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ABSTRACT
Electron Quantum Interference in Small Metal Wires and Loops
Venkat Chandrasekhar
Yale University

1989

The interference of electron waves scattered off impurities in a disordered metal
gives rise to quantum corrections to the classical Drude resistance. These quantum
corrections have been investigated in thin film samples whose dimensions are on the
order of the electron phase coherence length 2¢, which can be a few microns at 1 K.
The films were prepared by thermal evaporation onto substrates previously patterned
by electron-beam lithography, and were measured using a four-point bridge technique
in a perpendicular magnetic field at liquid He4 temperatures.

Quantum interference effects in these samples are strongly influenced by the
measurement probes. In experiments on short Ag wires with different probe
configurations, both the shape and the magnitude of the weak localisation
magnetoresistance are found to be dependent on the specific probe configuration.
Similar effects are seen on conductance fluctuations in these samples. The theory of
weak localisation has been extended to incorporate the effects of the measurement
probes, and excellent quantitative agreement with experiment is obtained.

Measurements of single normal metal loops have been performed in search of
Aharonov-Bohm magnetoresistance oscillations. Oscillations of period hc/2e and hc/e
are observed in single rings of Al, Ag and Au. Quantum interference effects in these

loops are also found to be strongly affected by the measurement probes. In addition,



the effect of magnetic scattering on the Aharonov-Bohm oscillations in single Ag
loops has been investigated. It is found that a small amount of surface Co impurities
suppresses the hc/2e oscillations, but leaves the hc/e oscillations unaffected. These
results are discussed in terms of the current understanding of electron dephasing in

disordered metals. .



1. Introduction

Sixty years after the discovery of quantum mechanics, we are still surprised at
rhenomena which are essentially quantum mechanical in nature, more so when these
phenomena occur in as well studied a subject as the electrical transport of normal
metals. In the decade since the prediction and verification of electron localisation in
normal metals [Bergmann, 1984; Lee and Ramakrishnan, 1985], the number of quantum
corrections to the classical Drude theory of electron transport has grown to include,
among other effects, the Aharonov-Bohm effect [Stone and Imry, 1986; Aronov and
Sharvin, 1987] and conductance fluctuations [Stone, 1988; Imry, 1986]. As in other
branches of physics, these quantum corrections are observable only in systems whose
dimensions are comparable to some microscopic length scale. For electrons, these
length scales are small, and the observation of these effects is only made possible by
the recent ability to fabricate metal structures on the scale of nanometres [Howard
and Prober, 1982; Rooks et al, 1987]. Even with such small devices, these effects are
difficult to observe. More recently, with the fabrication of high mobility
semiconductor structures in which quantum length scales can be tens of micrometres
[Timp et al, 1987], effects on the order of the resistance of the sample have been
observed, making feasible the practical application of phenomena that, just a few

years ago, were of purely academic interest.

1.1 Quantum Interference

The introduction of randomly distributed impurities changes the electrical



characteristics of a metal. In the semiclassical theory of electron conduction, these
impurity sites act solely as elastic scattering centres for the delocalised electrons,
with no correlation between different scattering events from the same impurity, or
scattering events from different impurities. In reality, however, an electron wave
scattering off an impurity produces partial waves which can interfere coherently
amongst themselves, and it is this interference that leads to corrections to the
classically expected behaviour [Khmelnitskii, 1984]. The size of these corrections is
strongly dependent on the length over which the waves can retain phase memory:
The shorter this length, the smaller the interference effects.

So far, what we have said can apply to the propagation of any wave phenomenon
in a disordered medium; indeed, the effects of this coherent interference have been
observed in a number of different systems, ranging from light propagation in liquid
suspensions of small polystyrene balls [Van Albada and Lagendijk; Wolf and Maret,
1985] to the propagation of acoustic waves in piano wire [He and Maynard, 1986).
Electron waves have particular properties that distinguish them from other waves.
First, electrons carry charge, and so any correction to the classical behaviour of a
metal due to interference is immediately observable in the resistance. Second, the
phase of an electron is sensitive to a magnetic field [Aharonov and Bohm, 1959]: by
application of an external magnetic field, one can change the phase difference
between different paths in a metal. This changes the interference pattern, and
therefore the resistance. The length over which the electrons retain phase memory,
which we shall denote by 2¢ (and variously call the electron phase coherence length
or the electron phase breaking length), is as short as a few micrometres, even at

liquid helium temperatures. This is the parameter that sets the length scale for



electron interference. Therefore, in order to see electron interference effects, we

need devices whose dimensions are comparable to this length.

1.2 Weak Localisation

Historically, weak localisation was the first quantum interference effect to be
investigated. Thouless [1977] and Abrahams et al [1979] predicted that the
localisation of electrons induced by the presence of disorder would, at low
temperatures, lead to an increase in the resistance of a metal over the residual
resistance due to impurity scattering. Early experiments on weak localisation
attempted to observe this increase in resistance. However, due to the presence of
electron-electron interaction effects, which also give rise to an anomalous increase in
the resistance, the results of these early experiments were not unambiguous [Giordano
et al, 1979; Masden and Giordano, 1982]. Later, it was recognised that the sensitivity
of the weak localisation correction to external magnetic fields provided a way to
separate these two contributions to the resistance. Since then, numerous experiments
on thin films and wires have demonstrated unambiguously the presence of a quantum
correction at low temperatures, in detailed agreement with the quantitative predictions
of the microscopic theory of weak localisation [Lee and Ramakrishnan, 1985). In fact,
weak localisation has now established itself as a versatile tool to probe the dynamics
of electrons in disordered metals. Experiments of thin films and long narrow wires
have been used to verify predictions for electron-electron scattering rates and
electron-phonon scattering rates [Santhanam et al, 1987], and are now being used to
investigate the Kondo effect [Bergmann, 1986, 1987; Bergmann et al, 1987; Van

Haesondonck et al., 1987)].



13 Conductance Fluctuations and the Aharonov-Bohm Effect

The experiments described above were carried out on macroscopic metal films
and wires, samples for which at least one dimension was much longer than 84 As
new technology permitted the size of the devices to be reduced to lengths comparable
to or less than £g, in the so-called "mesoscopic” size regime, further new effects
were observed.

The first experiments on such mesoscopic samples were intended to verify
predictions about the Aharonov-Bohm effect, the periodic oscillation in the
conductance of a loop with the magnetic flux through the loop. Aharonov-Bohm
oscillations of two different periods in flux had been predicted: those of period
hc/2e, and those of period hc/e. Aharonov-Bohm oscillations of period hc/2e had
already been observed in metal cylinders for which the height of the cylinder was
much longer than 2¢ [Sharvin and Sharvin, 1982). However, no periodic oscillations
were observed in the first experiments on metal cylinders with height much smaller
than 2¢, i.e, single loops. Instead, aperiodic fluctuations of the conductance were
found [Umbach et al., 1984; Skocpol et al., 1984; Blonder et al., 1984]. These
"conduction fluctuations" are now known to be ubiquitous in mesoscopic samples, and
have became a subject of interest in their own right {Washburn, 1988; Kaplan and
Hartstein, 1988]. We shall discuss them in detail in this thesis.

Soon after the first observation of conductance fluctuations, Aharonov-Bohm
oscillations of period hc/e and hc/2e were also observed in single metal loops. Webb
et al. (1985) were the first to observe oscillations of period hc/e in single loops of

Au. Subsequently, oscillations of both periods were observed in single loops of Al and






