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ABSTRACT

Within the context of Eliashberg theory, we have studied the effects

of planar anisotropy on many superconducting properties. Planar anisotropy

is of interest for superconductors with layered crystal structure. such as the

metallic transition metal dichalcogenide and high-Tc oxide superconductors.

To describe planar anisotropy we use a model dispersion relation

which gives free-particle-like electronic states in the direction parallel to the

layers and the tight-binding form in the direction perpendicular to the lay

ers. Using this dispersion relation and the Fermi-Surface-Harmonic (FSH)

expansion technique, we specify the general anisotropic Eliashberg equations

for the problem of planar anisotropy.

We begin with the study of the effects of planar anisotropy on the su

perconducting transition temperature, the thermodynamic critical magnetic

field, and the quasiparticle density of states in the superconducting state. For

all these properties, especially the quasiparticle density of states, the effects

of planar anisotropy are usually qnite significant.

Next, we study some thermodynamic and transport properties, namely,

the specific heat, the thermal conductivity, and the ultrasound attenuation.

The effects of planar anisotropy on these properties are closely related to the

changes in the quasiparticle density of states due to anisotropy. The changes

in the quasiparticle lifetime due to the superconducting phase transition and

anisotropy are also important for the unusual behaviors of thermal conduc

tivity at low temperature.

Several electromagnetic properties are also studied. The introduction

of anisotropy usually reduces the value of the London penetration depth
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below irs isorropic value. lUld strongly depresses th,' l!<'bt'l-Slidltl'f jH'lth: in

the nuclear spin relaxation rate. The theorerical results for the nndt'llI spin

relaxation rate with strong coupling, anisotropy IUld Fenlli liquid corn'nions

have been compared with the ell.llerimental data for the high-Tc oxides. The

major effect of planar anisotropy on the infrared conductivity is to reduce

the frequency at which the absorption starts.

Finally, we have examined the changes of the phonon self-merg)'

when the superconducting phase transition occurs. It is found that there

is a qualitative difference between the results for isotropic superconductors

and for anisotropic ones. This may be displayed in experiment 1mder certain

conditions. Anisotropy also complicates the analysis of the structures in the

phonon self-energy.

It is generally true, for all the properties which we have studied,

that the effects of anisotropy will be diminished if we increase the coupling

strengths, and/or introduce impurity scatterings.

Besides the problem of planar anisotropy, we briefly discuss the prob

lem of an energy dependent electronic density of states (EDOS) for Eliash

berg superconductors. This is of interest for a model of two-dimensional

tight-binding dispersion relation. For a Lorentzian form for EDOS around the

Fermi level, we have discussed the modifications of the Eliashberg equations

and, then, calculated the quasiparticle density of states in the superconduct

ing state. The effects of an energy dependent electronic density of states on

the temperature evolution of the quasiparticle density of states below Te is

particularly interesting.
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Chapter 1

Introduction

Superconductivity was first discovered by Kamcrlingh Qnncs in mer

cury (Hg) with a superconducting transition temperature of 4K in 191!.

Since then superconductivity has been found in many other materials and

the transition temperature or To for short, has been steadily increased [Hulm

and Matthias (1981)]. However, until 1986 all superconductors discovered had

To values well below liquid nitrogen temperature (~77K). The low transition

temperature makes the application of superconductivity very costly since liq

uid helium has to be used as the cooling media. Begining with the discovery

by J.G. Bednorz and K.A. Miiller in early 1986 that Ba"Las-.CusQS(3-ul

became superconducting at T ~ 30 K, a large class of Cu-based oxide super

conductors with To well above the liquid nitrogen temperature (~77K) has

BOon been discovered [WU etal. (1987); Maeda eta/. (1988); Chu etal. (1988);

Sheng and Hermann (1988a.,b)]. With this remarkable discovery, the applica

tion of superconductivity on a large scale becomes p08Bible and the existence
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2 1 Introduction

of superconductivity at room temperature is closer to reality. These sur

prising discoveries and the new challenges they present have kept supercon

ductivity one of the most fascinating fields for physicists both theoretically

and experimentally. Here, we will give a brief introduction to the theory of

superconductivity and to the problems which we are interested in this thesis.

1.1 THEORY OF SUPERCONDUCTIVITY

The first successful microscopic theory of superconductivity was pro

posed by Bardeen, Cooper and Schrieffer in 1957, which is referred to as

BCS theory. In the framework of BCS theory, electrons attract with one

another through the exchange of virtual phonons. With this attractive inter

action, which overcomes the repulsive interaction between electrons from the

Coulomb pseudopotential, the electrons in the system form so-called Cooper

pairs and condense into a new ground state, the superconducting state. A

single Cooper pair, as first discussed by Cooper in 1956, is referred to a bound

state in momentum space of two electrons of opposite momentum and op

posite spin under an arbitrary weak attractive interaction in the presence of

a filled Fermi sea.. In the superconducting state, however, Cooper pairs are

overlapping highly in the real space. The size of a Cooper pair can be as large

as the order of 104 Angstroms, for example in Al, compared with the typical

distance between electrons in a metal which is only a few Angstroms. In fact,

all electrons in the system are condensed, although only the electrons within

a rim of thickness ~ 21iwD centered at Fermi level are important, where WD

is a characteristic phonon frequency. It is this highly correlated ground state

that is responsible for superconductivity.
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Negiccting the effects due to the retarded nature of a phonon lIledi-

ated interaction and to the finite lifetimes of qua.siparticles. nes theory gives

many universal relationships among various superconductinp; properties. for

example

2.0.. = 3.53 and
kaTe

6C(Tc) = 1.43.
-yTc

(1.1.1)

where .0.. is the minimum energy which is needed to break a Cooper pair from

the superconducting condensate at zero temperature and is often called the

energy gap, ka is the Boltzmann's constant, 6C(Te ) is the jump of the elec

tronic specific heat (Ce.) at Te, and -y is the Sommerfeld constant. All these

relationships have proved to be qualitatively correct, although not quantita

tively, for many conventional superconductors by which we mean most of the

superconductors discovered prior to 1986 [parks (1969); Carbotte (1987)].

To achieve a quantitative agreement with experiment, it is nece88ary

to extend the simple BCS theory to fully include the effects of a retarded

interaction and of the finite lifetime of quasiparticles. Such an extension was

formulated by Migdal (1958) for the normal state and by Eliashberg (1960)

for the superconducting state. It is conventional to call the extended DCS

theory, the strong coupling and/or Eliashberg theory of superconductivity.

Eliashberg theory is a very accurate and sophisticated theory for phonon

mediated superconductors [Carbotte (1990)]. The agreement between the

theory and experiment is remarkable. For many superconducting properties

it is within a few percent. With these extraordinary successes, the correctness

of BCS theory and Eliashberg theory has been firmly established .



4 1 Introduetion

There are exceptions, however. For superconductivity in some heavy

Fermion systems and organic materials. Eliashberg theory may not be ap

plicable [Stewart (1984); Ishiguro and Yamaji (1990)1. For the high-Tc oxide

superconductors, it is now generally believed that Eliashberg theory can not

be applied, at least directly, due to many novel normal and superconducting

~tate properties. The mechanism for the high-Tc oxides has remained to be

a mystery. Many exotic theories have been propo~ for the high-Tc oxides,

for which we refer to the books edited by Halley (1988) and by Bedell etal.

(1990). These new theories are not our prime interests here, however. Instead

we would like to develop a better understanding of Eliashberg theory under

various extended conditions. The conditions which we are interested are pla

nar anisotropy in the electron-phonon coupling and energy dependence in

the electronic density of states around Fermi level. These two extensions can

be applied to BOme conventional superconductors as well as the high-Tc oxide

superconductors. In the next two sections we will have a little more dis

cussion on these two aspects. It is worth noticing that, although Eliashberg

theory has been established for a phonon mediated interaction only, it may

be extended to any interaction that involves the exchange of virtual bosons,

at least to a first order approximation.

1.2 PLANAR ANISOTROPY

Planar anisotropy is of interest for superconductors with layered

structure. The high-Tc oxide superconductors are well known to have a lay

ered structure [Yvon and Francois (1989)). The co=on building block, a

CU02 plane, is believed to be essential for superconductivity in all these ma.

terials. Despite the fact that we do not know the mechanism for the high-Tc
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oxides yet. it is certainly true that any successful theory will ueed to iucor

porate the layered structure.

There is also a large class of conventional superconductors with lay

ered structure. They are the metallic transition metal dichalcogenides. e.g.,

TaS2 and NbSe2, and the transition metal dichalcogenides intercalated with

organic molecules. Extensive studies were carried out in 60s and 70s on these

systems [W'Ilson and Yoffe (1969); Mattheiss (1973a)]. Band structure calcu

lations gave good agreement with experiment [Mattheiss (1973a,b); KlIsowski

(1973)]. The study of superconducting properties was mostly concentrated

on the fluctuation behavior ncar critical points (Te, He, etc.) which is only

manifest in low-dimensional systems [Thompson (1973); Craven, Thomas,

and Parks (1973); Monceau and Waysand (1974); Klemm (1974)]. Near crit

ical points, the Ginzburg-Landau (GL) theory [Ginzburg and Landau (1950)J

with anisotropic mass and the Lawrence and Doniach (LD) theory [Lawrence

and Doniach (1972)] can be used. The LD equations arc of the form of

the GL equations for a system of two-dimensional superconductors, cou

pled by Josephson tunneling of electron pairs. Although both theories are

phenomenological, they are easy to work with and usually describe most

superconducting behaviors near the critical points very well.

Transition metal dichalcogenide superconductors are well within the

category of phonon-mediated superconductors. The study of planar sym

metric anisotropy, based on Eliashberg theory, is more appropriate to this

system. However, such a study should also cast some light on the problems

of high-To oxides because of the similar quasi-two-dimensional structure. In

our approach we will not take fluctuations into account since most of our














































































































































































































































































































































































































