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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



observed.

1D. Microfabrication

The effects studied in this work appear only in ultrasmall structures. Micron-
size rings and wires with widths much less than 1 im are necessary for the
observation of these effects. This would be impossible without the use of
microfabrication techniques which go beyond the current state-of-the-art in the
microelectronics industry. A significant portion of the work presented here involved
ultrahigh resolution microlithographic patterning using electron-beam and x-ray
lithography. These techniques have been available to a varying extent for the
fabrication of small structures for several years, although they are not commonly
used to reach the dimensions achieved in this work. In fact, while we have not set
any absolute records in terms of smallness of features, we have fabricated structures
which are among the smallest in the world using relatively modest equipment. This
was made possible through the implementation of some novel "tricks" and clever
techniques, some of which are not standard in most microfabrication schemes. Of
course, this can be done in a university laboratory, where the demands of the
fabrication process are different from those in a manufacturing environment. Some
of the techniques we have taken advantage of include the use of a thin bilayer
electron-beam resist, which is helpful in achieving small feature size with good
processing characteristics and the employment of step edge lithography for the
patterning of x-ray masks when no other high resolution patterning method was
available. Some of these methods involved the combination of different technologies,

resulting in powerful fabrication techniques.



1E. Outline of this Thesis

This thesis is organized in the following fashion: Chapter II contains a
theoretical overview of the quantum interference phenomena studied in this work and
the electron scattering mechanisms which are relevant to those phenomena. Included
is a discussion of the length scales which play critical roles in determining the
magnitudes of the various effects as well as determining the dimensionality of a
sample with respect to each effect or mechanism. Precise theoretical predictions are
given for those quantities that were studied in this work. In addition, an effort is
made to provide a feeling for how these predictions were derived. In Chapter III, a
description of the fabrication techniques employed in this work is offered. This
includes a detailed account of the electron-beam and x-ray lithography systems used
in this work and the technique used for fabricating x-ray masks. In Chapter IV, the
experimental arrangement for low temperature electrical measurements is described.
Chapter V contains a review of the experimental results of the low temperature
measurements on narrow wires and rings along with an analysis of these results in
terms of the theoretical predictions presented in Chapter II. In Chapter VI, we
compare these results with work done by other investigators. Chapter VII contains a

summary of the results in this work and their implications for future work.

Some of the work described in this thesis has already been published in various
journal articles. An extension of the theory of weak localization to include spin-
orbit scattering and superconducting fluctuations in one-dimensional systems is given
in [Santhanam et al, 1984a]. Results of experiments studying these one-dimensional
effects can be found in [Santhanam et al., 1984b), [Santhanam et al, 1985] and

[Santhanam et al.,, 1987]. Results of experiments probing a one-dimensional electron-



electron scattering rate are contained in {Wind et al, 1986]. The implementation of
a thin bilayer electron-beam resist in our fabrication work is described in [Rooks et

al., 1987].



II. Theory

II.A. Quantum Interference Phenomenpa - Qualitative Features

The classical theory of metals has proved remarkably successful in describing
most of the features of electronic conduction. It is well accepted that the low
temperature conductivity, 6, is dominated by the scattering of electrons by impurities

and is given by the Drude formula [Ashcroft and Mermin, 1976}

ne27
(11-1)

g =
m

7 is the elastic scattering time, related to the elastic mean free path, £, by 7 =
£/vg, with v, the Fermi velocity. For a given sample, as the temperature nears
absolute zero, the resistivity, p = 1/0, approaches a constant value, the residual
resistivity, determined only by the average impurity concentration in the sample.
There exist a number of quantum effects which lead to deviations from this constant
residual resistivity. These include localization, electron-electron interactions, Maki-
Thompson superconducting fluctuations and Aslamazov-Larkin superconducting
fluctuations. Also present at low temperatures are the "classical” contributions to
the resistivity from electron-phonon scattering as the temperature is increased, and
classical magnetoresistance [Ashcroft and Mermin, 1976]. In general, the total
resistance at low temperatures will be the residual resistance plus the sum of these
corrections. For the samples studied in this work, the important contributions are

due to localization and Maki-Thompson fluctuations.

10



1

ILA.1. Weak Localization

Electron quantum interference effects involve the interference of electron waves
as they traverse a disordered solid. Each possible electron trajectory has associated
with it a probability amplitude, ¥, whose modulus squared, < [¥(T)| >2 gives the
probability of finding the electron at the point T. Different electron trajectories
emanating from the same starting point can interfere constructively some distance
later as long as they are in phase. To the extent that free electrons in metals can
be described by plane waves, such that Y = tboe(ii‘.'F'iEt/ "), the phase, ¢, would
be given by ¢ = KerT - Et/#. It is surprising that these quantum interference
effects can occur despite the presence of impurities which elastically scatter
electrons along the way. However, the scattering of an electron by an impurity does

not actually destroy phase coherence, as will be discussed below.

There are two classes of interference paths which contribute quantum
corrections to the low temperature resistance: time-reversed paths, where the
electron trajectories are identical except that they are traversed in the precise time-
reversed order, as shown schematically in Fig. II-1a, and non-time-reversed paths,
where the electron trajectories follow different routes, as in Fig. II-1b. Clearly, the
interference for the time-reversed paths must occur at the point of origin. The
interference due to time-reversed paths leads to the weak localization effect, while
the interference due to non-time-reversed paths leads to universal conductance

fluctuations [Stone, 1985; Lee and Stone, 1985].
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(a)

Fig. II-1. (a) Schematic representation of electron partial waves following time-
reversed trajectories being elastically scattered by impurities and interfering at the
point of origin. (b) Interference of non-time-reversed trajectories.
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Two appealing physical pictures have been put forth to describe the weak
localization effect. The first one, suggested by Bergmann [1983 and 1984a], follows
the evolution of the electron wavefunction in momentum space as an electron
undergoes a series of elastic scattering events. The second description, first offered
by Khmelnitskii [1984], gives a real space picture of possible interference paths. We
will use Khmelnitskii’s description.

The total probability, P(r), for finding an electron at any point T in a sample
is given by the square of the sum of the probability amplitudes associated with all

the possible paths the electron can traverse. Thus,

PE = 15 ¥11° . (11-2)

Quantum mechanically, this is equal to the classical probability to find the electron

at the point T plus an interference term:

P(E) = 3 9512 + 2 997 (11-3)
i 1%

with ¢j‘ denoting the complex conjugate of ¥;. For the two paths in Fig. II-1b, the
interference term can be quite small, depending on the individual impurity-
determined scattering sequence for each path, as each path is comprised of its own
set of impurities. For many such paths, the fractional contribution of the

interference term will be negligible compared to the classical contribution.

Looking now at the time-reversed paths in Fig. II-1a, we have
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P(0) = |¥112 + [¥3]2 + 195 + ¥i¥o
- |$112 + |¥212 + 2Re (Vi) (1I-4)

- 4|92

since paths 1 and 2 are exact time-reversed pairs. Thus, for time-reversed paths,
the probability of finding an electron at point ‘O is actually twice the classical
probability. Because of this increased probability, the electron is said to be "weakly
localized" at point O. The result is measured as an increase in the resistance over

the classical Drude resistance.

The interference between electron waves traversing different paths is possible
only as long as the electrons are phase coherent. That is, as long as there is a
specific spatial and temporal relationship between their phases. This phase coherence
persists despite the elastic scattering from impurities along each path. However, the
phase coherence can be disturbed by certain events, called "phase breaking events",
which cause the electrons to lose phase memory. Examples of such phase breaking
events are the scattering of an electron by a phonon or by other electrons. These
scattering events are non-energy-conserving, and they alter the energy-time portion
of the electron phase. They will be discussed in detail later in this chapter. The
important thing to note is that the frequency with which these phase breaking
events occur is temperature-dependent. The phase breaking events become more
frequent as the temperature is increased. As the temperature is raised, more and
more events occur which can destroy the phase coherence between the interfering
time-reversed paths, until only the shortest such paths can interfere. This in turn
gives a temperature dependence to the weak localization effect, which was embodied

in Thouless’ original prediction [1977] and is shown schematically in Fig. I-1. As the



temperature rises, the extra resistance due to localization is decreased.

If a magnetic field, H, is turned on such that it threads the electron paths
(ie., perpendicular to the plane of the paper in Fig. II-1), then the phases of the
electron wavefunctions acquire an additional factor due to the presence of the

magnetic vector potential, A :

¢ = ikeT - 1Et/h - ikeT - iEt/h + ;—2 f Bedl . (11-5a)
Thus, ¥y - ppe 10/ (11-5b)
and ¢_2 -+ wze-i2ﬁ§/§° R (II-5¢)

where ¢ = § A-dl’ is the magnetic flux enclosed by the electron trajectories, and

¢, = hc/e is the magnetic fluxoid or flux quantum. The difference in sign arises
from the fact that the two electron paths enclose the magnetic flux in opposite
senses. As the magnetic field is increased, the interference term diminishes. The
result is a negative magnetoresistance. It should be noted that this effect manifests
itself in magnetic fields where the classical magnetoresistance is essentially zero (0.7

<< 1, where @, is the cyclotron frequency).

15
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Fig. II2. (a) Time-reversed interference paths constrained to the geometry of a

ring. A magnetic flux normal to the page modulates the phase of the wavefuctions

so that the ring resistance oscillates with a magnetic flux period of hc/2e. (b) Non-

Lm/le-reversed interference paths leading to magnetoresistance oscillations of period
c/e
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ILA.2. Aharonov-Bohm Oscillations in Rings

Consider now the case where the electron trajectories coincide with the
geometry of the sample, as in Figs. II-2a and II-2b, where the sample is in the form
of a ring. In the absence of any scattering events which will cause loss of phase
memory, electron partial waves emanating from the ring entrance can interfere at
the exit of the ring, as in Fig. II-2b, or at the entrance of the ring after traveling
all the way around, as in Fig. II-2a. One must keep in mind that the electron
motion within the arms of the ring is diffusive. Thus, the trajectories pictured in
Figs. II-2a and II-2b are exactly analogous to those in Figs. II-1a and II-1b, except
that now these trajectories coincide with sample geometry. The trajectories pictured
in Fig. II-2a are time-reversed paths. In an applied magnetic field, the phase
difference between paths 1 and 2 will be 21%/% , where & is the flux enclosed
within the ring. Therefore, the probability of finding an electron at the entrance of
the ring will oscillate with a period of ¢ /2 = hc/2e.

For the paths shown in Fig. II-2b, the electron trajectories which interfere at
the ring exit enclose only half as much flux as those of Fig. II-2a. Thus, for Fig.
II1-2b, the oscillations will have a period of ¢, = hc/e. This hc/e oscillation effect
is related to the universal conductance fluctuations effect, while the hc/2e

oscillations are related to the weak localization effect.

I1.A.3. Spin-Orbit Scattering

Throughout the preceding discussion, the electron. spin has been ignored. It

turns out that in most normal metals spin-orbit scattering has a profound effect on



18
the observation of weak localization. Hikami et al. [1980] were the first to point
out that spin-orbit scattering would reverse the sign of the localization contribution
to the temperature dependence of the resistance as well as the magnetoresistance.
The physical origin of this [Bergmann, 1984a] lies in the fact that for particles of
spin 1/2, a rotation by 2% reverses the sign of the spin state. A rotation of 47 is
needed to rotate the state into itself [Shankar, 1980]. In the case of electron
quantum interference, if the interfering waves have had their spins rotated by 27,
then instead of constructive interference of the backscattered waves, destructive

interference will result.

When the spins are taken into account, the interference term in Eq. (I-4) can

be written as [Altshuler et al,, 1985]

1 @ (@ @* @F
- ¥ ¥ ¥ ] , (1I-6)

2 a B B a
with @ and B the spin indices for particles (1) and (2). In the total spin

representation, we would have

Y0 ™ pPui? (11-7a)
Y10 a [ p{DpDa p 1D ] (11-7b)
Yo,0 = /% ['/’,(»1)1’52)' pDp® ] (11-7¢)

so that the interérence term becomes

1

1 E 2 1 2

2 I V’l'ml 32 l ¢0,0| . (I1-8)
me=-1
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The first term is the triplet term, containing information on the electron spin, while
the second term is the singlet term, which is spin independent, as in the case of the
He atom [Bethe and Salpeter, 1957]. The triplet term is reduced by spin-orbit
scattering as well as by other phase-breaking events, while the singlet term is
affected only by the latter. The gverall effect of spin-orbit scattering is not to
destroy the interference that leads to weak localization, but rather to modify it by
splitting the wavefunction as prescribed above [Altshuler and Aronov, 1985].

IL.A4. Scattering by Magnetic Impurities

When magnetic impurities are present in the sample, the spin of the electron
may interact with the magnetic moment of the impurity. While the precise
mechanism by which magnetic scattering operates is not yet clear and is currently
the subject of investigation [Bergmann, 1986; Vranken et al., 1986}, the effect on
weak localization has been experimentally confirmed. Magnetic scattering tends to
suppress quantum interference, with the magnetic impurities either acting as sources
of magnetic flux, which adds to the phases of the time-reversed trajectories so as to
diminish the interference, or as centers of spin-flip scattering, which rotates the

electron spins and destroys phase coherence.

ILB. Length Scales and Dimensionality

In many physical systems, certain phenomena may be rendered more easy to
understand by considering one- and two-dimensional models of the system. Examples

of such phenomena include lattice dynamics and spin interactions [Ashcroft and
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Mermin, 1976]. This is true for electron quantum interference effects as well.
There is, however, an additional reason for interest in lower dimensionalities in the
case of quantum interference phenomena. This is that these systems are not merely
theoretical abstractions, but they can be physically attained under certain conditions.
This was first realized by Thouless [1977], who predicted that localization effects
could be observed in a wire of finite dimensions. In addition, for many of these
phenomena, reduction of the system dimensionality results in a relative increase in
the magnitude of the effect. This is not necessarily obvious, since lowering the
dimensionality of a system reduces the degrees of freedom. However, it is precisely
for this reason that quantum interference effects grow larger in smaller systems. In
the case of weak localization, for example, this is due to the fact that in one- and
two-dimensions, a diffusing electron will, in a sufficiently large interval of time, pass
as near its point of origin as desired [Altshuler et al, 1982a]. Thus, the coherent
backscattering of time-reversed paths contributes a larger fraction of all possible
trajectories in a smaller system. As another example, consider the scattering of
electrons by electromagnetic fluctuations (Nyquist noise) [Altshuler et al, 1981a]. As
will be discussed in Sec. ILD.1, in order for these fluctuating fields to contribute to
the loss of electron phase coherence, they must be uniform over distances on the
order of £ ¢ (the phase coherence length). These fields are stronger in small samples
since they are confined by the sample’s lateral dimensions [Altshuler et al., 1981a],

so that this scattering becomes stronger as the sample dimensions are decreased.

The fact is that no sample is strictly one- or two-dimensional unless it is a
linear chain of atoms or a single layer of atoms. In the case of transport
phenomena, such lower dimensional systems might also include samples whose lateral

dimensions are less than the deBroglie wavelength of an electron (~ 4 A for
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aluminum). The only real samples which come close to this are 2D electron gas
systems found in MOS (Metal-Oxide-Semiconductor) inversion layers (see, e.g,
[Wheeler et al, 1982]), which are only ~ 30 A thick. However, for the effects
considered here, strict one- or two-dimensionality is not necessary. A sample will
behave as if it were 1D or 2D (i.e., quasi-1D or quasi-2D) if its lateral dimensions
are less than the characteristic length scale for that effect. In essence, the small
size of the sample acts as a cutoff for processes that ordinarily extend over longer
distances in larger samples. In this section, we will examine the characteristic

lengths which play important roles in quantum interference phenomena.

£ - the elastic mean free path. This is the average distance between impurity
scattering events in a disordered solid. £ = v.7, with v, the Fermi velocity and 7
the impurity scattering time. Since the quantum transport phenomena considered in
this work involve the interference of electron waves backscattered by impurities, £ is
the shortest distance over which this interference can occur. For the moderately

disordered samples of Al and Ag studied in this work, £ ~ 50 - 100 A.

£, - the phase coherence length. As an electron diffuses through a solid, the
evolution of the temporal and spatial components of its phase are determined by the
energy state of the electron and the momentum changes caused by impurity
scattering. At some point, an event may occur which alters this phase evolution.
This is a phase breaking event and is usually caused by the interaction of the
electron with another electron or with a phonon. (These scattering mechanisms will
be-discussed in Sec. ILD.) 2¢ is the distance over which electrons retain phase
memory. It is related to the phase breaking time, 74, through the diffusion
constant, D: 2¢ = /DT¢ . 2¢ is the characteristic length scale for weak localization
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effects, so that when any of the lateral dimensions of a sample are less than 2¢, the
localization contribution to the low temperature resistance is of a different
dimensionality (see Sec. ILC). At low temperatures, 2¢ is relatively long, = 1 pm at

1 K for the samples in this work.

£, - the spin-orbit scattering length. When the spin-1 state of the correlated
electrons is rotated by 2% relative to one another, the interference between their
backscattered waves becomes destructive [Bergmann, 1984a]. The average distance
over which this destructive interference occurs is the spin-orbit scattering length.
b, = /DT, with 7., the spin-orbit scattering time. £, is found to be longest in
light elemental metals (£, ~ 1 pm) and shortest in heavy metals and alloys (£, <
100 A).

2, - the triplet scattering length. This is the distance over which the triplet
state, discussed in Sections ILA.3 and II.C.1 decays in the presence of spin-orbit
scattering. £, is a combination of the spin-orbit scattering length and the phase
coherence length: 2'22 = 2;52 + (4/3)[5% When £; and £, are very different, £)

is approximately equal to the shorter of the two lengths.

£, - the magnetic scattering length. This is the average distance over which
destruction of phase coherence occurs due to the scattering by magnetic impurities.
In systems where magnetic scattering is present, 2¢ and £, are modified, so that
07+ 0} + 207

and 252 -+ 252 + (2/3)2;2. The range of ¢; depends on the
concentration of magnetic impurities in a given system and on the strength of their
localized moments in the host metal (for example, common magnetic impurities, with

the possible exception of Mn, do not display localized moments when diluted in Al
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[Asheroft and Mermin, 1976]).

£ - the thermal diffusion length (also referred to as the interaction length and

the electron-electron correlation length). This is the typical distance over which
interelectronic processes take place in a diffusive medium. &; = (AD/kgT) /2 This
is determined from the following considerations [Altshuler et al., 1982a]: In
electron-electron interactions, the interaction time, t, is determined either by the
inverse tranferred energy, AE, or by the diffusion time, 1/(Dq2), where q is the
electron momentum. Thus, q2 ~ AE/D. The range of these interactions is /Dt = q'1
= (\D/LEYM2 AE is ~ kgT, so that &, = (AD/kzD)Y2
length scale for electron-electron scattering. £ is typically ~ 100 A - 1000 A at 1 K

£y is the characteristic

for moderately disordered metals, and several thousand A for some semiconductor

systems.

xp - the thermal phonon wavelength. Ap = nfivg/2kpT, where v, is the velocity
of sound. Ap is the characteristic length scale for determining dimensionality for
electron-phonon scattering. (For dirty systems, £ may be the dimensional length
scale - see Sec. IL.D.) Ap is ~ 100 A at low temperatures for the samples studied in

this work.

§(T) - the superconducting coherence length. This is the characteristic length
scale for variations of the superconducting state. It determines the dimensionality of
Aslamazov-Larkin superconducting fluctuations (Sec. I1.C.3) and is temperature

dependent.

It is important to note that a given sample may be of one dimensionality with
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respect to one mechanism and of a different dimensionality with respect to another
mechanism. In fact, this is most common. We shall see that some of the narrow
wires studied in this work manifest 1D localization, while they are 2D with respect

to electron-electron scattering and 3D with respect to electron-phonon scattering.

I1.C. Quantum Interference Phenomena_- Quantitative Predictions

[.C.1. Weak Localization

The interference between electron waves traveling along time-reversed paths is
described by a function called the Cooperon [Altshuler, 1982a] (the particle-particle
diffusion propagator), C(f,r '), which gives the probability of finding an electron at
the point T/ due to quantum interference. The diagrammatic representation for the
Cooperon is shown in Fig. II-3. The basic quantum correction to the conductivity of
noninteracting electrons is [Gor’kov et al,, 1979]

2¢2p

Ao - - c(T,n), (11-9)
n

with D, the electronic diffusion constant, determined by elastic scattering (D =

vpl/3; Vg being the Fermi velocity). The Cooperon is determined by the equation

% [D ( -1V - ;‘;—27{)2 + —}—¢] c (T,2') = §CF - ). (II-10)

(Note that this is the Schroedinger equation for a particle of charge 2e and mass
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Fig. II-3. Diagrammatic representation of a typical term in the series for the
Cooperon, or particle-particle diffusion propagator. In this example, three impurities
participate in the scattering. (See [Altshuler and Aronov, 1985] for a detailed
discussion of the calculation of the Cooperon.)



#/2D in a magnetic field.) Here A is the magnetic vector potential and c is the
speed of light. The conditions at the sample boundaries require that the particle

flux normal to the sample surface be zero, ie.,

[ -, - 2E, ] cE,T) =0, (11-11)
where the subscript n denotes the component normal to the surface of the sample.

The solution to Eq. (II-9) in the absence of a magnetic field is

CE,E) = 3 [D 2 +L]'1 (11-12)
1] q q T¢ ?

with q the electron momentum.

For a rectangular sample of finite dimensions, in the absence of a magnetic
field, C(r,r’) can be expanded [Altshuler et al., 1982a] in a series of eigenfunctions
of the type cos(Qxx)cos(ny)cos(sz), where

nl fm in

Qx-g' Qy-lyv Qz-fz-v

26

with Lm,n positive integers or zero and L, Ly and L, the sample dimensions. Then

Eq. (II-9) yields

Ao 2 1 O
—_———— pf+Q+QZ)+— | . (@113

o (E)h LyLyL, 76
%y

with n(E) the electron density of states. If the sample is a long narrow wire such

that Ly, Ly << Ly, We can write this as



Fig. II-4, Orientation of a narrow wire in a magnetic field for measurement of 1D
localization effects.

27
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Ao 2 1 1 171
— o - DQ,Z‘ + —
o n(E)h  LyL.L, 6
%

1 -1
+ Z [ D(Q2 + Q§+ Q%) + — ] } (11-14)
T$

Q,3Q,Q,%0
The first term in the curly brackets is independent of either Qy or Qz, and so it is
one-dimensional. If Ly, L, << 2¢ = (DT¢)1/ 2, then this term is much larger than the

second term and thus gives the one-dimensional correction to the conductivity.

Altshuler and Aronov [1981a] treated the specific case of a narrow wire in a
perpendicular magnetic field. The wire runs along the x-axis, with its width, W,
along the y-axis and thickness, d, along the z-axis. The magnetic field is oriented

along the z-axis, as depicted in Fig. II-4. In this case, the Cooperon is given by

Cy.y') = 2 Cobax(MPgx(y') (11-15)
where
1
Cox ™ (I1-16)
P& (e + DG + 1/74)
with ¢, = /3fic/eHW. Therefore,
day Pax (¥)¥ex(¥')
C(y,y') = j roaxiax - C (II-17)
2mii Egy + 1/7¢

where vﬁqx and qu are the eigenfunctions and eigenvalues, respectively, of the

equation
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- =32
# [ D [ -iv - -;—z' A] + 1/74 ] wqx(y) - qulﬁqx(y) (II-18a)

with the boundary condition

Y
3 -0 . (II-18b)
%y Nymsus2

Perturbation theory for small magnetic fields gives for the ground state energy

1
Ew=D|a2+— | . (11-19)
weo | eﬁ}
Thus,
1 , . 1 1 11
C(y,y') = — | dq gt + — + — . (1I-20)
amip ) L 0§ pry

The upper limit of integration is chosen to be the maximum value of qg, which
corresponds to the shortest distance over which the Cooperon interference can take

place: the elastic mean free path, £. This yields

] -1/2

CEE) - 5 [ 052 + &2 (11-21)

Upon substituting this in the expression for the localization correction to the one-
dimensional conductivity, Eq. (II-9), we have
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(1I1-22)

Ao ] ) %/2

e2 [ 4.2 , g2
m--ﬁ[% + &4

The total fractional change in resistance for a sample of length, L, and width, W, is
then

ARM®C (T, 1) R

- = A (11-23a)
R L
-1/2
. [ea2+e;,2 ] . (11-23b)
nh/e2 w
= £5(H,8g). (11-23¢)

The perturbation calculation used by Altshuler and Aronov [1981a] to obtain this

result is valid for magnetic fields which are small compared to the characteristic

field Hy, = #ic/4eW2. More precisely, the condition for the validity of Eq.(II-23) is
H < 12.5Hy, ie, fields which are small enough so that the width of the sample
remains less than the Landau orbit size, (ﬁc/2eH)1/ 2 For most samples which are
one-dimensional with respect to localization (W < £), this restriction still leaves a
sufficiently wide field range over which the theory is valid (for the samples in this
study, Hy, ~ 1KG). For larger magnetic fields, additional terms in Eq. (II-15) must

be taken into account.

When the sample width exceeds £, the sample becomes two-dimensional with
respect to localization. In this case, the fractional change in resistance in a

perpendicular magnetic field due to localization is [Hikami et al., 1980]
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AR

R 2n2fi/e?

¥(1/2 + H¢/H) + In(H,/H) (II-24a)

= fop(H,4g). (11-24b)

Here, Hy = ﬁc/4e2$ , H, = #c/del2, and ¥(x) is the digamma function.

IL.C.1a. Spin-Orbit Scattering

As discussed in the previous section, the role of spin-orbit scattering in weak
localization is to split the Cooperon into two terms which depend on the electron

spin state [Altshuler and Aronov, 1985). Eq. (II-17) then becomes

C(y,y') = — , (II-25)

3 I day Pgx(¥) ¥ox(y') 1 J day Yax(y) ¥gx (')
2

2tk Eqy + 1/T2 2 ) 2wk Egqy + /Ty

where 1/7p = 1/74 + (4/3)Tg, with 1/7g, the spin-orbit scattering rate. The first
term is the triplet term, while the second term is the singlet. If the sample width
is less than £4 and £,, then the expressions for the fractional resistance change for
each term will have the one-dimensional form [Eq.(II-23)] with £, substituted for £,

in the triplet term. Thus,

AR R

3 1
- ( eé + 2;12 )'1/2 - ( 2$2+ eﬁ2 )-1/2 (11-268)
R whse2 | 2 2

-2 £pm,8) - 3 £pm,0). (11-26b)
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Similarly, when the sample is wider than both 2¢ and &,, the triplet and singlet

terms have the two-dimensional form, again with £, substituted for 2¢ in the triplet:

R Ry
—- 2 [ ¥(1/2 + Hy/H) + 1n(l-l°/l-l)]
R 2n2#/e2
-3 [vm/z + Hy/H) ] } (11-27a)
3 1
- 5 fap(H,8y) - 5 fap(H,Llg). (11-27b)

There can occur a case where the spin-orbit scattering length is shorter than
the phase coherence length, so that at certain temperatures a narrow wire may be
narrower than £4 but wider than £, ~ £y, The sample is said to be in the regime
of "mixed dimensionality” [Santhanam et al, 1984a]. In this case, the singlet term
will have the one-dimensional form, Eq. (II-23), while the triplet term will have the
two-dimensional form, Eq. (II-24). Thus,

AR 3 1
== = fon(H,8) - = £1p(H,E4).
R 2 2D 2 ) 1D ¢ (II-28)

1I.C.1b. Magnetic Scattering

In the presence of magnetic scattering, the total phase breaking rates for the
singlet and triplet terms are modified to reflect the reduction of the interference
due to the interaction of the spin of the electron with the magnetic moment of the

magnetic impurity [Altshuler et al., 1982a]. ‘r;l is replaced by
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73 + 21L (I1-29a)
751 is replaced by

3+ @MY = 1)+ @TL + @3yl ' (I1-29b)

I1.C.2. Aharonov-Bohm Oscillations in Rings

For the case of a ring geometry, there are two predictions for the oscillatory
behavior of the magnetoresistance, each based on a different theoretical framework.
The first prediction is due to Altshuler et al. {1981c] and is the result of solving for
the Cooperon with the boundary conditions imposed by the ring geometry. As in the
case of weak localization, the contributing electron trajectories here are time-
reversed paths only. The fractional change in resistance as a function of magnetic

field isl.

AR [] 2nd =
____ﬂ.{l,,cos[ i ]e-zzr/2¢ }+

R 2W(h/2e2) h/2e
3l 273 -
—-?RD_ { 1 + cos [ ] e-2Mr/y } . (11-30)
2W(h/2e2) h/2e

Ifn this section, we retain the notation commonly used in the literature for
Aharonov-Bohm oscillations, where the results are expressed in MKS units, and the
magnetic flux density, B, is used instead of the magnetic field strength, H. This
way, the period of oscillation is given in terms of h/e or h/2e.
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Here, r is the radius of the ring, ¢ is the flux enclosed by the ring, ] ¢ is the
magnetic field dependent phase breaking length for the singlet term,

T2 047+ (wer/3m2 + 2072 (11-31a)

with €4 the usual phase breaking length and B the magnetic flux density. ) o is the

analogous expression for the triplet term, so that

I32= ;% (weB/3m)2 +4/382 + (/1852 . (11-31b)

For a superconductor above T, there is an additional term which is equal to the
singlet term multiplied by the superconducting fluctuation strength parameter, as will

be described in Sec. I1.C.3.

As mentioned earlier in Sec. ILA, a second theoretical framework exists, based
on the Landauer formula for adding resistances [Landauer, 1970]. This theory
calculates the contribution from non-time-reversed trajectories and predicts
oscillations with a period of h/e. Currently, a formal prediction is available only for
the case where T = 0 and £4 > #r (the "size" of the ring) [Stone and Imry, 1986]:

—— cos | — + 17, (1II-32)

AR 0.4Rp 2nd
R hye2 h/e '

with v, a phase factor which depends on the specific microscopic impurity

configuration of the ring. 7, varies from sample to sample. At finite temperatures,
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thermal averaging over interference paths should reduce the amplitude of the
oscillations by a factor of order £;/ar [Stone and Imry, 1986). In addition, when £,
< i, it is expected that the entire expression would be damped by a factor ~ exp(-
ar/L4), as in the case for the h/2e oscillations, Eq. (II-30).

I1.C.3. Superconducting Fluctuations

Of all quantum effects which appear in metals at low temperatures
superconductivity is certainly the most prominent. Below the critical temperature,
T,, the resistance vanishes completely. At temperatures as high as a few degrees
above T,, superconducting fluctuations contribute small corrections to the
conductivity which diverge as T, is approached. These corrections are of two types:
direct (Aslamazov-Larkin) fluctuations [Aslamazov and Larkin, 1968] and indirect
(Maki-Thompson) fluctuations [Maki, 1968; Thompson, 1970].

I1.C.3a. Aslamzov-Larkin (AL) Fluctuations

In a superconductor above T, the Ginzburg Landau free energy is minimum
when the average superconducting order parameter, |¥|, is zero [Tinkham, 1975],
however, thermal fluctuations raising the free energy by ~ kgT are relatively
common. These fluctuations are largest in small volumes, since the total energy
increase can only be ~ kpT. This leads to a state of excess Cooper pairs above T,
The conductivity is increased due to the acceleration of these fluctuation-paired
electrons in an applied electric field. This increase can be estimated to be

[Tinkham, 1975]
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Ao ~ ’ (II-33)

(2¢)2 Z <P > 1

m 2

k

where 7y is the decay time of the superconducting modes. The superconducting
charge and mass, 2e and m® (= 2m), respectively, are used. This expression is
analogous to the Drude expression for the normal state conductivity. The
temperature dependence of this correction is obtained by carrying out the sum over

k-values (or integrating over k-space) in the proper limits. The result is

2 - -
b0 ~ 5= (1 - 1) D2, (11-34)

where d is the sample dimensionality with respect to spatial variations of ¥. This
correction is actually very small except at 'temperatures very close to T, In fact,

for T 2 13T, the Aslamazov-Larkin contribution is at least an order of magnitude
smaller than the weak localization contribution for most of the aluminum samples
studied in this work [Santhanam et al., 1987]. However, as mentioned earlier in this
section, these fluctuations effects are stronger in samples of smaller volume, and it
is possible that AL fluctuations may not be negligible for the narrowest wires
studied. The magnetoresistance due to the AL term has been derived in two
dimensions by Bergmann [1969] and by Usadel [1969]. An estimate of the one-
dimensional contribution can be obtained from a perturbation calculation [Santhanam,
private communication], the details of which may be found in Appendix B. The
results of this calculation yield
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AR Rg 1 { 1 [Zeﬂ ]2 w2 }'3/2
—_ - —_ || — . (II-35)
R 16W(h/e2y €£2¢0) | €2 fic 2

£ is given by £(T) = €(0)/[ln(T/Ta]1/ 2, with £(0) the zero temperature coherence
length. This expression should be valid only for small magnetic fields, H <<

(ckpT/4De)In(T/T).

I1.C.3b. Maki-Thompson (MT) Fluctuations

There exists an additional correction to the conductivity due to an indirect
contribution from superconducting fluctuations. This results from the decay of a
superconducting fluctuation pair above T, which leaves two quasiparticles in a state
of nearly equal and opposite momentum and spin. Because of time reversal
symmetry, these quasiparticles remain correlated as they are elastically scattered by
impurities, and they contribute to the conductivity as if they were a Cooper pair.
The correlation between the quasiparticles is remarkably similar to the Cooperon
which describes the coherent backscattering that causes weak localization. In fact,
the form of the Maki-Thompson contribution to the resistance at low temperatures is
the same as the weak localization contribution, with the following differences: the
MT term is modified by a parameter, B, which characterizes the strength of the
correlation beween the quasiparticles [Larkin, 1980], and the MT term is independent
of spin-orbit scattering, This is because the electrons are the result of the decay of
a superconducting Cooper pair, so that they are already in a state of zero total spin
- a singlet state. As in the case of localization, the correlation between the
quésiparticles can be broken by the same types of scattering events which limit the

lifetime of the Cooperon. In addition, at temperature close to T, the quasiparticles
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may be scattered by superconducting fluctuations [Patton, 1971], as will be discussed

in Sec. ILD.3.

The fractional change in resistance due to Maki-Thompson fluctuations in one-

dimension is [Santhanam et al., 1984a]

-1/2
AR

S, - T B(T/T¢) [ 232-» 052 ] (11-36a)
R x(h/e2)w

- - B(1/T¢) f1p(H.Eg), (II-36b)

where ¢u = 3fic/eHW, as before, and f;p, is defined in Eq. (II-23). This result is
valid for small magnetic fields, such that H < < (ckgT/4De)In(T/T,), and for
temperatures where 1’;1 << fikgTIn(T/T,).

When the sample width is greater than E¢, then the Maki-Thompson
contribution is two-dimensional. Then the fractional change in resistance has the

form [Larkin, 1980]

AR B(T/T)Rg ¥ (12 )y (11-378)
— e —— + 11-37a
R 2125 /e2 "

= - B(T/T.) £ap(H,Hg), (1I-37b)

where f,, is defined in Eq. (II-24). The same restrictions on magnetic field and
temperature mentioned above for the 1D case apply to the 2D expression. Recently,

expressions have been obtained which extend the limits of the theory for both the
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1D case [Gordon and Bindslev-Hansen, 1985] and the 2D case [Lopes dos Santos and
Abrahams; Brenig et al,, 1985). For the purpose of this work, Egs. (1I-36) and (1I-
37) will suffice.

IID. Electron Scattering Mechanisms

One of the most prominent features of electron quantum interference phenomena
is the fact that these effects are all limited by the time (or distance) over which
phase coherence is maintained. It is for this reason that these phenomena are
observable only at low temperafures, where the phase coherence time is relatively
long. Already in the early development of the weak localization theory [Thouless,
1977) it was recognized that the main contribution to the destruction of phase
coherence would likely be due to the inelastic scattering of electrons. (The term
"inelastic” is used here to describe any type of scattering which does not strictly
conserve energy. Distinctions will be made later in this discussion between different

types of inelastic scattering.)

There are two mechanisms which are chiefly known to lead to the destruction
of phase coherence: electron-electron scattering and electron-phonon scattering.
From the results of the earliest localization experiments [Giordano et al, 1979;
Chaudhari and Habermeier, 1980] it appeared that neither of these mechanisms could
satisfactorily account for the measured phase breaking rates. Other possible
mechanisms, such as two-level scattering [Black et al., 1979], were explored. As
later investigations showed, those early experiments did not clearly isolate
localization effects from electron interaction effects [Altshuler et al,, 1980] and also

did not account for spin-orbit scattering, and so the phase breaking rates measured
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in those experiments were not reliable. Nearly all weak localization experiments on
narrow wires, thin films and bulk samples which have been properly analyzed in
terms of the appropriate theory have found either electron-phonon scattering or
electron-elecn;on scattering or a combination of these two mechanisms to be
responsible for the measured phase breaking rates. Thus, in general, the total phase
breaking rate, 1';1, is given by

Ty = Tos + Top (11-38)

where ‘r;t is the phase breaking rate due to electron-electron scattering and 1';;

is the electron-phonon scattering rate. Other mechanisms may contribute to 1';1 as
well, as will be discussed later in this section. In what follows, we will examine
these scattering mechanisms in terms of their importance to the destruction of phase

coherence and their role in quantum interference phenomena.

I1.D.1. Electron-Electron_Scatterin

IILD.1a. Clean Limit (pure metals)

The issue of electron-electron scattering in simple metals has been the subject
of some puzzlement for many years. While a consensus of theoretical predictions has
existed regarding the nature of this scattering (and its temperature dependence and
approximate magnitude as well) for many years, no experiment had succesfully
verified these predictions for the pure metal until only recently. (In fact, while
some of the basic features of the theory have been confirmed, certain anomalies still

exist. See [Kaveh and Wiser, 1984] for a comprehensive discussion).
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Simple considerations [Ziman, 1960; Ashcroft and Mermin, 1976] lead to a
scattering rate that is proportional to T2 This arises from the following phase
space argument: at thermal equilibrium, the exclusion principle requires that only
those electrons which lie within a thin shell of width ~ kyT of the Fermi energy can
participate in a scattering event. Likewise, the only states which an electron can
scatter into must also lie within a shell of width ~ kpT of E.  Thus, 1;{,_ «

(kBT)z. This does not depend on the specific details of the interaction between
electrons. It is due to the fact that the scattering of electrons by one another is
accompanied by a substantial momentum transfer which is independent of energy.
Thus, the interaction is determined only by the phase volume [Altshuler and Aronov,

1979].

Quantitative predictions for this rate have been carried out by a number of
workers. These calculations generally rely on solving the Boltzmann equation for the
case of interacting electrons (see [Ziman, 1960]). Estimates based on works by
Schmid [1973] and Ziman [1960] (see [Gasparov and Hartunian, 1976]) predict 1';3 to
be

1 7 (kgD?
Tog = = In (Ep/kgT). (11-39)
2 REp

For most metals, this gives a rate that is on the order of 10° - 10° T2 sec’L
Lawrence and Wilkins [1973] calcuated 1;15 for the specific case of aluminum using
a solution to the Boltzmann equation [Jensen et al., 1969] adapted to an anisotropic

Fermi surface. They found ‘r;}= =24 x 10° T2 sec’L
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Experimental investigations of the electron-electron scattering rate have
included measurements of the low temperature resistivity (see [Wiser, 1984] for a
review) and radio frequency size effects [Gasparov and Hartunian, 1976; Wegehaupt
and Doezema, 1978]. None of these experiments on simple metals has been successful
in verifying all features of the theoretical predictions. (In the case of alkali metals,
for example, a ’1‘2 behavior has been observed, however, there exist unexplained
sample to sample variations [Kaveh and Wiser, 1984; Wiser, 1984].) It may be
considered somewhat ironic that the electron-electron scattering rate is more readily
observed in disordered metals, where the rate is larger and effects such as weak
localization may be used as probes, while the case of the pure metal remains

problematic.
I.D.1b. Dirty Limit (disordered metals)

Although the role of disorder in the interactions between electrons is an
indirect one, it has an essential effect which results in a change in the nature of
these interactions [Altshuler and Aronov, 1979]. In the absence of impurities,
momentum conservation requires that the momentum transferred in a collision
between electrons be large, ie., on the order of kp. In a moderately disordered
system, where an electron typicaliy undergoes many elastic collisions with impurities
before interacting with another electron, this requirement is relaxed. Now collisions
occur not between free electrons (quasiparticles), but rather between electrons
diffusing through a field of (neutral) impurities. In this case, interactions involving
small momentum transfers (g ~ [E/sz]l/ 2, where q is the electron momentum and E

is the quasiparticle energy relative to the Fermi level) may contribute strongly to
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the scattering rate in addition to interactions with large momentum transfers (q ~
1/£) [Altshuler and Aronov, 1979]. (This, incidentally, also leads to density of states
aﬁomaﬁes [Altshuler and Aronov, 1985].) The additional contribution from small
momentum transfer interactions causes an increase in the scattering rate relative to
the case of the pure metal as well as a weaker dependence of the rate on
temperature. These effects are expected to occur when the degree of disorder is

such that #/7 >> kgT.

The energy relaxation rate due to electron-electron collisions has been derived
by several workers. Schmid [1974] and Altshuler and Aronov [1978 and 1979] solved
a modified Boltzmann equation for electron-electron interactions which includes
scattering by impurities. Abrahams et al. [1981] and Altshuler and Aronov [1981b]
calculated the transition probability for one-electron states using perturbation theory
with a subsequent averaging over the impurity distribution. Results of these
calculations yield a scattering rate which is proportional to ¢/ 2, where d is the
sample dimensionality. This rate increases with increasing disorder and is also
considerably larger than the clean limit rate, as was to be expected. In addition, a
divergence appears in the self energy calculation of Abrahams et al. which leads to a
logarithmic factor in 1';31 in two-dimensional systems. Their calculation, including a

correction introduced by Lopes dos Santos [1983] yields

-1 1 Rg kgt
— 1n(4Ty/T). (11-40)
4m kel &

Ty =9x 10° (k,,l!)3 for aluminum. Calculations using the kinetic equation approach

. [Altshuler and Aronov, 1981] do not result in the logarithmic divergence. The
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prediction [Altshuler et al., 1982a] for 2D systems is

-1 Rg kT
(II-41)

and for 1D systems,

42 ! RgD [ kgT ]1/2
Tp = — - — . (11-42)
JZn3 #fe2 w | #D

In the early development of the theory of weak localization it had been
assumed that the rate of decay of the quantum interference, 1‘&,1 coincides with the
energy relaxation rate, 1';31, which is determined predominantly by inelastic
collisions with energy transfers on the order of the electron excitation energy
relative to the Fermi energy (E ~ kgT). Altshuler, Aronov and Khmelnitskii [1981a
and 1982b] pointed out that electron-electron collisions with small energy transfers
(E << kgT) may make an important contribution to the phase relaxation rate. It is
possible, they noted, that such processes may cause loss of phase memory in a time

shorter than 7p.

This point is illustrated by Altshuler et al. [1981a] for the case of quasielastic
scattering of electrons by phonons, which may take place in metals at temperatures
well above the Debye temperature and in degenerate semiconductors at low carrier

concentrations. The change in an electron’s energy, AE, in the time Ty is
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AE = , (II-43)
Teoll

where éE is the characteristic energy transferred during each collision and ‘r;:u is
the frequency of collisions. Phase coherence is destroyed when A¢ ~ 27, i.e., when
AET¢/f1 ~ 1. Therefore,

o = ﬁ27c011]1/3
¢ (§E)2 '

(I1-44)

Similarly, the energy change during the energy relaxation time, 7y, is given by

(8E)21g 11/2
AE = | ———— ..

Teoll

(11-45)

Ty is determined by the condition AE ~ E, so that

E27 011
(8E)2

(I1-46)

Tg =

45

If 5E << E, (iLe., small energy collisions) then by comparing Egs. (II-44) and (II-46)

we see that 75 >> T4 Eq. (II-46) is valid as long as 7oy << #/E. When 6E ~
fi/Teom then Ty ~ Teop, and if SE ~ E, then 74, 7 and Ty are all approximately
equal. Thus, we see that collisions with small energy transfers can be effective in

destroying electron phase coherence.

Electron-electron scattering with small energy transfers is equivalent to the
interaction of an electron with the fluctuating electromagnetic fields produced by all

the other electrons (Nyquist noise) [Altshuler et al, 1982b). These fluctuating fields
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are present in any sample at finite temperatures. Altshuler et al. [1981a and 1982b]
calculated the effect of an external electromagnetic field on the conductivity due to
weak localization. They found that even weak fields, such as those due to Nyquist
noise, can strongly influence the phase coherence, and in most cases, are likely to
provide the dominant contribution to measured phase breaking rates. Although this
notion is the result of complex calculations [Altshuler et al., 1981a and 1982b], the
general conclusion can be obtained from qualitative considerations [Altshuler et al.,
1981a; Chandrasekhar, private communication]. In the presence of an alternating

electric field, E the change in phase of an electron between the times t=0 and

t=Ty is given by
A = JZN [6e(t) - €(0)]dt _ (1I-47)
N t = -
- eJZ dt Iodt' B(e)-v(t), (11-48)

where §¢€ is the work performed by the field on the electron path, and V(t) is the
electron velocity at the time t. The phase difference is random due to impurity

scattering. However, we can estimate the average phase change,
<(A$)2> = 2 rN dt rdt: rldt'rc'lt'&(t')ﬁ(t')"(t')"(t')> (1I-49)
- v v . -
0 o tlo  Jo1 1 1

If the average is independent of t’ and t{, we obtain

24825 5257

#2

<(AP)2> = (II-50)

Now, <¥2> = <2>/7% = D/7y. Also, <E’> = <V2>/12, where V is the voltage due

to the electromagnetic field, and L(7y) = (DTN)I/ 2 is the distance over which
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coherence is maintained (the fluctuating fields must be uniform over this distance).
Nyquist’s theorem [Reif, 1965] requires that for a given sample resistance, R, and

temperature, T,

2> = 2 gmryt (11-51)
so that
2kpTR
<E2> = (11-52a)
ﬁLZTN
kBTp kBTp
= (II-52b)

LdTN (DT) a/ ZTN '

with p the resistivity and d the sample dimensionality (since R = p/Ld'z). Thus,

e2pkpTr2"9/2
<(A) 2> = —m ———— (1I-53)
#2pd/2-1
Phase coherence is lost when <(A¢)2> ~ 1. Therefore, from Eq. (II-53), the rate at

which phase breaking occurs due to Nyquist noise is

1 e21(13.1.”]:,1-(1/2 2/(4-4)
™ - | —— (11-54)
%2
The precise quantitative prediction for this rate is [Altshuler et al.,, 1982b]
4 1 Rg KT i/
7| -— — 1n (II-55)
o #ifel & Rg

for 2D systems, and
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K 2/3 [ ¢ 12/3
Ut -[ =5 <D/2>1/2J [-] (11-56)
fife2 # w

for 1D systems.

When considering the phase breaking rate for a given sample, contributions
from all relevant mechanisms must be taken into account (see Sec. IL.D). However,
if the relative magnitudes of the rates are widely different, then, of course, the
largest rate will be dominant. Altshuler et al. [1982b] demonstrated that with
respect to electron-electron scattering, the relative contributions of the energy
relaxation mechanism (strongly inelastic processes), 1;31, and the Nyquist mechanism
(quasielastic processes), 1';,1, will depend on the sample dimensionality. In three
dimensions, the inelastic rate dominates the Nyquist rate. In 2D, Tél and 1;,1
have the same temperature dependence and similar magnitudes, as seen from Egs. (II-
40), (II-41) and (1I-55), and are therefore difficult to distinguish. In 1D systems, the
quasielastic rate is predicted to be greater than the energy relaxation rate, so that
‘r;t ~ 1;,1. It is precisely this prediction which we test in the experiments

described in Chap. V.

IL.D.2. Electron-Phonon Scattering

While electron-electron scattering is usually the dominant phase breaking
mechanism at the lowest temperatures (T < 5K), for most experimental systems it is
electron-phonon scattering which determines the upper limit on the temperature at

which quantum interference effects can be observed. As we shall see, the electron-
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phonon scattering rate increases rapidly with increasing temperature. This shortens
the range over which phase coherence is maintained and reduces the overall

magnitude of the interference effects.

As is the case in electron-electron scattering, the degree of disorder in a
sample can affect the scattering of electrons by lattice vibrations. Thus, we must
consider two regimes of behavior: the clean limit, where impurities play no essential
role, and the dirty limit, where the disorder can alter the nature of electron-phonon
scattering. The demarcation between these two limits lies at qpﬁ ~ 1, where q,, is
the characteristic phonon wavevector, 9 = 4k T/(vgh), with v, the velocity of sound
[Bergmann, 1982]. For most of the samples studied in this work, qi,l ~50Aat5K,
while £ ~ 100 A, so they are marginally in the clean regime.

Clean Limit (g,¢ >> 1)

The basic result for the electron-phonon scattering rate in pure metals can be
obtained from simple considerations [Ashcroft and Mermin, 1976]. At temperatures
far below the Debye temperature, only phonons with energy iw < kgT can interact
with an electron. This is due to the availability of electron states around the Fermi
surface. In this regime, w is of order of vyq, where v, is the velocity of sound and
q is the phonon wavevector, which must then be on the order of kgT/#v; or less.
Thus, the number of phonons that can participate in interactions with electrons at
low temperatures goes as T2 In addition, the square of the electron-phonon
coupling constant is proportional to q, which, as mentioned above, is of order
kyT/#vg. This, combined with the T dependence of the number of phonons

available for scattering, yields a o dependence for the scattering rate at T << 4,
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In order to facilitate the precise calculation of the electron-phonon scattering
rate, Keck and Schmid [1976] found a useful connection between ‘r'elp and the
Eliashberg (spectral) function a2F(w), which gives the transition probability of an
electron from one energy state to another accompanied by the emission or absorption

of a phonon with energy 0. They found

-1 a2F(w)
Tep= 4 | &0 ———— . (11-57)
sinh(#w/kgT)

It is important to note that this relationship holds for both pure and disordered
metals, so that 1;},1'3 determined essentially by the behavior of the Eliashberg
function. Simple models for the Eliashberg function have @2f(w) proportional to w2 at
low frequencies [Lawrence and Meador, 1978; Kaplan'et al,, 1976]. Using this model,
Kaplan et al. [1976] found 7y = 1.6 x 107 T sec™’ for aluminum. The T°
dependence is a result of the w2 behavior of @2F(w). More detailed calculations at
specific Fermi surface sites of aluminum [Lawrence and Meador, 1978] yield an

average value of

"-eji) = 0.91x 10’ T sec’l, (II-58)
Experiments on single crystal samples [Doezema and Wegehaupt, 1975; Wegehaupt and
Doezema; Doezema and Koch, 1975] confirm the 'r'el ) behavior predicted by
Lawrence and Meador. In light of this, we will use Eq.(II-58) for comparison to the

rates measured in the polycrystalline samples in this work.
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ILD.2b. Dirty Limit (¢ << 1)

In the presence of disorder, the electron-phonon interaction is modified,
Restrictions due to momentum conservation are relaxed, as an electron undergoes
many collisions with impurities between electron-phonon scattering events. Recall
from Sec, I1.D.2a that it is electron momentum conservation which restricts the
allowed q values for phonons emitted or absorbed by an electron [Ashcroft and
Mermin, 1976]. The result is a shift of the phonon spectrum to lower energies as
the lattice is loosened by the presence of impurities and an increase in the electron-
phonon interaction strength [Schmid, 1973]. In addition, there is a reduction of the
coupling of electrons to longitudinal phonons and an increased coupling to transverse
phonons as more non-Umklapp scattering processes are allowed (collision drag) [Keck
and Schmid, 1976]. The ultimate effect on the electron-phonon scattering rate is a
matter of controversy. Keck and Schmid [1976] claim that in the presence of
impurities, the Eliashberg function takes the form azF(w) « ¢3¢, This leads to a
scattering rate 7;1, ~ RD'IA In a pair of different calculations, Bergmann [1971]
and Takayama [1973] found azF(w) « &/l, so that 'r;i, ~ R,:,'I'2

It should be noted that these dirty limit results may not be applicable to
aluminum, no matter how dirty. Lawrence and Meador [1978] found that even in the
case of clean aluminum, scattering by longitudinal phonons accounts for only about
18% of the total rate. Thus, the aforementioned increased coupling of electrons to
the transverse modes in dirty samples may have very little effect in changing 1;},
in aluminum. Certainly, it is clear that the above predictions for nearly-free-

electron Fermi surfaces may not be relevant for Al
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The characteristic length scale associated with electron-phonon scattering is the
most probable phonon wavelength, Ap = 21l/qp [Bergmann, 1982]. If the sample
dimensions are less than Ap, then the electron-phonon scattering is of reduced
dimensionality. The result is a reduction in the scattering rate by a factor of w =

kgT for each dimension less than AP [Thouless, 1977]. This yields
1;},« ™, (11-59)

where d is the sample dimensionality. This result should hold in both the clean and
dirty limits, however in the dirty limit, it is possible that the dimensional length

scale is £ instead of Ap» as phonons with wavelengths longer than £ contribute only a
very small amount to the scattering of electrons [Ziman, 1960]. Above ~ 5 K, where
electron-phonon scattering is the dominant mechanism for the samples studied in this
work, the electron-phonon interaction is three-dimensional, since Ap o %A is less
than any of the sample dimensions. In fact, it would be difficult to observe one-

and two-dimensional electron-phonon scattering in the types of samples studied here
because of the shortness of A, and the fact that there is good thermal matching
between the sample and the substrate [Kaplan, 1979), which allows for the

participation of phonons with wavelengths greater than the sample thickness.

The preceding discussion has concentrated on quasiparticle energy relaxation
rate due to the (large energy) inelastic scattering of electrons by phonons. As we
have seen in the case of electron-electron scattering, quasielastic interactions may
play an important rc.ale in the destruction of phase coherence. The question of
quasielastic electron-phonon scattering was investigated by Schmid [1985] and
Rammer and Schmid [1986]. They found that the quasielastic scattering by phonons
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is negligible, and so the electron-phonon component of the phase breaking rate is

determined only by strongly inelastic scattering.
lectron- tio

There exists an additional scattering mechanism in superconducting samples
which can lead to destruction of phase coherence. At temperatures just slightly
above T, quasiparticles of nearly equal but opposite momentum and spin may
condense into a superconducting state [Patton, 1971; Keller and Korenman, 1972].
This mechanism clearly limits the quasiparticle lifetime and so destroys the phase

coherence necessary for quantum interference.

Estimates of the phase breaking rate due to electron-fluctuation scattering,
Téfl, have been made for 2D films [Brenig et al., 1985]. 1';% depends in a
complex way on the applied magnetic field, so its extraction from magnetoresistance
data is nontrivial. . However, it does fall off rapidly as the temperature is raised
above the superconducting transition temperature: re'% « 1/In(T/T,), so that this
mechanism is important only very close to T, (i.e., where In(T/T,) << 1). As most
of the experimental results reported in this work are not within this temperature
range, this mechanism does not appear to play an important role for the interpretion
of the data. As we shall see, only in the narrowest Al wires is there some
indication of electron-fluctuation scattering. Brenig et al. [1985] derived an
expression for ‘re'fl for two-dimensional systems. Unfortunately, no theoretical
prediction is available for 1D systems (W < §), which would be appropriate for those

wires.
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I.D.4. Two-Level Scattering

Results of the earliest 1D localization experiments [Giordano et al., 1979;
Chaudhari and Habermeier, 1980] seemed to indicate that 1;1 « T. No known
scattering mechanism at that time could account for the measured rates other than
the inelastic rate proposed for two-level systems in amorphous materials [Black et
al, 1979]. It was felt that perhaps the highly disordered metal samples of those
early studies could form two-level systems. Scattering in two-level systems could
provide a plausible explanation for the temperature dependence of the rates measured
in those studies, but not for the magnitude of the rates and their dependence on
sample resistivity [Stone, 1983). As we will discuss in Chap. VI, the rates measured
in those early experiments are not reliable, so that it is not necessary to invoke
two-level scattering as an explanation for the scattering rates. In any case, the
samples in the present work are only moderately disordered, and it is highly unlikely

that this mechanism is relevant to these systems.



III. Fabrication of Ultrasmall Structures for Quantum Transport Studies

IA. Preliminary Considerations
I.A.1. Materials

The samples studied in this work were composed of either Al or Ag. Before
discussing the techniques used to fabricate samples, it is worthwhile to devote some
attention to the considerations which influenced the choice of these materials. It
should be noted that at the time these experiments were embarked upon, earlier
experiments intended to test the 1D localization theory yielded apparently ambiguous
results (see Sec. VI.A). The materials studied in those early experiments were Au-Pd
[Giordano et al, 1979), W-Re [Chaudhari and Habermeier, 1980] and Cu and Ni [White
et al, 1982]. It was felt that perhaps these materials were somehow not ideally
suited for the clear observation of localization effects and electron scattering

mechanisms (which were also not well-understood at that time).

There are several factors which make Al, which was used for the bulk of the
experiments in this work, an attractive material for quantum interference studies. Al
is a well-behaved and well-understood thin film material which has been the subject
of numerous experimental studies over several decades. Results of non-quantum
interference experiments (mainly nonequilibrium superconductivity measurements) on
moderately clean Al films (R; < 1 0) seemed to indicate that relatively long
inelastic scattering lengths could be obtained. This meant that the magnitude of the
quantum interference effects would be large [see Eq. (II-23)]. In addition, with the
longer inelastic scattering lengths in Al the criterion for one-dimensionality with

55
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respect to localization (W < £4) could be met without pushing fabrication techniques
to their limits. The nonequilibrium superconductivity experiments also provided data
against which the results of our work could be compared. Furthermore, while the
role played by spin-orbit scattering was not well-understood when these experiments
were first undertaken, it was known that it did have some effect on quantum

interference behavior. Al was believed to have a relatively long spin-orbit scattering

length.

The fact that Al is a superconductor does place a lower limit on the
temperature range over which normal metal effects can be observed, and
superconducting fluctuations do become quite large even a few degrees above T,
However, as explained in Sec. I.C3, the Maki-Thompson fluctuations actually mimic
the weak localization effect, so they can be thought of as an amplification of
quantum coherence. As we shall see in the following section, the superconducting
properties of Al can also be used to determine some of the important material
characteristics of the samples. Finally, from a strictly practical point of view, Al
can be deposited by thermal evaporation with reproducible properties which can be
easily controlled by the deposition conditions. This is important for a clear

comparison of different samples.

The measurements on Ag samples supplemented in a way the results obtained in
Al However, the choice of Ag was motivated by somewhat different concerns than
those mentioned in the previous paragraphs. It was decided to study Ag samples
only after preliminary results on Al rings had already been obtained. Those Al rings
showed clear oscillations with a period of h/2e, but no sign of h/e oscillations. It

was felt that the magnitude of the superconducting fluctuations in Al might make it
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difficult to observe the h/e oscillations. Thus, a normal metal was chosen for study.
Results of experiments on a Au ring by Webb et al. [1985] showed h/e oscillations
but no h/2e oscillations. We sought to find both types of oscillations in the same
ring. Brief measurements on 2D films of Cu and Mg indicated that these materials
were not well-suited for the studies we had chosen. The Cu films showed a high
degree of magnetic scattering, while the Mg samples indicated that it would be
difficult to pattern small samples using room temperature deposited films. Ag, on
the other hand, did show signs that it would be an appropriate material. Our
experimental results ultimately bore this out.

IIL.A.2. Fabrication Requirements

As part of the rapid growth that has taken place in the field of integrated
circuit manufacture in the past two decades, microfabrication technology has
continued to develop new techniques to define structures at increasingly smaller
dimensions. Many of these techniques have found their way into the manufacturing
process (in fact, at the present time, new devices are being manufactured with
minimum feature sizes below 1gm, and current trends are to shrink to even smaller
dimensions in the near future). Other techniques are appropriate only for small scale
laboratory applications. Nevertheless, for the purposes of preparing samples for
studies of quantum transport phenomena, some techniques show advantages over
others or may be better suited to the task at hand. Since a significant capital
expense may be called for, and certainly a large investment of time and effort are
involved in sample fabrication, it is critical that the particular requirements of the
experiment be examined. As we shall see, the conditions for one-dimensionality with

respect to the characteristic length scales involved in electron interference



58
phenomena are quite stringent. It should be noted that when this work was first
undertaken, not all these length scales were known or clearly understood, so that in
some cases certain suppositions had to be made which could be tested only as the

experimental results became available.

The length scale which determines the sample dimensionality with respect to the
weak localization effect is the electron phase coherence length, 2¢. In order for a
sample to be one-dimensional with respect to localization, its cross-sectional
dimensions (ie., its width and thickness for a sample of rectangular cross-section)
must be less than 2¢. As noted previously, for the materials (Al and Ag) and sample
resistances (Rg = 1 Q) studied in this work, 2¢ is =1 pgm or longer at 1 K. (Our
current He* experimental apparatus sets a lower limit of 1.2 K on the temperature
range over which measurements can extend.) However, 2¢ is temperature dependent,
and it becomes significantly shorter as the temperature is increased. At 20 K, 2¢ is
already = 0.1 tm, so that if a sample is to be one-dimensional with respect to
localization over a reasonable range of temperatures, the sample width cannot be

more than a few tenths of a micron.

In order to observe Aharonov-Bohm oscillations in metal ring structures, the
diameter of the ring cannot be much more than £, otherwise the oscillations would
be severely damped (see Sec. I.C.2). This means ring diameters of order 1 gm. In
addition, the width of the wires comprising the arms of the ring must be
significantly less than the ring diameter. This is to separate the field scales for
observing A-B osciliations and universal conduction fluctuations. If the area enclosed
by the ring (ie., the hole inside the ring) and the area of the ring annulus are

similar, then conductance fluctuations will make the clear observation of the
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oscillations difficult [Stone, 1985; Webb et al., 1985]. This requirement imposes very

strict demands on the fabrication process.

In the case of a real normal metal, spin-orbit effects can be significant, as
already discussed in Chapter II. (In MOS systems, spin-orbit scattering appears to
be minimal [Wheeler et al., 1982].) Spin-orbit scattering causes the localization
magnetoresistance to split into two portions, one of which is sensitive to spin-orbit
scattering ("triplet” term) and the other of which is sensitive only to the usual phase
breaking mechanisms ("singlet” term), as described in Secs. II.LA.3 and II.C.1. The
dimensional length scale for the singlet term is 2¢, as discussed above. The length
scale for the triplet term is £,, which is a combination of the phase coherence
length and the spin-orbit scattering length, as in Eq. (II-26). When £4 and £, are
very different, £, will correspond to the shorter of the two lengths. Thus, at the
lowest temperatures £, = £.,. In Al and Ag, ., has been found to be =0.5 gm, so
that if the triplet term is to have the one-dimensional form, the sample width must
also be less than £, = £, Otherwise, the localization magnetoresistance may be of
"mixed dimensionality" [Eq. (1I-28)], where the singlet and triplet terms have
different forms. It should be pointed out that £, is relatively long in Al and Ag
(=0.5 pm) as compared to other materials, where £, has been found to be as short
as a few hundred Angstroms or less. Thus, it should be possible to observe the fully
one-dimensional localization behavior without stretching the limits of our

microfabrication technology.

The length scale which determines sample dimensionality with respect to
electron-electron interactions is the electron thermal diffusion length, £, =
(AD/kgT)"/2. For relatively clean Al and Ag samples (R = 1 @), £r = 0.1 - 0.2 pm



60

at low temperatures. A sample a few tenth microns wide, which is one-dimensional
with respect to localization, would show a two-dimensional electron-electron
scattering rate. If one wishes to observe a one-dimensional electron-electron
process, extremely narrow wires are required: W < 0.1 gm. Although £ is not a
rapidly varying function of temperature, for samples which are not much narrower
than 0.1 fim one cannot hope to observe the distinctive temperature dependence of
the scattering rate, Eq. (II-56), over a reasonable range of temperatures. It should
also be noted that the one-dimensional interaction effect [Altshuler et al, 1980] can
be observed only when W < £,

The considerations in the previous discussion indicate that in order to observe
quantum interference effects in narrow metallic wires, one must employ a fabrication
technique with a resolution of ~ 0.1 sm or better. In addition to this need for high
resolution, there are a number of other requirements which the fabrication technique
must meet. These include reproducibility and controllability, so that samples of
nearly the same properties can be obtained, and compatibility with "liftoff"
processing (see below). This is because in the study of one-dimensional effects in
narrow wires, it is desirable to have on hand a two-dimensional sample which has
nearly the same macroscopic material and electrical characteristics. This is helpful
in determining some of the sample parameters of the 1D samples (see in Sec. V.A) as
well as setting a benchmark against which one may distinguish the 1D effects.

Liftoff processing is also important because the sample and the electrical contact
pads can be deposited in the same metallization step, which eliminates possible
complications due to contact resistances. In addition, it may be desirable to study
samples of similar geometry but which are composed of different materials. Certain
materials may highlight (or suppress) some aspects of the quantum interference



effects by virtue of the particular properties of that material (superconductivity in
the case of aluminum, or strong spin-orbit scattering in the case of Au-Pd, for
example). Therefore, it is preferable to employ a fabrication technique which may

readily be adapted to different materials.

IMLA3. Avajlable Fabrication Techniques

A variety of methods are available which meet most of the requirements
mentioned above. Here we will present a brief survey of those which offer the best

applicability to quantum interference experiments. A detailed review of nanometer-

~ scale lithographic techniques can be found in an article by Howard and Prober

[1982].

Lithographic techniques which are capable of submicron resolution include
conventional photolithography, electron-beam writing, x-ray printing, ion-beam
lithography (both direct-write and masked shadow printing) and edge-defined
lithography. The first four techniques, with the exception of direct-write jon beam
lithography, involve the use of a resist. This is a thin layer of radiation-sensitive
material, usually an organic polymer, whose chemical or structural properties are
altered by the exposing radiation (electron, ion or photon beams). The resist coats
an appropriate substrate and is exposed to the radiation according to the desired
pattern. The resist is then developed in a solution which preferentially removes
either the exposed regions of the resist (positive resist) or the unexposed regions
(negative resist), leaving the substrate coated with a stencil of the desired pattern.
Subsequent processing involves either etching the substrate in the open areas of the

resist pattern or depositing a metal and "lifting-off* the metal which covers the

61



62

remaining resist by removing the resist in a solvent. These steps are shown
schematically in Fig. III-1. Edge-defined lithography, on the other hand, utilizes
some relief structure in the substrate itself to define the ultimate structure, whose
lateral dimensions are determined by the out of plane features of the relief

structure. Examples of this technique are shown in Fig. III-2.

Most of these techniques are suitable for the fabrication of ultrasmall
structures for quantum transport experiments. However, each has limitations in
terms of its usefulness for fabricating samples for quantum transport studies. In the
case of optical lithography, a resolution of ~ 0.25 gm has been shown to be
attainable by using projection lithography in a high grade optical microscope either
by underdeveloping a rear-projected image [Feuer and Prober, 1981] or by controlled
overetching an already deposited film [Wisnieff, 1987). This resolution is sufficient
for the observation of 1D localization effects, but it is not sufficient for studying
electron scattering rates in metals or for observing Aharonov-Bohm oscillations.

Reproducibility and linewidth control are also a problem at the smallest linewidths.

Although ion beam lithography is capable of the necessary resolution for all the
desired structures, at the time this work began, ion beam mask technology was in
the early stages of development, and a suitable method for mask fabrication was not
available. This was not so in the case of x-ray lithography. X-ray lithography had
been demonstrated to be viable on the laboratory scale already in the mid-1970s
[Smith et al., 1973], and useful x-ray masks had been produced using a variety of
materials [Shimkunas, 1984]. The major difficulty with x-ray lithography lies in the
fact that it involves one-to-one printing of the mask pattern, so that if the

resolution requirements are to be met, a suitable mask patterning technique must be
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Fig. III-1, Basic lithographic fabrication sequence. Following development, the
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and Prober, 1982].)
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employed. This is not an insurmountable problem and the issue of x-ray mask

patterning will be addressed in Sec. IILB.2.

Electron-beam lithography is in principle extremely well-suited for sample
fabrication for quantum interference experiments. There exist several types of
electron-beam systems, some of which are custom built for the purpose of ultra-high
resolution lithography and some with a resolution approaching 100 A (see e.g, [Brodie
and Muray, 1982; Rooks et al, 1987]). Perhaps the only limitation on a high
resolution e-beam system, in terms of the requirements mentioned above, would be
the small writing field usually necessary for achieving such high resolution. This
limits the in-plane aspect ratio of the e-beam written sample (i.e., a 1D wire cannot
be arbitrarily long) as well as the ability to produce in the same e-beam exposure
samples with both small and large features, such as electrical contact pads. For as
the present work, an electron-beam system was made operational as samples were
already being produced by x-ray lithography. For certain samples, e-beam
lithography presented some advantages over x-ray lithography, and in those cases,
the samples were indeed produced by e-beam lithography, as will be discussed later

in this chapter.

Samples for the earliest weak localization experiments [Giordano et al,, 1979]
were fabricated by a step-edge technique. This method, described in Fig. III-2, was.
shown to be capable of a resolution near 100 A. Difficulties with this particular
technique and others like it [Howard and Prober, 1982] lie in the fact that they may
not be adaptable to a variety of sample materials and do not necessarily lend
themselves to making low resistance contacts with all materials. (Contact pads

cannot always be deposited in the same fabrication step as the sample itself.) In
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addition, one cannot usually make 2D films with the same material properties as a
sample fabricated by step-edge means (ie., in the same metal deposition), particularly
when etching is involved, as in Fig. III-2. Also, this technique is not readily

adaptable to the fabrication of ring structures.

The fabrication techniques employed in the present study were x-ray lithography
and electron-beam lithography. The following sections will be devoted to a

description of the implementation of these techniques in this work.

IILB. X-Ray Lithography

X-ray lithography is similar in principle to conventional photolithography in
that a material which is sensitive to x-ray radiation (x-ray resist) has its chemical
properties altered ﬁpon exposure to x-ray radiation, so that it is either more or less
soluble in a developer solution than it was prior to exposure. The major difference
lies in the fact that the wavelength of the exposing x-ray radiation (A ~ 04 - 5
nm) is considerably shorter than that used in conventional photolithography (A ~ 400
nm). The pattern in the resist is formed by exposing it through an x-ray mask.

'The mask consists of an x-ray transparent material, the mask membrane, covered
with a patterned x-ray absorbing material. Diffraction, which is the primary factor
limiting the resolution of optical lithography to ~ /2, plays virtually no role in x-
ray lithography because of the shortness of the wavelength of the exposing radiation.
In addition, dust, which is a major cause of defects in optical lithography, is not a
problem in x-ray lithography, as most common types of dust are transparent to x-

rays.
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The mechanism by which x-ray exposure is believed to operate [Spears and
Smith, 1972] is as follows: x-ray photons are absorbed in the polymer resist, where
they create photoelectrons. These secondary electrons alter the properties of the
resist by either breaking molecular bonds or by crosslinking the polymer. The x-ray
lithography process is pictured schematically in Fig. II-3.

X-ray lithography possesses several advantages over some of the other high
resolution processes mentioned in Sec. HI.A. Aside from being capable of producing
structures with features as small as those produced by the highest resolution
electron-beam systems [Flanders, 1981], x-ray lithography can achieve this resolution
over relatively large areas - usually much larger than those achievable with most e-
beam systems. In addition, one can expose simultaneously both ultrasmall and
macroscopically large features in the same x-ray exposure. Replication of mask
patterns is relatively simple once an x-ray mask already exists; all that must be done
is expose and develop the pattern on the substrate. Alignment is not necessary for
simple patterns. It is also possible to construct a workable, laboratory-grade x-ray
lithography exposure system using relatively simple equipment that lacks the delicacy
of electron and ion beam columns as well as their sensitivity to mechanical
vibrations. Another possible advantage of x-ray lithography which has yet to be
explored is one that could be important in MOS device work. It is known (see, e.g,
[Ma, 1975]) that oxide damage is caused by exposure of devices to highly energetic
electron beams. Because of the strong attenuation of soft x-rays in most materials,
it is possible that higher mobilities may be attainable in these devices if they are

patterned by x-ray lithography [Ma, private communication).

Of course, there are some difficulties which must be overcome in implementing
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”  Fig, -3, X-ray lithography process. X-ray photons are absorbed in the resist,

where they emit secondary electrons. These electrons break polymer bonds in the

resist, making it either more or less soluble in a developer solution. Following

;iﬁvelopment, the resist is processed as in conventional lithographic processes (Fig.
-1).






