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ABSTRACT

Quantum Chaeotic Scattering
and Ballistic Electron Transport
in Microcavities

Mark William Keller
Yale University
1995

Experiments are reported on quantum electron transport in micon-sized
cavities made from the two-dimensional electron gas of a GaAs/AlGaAs
beterostructure. The cavities are fabricated in a manner that allows the electron
density to be varied by a gate voltage without affecting the cavity size or shape.
Various cavity shapes are studied for which the classical scattering is either chaotic
or non-chaotic. At low temperature (= 0.1 K) the conductance of the cavities
exhibits fluctuations as a function of magnetic field or Fermi wavevector. The
power spectra of these fluctuations are compared to a semiclassical theory of chaotic
scattering, and the typical area enclosed and length traveled by the electrons are
extracted for each cavity. The typical areas and lengths are compared with the
expected values from simulations, and the extent of disorder in the cavities is
inferred from the comparison. The weak localization effect in the cavities is also
studied. The ensemble average behavior is constructed explicitly by measuring the
weak localization at many different values of Fermi wavevector for each cavity.
The weak localization is compared with simulations and found to agree remarkably
well with no adjustable parameters. For both the fluctuations and the weak
localization, the behavior of a nominally non-chaotic cavity could not be

distinguished from that of the chaotic cavities.
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1

INTRODUCTION

The experiments described in this dissertation continue a thread of
investigation into low temperature electronic conduction known as "mesoscopic
physics". The name refers to the fact that the metallic conductors involved are
larger than the atomic scale, but smaller than the macroscopic scale where transport
can be described in terms of average intrinsic properties such as conductivity. The
. defining length scale for mesoscopic physics is the electron phase coherence length,
since all mesoscopic effects arise from coherent scattering and interference of
electron waves. There are some relatively famous effects associated with this
branch of physics, such as the Aharonov-Bohm effect, Weak Localization, and
Universal Conductance Fluctuations, that have been studied both theoretically and
experimentally in Yale's Department of Applied Physics in the past. For general
reviews of mesoscopic physics see Imry, 1995 (theory), and Washburn and Webb,
1986 (experiments).

One of tiie major concepts that arose from the early work in mesoscopic
physics was the idea that electron transport through a phase coherent conductor is
equivalent to a quantum scattering process (Landauer, 1970; Buttiker, 1986).
Measurements of electrical resistance can be completely described in terms of a
scattering matrix which couples incoming and outgoing scattering channels. The
early mesoscopic experiments used metal film samples in which electron transport
was diffusive, i.e., electrons scattered from random impurities much more often
than from the edges of the structure. The details of the scattering potential were not
known, and the problem of transport was treated theoretically by averaging over all
possible configurations of impurities with the same impurity density. In the last
several years the development of GaAs/AlGaAs heterostructures with very high
electron mobility has allowed access to a different regime of electron conduction,
known as the ballistic regime because all large-angle electron scattering occurs at the
edges of the structure rather than at random impurities. In this regime the quantum
scattering from a particular scattering potential, determined by the sample shape,
can be studied. Such samples offer an experimental system for studying the
quantum scattering properties of shapes for which classical scattering is chaotic,
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which is a topic of great interest recently. Chaotic scattering in both classical and
quantum systems is described in Chapter 2.

Two familiar phenomena in mesoscopic physics are Universal Conductance
Fluctuations (UCF) and Weak Localization (WL). Both effects have been
thoroughly studied in diffusive conductors and are well understood in that context.
For reviews, see Lee, Stone, and Fukuyama, 1987 (UCF) and Bergmann, 1984
(WL). UCF are seemingly random variations in conductance observed as the
magnetic field, Fermi energy, or impurity configuration is changed. WL is a
decrease in the average conductance (averaged over any of the parameters that
produce the fluctuations) due to constructive interference of backscattered electrons
in the presence of time-reversal symmetry. The experimental signal of WL is a
minimum in conductance at zero magnetic field, since the field destoys the WL as it
breaks time-reversal symmetry. Ballistic conductors also exhibit conductance
fluctuations and a zero-field minimum in conductance that are exactly analogous to
the effects seen in diffusive transport. The theory of these effects in ballistic
cavities, and the influence of the chaotic or regular (= non-chaotic) dynamics of the
classical analogues of the cavities, are described in Chapter 3.

Chapter 4 covers the design and fabrication of ballistic microcavities for
experimental studies of quantum chaotic scattering. Two fabrication techniques,
low energy ion exposure and shallow wet etch, were used to create cavities whose
electron density could be changed (using an overlying metal gate) without affecting
the shape. This is an important feature of the samples used in this work which was
not shared by the samples used in studies of quantum chaotic scattering by other
researchers.

Chapter 5 contains a description of the apparatus used to measure the
conductance of the cavities as a function of magnetic field or Fermi energy at
temperatures of about 100 mK. The dilution refrigerator system described here
represents a significant advance in the facilities for low temperature experiments at
Yale.

The experimental results for five ballistic cavities (four chaotic and one
regular) are presented in Chapter 6. The power spectrum of the conductance
fluctuations is used to find the tvpical area enclosed and typical length traveled by
electrons before escape from each cavity. These areas and lengths are compared
with values from numerical simulations. The WL for three of the cavities is also -
compared with numerical simulaions. The fluctuations and WL in the regular



cavity are compared with the effects seen in the chaotic cavities. Some of the
results for two of the chaotic cavities have been published: Keller ez al., 1994.

Chapter 7 contains a summary of the experimental results and a discussion
of the conclusions that can be drawn from them. The findings are compared with
recent studies of quantum chaotic scattering in similar ballistic cavities by Marcus ez
al., 1992, Berry et al., 1994a and 1994b, and Chang ez al., 1994.



2

THEORY OF CHAOTIC SCATTERING

2.1 Classical Chaotic Scattering

The fundamentals of classical chaos are covered in many textbooks and
review articles. The article by Jensen, 1987 is a good overview and the textbook
by Baker and Gollub, 1990 covers the basics quite well. Empirically, the defining
feature of chaos is a lack of predictibility in a deterministic system due to an extreme
sensitivity to initial conditions. To deal with chaos in scattering systems, the ideas
of chaos in closed systems must be extended to the case of finite interaction time.
This will first be illustrated using a model system which displays the main features
of classical chaotic scattering. The specific case of scattering in chaotic cavities will
then be described.

2.1.1 Three Disk Model System

The geometry of the three disk scattering system is shown in Figure 2.1a.
A classical particle of fixed velocity approaches the scattering region at an angle
O, scatters among the disks for a time Tygp, and exits at an angle ©,,,. The
scattering function A@ = O;, — O, is plotted as a function of the impact
parameter b in Figure 2.1b. For most intervals of b the scattering function is a
piecewise smooth function with a finite number of discontinuities. If the entire
range of b showed this behavior, the scattering would be called regular (non-
chaotic). However, near b = 2.3 and b = 4.5 the discontinuities in A® become
closely spaced and when the axis is expanded, as in Figure 2.1c, they are found to
occur on all scales. It can be shown that A@is singular at values of b which form
a fractal set. (This feature of the scattering phase space is analogous to the fractal
nature of the phase space of closed chaotic systems.) In any small interval of &
around one of the singularities, AGXb) varies wildly, and the amplitude of the
variations in AGXb) does not tend to zero as the size of the interval is reduced. This
extremely sensitive dependence of a scattering function on an initial condition is the
defining feature of chaotic scattering. As in closed chaotic systems, any uncertainty
in initial conditions makes it impossible to predict the response of the system. The
rigorous justification for labeling such scattering chaotic follows from an analysis
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of the dynamics on the subset of phase space that represents unstable trapped
trajectories (those which enter the scattering region but never leave). Particles that
enter very near one of these trapped trajectories remain in the scattering region for a
long time before finally escaping, and it is these trajectories which are responsible
for the singularities in the scattering function. Figure 2.1d shows the correlation
between a long trapping time and the rapid variations in AG(b).
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Figure 2.1 Three disk model system which displays the main features of
classical chaotic scattering. The shaded disks are infinite potential barriers
which scatter a particle entering with fixed velocity and angle, and variable
impact parameter b. (a) Scattering geometry showing definition of impact
parameter b. Arrow is the incoming trajectory for b= 3. (b) Scattering

function A@ = Oy, — Oy versus b. (c) Expanded view showing
fluctuations in AG(b) on all scales. (d) Trapping time versus b showing

correlation between chaos in AG(b) and long trapping time. From
Smilansky in Giannoni et al., 1991.






