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ABSTRACT

LOCALIZATION AND SUPERCONDUCTIVITY
IN THIN FILMS AND NARROW WIRES

OF ALUMINUM

Padmanabhan Santhanam
Yale University

1985

The theory of localization predicts that constructive interference
between electron waves scattered by impurities results in a quantum
correction to the electrical resistance. The study of changes in resis-
tance as a function of temperature and magnetic field can help us verify
the theory of localization.

A comprehensive set of experiments were performed on thin films of
aluminum for testing the localization theory. Experiments on wide thin

films in the quasi-two-dimensional regime confirm the theoretical pre-

dictions. These experiments have also yielded considerable quantitative
insight about inelastic mechanisms and spin-orbit scattering rates in
these films. The inelastic mechanisms that cause delocalization of
electrons in our films are electron-phonon scattering and electron-elec-
tron scattering. The inferred inelastic rates we obtain are in geod
agreement with those obtained for films with comparable properties, from

other types of experiments, done in the superconducting state. In our
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films, the spin-orbit scattering rate is observed to scale with the
elastic scattering rate.

The study of localization in quasi-one-dimensional systems requires

metallic wires which are less than a micrometer in width. A new litho-
graphic process involving a three-dimensional shadowing technique was
developed, but had limited success. An alternate method using x-ray
lithography has proved more successful in the fabrication of submicron-
width samples.

We have extended the existing theory for quasi-one-dimensional
systems to include spin-orbit scattering and Maki-Thompson superconduct-
ing fluctuations. Our experiments on narrow aluminum wires have verified
this new theory successfully. The prediction of the localization theory
of a crossover from two-dimensional behavior to one-dimensional behavior
is also confirmed. Furthermore, we infer electron inelastic scattering
rates in narrow wires that are identical to those in two-dimensional
films. Our analysis of the previous experiments by other workers on
narrow metallic wires indicates that the resistance changes observed in

those experiments were probably not due to electron localization.
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I. INTRODUCTION

In a perfectly crystalline solid the electrons occupy the well known
Bloch states. The periodic arrangement of atoms in a solid introduces
energy bands, with energy gaps at the Brillouin zone boundaries. In the
conventional theory of metals, one assumes that the conduction electrons
partially fill the (conduction) band and that these electrons can be
excited with arbitrarily small energy. This behavior is to be contrasted
with the situation in semiconductors or insulators where there are filled
bands of electrons (with energy gaps separating them from empty bands).
The electrical resistivity in a perfectly crystall;ne metal will vanish
at absolute zero temperature due to lack of electron scattering events.
At higher temperatures, however, non-zero resistivity results due to
scattering by phonons (lattice vibrations). If there are defects in the
lattice, such as impurities or disorder, even at absolute zero there will
be a residual resistance due to these defects. This behavior is sche-
matically illustrated in Fig. I-1. Here, we have assumed the metal under

discussion is a non-superconductor.

I-A LOCALIZATION

The concept of electron 1localization was first introduced by
Anderson!. It has to do with the nature of the one-electron wave func-
tions in a disordered medium. If the disorder is weak, the wave function
is extended in space. However, if the disorder is strong, the wave
function may change its nature completely and become spatially localized;
that is, the wave function envelope decays exponentially with <distance.

Thus with sufficient disorder the 'metal' can show infinite resistance

-1-
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Fig.I-1 Resistance as a function of temperature: The
behavior of a conventional impure metal compared to that
including localization,

T, T

Fig.I-2 Resistance as a function of temperature for a
conventional superconductor contrasted with that including
localization,
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at absolute zero. When the wave function at the Fermi energy becomes
localized, we have an insulator. Mott2 extended these concepts to
address the question of the sharpness of the metal-insulator transition.

These ideas on localization were recently revived by Thouless3 when
he predicted that in experiments studying resistance of realistic metal
wires at low enough temperatures one should observe an increase in resis-
tance with decreasing temperatures. This behavior is schematically
illustrated in Fig. I-1. The fundamental physical idea is that at T=0 X
electrons in a disordered metal wire are stuck in localized states. At
T=0, electron transport between spatially separated states does not
occur, resulting in infinite electrical resistance. At non-zero tempera-
tures the electrical conduction is caused by inelastic scattering events
which kick the electrons out of one localized state into another at a
different energy. (Note that the Hamiltonian which gives the localized
states as eigenstates already includes the potential due to random dis-
order in it.) As the temperature increases the number of such inelastic

collisions increases resulting in less and less resistance. Thouless

used scaling arguments to quantitatively estimate the size of the
expected effect. At T=0 K, the localization length (characteristic decay
length of the envelope of the localized electron wave function) is the
relevant scaling 1length. At non-zero temperatures the inelastic dif-
fusion length'gi is identified as the scaling 1length. 21 is the rms
distance travelled by an electron between two consecutive inelastic
collisions. The scaling ideas of Thouless were extended by Abrahams et
al.b to make quantitative predictions for conductivity in three-, two-
and one- dimensional systems. Many experiments have been done in the

past six years with a view to verifying these predictions.
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The phenomenon of localization has received a much more complete
interpretation in the past three years with the development of a detailed
microscopic theory 5-7, Using many body diagrammatic techniques, the
original equations of scaling theory for the temperature dependence of
conductivity were rederived. In addition, the theory is readily extended
to include other perturbations such as magnetic field, spin-orbit inter-
action and magnetic impurities. These issues are explored further in
Chapter II.

It is important to point out that the theory of localization deals

only with the quantum correction to the conductivity due to small changes

in the electron diffusivity as a result of coherent effects in the pres-

ence of disorder; the effects of interactions between electrons are not

included.

I-B ELECTRON-ELECTRON INTERACTION

It has been pointed out by Altshuler et al.8 that electron-electron
interaction effects could give rise to changes in conductivity of the
same magnitude as localization in disordered metals. The inclusion of
the screened Coulomb interaction between electrons in the presence of
random disorder introduces changes in the electronic density of states
close to the Fermi energy. For example, in the case of Al, Ep = 11.7 eV
and the thermal energy (kgpT) at T= 4K is 0.3 meV. Therefore, if changes
in the density of states occur on an energy scale larger than 0.3 meV
they will be manifested through various physical properties. This causes
another quantum correction to the conductivity, in addition to that due

to localization. At sufficiently large amounts of disorder .there can
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actually be a zero of density of states at the Fermi energy, correspond-
ing to a correlation gap.

The theoretical expression for the resistance change as a function

of temperature due to electron-electron interaction effects resembles the
prediction of the localization theory so closely that other means of
distinguishing the two theories had to be developed. The study of

magnetoresistance is one such tool; for small magnetic fields, only the

localization effects contribute significantly to the magnetoresistance.

More discussion of these and related issues can be found in Chapter II.
It is now generally agreed that both localization and electron-electron

interaction effects exist in real experiments.

I-C SUPERCONDUCTIVITY

If we have a conventional superconductor, the resistance becomes
zero at a temperature To » O (Fig. I-2). For perturbations (and defects)
that do not vioclate time-reversal symmetry, superconductivity persists
(Anderson's Theorem?) with some modifications'0, If a superconductor is
chosen for the study of localization phenomenon (at T )Tc), one must
also accoﬁnt for the effect of superconducting fluctuations on the con-
ductivity. Just above To, superconducting fluctuations are too strong to
make a study of localization effects possible. Even well above Tes» the
contribution to the resistance from the superconducting fluctuations is
not negligible. These fluctuations have to be properly included for a
quantitative analysis of the experimental data. The theory of super-
conducting fluctuations, as relevant to our experiments, is outlined in

Chapter 1I.



e

e

PR

o AN S K R

SRS

PGS KT AR]

IREHNCX P

e Geliuamidi delt

[EOYREJOURE Y * %

SRETIW S DI

Y T PR CIREL R

I-D MOTIVATION FOR THIS THESIS

This thesis involves experimental work to further our understanding
of electron transport in relatively clean (kp2)100) aluminum films. kg
is the Fermi wave vector and E is the elastic mean free path of
electrons due to scattering by static defects. In most previous locali-
zation experiments, high resistivity films (kp£ ~ 10) of alloys or
quench-condensed metals were studied. When the localization theory was
qualitatively found to be correct, the inferred values of the inelastic
scattering rates (Ti; were unexpectedly large and could not be
explained by ‘'conventional' inelastic electron scattering mechanisms
such as electron-phonon scattering or electron-electron scattering.

Hence the credibility of the localization theory was in some question.

Also, the mechanism(s) causing these inelastic scattering rates were of
interest, and unexplained. We selected relatively clean (i.e. with long
electron mean free path) aluminum films for our studies so that the
presumably simpler clean-limit localization behavior could first be
explored. Also, in the case of aluminum films, other experiments were
available for estimates of inelastic scattering rates so that an imme-
diate comparison to the results of localization experiments should be
possible.

The large inelastic diffusion length inferred for Al from other
experiments and from theory implied that the effects due to localization
would be large. In addition, for the study of one-dimensional locali-
zation behavior of Al wires, we needed to make wires of width smaller
than the inelastic diffusion length. If the intrinsic inelastic dif-
fusion lengths are large, only moderately small wires were needed to see

one-dimensional localization effects.
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Aluminum is also an attractive material from the material science
perspective. It can be easily deposited by thermal evaporation, with
reproducible properties. This has proved to be crucial for a clear
comparison of various samples.

In this work, we have addressed the theory of localization in many
of its aspects. Our first goal has been to study magnetoresistance in
two-dimensional aluminum films (with thickness much smaller than ji) and
to understand the delocalization mechanisms (inelastic scattering). We
have also used the inferred inelastic scattering rates to explain some
'anomalous' results in prior superconducting experiments. Our own esti-
mates of inelastic scattering rates from the study of non-equilibrium
superconductivity in phase-slip experiments on narrow aluminum strips
were useful in these comparisons.

The role played by spin-orbit scattering in localization experiments

-on thin metallic films can not be overemphasized. In our experiments we

have looked for a systematic dependence of inferred spin-orbit scattering
rate on film quality and found significant correlations.

Most of our localization studies used magnetoresistance, R vs. H
data. The study of resistance as a function of temperature can supple-
ment magnetoresistance data to confirm the predictions of the theory more
completely. Further, the choice of aluminum gives us an opportunity to
also test the predictions of the theory for superconducting fluctua-
tions.

Yet another test for the theory lies in its predietion of magneto-
resistance when the magnetic field is parallel to the plane of the film.
A strong anisotropy is predicted for magnetoresistance. However, one

would expect to infer the same set of scattering parameters, decided only
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by the material properties, and independent of the magnetic field orien-
tation used to measure it. This is indeed what we find.

The localization behavior is predicted to change from two dimen-
sional to one dimensional when the sample width also (in addition to the
thickness) becomes smaller than the inelastic scattering 1length. The
quantitative understanding of the inelastic mechanisms helps one to look
for such a dimensional crossover. An experimental observation of such a
cross-over will also confirm the theoretical model. Our samples show
such a crossover behavior and also indicate the existence of a second
scale length related to spin-orbit scattering.

A final question that requires an answer is whether the scattering
mechanisms are different in the narrow wires from those in the thin
films. One does expect a change in the dimensionality of the scattering

mechanism(s) in narrow enough wires. We addressed this question in our

one-dimensional studies.

I-E LITHOGRAPHY

The study of two-dimensional films involved microlithography on the
coarse scale. We have made samples of width ranging from ~250 microns
down to 2 microns (1 micron = 10~Y% em = 10% X). These samples could be
patterned using conventional optical contact lithography in conjunction
with optical projection lithography.

For samples that are clearly in the one dimensional regime, we
needed submicron width wires. Line widths as small as 0.2 micron can be
accomplished using high resolution optical projection 1lithography for
wires with lengths less than 10 microns. Longer wires, L nv.zogym, are

needed to obtain a reasonable signal voltage and to have large enough



i O

i

P

e

SRR RIF S LI LU C O HERE ROt Y

rEetaiaUit T

LR RO

SPRE ERC IS NSRS

_9-
sample resistance to make the resistance of the contact pads negligible.
Due to unavoidable variations in the width due to exposure changes in the
restricted field of view of the projection microscope, zalternate proce-
dures had to be developed. The first was a new lithographic process
based on optical lithography and a three-dimensional shadowing technique
for making ~ 1000 X wires. This process had only limited success. In
the studies of narrow wires reported in this thesis, the experimental
samples were fabricated using an x-ray lithography technique developed
and perfected at Yale by S.Wind. Wires as narrow as A/0.1 micron have
been fabricated by this technique.

An important approach we have adopted is to prepare narrow wires and
the wide films by deposition at the same time so that their material
properties are (nearly) the same. Thus, their behavior in various exper-
iments can be directly compared. This has led to some important conclu-

sions on the physical phenomena themselves.

I-F OUTLINE OF THE THESIS

The structure of the thesis is as follows. In this first chapter we
have introduced the basic ideas of localization along with its implica-
tions for our understanding of electron transport. In Chapter II, we
discuss the relevant theoretical predictions for localization and super-
conducting fluctuations for two dimensional and one dimensional systems.
The mechanisms for electron inelastic scattering (resulting in delocali-
zation) and spin-orbit scattering are also briefly outlined. A short
account of the non-equilibrium superconductivity theory used for infer-
ring electron inelastic scattering rates from experiments in~the super-

conducting state is also included for completeness. Chapter III
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describes the experimental details for sample fabrication and measurement
techniques. The details of data analysis and our work on thin films are
given in Chapter IV. Comparison of the inferred inelastic scattering
rate to the theory and other superconductivity experiments is also done
here. Our .studies on narrow wires are described in Chapter V. In
Chapter VI we discuss the conclusions of localization experiments done by
other groups in the light of our results. Chapter VII is the summary of

our conclusions along with some suggestions for future work.
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II. THEORY

II-A INTRODUCTION

The original predictions of the scaling theory of electron locali-
zation have been investigated by microscopic calculations. In addition
to confirming the predictions of the scaling theory, the microscopic
theory has made it possible to include the effects due to such pertur-
bations as magnetic field or spin-orbit scattering in a formal manner.
In this chapter, a brief discussion of these more recent developments in
our understanding of the physical phenomenon leading to the localization
behavior is given. The treatment follows references 6,7 and 11 .

The theoretical results for the Maki-Thompson superconducting fluc-
tuations are also outlined for the cases of thin films and narrow wires.
In addition, the basic theoretical considerations for the inelastic and
spin-orbit scattering mechanisms are discussed. A brief summary of the
non-equilibrium superconductivity theory needed for the interpretation of
the phase-slip experiments in narrow filaments is also given.

The experiments measure the resistance change as a function of
temperature or magnetic field. The total resistance at a fixed tempe-

rature and magnetic field is

AR TH)
ROLW) = R, + AR @ ST oK o
+ ARCT) + aR%)+ AR H)

Ro is the classical (Drude) contribution due to temperature-independent
elastic scattering due to static defects. This is the dominant contri-
bution to the overall resistance at the low temperatures of interest to

us. The expression for (dc) conductivity for this mechanism (pg.7 of

-11-
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Ref.12) is given by

2
T |
6 = e = — (2.2)
m § o

where ’t'is the impurity scattering time, n is the electron density per
unit volume, m is the electron mass and j% is the resistivity.
The other contributions in Eq.(2.1) are:
(i) ARLOC -Localization, (discussed in II-B)
(ii) ARAL -Aslamasov- Larkin Fluctuations (II-C)
(iii) ARMT -Maki-Thompson fluctuations (II-D)
(iv) ARPh -Electron-Phonon scattering (II-E.2)
(v) ARcl -Classical magnetoresistance (II-E.3)
(vi) ARINt -Electron-Electron Coulomb Interactions (II-E.4)
We have also assumed that the various contributions in Eq.(2.1) add
linearly. In our experiments, any of the terms in Eq.(2.1) is at most
103 of Rgs» 80 that in calculating fractional changes it will suffice to

take

II-B LOCALIZATION

II-B.1 Introductory Ideas

We consider, as a model of an impure metal, an electron gas in a box
with random impurities. The electrons interact only with the impurities
and not with each other. The Drude formula for the de conductivity
Eq.(2.2) corresponds to random classical motion of the electron scat-

tered by static defects such as impurities.
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Fig.II-1 An example of a maximally crossed diagram with
three intermediate impurity scattering events,
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In their calculation of the zero temperature resistivity of a metal
as a function of the concentration of impurities, Langer and Neall3
pointed out the presence of a certain sequence of scattering processes
that resulted in divergences in the resistivity. These set of processes
correspond to Feynmann diagrams that are called 'maximally crossed dia-
grams'. They are shown in Fig. II-1. The upper solid line corresponds
to an electron propagator with an initial momentum state k and a final
state k' which interacts with impurities at various sites. The lower
solid line corresponds to a hole propagator with an initial momentum
state k and a final state k' which interacts with the same impurities.
At each impurity site the electron and the hole undergo equal and
opposite changes of momentum in the two series of scattering events.

These two scattering sequences are time reversally related. The evalu-

ation of the diagrams (given in detail in Ref.11) gives an estimate of a
function C(F,F') that describes the interference between these two
scattering sequences. C(F,F') (called the Cooperon) can be interpreted
as follows. If we consider an electron starting at a position ¥, C(F,F')
gives the correction to the probability of finding the electron at a
position T' due to qQuantum interference. For the classical diffusion
problem it will be zero.

When k+k' = 0 for the two scattering sequences, the interference is
maximum. This represents the fact that one needs to couple the states
with momenta k and -k to have a stationary localized state’!. In addi-
tion to coupling to the state of exactly opposite momentum -E, there are
contributions from states with momenta -§+ﬁ, for small values of q.

At T=0, electrons can be trapped in these localized states due to

the absence of inelastic scattering mechanisms. This causes the conduc-
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tance to reduce to zero. At finite temperatures, the coherence required
to form the localized state will last only for a period corresponding to
an inelastic scattering time 7:.

In the following discussion we limit ourselves to the case of de

conductivity in the absence of magnetic impurities.

II-B-2 General Formalism

Case(i) No spin-orbit scattering

Let us first consider the situation when there is no spin-orbit
scattering . From detailed theoretical calculations, in the presence of
an external magnetic field, C(F,F') can be shown to be the solution of

the equation6r11,

[ 2(4- 2£8) + §]e@r) - 8-,
C

with the boundary condition
[-i7-(2)F] ca7) =0 .
Jif " .3a

for the component normal to the boundary of the sample. D is the diffu-
sion constant determined by the elastic scattering and A is the magnetic
vector potential. Notably Eg.(2.3) corresponds to a particle of charge
2e and a mass #/2D in a magnetic field.

The correction to the conductivity due to localization is given by
Loc
Loc 3 _ -
a6 (T H) = |4y A (FT (2.4)

where,
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2
A6 (T, 7) = -3De (i) (2.42)

The appearance of C(T,F) in Eq.(2.4) can be physically attributed to the
fact that we are calculating the change in the conductivity due to the
change in the probability of finding the electron at any position r due
to quantum interference. The function C(r,r') can be written in terms

of the eigenfunctions (yn(r) of the operator in Eq.(2.3) as
- = C. ) )
v, r ) = n In n (2.5)
n

with

"

cn -1 (2.5a)
&, +7T
. A_ 2y 192 e
where are the eigenvalues of the operator D[q- (ﬁ—c) Al4. Substitu

tion of (2.5) into (2.4) gives, for a set of orthonormal functions (ﬁn(r)

AéJ'ch)H) _ ~aD¢ Z (, (2.6)
E
The summation over the eigenvalues is ecarried out according to the
physical situation, e.g., one dimensional or two dimensional sample,
ete.
Case(ii) With spin-orbit scattering:

We consider the spin-orbit Hamiltonianl¥,

¢

ER A CA G2

= - (2.7)
se 4imc

-
|
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6’ 1is the electronic spin and V(r) is the (non-magnetic) impurity
potential. This Hamiltonian does not violate time-reversal symmetry

(pg.90 of Ref.14); but the spin ean no longer be considered a conserved

quantity. The coherence required for localization is not destroyed by

the spin-orbit scattering, but the amplitude of the interference is
changed due to spin matrix elements'1:'5. We need some kind of three
dimensionality in order for the spin-orbit interaction to be effective.
This is because the momenta entering the spin-orbit Hamiltonian (2.7)
have been allowed to have unrestricted orientations in a three-dimen-
sional space. It appears that the adequate dimensional condition to use
the preseription given below for incorporating the spin-orbit scattering
in localization is that the sample size be larger the elastic mean free
path J!(pg.139 of Ref.15) .

In the presence of spin-orbit scattering, the Cooperon splits up

into two partsb,15

( =

n

(2.8)

3
2

with a characteristic time

- -

T;_ = /Z; +(4/3)/(§S-0

The first term in Eq.(2.8) corresponds to triplet wave functions and the
second term corresponds to singlet wave functions for the two particles
constituting the Cooperon.

Eq.(2.8) is a result of complex field theoretical calculations; but

some similarities to the conventional two electron problem (Helium atom)
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imPufe metal.

Fig.II-2 Effect of spin-orbit scattering on localization
behavior,
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in atomic physics16 can be noted. In the case of ortho-helium, the
eigenstate corresponding to the antisymmetric spatial wave function is
triply degenerate and the introduction of spin-orbit coupling (even in
the non-relativistic theory) removes this degeneracy. In contrast, para-
helium has a non-degenerate eigenstate and spin-orbit coupling does not
cause any change in the eigenvalue. This observation could be used to
understand the appearance of the the spin-orbit rate in the denominator
of the triplet term in Eq.(2.8) whereas the singlet term does not have
the spin-orbit rate in it.

II-B.3 Qualitative Features of the Theory

The general qualitative results of the localization theory are
schematically illustrated in Fig.II-2. We first discuss the temperature
dependence of resistance, R(T). For R(T), the microscopic theory pre-

dicts the same behavior as described by Fig.I-1 only when the spin-orbit

scattering rate is small. However, when the spin-orbit scattering rate

is large compared to the inelastic rate the theory predicts that the
resistance will decrease with decreasing temperature. The resistance
will thus decrease below the classical residual resistance! Such a
decreasing behavior of resistance is sometimes referred to as 'Anti-
localization' in the literature.

The presence of a magnetic field decreases the amplitude of the
Cooperon in general, due to the breaking of the time reversal invariance.
In the limit of weak spin-orbit scattering (T;;)o), such a decrease of
C(r,f) will bring down the R(T) curve to approach the elassical curve.

This results in a negative magnetoresistance. In the large spin-orbit

scattering limit, the application of a magnetic field will bring the R(T)
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curve up to the classical random behavior, resulting in a positive magne-
toresistance.

II-B.4 Dimensionality Considerations

As was stated in the last section, the evaluation of the conducti-
vity Eq.(2.6), has to be done for the specific experimental system being
considered. For example, if there is an applied magnetic field, the
eigenvalues and the eigenfunctions have to be appropriately modified.

The characteristic length scale for deciding the dimensionality of a
sample is the inelastic scattering length, if there is negligible spin-
orbit scattering in the system. With finite spin-orbit scattering, there
is an additional effective scale length

12 =(0(; )1/2
that also decides system dimensionality. D is the diffusion constant
given by

D= (vpls3)
with vp the Fermi velocity. Let us consider a film of thickness d (with
the film plane parallel to the X-2 plane) such that

d< jiand 1 .

Since (égF)yRi,gz » We can assume that only the gy = 0 eigenstate
contributes to the conductivity (see Appendix A). Then the integral
prescribed in Eq.(2.6) has to be performed in a two-dimensional g-space.
The film under consideration is said to be quasi-two-dimensional with
respect to localization behavior.

If we have a wire of width W and thickness d such that

d,W < 1{ and jz
then its behavior will be quasi-one-dimensional. Here, the q-space

integration of EqQ.(2.6) will be one dimensional because of the additional
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assumption that only the state with Qz = 0 contributes to conductivity
(see Appendix B).

A region of mixed-dimensional behavior for a flat wire is possible

a< Eiand ﬂl but P2< W< 11
and in this case the triplet term of Eq.(2.8) will behave two dimension-
ally whereas the singlet term will behave one-dimensionally. In the rest
of this thesis, we will use the term two-dimensional to mean quasi-two-
dimensional (2D) and similarly for the term one-dimensional (1D).
II-B-5 Definition of Resistance Changes

The magnetoresistance at a temperature T is defined as
SR(T,H) = R(T,H) - R(T, H=0) (2.9)

It will be helpful in the following sections to note that 1*//(x) is the
digamma function and has the limiting behavior
Yarze ) WY as A o
We are also interested in studying resistance as a function of
temperature, in a fixed field H. Here one has to choose a reference

temperature Tper in order that we can define
5R(T,H) = R(T, H) - R (TT?§ ! H) (2.10)

and the zero field result can be obtained by taking H-> 0 limit of
Eq.(2.10).
II-B.6 Inclusion of Magnetic Scattering

It is to be emphasized that we have limited our discussion so far to
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the case T 143 ’Z: and ?;c, and we have assumed that there is no mag-
netic scattering. In the case of Al, the assumption of negigible mag-
netié scattering is well justified. This is because in dilute concentra-

tions, common magnetic impurities do not have localized magnetic moments

in £12,28.

However, in general, if there is electron scattering due to magnetic
impurities, it will suppress the localization effects. All the theo-
retical expressions presented here can be generalized!! to include the

7~
magnetic scattering rate ?; by substituting Q; + 2 7; for Q , and

-} - -

G+ T, (2/3)'('5’ for '7:.
II-B-7 Results for Two-Dimensional Systems
We consider two experimental situations; namely, the applied mag-
netic field (i) perpendicular to the plane of the film, and (ii) par-
allel to the plane of the film. Most experiments are done in the per-
pendicular field configuration.

Case (i) Perpendicular Fields:

Hikami, Larkin and Nagaoka5 calculated the contribution to the
fractional resistance change due to localization at a given temperature T
in the presence of a perpendicular magnetic field H and obtained

Loc H ’ He HJ
Ripn) = Ro [~y ets) +Lyliebi) e dnl 2)

2
ar i"/el (2.11)

where RD is the sheet resistance and the characteristic fields are

defined by
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(2.11a)

Hgo = and Hp= H; + (4/3) Hgo

+
Skt o
& e

Hy appears in the theory due because in the absence of an external mag-
netic field, the elastic scattering time is taken to be the shortest time
for the Cooperon interference.

Case (ii) Parallel Fields:

When the magnetic field is parallel to the film plane only a pertur-
bation calculation for conductivity is available!7(also see Appendix A).
The theoretical result for the contribution to fractional resistance

change due to localization is

e W) K [—_3_ I e *“")* L in (% H 48 H)
= (k) = —+ 2 H
R gfn’iiéz

+ *ﬂ(‘giﬂ (2.12)

This theory assumes that the thickness of the film is less éhan the
Landau orbit size, ©ic/2eH)1/2, More aspects of this limitation are
discussed in Appendix A. In terms of fields, this would imply that
Eq.(2.12) will be correct up to a maximum field of w12Hg4 with

Hq =“ic/led? .

II-B.8 Results for One-Dimensional Systems

We assume that the wire is a flat strip of width W and film thick-
ness d, and the magnetic field to be normal to the film. The rele-
vant theory was derived by us18, and is briefly described in Appendix B.

The contribution to the fractional resistance change at fixed T and H is
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The term multiplied by 3/2 is the 'triplet' term, sensitive to spin-orbit
scattering (see Sec.II-B.2). The second (singlet term) is unaffected by
spin-orbit scattering. The result above involves the use of perturbation
theory in the same sense as that for thin films in parallel field
Eq.(2.12). Since the width of the wire is to be compared to the Landau
orbit size in this case, the field restriction is H < 12 Hy where
Hy = fic/lew? .
-1
We note that if we take H) 0 limit of Eq.(2.13) with T;o =0, we obtain
the original result of Thouless3 for 1-D localizatioen.
II-B.9 Results for Mixed-Dimensional Systems
In this case, the expression (See Appendix B) for the contribution

to fractional change in resistance due to localization at fixed T and H

(field taken normal to the film plane) is

We note that the mixed-dimensional behavior corresponds to a regime where
the triplet contribution [the first term of Eq.(2.1uﬂ is 2D, and the
singlet contribution [the second term of Eq.(2.14)] is 1D in‘nature. In

all situations, the singlet term will be larger, and this results in a
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positive magnetoresistance. When the spin-orbit rate is very large
compared to the inelastic rate, the singlet term by itself is adequate
for the interpretation of the data. We expect a sample which shows mixed
dimensional behavior at low temperatures to be two dimensional at high

temperatures, since at high temperatures W< 21 and RZ'

II-C ASLAMASOV-LARKIN FLUCTUATIONS

The Aslamasov-Larkin (AL) contribution!9 to excess conductivity is
due to the direct acceleration of superconducting pair fluctuations above
Te . Many experimental studies?0 in the past 1-1/2 decades have con-
firmed the existence of this contribution close to T.. In the case of

cleaner films, it was noted?0 that most of the experimentally observed

excess conductivity at temperatures well above T, was due to an indirect

(Maki-Thompson) contribution and was not due to the AL term. Since our

experiments involve relatively clean aluminum films and are done in the

regime (T/To) > 1.3, we can ignore the AL term in our analysis.

II-D MAKI-THOMPSON SUPERCONDUCTING FLUCTUATIONS

II-D.1 Introduction

The existence of the indirect contribution to the excess conducti-
vity above the transition temperature of a superconductor has been real-
ized for more than a decade?!l. Quasiparticles of approximately zero
total momentum are created from the decay of the pair fluctuations.
These quasiparticles remain in a state of small total momentum even after
scattering from (nog-magnetic) impurities due to time reversal symmetry.
Hence they continue to be accelerated just as if they were pairs.

However, the quasiparticle life time is limited due to various mecha-
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nisms. Some of these quasiparticles pair up aggin. It has been preoved
experimentally recently22 that very close to the superconducting transi-
tion the recombination of the quasiparticles is the dominant mechanism.
But, at temperatures not too close to Tp, inelasic scattering destroys
the phase coherence between the quasiparticles. The consequence of the
inelastic scattering events is, thus, to restrict the contribution to
conductivity from the correlated quasiparticles of near zero total momen-

tum from diverging. This attribute is similar to the role played by

inelastic scattering in the localization behavior where the inelastic

scattering prevents the conductivity from going to zero. We note that

spin-orbit scattering does not violate time-reversal symmetry and it is
not expected to play a role in the MT contribution.

It is clear that the quasiparticles will interact with each other
through the Cooper interaction and hence the Maki-Thompson term expli-
citly requires an interaction between the quasiparticles to be included

in the theory. This is to be contrasted with the localization contribu-

tion which assumes non-interacting electrons.

II-D.2 General Formalism

The evaluation of the particle-particle propagator corresponding to
the MT contribution has been worked out in detail by Larkin23 and more
recently by Lopes dos Santos and Abrahams?24.

As a result of these relatively involved calculations, they arrive

at the equation for conductivity in the limit2%4 kBT.pﬂ(T/Tc)j> n/ T

MT z _ |
207 (TH) = —22% ﬁ%)z £y + 7
L] n (2.15) .
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I3(T/Tc) is the parameter characterizing the strength of the interaction
between electrons and has been tabulated by Larkin (see Appendix G). As

T Te /3(T/Tc) diverges. It is also important to note that lg(T/Tc) is

independent of 1localization dimensionality. We should note that this

form resembles the contribution for localization in the absence of spin-
orbit scattering [Eq.(2.6)1 except for the difference in the sign and the
appearance of the parameter /S(T/Tc). If there is an applied magnetic
field, Eq.(2.15) is only valid in the 1imit2% 4DeH/c << kBT‘yﬂ(T/TC).
The eigenvalues and the corresponding eigenfunctions, as in the case
of localization, depend on the physical case under consideration- for
example, the presence or absence of an external magnetic field. Alsc, as
discussed in Appendix C, the cut-off energies deciding the upper limits
of the integrations are different for the localization and MT contribu-
tions. In addition, /3(T/Tc) can itself be a function of 121 in
generalzu and we are restricted to yet another limit, namely,
£/(kgTT; ) << 1 to ignore such a dependence.

II-D.3 Qualitative Features of the Theory for MT Fluctuations

The effect of the MT fluctuations is to decrease the resistance of
the material even at temperatures much above To. Application of a magne-
tic field reduces the strength of the MT fluctuations, yielding positive
magnetoresistance.

II-D.4 Dimensionality Considerations

The summation of Eq.(2.15) implies the inelastic diffusion length to
be the characteristic length for deciding the dimensionality of MT fluc-

tuations. Hence if

¢ < &
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the sample will be quasi-two dimensional and if
W, d < Qi

it will be quasi-one dimensional.

II-D.5 Results for Two Dimensional Systems

Case(i) Resistance as a function of temperature (H=0)

For the quasi-two dimensional case, in the absence of an external
magnetic field, the fractional contribution to the resistance at a given

temperature T is given by!>

éEM(TT’H=O) _ [ r-r/ jn{k(T c)’T}
R ;er-iy@

(2.16a)

Case(ii) Perpendicular Fields
The fractional change in resistance at a given temperature T and

magnetic field H is23

MT 1y Hi
AR (T)H) = B P v
R T F/g

(2.16b)

The magnetoresistance can be defined as before through Eq.(2.9). If we
want to study R(T) in the presence of a magnetic field, we can use
Eq.(2.10).

Case(iii) Parallel Fields

The contribution to the fractional change in resistance in a par-

allel field is26
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ol Wi
’3(7/7-()/? (Tf + )

MT R
é&(T, H) = o 48HA (2.17)

R '21Tz;ﬁ4§z

Eq.(2.9) gives the magnetoresistance.

II-D.6 Results for One Dimensional Systems

In Appendix C, we have derived the result!8 for the contribution to
the fractional change in resistance from MT fluctuations for quasi-one
dimensional systems. We have assumed that the magnetic field is applied
perpendicular to the plane of the film. The calculation is valid in the
limits discussed in detail under Section II-D.2 . In addition, similar
to the predictions of the localization theory for one-dimensional systems
[Eq.(2.13) and (2.14)] the theory of MT fluctuations for 1D systems can
also be used only for fields H < 12 Hy .

The fractional change in resistance due to MT fluctuations at a

given temperature and in a perpendicular field H is

l
Y 2 "J—J
MT - H 2 H
AR (T H) = ~$§7&PWT‘)H_£) (1+ e, H‘-H\

R w (2.18)

The magnetoresistance can be defined as before. R(T) can be obtained
through Eq.(2.10). It is to be reiterated that this calculation assumes

/7 << kgT Ji‘n(T/Tc).

II-E OTHER CONTRIBUTIONS TO RESISTANCE

II-E.1 Introductory Considerations

In addition to the three contributions (localization, AL fluctua-
tions and MT fluctuations) discussed previously, there are three other

contributions to resistance. These are: (1) the classical electron-phonon
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contribution to resistance as function of temperature and (2) classical
magnetoresistance and (3) electron-electron interactions (corresponding
to Feynmann diagrams of both particle-particle and particle-hole types).
The electron-phonon contribution to R(T) and the classical magnetoresis-
tance are not discussed in most works in localization because of the fact
that in the dirty systems other workers have studied, the other contribu-
tions are much larger than these two. Due to the relatively clean nature
of our samples (with longer elastic mean free paths), we discuss these
two terms also in some detail.

II-E.2 The Electron-Phonon Contribution to R(T)
The standard text book result (Bloch-Gruneisen Law, See for example

in pg.214 of Ref.14)
ph 5
AR(T) &< T (2.19)

for T << BD ( eD is the Debye temperature). This form is due to the
restrictions on scattering angles at T << GD. TS5 behavior is seldom
observed in experiments26:27. However, for aluminum the previous experi-

ments indica’ce26

| 3
ARP(T) o< T

(2.192)

This dependence of resistance on T3 in Al [instead of Eq.(2.19)] is due
to the dominance of electron-phonon umklapp scattering at large angles
even at low temperatures. As we shall see in Chapter IV, our results

confirm this behavior.
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II-E.3 Classical Magnetoresistance
The effect of magnetic field on the electron orbits in solids is
discussed in most text books( eg. pg.238 of Ref.12). In the case when
T'is shorter than ,(E, one expects this magnetoresistance to be

temperature independent. From a two band model (pg.250 of Ref.28) for

S AR R TR SR AT P oo

3
i
3
i
3
o
R
&
3
o
-

O.JCT << 1 wc‘ eH/mc is the cyclotron frequency), one obtains for Al

(see Appendix D)
2

éf_(H) = 0-23 (H‘i)
R

(2.20)

with H in gauss and 2 in em.

II-E.4 Electron-Electron Interaction

The MT term, discussed in Section II-D, involves the study of the
influence of temperature and magnetic field on the correlated motion of
two electrons with a total momentum of approximately zero, even in the

absence of changes in the density of states . Since superconductivity

influences the interaction between the two electrons, the parameter
‘g(T/Tc) of Eq.(2.15) represents the strength of this increased interac-
tion. /Z(T/Tc) diverges as T 2 Te. As observed before, the MT term
is sensitive to weak magnetic fields.

In contrast, there exists a quantum correction to conductivity due
to electron-electron interactions which gives a change in the density of
states. This is a result of orbital effects due to electron-electron
interaction8:15. The theoretical éxpression for R(T) from this theory
closely resembles that from the localization theory except that the
interaction theory has a characteristic time of (fi/kpT) instead of the

Q:i of the localization theory. Since in our samples (h/kpT) << ﬂti,
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the interaction term is much smaller than the localization contribution
and can be neglected.

The characteristic field for the electron-electron interaction is®

4 —

H, = e kT . l-34~X’lD(—'-)

int —_ D
2D

(2.21)

For our sample parameters this would imply fields that are at least 100
times larger than inelastic scaling field Hj. We estimate the magneto-
resistance due to the orbital effects of electron-electron interaction
(using the theory of Altshuler et al§) to be at least one order of magni-
tude smaller at any temperature and therefore we neglect it in the
analysis.

We should note that there could also be a contribution to magneto-

resistance due to spin effects?d for applied fields comparable to

_ 3
— 'kB' ~ T7.5x1p T Gauss.

(2.21a)

As is obvious from Eq.(2.21a), Hgp » 10 kG in our experimental situa-
tions. An estimate of this contribution shows that it is more than two
orders of magnitude smaller than the localization and MT contributions in
our samples. Hence, we need not include the interaction term due to spin

effects in our analysis either.

II-F MECHANISMS OF INELASTIC SCATTERING
The mechanism(s) causing delocalization of electrons has been an
issue for which the theoretical understanding is continuing %o evolve.

In general, one is looking for a process(es) that destroys the phase
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coherence required for the Cooperon. We discuss, in some detail, three
mechanisms relevant to our experiments. In our discussion we use
'inelastic' to imply 'a process causing delocalization'. We will indi-
cate any subtle differences between processes that destroy phase coher-
ence of the Cooperon and processes that change the energy of a single
quasiparticle.

II-F.1 Electron-Phonon Scattering

There have been many estimates of the electron-phonon scattering
rates in metals (see for example, Schmid30). Most of these calculations
assume simple models for electron-phonon interaction and do not account
for the detailed differences in the electron-phonon interaction in vari-
ous metals, such as band structure. However, in the case of Al, Lawrence
and Meador3! calculated the electron-phonon scattering rate using realis-
tic electron wave functions and band-structure details of Al. We use
their theoretical result in our discussions for comparison. Lawrence and
Meador obtained for clean, bulk Al a value for the electron-phonon

inelastic rate at the Fermi energy

3 Th 3
Ay T.

-—

7
'ZEP = 0.9 x10 T

Al

(2.22)

The above result is obtained after dividing the Lawrence & Meador value
of 1.3 x 107 T3 by the mass enhancement factor 1.4 as suggested by
EqQ.(25) of Ref.31. We note that the inelastic scattering processes that
are relevant for localization experiments occur within an energy shell of
width @4/ T;) at the Fermi surface. Since j?ﬁi<< kpT , it is appro-

priate to use T} at the Fermi energy for comparison to our experiments.
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The theory of Lawrence and Meador for Al has been tested by other
workers for its quantitative validity. Using surface Landau levels
(surface skipping orbits), Wegehaupt and Doezema32 measured the electron-
phonon scattering rates at various points in the Brillouin zone in single
erystal Al. Gasparov and Harutunian33 measured radio-frequency size
effects in Al. These experiments probe properties averaged over specific
orbits on the Fermi surface. The experiments found quantitative agree-
ment with the theory of Lawrence and Meador.
The calculation of Lawrence and Meador is for the clean limit of
electron-phonon scattering corresponding to
9ph 2 » 1
where Qph is the typical phonon wavevector. As will be discussed in
Chapter IV our samples, by and large, are in this limit.
We point out that while there is consensus among theorists that the

clean limit bulk electron-phonon scattering rate should go as T3 s the

expected behavior for dirty limit(qphl<1) electron-phonon scattering is

still controversial. A rate proportional to T has been proposed by
Sehmid30,34 angd by Thouless3. According to Schmid's model there is an
increase in the coupling of electrons to transverse phonons with decreas-
ing value of.ﬂ; the coupling to transverse phonons vanishes in the pure
metal. But, Lawrence and Meador estimate that about 80% of the contribu-
tion to electron-phonon scattering comes from transverse phonons even in
the case of pure aluminum. Thus the results of Schmid's model do

not seem to be strictly applicable for the case of Al. Two other theo-
retical calculations due to Takayama3® and Kagan et al.36 predict an

electron-phonon rate in dirty systems proportional to T2. OQur present
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experiments do not probe this limit and so we shall not discuss the
differences among these theoretical predictions.

The dimensionality of electron-phonon scattering is generally decig-
ed by comparing the physical dimensions of the sample to the typical
phonon wavelength. Transverse phonons are the dominant scatterers of

electrons in Al. The most probable phonon wavelength at any temperature

is given by37

_ TT'Jt'lﬁ
P 24T

A

Using vg = 3.04 x105 em/sec for the transverse sound velocity, we obtain
Aoh= (126/T) k, with T in K.

A second possible choice for the dimensionality criterion is based
on the Pippard-Ziman condition38 which states that phonons of wavelength
larger than the electron mean free path are inefficient scatterers. Thus
the electron mean free path can be expected to decide the dimensionality
of electron-phonon scattering. In the case of thin films on solid sub-
strates good adhesion of the films to the substrate enhances the three
dimensionality. Aluminum films on glass (Si0Op) have been calculated to
have satisfactory matching for phonon transmission39 .

II-F.2 Electron-Electron Scattering of Quasiparticles

The standard text book result for the electron-electron scattering
rate'? (proportional to T2) is for clean /< kgT) metals in the
bulk. Lawrence and Wilkins*® have calculated the quasi-particle
electron-electron life times in clean bulk Al. There have been calcula-
tions by Schmid#1 and Altshuler et al.%2 for bulk, dirty (‘ﬁ/r(? kpT)

systems. Qur films are in the dirty-limit for the electron-electron
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interaction (viz. fi/p- > KkpT), but have film thicknesses that are much
smaller than the electron-electron interaction length
‘EM = (AD/kgT)1/2,

This makes our films two-dimensional with respect to electron-electron
interaction. Thus the calculations done for the bulk systems are not of
relevance to us.

Abrahams et al.43 calculated the life time for a quasi-particle in a
dirty two dimensional system. They predicted

- _ _Eg_ fﬁ? Jﬂ(ﬂ/T>.
e = o FEH @2

Ty =9 x10° (kpﬂ )3 for Al. This result has been extensively used in the
literature, including our publications”“'“é. Subsequently, Lopes dos

-
Santos'7 reevaluated Q;e self-consistently and obtained

-l | Ra &T [n(474)

7:2 = ATT *UGQZ 'i3;—

(2.23b)
instead of (2.23a). Altshuler et al.%2 nave predicted a result
7:| ! Ra ’]TB'
= —— 3 - (2.23¢)
ee 4T Bt K

for dirty 2D systems [without the logarithmic factor of Eq.(2.23b)].
In the above theoretical results the typical energy for electron-

electron interaction is ~ kgT and hence, iint is the relevant length
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scale for deciding the dimensionality of the electron-electron scattering
due to this mechanism.

II-F.3 Electron-Electron Scattering Rate for the Cooperon Inter-
ference Effect

Fukuyama and Abrahams48 calculated the life-time of the Cooperon
interference (discussed in Sec.II-B.1) ’t' explicitly including dynami-

cally screened electron-electron interaction and obtained the same result

as Eq.(2.23a). i.e.

- Ra ’kBT,Pﬂ( /T)
T = am %/ ER (2.24)

Altshuler et al.‘49 (and recently Eilerso) have calculated the effect
of electron-electron scattering events with energy transfers small com-

pared to kpT (also called the interaction of electrons with electro-

magnetic fluctuations) on the phase relaxation of the Cooperon. Their

-1
results indicate that in reduced dimensionality (2D and 1D) the rate,QE
due to this mechanism can be large. In the case of gg systems (such as

our thin films), the theoretical prediction is

T%
o Ra kT dn(THY= AT
’(E = 2-”- ;hs./e :ﬁ Rg (2.25)

The criterion for two dimensionality for the use of Eq.(2.25) is

d < [ i) ) b .,a/e )] (2.252)

in addition to%9 d < ’?1nt' For our films, Eq.(2.25a) requires 4 < 0.1
‘ -
cm. The value of ?. of (2.25) 1is smaller than Q; of Eq.(2.24) by
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approximately a factor of two in our samples. Very recently, FukuyamaS'
has attempted to clarify the differences in the evaluations of Eg.(2.24)
and (2.25). According to his conclusions, it is Eq.(2.25) that correctly
describes the decay rate of the Cooperon due to electron-electron inter-
action for two dimensional systems.

-|
In case of 1-D systems, Q; is estimated to be4?

-} R[] ’kB NE :5§ _7593
© - (vl

I

(2.26)
with the requirement to be one-dimensional that
Y
_ ( 2
W H/e" (ﬁ-’? — = (2.262)
—— 2 .2ba
Rq *ﬁéT. Tz _

Invour comparison to experiments we will use Eq.(2.25) and Eq.(2.26) as
the relevant expressions for the phase relaxation rate due to electron-
electron interaction, 2-D and 1-D systems respectively.

II-F.5 Other Mechanisms

In the case of amorphous systems Black et al.J2 calculated an
inelastic time due to the existence of two energy levels. Some experi-
ments in highly disordered systems of metal £ilms>3 compared their
results to that prediction. It is not clear as to how relevant this
mechanism is in our polycrystalline metal films. There is presently no
clear experimental evidence for this mechanism in reported localization

studies.



kNN ""},ﬁ}}f‘g"‘é}? o A T T G et p B RTAS

VYRR I e S

SEitid.

3 B s A

PN
2N

_39-
II-G Spin-Orbit Scattering
The origin of spin-orbit scattering in thin metal films has been an
interesting puzzle for more than a decade>¥:55. The utility of the
localization experiments is that, from the analysis of the experimental
data, one can relatively easily infer the spin-orbit scattering time in
metal films.
Abrikosov and GorkovSY4 estimated based on a simple scattering theory

that

(2.27)

<1§_) ~ GXfZ?j?

(2

where O( (~1/137) is t4e fine structure constant and Z is the atomic
number of the metal. An ideal,infinite crystal does not have scattering
of any kind. Deviations from ideality, impurities, boundaries and
defects, are responsible for elastic scattering and also for spin-orbit
scattering. Hence it is plausible that in the metalliec limit that the
spin-orbit scattering rate should scale with elastic scattering rate. If
the elastic scattering is caused by vacancies in the lattice or by bound-
ary scattering Z could be expected to be that of the metal. For Al, Z=13
so that
(it.
Tse

If the elastic scattering is due to bulk impurities, as is likely to be

) = 0.8 x1074

in many experiments, one would expect the atomic number of the impurity
to enter the picture. We will compare the various experimental results

for the spin-orbit scattering in Al in Chapter IV.
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II-H NON EQUILIBRIUM SUPERCONDUCTIVITY

II-H.1 Introduction

The study of non-equilibrium processes in the superconducting state
can yield useful information about the inelastic scattering mechanisms in
superconductors. A comparison between the inelastic scattering rates
inferred from localization experiments and those from non-equilibrium
superconductivity experiments can confirm if the same inelastic processes
participate in these experiments.

We shall briefly state the results of the Bardeen-Cooper-Schrieffer
(BCS) theorys6 on the nature of the elementary excitations in the super-
conducting state. Due to the phonon-mediated electron-electron attrac-
tion there is an energy gap A created at the Fermi energy. In other
words, to break a Cooper pair and create two quasiparticles at the Fermi
surface, an energy 2A is needed. In the BCS model of a superconductor,

the quasiparticle excitation energy in the superconducting state is given
by56
y&

2
Eﬁ = ( A+ §‘<) (2.28)

%{is the energy of the quasiparticle state k in the normal metal measured
relative to the Fermi energy. BCS theory calculates56 as a function

of temperature close to T, to be

IAZ
A(T) = |74 A(O)(I"VTc) (2.282)

where A(0) = 1.764 kg T.
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Fig.II-3 Effective quasiparticle charge Qx in the
Superconductor as function of the normal state quasiparticle

energy E k with respect Ep. Only asymmetric quasiparticle
excitations create charge imbalance,
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In the description of the various properties of superconductors, a

two fluid model has been extensively used. The idea is to consider the

real system as consisting of two coexisting fluids (i) a normal fluid

comprising the quasiparticles and (ii) a superfluid comprising the

Cooper pairs. The chemical potentials of the two fluids are equal in the

equilibrium situation. When the chemical potentials are not equal, the
superconductor is said to be in a non-equilibrium state.

Pethick and Smith37 have considered the total charge of the system

in terms of the two fluid model. From a detailed consideration, they

obtain an energy dependent effective charge for the quasiparticles. We

show this dependence in Fig.II-3. Quasiparticles far above the Fermi
energy have the full electron-like charge of -e whereas quasiparticles
far below the Fermi energy have the full hole-like charge of +e . Only
symmetric excitations of quasiparticles above and below EfF can maintain
the charge of the normal fluid unchanged. For asymmetric excitations,
there is a net contribution from the normal fluid to 'charge imbalance’.
To maintain overall electrical neutrality, there must be a compensating
change in the number of electrons in the condensed state. This implies
that the chemical potentials of the superfluid and the normal fluid must
shift in opposite directions from their common equilibrium value result-
ing in 2 non-equilibrium situation. Such 2 situation of non-equilibrium
is generated only by charged perturbations (e.g. particle injection, or
a conversion of supercurrent to normal current as at a normal-supercon-
ductor boundary).

II-H.2 Inferring Q; from charge imbalance relaxation

Schmid and Schb'ns8 have derived an expression relating-the charge

imbalance relaxation rate ’ré* in such a situation and the inelastic
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scattering rate at Ep by solving the Boltzmann equation to first order in
A/kgT, (which is valid for T~ Te ). They obtain,

=)
-l T 2 T (E)
= — F o
% 4 ksz: 4 (2.29)

This result can be understood physically as follows. As seen in
Fig.II-3, the maximum change of the effective charge in the normal fluid
will occur when a quasiparticle gets scattered from far above Ep to far
below Ep or vice versa. However, the probability for occupancy of the
initial state or the vacancy at the final state is always so small that
such large-energy scattering events are not the most important ones in
causing charge relaxation. Instead, of all the inelastic scattering
occuring near Ep, only a fraction A/kBT of those scattering events
cause significant relaxation of quasiparticle charge imbalance.

II-H.3 Tunneling-Injection Experiments

Clarke and colloborators>9,60 have used a tunnel injection method to
determine the charge imbalance relaxation rate in superconducting films.
In this method a Normal-Insulator-Superconductor (NIS) tunnel junction
injects quasiparticles into the superconductor. The difference in the
electrochemical potentials of the non-equilibrium region (where the
injection was done) and the equilibrium region of the superconductor was
detected by a second NIS junction that did not draw any current. Chi and
Clarkeb0 have done these experiments on aluminum films, and we will refer
to their results in Chapter IV.

II-H.4 Phase-Slip Centers in Narrow Filaments

Now, we consider a thin superconducting wireb! of transverse dimen-

sions smaller than the superconducting coherence length '%(T) and the



Fig, II-4 The schematic of a phase-slip center. The core of
the center extends over a length ZQ(T) and the charge
imbalance extends over 2 2@.
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penetration depth A(T) of the material. For such a wire the super-
conducting order parameter and current density are uniform across the
cross-section. The experiment on phase-slip centers involves a gradual
increase in the bias current from zero. Due to local inhomogeneities in
the sample, we can imagine that there is one point where the critical
current is the lowest. As the bias current is increased above this
minimum critical current, it is no longer possible to find a zerc voltage
(fully superconducting solution) and a finite electric field appears.
This accelerates the supercurrent above the critical velocity (corres-
ponding to the critical current) resulting in the collapse of the order
parameter. The entire current must then be carried as a normal current;
this in turn allows the superconductivity to reappear, and the cycle
repeats. Since there is a voltage drop across this center, the phase of
the superconducting order parameter must be increasing at different rates
on the two sides of it. Thus, the center is called a Phase-Slip Center
(PSC). A schematic of a single phase-slip center is shown in Fig.II-4.

Far from the PSC, the equilibrium situation has to pertain. The
distance over which equilibrium is reestablished is the length over which

the chemical potential difference between pairs and quasiparticles (dis-

cussed in Section II-H.1) becomes zero. So we deduce that the length of
the non-equilibrium region near a PSC is equal to twice the charge
imbalance relaxation length

7\Q*= (DTq,)WZ
The factor two comes from the two sides of the PSC. The differential
resistance associated with a single PSC is, therefore,

Rd _ dv = Q)Q;(-ii)

— c—

d1 (2.30)
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Fig.II-5 The schematic of the step-like structure expected

due to the formation of two non-interacting phase-slip
centers in a long filament,
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where A is the area of cross section of the filament.

In a long filament there are various locations where such a Phase-
Siip Center can occur. The voltage measured across the sample increases
abruptly at the value of current when each new phase-slip center is
created. In the simplest case, one assumes that the distances between
the PSCs are large enough to avoid interactions between themb2. Then,
the step structure, schematically shown in Fig.II-5, is expected to have
its differential resistance increased in units of a minimum value Ry,
which itself corresponds to the single PSC mentioned above.

In Chapter IV, we will refer to our experiments which measured the
charge imbalance relaxation rate in aluminum by studying the phase slip
centers. A more direct way of measuring the chemical potential dif-
ference between the Cooper pairs and quasiparticles as a function of

position is to place tunneling probes along the length of the wireb3,64,



il e L al i i. Ee ;
DR R By S TR S DN Y ;

:,\
i3
1

5
12
i
R
4
i
a2

II1. EXPERIMENTAL TECHNIQUES

The important experimental components required for our study of
localization in clean aluminum films were the following:
(1) A technique for depositing aluminum with reproducible
properties
(2) The use of optical lithography for patterning samples of
moderately small sizes with the required geometry
(3) An advanced method of fabrication for wire samples narrower than
1 micron, for the study of 1D localization
(4) Measurement of changes in resistance with a resolution of a part
per million
(5) A low temperature set-up capable of reaching temperatures of
TA1.2K with a provision for static magnetic fields of moderate
strengths (H < 10kG)
In items 1,3 and 4, we made significant advances over the state-of-the-
art that existed at Yale at the beginning of this work. We discuss all

these techniques in this chapter.

III-A SCANNING ELECTRON MICROSCOPY

We have extensively used Scanning Electron Microscopy (SEM) to
observe photoresist structures, metal films and narrow wires. The micro-
Scope used most frequently in this work was an ETEC Autoscan operated by
Dr. Alan Pooley in the Peabody Museum at Yale. Typically, we coated
samples with a thin rv1003 Gold-Palladium layer to enhance secondary
electron emission from the sample. In the case of insulating samples,

such as photoresist profiles, the coating also reduced charging of the
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