the fitting parameters.

x 10~
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Figure 3.16: (Left) : average of ASy,«v,(w) over f € [1.4,2.5] MHz for several tempera-
ture of the mixing chamber. The curve of the linear fit gives T,.¢ at the abscissa where
ASy = 0. (Right) : Spectra ASy,xv,(w) for several temperature measured between

1.4-2.5 MHz and the corresponding fits plotted from eq. (3.18).

The coefficients Ax A, B x B and A x B computed from these parameters are reported
in table[3.5] The real part of Ax B is thousand times larger than its imaginary part, which
is negligible. The current correlation computed in the chapter 1 are then directly deduced
from the measured voltage noise: St x5, = Sv,xvy/A X A, Si,x1, = Svyxvy/B X B and

Shixt, = R[Svixvs] [R[A X A].

v [ Ax A(Q%) | B x B(D) | R[A % B](QF)
2| 5.72-10" | 2.15-10" 3.50 - 10*?
3| 504102 | 1.89-10'2 | 3.08-10'2
4| 4.78-10"2 | 1.72-10% 2.86 - 10'2

Table 3.5: Conversion coefficients

A comparison of a calibrated experimental DC Shot-Noise with a theoretical curve
allows to check directly the validity of the calibration. A DCSN performed at v = 4 at
transmission D = 0.5 is reported in figure (3.17). The theoretical shot-noise is given by
equation (3.20)):

o2 A% eV, e?
_ = 4kgT— (2v — 1+ D>+ R*+ RD—%_ coth =) ) —4ksT D

St(Vas) — S1(0) 5T ( v +D*+ R+ R 2ijTco (2k‘BT sl
(3.20)

The experimental noise is systematically subtracted with an offset in order to set S; (Vs

0) = 0. As explained above, the experimental set-up does not give access to the abso-

lute value of the noise because of the noise background. The curvature of shot-noise
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around Vy; = 0 gives access to the electronic temperature 7,-, which can be used in
thermometry[I120]. In the case of the measurement reported in figure (3.17)), we found
T.- = 35 mK, which is really close to the reference temperature found in table [3.4] There
is no dissipation in the edge channels thanks to the absence of longitudinal resistance in
the regime of QHE, unlike the case of no magnetic field. The transmission D is given
by the conductance curve and rectified if necessary for each point. The value of the
voltage divider on the 100 mK stage has been controlled at low temperature such as the

polarization voltage Vy, is well-known.

® = Theoretical S;

é_ $ Sy /A XA g
%% o0 Syp/BxB # ‘;%n oo Syp/BxB j
1.5—{‘.‘ % & & R[Sy ) /RA Bl § 1 151 \% P,
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Figure 3.17: Shot-noise measurement at D = 0.5 and v = 4. (Left) : Auto and cross-
correlation channels. The values at Vs = 0 have been subtracted. (Right) : Channel B
compared with to a theoretical shot-noise. Electronic temperature is 7,- = 35mK.

The theoretical noise and the experimental data presented in figure Right are in
a good agreement. Slight differences between channels appear: it results from uncertain-
ties in the calibration of coefficients A x A, B x B and A x B presented below. The
error is estimated at 8%, which is enough for the noise calibration required in the PASN

experiments.
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Conclusion

In this chapter, we presented the main technical aspects of the experimental set-up used
in this thesis. Despite the presence of the 14 T magnetic coil which adds a parasitic
noise background, we achieve to perform low noise measurements with a resolution of
51073 A%/Hz in 5 minutes at a temperature of ~40 mK while RF voltages are applied
on the sample. A relevant data acquisition proposed at the end of this thesis improves the
resolution to 9-1073" A2/Hz and provides directly the statistics of the measurement. We
also present a fast and accurate protocol for the conductance measurement, which allows

us to have a feedback control on the transmission measurement.
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Chapter 4

Photo-assisted shot noise in Quantum

Hall Effect: experimental results

In this chapter we present the first measurement of Photo-Assisted Shot-Noise (PASN)
in the Quantum Hall Effect (QHE) regime. Our experimental results are found in good
agreement with the PASN predictions discussed in chapter 1 and with the similar exper-
iments performed in the absence of magnetic field|114] 106l [69]. We first introduce the
experimental measurements conditions and the data processing. Then, we show results
of PASN as a function of the DC polarisation and the AC polarisation, obtained with a
sine excitation, for several frequencies, RF amplitudes and for different filling factors. For
all these parameters, comparison with theory clearly indicates that the PASN physics in
edge channels is found similar to that observed in zero magnetic field. This opens the
possibility to realize single electron source where electrons are injected in the form of

levitons using periodic Lorentzian voltage pulses in the quantum Hall regime.
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4.1 Experimental conditions and protocol

The aim of the experiment is the measurement of the excess shot-noise in a QPC in the
quantum Hall effect regime while applying a periodic voltage on an ohmic contact. We
expect to observe photo-assisted effects presented in chapter 1. In this experiment, we use
the sample 2 described in chapters 2 and 3. Here, we first remind briefly the experimental
set-up. Then, two raw PASN measurements illustrate the presence of an offset while most
PASN features are observed in the measured noise and we explain how this offset is taken

in account in the data processing for the comparison with theoretical curves.

4.1.1 Experimental set-up

The figure shows the schematic of experimental set-up used for the PASN experiments

-80 dBm |—s Vgrsin(2mvit)

Bias-tee

Vdc.'i-w_ |

0~ Vdc + VacSin(2

Vi)
Vo

- / ’r
Acg S‘po{M gn  Det WD Exge” 8
0KV.A.0 B500x SE/,"22,2 1 ;ver1tive2014

Ve

i

Figure 4.1: SEM picture of sample 2 used in this experiment. Voltage polarisation Vy(t) =
Vie + Vaesin(2mvt) is applied on contact 0 thanks to a bias-tee. There is a 80 dBm
attenuation on the RF line. Noise measurement is performed through contacts 1 and
4, as explained in chapter 3. Contacts 2, 3 and 5 are connected to the ground. A
perpendicular magnetic field is applied in order to work at filling factor v = 2 or 3.

We apply a sine-wave voltage V (t) = V. + V. sin(2mvt) of frequency v and amplitude
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V,e combined with a DC component Vj. on the contact 0. Practically, a bias tee allows
to add the DC voltage, delivered by a Yokogawa 7651 voltage source, to the AC voltage,
delivered by a RF source Agilent N5183A. As explained in chapter 3, there is a total
attenuation of 80 dBm on RF lines from room temperature to the low temperature sample
holder. The room temperature RF source output voltage is denoted Vzr and can reach
2.5 V at 20 GHz. We define k as the ratio between the effective voltage amplitude V.
applied on the QPC and the voltage amplitude Vgr at the output of the high frequency

source :

_ Ve
Vrr

This factor k£ allows us to estimate the loss in the RF lines. Depending on the gate

k (4.1)

voltage applied on the QPC and used to reflect edge channels, the RF sample impedance
is in general larger than the Hall resistance, few k€2 > 502, which is much higher than
RF line impedance. Thus, there is a quasi RF-current node at the ohmic contact and
the RF-voltage amplitude is almost twice the amplitude expected if the coaxial line were
terminated on a 50 € resistoif] The 80 dBm attenuation gives a voltage attenuation
factor of 10* and the uppermost value of k is 2- 107* (neglecting extra RF losses, due to
skin depth attenuation and uncontrolled RF-reflections) so that voltages of few hundreds
of 4V can be applied at high frequency.

Auto and cross-correlation measurements are performed through contact 1 and 4,
whose calibration has been detailed in chapter 3. The experimental results presented in
this chapter are cross-correlation measurements, except when explicitly mentioned. For
simplicity, the noise is denoted S; (instead of the notation —Sy, «z, used in the chapter 1).

In the following, it is convenient to remind the reduced charge ¢ and amplitude «

which are the natural units for the PASN processes:

eidc
p— 4-2
¢=— (4.2)
eiac
pr— 4.
« ) (4.3)

q represents the charge injected by the DC voltage in each spin degenerate quantum edge
channels during one period 1/v. In these measurements, we focus on a pure sinusoidal
excitation in order to verify photo-assisted properties in the quantum Hall effect. Indeed,
unlike more complex time dependent excitations V' (¢), a pure harmonic signal cannot be
deformed when propagating from the RF source to the QPC, as the RF set-up response

is purely linear. Consequently, the P, coefficients that enter in PASN noise formula are

!In the case of voltage propagation in RF lines, if the line ends by a infinite impedance, the boundary
conditions make the voltage wave amplitude at the end to be twice the initial amplitude of the wave.
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well-known and given by Bessel functions :
P = [ji(a)f? (4.4)

An external magnetic field is applied perpendicularly to the plane of the sample and
is chosen in order to minimize the non-linear effects of the QPC DC transmission versus
Vie. We observe that a good regime for shot-noise measurement is at the beginning of
Hall plateaus, which corresponds to B = 2.4 T at filling factor v = 3 and B = 3.4 T at

v=2.

1.0
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Figure 4.2: Differential conductance G of the sample in units of e?/h with RF voltage
off and on (Vgp = 2.26 V, V. = 101 uV) at B = 2.4T (v = 3). Transmission is 0.34 at
Vie = 0 and V,. = 0.

The effective electronic temperaturd?]is 7' = 40 mK and is extracted from a standard
DC shot-noise (DCSN) measurements. Fortunately, the electronic temperature is weak
enough to avoid a smearing of the PASN effects.

All measurements presented here have been performed at a total QPC transmission
D =0.34 , i.e. for v = 2 (resp. 3), the edge channels 2 (resp. 3) are reflected and the last
channel has a transmission 0.34. This value is chosen in order to minimize non-linearities
of conductancd®} The figure [4.2]shows the differential conductance versus DC polarisation
V4. for RF on and off at 18 GHz and V. = 91 4V and at v = 3. Measurements presented
in this chapter has been taken on a period of a month, consequently due to the limited
QPC stability, the differential conductance may have slightly drifted from one measure

to another. Nevertheless, it keeps approximatively the same shape: the conductance

2Temperature of cryostat’s mixing chamber is Th;c = 25 mK.
3Non-linearity in the transmission affects the quality of the noise measurements.
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stays near 0.34 and slightly increases while RF is applied, as shown in figure Those
variations only weakly affect the shot noise, as will be explained in part [4.5]

Each point in a curve is averaged 80000 times and a noise resolution of og, = 5 -
1073% A%/Hz is reached, as detailed in the chapter 3.

4.1.2 Data processing of experimental results

This section presents the data processing of the experimental results. First, two examples
of raw noise measurements as a function of V. are presented. They show a good agreement
with the photo-assisted theory, except for an experimental offset o in the noise level.
Therefore, we propose an empirical study of this offset and we extract its dependence
regarding the amplitude V.. It allows us to subtract this offset in the measurement of the

noise S;(V,.) as a function of V,. for a clear comparison with the photo-assisted theory.

Raw measurements of photo-assisted shot-noise as a function of DC polarisa-

tion

The figures and present two raw experimental measurements of the noise as a
function of the DC polarisation, S7(q), or S;(Va.).

at
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Figure 4.3: Noise measurements RF "off" (blue dots) and with RF "on" (green dots),
Vrr = 1.78 V at 18 GHz and filling factor ¥ = 3. The theoretical curve of DC Shot-noise
(DCSN) is represented by the blue solid line. The theoretical photo-assisted (PASN) shot-
noises curves for o = 1.51 are represented respectively by the grey (without offset, o = 0)
and the green (with offset, o = 0.6 - 1072 A? /Hz. Transmission : D = (.34, electronic
temperature: T, = 40 mK. Experimental PASN is shifted compared to theoretical curve
with an offset 0 ~ 0.6 - 107%% A2 /Hz.
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DCSN fit

= PASN fit
3.0 = PASN fit + o
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Figure 4.4: Noise measurements RF "off" (blue dots) and with RF "on" (green dots),
Verp = 1.25 V at 12 GHz and filling factor v = 2. Theoretical curves of DC Shot-noise
(DCSN) and photo-assisted (PASN) shot-noise with o = 1.51 are represented respectively
with a blue and a green line. Transmission : D = 0.34, electronic temperature : T, = 40
mK. Experimental PASN is shifted compared to theoretical curve with an offset o ~

0.2-10728 A2/Hz.

The measured noise with (resp. without) RF voltages is represented by the green
(resp. blue) dots. The parameters used are Vgr = 1.78 V at 18 GHz with a filling factor
v = 3 in the figure 4.3 and Vzr = 1.25 V at 12 GHz with a filling factor v = 2 in the
figure 4.4

As explained in chapter 3, we do not have access to the absolute value of noisdﬂ Sr. In
order to remove the unavoidable background noise, the measured DCSN is artificially set
at zero at V. = 0. Thus, blue curves and dots verify S; pc(0) = 0. The measurements
with RF voltages (in green) are performed simultaneously to the DC measurement (in
blue) for each point, thus the distance between them is well known and the same amount

of background noise is removed for both.

Empirical additional offset

The measurements without RF are fitted with a DCSN represented by the blue lines
in the figures and [£.4] and a good agreement is found with the data and no fitting
parameter is usedﬂ Simulations of PASN represented by the grey lines are computed with

4 Absolute value of noise corresponds to a thermal term. Thus, it is not an issue for highlighting
photo-assisted signatures in the noise, measured through its variations versus Vg, and V..
5The thermal noise has been removed in order to recover the noise set at zero at V. = 0.
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realistic parameters in order to reproduce the data in a first attemptﬁ. We observe that
the experimental data does not approach asymptotically the DCSN unlike the theoretical
curves.

A second attempt consists in adding an offset ¢ to the curves of the theoretical PASN,
which are represented by the solid green curves. Thanks to this additional offset a good
agreement is founded between the data and the PASN model for both measurements at
12 and 18 GHz.

The effective AC voltage amplitude V,. applied across the QPC and the observed
offset o are extracted from the fitting of the PASN measurements for a wide set of pa-
rameters (RF amplitude, frequency, filling factor). The measurements at low frequency
(ie. <12 GHz) are not presented here. Then, the values of o as a function of V,. are
reported in the figure [4.5| and we observe empirically that this offset does not depend on

the frequency or the filling factor, but increases with respect to the amplitude V..
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Figure 4.5: Observed offset as a function of V,. in addition to the expected noise level
measured in the cross-correlation o. It is extracted from the fits of the AS;(Vj.) mea-
surements.

More details of o will be provided later in the section [£.5] From now, this offset is

considered as a empirical law and is modelled by a power law:

o(Vye) = 1.36 - 10730139 (4.5)

6Similarly to the DCSN, thermal noise has been removed in the fitting function.
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where V,. is given in pV. It is important to note that the power 3.9 is a purely empirical
law and is not based on physical considerations.

Finally, we empirically notice that the presence of this offset in the noise measurements
and its dependence with respect to the AC voltage amplitude is understood. In the
following, o will be systematically removed from the measured noise. Furthermore, this
analysis will be helpful in order to remove this additional noise from the measured noise
S1(Vae) as a function of AC voltage amplitude, for a clear comparison with the theoretical

models.
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4.2 Results of excess noise measurement as a function
of DC and AC polarisation

We present in this chapter noise measurements as a function of the DC polarisation,
denoted S7(Vg.) or Si(q), and as a function of the AC polarisation, S;(V,.) or S(«) when
zero DC bias (¢ = 0) is applied. These two independent types of measurements give
two determinations of the effective voltage V,. applied across the QPC and should be
consistent.

We first present the experimental results of the excess noise AS7(Vy.) as a function of
the DC polarisation at several frequencies, amplitudes and at filling factors 2 and 3. A
comparison with the photo-assisted model presented in the chapter 1 exhibits the clear
quantum signature in the measured noise. Then, the subtraction of the quantity o from

the measured noise S;(V,.) is found consistent with the theoretical curves.

4.2.1 PASN as a function of DC polarisation
Excess noise measurements

The results of PASN measurements versus V. are presented as a noise in excess AS7. As
explained in chapter 1, AS; is defined as the difference of the PASN and the DCSN:

AS] = S}DASN — SIDCSN - SI(V:ica Vac 7é O) - SI(‘/dw ‘/:10 = O) (46)

The experimental excess noise is obtained by subtracting the noise without RF voltages

from the noise with RF voltage. This differential measure has several advantages:

- The small deviation between the theory and the measurement of PASN and DCSN

neutralise themselves thanks the subtraction;
- The absolute value of noise is not required;
- The determination of the fitting parameters a (or V,.) and o is more convenient.

The measured noise is also expressed in terms of the excess number of electron-hole AN,_,,

which is defined as:

ASI(‘/’dc)
<D(1 - D)’

AN,_, = (4.7)

The excess number of electron-holes is the natural unit of the excess noise as it depends
only on the |p|? = |4;]?
The theoretical AS;(Vy.) used for the comparisonﬂ with the data differs from the

distribution.

"Summation over [ in eq. goes from —oo to co. In practical, fitting are performed with least squares
method with [ € [—8;8]. It is reasonable because for a@ < [ — 1, Bessel functions becomes negligible :
() < 1.
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expression found in chapter 1 by the offset o:

e eVt e (Vi o+ Ty
zxwww—4@TﬁD“‘ln<l%§:MmﬂwﬁﬂZF_mm(_agT_) (4.8)

l=—00
e? eVie eVie
—4kgT—D(1—-D) (1 th —
T3 D= D) ( T 25T (Qk:BT)) ?

The fitting parameters are the reduced amplitude o = eV,./hv and offset o.

Experimental results

1.0 :
a=1.07& V. =53 uV
a=135& Ve =67puV||, .
a =164V, =81uV|| 1.2
0.8+ Vip = 1.26 V
Vir = 1.68V 11.0
Vip = 2.24V
0.6} 10.8 m‘\l
~
T <
! 10.6
Z“ 0.4} %ﬁ
o
< 104 2
~
0.2 2
10.2
0.0F 10.0
—0.2
—0.2 :
-3 -2 -1 0 1 2 3

Figure 4.6: Reduced noise AN,_;, at 12 GHz for several RF voltage Vzp. Corresponding
PASN fit (continuous line) has one fitting parameter, a. Transmission is D = 0.34 at filling
factor v = 3. Offset has been removed from experimental data for a clear comparison
between amplitudes.

Figures and shows experimental excess noise AS7(Vy.) for several ampli-
tudes Vgp, frequencies and filling factors (12 and 18 GHz, v = 2, 3). The offset o has been
removed from the data for a clear comparison between the different curves. The theoret-
ical PASNs deduced from eq. with the appropriate fitting parameters are represented
by the solid curves.

It is important to note that the set of fitting parameterﬂ (v, 0) that reproduce a
PASN curve is uniqud’} so that it is impossible to obtain the same fit by using another set

of parameters. The PASN model reproduces faithfully the measured excess noise in the

8Each set (o, o) can be recovered in the figure
°If the transmission D is fixed. In our case, D is set independently with a good accuracy through

conductance measurements.
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Figure 4.7: Reduced noise AN, _;, at 18 GHz for several RF voltage Vgr. Corresponding
PASN fit (continuous line) has one fitting parameter, a. Transmission is D = 0.34 at filling
factor v = 3. Offset has been removed from experimental data for a clear comparison
between amplitudes.
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Figure 4.8: Reduced noise AN,_;, at 12 GHz for several RF voltage Vzp. Corresponding
PASN fit (continuous line) has one fitting parameter, a. Transmission is D = 0.34 at filling
factor v = 2. Offset has been removed from experimental data for a clear comparison
between amplitudes.

curves presented here. Moreover, the expected breaks in the noise slope at ¢ = +1 are
clearly visible, especially at 18 GHz in the figure [4.7} indeed, the reduced temperature
© = 0.046 is the weakest of those measurements. It highlights a signature of photo-
assisted processes for two filling factors and two frequencies. We report in table fixed
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and fitting parameters of all measurements performed.

v | Frequency (GHz) | Ver (V) | Vae (V) | a | o (107% A%/Hz)
2 12 0.74 45 0.91 0.05
2 12 0.94 57 1.15 0.08
2 12 1.06 65 1.30 0.12
2 12 1.26 75 1.51 0.20
3 6 0.47 71 2.89 0.04
3 9 0.47 75 2.03 0.04
3 10 0.47 50 1.22 0.03
3 12 1.26 53 1.07 0.08
3 12 1.68 67 1.35 0.17
3 12 2.24 81 1.64 0.40
3 18 1.78 90 1.17 0.60
3 18 2.26 101 1.35 1.0

Table 4.1: Summary of parameters of the measured excess noise AS;(Vz). Columns
1, 2 and 3 report the parameters fixed by the experimenter. The fitting parameters
Vie = ahv/e and o extracted from experimental data fitted with eq. are reported in
columns 4 and 5.

4.2.2 Noise S;(V,.) as a function of AC voltage amplitude

Here, we present the noise measurement as a function of AC voltage amplitude, S;(V,.)
without DC polarisation. It corresponds to the value for V. = 0 of AS;(Vg.) curves
previously studied. In the chapter 1, it has been shown that photo-assisted shot-noise

versus V. presents typical oscillations, even at the limit 7" = 0, whereas the classical
model is a linear function of V. (figure [1.10)).

Offset subtraction and fitting function

The measured noise S;(V,.) includes a contribution of the offset o, which must be removed
from the experimental data for a comparison with the PASN model. In order to remove
this additional noise, we proceed as follows.

The AC voltage amplitude is actually controlled through RF source amplitude Vipg,
thus the noise is measured as a function of Vzr whereas the effective amplitude V. applied
on the QPC is unknown as it depends on the factoxm k = V,./Vgr. Therefore, the values
of o of the figure has to be converted in terms of Vg for each measurement. The
empirical law of eq. as a function of Vi and k reads:

v, 3.9
o(Vgr) =1.36-10% (%) =a- Vi (4.9)

19The factor k depends on the transmission of the RF line which is unknown.
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where parameter a is determined by the values of o versus Vgp extracted from table
for each frequency and filling factor. We report the values of a corresponding to the
measurements presented in part [4.2.1}

- 12GHz, v =3: o(Vgr) = 1.81- 1073 Vf%i?
- 18 GHz, v =3 : 0(Vgr) = 4.66- 1073 - V32
- 12 GHZ, V= 2 . O‘(VRF) - 920 ° 10730 : V}%Fg

where Vgp is given in Volts. The subtraction of the experimental noise S;(Vzr) with the
additional noise o(Vgp) is denoted Sy (Vip):

S1(Ver) = S1(Vrr) — o(Vrr) (4.10)

S;(Vgp) is the relevant quantity for a comparison with the theory than the raw data.

Then, the data are compared with:

B 62 o GVRF Lhy lhy
Si(Var) = 4kgTSD(1 - D) [ 1 | k ’ th
1(Ver) sl ( )( + D \Jl( hy )l 2hnT (Qk?BT) (4.11)

l=—00

2
- 4kBT2%D(1 ~ D)

The thermal term 4kBT%D(1 — D) is removed in order to set the noise at zer when
Vrr = 0. Eq. corresponds to the formula of eq. at V3. = 0 as a function of the
AC amplitude: o = k% The fitting parameter here is coefficient factor k, reported in

the legend of the figures.

Experimental results

The figures and show raw experimental data S;(Vgzr) (grey) and transformed
data S;(Vir) (color dots) at several frequencies and filling factors. The contribution of
o becomes important for noise levels greater than 1.0 - 1072® A%/Hz. It is certainly
overestimated at 18 GHz in figure in which S;(Vgr) decreases.

The maximum value of the curves in figure and of the measure of AS; (V)
at Vg = 0 are represented by the coloured diamond and are consistent with S 1(Vrr),
except for measurement at 18 GHz, in which the offset is probably overestimated.

The theoretical noise deduced from eq. [{.IT]represented by the solid lines are in a good
agreement with the data. The typical oscillations of S7(V,.) curves shown in chapter 1 are
not visible for a = eV,./hv < 2, which is not reached in those measurements. However,

the curvature for low V,. is clearly visible and is a signature of the photo-assisted processes.

Gimilarly to measurements in part [4.1.2) the background noise is removed in order to set noise at
zero at zero voltage : S;(V,. =0) =0.
121t corresponds to values without the offset: AS;(Vy. =0) — o
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Figure 4.9: Experimental data (green dots) of noise S;(Vgp) at Vg = 0 with the corre-
sponding PASN fit (green line). The diamonds represents the data S;(Vys = 0) of the
measurement, presented in the figure Frequency is 12 GHz, transmission D = 0.34,
electronic temperature 40 mK, filling factor » = 3. The only fitting parameter is the
attenuation coefficient k = Vi./Viource-

The values of the fitting parameter k are reported in table [4.2] (third column). Simi-
larly, we report in the second column the values of V. in terms of k' = V,./Vgzr deduced
from the fit of AS;(Vy.) in the section and are found consistent.

v | Frequency (GHz) | k' = Voo/Vrr (x107°) | k (x107°) (fitting par.)
2 12 6.0 6.1

2 12 6.1

2 12 6.1

2 12 6.0

3 12 4.2 4.1

3 12 4.0

3 12 3.6

3 18 4.9 4.3

3 18 4.5

Table 4.2: Comparison between the coefficients k = % deduced from the measurements

of AS; (V) (second column) and S;(Vizg) (third column). Those are deduced from the
comparison between the data and the PASN model in eq. and
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Figure 4.10: Experimental data (red dots) of noise S;(Vgr) at Vi = 0 with the cor-
responding PASN fit (red line). The diamonds represents the data S;(Vys = 0) of the
measurement presented in the figure Frequency is 18 GHz, transmission D = 0.34,
electronic temperature 40 mK, filling factor » = 3. The only fitting parameter is the
attenuation coefficient k = Vi./Viource-

4.3 Study of effective voltage V,. for several filling fac-

tors

We propose to review the ratio k = V,./Vgr between the RF source voltage and the
effective AC voltage applied on the QPC at v = 2, » = 3 and v = 4. At a given frequency,
the transmission of the RF lines does not vary with the magnetic field™] thus a difference
between the coefficients k for different filling factors must occurs on the sample level and
not on the experimental set-up.

We report in the figures 4.12] and [4.13] amplitude on the QPC V,. versus voltage
of the RF source at v = 4, v = 3 and v = 2 (coloured dots) at respectively 12 and

18 GHz. The solid lines are linear fits deduced from those points, their slope is denoted
k similarly to the definition proposed in eq. [{.I} Some of the points are extracted from
data presented in the section while others from results not shown here. At 18 GHz,
there is no dependence on the filling factor: all the values follows the linear law of slope
k =4.7-1075. It is comparable to the value of 4.3-107° deduced from the fitting function
of the measurements of S;(V,.). On the contrary, at 12 GHz, filling factor v = 3 gives a

13The coaxial wires of the RF line are made of non-magnetic material, so that no mechanical stress is
applied when the field increases RF transmission is sensitive to the geometry of the wire. A mechanical
stress applied on it can change notably the transmission and reflection coefficients.
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Figure 4.11: Experimental data (blue dots) of noise S;(Vrr) at Vi, = 0 with the cor-
responding PASN fit (blue line). The diamonds represents the data S;(Vys = 0) of the
measurement presented in the figure Frequency is 12 GHz, transmission D = 0.34,
electronic temperature 40 mK, filling factor v = 2. The only fitting parameter is the
attenuation coefficient k = Vi./Viource-
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Figure 4.12: Amplitude V. as a function of RF source voltage Vrr, deduced from AS; (V)
measurement with PASN fitting function, for several filling factor. Frequency is 12 GHz.
Continuous lines are linear fit with their respective slope denoted k.
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Figure 4.13: Amplitude V. as a function of RF source voltage Vrr, deduced from AS; (V)
measurement with PASN fitting function, for several filling factor. Frequency is 18 GHz.
Continuous lines are linear fit with their respective slope denoted k.

coefficient of K = 4.0- 107 while at v = 2,4, k ~6.0- 107>,
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4.4 Comparison with a classical model

In this section, we propose to compare the experimental results of AS;(V,.) and S~1(Vac)
presented previously in with a classical model, which corresponds to the adiabatic
modulation of a DCSN. This comparison with this classical model highlights that our

measurements cannot be explained without photo-assisted processes.

4.4.1 Classical noise

The data presented in the following are the same as those presented in part and are
now compared to the average of a sine modulation of DC shot-noise (written in the second
line of eq. [4.8)), due to the voltage modulation of contact 0: Vy(t) = Vye + Vi cos(2mut).

The expression of the classical (or adiabatic) noise reads:

[

SI,adiab. = V/V dtS]a/o(t)) (412)
0

Thus, following this picture, the excess noise is:

2 7
AS] adia. = 4I<;BT%D(1 — D) / dt

0 ZkBT

eVie + eV cos(2mut) coth (eVdC + Ve COS(27TI/t)>
2kgT

62 eVdc e‘/dc
— 4kyTED(1 - D th
T D= D)o co (Qk:BT) o

(4.13)

The fitting parameters are the AC amplitude V,. and the offset 0. The adiabatic noise in
excess does not exhibit signatures in the slope of the noise at ¢ == 1 but has a continuous
derivative, even at the limit 7" = 0. Nevertheless, the pyramidal shape of the adiabatic
noise is similar to the PASN, which makes the distinction of the classical and PASN model
hard for a > 2.5 or v < 10 GHz. Thus, the comparison is done at 18 GHz in the figure
which shows the classical model represented by the dashed lines and the measured
noise versus V..

At V. = 0, the data and the best fit deduced from the eq. (dashed lines) clearly
differs from each other, as shown in the chapter 1. Moreover, the fit does not reproduce

the abrupt change in the slope of the experimental curve that occurs at V. = 73 pV (i.e.
qg=1).

4.4.2 Noise S;(V,.) as a function of AC voltage amplitude

We compare here the measured noise S;(V,.) with the classical model by following the

same procedure done in the section in order to remove the additional noise due to
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Figure 4.14: Comparison between experimental data AS;(Vy.) (coloured dots) and a
classical model defined in (dashed lines), parameters are: 18 GHz, v = 3. The fit
does not reproduce as well the data than the photo-assisted theory.

the offset. In this case, the offset ¢ is modelled as a poweﬂ 4.2 versus Vrp. Thus, the

empirical law of o are:
- 12GHz, v =3: 0(Vgp) = 1.62- 10730 - VA2
- 18 GHz, v =3 : 0(Vgr) = 4.12-10730 . V32
- 12GHz, v =2: o(Vgp) = 9.02- 10730 - V32

where Vgp is given in Volts. The figure shows raw experimental data S;(Vrr) (grey)
and transformed data S;(Vzr) defined in eq. [4.10| (color dots) at 18 GHz at filling factor
v = 3. Again, o is overestimated at 18 GHz in figure |4.10, where S;(Vgy) decreases. The

dashed line represents the theoretical adiabatic noise, which is:

1

2 v
Stadiab.(VRF) = 4kBT%D<1 — D)I// dt
0

m ekVgp cos(2mvt) coth ekVgr cos(2mvt)
2]€BT 2ijCT

2 2
- 4I<:BT%D(1 ~ D)

(4.14)

M1p the framework of the adiabatic model value of V,. fitted are lower than in the adiabatic fit.
Variation of offset o as a function of V. is more abrupt and follows a 4.2 power law.
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Figure 4.15: Experimental data (red dots) of noise S;(Vgr) at Vi = 0 with the corre-
sponding adiabatic fit (dashed red line). Frequency is 18 GHz, transmission D = (.34,
electronic temperature 40 mK, filling factor v = 3. The only fitting parameter is the
attenuation coefficient k = V,./Viource-

The measured noise S 1(Vrr) follows the asymptomatic linear evolution of the classical
model with a good agreement but does not reproduce the typical curvature of the data
for Vgr < 1.0 V. This illustrates that the PASN notably differs from the adiabatic noise
for V,. ~ hv/e but approaches it at large AC modulations.

v | Frequency (GHz) | k' = Voe/Vrr (x107°) | k (x107°) (fitting par.)
2 12 0.2 4.9

2 12 5.4

2 12 5.7

2 12 5.2

3 12 3.3 3.5

3 12 3.9

3 12 3.5

3 18 4.0 3.9

3 18 3.8

Table 4.3: Comparison between the coefficients k = % deduced from the measurements

of AS; (V) (second column) and S;(Vizp) (third column). Those are deduced from the
comparison between the data and the PASN model in eq. and 4.14]

The values of the fitting parameter k are reported in table [4.3] (third column) with the
values of k' = V,./Vgr, deduced from the fitting parameters of AS;(V;.) in the second

column. Coefficients k and k' reported are found consistent between each other despite
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smaller than in the case of the PASN model. Finally, the most relevant comparison with
the models is the shape of the curves. In particular, the data notably differs with the
adiabatic model for a = 1, as shown in the figure The temperature is small enough

for a clear distinction between PASN and classical models.
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4.5 Experimental offset in PASN measurements in the
QHE regime

The experimental measurements presented in are clearly in a good agreement with
the photo-assisted theory, except from the offset o highlighted in the section Yet,
similar measurements of PASN performed without magnetic field [114, [106] [69] do not
exhibit an offset in the excess noise. Here, we attempt to pinpoint the origin of ¢ found

in our experiments.

4.5.1 Offset in the auto and cross-correlation

The offset is clearly visible in the measurements of the excess noise AS;(Vy.), performed
according to an "on-off" procedure: the noise is successively measured with a finite RF
voltage of amplitude V" and then with the minimum value delivered by the RF source:
Vell <1 ,u which ensures that no PASN is generated.

The figure presents the measurements of the autocorrelationd™| denoted A x A
and B x B and of the cross-correlation A x B, at 18 GHz and @ = 1.4. An offset in noise

appears clearly and is similar for A x B and B x B, and is larger for A x A:

Oaxa~1.5-107%% A%/Hz (4.15)
Oaxp ~ 0pxp ~1.0-107% A?/Hz (4.16)

4.5.2 Review of possible sources of noise

We propose to review several hypothesis in order to understand this additional offset.

Additional partitioning noise

An extra partitioning noise could be generated by a DC current, called rectification
current, resulting in the combination of the AC drain-source voltage and the energy-
dependent transmission of the QPC, as it will be discussed later in chapter 5. However,
this shot-noise would add the same amount of noise in the auto and the cross-correlation,

which is not the case.

During the "on-off" procedure, the "off" measurement is done at -20 dBm power, which is typically
a hundred times lower than the power "on" and the GHz voltage applied can be considered to be 0. It
allows us to avoid parasitics noises induced by switching off the RF source while experiment is running.
16 A5 detailed in figure channel A (respectively B) measures reflected (transmitted) currents.
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Figure 4.16: Measurements of noise AS; = AN,_; - Spo for auto-correlation of channels
A and B and cross correlation. Frequency is 18 GHz, a = 1.4, transmission D = 0.34,
filling factor v = 3. Grey lines indicate offsets o4 and op.

Transmission variation

In the figure [£.2] we saw that the transmission varies from 0.34 to 0.4 and therefore makes
the partitioning factor D(1 — D) increase from 0.2244 to 0.24. This variation corresponds
to add in the cross correlation an amount of ~ 1.2 - 1072 A?/Hz, ten times lower than
the effective offset reported in figure under same the conditions. Consequently, the

variation of the transmission cannot explain the offset.

Heating

The electronic temperature is 7' = 40 mK but RF voltages applied on the contact 0 may
increase the temperature of electrons emitted by this contact: Ty = T + AT. Similarly,
dissipation can indirectly heat the contact 3: T3 = T'+ AT3. Then, using the expression
of DCSN developed in the chapter 1, the thermal part of the cross-correlation noise reads:

4
Sh><I4 = %k’BRD(TO + Tg) + Spart (417)

part.

where R and D are the coefficients of reflection and transmission and S}~ is the term of

partitioning noise not developed herelﬂ In the hypothesis of heating, the offset 0445 in

"The offset o cannot be explained by partitioning noise because it doesn’t depend on V.
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the cross-correlation thus corresponds to the noise due to the extra temperatures:

2

Taxp = 4%kBRD(ATO +ATy) (4.18)

By using the value of offset from figure [£.16] measured for a transmission D = 0.34, we

obtain:
ATy + AT; = 210 mK (4.19)

Those temperatures increase are large compared to the base temperature. Indeed, even
in the case of a homogeneous heating, ATy = ATs; = 105 mK, the electronic temperature
goes up to 140 mK which make the photo-assisted processes vanish. The purple curve
in the figure is a simulation of PASN with a temperature of 7" = 145 mK and does
not reproduce the data presented in the figure 4.7 on the contrary to the dark blue curve
which represents a PASN at 40 mK. Thus, heating seems not a relevant cause of the noise
offset.

20 T T T
== Photo-assisted fit 7, = 40 mK
=== Photo-assisted fit 7, = 145 mK
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Figure 4.17: Cross-correlation PASN measurement at 18 GHz and a = 1.4 (Blue dots).
PASN fit with 7, = 40 mK (blue line). PASN fit with 7, = 145 mK (purple line). The

experimental results are not relevant with a electronic temperature of 145 mK.

External white noise

Another hypothesis is an external white-noise source, for instance the RF source, con-

nected to the contact 0, generating an additional noise while RF is applied. This assump-
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tion seems wrong for two reasons. First, it leads to extremely large values of injected
noise. Indeed, the amount of noise of the offset is ~ 1072® A? /Hz, equivalent to a voltage
noise source of Sy..; = (h/ve?)?c applied on the contact 0. Because of the -80 dBm
attenuation, it corresponds to an external white noise of 10713 V2/Hz injected™| For
comparison, the data-sheet of Agilent N5183A specifies an intrinsic noise of -113 dBc
between 250 kHz to 250 MHz, so o does not result of the RF source.

Secondly, this hypothesis is inconsistent with the different values of o regarding the
auto or cross-correlation, no matters the nature of this external white noise source. Sup-
pose this parasitic source is connected to the contact 0 and inserts an additional noise

which reads:

Oaxa X (20— 1+ R?) - St eus (4.20)
O0BxB X D?. Sl,ext (4-21)
OAxB X RD - SI,emt (422)

where Sj .,: is the spectral density of external white noise source. At filling factor v = 3,
OaxA = 2.6657 ext; 0axa = 01257 exr and g4 = 0.2257 ¢4, Which is not consistent with

the results [4.161 An external white noise source cannot describe this offset.

Environment interferences

In the chapter 3, we reported the presence of interferences in Power Spectral Density
(PSD) measurements due to the electromagnetic environment: for instance, the cross-
correlation PSD at the equilibrium is finite, because of the the unavoidable background
noise removed in the data processing, as explained in part The RF source is
connected to electrical background of the experimental set-up and we cannot exclude the
fact that it inserts an additional noise which increases regarding RF voltages. But o
depends only on V. and not on Vgp, which is clearly visible in table As V. is the
local voltage applied on the QPC, it suggests that this effect occurs at the QPC scale and

not at the experimental set-up scale.

131t corresponds to voltage fluctuation of ~ 80 mV on the 10 MHz passband. In comparison, thermal
noise for a 50 © impedance at 300 K has a spectral power of 8-107° V2 /Hz and 9 1V voltage fluctuations.
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4.6 Conclusion

The first measurements of photo-assisted shot-noise in quantum Hall effect, for a large set
of parameters, have been reported here. More precisely, we performed two independent
types of measurements: the excess noise as a function of the DC polarisation, AS;(Vy.),
and the noise as a function of AC voltage amplitude, S;(V,.).

We observe the presence of an additional noise, appearing as an offset in the AS; (V)
measurements. This was not reported in the experiments performed without magnetic
field[7T]. A thorough investigation shows that this offset depends only on the effective
AC amplitude applied on the QPC V..

Except from this experimental offset, the fitting parameters extracted from the noise
measurements as a function of DC voltage AS7(Vj.) are consistent with those founded with
the measurement of noise as a function of AC polarisation, S7(V,.). The theoretical curves
of PASN are in good agreement with the experimental data, especially at a frequency of
18 GHz, where the photo-assisted processes are dominant in comparison to the thermal
effects. Moreover, the characteristic signatures of photo-assisted processes show that

experimental results cannot be explain with an adiabatic model.
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Chapter 5

Quantum switch noise: experimental

results

The experimental quantum signatures of the Photo-Assisted Shot-Noise (PASN) have
been shown in the previous chapter. In this part, we present the experimental results of
the current noise generated by a switched quantum conductor: a Quantum Switch (QS).
A QS is implemented by pulsing the gate voltage of a Quantum Point Contact (QPC): an
elementary conductance channel is opened and closed at GHz frequencies, connecting and
disconnecting two quantum systems, here the two side of a quantum conductor, creating
an uncertainty in the number of particles initially delocalized between the two systems.
Their fast separation thus generates a fundamental noise due to the projection of the
particle number on the left or the right side as recently discussed in [76]. From the
theoretical framework developed in chapter 1, we expect to measure current fluctuations
of the order of S;gs ~ 1072 A?/Hz. Measuring this noise is an experimental challenge:
for comparison, it is ten times lower than the PASN presented in the previous chapter.
The chapter is organized as follows. In section 1, we first present experimental details
and the measurement protocol, allowing us to discriminate the noise generated by the
QS from other sources of noise. Then, we present in section 2 measurements performed
without magnetic field. Experimental results are found in a good agreement with the
expected theoretical framework developed in chapter 1, showing that QS noise is experi-
mentally observed. To account for capacitive effects not included in the ideal theoretical
model, the coupling between the electrostatic gate and the 2 Dimensional Electron Gas
(2DEG) of the QPC is modelled in section 3. Finally, in section 4, QS experiments are
reported in the Quantum Hall Effect (QHE) where the pulsed QPC conductance exhibits

an unexpected behaviour.
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5.1 Experimental protocol

The goal of the experiment is the measurement of the intrinsic noise of a quantum switch.
It is implemented by modulating the gate voltage of a QPC at GHz frequencies, in which

noise generated is measurable with our experimental set-up.

5.1.1 Experimental set-up

Bias-tee gﬂ 238 e VRF 1

______ - Vo() =V ot AV sin(2mvi)

Bias-tee
-23dBm e VR 72

Figure 5.1: Simplified schematic of the quantum switch set-up. The picture in the center
is an optical image of sample 1 presented in chapter 2. Noise measurements are performed
through voltages V4 and Vg of the two ohmic contacts (gold structures at left and right
sides). Periodic voltages Vi(t) and V5(t) are applied on each gate (gold triangular shape
on the top and the bottom) thanks to a bias-tee. There are two attenuators of -3 and
-20 dBm in each RF line in order to reduce the thermal noise from 300 K. A phase shift
module allows us to control the phase difference between Vi (t) and V,(t).

The experimental set-up is similar to the PASN experiments, except that high frequen-
cies lines are now connected to the gate of the QPC. The QS experiment is implemented
as follows: a DC voltage applied on the gate controls the mean transmission of a conduc-
tion channel, while an additional AC voltage varies the transmission between 0 and 1 at
GHz frequencies. This corresponds to opening and closing a quantum wire of conductance

2¢?/H} an elementary quantum switch.

!Conductance of a channel is €?/h in the quantum Hall effect.
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A reminder of the experimental set-up of the experiment is presented on figure [5.1}
The 2-contacts QPC used here is the sample 1 presented in chapter 2. Measurements are
performed without magnetic field (in section and in the quantum Hall effect regime
(in section . Voltages V4 and Vg give access to current fluctuations S; generated by
the sample through impedance Z4 and Zp, as explained in chapter 3.

Thanks to two bias-tee, the two gates of the QPC (denoted by index 1 and 2) are
polarised with DC voltages V1 and Vs, in addition to high frequency voltages of amplitude
AVy and AV, at the frequency v . The resulting total voltages V;(t) and Va(t) (figure
5.1) are applied independently on each gate. We used two synchronised RF sources
(Agilent N5183A and Anritsu 69147B) while a phase shifter in line 1 sets their relative
phase. Thus, we control separately DC voltage, AC amplitude and phase shift of the RF
voltages applied on the gates (figure .

The base electronic temperature is 36 mK without magnetic field and is 50 mK in the
QHE regime. Heating effects due to the RF pulses will be discussed in detail in section
[.3.2] Noise is calibrated with Johnson-Nyquist noise, as presented in chapter 3. The
noise measurements presented in the following are averaged 40000 times. Error bar is
~2-107%0 A? /Hz.

5.1.2 Principle of measurement

The noise generated by the Quantum Switch, or QS noise, is small in comparison with the
DC shot-noise or the thermal noise, therefore its experimental signature must be clearly
discriminated. A first attempt is to perform a DC Shot-noise (DCSN) while transmission is
pulsed at GHz frequencies. Asshown in chapter 1, the QS noise appears in this experiment
through an offset in the noise level and with abrupt changes in the slope, similarly to
the PASN. However, this measurement of DCSN is not relevant experimentally for two
reasons. Firstly, as explained in chapter 3, we do not have access to the absolute value
of the noise while many parameters change when gates are pulsed (mean transmission
D, temperature, parasitic current). Secondly, abrupt changes in the slope of the DCSN
vanishes quickly with temperature increasing.

We propose here to measure the QS noise as a function of the transmission of the QPC

without DC voltage polarisation. More precisely, we proceed as follows:

- A sine voltage of frequency v is applied with the same amplitude AV = AV} = AV,
on both gates.

- The noise measurement is performed as a function of the mean transmission D,, of

the QPC, controlled by the DC voltage Vi = V1 = Vpe.

This procedure presents several advantages in order to experimentally evidence the QS

noise, illustrated in the following by a simulation which is helpful for the understanding
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of the experimental results.

Mean transmission

The mean transmission D,, corresponds to the averaged transmission of the QPC when
the gates are pulsed. In the figure the schematic shape of the transmission D (without
pulsing) as a function of the gate voltage Vi is represented by the black solid line. The
transmission is time-dependent thanks to the sine modulation AV sin(27vt) applied on

the gate voltage in addition to Vg, so that its mean value D,, i}
1/v
D,,(Ve) = 1// dt D(Vg + AV sin(2nvt)) (5.1)
0
According to the protocol, the noise is measured while D,, varies from the case of an

opened switch (Vo < —1.5 'V, D,, = 0) to the case of a closed switch (Vg = —1.1 V,
D,, =1).

10
dosed
D()
06

04

Switch 02
opened
/ 0

=15

Figure 5.2: Black curve is a simulation of the QPC transmission D(V) versus DC gate
voltage Vg, using the saddle point model [I7] presented in the chapter 2. A sine voltage
AV sin(27vt) in addition to Vi leads to an oscillating transmission D(Va+AV sin(27wvt))
between a closed QPC (D = 0, switch opened) and a opened QPC (D = 1, switch closed).
In this case, an amplitude of 250 mV is required in order to open and close completely
the switch.

2As shown in chapter 2, the current reads in the case of a modulation of the transmission: I =
2
22 |7(t)[*Vie. Therefore, the transmission measured at low frequency is the average of |7(t)[%.
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Simulation of the QS noise as a function of the mean transmission

The QS noise as a function of D,, without polarisation voltage is simulated thanks to
the theoretical framework developed in chapter 1 and is displayed in the figure left.
The temperature used in these simulations is 250 mK, which corresponds to the typical
temperature measured experimentally’l The total noise, represented by the solid line, is
composed of the QS noise, SIQS, and the Johnson-Nyquist noise (or thermal noise), Si*

given by:
1/v 9 2 9 2
Sth =y / dt 4kBT%D(t) - 4kBT%Dm (5.2)
0

Thus, St represented by the dashed line, is a linear function of D,, while the total noise
is slightly curved by the additional QS noise S?S. Therefore, the QS noise corresponds
to the excess noise, AS7(D,,), defined by:

AS{(Dp) = Si(Dm) — Sﬁh(Dm) (5.3)

The simulated excess noise AS;(D,,) is displayed in the figure [5.3] for several ampli-
tudes of modulation AV: the parabolic shape is the signature of the expected quantum
switch. Finally, the measurement of the noise as a function of D,, is relevant for two

reasons:

- Tt is experimentally convenient to extract the excess noise AS; from the total mea-

sured noise by subtracting the linear contribution of the thermal noise versus D,,;

- despite the unavoidable heating effects which make the QS noise vanish, the excess
noise reaches amplitude of AS; ~ 107* A?/Hz and is measurable by our experi-

mental set-up for the usual experimental conditions.

It is important to note that the curves of QS noise simulated of figure [5.3| are obtained
using the Biittiker saddle-point model[17] of transmission detailed in chapter 2, where AS;
is symmetric at D,, = 0.5. Realistic transmissions depart from this model and impact AS;
versus D,,. Each experimental curve is therefore compared to the transmission actually

measured during the noise data acquisition.

3Those heating effects detailed in section m
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Figure 5.3: (Left) Total noise (solid line) generated by the quantum switch and adiabatic
noise (dashed line) as a function of mean transmission D,,. Noise is composed of the
thermal contribution which is linear with respect D,, and the QS noise which has a
parabolic shape. (Right) Difference between total and thermal noise or excess noise of the
quantum switch AS; for several amplitudes AVg as a function of the transmission D,,.
Parameters for both figures are : v = 6.15 GHz, AV = 40 mV, noise is deduced from
eq. and from the conductance plotted in figure The excess noise is symmetric
towards D,, = 0.5 because the conductance profile used is also symmetric. Temperature
is T'= 250 mK.

5.2 Results without magnetic field

We present here the experimental results of the quantum switch noise obtained without
magnetic field. We first present the effect of the RF voltage on the transmission which
gives access to a calibration of the amplitude of the voltage applied on the gates required
in order to simulate the QS noise. Then, we present the noise measurements for several
RF amplitudes and phase shifts. A comparison with the theory developed in chapter
1 and a classical model allows us to evidence the Quantum Switch signatures in our

measurements.

5.2.1 Transmission measurements as a calibration for the RF

voltage amplitude

In order to compare the excess noise measurements with QS simulations, the value of the
effective amplitude AV of the sine voltage applied on the gates is required. The calibration
of AV is performed thanks to the measured transmission versus Vg of the QPC for a given
RF voltage Vgp, which corresponds to the mean transmission D,, defined in eq. The
attenuation of the RF lines is then deduced from the ratio AV/Vgpr. The figure
presents the experimental measurement of the transmission D without RF (green dots)
and the transmission D,, with RF (red dots). The amplitude and the frequency of RF
source are Vrr = 1.26 V and v = 6.15 GHz. The measured temperature is 299 mkK,
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however we observed that the transmission stays unchanged until few hundreds of mK.
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Figure 5.4: Transmission of the QPC between transmission D = 0 and D = 1. Transmis-
sion D (resp. D,,) without (resp. with) RF voltage applied on the gates is represented by
the green dots (resp. red dots). Dashed black line is a simulation of the conductance with
RF pulsing using eq. with AV = 31 mV and 0V = 3 mV. This shift 6V is required
for a good fit of the curve and is explained by non-linearities in appendix [A] Parameters
are : Vrgr =1.26 V, v =6.15 GHz, T' =299 mK and Ap = 7.

The effect of RF on the experimental transmission is an expected smoothing and a
slight translation versus the voltage, denoted by 0V. This shift 0V is explained by the
transmission non-linearities and is detailed in appendix [A] Then, the mean transmission

D,, is simulated from the measured transmission D from the expression in eq5.1}
1/v
D, (Vi) = 1// dt D (Vg + 0V + AV sin (27vt)) (5.4)
0

with the additional voltage shift 6. The dashed black line of the figure is the
simulation of D,, for an amplitude voltage AV = 31 mV and 6V = 3 mV and is in a good
agreement with the experimental mean transmission D,,.

These measurements provide the effective voltage amplitude AV for a given voltage
Vrr delivered by the RF source. We deduce from that the ratio k, defined as:

AV
k=—"=0.025 (5.5)
VRF
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It corresponds to a total attenuation of 32 dBm at v = 6.15 GHz. The intrinsic attenuation
of the RF line is thus 9 dBm (at 6.15 GHz), the remaining 23 dBm are provided by the

attenuators, as shown in figure [5.1

5.2.2 Experimental excess noise

We present the QS noise measurements performed by following the experimental protocol
proposed in section . The amplifiers noise is systematically subtractedﬁ. Figure
shows the total noise as a function of D,, without RF pulsing (green dots) and with RF
pulsing (red dots). Each point is taken at regular voltages steps of Vg, and as D,, is a
non-monotonic function of Vg, they are concentrated at D,, = 0 and D,,, = 1. Each noise
measurement is preceded by transmission measurements D,,, whose shape versus Vi is

identical to those presented in the figure [5.4]
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Figure 5.5: (Left) Measured noise as a function of mean transmission D,,, without RF
pulsing (green dots) and with RF pulsing (red dots). Parameters are : Vgp = 1.26 V,
v =6.15 GHz, Ay = 7, no magnetic field. The solid lines represents the thermal noise:
Sth — 4k3T%Dm at 36 mK (green line) and 299 mK (red line). A deviation appears for
RF pulsing between experimental points and adiabatic limit, that corresponds to the QS
noise. (Right) Excess noise as a function of mean transmission D,,, without RE pulsing
(green dots) and with RF pulsing (red dots). RF pulsing adds an excess noise in addition
to the thermal noise.

The dominant contribution is clearly the Johnson-Nyquist noise that evolves linearly
with D, (as shown in eq. [5.2)), represented by the red and green solid lines. Temperatures

of 36 mK and 299 mK are deduced respectively from the measurement without RF pulsing

41t is equivalent to a noise generated by an impedance of conductance 2D,,e?/h at a temperature —49
mK. Indeed, amplifiers add a positive contribution in the cross-correlation measurement in the 2-contacts
QPC while noise emitted by the sample (QS, Johnson-Nyquist) is negative, as shown in chapter 1.
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(green dots) and with RF pulsing (red dots). The main effect of RF pulsing is a global
increase of the electronic temperature and it will be explained in detail in section [5.3.2]
The heating found here is understood and will be described later in figure As shown
in the simulations of figure[5.3] a small deviation between total noise and Johnson-Nyquist
noise is visible for the RF pulsing measurement.

By subtracting each curve of figure by the Johnson-Nyquist noise (right), we get
the excess noise as a function of D,,, (left). This shows the clear effect of the pulsing gate

appears in the "ON" measurement similar to the quantum switch noise presented in part

5.3l

5.2.3 Comparison with simulations of QS and classical noise

These experimental noise measurements are compared with simulations of the QS model
presented in the chapter 1, in which the strong dependence of the QS noise on the shape
of the transmission versus Vg has been highlighted. Therefore, we use the experimental
transmission D in order to simulate the time-dependence of the reflection and transmission
coefficients, which are required for the computation of the QS noiseﬂ We present here the
excess noise measurement and the corresponding simulations for two phase shifts Ap =7
and 0 and for two values of RF voltage Vgr = 0.63 and 1.26 V.

Quantum switch and photo-assisted shot-noise model

The excess noise presented in figure (red dots) is reported in figure A straightfor-
ward simulation with the case that takes only the modulation of the transmission (pure
QS limit) is represented by the red dashed curve. There are no fitting parameters: we use
the voltage amplitude AV = 31 mV deduced from the calibration of section and the
temperature of 299 mK extracted from the thermal noise in section The measured
noise is larger by a factor ~ 2 than the expected noise.

The missing contribution is explained by adding a parasitic AC drain-source voltage
applied on the QPC denoted:

Vas(t) = Ve cos(2mvt) (5.6)

The amplitude of V,(t) is denoted V,. and has the same frequency of the gate voltage.

SFor a given transmission D(Vg), reflection and transmission coefficients are given by p(t) =
V1= D(Vg + Viesin(2mvt)) and 7(t) = /D(Vg + Vyesin(2mvt)). Then, the simulation of the excess
noise generated by the QS switch is computed from the formula:

2

2?2 & 5 lhv 5 lhv — eV, lhv + eV, e
AST = 47;: 20010 = Ril” g + 190 (eb’(lhueVdc) —1 T pthreviy — 1) ~ T3 Dm
=—00

where coefficients R; and S; are respectively the Fourier coefficients of respectively p?(t) and 7(t)p(t)
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Figure 5.6: Excess noise AS; as a function of mean transmission D,,. Measurement is
performed at Vgr = 1.26 V, v =6.15 GHz, Ay = 7. The red dashed curve represents
an ideal QS limit (no voltage bias across the QPC) with AV = 31mV, T, = 299 mK.
The yellow solid curve represents the QS model including the parasitic drain-source AC
modulation of amplitude V, . =25 uV

It generates a Photo-Assisted Shot-Noise (PASN). The yellow solid curve represents a
simulation with an AC polarisation of amplitude V,. = 25 pV which provides the best
fit. A good agreement is found between the model and the experimental data. The
presence of this parasitic voltage is discussed in the next section [5.3.3] For the following
measurements, the amplitude of Vys(¢) is the fitting parameter of the QS model.

Phase shift and amplitude dependence

We present in the figure left, the experimental excess noise for different phase shifts
¢1 and o, whose differenced] is Ay = ¢y — ¢; = 7. The noise amplitude varies by
~ 20% and is maximum if gates are modulated in phase: Ay = 0 (orange dots) and
minimal for Ap = 7 (green dots). The fits deduced from the simulated QS noise are
in a good agreement with the experimental data. This indicates that the phase shift
introduced is equivalent to vary the effective amplitude of the gate voltage between two
values: AV =31 and 35 mV.

6Relative phase shift is between ¢y and ¢ is controlled by the experimentalist with the phase shifter.
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Figure 5.7: (Left) Excess noise AS; as a function of D,, for two phase shifts. Orange
dots corresponds to Ap = 0 and green dots to Ay = w. Parameters are : Vgp = 1.26 V,
v =6.15 GHz. (Right) Excess-noise AS; as a function of D,, for Vgr = 0.63 V (green
dots) and Vgp = 1.26 V (in orange). Parameters are : Ap =0, v =6.15 GHz

The figure[5.7] right, shows similar measurements but for two different RF amplitudes,
a first one at Vgr = 0.63 V and a second one at twice this value: Vgrp = 1.26 V (phase
shift is set at A = 0 in both cases). Because of the linearity of the RF lines, we
expect to recover the ratio 2 : 1 in the effective amplitude of modulation AV used in
the simulations in order to fit the measurements. As shown later in section [5.3.2] the
parasitic voltage Vs is also linear with respect VRFE]. The simulations represented by the
solid lines and the data are in a good agreement, with the expected values of amplitudes:
AVed) = 2 5 AV(9reen) and Vd(; “) — 9 x Véfreen). Note that the lower temperature of
160 mK extracted from the measurement at Vgr = 0.63 V is in agreement with the curve

in figure .10

Comparison with the classical model

One can ask if the classical model presented in the chapter 4 could also explain the excess
noise as a function of D,,. The excess noise of the adiabatic model is the DC shot-noise
averaged over a period, with a time dependent transmission D(t) = D(Vg+AV cos(2mvt))
and the AC drain-source voltage Vy,(t). It reads:

2 1/v
AS; = kT v / dt (D(t)? + D)1 - D(1)) XLEW o (el
2
_ 4kBT2%Dm

The figure displays the QS noise measurement at Vgr = 1.26 V and Ay = 0 and
the curves deduced from eq. represented by the grey solid curves, for V. = 41 x4V and

"The unwanted voltage Vy, is created by a capacitive coupling between the gate and the 2DEG, and
thus is linear with respect Vip.
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55 pV. For an amplitude V,. = 55 pV (grey diamonds), the classical model is in a good
agreement with the experimental data only for D,, > 0.2, and only for D > 0.5 when using
Vae = 41 pV. The simulation of QS noise combined with PASN (red curve) reproduces
nicely the entire experimental curve, unlike the classical model, which describes only a

part of it.
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Figure 5.8: Excess noise AS; as a function of mean transmission D,,. Measurement is
performed at Vzr = 1.26 V, v =6.15 GHz, Ay = 0. Solid red line represent the QS noise
simulation with AV = 35 mV, T, = 299 mK and V.. = 31 V. The classical model is
represented by the grey lines for V,. = 41 and 55 uV.

The data presented in the figure illustrate the asymmetry of QS noise regarding
D,, = 0.5. Indeed, the experimental transmission of the QPC, shown in figure is also
not symmetric regarding D,, = 0.5: the transmission varies more rapidly for D,, < 0.5
than for D,, > 0.5 and thus the QS noise is larger for D,, < 0.5. On the contrary,
adiabatic noise appears symmetrical with respect of D,, = 0.5 (similar to the D(1 — D)
curve). This non-symmetrical behaviour of the experimental results is recovered in the
examples of theoretical curves presented in the chapter 1 and shows a clear evidence of

the fundamental QS noise in our measurements.

5.2.4 Conclusion

We experimentally observe an excess noise when the transmission of a QPC is pulsed at
the GHz frequency. The QS noise combined with a photo-assisted shot-noise generated by
an extra drain-source voltage V,.(t) agrees well with the experimental results for several

parameters. In particular, the asymmetry of the noise versus the mean transmission D,, is
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only described when including a full quantum QS noise model, as predicted in the chapter
1. The classical adiabatic model model is symmetric regarding D,, = 1/2 and does not

reproduce the experimental curves.
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5.3 Effects of capacitive coupling between electrostatic

gates and 2DEG in the absence of magnetic field

In the previous section we have seen that the measured noise is not fully described
by a pure QS noise as proposed in the protocol. Indeed, we observed in the experimental
results that a part of the noise is due to the shot-noise created by a parasitic AC drain-
source voltage. In addition, the temperature increases from 36 to hundreds of mK.

In this part, we propose to explain these effects by an unavoidable capacitive coupling
between the 2 Dimensional Electron Gas (2DEG) and the gates pulsed at high frequencies,
which creates AC currents in the 2DEG. These currents increase the electronic tempera-
ture and, if not symmetrical regarding the gates, add the unwanted AC polarisation.

We first present a simple electrical model of the QPC. Then, the capacitive coupling
and the AC currents are estimated thanks to the temperature increase. Finally, the order
of magnitude of the unwanted AC drain-source voltage is deduced from the effects of
transmission non-linearities and is consistent with the values used in the previous section
to analyse the QS data.

5.3.1 Electrical model of QPC

Figure 5.9: Electrical model of the QPC. Effect of GHz voltages, V1 and Vg applied
on the gates is modelled with capacitances Cp1, Cro, Cr1 and Cgre. R, =~ 150 2 is the
resistance of the mesa and of the ohmic contacts. The resistance of the QPC is Rg = e%—hD,
at least 12906 ). Z4 ans Zp are the measurement impedances of the RLC resonators and

are negligible at GHz frequencies.

We propose an electrical description of the QPC at GHz frequencies, presented in
figure 5.9 The capacitive coupling due to the proximity between the 2DEG and the gates
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generates AC voltages V7, (respectively Vi) on the left (resp. right) side of the mesa, at
the same frequency. Those voltages induce depletion currents Iz and I, increasing the
electronic temperature, and their imbalance creates an AC current I through the QPC.
An accurate description of this coupling is non-trivial because of the geometry of the
mesa. [t can be modelled, as a good approximation, by simple capacitances between the
mesa and the gate (figure . These effects are detailed in the following sections
and £.3.3l

5.3.2 Estimation of the capacitive coupling and the depletion cur-

rents

We propose here to estimate the coupling capacitances and the induced AC voltages
through the electronic temperature increase. The depletion currents Ir,;, flow mainly in
the 2DEG and the ohmic contacts®] modelled by the resistance R,,, generating a Joule
dissipation. The temperature increase due to this dissipation is presented in the figure
b.10] as a function of voltage Vgp of the RF source at 6.15 GHz. It is deduced from
a pure Johnson-Nyquist noise measurement at transmissionﬂ D = D,, = 1. Electronic
temperature starts from 36 mK (no pulsing) to 450 mK when 2.5 V are delivered by the
RF source, which corresponds to an AC amplitude of 63 mV applied on the gateq'’}
From this measurement, we deduce an estimation of currents Iy p thanks to the
Wiedemann-Franz’s law@ The non-trivial geometry of the mesa makes difficult to de-
scribe with accuracy the distribution of currents and temperature in the 2DEG. However,
for ' > 36 mK, the integrated form of the Wiedemann-Franz’s law gives a linear relation

between the current amplitudes I1/r o and the temperature:ﬁ

T.NL
R,

IL/370 ~ (59)

At Vrp = 2.5 V, depletion currents are Iy po ~ 5 - 10~ A, which are large values in

comparison to the nano-ampere found in the usual shot-noise experiments. Note that

8The resistance of the QPC is much larger than the resistance R,, of the mesa + the ohmic contacts.
Thus, current I must be small compared to I

"When D = 1, there is no contribution in the noise of quantum switch or partitioning.

10The value of 63 mV is obtained from the calibration of AV presented in section

HMore precisely, for the temperature range considered here, the heat transfer is carried by electron
diffusion in the lead[I04]. For T' < 4 K, this process is dominant compared to electron-phonon cooling
and is described by the the Wiedemann-Franz’s law|[3]:

owr = —oLT,VT, (5.8)

2,2
T kg

-2 18 the Wiedemann-Franz’s

where ¢y is the local heat flow, o the conductivity of the mesa, £ =
constant. More details about the heating effects can be found in [91].
12In the case of a uniform dissipation, the Wiedemann-Franz’s law and the first law of thermodynamics

connect the electronic temperature in the 2DEG and the current. It reads: T'= /T§ + R, I/L.
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Figure 5.10: Electronic temperature in the QPC as a function of RF voltage source Vg at
6.15 GHz, deduced from Johnson-Nyquist noise on the plateau D = 1. Effective voltage
applied on the gates is 63 mV when Vizp = 2.5 V.

current amplitudes Iy po computed with eq. are rough estimations, which do not
take in account the asymmetry between the left and the right sides of the QPC.

It is reasonable to suppose that the capacitance impedance 1/C}/gw is large compared
to R,, at GHz frequencies. Thus, by following the electrical model in figure[5.9 the current
is related to the gate voltage Vi by:

IL/R:jCL/RwAV (510)

At Vrr = 2.5V, the effective amplitude on the gate is AV = 63 mV, so that the value of
the capacitances are:
CL1/2 ~ CR1/2 ~ (0.20 {F (511)

It is consistent with the value of the typical geometric capacitance of QPC[47]. Finally,
the capacitive coupling induces voltages of amplitude Vi, /g = R,,I1/r ~ 75 iV, applied on
both sides of the QPC, and phase shifted by 7/2 compared to the gate voltage. However,
this analysis based on the study of the temperature increase does not provide a description
of the asymmetry between the capacitance of the left and the right side of the mesa. This
asymmetry is required in order to explain the presence of the drain-source voltage Vi, (),

which has been introduced to model the QS noise and gives a good agreement with the
noise data presented in
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5.3.3 Photo-assisted current as a consequence of the induced AC

polarisation

In order to check the hypothesis of the drain-source voltage parasitic modulation, we
seek for other manifestations of Vys(t). They can be found in the DC current induced
by the combined V,(t) and transmission modulation and by the rectification due to the
energy dependent transmission of the QPC. This presence of a DC current, also called
photo-current, has been evidenced in the phD thesis of Julie Dubois|38], 39], by taking in
account, the non-linearity of a QPC polarised with an AC voltage. Similarly, we propose
to study the energy dependence of the transmission of the sample 1 used in the QS
experiments. From that, photo-assisted current is simulated for several amplitudes of Vi

and is compared to the experimental measurement of Ig.

IR
,_'— 7 N S ?};".’:’Tﬂ.’;‘: 0.8
AL IR T
0T llg,"/,;g!f\v:{ll"\’%{!'
ARSI D
NgaNESZ NS ]
,',',"'lmm D liing; -

Wil id
B

Ty

AT /
e L T 1T
—

L2 A 2T
LR ZAZ ST A A Z AT Z A IAF T
-'... ......-....--.....
T e e iy S o
ZZ AT T A Z AT AT T AT
A e T ¥
L7

V[ig ( 7 [/) 200 300 oy L

Figure 5.11: Map of the transmission D(Vg, Vys) as a function of the voltage gate Vi and
the voltage difference Vj, applied on the QPC. Blue curve represents the conductance
with Vg, = 0. The case of pulsed gates corresponds the red path, which is an ellipse in
the (Vi, Vas) plane. No magnetic field is applied in this measurement.

The figure shows the map of the experimental transmission of sample 1 between
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plateaus 0 and 1 as a function of the gate voltage V; and the drain-source voltage Vy,. In
the case of a pure QS experiment, without polarisation, the trajectory of the conductance
in this 3D map is represented by the blue solid line in the figure .11} In the case of a
finite drain-source voltage induced by the asymmetry of the capacitive coupling, Vi and
Vys are phase-shifted by 7/2 and the trajectory is now described by an ellipse (solid red
line). A rectified current I is created if the added contributions of the instantaneous
currents I(t) = G(t)Vys(t) during a period is finite. On the trajectory represented by the

solid red line, I;. reads:
1/v 2¢2
Iy = I// dt - TD(VG + AV sin(2nvt); Ve cos(27wt)) - Ve cos(2mvt) (5.12)
0

where V. is the amplitude of the drain-source voltage and D(Vg, Vys) is the transmission
of the QPC as a function of Vy; and V. The figure |5.12| represents the rectified current
as a function of the amplitudes of the gate voltage AV and the drain-source voltage V..
It is obtained by computing the expression for given values of (AV;V,.) versus the
DC gate voltage Vi and by taking the maximum value of |I;|.

Idc (nA)

— 0.36

20 30
AV (mV)

Figure 5.12: Map of the maximal value of DC current [, as a function of the amplitude
of gate voltage V; and amplitude of polarisation voltage Vs, computed from eq.
This DC current is generated by the combination of the AC drain-source voltage Vys(t) =
Viaesin(2zvt) and the non-linearities of the transmission, presented in the figure
The yellow dashed line represents the level where I;. = 0.08 nA, values found in the
measurement of the DC current.

Are these simulations consistent with the experimental DC current measured in paral-

144



lel to the noise measurement? Experimental I;. are shown in the figure [5.13|as a function
of the mean transmission for relative gate voltage phase shift ¢ = 0 and ¢ = 7. These
measurement, have been performed in parallel to noise measurement reported in the fig-
ure It reaches a maximum value of ~ 7-107'" A in both cases, which is small in

comparison with the depletion currents.
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Figure 5.13: Experimental DC current [ flowing through the QPC as a function of the
average transmission D,,, for phase shifts A = 0, 7. Parameters are: Vgr = 1.26 V (on
the gates: AV = 31 mV) at v = 6.15 GHz. This DC current generated when gates are
pulsed results of the AC drain-source voltage combined with the energy dependence of
the transmission.

The yellow dashed curve in figure represents the values of (Vg, Vys) for which
the amplitude of the simulated photo-current is Ipc = 0.08 nA. It corresponds to drain-
source voltages of 40 — 80 nV, consistent with the values used in the simulations of the
QS noise presented in section It is important to say that between the measurement
of the map of transmission in figure and the measurement of the QS noise presented
in the following, the sample has been warm-up and the transmission D(Vg, V) has been
modiﬁedﬁ Consequently, the values of DC current found in the map|5.12|may differ from
those measured in the noise experiment in [5.13]

Finally, we evidenced that the presence of an experimental DC current is explained
only by an AC drain-source voltage Vy,(t), induced by the asymmetrical capacitive cou-

pling between the gates and the 2DEG. The amplitudes of V,. are found consistent with

13In particular, the conductance shape versus Vg has strongly changed. For instance, map of conduc-
tance presented shows a QPC completly closed at Vo = —1.6 V whereas it is closed at —1.4 V in
the conductance profile
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the values used in the QS noise simulations and the capacitance found in section

5.3.4 Perspectives

The quality of QS noise measurements can be enhanced by reducing the capacitive cou-
pling between the 2DEG and the gates, in order to reduce the heating effects and the AC
drain-source voltage. A first idea is to design sample with a ground plane around the gate
voltage and as much as possible symmetric regarding the 2DEG. These improvements
have been done for sample 2 presented in chapter 2.

A second idea is to perform the QS experiment in the quantum Hall effect. Because of
the spatial separation of edge channels between incoming and outgoing electron, heating
effects are reduced. Furthermore, the coupling between gate and 2DEG is decreased as
the edge channel capacitance is smaller than the bulk 2DEG at B = 0.
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5.4 Results in QHE

In this section, we present the measurements of Quantum Switch noise in the quantum
Hall effect. We expect that in the QHE, the parasitic capacitive coupling will be reduced:
indeed, the conduction no longer occurs in the bulk of the sample, but on the narrow edge
channels, localized along the sample edges. A second advantage of using the QHE regime
is the chiral propagation which strongly reduces the parasitic heating effects as explained

below.

5.4.1 Mean transmission of the switch
Experimental observations

Previously, in section [5.2.1] in the absence of magnetic field, the mean conductance under
AC modulation was in a good agreement with the predictions where using a simulation
with D(Vg) measured in DC when Vi is modulated at GHz frequencies gives a result for
D,, consistent with observations. In the QHE regime, we observe a surprisingly different

behaviour.
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Figure 5.14: Conductance in units of €?/h at filling factor v = 3 and at frequency 15.75
GHz. Only the two first plateaus are shown. The green line is the transmission "off",
without RF pulsing the gates. The yellow and red lines are the transmission while RF
voltage is "on", at respectively Vzr = 71 and 126 mV. The dashed black line represents an
adiabatic simulation of the conductance "off", using eq. using an amplitude AV =160
mV.

In figure [5.14] experimental curves of the transmission as a function of Vi are shown

for several modulation amplitudes Vgp, at frequency 15.75 GHz and at B = 2.32 T,
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corresponding to a filling factor v = 3. We focus on the two first plateaus of conductancd}
the entire curve will be presented later in the figure [5.15

Unexpectedly, the transmission variation widens between plateaus 1 and 2 in large pro-
portions by comparison with the experiments performed without magnetic field, whereas
voltage amplitude delivered by the RF source is 1ovve1El The dashed black line repre-
sents the simulation of the mean transmission computed from the green curve without RF
modulation, using the eq. in the same way as done in the section Surprisingly,
a reasonable fit of the curve between plateaus 1 and 2 is found with an amplitude of the
gate voltage of AV = 0.126 V. By comparison, the voltage delivered by the RF source
is 0.126 V, and by taking in account the minimal -23 dBm attenuation, the maximum
value of AV would be, in principle, 20 mV! On the contrary, the transmission between the
plateaus 0 and 1 seems unaffected by the modulation, whatever the amplitude, excepted
a shift of few mV.

Modulation for filling factors 1, 2 and 3

This effect is studied for the filling factors v = 1, 2, 3. In figure[5.15] at filling factor v = 3,
the three expected conductance plateaus are observed without RF modulation (dark green

curve). The conductance between plateaus 2 and 3 is shown strongly modulated .

(/20

0.5
~1.0 ’ Vy

Figure 5.15: Conductance at filling factor v = 3 as a function of Vi (in V), for several

modulation Vgzp (in V). The green curve corresponds to Vgr = 0. Frequency of modulation
is 15.75 GHz.

MTerm "plateau n" means the plateau corresponding to a value of ne?/h in the conductance curve.
15Typically, voltage delivered by RF source were of the order of ~1 V in the section
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(y/2)D

Figure 5.16: Conductance at filling factor v = 2 as a function of Vg (in V), for several
modulation Vzp (in V). The green curve corresponds to Vgr = 0.

(U/za)g

Figure 5.17: Conductance at filling factor v = 1 as a function of Vi (in V), for several
modulation Vzp (in V). The green curve corresponds to Vzp = 0.

Similarly, the transmission curves at filling factor v = 2 presented in figure [5.16
exhibits a strong modulation between the platean 1 and 2 while it is weakly affected

between 0 and 1.
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In the case of the filling factor v = 1, where there is a unique plateau of conductance,
one can ask if the transmission is strongly or weakly modulated. It is in a intermediate
situation as shown in the figure [5.17 a strong modulation occurs for transmission close
to 1, while the slope is still abrupt when the QPC is pinched-off.

Description of the large modulation of the transmission

We observed that the transmission with pulsing gates cannot be simulated from the DC
curve of D(Vg), where the effects of the modulation are stronger than at B = 0. We
propose here a description of this phenomenon thanks to the dynamical properties of a
quantum circuit.

A conductance channel is modelled as shown in figure [5.18]16] 27, [103]. Gate voltage
controls the electrostatic potential U(t) in the 2DEG cavity through the geometrical
capacitance C’GF_G]. The channel is modelled as a quantum RC' circuit: Co = 7e?/h is
the quantum capacitance[d), 4], where 7 is the time of travelling through the QPC and is
typically ~ fF and Ry is the charge-relaxation resistance (or Biittiker’s resistance). This
model has been verified by Gabelli and al. [46].

Co

T
VG(t)._ll U.(l‘)l

Ry

Figure 5.18: Charge relaxation in the coherent RC circuit of the 2DEG. U(¢) is the
electrostatic potential in the 2DEG cavity. Geometrical capacitance is denoted Cg and
corresponds to the capacitance presented in the model[5.9} Cj is the quantum capacitance
and Rg = h/2e* the charge-relaxation resistance (or Biittiker’s resistance).

The case of several channels N, in parallel corresponds to the situation of N, wire
modelled by (Cg, Rg) in parallel between U(t) and the ground in the schematic of the
figure|5.18] and the quantum capacitance is then Cg = N,7e?/h. At B = 0, the number
of modes is large in the 2DEG and C > Cg. At frequency w < 1/RoCy, the electrostatic

potential in the cavity without magnetic field reads:

C
Up—o ~ 2V ~ 107V (5.13)
Ca

6The capacitance Cg corresponds to the capacitance presented in the model of figure For sim-
plicity, we assume here that Cr; = Cr; = Cpo = Cro = Cg. It has been estimated to 0.2 fF in section

b33
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The gate potential is screened and the potential seen by the electrons is smaller. On the
contrary, in QHE the number of modes is reduced to the filling factor v and there is less

screening. The potential U is then a fraction of the gate potential at high frequency:

Ca

—— Ve~V 5.14
Cg+CQ ¢ ¢ ( )

Uone =
The effective voltage seen by the electron is thus similar to the gate voltage Vi (t) and the
effect of the modulation is several order of magnitudes larger in the QHE than without

magnetic field.

5.4.2 QS Noise measurements

We present here the results of noise measurements performed in QHE for quantum switch
experiments. We follow the experimental protocol proposed in section[5.1.2} the transmis-
sion and the noise without drain-source voltage are measured as a function of D,, while
the gates are pulsed. The measurements are performed from the plateau 0 to the plateau
2 of transmission, in order to study the effects of the spectacular modulation shown in
the previous part. Intuitively, we expect to observe two "bumps" in the excess noise,
similar to what was founded previously, with maxima at transmission D,, = 0.5 and 1.5
and minima on the plateaus, at D,, =0, 1 and 2.

Two technical points must be mentioned here: first, the electronic temperature in
quantum switch experiments in QHE rose to 50 mK, after the installation of the mag-
netic COi]E]. Secondly, for technical reasons, it was not possible to perform DC current
measurements in QHE similar to those presented in [5.3.3

Total noise and absence of heating

The figure [5.19] left, presents the total noise S; as a function of D,, from 0 to 2 for
several phase shifts between the gates. The filling factor is v = 3, the frequency is 7 GHz
and the amplitude delivered by the RF source is Vzr = 112 mV. A pure thermal noise of
50 mK is represented by the grey straight curve. The first interesting fact is the absence
of RF heating: all experimental curves intersect at D,, = 2 with the 50 mK thermal
contribution. This contrasts with the B = 0 experiments, presented in figure The
absence of heating in the QHE regime was expected as mentioned above and be explained
by:

I"Temperature was 36 mK without the presence of the magnet, which has been set in the cryostat after
the QS experiments without magnetic field. Electronic temperature has been improved to 40 mK for the
PASN experiments.
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Figure 5.19: (Left) Total noise S; as a function of the mean transmission D, for the
phase shifts ¢ = 0 and 7. Parameters are : filling factor v = 3, Vgr = 112 mV, frequency
7 GHz. Grey line represents a thermal noise of 50 mK. (Right) Deduced excess noise AS;
from the same data. The coloured lines represent pure QS noise simulations (without
drain-source voltage), for several modulation amplitude AV'.

- Incoming and outgoing electrons are spatially separated, so that thermalisation
between them vanishes. In the case of a heating due to the pulsed gates, outgoing

electrons, do not interact with the cold incoming electrons;
- The dissipation does not occur in edge channels but only in the contacts;

The excess noise AS; deduced from the data of figure [5.19] left is displayed in the
figure [5.19] right. The phase shift seems to play an equivalent role to the RF modulation
AV. Pure QS noise (without drain-source voltage) simulations computed with the trans-
mission curves in figure [5.14] are represented by the solid coloured curves for amplitude
modulations AV from 60 to 240 mV. Those theoretical curves do not predict the same

amount of noise than observed, even for large modulation amplitudes AV'.

Asymmetry of the capacitive coupling

Here, we would like to see if the measured noise can be described by including the PASN
effects. Indeed, the excess noise measured presented in the figure right, strongly
depends on the phase shift between the voltage applied on the gates, which are asymmetric
regarding the top and the bottom of the mesa, clearly visible in the figure This
suggests that in QHE voltages induced across the QPC contribute to the noise generated.

In the quantum Hall effect, edge channels follow the equipotential lines of the potential
landscape on the edge of the sample, as represented in figure [5.20 More precisely, an
incoming (resp. outgoing) edge channel from the left (resp. from the right) follows the
edge of the top gate (resp. the bottom gate)ﬁ Consequently, an edge channel coming

18Reversing the magnetic field is equivalent to permute the left /right and top/bottom.
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from the left has a capacitive coupling only with the top gate and the edge channel coming

from the right only with the bottom gate.

VetAVsin2avi+g)

|

o

Acc.V Sbot Maén ~ Det WD E)ép 5 um .
500kvY 30 8107x SE 246 163 DEMO.TIF

Vot+AVsin2rve)

Figure 5.20: SEM picture of the gates of the QPC with artificial colors. Mesa is in blue,
gates are in grey. The top-bottom asymmetry of the gates is clearly visible. Edge channels
of incoming (resp. outgoing) electrons are represented in red (resp. in green). Capacitive
coupling between incoming edges channels and the gate is modelled with capacitance Cp,
and Cyr and generates polarisation voltage Vys = V) — V5. Phase shift between gate 1 and
2 driven the polarisation amplitude V.

The voltages Vi (t) = Vo +AV sin(2nvt+p) and Va(t) = Ve+ AV sin(27vt) are applied
respectively on the top and the bottom gate while the phase shift ¢ is controlled by the
phase-shifter. Thus, the amplitude of the intern AC potentials Uy, and Ug of the incoming

left and right edge channels, which are generated by the capacitive coupling are:

U x (jCle + 1/RQ)AV
Upr x (jCsz + 1/RQ)AV

where w = 27, C and Csg are the capacitance between the gate and the edge channel,

as represented in figure [5.20l This induces an effective drain-source voltage V5 across the
QPC is then:

Vis(t) = U cos(2mvt + ¢ + ¢o) — Ug cos(2mvt + ¢y) (5.15)
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where ¢¢ is the phase shift due to the charge relaxation Rg, for simplicity we suppose
¢o = 0 in the following. The amplitude modulation of Vs with respect to ¢ (maximum

at ¢ = m and minimum at ¢ = 0) is expected to be recovered in the noise simulation.

5 2.0
m— SIMU. ¢ =7, AViy = 150 mV, U, = 130 uV, Ug = 72 pV' — Simu. AV, = 150 mV
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Figure 5.21: (Left) Excess noise ASy as a function of the mean transmission for the phase
shifts ¢ = 0 and 7. Parameters are: filling factor v = 3, Vgr = 112 mV, frequency 7 GHz.
The combination of QS noise and PASN simulations are represented by the coloured solid
lines, with AV, =0 and U, = 150 pV and Ur = 72 uV for the two phase shifts. The
difference comes from the difference in the modulation between the first and the second
plateaus : AVj_, = 30 mV at ¢ = 0 and AVi_,, = 150 mV at ¢ = 7, according to
the conductance curves presented in the right figure. (Right) Experimental transmission
curves (dots), measured simultaneously with the noise presented in left. The simulations
use two different gate voltage modulations AV)_,, for each phase shift in order to describe
accurately the modulation in the QHE. In both case, there is no modulation between the
plateaus 0 and 1: AVy_,; = 0. The transmission without RF pulsing is represented by the
grey dashed line.

The figure left, displays the same measurements compared with simulations of
the QS noise combined with PASN, for the phase shifts ¢ = 0 (red dots and solid lines)
and ¢ = 7 (green dots and solid lines). The fitting parameters are the amplitudes of
the AC potentials defined in eq. Up = 130 uV and Ur = 72 pV. The amplitude
of the gate voltage AV is decomposed on AVy_; and AVj_,5, which are respectively the
amplitude of modulation between the plateaus 0 and 1 and between the plateaus 1 and
2. This decomposition describes more accurately the transmission curves in QHE, where
the modulation is stronger for D,, > 1 than for D,, < 1. The values AV} ., = 150 mV at
¢ =m and AV)_,5 =30 mV at ¢ = 0 are extracted from a simulation of the conductance
represented by the solid line in the figure right, while the modulation AVy_; = 0
for both cases.

The noise simulations allow us to recover an amount of noise in a better agreement

than a pure QS noise proposed in the figure [5.19 right , while only the parameter ¢, which
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appears in the definition of the drain-source voltage in eq. [.15 is different between
the two curves. Furthermore, we succeed to reproduce the lower amount of noise for
D,, € [1;2] at ¢ = 7. Surprisingly, this highlights the fact that the combination of the
QS noise and the PASN can generates a lower noise than a pure PASNIE for some set of

parameterﬂ.

Ut

mm Simu. p=m AVio=0mV, U, =130 uV, Up = 72 uV

m— SiMu. p =7, AVi_o=0mV, Uy =130 puV, U =72 nV
Q@ p=m

4} S0 p=0

Figure 5.22: Same experimental curve than the figure (green and red dots). Solid
coloured lines represent simulation of a pure PASN (AVp,; = AVi,, = 0) using
Up = 150 puV and Ugp = 72 pV for the two phase shifts. Unlike the simulations us-
ing a combination of QS and PASN presented in the figure [5.21] a pure PASN do not
reproduce the difference of noise level between the two bumps.

This effect is evidenced by a comparison with a PASN only, presented in the figure[5.22}
if we assume that transmission modulations are zero in both cases AVy_; = AVi_5 =0,
then the simulated curves show two "bumps" but with the approximatively the same
level of noise unlike the experimental points. Finally, only the QS noise can explain the

difference of the noise level between the two "bumps", lower for D,, € [1;2].

YFor D,, € [0;1], the gate modulation is taken to zero AVy_,; = 0 so that only PASN occurs with
Ur =130 ¢V and Ugr = 72 pV, while for D,, € [1;2], there is the QS and the PASN: AV;_,5 = 130 mV.

20Tn the case without magnetic field presented in the section the amplitudes of the drain-source
voltage and the gate modulation amplitude were found smaller than in the simulations of [5.2] and the
combination of PASN and QS was greater than pure PASN or QS taken separately.
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5.5 Conclusion

We have investigated the current noise generated by the most elementary switch on a
quantum conductor by pulsing at the GHz the voltage of the gates of a QPC. In the
experiments performed without magnetic field, we found that the noise measurements
are faithfully reproduced by the predicted QS noise, combined with a PASN resulting
from a parasitic drain-source voltage across the QPC. On the contrary, a classical model
does not describe the data, demonstrating that only the QS model developed in the
chapter 1 explains our observations. The temperature increase and the DC current flowing
through the QPC are fully understood by a thorough investigation, which confirms that
a capacitive coupling between the gates and the 2DEG generates this unavoidable drain-
source voltage. In the QHE regime, we observe a surprising stronger modulation of
the transmission, which can be explained by the quantum capacitance and the charge
relaxation of a conductance channel. Similarly, the noise measurements in the QHE are
described by the combination of the QS and the PASN noise. These experiments presented
in this chapter, performed under a wide set of parameters, evidence the universality of

the noise of the quantum switch.
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Conclusion and perspectives

Conclusion

This thesis has explored the dynamics of AC transport in ballistic coherent circuit through
two experiments: the study of the Photo-Assisted Shot-Noise in the Quantum Hall Effect
and the current fluctuations of a Quantum Switch.

The main achievements of this thesis are: the first measurement of the Photo-Assisted
Shot-Noise under magnetic field for a sine excitation, which demonstrates the validity
of the photo-assisted process in the integer Quantum Hall Effect; the first experimental
measurement of the current fluctuations generated by a Quantum Switch. We review the

work accomplished in the following.

Overview
Theoretical analysis

In the first chapter, we presented the main features of the DC transport by applying the
Landauer-Martin-Biittiker formalism and derived the current and noise correlations for
the 2-contacts and 6-contacts QPC geometries. Then, AC transport is first studied in the
case of an alternative voltage applied on the lead of a quantum wire: we used the Floquet
formalism in order to describe the electronic states, which become in a superposition of
electrons and holes shifted by quanta lhv, respectively above and below the Fermi sea.
This allows us to obtain the formula for the Photo-Assisted Shot-Noise and the extra
number of electron-hole pairs generated by a sine excitation. Finally, we applied the
Floquet formalism on the states scattered by the potential barrier of the QPC, when
its transmission D(t) is a periodic function of time: this provides the generalisation of
the Quantum Switch problem to the case of arbitrary transmissions shape, where the
switch is not completely closed (D < 1) or opened (D > 0). The noise generated by the
switching process is derived in the general case for both geometries. We also present a
simple example in which the noise reads, with no drain-source voltage and in the limit of

T = 0: S; = 2e?v, showing that current fluctuations are intrinsic to the QS process.
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Design and fabrication of QPC

After the theoretical study of the transport in coherent ballistic conductors, the chapter
2 presents the experimental implementation using 2 Dimensional Electron Gases in GaAs
heterostructures. We briefly reminded their properties of quantum coherence and large
ballistic lengths and we described how a Quantum Point Contact is realized from a 2DEG.
Then, we presented a simple model for the design of the gates in order to choose the rel-
evant geometry for each experiment. We connected the curvatures of the electrostatic
potential of the saddle point model to the gate voltage and we deduced the conductance
shape versus the voltage gate for square and sharp gates. The results obtained were in
a good agreement with the experimental conductance of home-made QPC, showing that
sharp (resp. square) gates were well adapted for the PASN (resp. QS) experiment. There-
fore, we explained the conception of the 6-contacts sample designed for high frequency
voltages and the improvement provided in comparison with the 2-contacts sample. This
sample has been entirely realized in our laboratory, and we provided several improvements
in comparison with the previous 2-contacts samples, particularly during the fabrication

process.

Experimental set-up

The chapter 3 is devoted to the presentation of the experimental set-up. We started by an
overview of the PASN and the QS experiments, showing that the noise measurement set-
up is similar for both. The noise is measured in the MHz range in order to go beyond the
1/f noise by using a RLC circuit and home-made amplifiers. Thanks to thermalisation
of the RF' lines, we were able to send high frequency voltages with a good transmission
meanwhile the electronic temperature reaches 40 mK. The data acquisition process gives
access to both auto and cross-correlation of the noise with a resolution of 5-1073% A% /Hz
in 5 minutes. This resolution is limited by the parasitic interferences due to the presence
of the magnetic coil and we proposed an efficient procedure in order to improve the
resolution of the noise measurement to 9-1073" A% /Hz in the same amount of time. Then,
we presented the calibration of the conductance, measured with a excellent SNR ratio,
and the calibration of the noise measurement performed thanks to the Johnson-Nyquist
noise. Comparisons with theoretical DC shot-noise curves gave excellent agreements with

the calibrated noise.

Photo-Assisted Shot-Noise in the integer Quantum Hall Effect

We reported in the chapter 4 the measurements of the Photo-Assisted Shot-Noise of a
sine excitation in the integer Quantum Hall Effect. A first study of PASN as a function
of the DC polarisation, S;(Vg.) shown that data are well fitted with the model developed

in chapter 1, except from an offset in the noise when RF voltages are applied. Therefore,
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we performed the measurement of excess noise AS;(V;.) at 12 and 18 GHz and for filling
factors v = 2, 3, which are found in good agreement with the expected theory. More
precisely, the abrupt changes in the noise slope at ¢ = eV,./hv are clearly visible and
reflect to absorption or emission of quanta [hv characteristic of photo-assisted processes.
We completed the study thanks to the measurement of the noise as a function of the
AC polarisation with no bias, also well described by the PASN model and giving access
to consistent values of the effective AC voltage applied on the sample. The validity of
the photo-assisted theory is confirmed thanks to a comparison with a classical model,
which cannot reproduce as well the data. These experiments are the first step required
for the generation of voltage pulses composed of several harmonics in the QHE regime,

for instance Lorentzian pulses in order to inject levitons in edge channels.

Quantum switch

We presented in chapter 5 the first measurements of the noise of a Quantum Switch. It
is implemented on a QPC transmitting a single mode whose gates are pulsed at GHz
frequencies. At finite temperatures, we shown that the measure of the excess noise as a
function of the mean transmission D,, is the most relevant quantity in order to analyse
the QS noise. Despite the temperature increase (up to 300 mK) and the presence of
a parasitic AC voltage bias, the measured noise performed with no magnetic field were
faithfully reproduced by the QS theory combined with an additional PASN. Furthermore,
only this model succeeded to describe the asymmetry of the data regarding D,,, whereas a
classical model is purely symmetric and thus can not explain the measured noise. Thanks
to a thorough investigation, the heating effects and the parasitic AC voltage are explained
by a asymmetric capacitive coupling between the gates and the left and the right sides
of the mesa. The measured DC current across the QPC is another manifestation of this
capacitive coupling. Then, we also performed the measurement of the QS noise in the
QHE regime in which heating effects vanish because of the absence of dissipation in the
edge channels. On the contrary to the case of no magnetic field, we observe a modulation
of the conductance much larger than expected, explained by the dynamical screening effect
modelled by the quantum capacitance in a channel of conduction. The measured noise is
also in a good agreement with the model of the QS noise combined with the PASN, by
taking in account the huge modulation of the transmission. Finally, the measured noise in

those experiments is a good agreement with the QS theory for a wide set of parameters.

Suggested improvements

In hindsight, the theoretical analysis and the experimental results reported in this manuscript
leads us to propose some suggested improvements for the future experiments based on
the Photo-Assisted Shot-Noise or the Quantum Switch.
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Concerning technical aspects, the resolution in the noise measurement and the elec-
tronic temperature worsened after the installation of the 14-T magnet in the cryostat
and huge amount of work has been done in order to reach the performances required for
the measurements presented in this thesis (5- 1073 A?/Hz and 40 mK). The procedure
presented in chapter 3, which consists of dividing a single measurement into many short
low-averaged measurements allows to improve the resolution below 5- 1073 A2 /Hz with-
out any technical modification of the experimental set-up. A low pass filter connected in
the current leads in order to reduce the background noise would certainly enhance those
performances.

The experiments performed during this thesis evidenced the intrinsic noise of the
Quantum Switch but it has been shown that a part of the measured noise is due to an
additional unwanted PASN. Thanks to the improvements of the fabrication processes (see
chapter 2), the capacitive coupling responsible of parasitics AC voltages and currents in
the 2DEG should be strongly reduced for the sample 2 and the signature of the QS noise
should be clearer. Another improvement would be the reduction of the width of the mesa

in order to minimise the capacitive coupling.

Perspectives

In this thesis, we focused on the dynamics of quantum transport for sine excitations paving
the way for the implementation of Lorentzian excitations that would be generated by
several harmonics whose relative phases and amplitudes are well controlled[71]. The PASN
experiments presented in this manuscript confirm the possibility of injecting levitons in
the integer Quantum Hall Effect for a clean on-demand electron source. The levitons in
QHE are expected to preserve their coherence over tens of microns as their energy are
close to the Fermi sea, which make them good candidate for quantum computation with
flying qu-bits[64]. The total charge carried by a leviton is set by the experimentalist and
it is possible to explore the transport in quantum conductors with fractional charge pulses
(in the integer QHE)[48, 02, 62].

In the case of the Quantum Switch experiments, it has been shown that for a pe-
culiar shape of the time-dependent transmission of the QPCF_TI, it generates a minimal
noise[32], T17] and neutral levitons pairs, which are expected to be entangled|32]. This is
a experimental challenge as the transmission is indirectly controlled by the gate voltage.
Quantum switches could also play a role in quantum circuits by controlling the path of
flying-qubits in edge channels. For instance, one can imagine a single electron detector
based on the charge detection in a quantum trap, whose opening or closing is made by a

Quantum Switch.

21 More precisely, the coefficient of transmission is 7(t) = sing(t) where ¢(t) correspond to the phase
used for the Levitons production.
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Another challenging perspective is to extend the dynamics of transport in Fermi lig-
uid studied here to the case of Luttinger liquids, for instance in the edge channels under
the regime of the Fractional Quantum Hall Effect at the filling factor v = 1/3, well
understood|[80]. A first step would be to recover the PASN signatures in the noise
slope similar to the integer QHE[3I, 111], but every multiple of the reduced charge
q* = e*Vy/hv, €* being the fractional charge of the excitations in this regime[I3I]. The
generation of levitons carrying the fractional charge e* has been proposed in [105]: it
occurs for reflected levitons in the case of weak backscattering[112, 34]. Furthermore,
fractional levitons are supposed to be anyons|2] and one can imagine HOM experiments

like in which we explore the anyonic statistic, neither bosonic nor fermionic!
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Appendix A

Effect of the energy dependence on the

measurement of the mean transmission

We explain in this part how the measured mean transmission D,,, departs from its defini-
tion of eqf5.1] shown in the chapter 5, part [5.2.1] in the light of the transmission energy
dependence. In that case, the transmission is both a function of the gate voltage Vi and
the drain-source voltage Vy: D(Vg, Vis), whose a map as a function of Vi and Vy, is
displayed in the figure [5.11] When the gate are pulsed, the path followed during a period
is an ellipse as explained in [5.3.3] represented by a red curve. Therefore, the average of

the transmission D, over a period is then given by:
1/v
D,,(Vg) = 1// dt - D(Vg + AV sin(2mvt); Ve cos(2mut)) (A.1)
0

where Vi, = V,.cos(2nvt). The effect of this energy-dependence is to shift the mean
transmission from the expected curve if the QPC was linear. The figure presents the
mean transmission (red solid curve) simulated from eq. with a drain-source voltage
of amplitude 25 1V and the mean tranmission in the absence of V. The effect of the
energy-dependence can be model in a good approxiamtion as a shift in the gate voltage. It
allows to reproduce faithfully the mean transmission and to deduce the effective amplitude

applied on the gate AV for the calibration.
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Figure A.1: Transmission of the QPC without RF pulsing (green), with RF pulsing
AV = 12 mV and no polarisation (blue) and with RF pulsing AV = 12 mV and an
amplitude drain-source voltage Vg = 25 puV, simulated from eq. and the map of
transmission [5.11} The main effect of the energy dependence of the transmission can be
modelled by a shift of the transmission.
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Appendix B

Low temperatures technical aspects

B.1 Cryostat

Cryo.
amplifiers
(4K)

RF lines

resonators
(24 mK)

14T magnet
(4K)

Figure B.1: Helium-free crysotat used for the experiments presented in this thesis. The
main stages from 4 K to 24 mK are clearly visible. The sample is set in the magnet (on
the bottom) at the maximum of magnetic field.
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The cryostat is a helium-free cryostat made by Cryoconcept. The 14 T magnet has
been installed in February 2014 after Quantum Switch experiments performed with no
magnetic field. The electronic temperature increases from 16 to 24 mK with the presence
of the magnet. It is limited by the absence of shield between the magnet at 4 K and the
sample thermally connected to the mixing chamber.

The pulse tube is a PT410 from Cryomech developing a power of 1.0W at 4.2 K. 36
hours are required to reach 24 mK from room temperature. The magnet is thermalised
on the 4 K stage whose temperarature is typically 3.6 K, low enough to reach 14 T in 2
hours. Pneumatic dampers limit mechanical vibrations generated by the compressor and
the rotary valve of the pulse tube. More details about the characterisation of the vibration

and techniques in order to prevent parasitic voltage and current noise are details in [72].

B.2 RF lines: materials, thermalisation

B.2.1 Materials

The RF lines used for our experiments are home-made coaxial wires of diameter 2.2 mm
with SMA connectors and dielectric made of PTFE. The characteristic impedence is 50 2
caracteristic imepdance. The material for the inner and outer conductors is silver-plated
stainless steel (from 300 to 1 K), Niobium-Titanium (from 100 mK to 24 mK) and copper
(24 mK) in order to minimize heat transfer between stages. The table gives an
estimation of the thermal power transfered between stages due to coaxial wire compared

with the cooling power.

Stage Material | Heat transfer | Cooling power
300K — 60K SSS 50mW 20W
60K — 3.6K SSS 40mW 0.5W
3.6K — 1K SSS 10pW 3mW
1K — 100 mK SSS 1uW 500 W

100mK — 25mK | Nb-Ti >1pW 2uW

Table B.1: Power of cooling and heat transfer between stages. SSS means "silver-plated
stainless steel" and "Nb-Ti" niobium titanium.

We use a silver-plated stainless steel coaxial wire between the stages from 300K to
100mK. The inner conductor is "silver-plated"”, meaning that the core of stainless steel is
covered of a thin silver coat. Indeed, the electric field propagates only on the surface of
the conductor (the skin depth is 6 ~ 500um, it highly decreases the attenuation, going
from 32.7dB-m~! (at 300 K and 10GHz) with only steel, to 11.7dB-m~!(at 300 K and
10GHz) with sliver-plated steel.

The cooling power of the mixing chamber is Pgy; ~ 2uW and one must be careful

to the thermal power provided by the wires. Thus, we use superconducting of Ni-Ti
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cable between 100mK and 25mK stage to minimize as much as possible heat trans-
fer. The thermal conductivity of a superconductor is similar to a insulator crystal:

kniri o< T3 which decreases dramatically at low temperatures. The heat transfer is

4 4
ANiTi(TlOOmK_T25mK)
4L

7.23-107%W.cm.K~* and is negligible in comparison with the cooling power of the mixing

then: Py = , where L is the length of the wire in cm and Ay =

chamber.

B.2.2 Thermalisation

The outer conductor of the RF lines are thermalised thanks to the SMA-connectors cross-
ing each stage of the fridge and oxygen-free copper blocks where the wire is strongly
attached. These are visible on the figure It also reduces the mechanical vibrations
and thus prevents from induced voltages in the presence of high magnetic field. The ther-
malisation of the inner conductor of RF wires mainly occurs through the resistance of the

attenuators set on the RF lines. More details are provided on the phD manuscript of J.

Gabelli [45].

Figure B.2: Thermalisation of the outer conductor of RF wires.

B.3 Thermalisation of DC lines

At low temperatures, the thermal conductivity of the dielectric decreasing as T2, thus the
thermalization of DC lines is critical. Therefore, the inner conductor of the DC lines is
connected into a board of copper-teflon-copper confined into a copper box at 25mK for

an efficient thermalisation, as represented in the figure The gradient of temperature

167



Figure B.3: Thermalisation for two DC lines. Total length of thermalization is 35cm.

decreases exponentially with a caracteristic length [y, given by[45]:

>‘Cu
)\Te 7

lth = 5Cu5Te (Bl)

where Ao, and Ar. are the thermal conductivity of copper and teflon. For temperatures
belox 10K, Ay, ~ 10TW.cm P K=! and Ay, ~ 30 - 107 T?W.em~ LK1 At T = 25mK,
lyn, >~ 15 cm. In order to maximize the thermalisation in the smallest device, the line as a

zigzag pattern and the total length of the copper is 35cm.
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Appendix C

Noise calibration

We describe here the determination of the conversion coefficients for calibration of the
noise measurement, presented in part [3.5] The aim is to recover the interesting noise Sy
emitted by the sample from the measured voltage noises through channels A and B. To
achieve this, we first show that the conversion coefficients A x A, B x B and A x B are
proportional to the modulus square of the RLLC impedance. Then, the values of the RLC
components are deduced by fitting thermal Johnson-Nyquist noise and allow to compute

the conversion coefficients. The notation in the following are the same of those used in

part [3.5]
We remind that the voltages V4 and Vp measured are:

VA@J) = GAZA((,U> (giGa + (%Za + (gvie> (Cl)
\N/B(w) = GBZB((,(}) <(§%Gb -+ S%Zb - (%e> (02)

Therefore, the auto-correlation computed for the channel A is:

Va(w)Vi(w)

Af
G4 | Zaw) [P (1 9ica 2+ | diza P+ | 3ic [2) (C:3)
Af
= GZ | Za(w) ‘2 (S1.Ga + S1,2a + S1)

SVAXVA (w) =

For the channel B :
Svpxpw) =G% | Zg(w) > (Sr.av + S1.z6 + S1) (C.4)
And the cross-correlation between channels A and B is:

SV,AxB(w) = —GAGBZA(W)ZE(W)S[ (05)
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The measured noise is averaged over a frequency range Af,, = 2mAw,, centered on the

resonance of the RLC circuit:

(Svaxa(@))as, = G4 / do | Za(w) P (St.ga + St.za + S1) (C.6)
Awm
(Svpvn(@))ag, = G2 / do | Zp(w) [2 (St + Stz + S1) ()
Awm
(Svunl@ar, = ~GaGa | doZa(w)Zp(w)S: c3)
Awm

Therefore, the current-voltage conversation coefficients are for each channel:

Ax A= (;34/ dw | Za(w) 2 (C.9)
Awm,

BxB= GQB/ dw | Zp(w) | (C.10)
Awm,

Ax B= GAGB/ dwZ 4(w)Z 5 (w) (C.11)
Awpm,

These coefficients cannot be computed directly from the Johnson-Nyquist noise pre-
sented in which gives access only to the real part of the RLC impedance. The PSD
as a function of temperature presented in the figure [3.16| are fitted with the following

function:

4I€B(T — Tref)G,QalReq,A(l — Lng2)2

AS =
V,AXA(W) (1 _ LCQUJQ)Z + (Req,Aceq,Aw + Re%ACZW - Req,ALCQCequw3>2

(C.12)

It corresponds to the impedance of the RLC impedance presented in the figure at
MHz frequencies. Fixed parameters are: L = 22.4 pH and Cy = 22.4 nF. Cg, R, and

G 4 are the fitting parameters. We report below the values found for several filling factors

v in table (C.1J).

V| Reqa(2) | Ceqa(PF) | Ga
2 1954 336 1393
3 1800 336 1394
4 1741 335 1400
v | Req.5(©) | Ceg5(PF) | G
2 2008 332 836
3 1898 331 820
4 1730 331 844

Table C.1: Fitting parameters

Finally, these values of the components allow to compute the conversion coeffients

defined in eq. [C.9 [C.10] and [C.11] given in [3.5
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Figure C.1: Equivalent circuit of the RLC impedance presented in the figure [3.4] at MHz
frequencies.
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Appendix D

Table of symbols

Symbol Definition
h Reduced Planck constant
kg Boltzmann constant
e Elementary charge
T Electronic temperature
p 1/kgT

v Filling factor/Frequency

(The distinction is mentioned when necessary)

B Magnetic field

fa Fermi distribution of a reservoir «

a, Annihilation operator in the lead «

S Scattering matrix

I, Current operator of in the lead «
P, T Amplitude of reflection and transmission

Table D.1: List of symbols
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Symbol

Definition

D, R

U

AR

EF

AS;(Vac)

S1(Vac)

b

Ji
AN,_y,

Vrr

AV
Rl7 Sl

Coefficient of reflection and transmission,
D=7, R =|p|?
Fermi velocity
Fermi wavelength
Fermi energy
Excess noise as a function of V.
Noise as a function of V.
Photo-assisted amplitude
1""-Bessel function
Excess electron-hole number
eV /hv
eVae/hv
Voltage delivered by the RF source
RF line losses coefficient
Amplitude of AC voltage applied on the gates

Photo-assisted scattering probabilities

Mean transmission

Table D.2: List of symbols
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Acronym

Definition

QPC
QHE
PASN
DCSN
QS
2DEG
PSD
RF
HEMT
SEM
SNR

Quantum Point Contact
Quantum Hall Effect
Photo-Assisted Shot-Noise
DC Shot-Noise
Quantum Switch
2 Dimensional Electron gas
Power Spectral Density
Radio Frequency
High Electronic Mobility Transistor
Scanning Electron Microscopy

Signal-to-Noise Ratio

Table D.3: Acronym list
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