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ABSTRACT
Electron Quantum Interference and Transport in Ultrasmall Metal Structures

Samuel Jonas Wind
Vale University
1987

Advances in microfabrication technology have made possible the production of
structures with ever decreasing dimensions. As the size of these structures
approaches certain characteristic lengths, quantum mechanical effects become evident.
Electron interference phenomena may be observed in systems whose size is on the
order of the electron phase coherence length, 2¢. B¢ can be 1 gm or more at 1 K
For a wire of width less than 2¢, the constructive interference of electron partial
waves which are elastically scattered by impurities leads to one-dimensional
localization. This effect manifests itself in the form of a small correction to the
low temperature residual resistance, as first predicted by D. J. Thouless in 1977. For
a ring structure of diameter ~ 2¢, electron quantum interference leads to oscillations
in the magnetoresistance of the ring with periods h/e and h/2e. These oscillations
are the solid state analog of the Aharonov-Bohm effect in vacuum. Narrow wires
and rings of Al and Ag have been fabricated using x-ray and electron-beam
lithography, with linewidths as narrow as 350 A. Magnetoresistance measurements on
the rings reveal oscillations with fundamental periods h/e and h/2e. Measurements
on the wires show one-dimensional localization effects with spin-orbit scattering and
one-dimensional superconducting fluctuations. These effects are used to probe
electron energy and phase relaxation mechanisms in narrow wires. It is found that
at low temperatures, the primary mechanisms are electron-phonon scattering and

electron-electron scattering. As the wire width becomes less than the electron



thermal diffusion length, £ ~ 1000 &, a new type of electron-electron scattering
mechanism becomes evident: one-dimensional scattering with small energy transfers.

For such narrow wires, this is the dominant mode of electron phase relaxation at low

temperatures.
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L Introduction

The physics of small structures has become the focus of much attention among
solid state scientists in recent years. One reason for this interest is the fact that
there exist certain phenomena which occur only at these small size scales. In
addition, an understanding of the processes and interactions that occur on the
microscopic size scale may help to shed light on those which take place in
macroscopic systems, which are themselves composed of "blocks" of smaller
structures. New tools are also becoming available for creating and for probing
microstructures. One such example is the scanning tunneling microscope [Binnig and
Rhorer, 1982], which has atomic resolution. Much can also be learned from
structures that are larger - a few hundred or a few thousand times the atomic scale.
This work deals with quantum mechanical effects in electron transport in such

structures.

I.A. Quantum Interference Phenomena

The classical Drude theory has been very successful in providing a basis for
understanding the electronic conduction in metals. Where the Drude theory has
failed, incorporation of some rudimentary quantum mechanical notions has ably made
up for these failures. Anderson [1958] was the first to treat an important quantum
mechanical deviation from the classical Drude conductivity in a disordered metal.

The deviation considered by Anderson is caused by the introduction of randomness to

a perfectly periodic potential in a crystalline solid, which may lead to the spatial

localization of electron wavefunctions at impurity sites (impurities are taken here to

refer to any departure from ideal crystal structure). The Drude theory predicts that
1



2
at low temperatures the resistance of a metal will reach a constant value determined
by the concentration of static impurities or defects. Anderson pointed out that this
will be the case only for systems in which the electron wavefunctions are extended
throughout the metal. In the presence of disorder, the electron wavefunctions can
become Jocalized due to the presence of impurities. Due to the localization of the
wavefunctions, conduction is impossible at zero temperature in one- and two-
dimensional systems, and the resistance is infinite. Thus, the disordered metal

becomes an insulator at zero temperature.

In recent years, Thouless [1977] and Abrahams et al. [1979], using a scaling
theory, established the conditions under which weak localization effects can be
observed in real samples consisting of either narrow wires or thin films. (Weak
localization occurs in metals that are not too highly disordered. The criterion for
this regime is kz€ >> 1, where kg is the Fermi wavevector and £ is the elastic mean
free path, determined by the scattering of electrons from impurities.) Thouless and
Abrahams et al. predicted that at low temperatures, the resistance of a sample will
increase above the residnal resistance value, and would continue to increase as the
temperature is decreased. This behavior is pictured schematically in Fig. I-1. The
temperature dependence of this effect is a result of the scattering of electrons out
of their localized states. This scattering is governed by some inelastic (or more
correctly, as we shall see later, phase breaking) mechanisms, which are temperature

dependent and which affect the phase of the wavefunction of the localized electrons.

The theoretical prediction by Thouless was very striking. He argued that a real
metal of finite dimensions would behave as if it were one-dimensional (1D) with

respect to localization effects if certain conditions were met. The most important



Fig. I-1. Resistance as a function of temperature: the localization correction to the
Drude resistance of an impure metal, according to Thouless.



condition is that the sample’s lateral dimensions (width and thickness) be less than
the inelastic scattering length. This length may be relatively long at low
temperatures - on the order of 1 ym. Early experiments on narrow wires only a few
hundred Angstroms wide which attempted to test Thouless’ theory [Giordano et al.,
1979; Chaudhari and Habermeier, 1980] appeared to verify his predictions. However,
the electron phase breaking rates inferred from their results were not consistent

with any known electron scattering mechanism.

These results as well as results on two-dimensional (2D) metal films and
MOSFETS (Metal-Oxide-Semiconductor-Field-Effect-Transistors) spurred on a great
deal of theoretical and experimental activity. Another effect, due to electron-
electron interactions [Altshuler et al, 1980], was suggested as an alternative
explanation for the results of early localization experiments. This effect is based on
the inclusion of the screened Coulomb interaction between electrons in the presence
of random disorder. This leads to changes in the electronic density of states near
the Fermi energy. The manifestation of this effect comes in the form of a rise in
the low temperature resistance with decreasing temperature, closely resembling the
resistance rise due to localization. The existence of electron-electron interaction
effects raised questions as to the real cause of the results observed in the early

localization experiments.

In the wake of the early experiments, a better understanding of localization
effects was being pursued. A microscopic theory of localization [Altshuler et al.,
1981b and 1982a] confirmed the predictions of the scaling theory and was also able
to include the effects of a magnetic field, as well as the effects of spin-orbit and

magnetic spin-flip scattering. This new theoretical framework found a way to



distinguish between weak localization effects and electron-electron interactions by
the application of a weak magnetic field. It seems that the quantum interference
that causes localization is very sensitive to small magnetic perturbations, while the
Coulomb interactions are affected only by much larger magnetic fields. It was also
seen that spin-orbit scattering can actually reverse the sign of localization effect.

In addition, similar effects due to superconducting fluctuations above the transition

temperature (for superconducting materials) were dealt with in a quantitative fashion

by Larkin [1980].

IB. Electron Scattering Mechanisms

One of the puzzles that resulted from the early localization experiments had to
do with the inelastic scattering rates inferred from the experimental data. The
scattering rates inferred in early experiments were not consistent with any of the
established mechanisms of electron scattering: electron-phonon scattering and
electron-electron scattering. One of the important topics addressed by the
microscopic theory was the scattering of electrons by other electrons. New:
predictions were forthcoming on a qualitatively different type of electron-electron
scattering. This involved the effects of scattering events with small energy transfers
(quasielastic scattering), or the scattering of electrons by electromagnetic
fluctuations. The existence of this new mechanism, together with the already
established scattering mechanisms, could be tested by careful analysis of results of

localization experiments.

Soon after the predictions of the microscopic theory became available, several
experiments on 2D films confirmed many aspects of the theory. Extensions of the



microscopic theory to include spin-orbit scattering and superconducting fluctuations
in one-dimensional systems [Santhanam et al,, 1984a] set the stage for experiments
which could more rigorously test the predictions of localization theory in narrow
metallic wires. As will be seen in Chapter I, such experiments could also be used
to discern the quasielastic electron-electron scattering mechanism. These

experiments form the major part of this thesis.

I1.C. The_Aharonov-Bohm Effect in Metals

An interesting prediction of the microscopic theory of quantum transport occurs
in multiply-connected samples. If, for example, a narrow wire is closed upon itself
to form a ring, then in the presence of a magnetic field, the conductivity will
oscillate as a function of magnetic field. The oscillations are periodic in the
magnetic flux, with a period of h/2e, where h is Planck’s constant and e is the
electronic charge [Altshuler et al. 1981c]. This is analogous to the Aharonov-Bohm
effect [Aharonov and Bohm, 1959] in vacuum, which demonstrates explicitly the wave
nature of the electron. An alternate theory, based on the Landauer formula for
adding series resistances [Landauer, 1970; Anderson et al, 1980], predicted
oscillations with a flux period of h/e [Gefen et al, 1984; Buttiker et al, 1985].
Experiments on arrays of rings and cylinders (see, e.g, [Chandrasekhar et al., 1985]
for a review of previous experiments) confirmed the theory of Altshuler et al. Early
experiments on individual rings [Skocpol et al,, 1984; Blonder, 1984; Umbach et al,
1984} failed to observe the predicted oscillations. The first clear observation was by
Webb et al. [1985], 'who found h/e oscillations in a single gold ring. Part of the
work in this thesis involved an effort to observe both types of oscillations in a

single ring and to understand the conditions under which these oscillations can be






