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Abstract

The thermodynamic behaviour of the enhanced hole-hopping model of high temper

ature superconductivity is investigated using the numerical Density Renormalization

Group (DMRG) technique. The enhanced hole-hopping or ilt model is a Hubbard

like lattice model that has been proposed to account for superconductivity in the high

temperature superconducting materials. Extensive results for this model have been

obtained by others within the BCS approximation. This thesis does not attempt to

motivate the use of the ilt model but rather it is the goal of this work to characterize

the accuracy of two techniques used to study this model. In particular, the ground

state energy and binding energy for a pair of particles as calculated within the DMRG

are compared to similar results obtained from BCS and Exact Diagonalization stud

ies. The DMRG is a relatively new numerical technique and consequently a detailed

discussion of its implementation is given. Application of the DMRG necessarily con

fines investigation to one dimension. Analysis of finite size effects is also presented

where warranted.

iii



Acknow-Iedgements

Firstly I would like to thank my supervisor Frank Marsiglio for his patience, support,

and guidance. I would like to thank Atomic Energy Canada Limited, Chalk River

Laboratories for their hospitality and the use of their computers. I would also like to

thank Dr. Jules Carbotte and Dr. John Preston for their comments and criticisms.

I would like to thank the Dept. of Physics for their support.

Over the course of my stay at McMaster I have met and had discussions with many

people. I would like to thank my office mates Kaori Tanaka, Dr. Julie Lefevbre, Dr.

Mohamed Mansor, Yong Zhang and Dwayne Branch. I would like to thank Dave Feder

for introducing me to the Lanczos routine and credit must be given to following people

for answering my questions on the Density Matrix Renormalization Group: Dr. Mark

Kvale, Dr. Liang Chen, and Dr. Arnold Sikkema. I would like to thank Dr. Peter

Arberg for encouraging me to learn the C programming language and then repeatedly

answering my questions about pointers. Thanks to Mark Lumsden and Peter Mason

for their help with getting me started with Linux. I would also like to acknowledge

the following people who in one way or another made an influence upon me while at

MAC: Dr. Bill Atkinson, Dr. Rachid Ouyed, Hamish Johnston, Dr. Pekka Soininen,

iv



Dr. Marcel Franz, Andy Beardsal, Rob Gojermac, Michel Bluteau, Fan Yu, and Dr.

Frank Hegman. I would like to thank my partners in crime and former roonlates

who inspired me to study: Dr. Bruce (Jerry Ball) Takasaki, Mike (Flairgun) Varasso,

Elio (Luger) Guzzo, Don (Korn Kob) Clarkner, and Ducats. Thanks also to Chat

(hacksaw) Thomasson in particular for his humour and mediation skills and to Todd

(Wreckin' Ball) DeSantis for the hot feet. Honourable mentions to Melissa Cole,

Nancy Derhak, Zoe Simmons, lil' Lori Muldoon, Audrey LeCoarer, Shelly Kett, Lady

G, Dumper, and Duke Nukem.

I would also like to recognize the support of the following individuals Hugh Dillon,

Trent Carr, Tim White, Dale Harrison, and Steve Carr. Many thanks also to Head

stones, Clarence Gaskel, Joe Dick, Mimi Jones, Derald Blair, The Bamford Group,

Deborah Schroeder, and Dave Daniels. Thanks for everything. Hugh and Trent

deserve extra recognition for reviewing the manuscript and pointing out typos.

While at Mc~Iaster one person in particular deserves extra special thanks. I have

nothing to say but great things about this person. Chris Odonovan has spent many a

time helping me better understand C, Unix, and computers in general. Without his

abundant help none of this would have been possible. While his humour at times is

lacking, his generosity is unsurpassed. I have enjoyed our conversations on just about

everything and I will truly miss his regular company. I only hope that one day our

paths may overlap once again. Chris, thanks a million!

v



I would like to thank my families for their support throughout the many years, Iv10m

and Dad, little brother Bob, Terri, Jane, Wayne, Rob, neices,nephews, lnge, and

Andre.

My greatest thanks to my greatest supporters throughout the entire process, Madison,

Lil' One and my wife, my love, my best friend, my all, Sara. Sara many, many thanks

for everything. Truly none of this would have happened without you (sorry Chris,

you are secondary).

And now the Chapter is finally closed so its time to pick up a new book!

I Smile and Wave.

vi



Contents

1 Introduction

1.1 BeS Superconductivity .

1.2 Overview of High Temperature Superconductors (HTSCs)

1.3 Overview.. . . .

2 Theoretical Models

2.1 Correlation ...

2.2 The Hubbard Model

2.3 ID Hubbard Model .

2.4 Spin-Charge Separation.

2.5 At Model .

3 Exact Diagonalization Studies

3.1 Construction and Diagonalization of Hamiltonian Matrices

3.2 Pair Binding ..

3.3 Spin Gap ..

3.4 Discussion of Exact Diagonalization Studies

3.5 Other Studies of the flt Model .

vii

1

4

10

16

17

17

19

25

31

32

43

43

46

49

49

62



3.6 Electron At Model .

3.7 Characterization of the BCS Approximation

3.8 Finite Size Effects .

3.9 Re-examination of the Dilute Limit within Exact Diagonalization

4 Real Space Renormalization Group

4.1 Results.

5 Conclusions

A 1D DMRG Algorithm

Bibliography

viii

65

67

72

73

77

92

101

103

105



List of Figures

1.1 Crystal Unit Cell for HTSC Lanthanum Copper Oxide 10

1.2 Phase Diagram for the HTSC Lanthanum Copper Oxide 12

2.1 Schematic Band Structure Diagrams for the Hubbard Model. . 22

2.2 The Unit Cell for the Copper-Oxide Planes in the HTSCs. .. 24

2.3 The Ground State Energy vs. Density for Various Coupling Strengths 28

2.4 The 1D Density of States. 30

2.5 Tc vs. Carrier Density . . 40

3.1 Comparison of the Ground State Energy vs. Hubbard Coupling for a

10 Site Chain and the Bulk Limit. . . . 50

3.2 Variation of Energy with Lattice Size. . 51

3.3 Energy vs. Density for Various Coupling Strengths for a 10 Site Chain. 52

3.4 Binding Energy vs. U for an 8, 10, and 12 Site Chains 53

3.5 Pairing in the Attractive Hubbard Model for both Weak and Strong

Coupling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 54

ix



3.6 Ground State Energy vs. Density for Various Coupling Strengths in

the At Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 57

3.7 Ground State Energy vs. Density for Various Coupling Strengths in

the At Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 58

3.8 Ground State Energy vs. Density for Various Coupling Values of f1t. 59

3.9 Binding Energy vs. U for an 8, 10, and 12 Site Chains in the 6.t Model 60

3.10 Binding Energy vs. Density for an 8, 10, and 12 Site Chains in the At

Model . . . . . . . . . . . . . . . . . 61

3.11 Gap versus Density in the 6.t Model 63

3.12 Ground State Energy for the Attractive Hubbard Model Case U = -2.0t 68

3.13 Binding Energy for the Attractive Hubbard Model Case U = -2.0t 69

4.1 Real Space 1D Blocking Configuration . . . . . . . . . . . . . . . .. 78

4.2 Reduced Density Matrix Eigenvalue versus Eigenvalue Index for a 100

Site Chain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 90

4.3 Comparison of the Convergence of the Ground State Energy with Lat-

tice Size , 93

4.4 Comparison of the DMRG, BCS and Bethe Ansatz Ground State En

ergies for the Attractive Hubbard Model Case U = -2.0t. . . . . . .. 94

4.5 Comparison of the Binding Energies obtained in Exact Diagonaliza-

Hon, DMRG, BCS, and Bethe Ansatz Studies for the Attractive Hub-

bard Model Case U = -2.0t. . . . . . . . . . . . . . . . . . . .. 95

x



4.6 Comparison of the DMRG, BCS and Exact Diagonalization Ground

State Energies for the At Model. 96

4.7 Comparison of the DMRG, BeS and Exact Diagonalization Pair Bind-

ing Energies for the Ilt Model. . . . . . . . . . . . . . . . . . . . . .. 97

4.8 DMRG, BCS and Exact Diagonalization Pair Binding Energies for U =

12.5t, At = 2.0t. . . . . . . . . . . . . . . . . . . . . . . 98

4.9 DMRG Binding Energy Data for U = 6.25t, At = l.Ot. 99

xi



List of Tables

3.1 Low Density Exact Diagonalization Studies for U = 12.5t, ~t = 2.0t.. 74

3.2 Low Density Exact Diagonalization Studies for U = 6.25t, ~t = I.Ot.. 74

3.3 Low Density Exact Diagonalization Studies for U = 10.25t, f:::"t = l.Ot. 75

4.1 Sample Table of Parameter Values for Targetting Procedure in DMRG 87

xii



Chapter 1

Introduction

" whatever we mean by what we say is not what the thing actually is, though

it may be similar. For the thing is always more than what we mean and is never

exhausted by our concepts." [1]

The study and subsequent attempt to explain physical processes is most often done

through the medium of models. Models are a mathematical representation of simple

ideas which account for the main physical features of a system. As a result, a model

can often only be a modest representation of the real physical process. It is frequently

the case that the model cannot be solved exactly and consequently approximation

schemes must be utilized. It is then necessary to characterize how well the approxi

nlate solution reflects the exact properties of the model and in turn, whether this is

an accurate portrayal of reality. The validity of a model is judged by its ability to

account for currently observed behaviour and also by the integrity of its predictive

capabilities. Often this hinges upon the degree to which the modef must be extended

in order to explain additional features. Model failures signify a design flaw or lack of
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understanding and are manifest of some striking or unexpected behaviour. It is these

fascinations which lend to the continual progression of understanding. The characteri

zation of techniques used to describe a model of High Temperature Superconductivity

will be the focus of this thesis.

A superconducting phase transition was first observed in 1908 when Dnnes [2] re

ported the disappearance of resistivity in Hg when cooled to below a critical temper

ature Te, of 4.2 K. A microscopic theory describing this transition was put forth in

1956 by Bardeen, Cooper, and Schrieffer (BCS) [3J. The BCS theory of superconduc

tivity is a general theory of quasiparticle pairing starting from a Fermi liquid state.

The BCS model of superconductivity further specifies that the pairing is mediated

by the instantaneous exchange of phonons and that the symmetry of the supercon

ducting order parameter is s-wave (zero angular momentum pairs). For the most

part, the BCS model predicts universal parameter free features for many elelllental

and superconducting compounds which are in excellent agreement with experimental

results. However slight deviations from these predictions exist and are accounted

for by a more accurate generalization of BOS theory in which the electron-phonon

interaction time is included. This model is referred to as Eliashberg theory [4].

Besides the solid state, the BCS theory has found remarkable success describing pair

ing correlations within the nucleus [5] and the physics of neutron stars. In recognition

of the significance of their theory, Bardeen, Cooper, and Schrieffer were awarded the

Nobel prize in physics in 1972. Before 1986, the record high T c was about 23 K for

2






























































































































































































































