
HAL Id: tel-02798535
https://theses.hal.science/tel-02798535v1

Submitted on 5 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Electrical fluctuations and heat flow in a quantum
composite circuit

Émile Sivré

To cite this version:
Émile Sivré. Electrical fluctuations and heat flow in a quantum composite circuit. Mesoscopic Systems
and Quantum Hall Effect [cond-mat.mes-hall]. Université Paris Saclay (COmUE), 2019. English.
�NNT : 2019SACLS548�. �tel-02798535�

https://theses.hal.science/tel-02798535v1
https://hal.archives-ouvertes.fr


    

 
 
 

Electrical fluctuations and heat 
flow in a quantum composite circuit 

 
 

Thèse de doctorat de l'Université Paris-Saclay 
préparée à l’université Paris Sud 

 
 

École doctorale n°564 Physique en Île-de-France (EDPIF) 
Spécialité de doctorat: Physique 

 
 

Thèse présentée et soutenue à Palaiseau, le 16/12/2019, par 
 

Émile Sivré  
 
 
 
 
 
Composition du Jury : 
 
Marco Aprili 
Directeur de recherche, CNRS (LPS, UMR-8502)   Président 
 
Adeline Crépieux 
Maître de conférences, Université d’Aix-Marseille (CPT, UMR-7332) Rapportrice 
 
Clemens Winkelmann 
Maître de conférences, Institut Néel (NEEL, UPR-2940)  Rapporteur 
 
Pascal Degiovanni 
Directeur de recherche, CNRS (LPENSL, UMR-5672)  Examinateur 
 
Gwendal Fève 
Professeur, ENS Paris (LPENS, UMR-8023)    Examinateur 
 
Frédéric Pierre 
Directeur de recherche, CNRS (C2N, UMR-9001)   Directeur de thèse 
 
Anne Anthore 
Maître de conférences, Université Paris Diderot (C2N, UMR-9001) Encadrante 

N
N

T
 :

 2
0

19
S

A
C

LS
5

48
 



 



This work is supported by a public grant overseen by the French National Re-

search Agency (ANR) as part of the “Investissements d’Avenir” program (Labex

NanoSaclay, reference: ANR-10-LABX-0035)

3



Remerciement :

Je souhaite tout d’abord remercier Anne Anthore et Frédéric Pierre, mes deux co-
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les deux des modèles pour moi, que ce soit en termes de rigueur scientifique, de vos
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Introduction

Through the reduction of the size of electrical circuits and the experimental tem-

perature, driven by the progress in nano-fabrication and cryogenic techniques, new

quantum phenomena emerge. These result from quantum confinement [1; 2], or

interference effects [3; 4], in combination with the Coulomb interaction [5]. The

consequences are wide-ranging, and show-up in electrical conductance and electrical

fluctuations, as well as via thermal effect [6–8]. The general aim of this experimental

thesis is to shed light on fluctuations in the current and on electronic heat flow in

a quantum composite circuit, assembled from several elementary components. The

implemented test-bed circuit consists of a small metallic island connected to the out-

side world by several elementary quantum channels each individually fully tunable.

We address the electrical and thermal properties of the overall circuit. Because of

the interplay between Coulomb correlations and charge granularity, these cannot be

straightforwardly inferred from the properties of each individual component. Diverse

phenomena can develop depending on the circuit configuration, from the emblematic

Coulomb blockade of the electrical conduction at low voltage and low temperature

[5; 9] to exotic charge Kondo physics [10–12].

In the first chapter, we describe the sample, explain how it is characterized, and

how the conductance and the current noise are measured in practice.

In chapter 2, we detail how the current fluctuations coming from different sources

can be separately determined using complementary measurement of both auto-

correlations and cross-correlations of electrical fluctuations. After briefly review-

ing the scattering theory of noise [13–16], we establish the relations that will be

used along the thesis in order to distinguish current fluctuations according to their

sources.

In chapter 3, we review the theoretical predictions for a quantum dissipative cir-
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Introduction

cuit, which consist here of a non-ballistic quantum channel connected in series with

a linear resistance. In such a circuit, the granular transfers of charge combined with

the Coulomb interaction lead to a decrease of the conductance of the overall circuit

at low voltage and low temperature [5]. This so-called dynamical Coulomb blockade

(DCB) can be addressed theoretically using a mapping onto a Tomonaga Luttinger

liquid (TLL) with a single impurity [17].

In the chapter 4, we experimentally investigate the current noise in a quantum

dissipative circuit. We start by considering the noise resulting from a dc voltage

bias. A predicted form of fluctuation-dissipation relation between variations of the

conductance with voltage and variations of the shot noise [17], both versus the volt-

age, is here established experimentally. Then, using the same circuit with balanced

voltages heating up the island, we measure a shot noise across a non-ballistic channel

resulting from a pure thermal bias. A good agreement is observed with the theory

[14; 16], as also recently shown using an atomic contact [18].

In chapter 5, we investigate the heat flowing through several channels from the

small metallic island toward cold electrodes. We start by investigating the case

where all channels are ballistic (in contrast to the setting of the device in chapter 4,

where one of the channels is not ballistic). Performing the experiment in a regime

where the coupling to phonons is negligible gives us access to the total electronic

heat flow, and thereby allows us to observe the recently predicted [19] systematic

heat Coulomb blockade of one ballistic channel at low voltage and temperature.

Pursuing this investigation beyond the ballistic limit, we observe a different heat

flow mechanism involving a combination of both the electron partition through a

non-ballistic channel and the Coulomb interaction, in agreement with a model de-

rived in this thesis.

A large part of the work in this thesis has been done in collaboration with an-

other PhD student, Hadrien Duprez, who arrived one year after me. We decided

together that my thesis would include the results concerning current noise and heat

flow in circuits. Hadrien Duprez’s thesis will include our more recent works con-

cerned with electronic Mach-Zehnder interferometers, whose published article and

submitted preprint are provided in the end of the manuscript.
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Summary

In this thesis, we explore the quantum laws governing the transport in a small elec-

trical circuit. To reveal these quantum behaviors, our experiments are performed

at low temperatures, on small conductors. In this context, the Coulomb interaction

combined with the granularity of the charge often leads to a violation of the classical

laws of impedances composition. The charging energy of the circuit nodes creates

correlations between the interconnected coherent conductors that have a profound

influence on transport. It is well established that these correlations can greatly re-

duce the electrical conductance, a phenomenon referred to as dynamical Coulomb

blockade. However, their influence on current fluctuations and the flow of heat re-

mains barely explored experimentally. This thesis is a first step beyond simple elec-

trical conductance in the experimental study of composite quantum circuits. The

test-bed circuit studied, represented in figure C.1, consists of a micrometer-sized

metallic island connected to several elementary quantum channels of conduction.

The number of channels as well as their individual transmissions are precisely ad-

justable. This simple circuit includes a single node formed by a metallic island whose

important charging energy EC ≡ e2/2C ' kB × 0.3K (C is its capacitance) can be

made much larger than thermal and electrical energies given our base temperature

T0 ≈ 8 mK. The tools at our disposal for this investigation are conductances and

current noise measurements. Electronic noise in the circuit comes from different

sources: shot noise from the granular transfer of charge through non-ballistic quan-

tum conduction channels, and Johnson-Nyquist noise from the thermal agitation of

electrons. Both depend on the applied voltages since these also result in a Joule

heating of the central metallic island. By simultaneously performing measurements

of auto-correlations and cross-correlations of electrical fluctuations, we are able to

distinguish the different sources of noise, and thus to determine separately the tem-

perature rise of the central metallic island (TΩ − T0), the shot noise through the

non-ballistic channels and the heat flow. This thesis presents four results obtained

by this approach, two of which are related to measurements of current fluctuations

and two others to heat flow as further described below. These results advance our

understanding of fluctuations, electrical and thermal transport in composite quan-

tum circuit. Furthermore, we expect that the advanced noise measurement strategies
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combining auto- and cross-correlations pioneered in this thesis will open the path to

new investigations of the quantum law of transport and provide novel insights into

complex systems such as the fractional quantum Hall state.

TΩ

VΩ

V1

N=n1+n2

  ∈[0,1] 

n1∈{0,1,2}

n2∈{0,1,2}

V2

T0

T0

T0

V3

TΩ

n1

n2

1 µm

3

2

T0,V1

1

T0
T0,V2

VΩ

Figure 1: False color micrograph (left) and diagram (right) representing

the test-bed sample measured during this thesis. A metallic island is in

contact with three separate branches formed in a two-dimensional electron gas lo-

cated 105 nm below the surface. The connection with large contacts (represented by

rectangles) is controlled by field effect using gates (represented in yellow) coupled

capacitively, thus forming quantum point contacts. The sample is immersed in a

perpendicular magnetic field corresponding to the quantum hall effect at a filling

factor of ν = 2. The current therefore propagates along two chiral edge channels

(lines with arrows). On the configuration shown on the left, electrodes 1 and 2 are

each connected by a perfectly transmitted channel while electrode 3 is connected by

a channel partially transmitted through the quantum point contact.
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Out-of-equilibrium noise in a dissipative quantum circuit

Shot noise in the presence of dynamical Coulomb blockade

We explore here the shot noise induced by a voltage bias in a dissipative quantum

circuit and its relation with the electrical conductance when a single channel is in

series with a linear resistance. The voltage bias dependence of the two observables

are theoretically predicted to be connected by a type of fluctuation dissipation rela-

tion [17]. Accordingly, the circuit is adjusted by field effect to have one conduction

channel characterized by a fully adjustable transmission probability in series with

a linear resistance formed by N ballistic channels in parallel, thereby emulating a

resistance Renv = RK/N with RK = h/e2 ' 25.8 kΩ the resistance quantum and

N ∈ {2, 3}. The conductance of such a circuit is renormalized at low temperature

and low voltage (eV , kBT � NEC, with V the voltage applied to the large electrode

connected to the non-ballistic channel) by the dynamical Coulomb blockade phe-

nomenon (DCB): due to Coulomb interactions, the granularity of the charge makes

it possible to excite the electromagnetic modes of the environment formed by its

capacitance and the resistance Renv, which prevents low energy charge transfers and

thus reduces the conductance. In addition, at low energy (eV , kBT � NEC) this

circuit with a single non-ballistic channel is described by the Tomonaga-Luttinger

(TLL) liquid theory of interaction parameter K = 1/(1 +Renv/RK) as theoretically

[17] and experimentally [20; 21] demonstrated.

Here, the measured noise is first compared to the predictions from the scattering

theory [13], which is a non-interacting theory into which we inject the measured

renormalized value of the conductance by DCB. These noise predictions are found

to provide a good approximation to the data. They also allow us to compute and

subtract a relatively small but non-negligible thermal noise contribution that en-

ables a precise comparison of the measured noise with the TLL predictions only

available at zero temperature for the noise. At our resolution, the measurements

do not allow to distinguish between predictions of the scattering theory using the

renormalized conductance and these of the TLL theory: although different, the two

approaches give quantitatively very close results. However, we could establish the

fluctuation-dissipation relation predicted specifically in the framework of the TLL

theory, connecting the variation of the conductance as a function of voltage with
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the variation of shot noise as a function of voltage. These results constitute a new

step in the investigation of current fluctuations in Tomonaga-Luttinger liquids and

in composite quantum circuits ruled by the Coulomb interaction.

Article:

E.Sivre, H. Duprez, A.Anthore, A. Aassime, F.D. Parmentier, A. Cavanna, A.

Ouerghi, U. Gennser, and F. Pierre. (in preparation)

Shot noise induced by a temperature difference

In this experiment, we directly test the predictions from the scattering theory for

the shot noise induced solely by a temperature difference, in the absence of a dc

voltage difference. The circuit is adjusted in the same way as in the previous ex-

periment (one non-ballistic channel, N ballistic channels). The difference is that

balanced voltages of opposite signs are applied only across the ballistic channels

such, that the central metallic island is heated up by Joule effect without any dc

voltage difference across the imperfectly transmitted channel. Using auto-correlation

and cross-correlation measurements of current fluctuations, we are able to observe

the shot noise induced by the temperature difference across the imperfect channel,

separately from the Johnson-Nyquist noise. Although predicted since a long time,

this “thermal shot noise” has been measured for the first time only very recently, in

an atomic contact [18]. We consolidate here the results of [18] by using a quantum

contact point (QPC) with a single channel of known transmission probability, thus

allowing for a direct comparison with the theory. The quantitative agreement of

our measurements with predictions further establishes the scattering theory for the

noise [13].

Published article:

E.Sivre, H. Duprez, A.Anthore, A. Aassime, F.D. Parmentier, A. Cavanna, A.

Ouerghi, U. Gennser, and F. Pierre. Electronic heat flow and thermal shot noise in

quantum circuits. Nat.Commun.10, 5638 (2019)
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Heat flow in a composite circuit

Heat Coulomb blockade of one ballistic channel

The objective is here to investigate the thermal impedance composition rules for

several ballistic channels connected in parallel to a small floating circuit node. Ac-

cordingly, the circuit is set so that the central island is connected only by N ballistic

channels (N ∈ {2, 3, 4, 5}). A dc voltage is applied to heat the central island. By

energy conservation, in the stationary regime the total outgoing heat flow is equal

to the well-known power injected in the island by the Joule effect. From the thermal

noise measurement, we deduce the electron temperature TΩ in the metallic island.

Thereby, we have the total heat flow as a function of temperature. This total heat

flow includes two contributions: the electronic heat flow through the conduction

channels connected to the island, and the heat transfer from electrons to phonons

within the island. By focusing on very low temperatures (TΩ < 25 mK), where heat

transfers to phonons become negligible, we observe a new form of Coulomb blockade

that applies specifically to the flow of electronic heat exiting the metallic island,

while the electrical conductance is not affected. Our finding is in agreement with

the theory [19], but in violation of the widespread Wiedemann-Franz’s law. This

reduction of the heat flow corresponds to the systematic suppression of a single elec-

tronic channel for heat transport, regardless of the total number of ballistic channels

N . The correlations between the channels that lead to such a selective reduction of

heat flow result from the absence of charge accumulation in the metallic island over

the entire thermal frequency range (ω . kBTΩ/h), which is imposed when the charg-

ing energy EC is large enough (NEC � kBTΩ). For higher temperatures, we could

separate the electronic heat flow from the non-negligible heat transfer to phonons

by exploiting that the latter depends only on the temperature and not on the num-

ber of connected channels. This allowed us to validate the theory also beyond the

low temperature regime, along the crossover towards an absence of heat Coulomb

blockade at high temperatures.

Published article:

E.Sivre, A.Anthore, F.D. Parmentier, A. Cavanna, U. Gennser, A. Ouerghi, Y. Jin

and F. Pierre. Heat Coulomb blockade of one ballistic channel. Nat.Phys. 14, 145-

15



Introduction

148 (2018)

Heat flow enhanced by thermal shot noise and Coulomb interaction

The investigation of the thermal impedance composition rules is here pushed one

step further, by including in the circuit one non-ballistic channel. Eploiting on the

previously established knowledge in the ballistic case allows us to determine the heat

transfers from electrons to phonons within the central metallic island (which does

not depend on the configuration of the circuit). We thereby obtained the electronic

heat transfer through N + 1 channels (N ∈ {2, 3, 4}), one of which is characterized

by an intermediate transmission probability. Remarkably, the presence of the par-

tially transmitted channel gives rise to an additional contribution to the electronic

heat flow. This phenomenon results from a combined effect of the Coulomb inter-

action and of the “thermal shot noise” associated with the temperature difference

across the imperfectly transmitted channel. A very good quantitative agreement is

observed between the data and novel theoretical predictions obtained by extending

the Fokker-Planck approach of [19].

Published article:

E.Sivre, H. Duprez, A.Anthore, A. Aassime, F.D. Parmentier, A. Cavanna, A.

Ouerghi, U. Gennser, and F. Pierre. Electronic heat flow and thermal shot noise in

quantum circuits. Nat.Commun.10, 5638 (2019)

Other published works not discussed in this thesis:

H. Duprez, E.Sivre, A.Anthore, A. Aassime, A. Cavanna, A. Ouerghi, U. Gennser,

and F. Pierre. Macroscopic electron quantum coherence in a solid-state circuit. PRX

9, 021030 (2019)

H. Duprez, E.Sivre, A.Anthore, A. Aassime, A. Cavanna, U. Gennser, and F. Pierre.

Transferring the quantum state of electrons across a metallic island with Coulomb

interaction. Science 366(6470), 1243-1247 (2019)

16



Chapter 1

Experimental techniques

Contents

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.2 How to reach very low temperatures in a mesoscopic

circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.3 Presentation of a hybrid and highly tunable quantum

circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.3.1 Sample description . . . . . . . . . . . . . . . . . . . . . . 21

1.3.2 Transport measurements . . . . . . . . . . . . . . . . . . . 26

1.3.3 Sample settings in this thesis . . . . . . . . . . . . . . . . 29

17



CHAPTER 1. EXPERIMENTAL TECHNIQUES

1.1 Introduction

The purpose of this thesis is to investigate experimentally the behavior of a quantum

circuit in the non-equilibrium regime. To this aim, we need to perform noise and

conductance measurements with a high resolution. In this chapter we describe: the

way we proceed to reach an electronic temperature smaller than 10 mK in the sample;

the different elements constitutive of the sample; and the different measurement

procedures which will be used.

1.2 How to reach very low temperatures in a meso-

scopic circuit

The sample is inserted into a commercial cryogen-free dilution refrigerator (Oxford

instruments) of base temperature below 10 mK. In contrast to systems involving

additional cooling such as nuclear demagnetization, a dilution refrigerator can be

operated at a stable temperature over long periods of times, which is crucial for

the experiments which will be described in this thesis. The refrigerator contains

different parts, which allow us to reach different steps in temperature:

• The pulse tube cooler: To reach the temperature of 4 K the operation of

the refrigerator is based on a two-stage pulse tube technology involving the

compression and adiabatic expansion of helium.

• The dilution circuit: A mixture of 3He−4He circulates in a closed loop. The

lowest temperature achieved in the mixing chamber is based on evaporation

cooling of 3He.

The principle of evaporation cooling of 3He is now explained. At low temperature,

a 3He −4 He mixture will separate in two phases: a rich phase with a very high

concentration in liquid 3He and a dilute phase composed of super-fluid 4He and

liquid 3He (≈ 6% 3He at T = 0 K). When pumping the dilute phase, the 3He is

preferentially removed, because of its lower boiling temperature as described below.

In order to restore the equilibrium 3He concentration, 3He atoms from the 3He

rich phase are transferred into the dilute phase. This process being endothermic,

18



CHAPTER 1. EXPERIMENTAL TECHNIQUES

it absorbs heat from the surroundings, leading to a decrease of the temperature.

To remove only 3He from the dilute phase, the mixing chamber is connected to a

still, which is at a temperature of approximately 0.8 K, where the 3He is distilled

from the 4He due to the difference in vapor pressure at the liquid/gas interface. In

practice, the vapor pumped in the dilution circuit is almost entirely made of 3He.

Whereas commercial dilution refrigerators readily achieve temperatures of the mix-

ing chamber lower than 10 mK, the pertinent value in a mesoscopic circuit is the

temperature of the electrons. The strong coupling of the device to the measurement

lines connected to instruments at room temperature, the weak coupling to phonons

in the substrate, and microwave heating, make it very difficult to thermalize the

electrons below 10 mK. In the implementation used in this thesis:

• High frequency filtering and initial thermalization of the electrical lines are

performed with resistive microcoaxial cables. The photon modes propagating

through the electrical lines, which are responsible to extrinsic source of noise

and heating are then drastically attenuated [22].

• The sample is protected against spurious high energy photons by two shields

at base temperature.

• Inside the inner shield, the thermal anchoring of each measurement line is real-

ized by dipping copper wires coated with thin insulating layer into a conductive

silver epoxy together with a thermalized copper braid.

The electronic base temperature in the device reaches value as low as 7.5 mK in

the experiments which will be presented. Note that even lower temperature have

been achieved using this apparatus [23] but at a lower magnetic field than in the

experiments presented here : in presence of high magnetic field, the vibration of the

pulse tube are responsible of energy dissipation by Eddy currents.
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CHAPTER 1. EXPERIMENTAL TECHNIQUES

1.3 Presentation of a hybrid and highly tunable

quantum circuit

The circuit used in this thesis is composed of a small metallic island connected to the

external world by three short coherent quantum conductors. This circuit has been

made by François Parmentier and it has been used for several other experiments

[11; 12; 21; 23; 24]. A false color micrograph of the sample is provided in Fig.1.1. In

the following we present all the constitutive elements of this sample.

4µm 

V1

V2

V3

QPC 1

QPC 2

QPC 3

M1

M2

M3

Figure 1.1: False color micrograph of the sample

A metallic island (light gray) is connected through a 2D electrons gas (dark gray) to

several contacts (represented here by black points). When applying a high magnetic

field, we reach the quantum Hall regime and the electrons propagates along the edge

of the 2DEG in one or several edge channels. The edge channels can be biased us-

ing the voltage source V1, V2 and V3. The noise measuring circuits are represented

schematically by an LC circuit and a voltage amplifier. The yellow gates are de-

posited on top of the 2D electrons gas in order to create quantum point contacts by

field effects.
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1.3.1 Sample description

2D electrons gas (2DEG)

One of the basic ingredients of the circuit is a 2D electron gas (dark gray in Fig.1.1).

Electrons are confined in the vertical dimension, leading to a quantization of the

energy levels associated with this degree of freedoms. At low temperature, when

kBT is lower than the gap between Fermi energy and first excited energy level,

the movement of electrons along the vertical axis is frozen in the quantum ground

state. We use a heterojunction formed of GaAs and AlGaAs. The layer of the

AlGaAs semiconductor is doped with silicium, which has the effect to add free

electrons. To minimize their energies, the free electrons move in the GaAs, but

they are still attracted by the remaining positive ion in the AlGaAs. They end up

trapped at the interface between the two layers (see figure 1.2). The 2DEG has been

grown by molecular-beam epitaxy techniques by Ulf Gennser, Antonella Cavanna

and Abdelkarim Ouerghi at C2N. It is characterized by an electronic density of

2.5 × 1011 cm−2 and a mobility of 106 cm2V−1s−1. It is buried 105 nm below the

surface of the nanostructure.

Quantum Hall effect

All the experiment described in this thesis are performed in the integer quantum Hall

regime (IQHR). The quantum Hall effect occurs when a 2DEG is subject to a strong

perpendicular magnetic field [25]. From a classical point of view, the electrons follow

cyclotron orbits. When treated quantum mechanically, these orbits are quantized

and their energy levels take discrete values called Landau levels: En = (n+ 1/2)~ωc
with ωc = eB/m∗ the cyclotron frequency (e is the charge of the electrons, B is the

magnetic field and m∗ is the effective mass of electrons in the 2DEG). The number

of filled Landau levels depends on the density of the electrons and on the magnetic

field B. For a small density and high magnetic field, all the free electrons in the

system populate only a few highly degenerate Landau levels. As schematically rep-

resented in figure 1.3, in the quantum Hall regime the Fermi energy crosses the filled

Landau levels near the edges of the 2DEG, defining a finite number of chiral edge

channels. Electrons near the Fermi energy propagate along these one-dimensional

edge channels, which are protected from back-scattering by their chirality [26]. The
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Figure 1.2: 2DEG formed in a GaAs/AlGaAs heterostructures. Conduction

band plot along the growth axis z: a quantum well traps the electrons provided by

the doping layer at the interface between the GaAs and the AlGaAs. The dynamic

of the trapped electrons along the axis z is frozen when the confinement is strong

enough.

longitudinal resistance of the device is suppressed and the Hall resistance acquires a

universal value given by νGK with GK = e2/h the quantum of electrical conductance

and ν = hn
eB

the filling factor corresponding to the number of edge channels (two per

Landau level due to the lifting of spin degeneray by the Zeeman effect). The main

measurements reported in this thesis have be done at a filling factor ν = 2.

Quantum point contact (QPC)

A quantum point contact is formed by depositing split gates on the surface of the

heterojunction, above the 2DEG [1; 2]. In the micrograph of the figure 1.1, the split

gates of the QPC are represented in yellow. When a negative DC voltage is applied

to these split gates, the electron gas beneath is progressively depleted (the density

of electrons changes locally). For a strong enough negative voltage, the electron

gas is completely pinched off and the conductance through the QPC is null. By

increasing the voltage, the width of the constriction is increased as well as the QPC
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Figure 1.3: Edge channels. In the left panel the Landau levels are represented by

blue lines. The confining potential which defines the sample increases the energy at

the boundaries of the sample (xL and xR). The Fermi energy crosses the Landau

levels near the edge of the sample. In this case, there are two Landau levels crossed

by the Fermi energy and then, as sketched in the right panel, there are two channels

propagating along the edge of the sample. By changing the magnetic field, we can

change ωc = eB/m and add or remove Landau level below the Fermi energy, and

thus change the number of edge channels.

conductance. When the width of the constriction is of the order of half the Fermi

wavelength (nearly 20 nm in our sample), only one transverse mode is available

(two modes with spin). The maximum conductance through the constriction in

this case is the quantum limit of electrical conductance GK = e2/h. This quantum

limit is reached when back-scattering is negligible, for clean samples or thanks to

the topological Quantum Hall protection. A conductance measurement through a

QPC versus the split gates voltage is presented in figure 1.4. This measurement

was done in the quantum Hall regime for a filling factor ν = 4. At Vg = −0.6 V,

the conductance is zero. By increasing the voltage we can continuously increase the

conductance until we reach a first plateau, an then the second, etc; each plateau

corresponding to the full opening of one additional channel. Between the plateaus,

the transmission value τ(e2/h) of the last channel can be tuned finely. A QPC is

one of the basic building blocks of many quantum transport experiments, allowing

us to emulate any short coherent conductor.
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Switch gates

Additional gates, colored in blue in the figure 1.1, are used as switches for bypassing

the metallic island, allowing us to voltage bias directly the adjacent QPC. The

conductance versus the bias gate voltage exhibits a larger plateau for these barring

gates than for a QPC; however, the step between the plateaus are narrower. In this

thesis, these gates are used mostly for thermometry (see section 1.3.3).
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Figure 1.4: Conductance of a QPC versus gate voltage. This conductance

measurement has been done at high magnetic field, corresponding to the integer

quantum Hall regime at ν = 4. Each channel is opened one by one and we can tune

precisely the transmission probability τ between each plateau.

The central metallic island

The central metallic island (light gray in Fig.1.1) is a piece of metal which is diffused

by thermal annealing in the Ga(Al)As heterojunction, forming an ohmic contact with

the 2DEG. It is constituted of nickel, germanium and gold. Note that the 2DEG has

been etched across the metallic island to ascertain that the electrons go through the
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metal. For the different experiments presented in this thesis, some characteristics

are required for the metallic island.

• Continuum of electron states: The energy level spacing inside the island must

be negligible compared to the other relevant energy scale. The level spacing

depends on the metal and the volume of the island. Based on the electronic

density of gold (main component of the metallic island) and on the volume,

we evaluate the level spacing to be δ = kB × 0.2 µK, well below the base

temperature of the system (> 7 mK).

• Thermal electron distribution: Electrons in the island must follow a Fermi-

Dirac distribution with temperature TΩ. This is expected since the average

dwell times of the electrons in the island [27] is estimated to be much larger,

by several orders of magnitude than the typical timescale for electron-electron

inelastic collisions in similar metals (typically < 10 ns [28]) .

• Good island-2DEG contact: We need a very good connection between the

metallic island and the 2DEG. It depends in particular on the length along

which the 2DEG is in contact with the metal, and on the magnetic field. For

each experiment reported in this thesis, the probability of reflection is of the

order of one per thousand (≥ 99.9% of incoming electrons are absorbed in the

island).

• Relatively large charging energy: We will see that an important parameter

of the metallic island is its charging energy EC = e2/2C. For observing the

phenomena that we aim to investigate in this thesis, we need to work with

temperatures and dc voltages inferior to this charging energy (kBT, eV � EC).

This energy depends on the geometry of the metallic island, and is obtained

from Coulomb diamond measurements; its value is found to be equal to nearly

kB × 300 mK as further detailed in the corresponding section 1.3.3.
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1.3.2 Transport measurements

Conductance measurements

Differential conductance measurements are performed by low frequency lock-in tech-

niques (below 200 Hz). We use voltage sources connected in series with a 100-MΩ
resistance in order to current-biased the sample at three different locations. Taking

advantage of the well-defined quantum Hall resistance to grounded electrodes, the

applied current is converted on-chip into a voltage independent of the device con-

figuration: Vinj = RK
ν
Iinj with RK = h/e2 ' 25.8 kΩ the resistance quantum. The

contacts where we can inject both DC and ac voltages are represented by the black

points connected to the voltage sources in the figure 1.1. For differential conduc-

tance measurements, we inject AC voltages of different frequencies on each contact.

In the figure 1.1, the contacts where we measure the voltages at the three frequen-

cies are located between the contact connected to LC tanks and the ground for the

QPC 1 and 2 (not represented in figure 1.1 in order to simplify the schematics) and

by the black points connected to an amplifier for the QPC 3. The conductance of

the device can then be determined both from the reflected and transmitted current

across the circuit. The specific formulae are recapitulated in the appendix B.

Calibrations for the conductance measurements

• Injected voltages × gain of low frequency amplifiers

For each sources, the product of the injected ac voltage Vinj and the amplifica-

tion gain of the nearby low frequency amplifier (not the noise amplifier) can be

calibrated in-situ by closing the adjacent QPC: the voltage in the measurement

contact is then the same as the injected one.

• Relative gains of low frequency amplifiers

In order to calibrate the gains of the conductance measurement lines, we set all

the QPC to transmission τ = 1 (separately ascertained). In this configuration,

the ratio of measured voltages gives the ratio of the gains. We take as a

reference the voltage measured at the QPC 2. The gains are found independent

of the frequency.

• Parasitic offsets:
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The small instrumental offsets are calibrated by unplugging the voltage sources:

the remaining voltages signals constitutes these offsets. For all the measure-

ments, it is found to be inferior to 10−10 V (in comparison, the injected signal

is of the order of kBT/e ≈ 6.10−7 V). These offsets are not negligible when

accurately measuring very weak signals.

Noise measurements

The work described in the thesis relies heavily on noise measurements. In this

section we describe briefly the experimental apparatus used to measure the noise

with a very high resolution. In the circuit we measure the current fluctuations in

two locations (indicated by black points connected to LC tanks in figure 1.1), we

thus have two noise measurement lines. A noise measurement line is represented in

the figure 1.5. First, the current fluctuations are converted into voltage fluctuations

by a resonator consisting on the quantum Hall resistance R = h/νe2 in parallel with

a LC tank. The LC tank consists of a superconducting inductance L ≈ 400 µH

and a capacitance C ≈ 100 pF which develops along the coaxial line. It leads to a

resonance of frequency just below the MHz range. The bandwidth 1/2πRC depends

on the filling factor ν. At the output of the RLC resonator, the voltage fluctuations

are amplified using a cryogenic voltage amplifier working at a temperature of 4 K.

The cryogenic amplifiers are based on homemade high-electron-mobility transistors

(HEMT) [29] made by Yong Jin at the C2N. The best operating range of these

amplifiers for our devices is just below the MHz range (motivating the use of an

RLC resonator). At room temperature, the voltage fluctuations are further amplified

using commercial amplifiers and they are sent to a spectrum analyzer (in our case a

computer with a DAQ card) allowing us to calculate the power spectral density and

cross-correlations.

Gain calibration for the noise measurements

Here, we explain how we deduce the current noise in the circuit from the measured

voltage noise.

• Auto-correlation:

The auto-correlated voltage noise measured in the output of the amplification
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chain i (with i = 1 or 2 ), behind the QPC i, is:

SmesV (w) = |Gi(w)|2(SV (w) + SampV (w)) (1.1)

with Gi(w) the gain of the amplifiers , SampV (w) the noise added by the amplifi-

cation chain and SV (w) the voltage noise in the output of the RLC resonator:

SV (w) = 4kBTReZRLCi(w) + |ZRLCi(w)|2SI(w) (1.2)

The first term in equation 1.2 is the thermal noise emitted by the impedance

of the RLC resonator ZRLCi(w). The second term comes from the current

fluctuations in the sample which are precisely the noise we want to measure.

We then integrate SV (w) over the RLC resonance on a bandwidth optimizing

the signal to noise ratio. The excess current noise coming from the sample

with respect to that at zero bias voltage (V=0) is deduced from the formula:

∆SI = 1
ci

∫ ω2

ω1
(SV (V )− SV (V = 0)) dw (1.3)

with

ci =
∫ ω2

ω1
|Gi(w)ZRLCi(w)|2 dw

The coefficient ci is calibrated from the shot noise. At high voltage (eV >>

kBT ) the current noise of a single quantum channel of transmission τ is given

by:

S∗I = 2eV τ(1− τ) + Soffseti

Injecting this expression into equation 1.3 and fitting the resulting equation

with measurements done in the adequate configuration of the device allows us

to characterize ci.

• Cross-correlation:

For identical resonators, the gain for the cross-correlated spectral density

should be
√
c1c2 with c1 and c2 the gains characterizing the two amplifica-

tion chains. However, a small difference between the resonators leads to a

reduction with respect to
√
c1c2. To calibrate this reduction, the sample is

tuned with the QPC 3 closed and the other two QPCs opened. Then, by cur-

rent conservation, the excess auto-correlation noises are equal to the absolute
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value of the cross-correlation noise. This procedure allows us both to check

that c1 and c2 are well characterized, and to evaluate precisely the gain for

the cross-correlation noise. In the two different runs where this procedure was

used, we found the value of
√
c1c2/1.000 for the first run and

√
c1c2/1.007 for

the second run.

3.9 K

Cryogenic
preamplifier

NF SA-220F5

300 K

Spectrum
analyzer

Base temperature

Sample

L~400 µH

~50 Ω

DC block

C~100 pF

δI1tI h
νe2

Figure 1.5: Electrical diagram of the noise measurement line: The current

fluctuations are converted in voltage fluctuations using a RLC resonator of resonance

frequency around the MHz. Then the voltage fluctuations are amplified using a

cryogenic HEMT which works at a temperature of 4 K. The voltage fluctuations are

again amplified at room-temperature and are analyzed with a spectrum analyzer.

1.3.3 Sample settings in this thesis

In this section we describe the different configurations of the sample used for this

thesis. First, we deal with the configurations allowing us to characterize the system,

and then we discuss the configurations used in the experiments themselves.

Determination of the base electronic temperature and amplifiers gain

For a short coherent conductor with a transmission τ connecting two terminals, the

excess power spectrum of the current fluctuation at zero frequency Si can be derived

using the scattering approach [13] :

∆Si = e2

h

[
−4kBTτ(1− τ) + 2eV τ(1− τ) coth

(
eV

2kBT

)]
(1.4)
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In this relation, the transmission τ is assumed energy independent. Measuring this

noise allows us to determine the electronic temperature T without the knowledge

of the amplification chain [30]. In practice, we use the switch gates (represented in

blue in figure 1.1 and 1.6) in order to directly voltage bias one of the QPCs (yellow

in figure 1.1 and 1.6). In the figure 1.6, we show a raw measurement of the noise

Smesv versus a bias voltage. Note the offset coming from both the amplification

chain and the sample. When subtracting the offset, the data should follow the

relation given for ∆Si in equation 1.4 times the factor ci discuss in the previous

section. In practice, fixing τ ≈ 1/2 in order to maximize the signal, we fit the

data using this equation with the factor ci, the temperature, and an offset as free

parameters. Averaging several sweeps allows us to determine precisely the gain of

the amplification chain and the temperature (with a standard error of around 0.1

mK for the temperature). Typically, we perform such measurements both before

and after the main experiment. The gains are found stable and are averaged from

all the values measured during a cool down.
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Figure 1.6: Determination of the electronic temperature. Left panel: con-

figuration of the device for measuring the electronic base temperature and the gain

of the amplifiers. This configuration is used for both QPC 1 and 2 simultaneously.

Right panel: raw measurement of the noise versus dc voltage in the output of the

amplification chain. The red dashed line indicates the shot noise limit 2eV τ(1− τ).
The black dashed line indicates the thermal noise limit. The offset comes from both

the amplification chain and the sample.
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Charging energy characterization by Coulomb diamond measurements

The charging energy of the floating ohmic contact is determined by setting the device

to a single electron transistor (SET) configuration (see Fig.1.7, left panel). To do

this, one of the QPC is closed and the two others are set to the tunnel regime with

transmission values τ inferior to 0.1. In this configuration, the charge in the island

is discretized. Sweeping the voltage of a lateral gates allows us to change the charge

of the island and observe Coulomb oscillations. The 2D plot of the conductance

of the device versus DC voltage applied to the circuit in the y-axis and the voltage

applied to the lateral gate in the x-axis follows a pattern called Coulomb diamond on

which the conductance is zero (see Fig.1.7, right panel). The height of the Coulomb

diamond allows us to determine the charge energy of the metallic island using the

relation EC = eVdiam/2 [31].
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Figure 1.7: Left: a single electron transistor formed by a metallic island and two

QPC tuned in the tunnel regime (τ � 1) Right: Coulomb diamond measurement.

The color is red for vanishing conductance and become yellow when the conductance

increases. The height of the diamond is equal to two times the charge energy, which

gives here approximately EC ≈ 25.5 µV.

Device tuned into a quantum dissipative circuit

The dynamical Coulomb blockade (DCB) manifests itself through the reduction of

the conductance at low temperature and low voltage. It has been first studied
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in circuit including a tunnel junction in series with a linear impedance [32; 33].

Here, we pursue the investigation of dynamical Coulomb blockade phenomena in a

circuit composed of a one-dimensional short quantum conductor characterized by an

arbitrary transmission probability τ∞ ∈]0, 1] (beyond the tunnel limit τ∞ � 1), in

series with an environment consisting of an ohmic impedance. To reproduce such a

circuit with the device presented above, we tune one of the QPCs in the non-ballistic

regime, where one channel is partially transmitted (it is usually the QPC 3 in figure

1.1, but control experiments have been done using the other QPCs). The other

QPCs are tuned to the ballistic regime for respectively n1 and n2 channels. In this

way, they act as a linear ohmic impedance of resistance RK/N with N = n1 + n2.

τ
n1=1

n2=1

V

τ
Renv=RK/N

Figure 1.8: Circuit in configuration ”quantum dissipative circuit”. Left:

false color micrograph of the sample. The red lines represent the edge channels for

the configuration ”quantum dissipative circuit” with an impedance Renv = RK/N

with N = n1 + n2 (here N = 2). Right: equivalent electrical circuit.

Dissipated Joule power and temperature bias

When we apply a voltage bias to a quantum conductor, we also dissipate a Joule

power. Let us consider a quantum conductor of resistance R connecting two large

reservoirs labeled 1 and 2, the total dissipated Joule power is:

PJ = (V1 − V2)2

R

The Joule power is equally dissipated between the two reservoirs. The relation

for the dissipated Joule power in one reservoir, which will be used in the following,
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is then:

PJ/res = (V1 − V2)2

2R
This dissipated Joule power heat up the elements of the circuit. The only ohmic

contact impacted is the central metallic island: the other contacts are large enough

to thermalize efficiently to the base temperature by electron-phonon coupling. For

our experiments, this heating of the metallic island will be both a disadvantage and

an advantage, depending on what we wish to do. It is a disadvantage when we are

only concerned about the behavior in voltage: due to the heating, the system is not

canonical as we would have preferred. Conversely it allows us to heat up the metallic

island and apply a controlled temperature gradient. When the device is tuned to

a quantum dissipative circuit, the procedure for applying a temperature gradient

without voltage gradient to the non-ballistic channel is to bias the two environmental

(ballistic) QPCs with voltages V1 and V2 such that n1V1 = −n2V2. Then, the

average voltage in the central metallic island is null and the temperature of the

central metallic island increases due to the Joule power J = n1V
2

1 /2RK +n2V
2

2 /2RK

dissipated on it (figure 1.9).
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Figure 1.9: Procedure in order to apply a thermal bias to a QPC. We inject

DC voltages V1 and V2 such that the voltage in the metallic island remains null. The

dissipated Joule power has the effect of increasing the temperature of the metallic

island TΩ above the base temperature T0.
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2.1 Introduction

The objective in this chapter is to expose the method used to separate the noise

contributions coming from different sources, namely the noise coming from the dif-

ferent reservoirs and the noise emitted from the electrons partition at the different

QPCs. Measuring noise in an electrical circuit can be puzzling for someone unaccus-

tomed to such measurements. To demystify this for the concerned reader, we start

by explaining how the noise is characterized, and what information can be revealed

by noise measurements. We then derive the relations which will be used throughout

the thesis for the noise analysis.

2.2 Fundamental sources of noise

2.2.1 Generality about current noise

When measuring a current, the current noise consists of current fluctuations in time

around the mean value of the signal. In signal processing, the noise is an unwanted

disturbance of the signal. In contrast, in the study of mesoscopic circuits, it is

a probe which reflects the thermal agitation and correlations of electrons. The

current noise can be characterized by the power spectral density (sometimes called

noise power), which is the Fourier transform at frequency w of the symmetrized

current-current correlation function (we use the same convention for the Fourier

transform as in ref [13]). In the following, δIα(t) = Iα(t)− < Iα > denotes current

fluctuations, ie departure from the mean value, measured in a contact labeled α.

The current-current correlation function is defined by:

〈δIx(t+ t0)δIy(t0)〉 = lim
T→∞

1
T

∫ T/2

−T/2
δIx(t+ t0)δIy(t0) dt0 (2.1)

Then, the power spectral density is given by:

Sxy(w) =
∫ ∞
−∞

(〈δIx(t+ t0)δIy(t0)〉+ 〈δIy(t+ t0)δIx(t0)〉)eiwt dt. (2.2)

The power spectral density can be the auto-correlation of the current fluctuations

(Sxx), or the cross-correlation between the current fluctuations measured in different

locations in the circuit (Sxy with x 6= y). The fundamental sources of noise are the

following:

36



CHAPTER 2. NOISE MEASUREMENTS

• The Johnson–Nyquist noise comes from the thermal agitation of electrons

[34]. At equilibrium, the thermal current power spectral density is found,

based on the equipartition theorem [35], to be related to the resistance R and

the temperature T of the system by the following formula:

S = 4kBT/R. (2.3)

This relation, measured for the first time by Johnson in 1927 [34], is valid only

for small frequencies compared to kBT/h (≈ 150 MHz for the smallest base

temperature reached for the experiments described in this thesis). Indeed, for

larger frequencies, quantum effects have to be considering (in the same way

as Planck’s law for the black-body radiation). At high frequency, the relation

becomes [35]:

S(w) = 2~w/R
exp(~w/kBT )− 1 . (2.4)

This relation can be derived in the more general framework of the fluctuation

dissipation theorem [36]. Measuring the Johnson–Nyquist noise, and knowing

the conductance -which can be determined by specific measurements- allows

one to determine the temperature of the electrons. Note that in equation 2.4,

the zero frequency limit gives a factor 2 instead of the factor 4 of equation 2.3:

we need to symmetrize negative and positive frequency in order to recover

equation 2.3.

• The shot noise originates from the discrete nature of electronic charge [37]. In

devices such as a tunnel junction or a vacuum tube, the electrons are transmit-

ted randomly and independently of each other: the transfers of electrons can

then be described by Poisson statistics (used to analyze uncorrelated events in

time). In this kind of device, the shot noise reaches the value S = 2eI (with I

the average current and e the charge of electrons). This value changes in pres-

ence of correlations: for instance in a ballistic channel, the stream of electrons

is completely correlated (in time) by the Pauli principle and the shot noise is

suppressed [16; 38; 39]. Beyond the interest to investigate it for itself, the shot

noise gives information about correlations which are not necessary available by

low frequency conductance measurement [40; 41], and may allow one to probe

the effect of Coulomb interaction [42]: for instance the noise is sensitive to the
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charge of quasiparticles [43–45]. Note that in macroscopic samples, the shot

noise is averaged out to zero by inelastic scatterings [46].

2.2.2 The scattering theory of thermal and shot noises

The noise in quantum conductors can be derived within the scattering approach,

which relates the current to the scattering properties of electrons in the conductor

[16]. The main assumption for this approach is that electrons cross the conductor

without any loss of quantum coherence: they experience only elastic scattering.

Here, we give the predicted current noise in the simple case of a quantum conductor

connecting two large, voltage fixed electrodes labeled R and L for the right and

left electrodes respectively. An electrode α (α ∈ {L,R}) is characterized by a

temperature Tα and a chemical potential µα. The distribution function of electrons

in each electrode is a Fermi distribution function:

fα(E) = 1
1 + exp

(
E−µα
kBTα

) . (2.5)

The electrodes act as reservoirs for the electrons propagating across the quantum

conductors. The quantum conductor can be decomposed in n transverse modes,

each of them characterized by a probability of transmission τn(E).
At zero frequency, the power spectral density in the right reservoir is given by

[14; 16]:

SRR = 2e2

π~

∫ ∞
−∞

∑
n

τn(E)(fL(E)(1− fL(E)) + fR(E)(1− fR(E))) dE

+ 2e2

π~

∫ ∞
−∞

∑
n

τn(E)(1− τn(E))(fL(E)− fR(E))2 dE. (2.6)

The power spectral density in the left reservoir SLL is identical due to charge con-

servation. The cross-correlation are SRL = SLR = −SLL = −SRR[16]. Up to the end

of this section, we use: S ≡ SRR = SLL = −SRL = −SLR
Assuming an energy independent transmission probability (τn(E) = τn), the first

term in the relation 2.6 does not depend on the voltage and depends only on the

mean temperature T̄ = (TL + TR)/2. As a result:

S = 4kBT̄
∑
n

τn/RK + 2e2

π~
∑
n

τn(1− τn)
∫ ∞
−∞

(fL(E)− fR(E))2 dE. (2.7)
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This equation matches the Johnson-Nyquist noise discussed above at equilibrium,

when ∆T = ∆V = 0, since fL = fR in that case. The second term can be inter-

preted as the non-equilibrium shot noise whose partition character is revealed by

the characteristic factor τn(1− τn).
Equation 2.6 can also be rewritten as:

S = 2e2

π~

∫ ∞
−∞

∑
n

τn(E)2(fL(E)(1− fL(E)) + fR(E)(1− fR(E))) dE

+ 2e2

π~

∫ ∞
−∞

∑
n

τn(E)(1− τn(E))(fL(E)(1− fR(E)) + fR(E)(1− fL(E))) dE,

(2.8)

which leads, for energy independent transmission probabilities:

S = 4kBT̄
∑
n

τ 2
n/RK

+ 2e2

π~
∑
n

τn(1− τn)
∫ ∞
−∞

(fL(E)(1− fR(E)) + fR(E)(1− fL(E))) dE. (2.9)

The interest of this formulation, which mixes shot noise and thermal noise is that at

increasingly high voltage compared to the temperature, the second term in the right-

hand side of equation 2.9 progressively becomes independent of the temperature, in

contrast with the second term in the right-hand side of equation 2.7. In the high

voltage limit, the temperature effects are encapsulated in the first term of equation

2.9.

Full low-frequency noise at homogeneous temperature ∆T = TR − TL = 0

At thermal equilibrium ∆T = 0 and energy independant τn, the second term in

equation 2.7 is easily integrable:

S = 4kBT
∑
n

τn/RK + 2eV
RK

∑
n

τn(1− τn)(coth
(
eV

2kBT

)
− 2kBT

eV
). (2.10)

Note that this is the equation we use for thermometry (see the section 1.3.3). In the

zero-temperature limit, it becomes:

S(T = 0) = 2eV
∑
n τn(1− τn)

RK
. (2.11)

This relation gives what is usually called shot noise. In the limit of low transparency

τ << 1, we recover the Poisson noise S = 2eI discussed above.
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Full low-frequency noise at zero voltage bias ∆V = VR − VL = 0

From equation 2.7, we note that even at voltage equilibrium but in the presence of

a temperature gradient ∆T = TL − TR, there is a thermal shot noise induced by

the partition of electrons through a partially transmitted channel. No analytical

solution of the integral of equation 2.7 is currently available when a thermal gra-

dient is applied to a quantum conductor. However, the integral can be calculated

numerically. We can also perform a Taylor development in ∆T of this expression,

which result in [18]:

2e2

π~

∫ ∞
−∞

∑
n

τn(1−τn)(fL−fR)2 dE =
∑
n

τn(1−τn)/RK

(
kB∆T 2

T̄
(π

2

9 −
2
3)
)

+o(∆T 2/T̄ 2).

(2.12)
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2.3 Cross-correlations and auto-correlations in a

composite circuit

2.3.1 Problematics

Ω

S1

S2

S3

M1

M3

M2
QPC1

QPC2

QPC3

Figure 2.1: Drawing of the sample. Simplified representation of the sample: S1,

S2 and S3 are voltage sources. We measure the current noise in the contacts M1
and M2 (not in M3). The QPCs are represented by the yellow triangles. The QPCs

1 and 2 let pass, respectively, n1 and n2 ballistic channels (n1 = 2 and n2 = 1 in

this specific representation). The QPC 3 includes only one channel of transmission

τ between 0 and 1.

The noise measured in a quantum composite circuit constituted of several QPCs,

contains contributions from all its elements. The objective is here to provide the

relations connecting theses sources of noise to the measured noise.

In the following, the current noise generated across a QPC i is denoted Sqpci.

The circuit is tuned in a quantum dissipative circuit as explained in section 1.3.3:

The QPC 1 and 2 let pass, respectively, n1 and n2 ballistic channels and the QPC

3 lets pass only one channel of arbitrary transmission probability τ , as sketched in
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the figure 2.1. Current fluctuations are measured in contacts M1 and M2 behind

QPC 1 and 2, respectively. The presence of a floating metallic node results in a

redistribution of the current noise generated at the different QPCs. All the contacts

are assumed to be at the same temperature T0 except the central metallic island

which is heated up by the Joule effect to a temperature TΩ. For ballistic channels,

since there is no partition of electrons, the generated current noise is only the thermal

noise Sball = 4kBT̄ /RK, where T̄ = (TΩ + T0)/2 is the average temperature. From

the noise measurements, we want to separately extract the temperature TΩ, and

the noise Sqpc3 generated across the QPC 3. In the case where n1 = n2, because

the power spectral density in M1 and M2 are the same by symmetry, we need a

different observable if we want to extract both TΩ and Sqpc3. For this purpose, we

will use the cross-correlations between current fluctuations in M1 and M2. We will

see below that it gives the same information as a noise measurement in contact

M3 would have provided. As the noise is measured in the MHz range, we can

neglect capacitive effects (C ≈ 3.1 fF⇒ 1/RKC ≈ 10GHz�MHz). We first derive

a very general formula for the different measurements, which is independent of the

configuration of the device. Then we derive the formula connecting measurements

to noise sources.

2.3.2 Relations between auto-correlations and cross-correlations

Let us start with a simple derivation allowing us to obtain a simple but robust for-

mula about power spectral noise and cross correlation in the device. Assuming only

that charge accumulation in the island is negligible at the measurement frequencies,

by current conservation the sum of all current fluctuations in-going in contacts Mi

(i ∈ {1, 2, 3}) are equal to the sum of all current fluctuations emitted in the source

contacts, whatever the configuration of the device:

δIM1 + δIM2 + δIM3 = δIS1 + δIS2 + δIS3 (2.13)

Here, ISi are the current fluctuations out-going from the contact Si, as sketched

in figure 2.2. IMi are the current fluctuations in-going into the contact Mi. These

current fluctuations depend on the thermal agitation in contact S1, S2, S3 and in

the central metallic island, and on the potential fluctuations of the floating metallic

42



CHAPTER 2. NOISE MEASUREMENTS

Ω

S1

S2

S3

M1

M3

M2
QPC1

QPC2

QPC3

Ω

S1

S2

S3

M1

M3

M2

δIM1

δIS1 δIM2

δIS2

δIS3
δIM3

Figure 2.2: Drawing of the sample. Simplified representation of the sample: by

current conservation, the out-going current fluctuations from the sources S1, S2 and

S3 are equal to the in-going current fluctuations in the contact M1, M2 and M3,

whatever the configuration of the device, as long as the charge accumulation in the

central part can be ignored.

island. From equation 2.13 we derive the correlation < δI2
M3 >. Using equation 2.2,

we obtain:

SM3M3 ≡< δI2
M3 >= SM1M1+SM2M2+2SM1M2+

∑
i

SSiSi−2 < (δIM1+δIM2)
∑
i

δISi > .

(2.14)

The last term can be written as:

2 < (δIM1 + δIM2)
∑
i

δISi >= 2
3∑
i

(Gi1 +Gi2)SSiSi, (2.15)

where Gij is the fraction of current emitted from contact Si and impinging in the

contact Mj. As the noise coming from the source contact involves only thermal noise

at the same temperature, we can take it out SSiSi of the sum. The conductance Gij

may depend of the voltage, however we have
∑3
i Gij = ∑3

j Gij = 1 from current

conservation and time reversal symmetries [47]. As the SSiSi does not depend of the
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voltage, when focusing on the excess noise we obtain:

∆SM3M3 = ∆SM1M1 + ∆SM2M2 + 2∆SM1M2. (2.16)

This relation indicates that although we only have two noise measurement lines al-

lowing us to measure the noise in contact M1and M2 only, cross-correlation between

these two contacts makes it possible to obtain the missing information which will

be bringing by measuring the auto-correlation in the contact M3. This relation

indicates also that the role of the QPCs (with two tuned to the ballistic regime and

one kept non-ballistic) can be inverted. Note that if one of the QPC is closed we

will have:

∆Sii = ∆Sjj = −∆Sij, (2.17)

where we have replaced the notation MiMj by ij. Due to current conservation, all

the measurements become redundant if one of the QPC is closed [40].

2.3.3 Excess thermal and shot noise in a quantum dissipa-

tive circuit

We now detail the formula allowing us to extract TΩ and Sqpc3 from the excess power

spectral density ∆S11 and ∆S22 and from the excess cross-correlation ∆S12 for the

configuration depicted in figure 2.1. N denote the number of ballistic channels

(N = n1 + n2).

No assumptions are made about the QPC 3, whose conductance is affected by DCB,

and the noise is not presumed to follow the relations given by the scattering theory.

For the QPC 1 and 2, which are tuned to have ballistic channels, we assume that the

generated noise can be decomposed into the standard Johnson-Nyquist contributions

from in-going and out-going channels:

Sqpci = Sinqpci + Soutqpci, (2.18)

with

Sinqpci = 2kBT0ni/RK, (2.19)

Soutqpci = 2kBTΩni/RK, (2.20)

44



CHAPTER 2. NOISE MEASUREMENTS

as the incoming (outgoing) current fluctuations along the ni ballistic channels of

QPC i are all emitted from the cold reservoirs (hot floating island).

First let us now consider how a single (isolated) current fluctuations δIqpc3 injected

in the island from the QPC 3 manifests itself in the noise. At the MHz measure-

ment frequencies where charge accumulation is negligible, the injected current is

compensated by the total current from the resulting island’s voltage fluctuations

δVΩ = δIqpc3RK/(N + τ). As a result, a current δIqpc3ni/(N + τ) is sent effec-

tively simultaneously toward the measurement electrodes Mi with i ∈ {1, 2}. The

auto-correlation signal resulting from this current fluctuations is then given by:

Sqpc3ii = Sqpc3
n2
i

(N + τ)2 . (2.21)

The cross-correlation between current fluctuations in M1 and M2 originating from

δIqpc3 are positive and given by:

Sqpc312 = Sqpc3
n1n2

(N + τ)2 . (2.22)

Second, we consider a current fluctuations δIqpci generated across QPC i (i ∈ {1, 2})
of spectral density Sqpci. Similarly, it will result in Mj, with i 6= j, in the following

auto-correlation signal:

Sqpcijj = Sqpci
n2
j

(N + τ)2 . (2.23)

For Mi the situation is different, as generated current fluctuations toward Mi (δIoutqpci)

and corresponding effectively simultaneously redistributed fluctuations (−δIoutqpcini/(N+
τ)) add up. Consequently, we need to consider separately out-going fluctuations

emitted from the island across QPC i (see below). In contrast, the result from in-

coming current fluctuations (δI inqpci) in the auto-correlation signal in Mi is obtained

similarly to the noise generated at other QPCs:

Sqpci−inii = Sinqpci
n2
i

(N + τ)2 . (2.24)

And the cross correlation is:

Sqpci−in12 = Sinqpci
ninj

(N + τ)2 . (2.25)

Regarding the out-going current fluctuations δIoutqpci thermally emitted from the is-

land toward the contact Mi. These are partially compensated by the out-going
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redistributed fluctuations −δIoutqpci
ni
N+τ . The net current impinging in electrode Mi is

then δIoutqpci(1− ni
N+τ ) and the resulting noise is:

Sqpci−outii = Soutqpci

(
1− ni

N + τ

)2
. (2.26)

In the same way, the cross-correlation contribution is given by:

Sqpci−out12 = −Soutqpc1

(
1− n1

N + τ

)(
n2

N + τ

)
− Soutqpc2

(
1− n2

N + τ

)(
n1

N + τ

)
. (2.27)

Summing all the contributions we get for the auto-correlation:

Sii = n2
i

(N + τ)2 (Sqpc3 + Sqpcj + Sinqpci) +
(

1− ni
N + τ

)2
Soutqpci + Soffset, (2.28)

where Soffset corresponds to the thermal noise along the ν − n1 channels reflected

at the QPC 1 and along the ν channels propagating from M1 to the ground as well

as the noise of the amplification chain. For the cross-correlation we have:

S12 = n1n2

(N + τ)2 (Sqpc3 + Sinqpc1 + Sinqpc2)

−
(

1− n1

N + τ

)
n2

N + τ
Soutqpc1 −

(
1− n2

N + τ

)
n1

N + τ
Soutqpc2. (2.29)

Note that despite the fermionic statistic, the cross-correlations given by equation

2.29 may be positive (for instance at zero-temperature), as it can be expected [48]

and measured [49] in presence of inelastic scattering. Focusing on the excess signal

with respect to the applied voltage, one obtains from equations 2.19, 2.28 and 2.29 :

TΩ − T0 = RK

2kB

(
∆S11

2n1
+ ∆S22

2n2
− ∆S12N

2n1n2

)
, (2.30)

∆Sqpc3 = (N + 2τ)
(

∆S11

2n1
+ ∆S22

2n2

)
+ ∆S12

(N + τ)2 + τ 2

2n1n2
. (2.31)

Note that the determination of the excess temperature of the metallic island does

not depend of the transmission probability across the non-ballistic channel.

As an illustration, we use these formulae, replacing τ by the simultaneously measured

differential conductance, in order to extract the excess temperature and the current

noise from the non-ballistic QPC. We performed this illustrative measurement at

a relative high base temperature of T0 = 15.5 mK in two different but equivalent

configurations in the figure 2.3.3:
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• Config. 1: The voltage is applied behind the QPC 3, which is tuned in a

non-ballistic regime with a transmission probability about 0.5 (it changes with

voltage due to the strong renormalization of the conductance by the dynamical

Coulomb blockade). The QPC 1 and 2 are tuned such that n1 = n2 = 1. In the

top left panel we display ∆S11, ∆S22 and ∆S12 as a function of the voltage.

By symmetry, ∆S11 = ∆S22. Using equation 2.30, we extract the excess

temperature displayed in the left bottom panel as red triangle. Using equation

2.31, we extract the noise coming from the non-ballistic QPC displayed in the

right bottom panel as red triangle

• Config. 2: The voltage is applied behind the QPC 2, which is tuned in a

non-ballistic regime within the same transmission probabilities than the QPC

3 in config. 1. The QPC 1 and 3 are tuned such that n1 = n3 = 1. In the top

right panel we display ∆S11, ∆S22 and ∆S12 as a function of the voltage. Using

equations 2.30, 2.31 as well as equation 2.16, we extract the excess temperature

and the noise coming from the non-ballistic QPC. The result is displayed as

black triangles in the bottom left and the bottom right panel respectively.

2.3.4 What should be measured behind the QPC 3?

We will see in the following chapter that some theoretical predictions about the

noise in the device deals with what would be measured behind the QPC 3 (seen

from the metallic island) in electrode M3. To access experimentally to the excess

noise we would have measured in electrode M3, we use equation 2.16: ∆S33 =
2∆S12 + ∆S11 + ∆S22. Injecting equations 2.19, 2.28 and 2.29, we obtain:

∆S33 = Nτ 2

(N + τ)2
2kB(TΩ − T0)

RK
+
(

N

N + τ

)2
∆Sqpc3 (2.32)

Now, following equation 2.6, let us decompose ∆Sqpc3 in a purely thermal term

(Johnson-Nyquist noise) and a shot noise term:

∆Sqpc3 = 2kB(TΩ − T0)
RK

+ ∆Ssnqpc3 (2.33)
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Figure 2.3: Extraction of the excess temperature and of the noise from the

non-ballistic QPC. Left top panel: we display ∆S11, ∆S22 and ∆S12 as voltage

in the configuration 1 (see legends and text). Right top panel: we display ∆S11,

∆S22 and ∆S12 as voltage in the configuration 2. Left bottom panel: we display

the excess temperature for the two configurations obtained using equations 2.30 and

2.16. Right bottom panel: we display the spectral density of the noise originating

from the non-ballistic QPC for the two configurations, obtained using equations 2.31

and 2.16.
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Then, equation 2.32 can be recast as:

∆S33 = τN

N + τ

2kB(TΩ − T0)
RK

+
(

N

N + τ

)2
∆Ssnqpc3, (2.34)

= Gs,3
2kB(TΩ − T0)

RK
+
(

N

N + τ

)2
∆Ssnqpc3. (2.35)

with Gs,3 the conductance of the sample seen from the electrodes M3. The purely

thermal term in the right-hand side of equation 2.34 corresponds to the one given by

the fluctuation dissipation theorem applied to the overall sample. The other term

corresponds to the shot noise from the QPC 3 times a factor which comes from the

current redistribution in the metallic island.

49



CHAPTER 2. NOISE MEASUREMENTS

50



Chapter 3

Dynamical Coulomb blockade

Contents

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2 Modelisation of the environment . . . . . . . . . . . . . . 53

3.3 Single electron tunneling theory . . . . . . . . . . . . . . 55

3.3.1 Perturbation approach . . . . . . . . . . . . . . . . . . . . 55

3.3.2 Asymptotic limits: . . . . . . . . . . . . . . . . . . . . . . 56

3.4 Mapping with a Tomonaga-Luttinger liquid . . . . . . . 57

3.4.1 Tomonaga-Luttinger liquid: the replacement of Fermi liq-

uid in one dimension . . . . . . . . . . . . . . . . . . . . . 57

3.4.2 Linearization of electronic excitation: the case of spinless

electrons hopping on 1D lattice . . . . . . . . . . . . . . . 58

3.4.3 Mapping to a Tomonaga Luttinger liquid . . . . . . . . . 60

3.5 Predictions for the local sine-Gordon model . . . . . . . 63

3.5.1 Predictions for certain interaction parameters . . . . . . . 63

3.5.2 Zero-temperature predictions for the conductance for all

interaction parameters . . . . . . . . . . . . . . . . . . . . 63

3.5.3 Prediction for the current noise . . . . . . . . . . . . . . . 64

51



CHAPTER 3. DYNAMICAL COULOMB BLOCKADE

3.1 Introduction

A diffusive short quantum conductor embedded in a resistive circuit exhibits a drop

of its electrical conductance at low voltage and low temperature, in violation of

the classical laws of impedance composition [20; 50; 51]. An illustration of such

a drop in the conductance is provided in figure 3.1. This quantum phenomena,

the so-called dynamical Coulomb blockade (DCB), results from the excitations of

the electromagnetic modes of the circuit by a charge pulse passing through the

quantum conductors [5]. In this chapter, we review some theoretical developments

on this phenomenon: we start by the quantum description of the environment, then

we will deal with the well-established single electron tunneling theory which works

for small transmission through the quantum conductor. We continue by describing

a mapping between a quantum dissipative circuit composed of a single non-ballistic

channel in series with an ohmic impedance, and a Tomonaga-Luttinger liquid with

a single impurity [17]. This mapping allows us to describe the full crossover from a

ballistic channel to a disconnected channel as the temperature is reduced [21; 52].

0 5 10 15 20
0.1

0.2

0.3

0.4

V (µV)

d
I/

d
V
 (

e2
/h

)

Figure 3.1: Drop of the electrical conductance. The black line displays mea-

surement of the differential conductance as a function of the voltage in a device

consisting of a single diffusive channel in series with an impedance R = h/e2. The

electronic temperature is approximately 8 mK.
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3.2 Modelisation of the environment

The system we consider consists of a small quantum conductor connected to a dissi-

pative electromagnetic environment. The coupling between these two parts changes

the properties of the overall circuit. The main problem of addressing dissipation at

the quantum level is that quantum mechanics usually deals with the Hamiltonian

formalism, where the total energy of the system is a conserved quantity, whereas

here we want to describe the mechanism which leads to an irreversible loss of energy.

The idea introduced by Caldeira and Leggett [53] is to modelize the environment

as an infinite set of LC oscillators in parallel. This model does not come from a

microscopic description, but is a phenomenological approach.

In the following, we introduce the phase associated to a circuit:

φ(t) = e

~

∫ t

−∞
V (t′) dt′, (3.1)

where V is the voltage applied to the circuit. Each LC oscillator can be described

quantum mechanically using the canonical commutation of the charge q and the

phase φ, which are conjugate variables:

[φ, q] = ie (3.2)

with the quantum Hamiltonian of a LC circuit:

H = q2

2C + φ2

2L (3.3)

which is that of a harmonic oscillator.

As illustrated in the figure 3.2, the quantum conductor can be decomposed into

a pure conductor of resistance R = h/(e2τ) in parallel with a capacitor C. The

relevant impedance of the environment is the parallel combination of this capacitance

and the resistance of the circuit in which the quantum conductor is embedded:

Z(ω) = 1/(jωC + 1/Renv). The Hamiltonian describing the environment is then:

Henv = δQ2

2C +
∑
n

[
q2
n

2Cn
+ (δϕ− ϕn)2

2Ln

]
. (3.4)

δQ and δϕ are departure from the equilibrium value of the charge and of the phase

of the capacitor C. The first term describes the charging energy of the quantum con-

ductor. The second term describes Renv as an infinite sum of LC oscillators bilinearly
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V

Renv

C

Figure 3.2: A quantum conductor in series with a resistive environment.

The quantum conductor, inside the dashed frame, can be decomposed into a conden-

sator C in parallel with a pure conductor of resistance R = h/(e2τ). The relevant

impedance of the environment Z(ω) is the parallel combination of this capacitance

and the resistance of the circuit in which the quantum conductor is embedded.

coupled to δϕ. As detailled in the following the important quantity for the transport

is the phase-phase correlation function J(t) =< [δϕ(t)− δϕ(0)]δϕ(0) > which is di-

rectly connected to the impedance Z(ω) through the fluctuation dissipation theorem

[5]:

J(t) = 2
∫ ∞
−∞

< [Z(ω)]
RK

e−iωt − 1
1− e−~ω/kBT

dω
ω

(3.5)
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3.3 Single electron tunneling theory

3.3.1 Perturbation approach

The total Hamiltonian of the system described in the figure 3.2 can be written as:

H = Hr +Hl +Henv +HT . (3.6)

The two first terms describe the quasi-particles in the leads of the quantum conduc-

tor:

Hr(l) =
∑
k,r(l)

εk,r(l)c
†
k,r(l)ck,r(l), (3.7)

and HT is the tunneling Hamiltonian from one lead to the other:

HT =
∑
l

Tk,qc
†
k+q,rck,le

i eϕ~ . (3.8)

The operator ei
eϕ
~ shifts the charge Q by e (as Q and ϕ are conjugate variables),

which provides the coupling between the electrons in the electrodes with the elec-

tromagnetic degrees of freedom of the environment. The first attempt to capture

the physics of the DCB was done using perturbation techniques: in the tunnel

regime, when the transmission probability through all the elementary conduction

channels is well below one, we can use the Fermi golden rule in order to estimate

the transmission rate for an electron to tunnel through the junction and excite the

electromagnetic modes of the environment [5]. According to the Fermi golden rule,

the rates for transitions between an initial state |i〉 and the final state |f〉 is given

by

Γi→f = 2π
~
| < f |HT |i > |2δ(Ei − Ef ). (3.9)

The tunneling rate from one electrode to the other can be written as a convolu-

tion product involving the energy distribution in each electrode and the probability

P (∆E) that the electromagnetic environment absorbs an energy ∆E = E − E ′:

Γ(V ) = G∞
e2

∫
fl(E)[1− fr(E ′ + eV )]P (E − E ′) dEdE ′, (3.10)

where fl(E) and fr(E) are the Fermi distribution in the left and the right lead

respectively. P (∆E) is the Fourier transform of exp(J(t)) with J(t) the phase-phase

correlation function which is given in equation 3.5, and G∞ is the unrenormalized
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conductance of the quantum conductor (G∞ = τe2/h for the single channel case

illustrated in figure 3.2). The current flowing through the quantum conductor is

then:

I(V ) = e(Γ(V )− Γ(−V )), (3.11)

The conductance of the quantum conductor, renormalized by Coulomb interaction,

is:

G(V ) ≡ dI(V )
dV

= G∞
e

∫
fl(E) d

dV
[fr(E ′ + eV )− fr(E ′ − eV )]P (E − E ′) dEdE ′.

(3.12)

This formula is valid as long as the transmission through the quantum conductor is

much smaller than one. Notably, we can use different temperatures for each elec-

trode and for the environment, allowing us to investigate theoretically the influence

of a temperature bias in a dissipative circuit. This theory cannot be expanded be-

yond the tunnel regime.

3.3.2 Asymptotic limits:

At zero temperature and low voltage compared to the charging energy EC = e2/2C
the conductance is given by [5]:

G(V ) = G∞
(2Renv/RK + 1)(π/ exp(γ))2Renv/RK

Γ(2 + 2Renv/RK)

(
Renv/RK

eV

EC

)2Renv/RK

, (3.13)

with γ ≈ 0.5772 the Euler’s constant and Γ the gamma function. At zero voltage

and low temperature compared to EC it results in [54]:

G(T ) = G∞
π1/2+3Renv/RKΓ(1 +Renv/RK)

2Γ(3/2 +Renv/RK)

(
Renv/RK

kBT

EC

)2Renv/RK

. (3.14)

In both cases, the conductance follows a power law in 2Renv/RK. Note that using

these two previous equations, we can extract the temperature from the measurement

of the conductance renormalization by DCB versus voltage [23].

56



CHAPTER 3. DYNAMICAL COULOMB BLOCKADE

3.4 Mapping with a Tomonaga-Luttinger liquid

A different approach, suggested by the power law behavior at small transmission,

was found in order to treat the case of any value of transmission probabilities through

a quantum conductor composed of a single channel and an environment composed

of an arbitrary ohmic impedance. It was demonstrated that the Hamiltonian of the

system is the same as the one of a Tomonaga-Luttinger liquid (TLL) with a single

impurity [17]. This mapping allows one to exploit TLL theoretical developments to

get a better understanding of the DCB phenomena. It also allows one to probe the

TLL physics experimentally with engineered circuits [55].

3.4.1 Tomonaga-Luttinger liquid: the replacement of Fermi

liquid in one dimension

Fermi liquid theory is a theoretical model of interacting fermions that describes the

normal state of most metals at sufficiently low temperatures [56]. The basic result is

that interacting fermions can be seen as non-interacting quasi-particles with renor-

malized parameters (for example the mass of electrons). Although this model gives

a good description of a lot of systems, it fails to describe the behavior of interacting

fermions in one dimension where interaction results in collective behavior, as illus-

trated in the figure 3.3. In 1981, Haldane [57] proposed the Luttinger liquid theory

as a replacement for the Fermi liquid theory in one dimension. Following the idea

developed in previous work from Tomonaga in 1950 [58] and Luttinger in 1963 [59],

it consists of describing the low energy excitations in a one dimensional system as

collective bosons modes. Luttinger liquids have generated a lot of interest, owing

to their exotic properties and striking differences from Fermi liquids. An example

of theoretical predictions that have already been observed are the spin-charge sep-

aration [60; 61], the fractionalization of injected charges [62–65], the behavior as

a power law of the correlation functions which are associated with critical physics

[66]. Note that the experimental investigation of TLL physics in 1D conductors is

not easy since the impurities tends to localize the excitations [67].
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D>1 D=1

Figure 3.3: High dimensional versus one dimensional system. In the left, at

high dimension, nearly free quasiparticle excitations are possible. In the right, in

a one-dimensional interacting system, an individual electron cannot move without

pushing all the electrons: only collective excitations can exist.

3.4.2 Linearization of electronic excitation: the case of spin-

less electrons hopping on 1D lattice

EF

kF-kF

Figure 3.4: Excitations spectrum of free spinless electrons hopping on 1D

lattice. When focusing on low energy excitations, the energy spectrum can be

linearized near the Fermi points ±kF and it results in the straight red line.

Here, we review two key elements for describing a one-dimensional system: lin-

earization of the energy spectrum and bozonization. Let us consider spinless elec-

trons hopping on a 1D lattice with the following Hamiltonian [68]:

H = −t
∑
j

c†jcj+1 + V

2
∑
j

c†jcjc
†
j+1cj+1 + h.c. (3.15)
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t is the hopping strength and Vn−n is the interaction strength between near-neighbor

particles. For Vn−n = 0, the energy is given by E = −2t cos(k) with k < π and is

plotted in figure 3.4. When focusing on low energy excitations, we neglect high

energy excitations, and those well below the Fermi level are blocked by the Pauli

principle. We can thus linearize the energy spectrum near the Fermi points ±kF :

εk = vF (k ∓ kF ) with vF = ∂εk
∂k

∣∣∣
±kF

the Fermi velocity. This linearization leads to

the introduction of two species of fermions: right moving fermions cRk = ckF+k and

left moving fermions cLk = c−kF+k. The Hamiltonian becomes:

H =
∑
k

vFk(c†R,kcR,k − c
†
L,kcL,k). (3.16)

The sum is performed using an arbitrary cutoff Λ in order to allow momentum

between [kF − Λ, kF + Λ] (and the same thing for the opposite Fermi point). In this

linear approximation, the dispersion relation of particle-hole excitations generated

by c†k+qck is simply given by Ek(q) = vF q with q the momentum: the energy does not

depend of k. One can write the Hamiltonian in this new basis. To do this we use the

density fluctuations operator which is a superposition of particle-hole excitations:

ρ†(q) =
∑
k

c†k+qck. (3.17)

In fact, deriving commutation relation of this operator, we can demonstrate its

bosonic character [69]. Then, using the appropriate relation one can write the

Hamiltonian of a spinless electrons hopping on 1D lattice in term of boson oper-

ators. Notably, the kinetic Hamiltonian, which is quadratic in terms of fermion

modes, remains quadratic in terms of boson modes. Regarding the interaction term,

it is quartic in term of fermion operators which make it difficult to diagonalize it.

Now, in term of bosonic modes, it is given by [69]:

Hi = 1
2L

∑
q

Vn−n(q)ρ(q)ρ(−q). (3.18)

It has also a quadratic form which allows to diagonalize it. This procedure of

linearizing the energy spectrum and writing the Hamiltonian in term of bosonic

modes, the so-called bosonization technique, is at the core of theoretical procedure

when dealing with one-dimensional systems.

In term of bosonic fields Π = (ρR−ρL) and ∇φ = −π(ρR+ρL), with Π and φ which
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are conjugate variables, the Hamiltonian of spinless electrons hopping on 1D lattice

can be written as [69]:

H = U

2π

∫ [
K(πΠ(x))2 + 1

K
(∇φ(x))2

]
dx, (3.19)

which is the way this Hamiltonian is often written in the literature. It can be shown

[69] that this Hamiltonian is more general and describes any gapless one-dimensional

system, whether based on underlying fermionic, or bosonic particles [70]. The whole

physics of TLL is embodied in two parameters: the dimensionless interaction param-

eter K and the velocity of density excitations U . These two parameters depend on

the model and the value of interaction. K = 1 means that we are dealing with free

electrons, K > 1 corresponds to attractive interactions and K < 1 corresponds to

repulsive interactions. The smaller K is, stronger are the repulsive interactions. For

the observable that we are observing experimentally in this thesis, ie the differential

conductance and the current noise, only the parameter K is relevant.

3.4.3 Mapping to a Tomonaga Luttinger liquid

Let us come back to the circuit: the mapping between the circuit and a TLL comes

from the collective TLL excitations that can be described as bosonic density modes

corresponding to the electromagnetic mode decomposition of the linear environment.

First, we reformulate the Hamiltonian of the circuit in a different way as in section

3.3.1: the two formulations are equivalent but the one presented now is more natural

for exploring the crossover from a near-ballistic to a disconnected channel. The

Hamiltonian of the circuit can be rewritten as:

H = HQE +HI +Henv +Hc, (3.20)

with HQE the Hamiltonian of the unperturbed quantum channel:

HQE =
∑
k

εkc
†
kck, (3.21)

HI is the Hamiltonian describing the impurity emulated by the QPC:

HI =
∑
k,k′

V (k − k′)c†kck′ . (3.22)
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A small HI corresponds to the initial near ballistic case. Henv is the Hamiltonian

describing the environment which is given by the equation 3.4. The coupling between

quasiparticles and the electromagnetic modes of the environment is given by:

Hc = −QVqc, (3.23)

with Q the charge transferred through the quantum conductor and Vqc ≡ V −∂tΦ̂ the

voltage across the quantum conductor, where Φ̂ is a bosonic operator corresponding

to the time integral of the voltage across the impedance. Using the approach of lin-

earization of low energy excitations and bosonization, it can be shown that the first

term describing left moving and right moving electrons through the unperturbed

quantum channel corresponds to the TLL Hamiltonian (equation 3.19) for an inter-

action parameter K = 1 (ie without interaction). At low frequency in front of the

cutoff RenvC, it was demonstrated [17] that the sum of this Hamiltonian with Henv

and Hc can be written as an effective Hamiltonian that corresponds to the one of

the equation 3.19, with an interaction parameter K such that:

K = 1
1 +Renv/RK

. (3.24)

Details of this calculation can be found in the thesis of Sebastien Jezouin [71]. In

the limit of small frequency in front of the cutoff 1/RenvC, the total Hamiltonian of

the circuit is:

H = U

2π

∫ [
K(πΠ(x))2 + 1

K
(∇φ(x))2

]
dx+V0(− 1

π
∇φ(x = 0)+ 1

πα
cos(2φ(x = 0))).

(3.25)

The first term corresponds to the TLL Hamiltonian without scattering, and the

second and third terms correspond to the barrier Hamiltonian expressed in terms

of bosonic fields φ and Π. Note that the second term induces a simple phase shift

and can be ignored. In this equation, α ≈ 1/Λ is a high energy cutoff [69] (see

section 3.4.2). This Hamiltonian corresponds to the local sine-Gordon model and

it describes an infinite Luttinger liquid of interaction parameter K, with a single

impurity leading to back-scattering. Notably, it is the same Hamiltonian as the one

describing a QPC in the fractional quantum Hall regime for certain filling factors

[67; 72]. The impurity is implemented by the single channel electronic contact, of

scattering strength characterized by the unrenormalized transmission probability of
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electrons τ∞. The conductance of the device in absence of impurity is given by

G = Ke2/h. When adding the impurity, the system experiences a quantum phase

transition from a metallic to an insulating state. At equilibrium, the crossover from

one state to the other is predict to follow a universal scaling flow characterized by a

beta function βK(G) which does not depend of the energy scale:

dG

dlnT
= βK(G). (3.26)
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3.5 Predictions for the local sine-Gordon model

3.5.1 Predictions for certain interaction parameters

The sine-Gordon model has captured the attention of theoreticians as this model has

been proposed to describe the edge states in fractional quantum Hall effect devices.

Notably, it allows a connection with the quasiparticles introduced by Laughlin to

explain the fractional quantum Hall effect [73]. The conductance of a system gov-

erned by the local sine-Gordon model as a function of both the temperature and

the voltage, for the special cases of an interaction parameter K = 1/m with m

an integer, was calculated using the thermodynamic Bethe ansatz (TBA) in refer-

ences [67; 72]. For a given interaction parameter, the conductance is then described

by three parameters: the voltage V , the temperature T , and a scaling energy kBT̃I,

which depends on the impurity strength and on details of the high energy cutoff. The

conductance could be cast as a function of T/T̃I and eV/kBT̃I. In the device which

is investigated in this thesis, the interaction parameters implemented are K = 2/3
and K = 3/4; we then need specific predictions not given in reference [67; 72].

The equilibrium predictions (zero voltage) for the conductance specific for the case

K = 2/3 are derived and compared with experimental data in [21]. Furthermore,

we also have new equilibrium predictions for K = 3/4 and K = 4/5 [74] which are

in good agreement with the corresponding data in [21].

3.5.2 Zero-temperature predictions for the conductance for

all interaction parameters

The conductance was derived for all interaction parameters K (not only K = 1/m)

in the limit of T = 0. The differential conductance G ≡ dI/dV is calculated from

the derivative of the current at T = 0 in terms of two different power series for the

regimes of high and low voltages, which together cover the full range of voltages
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[67; 72]:

I(V ) =



V Ke2

h

[
1−K

∞∑
n=1

an(K)×
(
V

VI

)2n(K−1)]

e2V

h

∞∑
n=1

an( 1
K

)×
(
V

VI

)2n( 1
K
−1)

,

(3.27)

where the functions an(x) read:

an(x) = (−1)n+1
√
π Γ(nx)

2Γ(n)Γ(3
2 + n(x− 1)) , (3.28)

and with the scaling voltage VI related to the temperature scale T̃I through [72]:

eVI =
2
√
πΓ( 1

2(1−K))
K Γ( K

2(1−K))
kBT̃I. (3.29)

For a direct comparison with experimental data, it is possible to eliminate the scaling

energy kBT̃I (or equivalently eVI) by considering the logarithmic derivatives of the

conductance dG/d ln V or dG/d lnT which do not depend on this parameter (it is the

procedure used in reference [21] in order to investigate the zero voltage conductance).

Note that the low voltage asymptotic behavior is given by the first order of the sum

of the equation 3.27 and it is the same as the one found using a perturbation method

in the tunnel limit in the first section of this chapter (equation 3.13).

3.5.3 Prediction for the current noise

The current noise resulting from the scattering at an impurity in a Tomonaga-

Luttinger liquid has been calculated in references [43; 75; 76]. It is predicted that,

at zero temperature, the shot noise Ssn in the limit of strong-backscattering limit

(strong impurity) matches with what is expected from the tunneling of uncorrelated

electrons (Poisson noise):

Ssn = 2eI, (3.30)

with I the current flowing through the device and e the charge of the electron. In

this case, the system can be interpreted as two Luttinger liquids with a small con-

nection between them.
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In the weak-backscattering limit, the noise is predicted to result from the uncorre-

lated tunneling of quasiparticles with fractional charge e∗ = Ke, where we recall

that K is the interaction parameter of the considered TLL:

Ssn = 2e∗Iback, (3.31)

with Iback the backscattered current. Measurement of the slope of the noise versus

voltage at high enough voltage allows one then to determine the charge of the quasi-

particles. Such measurements have been performed for different filling factors in the

fractional quantum Hall regime (FQHR)[44; 45]. Note the recent measurements of

fractional charge in the FQHR using photo-assisted noise measurement [77] follow-

ing prediction of reference [78], and using microwave photon detection [79].

Between the limits of weak and strong backscattering, a relation connecting the

derivative of the zero-temperature current noise to the logarithmic derivative of the

conductance has been proposed in reference [17], generalizing a result of reference

[67]:
dG

d ln(V ) = 1−K
Ke

dSsn

dV
. (3.32)

This expression can be interpreted as an analog of the fluctuation-dissipation the-

orem for a Luttinger liquid at zero temperature [67]. Note that for K = 1, the

left-hand side of this equation vanishes, as the conductance becomes voltage inde-

pendent.
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CHAPTER 4. OUT-OF-EQUILIBRIUM NOISE IN A QUANTUM CIRCUIT

4.1 Introduction

In this chapter, we measure the current noise in a dissipative quantum circuit firstly

as a function of voltage bias, and secondly as a function of temperature bias. We use

the circuit described in the chapter 2, tuned in order to have a single non-ballistic

quantum channel characterized by a transmission τ between zero and one, in series

with ballistic quantum channels that emulate an ohmic environment.

The circuit in this condition can be described using the Tomonaga-Luttinger liquid

theory, as seen in the previous chapter. One main objective is to test the predicted

link between the noise and the renormalization of the conductance by the Coulomb

interaction.

We first investigate the current noise versus voltage for two configurations of the“bal-

listic” QPC: one where two channels are ballistic, emulating a resistance of RK/2
corresponding to a TLL interaction parameter K = 2/3, and one where three chan-

nels are ballistic emulating a resistance of RK/3 and a TLL interaction parameter

K = 3/4. For both configurations we note a good agreement at experimental accu-

racy with both the non-interacting scattering theory of noise, where the measured

renormalized conductance is used, and with the prediction for a TLL with an im-

purity for the corresponding interaction parameter K. Indeed, the two predictions

are close compared to measurement uncertainties. Moreover, we establish the link

between voltage dependence of noise and conductance specifically (only) predicted

in the TLL framework.

Then, we investigate the effect that a thermal bias has on the current noise. To

do this we heat up the metallic island between the non-ballistic channel and the

ballistic channels by applying voltages across the ballistic channels such that the av-

erage voltage in the metallic island remains zero. We thereby measure the shot noise

produced by the resulting temperature gradient through the non-ballistic QPC, in

the absence of a dc voltage. A good agreement with the scattering theory of noise

is observed.
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4.2 Current noise as a function of voltage bias

The work presented here is in the continuity with the work presented in the reference

[21], performed in the team just before my arrival. In [21], the authors investigate

the equilibrium and out-of-equilibrium behavior of the electrical conductance for

different interaction parameters. The novelty here is the concomitant measurement

of current fluctuations.

V

I
Renv

Gs=∂I/∂V

K=1/[1+Renv/RK]

Vqc

Figure 4.1: Simple schematic of the sample. The circuit is tuned as a quantum

dissipative circuit, which consists here of a non-ballistic channel in series with a

linear resistance Renv.

4.2.1 Conductance characterization of the circuit

First, we check if the conductance of the device follows the zero temperature uni-

versal curve predicted for a TLL with a single impurity [67]. For different settings

of the non-ballistic QPC, we measure both the differential conductance and the cur-

rent noise as explained in chapter 1. We perform this measurement for two different

configurations of the environment: Renv = RK/2 and Renv = RK/3, leading respec-

tively to the TLL interaction parameters K = 2/3 and K = 3/4. The dimensionless

differential conductance Gs/K (in unit of e2/h), seen from the electrode M3 (see

figure 1.1,2.1 and simplified schematic in figure 4.1), versus the voltage is displayed

for the two environments in the figure 4.2. In this experiment, the voltage is applied

on electrode S3 (see figure 1.1 and 2.1), behind the QPC 3 which is the one tuned in

a non-ballistic regime. The open circles (full diamonds) correspond to Renv = RK/2
(Renv = RK/3). We observe that, as expected, the low voltage reduction of the
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Figure 4.2: Conductance of the device versus voltage. The data points dis-

play the dimensionless differential conductance (Gs/K)RK. The open circle (full

diamond) points correspond to an environment Renv = RK/2 (Renv = RK/3). For a

given setting of the environment, each color denotes a different configuration of the

QPC.

conductance is less pronounced for a smaller resistance of the environment. We also

observe that even for very weak impurity (transmission through the non-ballistic

QPC very close to one) the conductance is notably affected by the DCB. As the

behavior of the conductance at positive and negative voltages is symmetric, we av-

erage both in the following.

The excess temperature of the metallic island, resulting from the Joule heating

when a voltage is applied to the circuit, is separately extracted using the formula

derived in chapter 2, equation 2.30:

TΩ − T0 = RK

2kB

(
∆S11

2n1
+ ∆S22

2n2
− N∆S12

2n1n2

)
(4.1)

where we recall that ∆S11 and ∆S22 are excess current spectral densities measured

in electrode M2 and M1, ∆S12 are the cross-correlation, N = n1 +n2 is the number
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Figure 4.3: Heating of the metallic island. The temperature of the metallic

island and the differential conductance of the sample (here not renormalized by K)

are displayed versus dc voltage in the top and in the bottom panel, respectively.

The dashed (full) lines display data corresponding to K = 2/3 (K = 3/4). The

different colors correspond to different tunings of the non-ballistic QPC (using the

same color code as in the figure 4.2).

of ballistic channels constituting the environment, with n1 and n2 the number of

ballistic channel through the QPC 1 and 2. For a base temperature of T0 ≈ 8 mK,

we present the temperature of the metallic island for the two configurations K = 2/3
and K = 3/4 in the bottom panel of figure 4.3, while the top panel displays the as-

sociated conductance. Since for a given voltage, the injected Joule power increases

when the conductance of the device increases, the excess temperature of the metallic

island is higher for transmission through the non-ballistic channel closer to one.

In the figure 4.4, for the same configuration as in figure 4.3, we display the differential

conductance versus eV/kBTI. TI = cKT̃I is the scaling temperature, which charac-

terizes the strength of the impurity and depends on the setting of the non-ballistic

channel. cK is a coefficient chosen in order to respect the conventional criterion

Gs(T/TI = 1) = (Ke2/h)/2 at V = 0 (in the same way as in reference [21]). For
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Figure 4.4: Comparison of the conductance with the theoretical prediction.

The data points display the differential conductance versus eV/kBTI. The black

lines are the theoretical predictions from [67]. The data are the same as in the

previous figure (figure 4.3) with the same color codes. The full points correspond to

6kBT̄ < |eV | < h/(6RenvC) with T̄ = (TΩ + T0)/2. For clarity, an offset of +0.1 is

applied to the data and to the theoretical curve corresponding to K = 3/4.

each configuration, TI is determined at zero dc voltage where it is predicted and

measured that the conductance follows the equilibrium prediction for a TLL with a

single impurity [21]. With TI determined in the equilibrium regime, we can directly

compare the data to the theoretical non-equilibrium prediction at zero temperature,

which are drawn as black lines in the figure 4.4. This comparison was already done

in [21] for K = 2/3. Here we also observe a good agreement between the data

points and the theoretical curve at intermediate voltages, where a TLL behavior is

expected, now including K = 3/4. For low voltages, deviations from zero tempera-

ture predictions come from the non-negligible temperature. The deviations at high

voltages come from the capacitive cutoff (≈ h/(RenvC)) above which the mapping to

a TLL does not hold. From the figure 4.4 we assume in the following that our circuit

is in the TLL regime and can be compared with the zero temperature prediction for
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dc voltages V such that:

6kBT̄ < |eV | < h/(6RenvC) (4.2)

where T̄ = (TΩ + T0)/2. In figure 4.4, the points for which this criterion is (not)

respected are displayed as full (open) symbols.

4.2.2 Comparison of the measured current noise with the

scattering theory of noise

The current noise associated with the theoretical predictions from the mapping to

a TLL is the current noise which would be measured in electrode M3 (see figure 1.1

and 2.1). In practice, we measure ∆S11, ∆S22 and ∆S12 from which ∆S33 can be

deduced from charge conservation (see equation 2.16): ∆S33 = 2∆S12+∆S11+∆S22.

Before comparing with the TLL prediction, we first compare the current noise to the

prediction from the non-interacting scattering approach of noise (reviewed briefly in

chapter 2). The excess noise is given by (equation 2.32 in chapter 2):

∆Sthy33 = 2kB(TΩ − T0)
RK

Nτ 2

(N + τ)2 +
(

N

N + τ

)2
∆Sqpc3. (4.3)

The first term in equation 4.3 is the thermal (Johnson-Nyquist) noise from the

ballistic channels. In this first term we obtain τ from the measured differential

conductance. The second term is the excess noise from the QPC 3, ∆Sqpc3, times

a redistribution factor. This redistribution factor comes from the redistribution

of the current fluctuations in the central metallic island (see chapter 2) and τ is

therefore also obtained from the measured differential conductance. According to

the scattering theory, the noise from the QPC 3, which is open for only one channel,

is given by the relation (equation 2.8 in chapter 2):

Sqpc3(Vqc, TΩ, T0) = 2e2

π~

∫ ∞
−∞

τ(E)2 [fΩ(E)(1− fΩ(E)) + f0(E)(1− f0(E))] dE

+ 2e2

π~

∫ ∞
−∞

τ(E)(1− τ(E)) [fΩ(E)(1− f0(E)) + f0(E)(1− fΩ(E))] dE,

(4.4)

where Vqc is the dc voltage applied to the QPC 3. Each term of the integrand in the

first integral of the right hand side of equation 4.4 is large only for energy close to
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the voltage of the considered Fermi distribution, and becomes very small otherwise.

Making the assumption that the value of τ(E) is constant on the interval where the

integrand is non-negligible, we replace τ(E) by the fixed value τ obtained from the

measured differential conductance of the non-ballistic QPC. For the second integral

in equation 4.4, the integrand is roughly constant for E ∈ [0, eVqc] and vanishes

exponentially outside this range. In this case, a more appropriate approximation is

to replace τ(E) by the dc conductance I/Vqc.

We display the total excess current noise as well as the theoretical prediction from

equations 4.3 and 4.4 in figure 4.5 for Renv = RK/2 and figure 4.6 for Renv = RK/3.

We find, for both environments investigated here, a good agreement with the non-

interacting theory.

We have to keep in mind that, here, we have injected the measured Coulomb renor-

malized conductance in the noise formula. In contrast, the TLL predictions give the

complete behavior of the noise, without the need to inject the measured renormalized

conductance.
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Figure 4.5: Noise versus voltage for Renv = RK/2 (K = 2/3). The data points

display the excess current noise S33(V )−S33(V = 0) versus the voltage for different

tuning of the non-ballistic QPC. The lines display the predictions according to the

scattering theory of noise. Offsets are added, indicated by the dashed lines, in order

to improve the visibility.

4.2.3 Comparison of the measured current noise with pre-

diction in the framework of the TLL mapping

Here, we will show that the voltage dependence of the noise is related to the voltage

dependance of the conductance as predicted by the TLL theory. The current shot

noise derivative by the voltage at T = 0 is predicted to be related to the conductance

by the following formula [17]:

1−K
eK2

dSsn

dV
= dg

d ln V , (4.5)

where g = (Gs/K)RK is the dimensionless conductance. Thus, this formula links

the variation of the conductance by DCB to the variation of the noise. Furthermore,

the right hand side of equation 4.5 is equal to the β−function describing the full
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Figure 4.6: Noise versus voltage for Renv = RK/3 (K = 3/4). The data points

display the excess current noise S33(V )−S33(V = 0) versus the voltage for different

tuning of the non-ballistic QPC. The lines display the prediction according to the

scattering theory of noise. Offsets are added, indicated by the dashed lines, in order

to improve the visibility.

scaling flow of the conductance crossover:

dg

d ln V = βK(g) (4.6)

In order to investigate this relation, we display the discrete differentiation of the noise

S33 by the voltage, times the factor (1−K)/eK2, as a function of the conductance

in the figure 4.7, keeping only the data such that 6kBT̄ < eV < h/(6RenvC) (it is

the same data as that displayed in figures 4.5 and 4.6). We also display the discrete

differentiation of the dimensionless conductance, g = Gs/K in unit of e2/h, by

ln(V ) as colored lines, and the predicted β-function derived from the equations 3.27

as black line. Furthermore, we display the theoretical prediction from the scattering

theory: the dashed lines in figure 4.7 displays β-functions-like derived using the

relation 4.5 and the prediction from the scattering approach (at zero temperature),
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keeping the conductance as voltage independent:

eK2
(
dS33(Vqc, T = 0)

dV

)
g

= 1−K
eK2

(
d

dV

[
2eVqcτ(1− τ)

(
N

N + τ

)2])
g

= 2(N −Kg)Kg(N(1−Kg)−Kg)
N3 . (4.7)

Note that the non-interacting curve is very close to the TLL β-function: it explains

the success of the scattering theory in our circuit despite the strong Coulomb inter-

action.

On the one hand, the conductance is found to follow the theoretical β-function, and

this is not a surprise as it was already observed in figure 4.4. Note that the small

deviations are more important in this representation. On the other hand, for both

environments, we note that the noise data follow the theoretical β−function at low

conductance, but detach from the theoretical curve as the conductance increases

due to the resulting increase of heating. It can be quantitatively accounted for in

the framework of the scattering theory: at non-zero temperature, the scattering

approach gives the following relation for the noise:

S = 2kB(TΩ + T0)/RK
G2

s
K

+
(

N

N + τ

)2 2e2

π~

∫ ∞
−∞

τ(E)(1− τ(E)) [fΩ(E)(1− f0(E)) + f0(E)(1− fΩ(E))] dE.

(4.8)

This equation is calculated using equation 4.3 and equation 4.4, where we have re-

placed τ(E) by τ in the first integral on the right hand side. The standard approach

for focusing on the ∆V -shot noise is to focus on the excess noise, ignoring the ther-

mal term. However, in our approach, when applying a voltage to the sample, we

also heat up the central metallic island as a function of the voltage. Whereas the

effect on the conductance is not overwhelming, it is the case for the noise where even

in focusing on the excess noise, it has for effect to increase the first term in equation

4.8 (term which should be null at zero temperature). In the following we therefore

subtract this term from the total noise, in order to investigate the shot noise versus

voltage without being polluted by the temperature increase from the Joule effect,

which would impede the comparison with the zero temperature prediction. Note

that this thermal contribution at large voltage (eV � kBT ) does not correspond
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to the Johnson-Nyquist noise given by the fluctuation dissipation theorem (which is

proportional to Gs, whereas the thermal contribution at large voltage is in G2
s , see

chapter 2). In figure 4.8 we display the result of this subtraction. When subtracting

the thermal term of equation 4.8, the noise data fall down toward the predicted

β-function as well as the experimental dg/dlnV , experimentally highlighting the re-

lation 4.5. However, the experimental resolution does not allow us to discriminate

between the prediction from the non-interacting scattering theory (dashed lines) and

the TLL predictions (full lines). In order to focus on the TLL relation between con-

ductance variations and noise variations, we display in figure 4.9 the experimental

dg/dlnV versus [(1−K)/eK2] × dS/dV , where we expect the points to follow the

x = y line (black line).

Note that in the limit of weak back-scattering, it is expected that the noise is propor-

tional to the charge of quasiparticles with fractional charge e∗ = Ke. In principle,

we may test this theoretical prediction for the data for which τ is the closer to one.

However, the shot noise signal is very weak compared to heating. Although the

data seems consistent with e∗ = Ke (not shown), further investigation is needed to

ascertain a robust treatment of heating.

4.2.4 Conclusion

In this section, we have investigated the current noise in an electronic dissipative

quantum circuit. The motivation was to compare the noise measurement to the

prediction for a Tomonaga Luttinger liquid with a single impurity. Remarkably, the

theoretical prediction from the non-interacting scattering theory already constitutes

a good approximation, provided the conductance renormalized by DCB is injected.

In practice we do not have the experimental resolution for discriminating between the

scattering theory as a function of renormalized conductance and the TLL predictions.

However, in addition, the relation between voltage dependence of conductance and

shot noise, which is a specific TLL prediction, could be established experimentally.
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Figure 4.7: Comparison with TLL beta function. For a given setting of τ ,

the full data points are a discrete voltage differentiation of the total noise times

the factor (1 − K)/K2e. The colored lines correspond to the measured dg/d ln V
with g = Gs/K. The TLL predictions are shown as full black lines. The dashed

black lines display predictions from the scattering theory of noise (equation 4.7). For

visibility, an offset of 0.2 is added to data and prediction corresponding to K = 2/3.

The color code is the same as in the figure 4.2.

4.3 Shot noise induced by a temperature differ-

ence across a quantum point contact

4.3.1 Previous measurements

Although predicted by the scattering theory of noise [13], a shot noise induced by

a temperature gradient had never been measured until very recently [18]. In this

paper, the authors investigate the noise specifically produced by a difference of

temperature across an atomic contact. Although convincing, their measurements

suffer from the fact that the number of open channels in the atomic contact is not

ascertained. Here we perform measurements of this thermal shot noise through a
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Figure 4.8: Comparison of heatless noise with TLL beta function. For a

given setting of τ , the full data points are a discrete voltage differentiation of the

noise subtracted from the thermal term (see text), times the factor (1 − K)/K2e.

The colored lines correspond to the measured dg/d ln V with g = Gs/K. The TLL

predictions are shown as full black lines. The dashed black lines display predictions

from the scattering theory of noise (equation 4.7). For visibility, an offset of 0.1 is

added to data and prediction corresponding to K = 2/3. The color code is the same

as in the figure 4.2.

single quantum channel with an adjustable transmission probability, using a QPC

in the quantum Hall regime. We use the same configuration of the circuit as in

the previous section, except for the voltage bias. A Joule power is injected through

the ballistic channels connected to electrodes biased at voltages of opposite signs

(electrodes S1 and S2 in figure 2.1), such that the average voltage of the metallic

island remains null.
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Figure 4.9: dg/dlnV versus [(1−K)/eK2] × dS/dV . The open (full) points cor-

respond to data for K = 2/3 (K = 3/4). The color code is the same as in

the figure 4.2. The black lines correspond to the expected behavior dg/dlnV =
[(1−K)/eK2]× dS/dV .

4.3.2 Procedure for focusing on the ∆T -shot noise

The extraction of the island’s temperature is performed in the same way as in the

previous section, using equation 2.30 for different tunings of the non-ballistic QPC.

We extract the excess noise source across the non-ballistic QPC using the equations

2.31 in chapter 3:

∆Sqpc = (N + 2τ)
(

∆S11

2n1
+ ∆S22

2n2

)
+ ∆S12

(N + τ)2 + τ 2

2n1n2
, (4.9)

with ∆S11 (∆S22) the excess spectral density measured in electrodes 1 (2) and

∆S12 the excess cross-correlations. ∆Sqpc includes two contributions: the Johnson-

Nyquist noise involving the average temperature of the electrodes 3 and the metallic
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Figure 4.10: ∆T -shot noise. Left panel: symbols represent the experimental QPC

noise at N = 2 from which the average thermal noise was removed. Measurements

at different gate voltage tunings of the QPC are shifted vertically, with the applied

offsets shown as horizontal dashed lines. Open and full symbols distinguish separate

sequences of measurements. Continuous lines display predictions of equation 4.11.

Right panel: the τ(1 − τ) partition signature is shown as a continuous line versus

τ . Symbols represent the experimental QPC noise from which the average ther-

mal noise was removed, divided by the τ -independent functions F(TΩ, T0), which

is the predicted thermal shot noise’s temperature dependence. A lighter (darker)

symbol coloring indicates a small (large) TΩ − T0 corresponding to a higher (lower)

experimental uncertainty.

island, and the thermal shot noise associated with the temperature difference. Fol-

lowing [18], we focus on the thermal shot noise by subtracting the “excess” Johnson-

Nyquist noise given by the standard fluctuation dissipation formula:

∆S∆T
qpc = ∆Sqpc − 2kB(TΩ − T0)τ/RK, (4.10)

For a base temperature of T0 ≈ 8mK, we display the result ∆S∆T
qpc in the left panel

of the figure 4.10, adding offsets in order to distinguish each measurement. The

colored lines correspond to the theoretical predictions of the scattering theory for

the thermal shot noise, given by:

∆Sthyqpc = 2e2

π~
τ(1− τ)

∫
(f0(E)− fΩ(E))2 dE, (4.11)
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with f0 and fΩ the Fermi distribution of the electrons in the cold electrodes at tem-

perature T0 and in the hot metallic island at temperature TΩ respectively, and where

τ is obtained from the simultaneously measured differential conductance renormal-

ized by the DCB (note that I/V = dI/dV since there is no voltage bias applied

to the non-ballistic QPC). The integration is performed numerically. We note that

the predictions closely match the data. In the right panel of the figure 4.10 the

data points represent the experimental shot noise renormalized by the predicted

τ−independent temperature function F = 2e2

π~
∫

(f0(E)− fΩ(E))2 dE. In this panel,

a lighter (darker) symbol coloring indicates a small (large) TΩ − T0 corresponding

to a higher (lower) experimental uncertainty. The good agreement with τ(1 − τ)
(black line) attests the partition origin of this shot noise induced by a difference of

temperature.

We performed control measurements for other values of N (N = 3 and N = 4),

shown in figure 4.11, where both demonstrate a good agreement with theoretical

predictions. The measurements are also shown for a larger base temperature T0 ≈ 16
mK in figure 4.12.

4.3.3 Conclusion

In this section, we have investigated the shot noise across a non-ballistic channel

resulting from a pure thermal bias. A good agreement is observed with the scat-

tering theory of noise [13], as also recently shown using an atomic contact [18], and

despite the Coulomb renormalization of the conductance in our specific case. Our

understanding of the non-equilibrium thermal noise will make it possible to address

heat and noise in more complex quantum systems.
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5.1 Introduction

In this chapter, we investigate the effect of Coulomb interaction upon the heat flow

in a small quantum circuit. As the size of the sample and temperature of electrons

decrease, quantum mechanics and Coulomb interaction become preponderant. As

already seen in the previous chapter, the classical laws of electrical impedance com-

position may not apply anymore and we need to discover the new laws of electricity

[20; 80]. The improvement in the experimental control of small circuit allow one

now to investigate the heat flow at the nano-scale [6; 8; 81; 82]. Note also the recent

measurement of fundamental temperature fluctuations in [83].

Here, we investigate the electronic heat flow, from a small metallic island of

relatively important Coulomb charging energy, through several electronic quantum

channels toward large cold reservoirs.

• First, we conduct this experiment in the case where all the channels are bal-

listic. For N =1,2,3,4 and 5 ballistic channels connecting the metallic island,

we directly observe the systematic heat Coulomb blockade of one ballistic

channel at low temperature while the electrical conductance is unaffected (no

blockade)[84], as recently predicted by theory [19].

• Then we investigate the electronic heat flow beyond the ballistic limit, with

a controlled back-scattering in one of the channels. We observe an additional

mechanism of the electronic heat flow, which involves both the Coulomb in-

teraction and the shot noise through the non-ballistic channel.

89



CHAPTER 5. ELECTRONIC HEAT FLOW IN A COMPOSITE QUANTUM
CIRCUIT

5.2 Electronic heat flow through quantum circuits

5.2.1 Heat flow across a short quantum channel connected

to large reservoirs

The heat flow through a quantum conductor connecting two large reservoirs, as

represented in figure 5.1, can be calculated using the scattering theory [85; 86]. For a

single quantum channel of an energy independent arbitrary transmission probability

τ , connecting two reservoirs with Fermi distribution fL(E − eVL, TL) and fR(E −
eVR, TR) for the left and right reservoir respectively, the net heat current in reservoir

R is given by (equation 16c in reference [85]):

J = τ

h

∫
(E − eVR)(fL(E − eVL)− fR(E − eVR)) dE

= τ
(VR − VL)2

2RK
+ τ

π2k2
B

6h (T 2
L − T 2

R)

The first term is the Joule power dissipated when the channel is biased with a voltage

∆V = VR − VL. The factor of 1/2 with respect to the total Joule power ∆V I is

because only one of the reservoirs is considered here. The second term is the heat

flow Jheat which results from the difference of temperature ∆T = TL − TR between

the two reservoirs, and which can be related to the thermal conductance:

Gth = lim
∆T→0

Jheat/∆T = π2k2
BTτ/3h

The multi-channel case may be obtained by simply adding contributions of each

independent channel. To my knowledge, a quantitative measurement of the heat flow

in a simple QPC with an arbitrary transmission τ ∈]0, 1[ has never been reported

before. Note however that relative variations of the thermal conductance, up to an

unknown prefactor, were probed in [87], and an order of magnitude estimate was

previously performed in [88].

Wiedemann-Franz law

Remarkably, the quantum result above for a non-interacting single channel is in

agreement with the Wiedemann-Franz law broadly observed in classical conductor,

90



CHAPTER 5. ELECTRONIC HEAT FLOW IN A COMPOSITE QUANTUM
CIRCUIT

TL, VL TR, VR

τ

Figure 5.1: A single channel quantum conductor of electron transmission probability

τ connecting two larges reservoirs, each of them characterized by a voltage and a

temperature.

which states that the ratio between the electrical conductivity and the thermal

conductivity in conductors is proportional to the temperature:

Gth

Gel
= LT.

The proportionality constant L, called Lorenz number, is equal to:

L = π2

3

(
kB

e

)2

.

Quantum limit of heat flow

For a non-interacting ballistic quantum channel (τ = 1) the heat flow reaches the

quantum limit of heat flow through a quantum conductor [82; 85; 86]:

Jel
Q = π2k2

B
6h (T 2

L − T 2
R). (5.1)

In the same way as the quantum of electrical conductance, the quantum of ther-

mal conductance GQ = π2k2
B/3h does not depend on the material constituting the

conductor. Moreover, the quantum of thermal conductance is predicted [89] and

measured to be the same for phonons [90], photons [91], and electrons [82]. However,

we note the observation of half-integer thermal Hall conductance in the fractional

quantum Hall regime at a filling factor ν = 5/2 [92], which may indicate the presence

of non-abelian anyons at this particular filling factor.
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5.3 Predictions for heat flow in composite quantum-

circuits

In our device, we assume that heat is evacuated by two mechanisms: by electrons

through the electronic channels and by the electron-phonon interaction in the metal-

lic island, Jheatthy = Jel
thy + Jel−phthy . In the work presented here we are interested in the

first one: the electronic heat flow Jel
thy. Here we start by deriving the theoretical

prediction for the electronic heat flow in the presence of Coulomb interaction. Then

we will address the heat flow toward the cold phonons.

5.3.1 Heat Coulomb blockade prediction

In this section we derive the predictions for the electronic heat flow out-going from

the metallic island through N ballistic channels and an additional channel of ar-

bitrary transmission probability τ ∈ [0, 1]. We use the same approach as the one

used in [19] for ballistic systems. In Ref. 19, it is shown that the expressions of the

currents found using the bosonization technique can be recovered using the semi-

classical Langevin approach. Here we will use the Langevin approach. The idea of

the derivation is as following:

• for each channel, we formulate the heat current in terms of high frequency

electrical current fluctuations [19]. The current fluctuations in the circuit have

for origin uncorrelated noise sources of thermal and partition origins;

• to derive the electrical current fluctuations in each channel, we need also to

consider the charge and subsequent RC discharge of the metallic island. We

first express the charge fluctuation δQ as a function of the uncorrelated noise

sources;

• then, the electronic heat flow in each channel is calculated including the dis-

charge current fluctuations δVΩ/RK with δVΩ = δQ/C.

We first detail the calculation for ballistic channels where there is no partition

noise, and subsequently for the non-ballistic channel where we need to consider

the partition noise.
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Link between electronic heat flow and current fluctuations in a quantum

channel

R

Figure 5.2: A reservoir R is connected to a quantum edge channel α. The outgoing

current fluctuations are denoted ∆IoutR,α, and the in-going one are denoted ∆I inR,α.

The current fluctuations ∆IoutR,α outgoing from a floating reservoir R of capaci-

tance C in a chiral quantum channel α (see figure 5.2) are given by:

∆IoutR,α = δI thR,α + δQ

RKC
. (5.2)

In this equation, the first term on the right side is a current Langevin source cor-

responding to the thermal electrons emitted from the reservoir R into the channel

α. In the following we assume that the thermal current Langevin source associated

with different reservoirs or/and channels are uncorrelated (< δI thR,αδI
th
R′,α′ >= 0 if

α 6= α′ or R 6= R′). The second term results from the fluctuation of the overall

charge δQ of the reservoir. Note that voltage biased electrodes can be modeled by

very large capacitances such that δQ/RKC → 0. The current noise spectral density

associated with the thermal current fluctuations δI thR,α emitted from a reservoir R at

temperature T is given by [19]:

SthR,α(ω) = ~ω/RK

−1 + exp [~ω/kBT ] . (5.3)

In the following, in order to lighten the notation we replace SthR,α(ω) by Sth(T ).
Note that this expression is the full, frequency dependent quantum noise, needed to

compute the flow of heat (equation 5.4), in contrast with the low frequency relation

used in the chapter 2 for the noise measured in the low-frequency MHz range (h×1

MHz/kB ≈50 µK << T ). Because of the chirality, a factor of 2 is missing compared

to the relation 2.4 presented in the chapter 2. The heat flow propagating along the

chiral channel, where the current ∆IoutR,α is injected, is determined by integrating the
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resulting current noise spectral density SoutR,α(w) [19]:

JoutR,α = ~
2e2

∫ ∞
−∞

[
SoutR,α(ω)− Svacuum(ω)

]
dω, (5.4)

with Svacuum(ω) the vacuum fluctuations at zero temperature. In the same way, the

incoming heat flow injected in the contact R from the channel α is determined by

integrating the current noise spectral density SinR,α(ω) associated with the incoming

current fluctuations ∆I inR,α:

J inR,α = ~
2e2

∫ ∞
−∞

[
SinR,α(ω)− Svacuum(ω)

]
dω, (5.5)

The net electronic heat flow out going from the reservoir R by the channel α is then:

Jel
α = JoutR,α − J inR,α (5.6)

For one ballistic channel connecting two reservoirs at temperatures TL and TR (for

left and right reservoirs), the calculation of the net electronic heat flow leads to

Jel = π2k2
B

6h (T 2
L−T 2

R), recovering the quantum limit of heat flow JelQ defined in equation

5.1. The additional channel of transmission probability τ ∈ [0, 1] brings about

a few differences in comparison to the calculation performed in reference [19]: the

symmetry between channels is broken and a partition noise emerges at the channel of

transmission τ when τ 6= 0 and 1. Note also that the in-situ transmission probability

τ depends on the temperatures due to dynamical Coulomb blockade. In practice we

assume it is independent of the frequency and equal to the measured renormalized

transmission probability.

The island’s charge fluctuations

In the following, we are considering the complete device used throughout this thesis

(see a graphical representation in figure 5.3). The floating metallic island, labeled

Ω, is characterized by a temperature TΩ. The other electrodes, labeled E, are all

large and at the same temperature T0 (as the other contacts are all voltage biased

and at the same temperature T0, it is equivalent to consider only one contact E).

Charge conservation allows us to determine the fluctuation δQ of the charge of the

floating island:

iωδQ = ∆I in −∆Iout, (5.7)
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Figure 5.3: Noise schematic. Graphical representation of the different current and

voltage fluctuations involve in the derivation of the heat flow.

with ∆I in and ∆Iout, respectively, the total incoming and outgoing current fluctu-

ations (summed over all channels). The corresponding island’s voltage fluctuations

δQ/C result in the emission of current fluctuations δQ/RKC in each connected

channel, which contribute to ∆Iout:

∆Iout =
N∑
j=1

δI thΩ,j + δI thΩ,q + (N + 1) δQ

RKC
, (5.8)

with N the number of ballistic channels and q labeling the single non-ballistic chan-

nel. It also shows up in ∆I in, because of the (1− τ) fraction of the current reflected

at the non-ballistic QPC:

∆I in =
N∑
j=1

δI thE,j + τδI thE,q + (1− τ)
[
δI thΩ,q + δQ

RKC

]
+ δIsnq . (5.9)

Note that ∆I in also includes an additional shot noise contribution δIsnq from the

non-ballistic channel, as further discussed in the section “current fluctuations in the
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non-ballistic channel”. We now introduce τΩ, defined as the sum of the transmission

probabilities of all the channels connected to the island:

τΩ = N + τ.

Injecting equations 5.8 and 5.9 in equation 5.7, we deduce the charge variation as a

function of the uncorrelated noise sources (δI thE,j, δI
th
Ω,j, δI

sn
q ):

δQ

RKC
= 1
iωRKC + τΩ

 N∑
j=1

(δI thE,j − δI thΩ,j) + τ(δI thE,q − δI thΩ,q) + δIsnq

 . (5.10)

Current fluctuations along the ballistic channels

The current fluctuations in-coming into the island from a ballistic channel j are

equal to the current fluctuations emitted in this channel from electrode E, and they

involve only thermal fluctuations:

∆I inΩ,j = δI thE,j. (5.11)

The corresponding current spectral density is:

SinΩ,j ≡
〈
(∆I inΩ,j)2

〉
(ω) = Sth(T0), (5.12)

with Sth(T0) given equation 5.3. The current fluctuations out-going from the island

Ω in a ballistic channel j are given by:

∆IoutΩ,j = δI thΩ,j + δQ

RKC
, (5.13)

where we consider the voltage fluctuation of the metallic island. The corresponding

current spectral density obtained using the expression of δQ given equation 5.10 is:

SoutΩ,j ≡
〈
(∆IoutΩ,j )2

〉
(ω) = Sth(TΩ)− 2τΩ

(ωRKC)2 + τ 2
Ω

[
Sth(TΩ)

]
+ 1

(ωRKC)2 + τ 2
Ω

[
(τΩ − τ(1− τ))

(
Sth(TΩ) + Sth(T0)

)
+ Ssn

]
(5.14)

where we have introduce Ssn ≡
〈
(∆Isnq )2

〉
(ω).
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Current fluctuations along the non-ballistic channel

(i) Current fluctuations in the Ω side of the non-ballistic QPC

The current fluctuations in-going into the metallic island from the non-ballistic

channel q are given by:

∆I inΩ,q = τδI thE,q + (1− τ)δI thΩ,q + (1− τ) δQ

RKC
+ δIsnq , (5.15)

where we have added the additional Langevin source δIsnq coming from the electrons

partition. The corresponding spectral density obtained using the expression of δQ

given equation 5.10 is:

SinΩ,q ≡
〈
(∆I inΩ,q)2

〉
(ω) = τ 2Sth(T0) + (1− τ)2Sth(TΩ)

+ (1− τ)2

(ωRKC)2 + τ 2
Ω

[
(τΩ − τ(1− τ))(Sth(TΩ) + Sth(T0)) + Ssn

]
+ 2(1− τ)τΩ

(ωRKC)2 + τ 2
Ω

[
τSth(T0)− τ(1− τ)

(
Sth(TΩ) + Sth(T0)

)
+ Ssn

]
+ Ssn. (5.16)

The current fluctuations out-going from the island Ω in the non-ballistic channel q

(before reaching the quantum point contact) are given by:

∆IoutΩ,q = δI thΩ,q + δQ

RKC
(5.17)

The corresponding current spectral density obtained is:

SoutΩ,q ≡
〈
(∆IoutΩ,q)2

〉
(ω) = Sth(TΩ)− 2τΩ

(ωRKC)2 + τ 2
Ω

[
τSth(TΩ)

]
+ 1

(ωRKC)2 + τ 2
Ω

[
(τΩ − τ(1− τ))

(
Sth(TΩ) + Sth(T0)

)
+ Ssn

]
(5.18)

In principle, the knowledge of SinΩ,q and SoutΩ,q is sufficient to calculate the net heat

flow from equations 5.4, 5.5 and 5.6. However, as detailed in the next section, we

also need to compute the current fluctuations on the other side of the QPC in order

to straightforwardly determine Ssn.
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(ii)Current fluctuations in the E side of the non-ballistic QPC

The transmitted current through the non-ballistic channel q impinging upon the

electrodes E on the E side of the QPC is:

∆I inE,q = τδI thΩ,q + (1− τ)δI thE,q − δIsnq + τ
δQ

RKC
(5.19)

The associated current spectral density is given by:

SinE,q ≡
〈
(∆I inE,q)2

〉
(ω) = τ 2Sth(TΩ) + (1− τ)2Sth(T0) + Ssn

+ 2ττΩ

(ωRKC)2 + τ 2
Ω

[
−τSth(TΩ) + τ(1− τ)

(
Sth(T0) + Sth(TΩ)

)
− Ssn

]
+ τ 2

(ωRKC)2 + τ 2
Ω

[
(τΩ − τ(1− τ))

(
Sth(TΩ) + Sth(T0)

)
+ Ssn

]
(5.20)

The current out-going from the electrodes E is simply given by:

∆IoutE,q = δI thE,q (5.21)

The associated current spectral density is given by:

SoutE,q ≡
〈
(∆IoutE,q)2

〉
(ω) = Sth(T0) (5.22)

Determination of Ssn

In the equations above, the only missing ingredient is the “shot noise” Ssn. The

required knowledge can be determined from global heat conservation:

Jel
q = JoutΩ,q − J inΩ,q = J inE,q − JoutE,q (5.23)

Using equations 5.4,5.5,5.16,5.18 and 5.20,5.22, this condition imposes that:∫ ∞
−∞

Ssn ×
[
1 + τΩ − τ(1− τ)− 2ττΩ

(ωRKC)2 + τ 2
Ω

]
dω =

∫ ∞
−∞

τ(1− τ)×
[
1 + τΩ − τ(1− τ)− 2ττΩ

(ωRKC)2 + τ 2
Ω

]
×
(
Sth(TΩ) + Sth(T0)

)
dω. (5.24)

This condition does not give the full shot noise, but only the part of the shot noise

relevant for the calculation of the electronic heat flow. Note that this result is the

same for a single channel without interaction.
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Net out-going electronic Heat flow

The net out-going heat flow through all the channels, using the previous equations

(5.3, 5.4, 5.5, 5.12, 5.14, 5.16, 5.18, and 5.24), can be written as:

Jel
thy =

N+1∑
j=1

(
JoutΩ,j − J inΩ,j

)

=τΩ
π2k2

B
6h (T 2

Ω − T 2)− τΩ
h(τΩ − τ(1− τ))

(2πRKC)2

[
=
(
hτΩ/RKC

2πkBTΩ

)
−=

(
hτΩ/RKC

2πkBT

)]
,

(5.25)

where we recall that τΩ = N + τ , and with the function = given by:

=(x) =
∫ ∞

0

z

z2 + x2
1

exp(z)− 1 dz

= 1
2

[
ln
(
x

2π

)
− π

x
− ψ

(
x

2π

)]
, (5.26)

with ψ(z) the digamma function. At τ = 0 or 1, Eq. 5.25 reduces to the expression

derived for a ballistic system [19].

Asymptotic behavior in ballistic case (τ = 0, 1)

The function = has the asymptotic forms:

=(x� 1) ' π

2x, =(x� 1) ' π2

6x2 ,

with a crossover centered on x ≈ 1. Note that the crossover from one asymptote to

the other depends thus of the number of channels connected to the metallic island.

At T, TΩ � NEC/πkB (x� 1), Eq. 5.25 with τ = 0 therefore reduces to

Jel
thy ' (N − 1)π

2k2
B

6h (T 2
Ω − T 2

0 ) = (N − 1)× Jel
Q , (5.27)

with precisely one electronic ballistic channel effectively suppressed for heat conduc-

tion, whatever the total number N of ballistic channels.

At NEC/πkB � T0, TΩ (x� 1), Eq. 5.25 at τ = 0 becomes

Jel
thy ' N

π2k2
B

6h (T 2
Ω − T 2

0 )−NECkB

2h (TΩ − T0), (5.28)

which corresponds to a net reduction of the heat conductance (|T0 − TΩ| → 0) per

ballistic electronic channel by the fixed amount ∆Gel
heat = ECkB/2h (always small

99



CHAPTER 5. ELECTRONIC HEAT FLOW IN A COMPOSITE QUANTUM
CIRCUIT

with respect to Gth
Q in the considered high-temperature limit).

At T0 � NEC/πkB � TΩ, Eq. 5.25 at τ = 0 becomes

Jel
thy '

π2k2
B

6h (NT 2
Ω − (N − 1)T 2

0 ))−NECkB

2h TΩ, (5.29)

where the relative reduction due to heat Coulomb blockade progressively vanishes

as TΩ increases.

In the figure 5.4 we show the theoretical prediction for a temperature T0 = 8 mK

for different number of ballistic channels connected to the island. Note the different

crossover temperature, given by NEC/πkB, for each configuration.

Asymptotic behavior for τ ∈]0, 1[

At low temperatures, Eq. 5.25 simplifies into:

Jel
thy

(
T0, TΩ �

~τΩ

kBRKC

)
'
(
τΩ − 1 + τ(1− τ)

τΩ

)
× π2k2

B
6h (T 2

Ω − T 2
0 ). (5.30)

In this case, in addition to the systematic blockade of one ballistic channel (−1 in

the prefactor) with respect to the non-interacting case (τΩ in the prefactor), we find

an additional contribution to the flow of heat, whose partition character is signaled

by the characteristic τ(1− τ) dependence.

At high temperatures, Eq. 5.25 reduces to the non-interacting result matching the

widespread Wiedemann-Franz law (without additional contribution from the parti-

tion noise):

Jel
thy

(
T0, TΩ �

~τΩ

kBRKC

)
' τΩ

π2k2
B

6h (T 2
Ω − T 2

0 ). (5.31)

5.3.2 Heat evacuation by electron-phonon coupling

Assuming the metallic island can be described as a Fermi liquid with electrons at

hot temperature TΩ and a phonons bath at the base temperature T0, the standard

formula used for modeling the transfers of heat toward the phonons is given by [93]:

Jel−ph = ΣΩ(TαΩ − Tα0 ) (5.32)

where Ω is the volume of the metallic island, and Σ a constant parameter involving

the electron-phonon coupling. The parameter α depends of the disorder:
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Figure 5.4: Heat Coulomb blockade prediction for ballistic channels

Crossover from NJQ at TΩ >> NEC/πkB to (N − 1)JQ at TΩ << NEC/πkB.

Colored continues lines display the theoretical prediction normalized by the quan-

tum limit of heat flow per channel for different numbers N of ballistic channels

and versus the metallic node temperature TΩ. The vertical dotted lines display the

different thermal crossovers.

• In the case of a clean material with a phonon wavelength λph well below the

electron mean free path lel, the heat transfer toward the phonons is predicted

to follow a power law in T 5 (α = 5) [93].

• In the disordered limit (λph >> lel), the heat flow toward phonons is expected

to follow a power law in Tα with α between 4 and 6, depending of the nature

of the disorder. Although most of the experiments measuring the transfers of

heat between electrons and phonons found a result matching with the clean-

limit case, other results are possible. For instance in reference [94], the authors

have measured a heat flow in T 6 as expected for “vibrating” disorder (defects

moving together with the lattice atoms). In our case, the metallic island which

is a diffused allow, is most likely not as clean as a pure metal.
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5.4 Observation of the electronic heat flow in a

ballistic circuit

First, we focus on the heat flow in the simplest ballistic limit, when only ballistic

channels are connected to the metallic island.

5.4.1 Procedure to investigate heat flow

The approach used to measure the electronic heat flow is represented in figure 5.5.

It is similar to the one introduced in order to measure the quantum limit of heat

flow across an electronic channel [82]. A Joule power PJ is dissipated into the

electronic fluid within the island. As a result the metallic island heats up to a

steady-state electronic temperature TΩ above the base temperature T0 such that the

dissipated Joule power and the net outgoing heat flow Jheat exactly compensate each

other (Jheat = PJ). The determination of TΩ through noise measurements therefore

directly provides the heat flow-temperatures characteristics (Jheat(TΩ)). The total

heat flow is expected to contain two contributions:

Jheat = Jel(TΩ, T0) + Jel−ph(TΩ, T0)

Jel is the heat current carried by electrons along the N connected ballistic channels

and Jel−ph is an additional mechanism by which the heat is evacuated, which is

attributed to coupling between electrons and phonons. In contrast to the previous

work [82], the present measurement performed at low temperatures down to 8 mK

allows for the direct observation of the electronic heat flow. Indeed, electronic heat

flow is supposed to follow a power law in T 2 whereas the heat flow by electron-

phonon coupling should follow a power law in Tα with α between 4 and 6 [95].

At sufficiently low temperature, the heat flow by electron-phonon coupling may be

negligible in comparison to the electronic heat flow, as we will see in the following.

5.4.2 Experimental procedure

First, we set all the QPCs in the ballistic regime with a total of N ballistic channels

connecting the metallic island. To check that we are well in the ballistic regime,

we measure the electrical conductance of the device GS seen from the electrode M1
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Figure 5.5: Experimental principle: We inject a well-known Joule power PJ in

the metallic island by applying a dc voltage to the circuit. By energy conversation,

the out-going electronic heat flow is equal to the injected Joule power. We measure

the resulting temperature TΩ which allows us to determine the heat flow versus

temperature characteristic. At very low temperature, the heat transfer toward the

phonons is negligible in comparison to the electronic heat flow.

and GP seen from the electrode M3 versus the voltage applied to the electrode M3
(see figure 1.1). These measurements are shown in the left panel of the figure 5.6.

The four colors represent four different configurations, which are depicted by the

following table:

N N1 N2 N3

2 1 0 1

3 1 1 1

4 1 2 1

5 2 2 1

with Ni the number of ballistic channels through the QPC i (i ∈ {1, 2, 3}). As

shown in the left panel of the figure 5.6, the electrical conductances are not affected

by the applied voltage, as is expected for ballistic channels [96; 97]. At the same

time, we measure the increase in the current noise impinging on electrode M1. The

spectral density of this excess current noise is shown in the right panel of the figure

5.6. Since the channels are ballistic, there is no shot noise: the measured noise

increase comes only from the augmentation of the temperature from the dissipated
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Joule power. Note that we checked that when the QPCs are all closed, we do not

observe any variation of the current noise spectral density versus the voltage applied

in any electrode. This indicates that the source electrodes and the electrode where

we measure the noise stay at the same base temperature. The only element of the

circuit whose temperature is substantially increased is the central metallic island.

In the right panel of the figure 5.6, the symmetric behavior in V is consistent with

the absence of any thermo-electric effect, as expected for ballistic channels.

The following fluctuation dissipation relation [82; 98]:

(TΩ − T0)2kBGS = Sexc, (5.33)

allows us to determine the temperature increase in the metallic island (see chapter 2

for a derivation; here with a simplification arising from the fact that there is no shot-

noise). The Joule power dissipated in the island is given by PJ = V 2GP/2. Using

these formulae and averaging for positive and negative voltages, we show in the figure

5.7 the augmentation of the temperature of the metallic island as a function of the

injected Joule power. For a given Joule power injected, the different temperatures

for the different configurations attest of the role of the electronic channel for the

evacuation of heat: the greater is the number of channels, the better the heat is

evacuated, and the lower is the temperature of the metallic island. At high injected

Joule power, this difference tends to vanish: it is because the evacuation of heat by

electron-phonon coupling becomes much higher than the electronic heat flow through

the quantum electronic channels.

5.4.3 Observation of the heat Coulomb blockade of one bal-

listic channel on the electronic heat flow

We first observe the total heat flow at very low temperature, for a base temperature

of T0 = 8 mK and a temperature of the metallic island TΩ below 25 mK. The

result is shown in figure 5.8. The heat flow is shown versus squared temperature

to directly compare with the quadratic power law expected for the electronic heat

flow: the good agreement with straight lines indicates that the heat flow toward the

cold phonons is negligible at these temperatures. The remarkable observation is the

systematic suppression of one ballistic channel for the transport of heat. In contrast
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Figure 5.6: Conductance and noise versus dc voltage. The conductance of

the sample seen from electrode M1 where the noise is measured (GS) and seen from

electrode M3 where the voltage is applied (GP) are plotted in the left panel. The

device electrical conductances GS,P (lines, see text) match their expected quantum

limited values independently of V : they are not reduced by Coulomb blockade. The

right panel shows the excess noise measured in electrode M1, resulting from the

augmentation of the temperature of the metallic island.

the electric current is not affected, in violation of the Wiedemann-Franz law. Indeed,

the data match with the line corresponding to (N − 1)JQ. This reduction of the

overall electronic heat flow, which precisely obey the theoretical prediction derived

in the previous section, is the main result of this section.

Control experiments of this observation are displayed in figure 5.9. First, we

implement the case N = 2 with 3 different configurations of the device, finding

concordant measurements of the Coulomb blockade of the heat flow. Second, we

perform the experiment at a twice higher temperature of the large reservoir T0 = 16
mK. In the two panels, the bottom dashed lines correspond to the low-temperature

asymptotic limits of the theory, whereas the full black lines are the quantitative

prediction of the heat Coulomb blockade. The top dashed line corresponds to the

prediction for the electronic heat flow across two ballistic channels in the absence of

the heat Coulomb blockade. We also perform the experiment at filling factor ν = 3
(data not shown).
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Figure 5.7: Temperature versus injected Joule power. The island electron

temperature TΩ is plotted versus the dissipated Joule power PJ, for different numbers

N of connected ballistic channels. It is obtained from the excess noise spectral

density Sexc measured on electrode M1.

5.4.4 Crossover from (N − 1)× Jel
Q to N × Jel

Q

The purpose of this part is to compare our measurement with the theoretical pre-

dictions for the temperature dependence of the heat Coulomb blockade, which is

expected to progressively cancel out as the temperature becomes much higher than

NEC/πkB. The practical difficulty is that this crossover takes place on a temper-

ature range where electron-phonon heat transfers are predominant in our device,

which impedes a direct observation of the electronic heat flow to observe signatures

of the heat Coulomb blockade crossover. We exploit the fact that the heat flow from

the hot electrons in the metallic island at a given TΩ toward the cold surrounding

phonons is independent of the number of channels connecting the metallic island,

whereas the crossover around NEC/πkB depends on the number N of channels.

Then, subtracting from the total heat flow Jheat(N, TΩ), measured in one config-

uration, from the total heat flow Jheat(Nref , TΩ) in another configuration used as

a reference, allows us to cancel the phonon contribution: Jheat(N) − Jheat(Nref ).
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Figure 5.8: Heat Coulomb blockade of one ballistic channel. Symbols (sta-

tistical uncertainties shown when distinctly larger) represent the overall heat flow

(Jheat = PJ) displayed versus T 2
Ω − T 2, at low temperatures where electron-phonon

interactions are negligible (TΩ < 25 mK). The nearby straight dashed lines show

(N − 1)× Jel
Q , corresponding to a systematic heat current suppression of 1× Jel

Q .

The result is independent of the electron-phonon coupling and can be compared to

Jel
thy(N, TΩ) − Jel

thy(Nref , TΩ). The results using Nref = 4 and normalized by the

quantum limit of heat flow for one channel are plotted in figure 5.10 as symbols. In

this representation, a departure from (N − 4) signals a difference in the crossover.

The quantitative prediction, given by equation 5.25 without any fitting parameter,

is shown as continuous lines. For N − Nref = −2 (N = 2, Nref = 4), the larger

crossover signal follows the theoretical prediction up to TΩ ≈ 60 mK (right panel

of figure 5.4 and figure 5.10). At higher temperature, the scatter of the data points

rapidly increases due to the overwhelming subtracted electron-phonon contribution.

This observation further establishes experimentally the full heat Coulomb blockade

theory for ballistic channels at arbitrary temperatures, beyond the low-temperature
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Figure 5.9: Control experiments. Left panel: control experiment at T0 = 16
mK. Right panel: Comparison of three device configurations implementing N=2 (as

detailed in the figure).

systematic suppression of one ballistic quantum channel.

5.4.5 Electron-phonon coupling

Having established the heat Coulomb blockade prediction for ballistic channels, we

now use this prediction in order to investigate the additional mechanism for the dis-

sipation of heat, which we attribute to the coupling between electrons and phonons.

The figure 5.11 shows this additional contribution, obtained by subtracting the the-

oretical prediction for the electronic heat flow (equation 5.25) from the total heat

flow. All the data collapse into a single curve, independently of the number N of

electronics channels. It can be fitted by a simple power-law as expected for the heat

flow toward the phonons [93]:

Jel−ph = β(TαΩ − Tα0 ) (5.34)

We observe that the data correspond to an exponent of α = 5.85, above the exponent

of 5 characterizing the clean limit but in agreement with what can be expected for

the heat evacuation through coupling between hot electron and cold phonon in the
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Figure 5.10: Heat Coulomb blockade crossover. Symbols (continuous lines)

show the measured (predicted) heat current variation when changing N from

Nref = 4 at fixed TΩ, renormalized by the quantum limit per channel Jel
Q . The

crossover toward the low-temperature heat Coulomb blockade of one ballistic chan-

nel specifically shows as a difference with respect to the nearby horizontal dashed

line, whereas electron-phonon thermal transfers are canceled out.

presence of disorder: α ∈ [4, 6] [93]. The prefactor β = 39 nW/Kα is typical, given

the volume of the metallic island (volume of ≈3 µm3) and its composition: for

the gold, which is the main constituent of the metallic island, the electron-phonon

coupling constant is measured to be equal to 2.4 × 109 Wm−3K−5 for temperature

between 80 mK and 1.2 K and assuming a T 5 power law [99]. Note that the same

power law (same exponent and same prefactor) is found in a verification experiment

at the twice higher base temperature T0 = 16 mK. This verification ascertains that

the temperature of the phonons is the same as the electron temperature in the cold

reservoir that is measured by quantum shot noise for the electrons.
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Figure 5.11: Electron-phonon heat transfers. Subtracting heat Coulomb block-

ade predictions, the displayed remaining part of the heat current (symbols) collapse

onto a single curve for all N ∈ {2, 3, 4, 5}, fitted by a T 5.85
Ω functional (line, Jph

heat).

Inset, direct comparison between Jel
thy + Jph

heat (black continuous lines) and measured

total heat current Jheat (superimposed colored dashed lines).

5.4.6 Comparison of the theory with the raw noise data

For completeness, we here compare directly the theory to the raw data in the figure

5.12. The noise predictions are obtained from the heat flow predictions. The noise

data are the same as the one displayed in the figure 5.6 (right panel). Full lines

display the theoretical noise derived using the fluctuation dissipation formula (equa-

tion 5.33), with the excess temperature determined from the heat Coulomb blockade

theory (equation 5.25) and the electron-phonon coupling calibration (equation 5.34

with α = 5.85 and β = 39 nW/Kα). Dashed lines display the theoretical noise

derived without the electron-phonon coupling (which is only negligible at low island

temperature, ie low bias voltages).
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Figure 5.12: Direct comparison raw data/theory. In the main panel, we display

as points the same raw data of the figure 5.6 (right panel) using the same color code.

The colored full lines display the theoretical noise derived using the heat Coulomb

blockade theory and the heat flow from electrons to phonons. The colored dashed

lines display the theoretical noise without including the electron-phonon heat flow.

Offsets are added in order to improve the visibility.

5.4.7 Discussion about the heat Coulomb blockade of one

ballistic channel

Comparison with other experiments

In the previous experiment [82] performed in the team before my PhD, it was also

attempted to determine the full electronic heat flow. However, the contribution

of electron-phonon heat flow remained non-negligible in the previous experiment.

Therefore, a power law in T 5 (α = 5 in equation 5.34) was assumed ad hoc for

modeling the transfers of heat from the hot electrons toward the cold phonons. In-

triguingly, no heat Coulomb blockade was detected with this electron-phonon model.

Re-analyzing these previous data without imposing a power law in T 5, we find that
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they are compatible with the presently observed heat Coulomb blockade. The overall

heat flow may be interpreted as the electronic heat flow reduce by the heat Coulomb

blockade observed plus a heat flow toward the cold phonons following the standard

relation β(Tαe − Tα0 ) with α = 4.7 and β = 27 nW/Kα.

Other measurements of the heat flow which may give rise to heat Coulomb blockade

have been reported in [92; 100]. In the reference [100], the main experiment, per-

formed at a base temperature of around 11 mK, was done in the fractional quantum

Hall regime. Although the electron-phonon contribution was assumed to be negligi-

ble, it is possible that the charging energy in their setup is too small, below kB×10

mK, for the heat Coulomb blockade to develop.

Why is exactly one channel blocked for the thermal transport?

As further discussed in section 5.3.1, the suppression of precisely one quantum of

thermal conductance for the transport of heat at low temperature can be explained

by the fact that the Coulomb interaction introduces correlations between the dif-

ferent electronic channels. In a similar way as the dipole-charge separation for

two interacting edge channels [101; 102], the N ballistic electronic channels can be

mapped onto a single charge mode (for example, identical current fluctuations on all

electronic channels) and N − 1 independent neutral modes (for example, opposite

current fluctuations on each of N−1 pairs of electronic channels). The charged mode

is interacting with the charge of the metallic island whereas the neutral modes are

totally decoupled from it. Therefore, in the limit of a low island capacitance where

fluctuations of the overall island’s charge are quenched because of the associated high

charging energy, no heat can be evacuated in the form of electronic current fluctua-

tions emitted along the single charge mode. However, heat evacuation through the

(N − 1) neutral modes is not impacted by the Coulomb charging energy.

The one channel limit

Note that this situation cannot be addressed in our device as we need more than one

channel for heating-up the island by Joule effect and for determining the tempera-

ture by noise measurement. In the single channel case (N =1) the heat Coulomb

blockade theory [19] predicts that the electronic heat flow is completely blocked at
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low temperature. Because of the strong link between heat, entropy and informa-

tion transfers [103], one may wonder if any quantum information is communicated

between electrons in the connected channels and the many Fermi quasiparticles in

the metallic island. The answer is no: remarkably, it is predicted [104] and now

experimentally observed in an interferometer [105] that the quantum phase of in-

going electrons is imprinted into the out-going electrons. I am co-first author of this

experiment that will be presented in the PhD thesis of Hadrien Duprez.
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5.5 Observation of the electronic heat flow in a

non-ballistic quantum circuit

5.5.1 Focusing on the electronic heat flow

Now, one of the channels is set to an arbitrary transmission probability τ ∈ [0, 1],
whereas the N other channels remain ballistic. This correspond to the “quantum

dissipative circuit”configuration presented in section 1.3.3. In this configuration, the

electrical conductance of the additional channel or arbitrary transmission probability

τ is affected by the dynamical Coulomb blockade and therefore depends on the

temperature. The Joule power PJ is injected through ballistic channels connected

to electrodes biased at voltage of opposite signs, such as the average voltage of

the metallic island remains null. This allows for a pure temperature bias across

the non-ballistic channel (without voltage bias), and also makes the injected Joule

power independent of the renormalized τ . In order to access to the electronic heat

flow over a broader temperature range, we subtract from PJ the heat flow toward

phonons Jel−ph separately calibrated with only ballistic channels (see figure 5.13). In

practice, for each measurement of the heat flow which will be presented hereafter, we

also performed a measurement at τ = 1 in order to calibrate the heat flow toward the

cold phonons. As in the previous cooldown of the same sample, all the measurement

at τ ∈ {0, 1} collapse into a single curve very close to the one presented in the

previous section. A fit performed on the ensemble of data shown in figure 5.13,

gives a heat flow toward the phonons Jel−ph = 2.7× 10−8(T 5.7
Ω − T 5.7

0 ).

5.5.2 Results

In the previous section, it was shown that the thermal conductance from a small

heated node connected to ballistic channels is reduced by precisely one quantum of

thermal conductance at low temperature from what is expected according to the

Wiedemann-Franz law. With such fixed reduction, the increment of the thermal

conductance when adding an extra ballistic channel is still linear, in accordance

with the Wiedemann-Franz law. Is it also the case when increasing continuously the

transmission probability across an electronic channel from τ = 0 to 1? The answer
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Figure 5.13: Electron-phonon heat transfers. Subtracting heat Coulomb block-

ade predictions, the displayed remaining part of the heat current (symbols) collapse

onto a single curve for all N ∈ {2, 3, 4}, fitted by a T 5.7
Ω functional (black full line).

The dashed line correspond to the fit obtained in the previous section (in a different

cooldown of the same sample).

is no, as predicted by our model in section 5.3.1, and as we will experimentally show

now. In the figure 5.14 we present the measured electronic heat flow normalized

by the quantum limit per channel, for different settings of the circuit, spanning the

full range of τ at N = 2. The two black thick lines display the heat Coulomb

blockade prediction in the ballistic case for τ = 0 (bottom line), and τ = 1 (top

line). The different settings of the non-ballistic QPC are encoded by the different

colors. The dashed lines correspond to linear, Wiedemann-Franz-like, interpolations

between ballistic predictions at N and N + 1, weighted respectively by 1 − τ and

τ measured for the corresponding data. The deviation from the dashed lines is

particularly significant at intermediate τ . This shows that the heat flow increases

when increasing the transmission τ does not reduce to a linear increase. In contrast,

the novel predictions of equation 5.25 lie close to the data, without any adjustable

parameter. Note that in our theoretical treatment, the dynamical Coulomb blockade
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renormalization of the electron transmission probability τ is considered separately:

the renormalized τ simultaneously measured is injected in equation 5.25. In the

figures 5.15 and 5.16, we show similar measurement for N = 3 and N = 4 ballistic

channels, presented in figure 5.15 and 5.16. We performed additional test at higher

temperature T0 =16 mK, shown in the figure 5.17 where all configurations (N=2,3

and 4 ballistic channels) are plotted in the same panel.
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Figure 5.14: Heat flow through N = 2 ballistic and one partially transmit-

ted channel. Data points show the measured heat flow for 2 ballistic channels and

different settings of τ . The thick black lines display the Heat Coulomb blockade

prediction for ballistic channels (N = 2 for the bottom, N = 3 for the top). The

dashed lines are linear interpolations between ballistic predictions at N = 2 and

N = 3 weighted respectively by τ and 1 − τ . The full colored lines are the pre-

diction derived in section 5.3.1, where we have injected the measured transmission

probability of the QPC 3.

116



CHAPTER 5. ELECTRONIC HEAT FLOW IN A COMPOSITE QUANTUM
CIRCUIT

20 40 60 80
2.0

2.2

2.4

2.6

2.8

3.0

J Q
el

 / J
Qlim

TΩ (mK)

Figure 5.15: Heat flow through N = 3 ballistic and one partially transmitted

channel. Data points show the measured heat flow for 3 ballistic channels and

different settings of τ . The thick black lines display the Heat Coulomb blockade

prediction for ballistic channels (N = 3 for the bottom, N = 4 for the top). The

dashed lines are linear interpolations between ballistic predictions at N = 3 and

N = 4 weighted respectively by τ and 1−τ . The full colored lines are the prediction

derived in section 5.3.1 where we have injected the measured transmission probability

of the QPC 3.

5.5.3 Comparison with predicted deviations from a Wiedemann-

Franz increase of JQ

At low temperatures TΩ, T0 << h/kBRC, the difference between the prediction and

linear interpolation of the ballistic theory reads:

J thyQ − (N + τ − 1)× JmaxQ ≈ τ(1− τ)
N + τ

× JmaxQ

Note that J thQ = 0 for N = 0 at low temperatures, whatever the value of τ . Note also

that the combined role of electron-partition and Coulomb interaction is attested by

the τ(1−τ) factor and by the fact that this difference progressively vanishes together
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Figure 5.16: Heat flow through N = 4 ballistic and one partially transmitted

channel. Data points show the measured heat flow for 4 ballistic channels and

different settings of τ . The thick black lines display the Heat Coulomb blockade

prediction for ballistic channels (N = 4 for the bottom, N = 5 for the top). The

dashed lines are linear interpolations between ballistic predictions at N = 4 and

N = 5 weighted respectively by τ and 1−τ . The full colored lines are the prediction

derived in section 5.3.1 where we have injected the measured transmission probability

of the QPC 3.

with Coulomb effects as the temperatures is increased. In the figures 5.18, 5.19 and

5.20 we display the electronic heat flow for respectively N = 2, 3, and 4 subtracted

from the interpolation between ballistic predictions, normalized by the quantum

limit of heat flow per channel. We plot only points for temperature TΩ between 20
and 60 mK where the statistical uncertainty are the smallest. The continuous line

displays the low temperature prediction τ(1− τ)/(N + τ).
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Figure 5.17: Control experiment at a bath temperature of 16 mK. Electronic

heat flow for N = 2 (circle), 3 (diamond) and 4 (triangle) ballistic channels. The

higher statistical uncertainties compared to the scattering of the points, which seems

similar to the measurements done at lower temperature, come from the determina-

tion with lower resolution of the bath temperature T0.

5.6 Conclusion

In this chapter, we presented measurements of the electronic heat flow through

circuits composed of several quantum channels. We observed two mechanisms in-

fluencing the heat flow in the presence of Coulomb interactions combined or not

with shot noise. This leads to different deviations from the Wiedemann-Franz law.

These discoveries advance our understanding of heat quantum transport and open
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Figure 5.18: Deviation from linear interpolation for N = 2. The difference

between the data points and the corresponding linear interpolations for N = 2
ballistic channels, versus the transmission probability of the QPC 3 is plotted. The

black line correspond to the asymptotic limit at T << h/kBRC: τ(1− τ)/(N + τ).
Open and full symbols distinguish separate sequences of measurements.
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Figure 5.19: Deviation from linear interpolation for N = 3. The difference

between the data points and the corresponding linear interpolations for N = 3
ballistic channels, versus the transmission probability of the QPC 3 is plotted. The

black line corresponds to the asymptotic limit at T << h/kBRC: τ(1− τ)/(N + τ).

new perspectives for managing heat in small nano-devices.
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Figure 5.20: Deviation from linear interpolation for N = 4. The difference

between the data points and the corresponding linear interpolations for N=4 ballistic

channels, versus the transmission probability of the QPC 3 is plotted. The black

line corresponds to the asymptotic limit at T << h/kBRC: τ(1− τ)/(N + τ).
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Conclusion

In this thesis, we have investigated the shot noise and the heat flow in elementary

quantum circuits composed of a few quantum channels connected to a single, small

metallic node. In practice, three quantum point contacts formed by field effect in a

2D electron gas provide test-beds for arbitrary short quantum channels, and were

connected to a micrometer-sized metallic island. Whereas quantum channels con-

nected in parallel to voltage-biased electrodes are independent from one another, the

Coulomb charging energy of the floating island/circuit node correlates the channels

with a profound influence on transport. It is well-established that these correlations

can strongly reduce the electrical conductance, the dynamical Coulomb blockade.

However, experimental studies of their impact on shot-noise and heat flow remained

wanting. This PhD work constitutes a first step in the experimental investigation of

the influence of Coulomb interaction on the noise and heat transport of composite

quantum circuits. Four mains achievements can be singled out:

• The observation of a type of fluctuation-dissipation relation between the vari-

ation of the shot noise and the variation of the renormalized conductance as

a function of bias voltage. This relation takes place in a quantum dissipative

circuit composed of one non-ballistic quantum channel in series with a lin-

ear resistance, and was predicted in the connected Tomonaga-Luttinger liquid

context.

• The observation of the ‘thermal’ shot noise solely induced by a temperature

difference. Our work complements and strengthens the nearly simultaneous

observation in atomic contacts [18], and directly establishes the predictions

from the scattering theory of quantum transport.

• The observation of a new form of Coulomb blockade that only applies to heat in
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ballistic circuits, whereas the dc electrical transport is not affected. This ‘heat

Coulomb blockade’ manifests as the universal suppression of a single ballistic

channel for the transport of heat, whatever the total number of channels.

• The observation of a new heat flow mechanism with non-ballistic channels,

involving a combination of both the Coulomb interaction and the ‘thermal’

shot noise.

On the technical side, one crucial advance that made possible most of these achieve-

ments was the implementation of advanced noise measurement strategies combining

simultaneous measurements of the auto- and cross-correlations of current fluctua-

tions. The complementary information allowed us to distinguish between different

sources of noise, namely the thermal emission from the heated-up metallic node and

the shot-noise across non-ballistic channels. We expect that the developed methods

will form the basis for further investigations of the quantum laws of heat, noise and

thermoelectricity in circuits and may also help elucidating intriguing behaviors in

the fractional quantum Hall regime. In this PhD work, only a single channel at

most was not ballistic. The straightforward next step is to extend this investigation

to circuits including several arbitrary channels, where the Coulomb-induced corre-

lations between channels can give rise to exotic many-body phenomena such the

multi-channel Kondo effect. Another future step will be to go beyond the short

quantum channels presently studied. In channels formed by an interferometer or a

resonant quantum dot, the energy corresponding to h (the Planck constant) over the

electrons transit time, and the connected energy dependence of electrons’ transmis-

sion probabilities are expected to constitute novel important energy scales. Already,

a remarkable achievement would be to demonstrate the quantum phase control of

heat flow along an electronic Mach-Zehnder interferometer.
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Refinement about electrons

temperature determination

A.1 Electronic base temperature determination

including ac voltage

For precise measurement of the base temperature, the injected ac voltage used to

simultaneously measure the transmission probability has an influence on the excess

noise that should be included in the analysis. To take into account this effect, we

add the contribution of the ac voltage in the formula equation 1.4. We use the

Taylor development at order two in Vac:

(V + Vac) coth
(
e(V + Vac)

2kBT

)
≈ V coth

(
eV

2kBT

)

+ eV 2
ac

2kBT

[
−1 + eV

2kBT
coth

(
eV

2kBT

)]
cosinh2

(
eV

2kBT

)
,

where Vac is the RMS value of the injected voltage. In practice, the effect of the

ac voltage would be to increase artificially the measured temperature by around 0.1
mK if its contribution was not included in the analysis.
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A.2 Heating contribution by ac voltage

Although weak, the injection of ac voltage (V ac ≈ 0.23 µVrms) in order to simultane-

ously determine the differential conductance of the sample heats up the small central

metallic island above the base temperature measured by shot noise thermometry,

even in absence of dc voltage. In order to determine this small increase of tempera-

ture, we measure the cross-correlation at zero dc voltage. The instrumental offset is

calibrated before and after each measurement. The difference of offset between the

calibration and the measurement is attributed to a heating of the metallic island

whose excess temperature is given by the relation:

S12(V = 0) = −2kBTexc/RK
n1n2

N + τ
(A.1)

This formula comes straightforwardly from the fluctuation dissipation theorem (see

chapter 2). The effect of shot noise is completely negligible for this small excess

temperature, which is typically in the order of 0.3 mK (always below 0.6 mK). This

small temperature difference is included in the experimental determination of TΩ for

all experiments presented in this thesis, except the experiment concerning the heat

flow through ballistic channels where only auto-correlation noise was measured. The

effect of the ac voltage injected is also taking into account in order to determine the

total dissipated Joule power using the relation:

P ac
J =

3∑
i=1

(V ac
i )2

2 Gs,i, (A.2)

where Gs,i is the conductance of the sample seen from electrode Mi and V ac
i the ac

voltage applied in electrode Si (see figure 1.1). In practice, P ac
J is below 1% of the

total Joule power injected for TΩ > 20 mK.
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Conductance Formulae

In the following, we note Vi@fj the voltage measured in electrode i (see figure 1.1) at

frequency j, and Vj the injected voltage, which is by current conservation, the sum

of the three voltages measured at the same frequency fj: Vj = ∑3
j=1 Vi@fj. We can

calculate the conductance of the sample by two redundant ways: considering in one

case the current transmitted through the sample or in the other case, the current

reflected.

Conductance from reflected current

By current conservation we have:

Vi@fi
ν

RK
= Vi

ν

RK
− Vi

Gs,i

RK
, (B.1)

with Gs,i the differential conductance of the sample seen from electrodes i. It leads

to the relation:

Gs,i = ν
(

1− Vi@fi
Vi

)
(B.2)

Conductance from the transmitted current

By current conservation we have:

Vi
Gs,i

RK
= Vj@fi

ν

RK
+ Vk@fi

ν

RK
, with j, k 6= i and j 6= k. (B.3)

Which leads to the relation:

Gs,i = ν
(
Vj@fi + Vk@fi

Vi

)
(B.4)
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Conductance of each QPC

We note Gi the conductance of the QPC i. The conductance of the sample seen

from electrode i as function of the conductance of each QPC is:

Gs,i = Gi(Gj +Gk)
Gi +Gj +Gk

(B.5)

If none of the QPC is completely pinched off, once we have determined Gs,i for

i = 1, 2, 3 using equation B.2 or B.4, we can invert the equation system and find the

conductance of each QPC.
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Résumé en français

Dans cette thèse, nous explorons les lois quantiques régissant le transport dans un

petit circuit électrique. Pour révéler ces comportements quantiques, nos expériences

sont réalisées à basse température, sur de petits conducteurs. Dans ce contexte,

l’interaction de Coulomb combinée à la granularité de la charge conduit souvent à

une violation des lois classiques de la composition des impédances. L’énergie de

charge des nœuds du circuit crée des corrélations entre les conducteurs cohérents

interconnectés qui ont une profonde influence sur le transport. Il est bien établi

que ces corrélations peuvent réduire considérablement la conductance électrique,

un phénomène appelé blocage de Coulomb dynamique (DCB). Cependant, leur in-

fluence sur les fluctuations de courant et le flux de chaleur reste à peine explorée

expérimentalement. Cette thèse est une première étape dans l’étude expérimentale,

au-delà de la simple conductance électrique, des circuits quantiques composites. Le

circuit étudié, représenté sur la figure C.1, est constitué d’un ı̂lot métallique de taille

micrométrique relié à plusieurs canaux de conduction quantiques élémentaires. Le

nombre de canaux ainsi que leurs transmissions individuelles sont réglables avec pré-

cision. Ce circuit simple comprend un nœud unique formé par un ı̂lot métallique

dont l’importante énergie de charge EC ≡ e2/2C ' kB × 0, 3K (C est sa capacité)

peut être beaucoup plus grande que les énergies thermique et électrique, étant donné

la température de base T0 ≈ 8 mK. Les outils à notre disposition pour cette étude

sont les conductances et les mesures de bruit de courants. Le bruit électronique dans

le circuit provient de différentes sources : le bruit de grenaille provient du transfert

granulaire de charge à travers les canaux de conduction quantique non balistique
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et le bruit de Johnson-Nyquist provient de l’agitation thermique des électrons. Les

deux dépendent des tensions appliquées car l’application de ces tensions entrâınent

également un chauffage par effet Joule de l’̂ılot métallique central. En effectuant

simultanément des mesures d’auto-corrélations et de corrélations croisées de fluc-

tuations électriques, nous sommes en mesure de distinguer les différentes sources

de bruit, et ainsi de déterminer séparément l’augmentation de température de l’̂ılot

métallique central (TΩ − T0), le bruit de grenaille à travers les canaux non balis-

tiques et le flux de chaleur. Cette thèse présente quatre résultats obtenus par cette

approche, dont deux sont liés aux mesures des fluctuations de courant et deux autres

au flux de chaleur comme décrit ci-dessous. Ces résultats font progresser notre com-

préhension des fluctuations de courant, du transport électrique et thermique dans

un circuit quantique composite. En outre, nous nous attendons à ce que les straté-

gies avancées de mesure du bruit combinant des auto-corrélations et des corrélations

croisées mises au point dans cette thèse ouvrent la voie à de nouvelles recherches

sur les lois quantiques du transport et fournissent de nouvelles perspectives sur des

systèmes complexes tels que les états de l’effet Hall quantique fractionnaire.
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TΩ

VΩ

V1

N=n1+n2
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Figure C.1: Micrographe en fausses couleurs (à gauche) et schéma (à

droite) représentant l’échantillon mesuré au cours de cette thèse. Un

ı̂lot métallique est en contact avec trois branches distinctes formées dans un gaz

électronique bidimensionnel situé à 105 nm sous la surface. La connexion avec de

grands contacts (représentés par des rectangles) est contrôlée par effet de champ à

l’aide de grilles métallique (représentées en jaune) couplées capacitivement, formant

ainsi des contacts ponctuels quantiques (QPC). L’échantillon est immergé dans un

champ magnétique perpendiculaire correspondant à l’effet hall quantique avec un

facteur de remplissage de ν = 2. Le courant se propage donc le long de deux canaux

de bord chiraux (lignes avec flèches). Sur la configuration illustrée à gauche, les

électrodes 1 et 2 sont chacune connectées par un canal parfaitement transmis tandis

que l’électrode 3 est connectée par un canal partiellement transmis par le contact

ponctuel quantique.

Bruit hors équilibre dans un circuit quantique dissipatif

Bruit de grenaille en présence de blocage de Coulomb dynamique

Nous explorons ici le bruit de grenaille induit par une polarisation de tension dans

un circuit quantique dissipatif et sa relation avec la conductance électrique lorsqu’un

seul canal est en série avec une résistance linéaire. Il est prévut théoriquement que la

dépendance en tension de polarisation des deux observables est reliée par une relation
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de type fluctuation-dissipation [17]. Le circuit est ajusté par effet de champ pour

avoir un canal de conduction caractérisé par une probabilité de transmission entière-

ment réglable en série avec une résistance linéaire formée de N canaux balistiques

en parallèle, émulant ainsi une résistance Renv = RK/N avec RK = h/e2 ' 25, 8
kΩ le quantum de résistance et N ∈ {2, 3}. La conductance d’un tel circuit est

renormalisée à basse température et à basse tension (eV , kBT � NEC, avec V

la tension appliquée à la grande électrode connectée au canal non balistique) par

le phénomène de blocage dynamique de Coulomb (DCB): du fait des interactions

coulombiennes, la granularité de la charge permet d’exciter les modes électromag-

nétiques de l’environnement formés par sa capacité et la résistance Renv, ce qui

empêche les transferts de charges à faible énergie et réduit ainsi la conductance. De

plus, à basse énergie (eV , kBT � NEC) ce circuit avec un seul canal non balistique

est décrit par la théorie des liquides de Tomonaga-Luttinger (TLL) avec comme

paramètre d’interaction K = 1/(1+Renv/RK), comme théoriquement [17] et expéri-

mentalement [20; 21] démontré.

Ici, le bruit mesuré est d’abord comparé aux prédictions de la théorie de diffusion

[13], qui est une théorie sans interaction dans laquelle nous injectons la valeur renor-

malisée mesurée de la conductance par le DCB. Ces prévisions de bruit fournissent

une bonne approximation des données. Ils nous permettent également de calculer

et de soustraire une contribution relativement faible mais non négligeable du bruit

thermique qui permet une comparaison précise du bruit mesuré avec les prédictions

TLL uniquement disponibles à température nulle pour le bruit. A notre résolution,

les mesures ne permettent pas de distinguer entre les prédictions de la théorie de

diffusion utilisant la conductance renormalisée et celles de la théorie TLL : bien que

différentes, les deux approches donnent des résultats quantitativement très proches.

Cependant, nous pouvons établir la relation de fluctuation-dissipation prévue spé-

cifiquement dans le cadre de la théorie TLL, reliant la variation de la conductance

en fonction de la tension à la variation du bruit de grenaille en fonction de la ten-

sion. Ces résultats constituent une nouvelle étape dans l’étude des fluctuations de

courant dans les liquides Tomonaga-Luttinger et dans les circuits quantiques com-

posites régis par l’interaction de Coulomb.

Article :
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E.Sivre, H.Duprez, A.Anthore, A. Aassime, F.D. Parmentier, A. Cavanna, A. Ouerghi,

U. Gennser et F. Pierre. (en préparation)

Bruit de grenaille induit par une différence de température

Dans cette expérience, nous testons directement les prédictions de la théorie de diffu-

sion pour le bruit de grenaille induit uniquement par une différence de température,

en l’absence d’une différence de tension continue. Le circuit est ajusté de la même

manière que dans l’expérience précédente (un canal non balistique, N canaux bal-

istiques). La différence est que des tensions équilibrées de signes opposés ne sont

appliquées qu’à travers les canaux balistiques, de sorte que l’̂ılot métallique central

est chauffé par effet Joule sans aucune différence de tension continue à travers le

canal imparfaitement transmis. En utilisant des mesures d’auto-corrélation et de

corrélation croisée des fluctuations de courant, nous pouvons observer le bruit de

grenaille induit par la différence de température à travers le canal imparfait, séparé-

ment du bruit de Johnson-Nyquist. Bien que prévu depuis longtemps, ce ”bruit de

grenaille thermique” n’a été mesuré pour la première fois que très récemment, dans

un contact atomique [18]. Nous consolidons ici les résultats de [18] en utilisant un

QPC avec un seul canal de probabilité de transmission connue, permettant ainsi une

comparaison directe avec la théorie. L’accord quantitatif de nos mesures avec les

prédictions établit en outre la théorie de diffusion pour le bruit [13].

Article publié :

E.Sivre, H.Duprez, A.Anthore, A. Aassime, F.D. Parmentier, A. Cavanna, A. Ouerghi,

U. Gennser et F. Pierre. Electronic heat flow and thermal shot noise in quantum

circuits. Nat.Commun. 10, 5638 (2019)
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Flux de chaleur dans un circuit composite

Blocage de Coulomb de la chaleur d’un canal balistique

L’objectif est d’étudier les règles de composition d’impédance thermique pour plusieurs

canaux balistiques connectés en parallèle à un petit nœud de circuit flottant. En

conséquence, le circuit est réglé de sorte que l’̂ılot central n’est connecté que par des

canaux balistiques N (N ∈ {2, 3, 4, 5}). Une tension continue est appliquée pour

chauffer l’̂ılot central. Par conservation de l’énergie, en régime stationnaire, le flux

de chaleur sortant total est égal à la puissance, bien connue, injectée dans l’̂ılot par

effet Joule. Par la mesure du bruit thermique, nous déduisons la température des

électrons TΩ dans l’̂ılot métallique. Ainsi, nous déduisons le flux de chaleur total en

fonction de la température. Ce flux de chaleur total comprend deux contributions

: le flux de chaleur électronique à travers les canaux de conduction connectés à

l’̂ılot et le transfert de chaleur des électrons aux phonons à l’intérieur de l’̂ılot. En

nous concentrant sur les très basses températures (TΩ < 25 mK), où les transferts

de chaleur vers les phonons deviennent négligeables, nous observons une nouvelle

forme de blocage de Coulomb qui s’applique spécifiquement au flux de chaleur élec-

tronique sortant de l’̂ılot métallique, tandis que la conductance électrique n’est pas

affectée. Notre conclusion est en accord avec la théorie [19], mais en violation de la

loi de Wiedemann-Franz. Cette réduction du flux thermique correspond à la sup-

pression systématique d’un canal électronique unique pour le transport de chaleur,

quel que soit le nombre total de canaux balistiques N . Les corrélations entre les

canaux qui conduisent à une telle réduction sélective du flux de chaleur résultent

de l’absence d’accumulation de charge dans l’̂ılot métallique sur toute la plage de

fréquence thermique (ω . kBTΩ/h), qui est imposée lorsque l’énergie de charge EC

est suffisamment grande (NEC � kBTΩ). Pour des températures plus élevées, on

peut séparer le flux de chaleur électronique du transfert de chaleur non négligeable

vers les phonons en exploitant le fait que ce dernier ne dépend que de la température

et non du nombre de canaux connectés. Cela nous a permis de valider la théorie

également au-delà du régime des basses températures, le long du crossover vers une

absence de blocage de Coulomb de la chaleur à haute température.

Article publié :
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E.Sivre, A.Anthore, F.D. Parmentier, A. Cavanna, U. Gennser, A. Ouerghi, Y. Jin

et F. Pierre. Heat Coulomb blockade of one ballistic channel. Nat.Phys. 14, 145-148

(2018)

Flux de chaleur augmenté par le bruit de grenaille thermique et l’interaction

de Coulomb

L’étude des règles de composition d’impédance thermique est ici poussée un peu

plus loin, en incluant dans le circuit un canal non balistique. L’exploitation des con-

naissances précédemment établies dans le cas balistique nous permet de déterminer

les transferts de chaleur des électrons aux phonons à l’intérieur de l’̂ılot métallique

central (qui ne dépend pas de la configuration du circuit). Nous avons ainsi obtenu

le transfert de chaleur électronique via N + 1 canaux (N ∈ {2, 3, 4}), dont l’un est

caractérisé par une probabilité de transmission intermédiaire. Remarquablement, la

présence du canal partiellement transmis donne lieu à une contribution supplémen-

taire au flux de chaleur électronique. Ce phénomène résulte d’un effet combiné de

l’interaction de Coulomb et du ”bruit de grenaille thermique” associé à la différence

de température à travers le canal imparfaitement transmis. Un très bon accord quan-

titatif est observé entre les données et les nouvelles prédictions théoriques obtenues

en étendant l’approche de Fokker-Planck de [19].

Article publié :

E.Sivre, H.Duprez, A.Anthore, A. Aassime, F.D. Parmentier, A. Cavanna, A. Ouerghi,

U. Gennser et F. Pierre. Electronic heat flow and thermal shot noise in quantum

circuits. Nat.Commun. 10, 5638 (2019)
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Transferring the quantum state of electrons across a metallic island with Coulomb

interaction. Science 366(6470), 1243-1247 (2019)
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Abbreviations and symbols

2DEG Two dimensional electron gas

DCB Dynamical Coulomb blockade

QHE Quantum Hall effect

QPC Quantum point contact

SET Single electron transistor

TLL Tomonaga-luttinger liquid

Table D.1: List of acronyms
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e ' 1.60× 10−19 C Electron charge

h ' 6.63× 10−34 J · s Planck constant

~ = h/2π Reduced Planck constant

kB ' 1.38× 10−23 J/K Boltzmann constant

RK = h/e2 ' 25.8 kΩ Resistance quantum

GK = e2/h Conductance quantum

e∗ Fractional charge

C ' 3.1 fF Capacitance of the metallic island

EC = e2/2C Charging energy of the metallic island

N Number of ballistic channels

τ Transmission probability of the non-ballistic channel

T0 Electrons base temperature

TΩ Electrons temperature in the central metallic island

ν Filling factor

Table D.2: List of symbols
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ARTICLE

Electronic heat flow and thermal shot noise in
quantum circuits
E. Sivre 1,3, H. Duprez 1,3, A. Anthore1,2, A. Aassime1, F.D. Parmentier 1, A. Cavanna1, A. Ouerghi1,

U. Gennser1 & F. Pierre 1*

When assembling individual quantum components into a mesoscopic circuit, the interplay

between Coulomb interaction and charge granularity breaks down the classical laws of

electrical impedance composition. Here we explore experimentally the thermal con-

sequences, and observe an additional quantum mechanism of electronic heat transport. The

investigated, broadly tunable test-bed circuit is composed of a micron-scale metallic node

connected to one electronic channel and a resistance. Heating up the node with Joule dis-

sipation, we separately determine, from complementary noise measurements, both its

temperature and the thermal shot noise induced by the temperature difference across the

channel. The thermal shot noise predictions are thereby directly validated, and the electronic

heat flow is revealed. The latter exhibits a contribution from the channel involving the

electrons’ partitioning together with the Coulomb interaction. Expanding heat current pre-

dictions to include the thermal shot noise, we find a quantitative agreement with

experiments.
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Heating generally drives the crossover from quantum to
classical behaviors; nevertheless, heat itself is ruled by
quantum mechanics. In recent years, experimental

explorations of quantum thermal phenomena have been emer-
ging at a rising pace1–3. In particular, the quantum of thermal
conductance, a universal basic building block of heat quantum
transport, is now firmly established for bosons1,4, fermions5,6, and
quasiparticles that may be anyons7, as well as up to macroscopic8

and room temperature9,10 scales. However, despite the strong
influence of Coulomb interaction on electricity in small quantum
circuits11–14, its impact on the quantum transport of heat remains
barely explored experimentally15–17. In a first step for perfectly
ballistic circuits, where there is no back-scattering along any of
the connected electronic channels, a recent observation16 was
made of the predicted18 heat Coulomb blockade taking place
without any concomitant reduction of the electrical conductance.
In this limit and at low temperatures, the Coulomb interaction
manifests itself as the systematic suppression of a single channel
for the evacuation of heat from a small circuit node16,18. Here we
address elementary quantum circuits including one generic
electronic channel of arbitrary electron transmission probability.
An unexpected increase in the flow of heat is observed and
quantitatively accounted for by an additional quantum heat
transport mechanism, involving the association of shot noise and
Coulomb interaction.

We obtain the heat current–temperature characteristics by
controllably injecting a dc power into a small floating circuit node
connecting a quantum channel to a linear resistance, and by
monitoring in situ the resulting increase in the electrons’ tem-
perature. A complication is that the partition of electrons in the
generic channel breaks the Johnson–Nyquist proportionality
between excess noise and node temperature increase19,20,
which was previously used for the thermometry of ballistic cir-
cuits5–7,16,17. We overcome this difficulty with an experimental
procedure involving complementary measurements of both the
auto- and cross-correlations of electrical fluctuations. This pro-
vides us, separately, with the local electronic temperature in the
metallic node, as well as with the thermal shot noise. The latter is
found in good agreement with predictions derived within
the scattering approach19,21, in which Coulomb effects have
been encapsulated in the temperature-dependent conductance
(reduced by the dynamical Coulomb blockade11). The node
temperature increase, both in terms of injected power and elec-
tron transmission probability across the channel, exposes an
additional heat current contribution involving thermal shot noise.

Results
Test-bed for electronic channels in dissipative environments.
An e-beam micrograph of the device is shown in Fig. 1a together
with a schematic representation of the measurement setup. The
small floating circuit node that is heated is materialized by the
central micron-scale metallic island (in brighter gray), of sepa-
rately characterized self-capacitance C ’ 3:1 fF. It is in essentially
perfect electrical contact with a standard Ga(Al)As two-
dimensional (2D) electron gas underneath the surface. The 2D
gas is immersed in a perpendicular magnetic field corresponding
to the integer quantum Hall regime at filling factor two. In this
regime, the current flows along two adjacent quantum Hall edge
channels depicted by lines with arrows indicating the propagation
direction. Three quantum point contacts (QPCs) are formed in
the 2D electron gas by applying negative voltages on surface split
gates coupled capacitively. A single (spin-polarized) short elec-
tronic channel of tunable transmission probability τ 2 ½0; 1� is
implemented at the left QPC. The top and right QPCs are tuned
to a different, ballistic regime: they are set to fully transmit,

respectively, N1 and N2 channels forming together an adjustable
linear resistance22,23 R ¼ RK=N , with RK ¼ h=e2 the electrical
resistance quantum (h the Planck constant and e the electron
charge) and N ¼ N1 þ N2. Further away, the quantum Hall
channels are connected to large electrodes at base temperature
T ’ 8mK, represented in Fig. 1a by gray rectangles.

Electronic heat flow determination. The electrons within the
central island are heated to TΩ by dissipating a known Joule
power PJ ’ ðN1V

2
1 þ N2V

2
2Þ=2RK, with V1 (V2) the voltage

applied to the top (right) large electrode (Methods). The island’s
dc voltage is pinned to hVΩi ¼ 0, by imposing N1V1 ¼ �N2V2,
such that the generic channel experiences a pure temperature bias
TΩ � T without dc voltage. As illustrated in Fig. 1b, energy
conservation in the stationary regime implies PJ ¼ JelQ þ JphQ , with
JelQ being the heat flow across the connected electronic channels

and JphQ the heat transferred from the electrons within the island
to the phonons. In practice, electron–phonon heat transfers are
negligible only for TΩ ≲ 20mK16. However, as JphQ only depends
on temperatures (TΩ, T), and not on the connected electronic
channels (τ, N), it can be calibrated by tuning the circuit to the
ballistic regime (τ 2 f0; 1g). Using the previously established heat
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Fig. 1 Experimental approach. a Device e-beam micrograph with
measurement setup schematic. A single generic channel of arbitrary
electron transmission probability τ, as well as N1 and N2 ballistic (perfectly
transmitted) channels, are separately connected to a small metallic island.
b Schematic heat balance representation between injected Joule power (PJ)
and outgoing heat currents, from electrons to phonons (JphQ ) and through
the connected electronic channels (JelQ). c Excess auto- and cross-
correlation measurements versus V1 ¼ �V2, in the illustrative configuration
N ¼ 2 (N1 ¼ N2 ¼ 1), τ � 0:5. d Extracted excess noise sources per
ballistic channel (Sexcball) and across the generic single-channel quantum point
contact of transmission τ (Sexcqpc), from the data in c.
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Coulomb blockade predictions for ballistic channels16,18, we
find that all the data with τ 2 f0; 1g, N 2 f2; 3; 4g and
T 2 f8; 16g mK can be accurately reproduced using the same
JphQ ’ 2:7 ´ 10�8 T5:7

Ω � T5:7
� �

W (Methods). At intermediate
transmission probability (0 < τ < 1), the unknown electronic
heat flow is then obtained by subtracting the above JphQ from the

injected Joule power (JelQ ¼ PJ � JphQ ).

Local temperature increase measurement. The island’s electro-
nic temperature TΩ is determined from the low-frequency (MHz)
current fluctuations measured on the top (1) and right (2) large
electrodes (Methods). The excess auto- and cross-correlation
spectral density, from which the zero-bias offset is removed, are
plotted in Fig. 1c versus V1 for the illustrative configuration N1 ¼
N2 ¼ 1 at τ � 0:5. In a nutshell, combining these data gives us
access separately to the current noise sources originating from the
QPC hosting a single generic channel (Sqpc) and from the ballistic
channels (Sball per channel), both shown in Fig. 1d. This is pos-
sible because these two noise sources contribute with the same
sign to the experimental autocorrelation signal, while with an
opposite sign to the cross-correlation (Methods). The tempera-
ture TΩ is then obtained using solely the ballistic noise source
Sball, directly resulting from the thermal fluctuations of the elec-
tronic states’ population in the baths. This robust connection
manifests itself as a straightforward, and previously used5–7,16,17,
generalization of the fluctuation-dissipation relation for the
thermal noise Sball ¼ 4kB�T=RK, where �T ¼ ðTΩ þ TÞ=2 is the
average temperature19,24. In practice, the excess noise data (with
respect to V1;2 ¼ 0) gives us access to the temperature increase
TΩ � T , while T is separately measured (Methods).

Shot noise induced by a temperature difference. Generic
channels driven out-of-equilibrium are generally expected to
exhibit, in addition to the average thermal noise, a shot noise
induced by the electron partitioning into a transmitted electron
and a reflected electron19,21. In particular, the current noise
spectral density at low frequencies (ω � kBT=_), for a single
channel of transmission probability τ, reads19:

Sthyqpc ¼
4kB�Tτ
RK

þ 2τð1� τÞ
RK

Z
dE f TΩ

ðEÞ � f TðEÞ
h i2

; ð1Þ

with f T;TΩ
ðEÞ the Fermi distributions in the connected baths at

different temperatures and/or voltages. The average thermal noise
and the shot noise are, respectively, the first and second term on
the right-hand side of Eq. (1). Whereas the shot noise induced by
either a voltage difference or a frequency irradiation is experi-
mentally well established (see references in ref. 19 and also ref. 25),
the thermal shot noise resulting from the partition of electrons in
the sole presence of a temperature difference was observed only
recently20. Although convincing, this observation did not allow for
a one-to-one comparison of the individual data points with the
theory, because the possibly multiple electronic channels were
incompletely characterized by the measurement of their parallel
conductance. In contrast, in the present work with a single generic
channel, the QPC conductance Gqpc ¼ τe2=h completely deter-
mines the transmission probability τ. In Fig. 2a, following ref. 20,
we focus on the thermal shot noise ΔSqpc obtained by removing
the average Johnson–Nyquist noise (ΔSqpc ¼ Sqpc � 4kB�Tτ=RK).
The ΔSqpc data at N1 ¼ N2 ¼ 1 (symbols) are plotted versus TΩ

for several gate voltage tunings of the single-channel QPC. The
predictions (continuous lines), calculated without any adjustable
parameter using Eq. (1), closely match the data (for control
experiments, see Supplementary Fig. 1 at other fN1;N2g and

Supplementary Fig. 2 at a larger base temperature T ’ 16mK).
Note that the simultaneously measured Gqpc ¼ τe2=h depends on
the temperatures T and TΩ, because of the quantum back-action
of the series RC circuit13 also referred to as the dynamical Cou-
lomb blockade11. Remarkably, we find that the effect of Coulomb
interaction is accurately encapsulated, at experimental resolution,
into the renormalized τ injected in Eq. (1). Figure 2b directly
reveals the partition origin of the shot noise induced by a tem-
perature difference. The data points represent this experimental
shot noise renormalized by the predicted, τ-independent tem-

perature function FðTΩ;TÞ ¼ ð2=RKÞ
R
dE f TΩ

ðEÞ � f TðEÞ
h i2

.

The good agreement observed between ΔSqpc=F and τð1� τÞ
attests of the underlying partition mechanism.

Electronic heat flow from a small quantum circuit node. We
now address the electronic flow of heat across the QPC and
ballistic channels. In conductors, the thermal conductance GQ is
frequently found to be directly proportional to the electrical
conductance Gel, through the so-called Wiedemann–Franz (WF)
law GQ ¼ LGel with L ¼ π2k2B=3e

2 the Lorenz number. While
this relation holds between the quantum of thermal and electrical
conductances, it generally breaks down in quantum circuits
assembled from several interconnected channels. In particular, it
was shown that the thermal conductance from a small, heated
circuit node connected by ballistic channels is reduced from the
WF expectation by precisely one quantum of thermal con-
ductance at low temperatures16,18, whatever the total number of
channels. With such a fixed reduction, the increment by L=RK of
the thermal conductance when adding an extra ballistic channel
(starting from at least one) nevertheless follows the WF relation.
Is this also the case if the electrical conductance is increased
continuously, by sweeping the transmission probability across an
electronic channel from τ ¼ 0 to 1? The answer is no, as we will
now show.

Figure 3a exhibits as symbols, versus TΩ, the experimental
electronic heat flow JelQ normalized by the quantum limit per
channel J limQ ¼ π2k2BðT2

Ω � T2Þ=6h, for different circuit settings
spanning the full range of τ at both N ¼ 2 and N ¼ 3 (see
Supplementary Fig. 3b for N ¼ 4, and Supplementary Fig. 4 for a
control experiment at T ’ 16mK). The three thick black
continuous lines display the full, temperature-dependent heat
Coulomb blockade prediction for two (bottom), three (middle),
and four (top) ballistic channels18 (Methods). Note the small,
predicted deviations developing with temperature from the
complete heat Coulomb blockade of a single channel
(JelQ=J

lim
Q ¼ N � 1) that only applies in the limit of low

temperatures TΩ;T � _=kBRC. Open and full circles (full
diamonds) are data points obtained for N ¼ 2 (N ¼ 3) ballistic
channels, with different settings of the generic channel encoded
by different colors. The dashed lines represent linear interpola-
tions between ballistic predictions at N and N þ 1 weighted,
respectively, by 1� τ and τ measured for the compared data
(same color). For example, the brown dashed line in the top part
of Fig. 3a (closest to JelQ=J

lim
Q � 2:5) is given by τðTΩÞ times the

prediction for three ballistic channels (thick black line near
JelQ=J

lim
Q � 2; Methods) plus 1� τðTΩÞ times the prediction for

four ballistic channels (thick black line near JelQ=J
lim
Q � 3), with

τðTΩÞ the renormalized conductance simultaneously measured
during the acquisition of the top brown data points of
corresponding TΩ (in practice a linear interpolation is performed
between discrete measurements of τðTΩÞ). The difference
between dashed lines and data points is particularly significant
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at intermediate τ. This shows that the thermal conductance
increase does not reduce to a linear, WF-like, function of the
electrical conductance. In contrast, quantitative predictions based
on the Langevin approach in ref. 18 but including the partition
noise from the generic channel (colored continuous lines,
Methods) lie close to the data, without any adjustable parameter.
At low temperatures TΩ;T � _=kBRC, the difference between
theory (thy) predictions J thyQ and the WF extension (linear in τ) of
heat Coulomb blockade predictions for ballistic channels
ðN þ τ � 1Þ ´ J limQ , reads:

J thyQ � ðN þ τ � 1Þ ´ J limQ ’ τð1� τÞ
N þ τ

´ J limQ : ð2Þ

Note that J thyQ ¼ 0 for N ¼ 0 at low temperatures, whatever the
value of τ (see refs. 26–28 for the electrons’ state preservation
concomitant to the absence of heat transfers). The τð1� τÞ
numerator attests of the role of electron partition in this
additional heat transport mechanism. We also point out that
this heat current contribution vanishes at higher temperatures,
when Coulomb effects become negligible (Methods). This shows
straightforwardly the essential role of Coulomb interaction, which
combines with electron partition into a different form of
quantum heat transport. Figure 3b provides direct experimental
evidences for an underlying partition mechanism (see also
Supplementary Fig. 3a, c), by subtracting from the renormalized
electronic heat flow at N ¼ 2 (symbols in Fig. 3a) the
corresponding WF (linear) interpolation (dashed lines in Fig. 3a).
Focusing here on the temperature range TΩ 2 ½17; 65� mK where
measurements are most accurate (see error bars in Fig. 3a), a
convincing agreement is found with τð1� τÞ=ð2þ τÞ plotted as a
continuous line versus τ.

Discussion
We have experimentally investigated the heat flow and thermally
induced shot noise in an elementary quantum circuit composed
of one small metallic node (island) connected by several ballistic
channels and by one generic electronic channel of arbitrary
electron transmission probability. Applying a temperature bias,

without dc voltage across the generic channel, we measured the
thermal shot noise20 and determined the overall electronic heat
flow from the island. The former is found in direct quantitative
agreement with thermal shot noise predictions computed using
the known transmission probability19. The latter displays an
additional heat flow contribution. The underlying mechanism
involves in particular the Coulomb charging energy of the island,
which effectively freezes its total charge at low temperatures and
thereby induces correlations between the heat carrying electrical
current fluctuations propagating along the connected channels18

(Methods). In a fully ballistic circuit (without thermal shot noise),
these correlations amount to the recently observed systematic
blockade of a single channel for the flow of heat, independently of
the total number of channels16,18. Here, with a generic channel, a
thermal shot noise is impinging on the island and fractionalized
among all the outgoing channels by the frozen island charge
imposed by Coulomb interaction29. This combination of Cou-
lomb interaction and thermal shot noise underpins the presently
observed additional heat transport mechanism (Methods).

Advancing our understanding of the mechanisms of quantum
heat transport and establishing the thermal shot noise contribu-
tion is essential for exploiting heat and noise to unveil exotic
physics17,30,31, and is bound to play a role in the thermal and
signal to noise management of future quantum devices. The
present work also demonstrates measurement strategies widening
the range of experimental systems eligible for thermal explora-
tions: by exploiting complementary auto- and cross-correlation
measurements of the electrical fluctuations, we have shown that
the different sources of noise can be accessed separately. We
expect that such advanced combinations of fluctuation mea-
surements will play an increasing role in the thermal and noise
investigations of quantum circuits.

Methods
Sample. The Al(Ga)As 2DEG has an electron density of 2:5 ´ 1011 cm�2, a mobility
of 106 cm2 V�1 s�1 and is located 105 nm below the surface. The central island is
formed from a metallic layering of nickel (30 nm), gold (120 nm), and germanium
(60 nm), which is thermally annealed at 440 °C for 50 s to make an electrical
contact with the 2DEG. The two quantum Hall edge channels at filling factor ν ¼ 2
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Fig. 2 Thermal shot noise. a Symbols represent the experimental QPC noise at N ¼ 2 from which the average thermal noise was removed
(ΔSqpc ¼ Sqpc � 4kB�Tτ=RK, with �T ¼ ðTΩ þ TÞ=2). Measurements at different gate voltage tunings of the QPC are shifted vertically, with the applied offsets
shown as horizontal dashed lines. Open and full symbols distinguish separate sequences of measurements. Continuous lines display Eq. (1) predictions.
b The τð1� τÞ partition signature is shown as a continuous line versus τ. Symbols represent ΔSqpc=F , where the τ-independent function FðTΩ; TÞ is the
predicted thermal shot noise’s temperature dependence (see text). A lighter (darker) symbol coloring indicates a low (large) TΩ � T corresponding to a
higher (lower) experimental uncertainty.
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are found in near perfect contact with the island, with a reflection probability below
6 ´ 10�3 (see Methods in ref. 14 for a detailed description of the characterization
procedure). The short �1 μm distance between metallic island and QPC combined
with the low temperatures (TΩ ≲ 80 mK) ascertains that the interaction between
co-propagating channels can be safely ignored (see e.g. ref. 32), as in previous works
with the same sample14,23,33–35. The self-capacitance of the island C ’ 3:1 fF
(corresponding to a charging energy EC ¼ e2=2C � kB ´ 0:3K) is obtained from
standard Coulomb diamond measurements (with all channels connected to the
device tuned in the tunnel regime).

Noise measurement setup. The time-dependent current fluctuations δI1ðtÞ and
δI2ðtÞ impinging, respectively, on electrodes 1 and 2 are first amplified with a
cryogenic amplifier located on the 4K stage of a dilution refrigerator, and with a
room temperature amplifier. They are then digitized at 10 Mbit/s and sent to a
computer. The Fourier auto- and cross-correlations analysis are performed over a
180 kHz bandwidth centered on 0:855MHz (the resonant frequency of the LC
oscillators shown in Fig. 1a). The amplification gains Gamp

1;2 are separately calibrated
from the same standard shot-noise vs voltage bias measurements used to determine
the base temperature T (see corresponding section). We find that Gamp

1;2 are stable
along each run, but slightly different from cooldown to cooldown. Averaging 862
(2840) shot noise vs voltage bias sweeps, the statistical uncertainty on Gamp

1;2 is below
0:09% (0:04%) for the first (second) experimental run shown here. The cross-
correlation gain Gamp

X is also impacted by the matching between the two resonators.
For a perfect match, Gamp

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gamp
1 Gamp

2

p
. In general, a correction factor c12 needs

to be introduced Gamp
X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gamp
1 Gamp

2

p
´ c12. This factor c12 is experimentally

characterized at τ ¼ 0 (N1;2 ≠ 0) from the robust relation ΔS11 ¼ ΔS22 ¼ �ΔS12,
which directly results from the negligible charge accumulation on the island at the
measurement frequencies. In practice, we find an essentially perfect resonators’
match (c12 � 1:000 and 0.993 for the first and second cooldown, respectively).

Dissipated Joule power. The bulk of the Joule power dissipated within
the electronic fluid in the metallic island is given by the expression
PJ ’ ðN1V

2
1 þ N2V

2
2Þ=2RK. We also include the small additional contributions Pac

J

due to the extra power dissipated from the small ac voltages Vac
1;2;3 ’ 0:23 μVrms

applied (at different low frequencies) to the three source electrodes (to simulta-
neously measure with lock-in the conductances across each of the three QPCs), as
well as a separately characterized small triboelectric voltage from the pulse tube
vibrations specifically developing on the source electrode 1 (feeding the top QPC)
V tribo

1 ’ 0:4 μVrms:

P ac
J ¼ 1

2RKðN þ τÞ ´ ½fðV
ac
1 Þ2 þ ðV tribo

1 Þ2gN1ðN2 þ τÞ

þ ðVac
2 Þ2N2ðN1 þ τÞ þ ðVac

3 Þ2τN�:
ð3Þ

In practice, Pac
J 2 ½2; 6� aW is below 1% of PJ at TΩ ≳ 20mK. It corresponds

to a temperature increase in the island of �0:3mK at zero dc bias (see section
Base electron temperature). Note that we avoid possible mismatch from the
thermoelectric voltage developing along the measurement lines by applying a
current dc bias. It is converted onchip into a voltage exploiting the well-defined
quantum Hall resistance RK=ν connecting current biased electrodes and cold
electrical grounds.

Base electron temperature. The base electronic temperature T is extracted from
standard shot-noise measurements, applying a dc bias voltage directly to a QPC set
to a transmission probability of one half, with the floating island bypassed using
side gates (see Methods in ref. 34 for further details).

Due to the small Pac
J (see section Dissipated Joule power), the temperature of

the floating island is slightly higher than T even in the absence of a dc voltage. This
small temperature increase is obtained by measuring the cross-correlations at zero
dc bias V1 ¼ V2 ¼ 0 (carefully calibrating instrumental offsets just before and after
each measurement sequence), from the relation:

TΩðV1;2 ¼ 0Þ � T ’ � RK

2kB

N þ τ

N1N2
S12ðV1;2 ¼ 0Þ; ð4Þ

which straightforwardly relies on the generalized fluctuation-dissipation relation.
Although there are deviations from the generalized fluctuation-dissipation relation
in the presence of a generic channel, as studied in this work, this approximation is
excellent for small TΩðV1;2 ¼ 0Þ � T � T such as in the present case. We find
TΩðV1;2 ¼ 0Þ � T � 0:3mK (always below 0:6mK), consistent with expectations
based on the value of Pac

J given by Eq. (3). This small temperature difference is
included in the experimental determination of TΩ .

Excess electron temperature and shot noise. This section details how are
obtained the excess electron temperature, ΔTΩ ¼ TΩ � TΩðV1;2 ¼ 0Þ, and the
resulting excess noise generated across the generic QPC,
Sexcqpc ¼ hδI2qpci � hδI2qpciðV1;2 ¼ 0Þ. A schematic representation of the circuit is
shown in Fig. 4 with arrows indicating the chirality also corresponding to the con-
vention used for positive currents. The large electrodes labeled En (n 2 f1; 2g)
include each a measurement electrode Mn and a voltage biased source electrode Sn.
The floating central metallic node is labeled Ω.

First, let us separately consider a current fluctuation δIqpc generated across the
generic QPC (see Fig. 4), and determine the resulting current fluctuations δIqpcM1;M2

impinging on the measurement electrodes M1;2. As the corresponding charge
accumulated in the island relaxes very fast compared to the measurement
frequencies (1=RKC � 10 GHz � 1MHz), the current δIqpc injected in the island
is compensated by the outgoing current from the resulting voltage fluctuation δVΩ
of the floating island. This reads δIqpc ¼ ðN þ τÞδVΩ=RK (for a treatment of

J
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Fig. 3 Electronic heat flow. a Experimental JelQ=J
lim
Q (with JlimQ ¼ π2k2B

ðT2
Ω � T2Þ=6h) are plotted as symbols versus TΩ with N ¼ 2 (circles) and

N ¼ 3 (diamonds), for a broad range of QPC tunings (colors). Error
bars represent the standard statistical error. Black continuous lines are
predictions at τ ¼ 0 for N ¼ 2 (bottom), 3 (middle), and 4 (top). Dashed
lines are interpolations between ballistic predictions, linear in the measured
τ. Continuous lines are theoretical predictions. b Symbols represent the
difference ΔJelQ between experimental JelQ (N ¼ 2, TΩ 2 ½17;65� mK in panel
a) and the corresponding interpolation between ballistic predictions,
normalized by JlimQ . The continuous line displays versus τ the low-
temperature prediction τð1� τÞ=ðNþ τÞ for N ¼ 2.
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charge relaxation at arbitrary frequencies see section Heat Coulomb blockade
predictions). Then, δIqpcM1ð2Þ ¼ N1ð2ÞδVΩ=RK ¼ δIqpcN1ð2Þ=ðN þ τÞ. Consequently,
the QPC noise’s contribution to the autocorrelation signal is

Sqpc11ð22Þ ¼ SqpcN
2
1ð2Þ=ðN þ τÞ2; ð5Þ

and its contribution to the cross-correlation signal is

Sqpc12 ¼ SqpcN1N2=ðN þ τÞ2: ð6Þ

Second, we separately consider a current fluctuation δIΩ!j emitted from the
island, by the thermal fluctuations of electronic states’ population at TΩ , into a
ballistic channel j. From the fast charge relaxation of the island pointed out in the
previous paragraph, one obtains δVΩ=RK ¼ �δIΩ!

j =ðN þ τÞ. On the one hand,
the current fluctuation measured on the electrode M1 if the channel j propagates
toward the electrode M2 (j 2 M2) is then δIΩ!2

M1 ¼ �N1=ðN þ τÞδIΩ!
j2M2. The

corresponding autocorrelation signal on M1, resulting from the thermal current
fluctuations emitted toward M2 (summing all j 2 M2) therefore reads:

SΩ!2
11 ¼ N2

1

ðN þ τÞ2
XN2

j¼1

hðδIΩ!j Þ2i ¼ N2 ´
N2

1

ðN þ τÞ2 hðδI
Ω!Þ2i; ð7Þ

where the unimportant channel index j is omitted in hðδIΩ!Þ2i � hðδIΩ!j Þ2i
(independent of j). On the other hand, the current fluctuation measured on the
electrode M1 if the channel j is also connected to the electrode M1 (j 2 M1)
includes both the direct term δIΩ!j2M1 and the smaller δVΩ contribution:

δIΩ!1
M1 ¼ 1� N1=ðN þ τÞ½ �δIΩ!j2M1. As a result

S Ω!1
11 ¼ 1� N1

N þ τ

� �2XN1

j¼1

hðδIΩ!j Þ2i

¼ N1 ´ 1� N1

N þ τ

� �2

hðδIΩ!Þ2i;
ð8Þ

and

SΩ!1
12 ¼ �N1 ´ 1� N1

N þ τ

� �
N2

N þ τ
hðδIΩ!Þ2i: ð9Þ

Summing up the independent contributions from the QPC (δIqpc) and from all

ballistic channels (emitted δIΩ!j and absorbed δIEn!j ), one straightforwardly

obtains for the autocorrelation signal:

S 11ð22Þ ¼ N1ð2Þ 1� N1ð2Þ
N þ τ

� �2

þ N1N2

N þ τð Þ2
" #

hðδIΩ!Þ2i

þ
N2

1ð2Þ
N þ τð Þ2 Sqpc þ

N2
1ð2ÞN

N þ τð Þ2 hðδI
E!Þ2i þ Soffset1ð2Þ;

ð10Þ

with Soffset1ð2Þ a noise offset mostly corresponding to the amplification chain, and
also including the thermal noise along the 2� N1ð2Þ reflected channels and along
the 2 quantum Hall channels propagating from measurement (M) to source (S)
contacts (for the experimental bulk filling factor ν ¼ 2; see Fig. 4). Similarly, one
gets for the cross-correlation signal:

S12 ¼
N1N2

N þ τð Þ2 ½�ðN þ 2τÞhðδIΩ!Þ2i þ Sqpc þ NhðδIE!Þ2i�: ð11Þ

Focusing on the excess signal with respect to V1;2 ¼ 0, one obtains from
Eqs. (10) and (11):

Sexcball ¼
Sexc11

2N1
þ Sexc22

2N2
� Sexc12 N
2N1N2

; ð12Þ

with Sexcball ¼ hðδIΩ!Þ2i � hðδIΩ!Þ2iðV1;2 ¼ 0Þ the excess noise generated across
one ballistic channel. From the Johnson–Nyquist-type relation well established in

the ballistic case5–7,16–18 hðδIΩ!Þ2i ¼ 2kBTΩ=RK, the excess island’s temperature
reads:

ΔTΩ ¼ RK

2kB

Sexc11

2N1
þ Sexc22

2N2
� Sexc12 N
2N1N2

� �
: ð13Þ

Solving Eqs. (10) and (11) also provides Sexcqpc:

Sexcqpc ¼ ðN þ 2τÞ Sexc11

2N1
þ Sexc22

2N2

� �
þ Sexc12

ðN þ τÞ2 þ τ2

2N1N2
: ð14Þ

Heat Coulomb blockade predictions. In this section we derive the predictions
shown as continuous lines in Fig. 3 and Supplementary Figs. 3 and 4, for the
electronic flow of heat JelQ in the presence of a generic quantum channel. We follow
the Langevin approach developed for ballistic systems in ref. 18, and expand it to
the case where the current is partially reflected with a probability 1� τ on a QPC
inserted along one of the channels (the other channels remaining ballistic, see
schematic in Fig. 4). The three main differences with ref. 18 are: (i) the symmetry
between channels is broken, (ii) a partition noise emerges at the generic QPC, (iii)
the transmission probability τ depends on the temperatures due to dynamical
Coulomb blockade.

The heat flow J!Qj propagating in one direction (!) along one electronic
channel ( j) is obtained from the time-dependent electrical current fluctuations
ΔI!j propagating in the same direction at the considered location18:

J!Qj ¼
_

2e2

Z 1

�1
dω hðΔI!j Þ2i � hðΔI!j Þ2i

vacuum

� �
; ð15Þ

with hivacuum referring to the vacuum fluctuations at zero temperature.
If ΔI!j directly originates from the large, voltage biased electrodes (S1;2;3 in

E1;2;3), then it only includes the emitted thermal current fluctuation δIEn!
j (see

Fig. 4). These thermal fluctuations are assumed uncorrelated (hδIEn!j δIEm!
k i ¼ 0

for j≠ k even at m ¼ n) and of variance given by the usual thermal noise expression
at the base temperature T18:

hðδIEn!
j Þ2iðωÞ ¼ _ω=RK

�1þ exp _ω=kBT½ � : ð16Þ

Note the factor two difference with the standard low-frequency expression
2kBT=RK, in which the contribution at positive and negative frequencies are added.
Injecting Eq. (16) into Eq. (15), one obtains the usual expression
J!Qj ¼ ðπkBTÞ2=6h.

In contrast to the voltage biased electrodes, the floating metallic node’s
electrochemical potential exhibits fluctuations δVΩ (related to charge fluctuations
as, e.g., in the voltage probe and dephasing probe models, see ref. 19 and references
therein). These result in the emission of identical current fluctuations δVΩ=RK in
all outgoing channels18,19. Such current fluctuations add up with the thermal
emission δIΩ!j of electrons from the central node: ΔIΩ!j ¼ δIΩ!

j þ δVΩ=RK, with

hδIΩ!
j δIΩ!k i ¼ 0 for j≠ k and a variance hðδIΩ!j Þ2i given by the same Eq. (16) but

with the island temperature TΩ instead of T . The integrand in Eq. (15) therefore
includes such correlations as hδIΩ!j δVΩi. These can be obtained from the
connection to the island’s charge fluctuations δQ ¼ CδVΩ (δQ ¼ Q� hQi with Q
the overall charge of the island, and C its self-capacitance), which obey the charge
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Fig. 4 Noise schematic. Graphical representation of the different current
and voltage fluctuations discussed in the text.
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conservation relation:

iωδQ ¼
XNþ1

j¼1

ðΔI!Ω
j � ΔIΩ!j Þ

¼ ΔI!Ω
q � δIΩ!

q � δQ=RKC

þ
XN
j¼1

ðδIE!j � δIΩ!j Þ � NδQ=RKC;

ð17Þ

where we separated in the second equality the generic channel labeled with the
index q (first line) from the N ballistic channels (second line). In channel q, the
incoming current fluctuations toward the island ΔI!Ω

q include three contributions:

ΔI!Ω
q ¼ τδIE3!

q þ ð1� τÞ δIΩ!q þ δQ=RKC
� �

þ δIsnq ; ð18Þ
with the third term corresponding in the Langevin description to an uncorrelated
noise source induced by the electrons’ partition at the QPC. At equilibrium
(T ¼ TΩ), the Johnson–Nyquist relation at low frequencies imposes 2hðδIsnq Þ2i ¼
τð1� τÞ ´ 4kBT=RK (the factor two is because positive and negative frequencies are
included for this comparison). In the non-equilibrium regime (T ≠TΩ), the
information needed on δIsnq for the heat current will be directly obtained from
energy flow conservation at the input and output of the QPC (see below). Note that
we neglect in Eq. (18) the small time delay associated with the round loop path
island-QPC-island (a delay of about 20 ps using a typical velocity of 105 m/s), and
that the transmission probability τ is taken as a frequency independent value (that
depends on T and TΩ due to dynamical Coulomb blockade, see e.g. ref. 23).
Combining Eqs. (17) and (18) allows us to write δQ as a function of uncorrelated
noise sources:

ðiωþ τΩ=RKCÞδQ ¼ τðδIE3!
q � δIΩ!

q Þ

þ δIsnq þ
XN
j¼1

ðδIE!j � δIΩ!j Þ; ð19Þ

where we introduced τΩ defined as the sum of the transmission probabilities of the
channels connected to the island:

τΩ ¼ N þ τ: ð20Þ
This straightforwardly makes it possible to formulate the integrands hðΔI!Ω

q Þ2i and
hðΔIΩ!q Þ2i as functions of uncorrelated noise sources (independently of δVΩ). As
an illustration, we obtain for the latter:

hðΔIΩ!q Þ2i ¼ hðδIsnq Þ2i þ τΩ � τð1� τÞð ÞhðδIE!Þ2i
τ2Ω þ ðωRKCÞ2

þ 1þ τΩ � τð1� τÞ � 2ττΩ
τ2Ω þ ðωRKCÞ2

 !
hðδIΩ!Þ2i;

ð21Þ

where the arbitrary index j is omitted. The only missing ingredient is δIsnq . As
pointed out above, the required information can be obtained most robustly from
global heat conservation at the QPC: JE3!

Qq þ JΩ!Qq ¼ J!E3
Qq þ J!Ω

Qq , with JE3!Qq the

flow of heat from the large electrode E3 toward the QPC, JΩ!
Qq the flow of heat from

the island toward the QPC, J!E3
Qq the flow of heat from the QPC toward E3, and

J!Ω
Qq the flow of heat from the QPC toward the island. Using Eq. (15), this equality
reads: Z 1

�1
dω hðδIsnq Þ2i ´ 1þ τΩ � τð1� τÞ � 2ττΩ

τ2Ω þ ðωRKCÞ2
" #

¼
Z 1

�1
dω τð1� τÞ 1þ τΩ � τð1� τÞ � 2ττΩ

τ2Ω þ ðωRKCÞ2
" #

´ hðδIE3!
q Þ2i þ hðδIΩ!

q Þ2i
n o

:

ð22Þ

Summing up the contributions of all channels and performing the integration in
Eq. (15), we obtain for the net heat flow from the metallic island:

J thyQ ¼
XNþ1

j¼1

JΩ!Qj � J!Ω
Qj

� �

¼ τΩ
π2k2B
6h

ðT2
Ω � T2Þ � τΩ

hðτΩ � τð1� τÞÞ
ð2πRKCÞ2

´ = hτΩ=RKC
2πkBTΩ

� �
� = hτΩ=RKC

2πkBT

� �	 

;

ð23Þ

with the function = given by

=ðxÞ ¼ 1
2

ln
x
2π

� �
� π

x
� ψ

x
2π

� �h i
; ð24Þ

with ψðzÞ the digamma function. Equation (23) was used to calculate the

predictions shown as continuous lines in Fig. 3a, Supplementary Fig. 3b and
Supplementary Fig. 4.

At τ ¼ 0 or 1, Eq. (23) reduces to the expression derived for a ballistic system18

(see Methods in ref. 16 for a similar formulation). At high temperatures, Eq. (23)
reduces to the non-interacting result matching the widespread Wiedemann–Franz
law (without additional contribution from the partition noise):

J thyQ T;TΩ � _τΩ
kBRKC

� �
’ τΩ

π2k2B
6h

ðT2
Ω � T2Þ

’ τΩJ
lim
Q :

ð25Þ

At low temperatures, Eq. (23) simplifies into:

J thyQ T;TΩ � _τΩ
kBRKC

� �
’ τΩ � 1þ τð1� τÞ

τΩ

� �
π2k2B
6h

ðT2
Ω � T2Þ

’ τΩ � 1þ τð1� τÞ
τΩ

� �
J limQ :

: ð26Þ

In this case, in addition to the systematic blockade of one ballistic channel (�1)
with respect to the non-interacting case (τΩ), we find an additional contribution to
the flow of heat whose partition character is signaled by the characteristic τð1� τÞ
dependence.

Electron–phonon heat transfers. The Fig. 5 displays the amount of heat trans-
ferred from electrons in the metallic island to cold phonons at base temperature
T ’ 8mK. It is obtained by subtracting from the injected Joule power PJ the
known electronic heat flow JelQ when the circuit is tuned in the ballistic regime (for

the subtracted expression of JelQ , see Eq. (23) with τ 2 f0; 1g or refs. 16,18). The data
from all ballistic configurations (N 2 f2; 3; 4g, τ 2 f0; 1g) collapse on the same

curve, fitted by JphQ ¼ ΣðTα
Ω � TαÞ with Σ ¼ 2:752 ´ 10�8 WK�α and α ¼ 5:709.

We checked that this power law also precisely accounts for JphQ at the larger tem-
perature T ’ 16mK (data not shown).

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Transferring the quantum state of electrons across a Fermi sea with Coulomb
interaction

H. Duprez,1, ∗ E. Sivre,1, ∗ A. Anthore,1, 2 A. Aassime,1 A. Cavanna,1 U. Gennser,1 and F. Pierre1, †

1Centre de Nanosciences et de Nanotechnologies (C2N), CNRS,
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The Coulomb interaction generally limits the quantum propagation of electrons. However, it
can also provide a mechanism to transfer their quantum state over larger distances. Here, we
demonstrate such a form of teleportation, across a metallic island within which the electrons are
trapped much longer than their quantum lifetime. This effect originates from the low temperature
freezing of the island’s charge Q which, in the presence of a single connected electronic channel,
enforces a one-to-one correspondence between incoming and outgoing electrons. Such high-fidelity
quantum state imprinting is established between well-separated injection and emission locations,
through two-path interferences in the integer quantum Hall regime. The added electron quantum
phase of 2πQ/e can allow for strong and decoherence-free entanglement of propagating electrons,
and notably of flying qubits.

A disordered environment, with a large number of in-
teracting degrees of freedom, is generally considered as
the nemesis of quantum technologies. This is exempli-
fied by a metallic island, often pictured as a reservoir of
thermal electrons, with its large energy density of states
1/δ and limited number N of connected electronic chan-
nels. Indeed, the interval between inelastic collisions de-
stroying the quantum coherence of the electrons [1, 2] is
typically much smaller than their dwell time inside the
island (τD = h/Nδ for perfect channels [3], with h the
Planck constant). However, we show experimentally that
the Coulomb interaction in such an island can, under the
right circumstances, lead to a near perfect preservation
of the quantum state of electrons transferred across it.
In the employed quantum Hall regime implementation,
where injection and emission points are physically sepa-
rated by chirality, this constitutes a form of teleportation
of the electrons’ states without transmitting the physical
particles themselves. This phenomenon is different from
the standard ‘quantum teleportation’ protocol [4], and
similar to the ‘electron teleportation’ proposed in [5].

The voltage probe model of a metallic Fermi sea [6]
is widely used to mimic the electrons’ quantum deco-
herence and energy relaxation toward equilibrium (see
e.g. [7] and references therein). However, independent
absorption and emission of electrons result in fluctua-
tions of the total island charge Q, with a characteris-
tic charging energy EC = e2/2C (with C the geometrical
capacitance of the island and e the elementary electron
charge). At low temperatures T ≪ EC/kB (with kB the
Boltzmann constant) this energy is not available, and the
macroscopic quantum charge state Q is effectively frozen
[8, 9] (although not quantized in units of e as long as one
channel is perfectly connected [10–12]). Consequently,
correlations develop between absorbed and emitted elec-
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† e-mail: frederic.pierre@c2n.upsaclay.fr

trons. These culminate if only one transport channel is
connected to the island, in which case theory predicts
that the electrons entering it and those exiting it are in
identical quantum states [9, 13]. Effectively, the elec-
tronic states within the connected quantum channel are
decoupled from the many quasiparticles within the is-
land, despite the fact that the incoming (outgoing) phys-
ical electron particles penetrate into (originate from) the
island. Another consequence is that heat evacuation from
the island’s internal states along the channel is fully sup-
pressed [8]. In contrast, in the presence of two or more
open channels the coherence is lost [9], and heat evacua-
tion is restored in agreement with the recently observed
systematic heat Coulomb blockade of one ballistic chan-
nel [14]. Interestingly, the ‘electron teleportation’ pro-
posed in [5] also relies on the ‘all-important’ Coulomb
charging energy of a small island, although combined in
that case with Majorana bound states in an altogether
different mechanism.

We demonstrate the high-fidelity replication of electron
quantum states across a metallic island through quantum
interferences. For this purpose, an injected current is first
split along two separate paths that are subsequently re-
combined, thereby realizing an electronic Mach-Zehnder
interferometer (MZI). In contrast with usual MZI im-
plementations [15–19], one of the paths can controllably
be diverted toward a small floating metallic island (see
Fig. 1). In that case, any two-path quantum interfer-
ences involve both the initial electrons (direct left path)
and the reemitted ones (interrupted right path, assum-
ing a perfect contact with the island). Therefore a high
interference visibility directly ascertains a high fidelity of
the electron state replication.

A colorized e-beam micrograph of the measured device
is shown in Fig. 1. The sample was nanofabricated from
a high-mobility Ga(Al)As two dimensional electron gas,
and immersed in a perpendicular magnetic field B ≃ 5 T
corresponding to the integer quantum Hall filling factor
ν = 2. In this regime, two quantum Hall channels co-
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Vpl

1 µm

FIG. 1. Device e-beam micrograph. Areas with a Ga(Al)As
two-dimensional electron gas underneath the surface appear
darker. The applied perpendicular magnetic field B ≃ 5 T
corresponds to the integer quantum Hall regime at filling fac-
tor two. Capacitively coupled gates colored green and blue
control, respectively, the Mach-Zehnder interferometer beam
splitters for the outer quantum Hall edge channel (lines with
arrow, here corresponding to the schematic in Fig. 2(b)) and
the connection to the floating metallic island (yellow) in good
ohmic contact with the buried 2D electron gas. One of the
two MZI outputs is the central small ohmic contact (orange)
connected to ground through a suspended bridge. The sec-
ond one, larger and located further away, is schematically
represented by the top white circle. The MZI phase differ-
ence is controlled through B or the plunger gate voltage Vpl.
The red dashed line visually represents the non-local quantum
state transfer across the island, between electrons’ injection
(starting point) and emission (arrow).

propagate along the edges (the electron gas was etched
away in the brighter areas), and the MZI is formed using
only the outer edge channel. The followed paths are rep-
resented by thick lines with arrows for the configuration
where one MZI arm goes through the floating metallic is-
land (corresponding schematic shown in Fig. 2(b)). The
two MZI beam splitters, each tuned to half transmission,
are realized with quantum point contacts formed by field
effect using split gates (colored green; the inner quan-
tum Hall channel, not shown, is fully reflected). One of
the two MZI outputs is the small central metallic elec-
trode (orange), which is grounded through a suspended
bridge. The quantum interferences are characterized by
the oscillations of the current transmitted to the second
MZI output formed by a much larger electrode 60µm
away (represented in Fig. 1 by the top white circle),
while sweeping either the magnetic field B or the volt-
age Vpl applied to a lateral plunger gate (purple). The
floating metallic island (yellow) consists of 2µm3 of a
gold-germanium-nickel alloy diffused into the Ga(Al)As
heterojunction by thermal annealing. From the typical

0.0

0.5

1.0

� M
Z

I

B (T)

�B
(m

T
)

index

(d) (e)

(a) (b) (c)

0 10 20 30 40
0

1

2

3

4

5

6

7

5.008 5.009

FIG. 2. Quantum oscillations versus magnetic field. (a,b,c),
Schematics of implemented MZI configurations. (d), Frac-
tion τMZI of the outer edge channel current transmitted across
the MZI as a function of B. Continuous lines are measure-
ments performed in the configuration framed by a box of
the same color in (a,b,c). The horizontal black dashed lines
represent the τMZI extrema for the standard and floating is-
land MZI configurations (schematics in (a) and (b), respec-
tively), corresponding to a high quantum oscillations visibility
of V ∼ 90%. With a second channel connected to the floating
island (configuration shown Fig. 2(c)), the quantum oscilla-
tions are strongly reduced to a visibility V ∼ 20%, consistent
with the separately characterized small residual reflection of∼ 3% (see text and [20]), and the average ⟨τMZI⟩ is dimin-
ished as part of the current is transmitted across the island
toward a remote electrical ground. (e), Symbols display the
magnetic field position of consecutive extrema (both peaks
and dips increment the index number). The larger slope for
the floating island MZI configuration (black squares) corrob-
orates the electron quantum state transfer between different
injection and emission locations across the floating metallic
island.

metallic density of states of such metals νF ≈ 1047 J−1m−3
(1.14×1047 for gold, the main constituent), the electronic
dwell time is τD ≈ 60µs. This is much longer, by more
than three orders of magnitude, than the energy relax-
ation and phase decoherence times of electrons observed
in similar metals, which is at most in the 20 ns range
[2, 21]. In the absence of Coulomb-induced correlations,
no interferences would therefore be expected from the
reemitted electrons, by a wide margin. The gates barring
the broad way on each side of the floating island (blue)
are normally tuned to either fully reflect or fully transmit
the outer edge channel, in order to implement the MZI
configurations schematically represented Figs. 2(a,b,c).
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Note that the second (inner) quantum Hall edge channel
is always completely reflected at the barring gate, and
can therefore be ignored [9]. The island charging energy
EC ≃ kB × 0.3 K was obtained from standard Coulomb
diamond measurements (in a specifically tuned tunnel
regime, see Fig. 3(b) and [20]). At the experimental elec-
tronic temperature T ≃ 10 mK (measured on-chip from
shot noise [22]), the criterion kBT ≪ EC for fully de-
veloped Coulomb-induced correlations is therefore well
verified. Note the previous experiments performed in the
opposite ‘high-temperature’ regime kBT ≫ EC of negligi-
ble Coulomb correlations, in which case, unsurprisingly,
a complete quantum decoherence [23] and energy relax-
ation [24] of electrons were observed with a single con-
nected channel. Finally, the transparency of the contact
between the floating island and the outer quantum Hall
edge channel plays an essential role since, if it is poor,
many electrons would simply be reflected at the inter-
face. Here, ≳ 97% of the incoming current penetrates
into the floating island [20], which is also ascertained by
the striking changes of behavior detailed later.

In Fig. 2, we show illustrative MZI oscillations ver-
sus B of τMZI, the fraction of outer edge channel cur-
rent transmitted across the device. The measurements
were performed in the three configurations depicted in
Figs. 2(a,b,c). The red continuous line in Fig. 2(d) cor-
responds to a standard electronic MZI, with the float-
ing metallic island bypassed (schematic in Fig. 2(a)).
In that case, the oscillations are of high visibility V ≡(τmax

MZI − τmin
MZI) / (τmax

MZI + τmin
MZI) ≈ 90% and, as expected for

the Aharonov-Bohm phase, the magnetic field period
of 241 ± 3µT (red symbols in Fig. 2(e) show consecu-
tive extrema positions) closely corresponds to one flux
quantum (241µT × S ≃ 0.98h/e using the nominal area
S ≃ 16.8µm2). A small asymmetry in the τMZI data (the
average is slightly above 0.5) results from a small reflec-
tion of the outer edge channel on the grounded central
ohmic contact (of ≈ 5%, see [20]). The black continuous
line in Fig. 2(d) was measured with the right MZI arm de-
viated to go through the floating ohmic island (edge chan-
nel paths displayed in Fig. 1, and schematic in Fig. 2(b)).
We observe first that the quantum interferences’ visibil-
ity remains of the same high amplitude, which corre-
sponds to a perfect fidelity (at experimental accuracy) of
the replicated quantum states imprinted on the electrons
reemitted from the island, in agreement with low tem-
perature predictions [9, 13]. Second, the magnetic field
period of 305±4µT is found to be larger than in the stan-
dard MZI configuration of Fig. 2(a) (see black symbols in
Fig. 2(e)). This increase is opposite to the reduction that
would be expected from the Aharonov-Bohm period with
the larger surface enclosed by the outer channel path and
the inner boundary of the floating metallic island (see [20]
for a graphical representation, S ≃ 18.4µm2 would corre-
spond to an Aharonov-Bohm period of 225µT ≃ h/eS).
Such opposite evolution and relatively important discrep-
ancy (36%) establish that the MZI phase does not reduce
to the usual Aharonov-Bohm phase acquired by a single

electron propagating along two different paths. Instead,
the larger period corroborates the transfer of the elec-
trons’ state across the island, thereby amputating the
electron path from a section (the 2DEG/metal interface)
and making the Aharonov-Bohm notion of enclosed sur-
face ill-defined.
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FIG. 3. Quantum phase versus island charge. (a), Color
plot of τMZI(B,Vpl) in the floating island MZI configura-
tion (schematic in Fig. 2(b)), with the larger values shown
brighter, which establishes the equivalent role of B and Vpl.
(b), Coulomb diamonds characterization of the floating island
(larger differential conductance shown brighter, with the is-
land here weakly coupled on both sides and Vdc the applied
dc bias voltage). A comparison with panel (a), plotted using
the same Vpl scale, reveals that the addition of a charge of
e on the island precisely corresponds, in the floating island
MZI configuration, to an electron quantum phase of 2π (one
quantum oscillation period). (c), The top and bottom panels
display measurements of τMZI(Vpl) with the device set in the
floating island MZI configuration (black line) and in the stan-
dard MZI configuration (red line, schematic in Fig. 2(a)). The
MZI oscillations’ period in Vpl is shorter by a factor of 1/160
when the island is connected. Note an additional modulation
of fixed period (≈ 15 mV).

The blue continuous line in Fig. 2(d) was measured
with one MZI arm going through the floating island, and
in the presence of a second electronic channel connected
to it (configuration schematically displayed in Fig. 2(c)).
We find strongly suppressed conductance oscillations cor-
responding to a full decoherence of the electrons going
through the island. The residual visibility V ≲ 0.2 is
consistent with the proportion 1 − τisland ≲ 3% of re-
flected electrons, not penetrating into the island. In-
deed, the MZI contribution of the reflected electrons at
small 1−τisland ≪ 1 reads V0(4/3)√1 − τisland ≲ 0.21, withV0 ≈ 90% the MZI visibility in the standard configura-
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tion [20, 23]. The magnetic field period of 246 ± 4µT for
these smaller oscillations (see blue symbols in Fig. 2(e))
is found close to the period observed in the standard
MZI configuration shown in Fig. 2(a), suggesting that
the residual reflections take place at the level of the bar-
ring gate (colored blue, left of island in Fig. 1). Note
that the average ⟨τMZI⟩ ≃ 0.39 is shifted below 0.5 be-
cause part of the injected current is evacuated toward
a remote electrical ground through the second channel
connected to the floating island (⟨τMZI⟩ = 0.375 expected
from current conservation for a floating island and a cen-
tral ohmic contact both perfectly connected).

We now investigate the relation between the island’s
charge and the electron phase shift associated with the
quantum state transfer. For this purpose, Fig. 3 focuses
on the influence on τMZI of the voltage Vpl applied to a
plunger gate (colored purple in Fig. 1) which is relatively
far from the MZI outer quantum Hall channel, but close
to the island. The equivalent role on the MZI phase of
Vpl and B is first directly established, in Fig. 3(a), with
the device set in the floating island MZI configuration
(schematic in Fig. 2(b)). Figure 3(b) displays Coulomb
diamond measurements of the conductance across the
island as a function of the same plunger gate voltage
Vpl, with here the island weakly connected through tun-
nel barriers such that Q is quantized in units of e (only
in that specific case) and without two-path interferences
(see device schematic in [20]). Remarkably, the MZI gate
voltage period in Fig. 3(a) precisely matches the Coulomb
diamonds’ period in Fig. 3(b), as can be seen by directly
comparing the two panels plotted using the same Vpl
scale. In the floating MZI limit of strongly connected
channels Q = eVpl/∆, with ∆ ≃ 1.7 mV the Coulomb di-
amond period [10–12]. A quantum phase shift of 2πQ/e
therefore applies to the transferred electrons, as specif-
ically predicted theoretically [9, 13], and in agreement
with Friedel’s sum rule. Comparing with the device set

in the standard MZI configuration, we show in Fig. 3(c)
that the τMZI oscillations (red line) are of identical maxi-
mum visibility V ≃ 90% than with one arm going through
the metallic island (black line), as also seen versus mag-
netic field in Fig. 2(d). However, the Vpl period is in-
creased by a large factor of 160, from 1.7 mV to 270 mV,
which reflects the weak coupling of the plunger gate volt-
age to the MZI outer edge channel (see [20] for an ex-
tended Vpl range). This provides a final evidence that
the electrons contributing to the quantum oscillations in
the floating island configuration indeed penetrate into
the metal. Note the presence of an additional, smaller
signal of fixed period 15 mV visible in both configura-
tions (in the form of direct oscillations or of an amplitude
modulation), which might originate from the progressive
charging of a nearby defect.

This experimental work demonstrates that the
Coulomb interaction has two facets. It can both destroy
and preserve quantum effects. Although a metallic is-
land is often pictured as a floating reservoir of uncorre-
lated electrons [6, 25], we establish that a high-fidelity
electron quantum state transfer can take place across
it, enforced by the Coulomb charging energy. This pro-
vides a mean to overcome limitations imposed by the
decoherence of individual electrons. Moreover, the ob-
served universal 2π electron phase shift for one elemen-
tary charge e on the island allows for a strong entangle-
ment of single-electron states, both between themselves
or with other quantum degrees of freedom, with a negligi-
ble loss of coherence. Such controllable, strong-coupling
mechanism constitutes a key element in the context of
quantum Hall edges envisioned as platforms for the ma-
nipulation and transfer of quantum information via prop-
agating electrons [19, 26–31]. In particular, it is remark-
ably well suited to implement quantum gates for these
‘flying qubits’, such as the CNOT proposal involving a
conditional phase shift of π described in [30].
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Résumé : L'interaction de Coulomb influence 
fortement toutes les propriétés de transport des 
circuits composites quantique à basse 
température. Dans cette thèse, nous étudions les 
fluctuations de courant et le flux de chaleur dans 
un circuit quantique, composé de plusieurs 
canaux de conduction élémentaires. Nous 
utilisons la mesure combinée des corrélations 
croisées et des auto-corrélations des fluctuations 
de courant, ce qui nous permet d'extraire 
séparément, d'une part, le bruit de grenaille 
provenant du partitionnement des électrons via un 
canal partiellement transmis et, d'autre part, la 
température des électrons dans le dispositif. Nous 
commençons notre investigation dans le cas où 
un canal quantique élémentaire arbitraire est 
inséré dans un circuit linéaire. Dans ce cas, nous 
établissons expérimentalement une relation  

reliant la suppression de conductance induite par 
l'interaction de Coulomb et la variation du bruit 
de grenaille en fonction de la tension. 
Deuxièmement, dans le même circuit, nous 
mesurons le bruit de grenaille au travers d'un 
canal élémentaire unique résultant du transfert de 
charges induit par un pur gradient thermique. 
Troisièmement, nous étudions l'effet de 
l'interaction de Coulomb sur le flux de chaleur 
électronique. Dans un circuit composé 
exclusivement de canaux balistiques, nous 
démontrons expérimentalement le blocage de 
Coulomb de la chaleur systématique de l'un des 
canaux. Au-delà de la limite balistique, nous 
observons un nouveau mécanisme sur le flux de 
chaleur relié à la fois au partitionnement 
électronique à travers un canal non balistique et à 
l'interaction de Coulomb. 
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Abstract: The Coulomb interaction strongly 
influences all transport properties of quantum 
composite circuits at low temperature. In this 
thesis, we investigate the current fluctuations 
and the flow of heat in a quantum circuit, 
composed of several elementary conduction 
channels. We use combined measurement of 
cross-correlations and auto-correlations of the 
current fluctuations, allowing us to extract 
separately, on the one hand, the current shot 
noise coming from the partitions of electrons 
through a partially transmitted channel and, on 
the other hand, the temperature of the electrons 
in the device. We start our investigation with an 
arbitrary elementary quantum channel 
embedded in a linear circuit. In this case, we 
establish experimentally a relation connecting  

the conductance suppression induced by the 
Coulomb interaction and the shot noise variation 
as a function of the voltage. Second, in the same 
circuit, we measure the shot noise through a 
single elementary channel resulting from the 
transfer of charge induced by a pure thermal 
bias. Third, we investigate the effect of 
Coulomb interaction on the electronic heat flow. 
In a circuit exclusively composed of ballistic 
channels, we demonstrate experimentally the 
systematic heat Coulomb blockade of one of the 
channels. Beyond the ballistic limit, we observe 
a new heat flow mechanism connected to both 
the electron-partition through a non-ballistic 
channel and to the Coulomb interaction.    
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