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ROLE OF DYNAMICS IN INTERACTING FERMION SYSTEMS: THE STRUTINSKY
METHOD AND GROUND STATE PROPERTIES OF QUANTUM DOTS
Abstract
by Tatsuro Nagano, Ph.D.

Washington State University
December 2002

Chair: Steven Tomsovic

We investigate nano-structure quantum dots which show conductance peak oscillations in
the Coulomb blockade regime. Although a random matrix theoretical approach (RMT) has
made successful predictions, the statistical behaviors of the peak spacings remain mysterious,
indicating the necessity of a more subtle treatment of the residual interaction. We pursue a
many-body framework, which explicitly includes electron-electron interaction in the context
of density functional theory. Based on the idea of the Strutinsky shell correction method, the
ground state energy is expressed by an approximate series expansion in the fluctuation part
of the density functional, and the physical interpretation of each successive term is analyzed.
We identify the energy contribution of the residual interaction due to the screened Coulomb
potential. Given that irregularly shaped quantum dots consist of quasiparticles interacting
through a screened Coulomb interaction, we employ the two-dimensional coupled quartic
oscillator as an effective confinement. The advantage of employing the quartic oscillator is
that the degree of chaos can be tuned continuously from integrability to pure chaos, allowing

us to study how the nature of the dynamics influences the single-particle orbital occupancies
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when spin is taken into account. In the analysis of the ground state configuration and
spin polarization, the conductance peak spacings are reproduced and the electron orbital
occupations are observed to depend upon the nature of the dynamics. The greater the

chaos, the less effective the residual interaction in altering the occupations.
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Chapter 1

Introduction

1.1 Introduction and Motivation

It is difficult to imagine people’s daily life without electricity. From a light bulb to high-end
computers, a battery to power plant, the use of electricity can be found anywhere around
us.

The interaction law between charged objects was discovered by Coulomb in the late
1700’s. Later, Millikan observed single electron effects in his experiment of falling rate of
oil droplets in 1911. Ampere, Ohm, Faraday, Gauss, Maxwell, Lorentz, and many others
contributed to the development of the field of electrodynamics in the 19th century.

With the discovery of the Planck theory of radiation employing Planck’s constant h
in 1900, microscopic phenomena began to receive significant attention. Einstein proposed
light quanta in the illustration of the photoelectronic effect, and de Broglie, Heisenberg,
Schrodinger, and Dirac devoted themselves to the establishment of quantum mechanics in
early 1900s. They investigated the microscopic - atomic scale - phenomena.

In the last 20 years, nanostructure technology has undergone dramatic progress due to
breakthroughs in sample fabrication techniques. These technologies enable us to investigate
the electronic properties of devices within sub-micron scales. At these dimensions and at
low temperatures, quantum mechanical interference effects play an important role, but at

1



the same time, such systems are large enough to consider averaging behaviors. The scale,
intermediate between the microscopic and the macroscopic levels, is called mesoscopic. Meso-
scopic physics, a word created by Van Kampen in 1981 [1], deals with phase coherent trans-
port phenomena and also thermodynamical properties of disordered electronic systems. The
remarkable growth of the field is also due to the fact that the researchers working in differ-
ent areas have found important underlying commonalities in apparently distinct phenomena.
For example, random matrix theory (RMT) [2,3,10,62] gave insight into the physics of con-
ductance fluctuations, and transport properties of disordered systems are well understood
within the framework of diagrammatic perturbation theory [4]. These two are interrelated
and deeply connected as well to the semiclassical mechanics of chaotic systems [5-7]. One of
the significant phenomena in mesoscopic physics [50], especially concerning quantum trans-
port, is the universal conductance fluctuations (UCF) [8-10]. Fluctuations of measured
physical quantities are random but reproducible with respect to some external parameter.
Although detailed information of each individual measurement is essentially impossible to
predict, the statistical behavior of ensemble measurements shows universal features for fully
chaotic systems.

In this dissertation, semiconductor quantum dots are studied in the Coulomb blockade
(isolated) regime. The “dot” represents an extremely small region, and it contains from one
to a few thousand free electrons. The size of the dot (~ 100nm — 1um) is comparable to
the electron wavelength (~ 40nm), and the energy of the dot is discretized. Quantum dots

are sometimes referred as artificial atoms [11] because of the following characteristics. The



discretized energy levels are analogous to the orbitals of atoms, and the charging energy,
the energy required to add/remove an electron to/from the dot has similarity to the atom’s
ionization energy. While the study of atoms usually involves interaction with light, the
measurements of concern to us involve the conductance, which is determined by electron
transport properties. It should be emphasized that the advantage of “artificial” atoms is
the precise controllability of the system. The number of electrons in the dot, the size and
shape, the connection to the environment are all adjusted by externally applied electric fields.
In addition, the symmetries of the dot can be controlled by shape and/or by an external
magnetic field. Thus, the quantum dot is powerful probe with which to investigate the role
of quantum mechanics in mesoscopic physics.

In transport measurements, the dot region is attached to three terminals. Two of the ter-
minals allow electron exchange, called source and drain, while the third terminal is used as a
gate electrode. The quantum dot is considered isolated or closed when the electron transport
through the region can only be achieved by tunneling through the terminal junctions (source-
dot and dot-drain) which act as “quantum point contacts” [12-16], and the charge inside
the dot becomes quantized. This situation leads to the Coulomb blockade (CB) oscillation
of conductance observed in many experiments [30]. An additional important consideration
is that the conductance behavior is greatly influenced by temperature [17,56]. The Coulomb
blockade itself is a classical phenomenon [51], and current flow through the system is sup-
pressed due to its charging.

Quantum dots and point contacts can be created, for instance, in a two-dimensional elec-



tron gas (2DEG) which exists at the interface of a GaAs-AlGaAs heterostructure 53,56, 58,
93]. The size of the dots is typically 100nm — 1um, which is larger than the Fermi wave-
length of electrons (~ 40nm) but smaller than the mean free path of electrons (~ 10um),
and so the measurements are performed in the ballistic regime. There are from a hundred
to a thousand electrons contained in the dot depending on design and doping. At low tem-
perature (few hundred milli-Kelvin), the mean energy level separation of electrons exceeds
the thermal energy, and transport through the quantum dot occurs by resonant tunneling.
By adjusting the gate voltage, this resonant tunneling produces conductance oscillations.
When the charging energy of the dot and the electron level spacings are comparable, both
the Coulomb blockade and the resonant tunneling have significant roles.

The Coulomb blockade conductance oscillations have been studied within the simple the-
oretical framework referred to as the constant interaction (CI) model [52, 54, 55,63|. This
model represents the system'’s energy in terms of the classical charging cost, the energy re-
quired to add an electron to an isolated metal region, and electron occupation energies (the
quantum mechanical energy due to the discretized levels of the dots). The CB peak period
and peak shapes are successfully predicted by this theory. RMT was originally developed
by Wigner [31-34] to investigate neutron resonances of compound nucleus. Energy spectra
are obtained in term of eigenvalues of a large sized random matrix which approximates the
Hamiltonian of complex systems. Based on the Bohigas-Giannoni-Schmit conjecture [64], the
validity of RMT has been broadened to the study of single-particle chaotic systems. Based

on the fact that many of the dots come in irregular shapes, RMT provides a theoretical de-






