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Abstract

In ’clean’ confined conductors (the so-called mesoscopic systems), the elec-
tronic phase and momentum can be preserved over very long distances com-
pared to the system dimensions. This gives rise to peculiar transport prop-
erties, bearing signatures of electron interferences, ballistic electron trajecto-
ries, electron-electron interactions, regular-chaotic electron dynamics and (in
some cases) spin-orbit coupling. Examples of such effects are the Universal
Conductance Fluctuations (UCFs) and the Weak Localization observed in
the low-temperature magnetoconductance of many confined electronic sys-
tems. Of central importance, the electronic phase coherence time and the
spin-orbit coupling time determine the amplitude of these quantum effects.

In the first part of this thesis, we use UCFs to extract these characteris-
tic timescales in open ballistic quantum dots (QDs, i.e. tiny electron islands
connected to electron reservoirs through two narrow apertures). Our sam-
ples are fabricated from InGaAs heterostructures hosting a two-dimensional
electron gas. We observe an intrinsic saturation of the coherence time at
low temperature. The origin of this phenomenon has been intensely debated
during the last decade. Based on our observations and previous experimen-
tal data in QDs, we propose an explanation to the phenomenon: the dwell
time becomes the limiting factor for electron interference effects in QDs at
low temperature.

Then, we report on magnetoconductance measurements in a bismuth
ballistic nano-cavity. The cavity is found to be zero-dimensional for phase
coherent processes at low temperature. We evidence a strong reduction of
the phase coherence time in the cavity with respect to data obtained in thin
Bi films, while the spin-orbit coupling time is similar in both systems.

Finally, we examine the current-voltage characteristics of asymmetric
InGaAs nano-junctions in the nonlinear regime. We observe a new tunable
rectification effect, whose amplitude and sign are governed by the conduc-
tances of the junctions’ channels. We show that the effect is ballistic and
exhibits new features with respect to predictions of available models.



vi



Preface

Donc le temps n’est pas un mouvement,
mais ce par quoi le mouvement a un nombre

Aristotle (4th century BC)

To begin, I would like to pay a tribute to the electrons. It is truly
fascinating to note how such small and apparently simple particles could
generate such a wealth of new physics during the last century, and will
probably continue to do so for the decades to come. This is even more
surprising knowing that an equation, established by Schrédinger in the 20’s,
fully describes the evolution of electron wavefunctions in time and space.

As an example, the effort of many solid state physicists have recently
focused on very simple systems : two-dimensional electron layers. These
layers can be made (almost) disorder-free, so that many complications seem
to be removed. Even twenty year of relentless efforts were not sufficient to
solve all the issues related to electron dynamics in such an ideal system,
particularly when a large magnetic field is applied, i.e. in the regime of the
Quantum Hall Effect, integer and fractional.

This thesis is dedicated to the study of systems with an even smaller
number of electrons, fabricated from similar thin electron layers. Based on
the above considerations, we were confident, at the beginning of our work,
that the subject of electron dynamics in these so-called low-dimensional
systems would be far from exhausted when time would come to write this
text.

Research in this domain has been partly driven by the interesting techno-
logical perspectives offered by these systems. On one side, the general trend
of the electronics industry towards the fabrication of chips with smaller and
smaller elementary components naturally leads to wonder what is the small-
est size below which these components no longer work in a classical, or usual,
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way. On the other side, some of the effects discovered in low-dimensional
systems, instead of being viewed as ‘parasitic’, could also raise possibilities
in terms of new devices with different working principles. As an example,
large efforts have been directed towards the field of spintronics, whose goal
is to create logic functions by taking advantage of the spin degree of free-
dom of the electron. Obviously, this requires to understand and control the
mechanisms which perturb the electron spin. Other proposals rely on the
wave nature of electrons. Similarly, the basic requirement for the practical
realization of such proposals is to maintain electron phase coherence for a
sufficiently long time, so that phase decoherence mechanisms need to be
investigated.

The work presented here is still far upstream from the realization of log-
ical functions based on the electron phase coherence. Nevertheless, we have
tried to address a limited number of unsolved fundamental questions regard-
ing transport properties of low-dimensional systems where electron dynamics
is ballistic and /or phase coherent. As explained in chapter 1, which sets the
scene, several effects related to the wave nature of electrons can be used
to estimate quantitatively the electron phase coherence in ballistic systems.
After a brief phenomenological introduction to these effects, we present the
theories relating them to the time scale 74 over which electron phase coher-
ence is preserved in our samples. Experimental reports on the temperature
dependence of 74 in different low-dimensional systems raised contradictions
with existing theories describing the loss of phase coherence. In particular,
T4 saturates at low temperature in many systems, a phenomenon for which
there is no widely accepted explanation. At the end of chapter 1, we give
a brief review of the proposed origins of this saturation. In general, in this
chapter, we often refer to the relevant reference works for each effect, and
we adopt a ‘pedagogical’ approach, aimed at understanding the content of
chapters 3-4. Note that, as the subject of chapter 5 is somewhat different,
a specific introduction to this part is given at the beginning of the chapter.

Chapter 2 is the technical part of the thesis. We first present some
relevant properties of the materials constituting our samples, i.e. InGaAs
heterostructures and bismuth. Then, we explain the details of the process
that we developed to produce confined systems (quantum dots) from these
substrates. Technology in this field has quickly evolved, but hard work
in cleanrooms is still necessary to fabricate devices with features of less
than 100 nm in size. The time scale for the fabrication of a single working
device is therefore far from negligible, compared to the average duration
of a PhD thesis. At the end of chapter 2, the setup for low-temperature
magnetoconductance measurements is briefly presented. Again, the portion
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of the thesis dedicated to the measurement technique is not proportional to
the time and efforts needed to adjust and improve the measurement setup
and parameters.

Then, we report on our experimental results, and we get to the heart of
the matter. The data presentation starts in chapter 3, with low-temperature
measurements of 74 in InGaAs open quantum dots. The core of this chapter
is the search for the origin of the saturation of 74 at low temperature. We
find a solution to this problem by gathering our data with previous results
obtained on quantum dots fabricated from other substrates. Some other
issues are also addressed. The ‘high’ temperature behaviour of 74 (i.e. in the
temperature range where 7, varies) is different from one sample to another.
We investigate on the fundamental reasons of these differences, and compare
our results to predictions of theoretical models and experimental data on
GaAs quantum dots. Finally, we find signatures of ballistic transport in one
of our samples, in the form of slow fluctuations of the magnetoconductance,
visible up to relatively high temperatures. We provide an analysis of these
fluctuations based on theories used for ballistic focusing effects.

Chapter 4 concerns the transport properties of confined samples fabri-
cated from bismuth. The analysis is more complex here, because both the
phase and the spin of the electrons come into play, and many assumptions
have to be made due to the peculiar properties of bismuth. Nothing had
been done before on zero-dimensional bismuth systems. We hope that our
work fills part of this gap, and points out some interesting new problems.
In particular, we evidence an anomalous reduction of 74 in a bismuth cavity
with respect to two-dimensional films. The results of this chapter have also
a direct connection with chapter 3, as they help to elucidate the question of
the saturation of 7.

Finally, in chapter 5, we discuss the nonlinear current-voltage character-
istics of ballistic InGaAs cross-junctions. The precise mechanisms underly-
ing these nonlinear effects are still debated, as explained in the introductory
section of this chapter. The geometry of our devices was inspired by a re-
cent theoretical proposal. The results of this chapter are weighted against
the predictions of this theoretical work, and to a very recent experimental
results based on the same proposal. We show that our results complement
existing data, and that our samples show a significantly new tunable be-
haviour, unexpected on the basis of previous works. Note that the effects
that we report, and in particular the tunability of the nonlinear current-
voltage characteristics, may lead to useful applications at high frequency,
owing to the reduced transit times associated with ballistic transport.
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