QUANTUM DISSIPATION FROM PHONONS; METALLIC HYDROGEN; ELECTRON-ION MIXTURES

A Dissertation Presented to the Faculty of the Graduate School of Cornell University in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy

by Adriaan Anthony Louis January 1998

© Adriaan Anthony Louis 1998 ALL RIGHTS RESERVED

QUANTUM DISSIPATION FROM PHONONS; METALLIC HYDROGEN; ELECTRON-ION MIXTURES

Adriaan Anthony Louis, Ph.D.

Cornell University 1998

This thesis covers a number of different topics: atomic tunneling with dissipation, the metallization of liquid hydrogen, universality of electron-ion structure factors and non-linear response theory:

Chapter 2 discusses how a phonon environment can qualitatively change the tunneling behaviour of an atom.

Chapter 3 gives an overview of theoretical questions related to dense fluid metallic hydrogen, as recently discovered by Bill Nellis and co-workers.

Chapter 4 shows how and why the response of a single atom in an electron gas is well approximated by linear plus second order response.

Chapter 5 demonstrates that electron-ion correlations functions S_{eI} (k) fall either into the low valence or high valence classes for liquid metals.

Chapter 6 establishes some exact results for pseudo-atom densities and effective ion-ion potentials.

Biographical Sketch

I was born in Utrecht, the Netherlands, to Marijke Eva and Adriaan Mels Louis, who soon took me to Africa, the most beautiful continent on earth. There I attended Bongolo Alliance School on an isolated little mountain in the pristine Gabon rainforest. For high school I first attended Ivory Coast Academy, Cote d’Ivoire, where I majored in soccer, initiation pranks and having fun, and finished up at the (smore academically challenging) International School of Beverweerd (in a 14th century Dutch castle!). My Drs. degree at the Rijks Universiteit Utrecht was in theoretical physics and soon afterwards I set foot on US soil (August 1992) and have lived in Ithaca ever since. After a long-awaited 3-month trip around the world, mainly visiting friends I’ve made at Cornell^1, I’m returning to the old world as a post-doc at Cambridge U, (UK) in January 1998.

1 but also, perhaps to atone for the forest of trees devoured by the endless drafts of this thesis, a one-month stint working for Gabon Vert, an enviromental consulting company specializing in preservation of African rain-forests (pour un environnement en forme)

Dedicated to my parents,

Acknowledgements

“I give you thanks, Creator and God, that you have given me this joy in thy creation, and I rejoice in the works of your hands. See I have now completed the work to which I was called. In it I have used all the talents you have lent to my spirit.”

–Johannes Kepler^2 –

“Science is the most jealous of mistresses!”

–Isaac Pomeranchuk^3–

Writing acknowledgments is like trying to describe an excellent red wine. Myriads of well worn phrases exist, but just as words never fully capture the experience of a luscious Bordeaux, so our feeble acknowledgments of thanks but dimly reflect what people have meant in our lives. The last 5 years at Cornell have been among the happiest in an otherwise blissful life. The reason for this is not the Ithaca weather or even the beautiful scenery, but the multitudes of kind, friendly and stimulating people that crossed my path here. Expressing that in words is frustrating, they always fall short. On the other hand, acknowledgments are the only part of a thesis most people read, so here goes:

I’ve had the privilege of working with three different advisors, each of whom brought just what I needed at that stage in my career:

First and foremost, I’d like to thank my thesis advisor Neil Ashcroft. I feel very honored to have been his advisee and profit from his seemingly inexhaustible knowledge of condensed matter physics, his sharp insights, his generosity, and his careful and tactful guidance (“Let’s see Ard, what’s the physics here?”). I always looked forward to our Monday morning discussions which taught me about much more of the world than physics alone, and hope we can continue to collaborate together from Cambridge.

2 Cited in Christopher Kaiser, Creation and the History of Science (Eerdmans, Grand Rapids (1991)), p127.

3 Cited in Yuri Orlov, Dangerous Thoughts: Memoirs of a Russian Life, (William Morrow and Company, New York (1991)), p112

Jim Sethna infected me with some of his boundless enthusiasm for physics, taught me a great deal about how to understand complicated problems in simple terms, and showed me how to have fun doing research. His guidance during my first two years here was exactly what I needed at that time, and I am very grateful for all his input and support.

Daan Frenkel was my first mentor in physics and I spent a very exciting and enjoyable few months working in his group in Amsterdam, trying to prove that entropy was really everything and getting my feet wet in that delightful process of generating new knowledge we call research. I look back with special fondness on our many late afternoon sessions in front of the white-board, where Daan taught me that asking the right questions is as important as knowing their answers.

I’ve also appreciated John Reppy’s patience and good humor and thank him for serving on my special committee, and the Material Science Center through which the NSF funded me at Cornell (grant DMR96-24-8330).

Bill Nellis very kindly offered me the opportunity to write a paper with him on the fluid metallic phase of hydrogen that he discovered. I thoroughly enjoyed working with him, and thank him for his hospitality on my visit to Livermore. I also thank Bill Magro for teaching me much about hydrogen and path integral Monte Carlo. I thank Peter Edwards for reading through my thesis and for his useful advice. Karsten Jacobsen was also a great help on the project that fills the last three chapters of this thesis and I thank him for that.

Before I came to the US, an eminent American physics professor I hoped to work for advised me to go to the best school possible because I’d learn more from my fellow students than from anything else. Whether he said this out of altruism or to tactfully get rid of me remains to be seen, but I took his advice and came to Cornell. He was right, and I’d like to thank the many denizens of Clark and it’s environs for creating such a stimulating (sorry ... using that word again), environment. Andone, Bill W, Bill E, Byard, Bruce, Dave, Iya, Jan von Delft, Geoff, Ivan, Jane’, Jeff, Karen, Kurt, Lisa, Matej, Olga, Shashi and Tom immediately spring to mind. And of course thanks to my officemates, Alex, Badri, Mike and Wei-Jing, who provided many pleasant distractions, and helped make 535 the happening place to be. Special thanks go to Wei-Jing for being a good friend, consistently providing the office with food, and for being such a good sport when I threw him into the swimming pool and booby-trapped the bridal suite at his wedding.

But life here has been much more than physics alone. At the risk of missing some key people, I still would like to thank:

Prof. Dick Baer for the animated discussions about everything under the sun during many pleasant lunches at his house. The many members of the Cornell International Christian Fellowship (CICF) for all their love and support (and all the CICF alumni I’m visiting around the world in the next few months for their willingness to host me). I think especially of the new servant team: Keithanne, June, Lynette, Poline, Tak and Wayne, and also Simeon, Cattyann and Romulus. I thank Edith for always opening her house and heart to us, and Chuck Tompkins for all his support and encouragement. I thank Ned Hale for inviting me to share our CICF vision and experience at many I-student conferences around the country. I also thank the many members of GradIV for their friendship and the HGC for all their care and friendship, and for teaching me how to clap on the right beat and appreciate soul food. Special thanks go to my close friends Dave H, Nathan, Peter, Paul, Sebastian, Jarvis, Rod, Kazuo, and Tak with whom (at different times in my stay here) I met with on a regular basis to my great benefit. Thanks to Peter for dragging me to El-Salvador and Jamaica for great bike trips, and for being such a good friend. Jarvis has been a great friend, I think back with special fondness on being a tag team in all the discussions and Bible-studies we led on racial-reconciliation and much more. I will definitely miss Tak, Sebastian Rod and Nathan, after I leave, and look forward to seeing Kazuo in Japan, and being reunited with Paul in England. Thanks also to my housemates, Keithanne, Paul, Seb, Nancy, Dwight, Greg, Jarvis ... for making 303 such a warm and pleasant home. Special thanks also to Sarah Strzelec for her friendship and for being so fun. And lastly, to my sister Imke, all my love and thanks for her support, friendship and entertainment, and to my parents, for always believing in me, supporting me, but best of all being an example of all I could aspire to, in character, in actions and faith in God.

Table of Contents

1 Introduction and Overview 1

2 Atomic Tunneling from a STM/AFM Tip: Dissipative Quantum Effects from Phonons 2 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 2.2 An Atom Between a Tip and a Surface feels a Double Well Potential 5 2.3 The Effect of the Phonon Environment: Ohmic Dissipation . . . . . 7 2.4 Proposed Experimental Measuring Schemes . . . . . . . . . . . . . 13 2.5 Conclusions for Atomic Tunneling with Dissipation . . . . . . . . . 16

Bibliography 17

3 Metallization of Fluid Hydrogen 21 3.1 Introduction to Metallic Hydrogen . . . . . . . . . . . . . . . . . . . 21 3.1.1 Some background on dense hydrogen . . . . . . . . . . . . . 21 3.1.2 What (When) is a metal? . . . . . . . . . . . . . . . . . . . 23 3.1.3 Short historical retrospective on the metal-insulator transition and the definition of a metal^∗ . . . . . . . . . . . . . . . . . 25 3.2 Description of the Livermore Experiment . . . . . . . . . . . . . . . 28 3.3 General Theoretical Considerations . . . . . . . . . . . . . . . . . . 32 3.4 The Scale of Resistivity in Liquid Metallic Hydrogen . . . . . . . . 34 3.5 The Onset of the Metal Insulator Transition . . . . . . . . . . . . . 38 3.6 The Physical Characteristics of the Metal-Insulator Transition . . . 40 3.6.1 Scenario 1: Metal-insulator transition induced by one-body physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.6.2 Scenario 2: Metal-insulator transition and the role of manybody physics . . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.6.3 Scenario 3: Metal-insulator transition induced by structural change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.7 Future Experimental Probes . . . . . . . . . . . . . . . . . . . . . . 48 3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Bibliography 50

4 A Single Atom in an Electron Gas 56 4.1 Introduction to the Problem: Reducing the Atom to a Pseudo-Potential in Jellium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.2 Infinite Order Response within the Local Density Approximation (LDA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 4.3 Linear and Non-linear Response Theory . . . . . . . . . . . . . . . 61 4.3.1 The general formulation of response theory . . . . . . . . . . 61 4.3.2 Linear response theory . . . . . . . . . . . . . . . . . . . . . 62 4.3.3 2nd order and full non-linear induced density . . . . . . . . 62 4.3.4 The effect of local field factors . . . . . . . . . . . . . . . . . 82 4.3.5 The role of bound-states . . . . . . . . . . . . . . . . . . . . 82 4.4 Final Discussion and Conclusions . . . . . . . . . . . . . . . . . . . 94

Bibliography 95

5 Electron-Ion Structure Functions 97 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 5.2 A Simple Analytical Theory of S_{ei}(k) . . . . . . . . . . . . . . . . . 100 5.3 Two Classes of S_{ei}(k): Low Valence and High Valence . . . . . . . . 104 5.4 Relevance for experiments . . . . . . . . . . . . . . . . . . . . . . . 115 5.5 Electron-Ion Energy . . . . . . . . . . . . . . . . . . . . . . . . . . 116 5.6 Conclusions and Further Work . . . . . . . . . . . . . . . . . . . . 119

Bibliography 120

6 Pseudo Atoms and the Quantum Ornstein Zernike Relations 122 6.1 Introduction: Two Component Electron-Ion Mixtures . . . . . . . . 122 6.2 Hamiltonian and Free-Energy of a Two Component Electron-Ion Mixture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 6.3 Derivation of the Quantum Ornstein Zernike Relations . . . . . . . 128 6.4 Exact Expressions for the Pseudo-Atom Density . . . . . . . . . . . 130 6.5 Effective One-Component Correlation Functions . . . . . . . . . . . 132 6.6 Effective Potentials from the Quantum-Percus Identity . . . . . . . 133 6.7 Bridge Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 6.8 The Quantum Hypernetted Chain Equation (QHNC) à la Chihara. 137 6.9 Making Contact with Linear Response Function Formalism . . . . . 139 6.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

Bibliography 144

A Temporal Bell Inequalities 146 A.1 An Introduction to Temporal Bell Inequalities: . . . . . . . . . . . 146 A.2 Difficulties in Measuring the K_{ij} . . . . . . . . . . . . . . . . . . . . 150 A.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

Bibliography 154 B Coupling of the tunneling atom to Raleigh surface phonons: Ohmic dissipation 155 Bibliography 157 C Finite Temperature Hohenberg-Kohn-Mermin Theorem for Multi- Component Charged Systems 158 C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 C.2 Neutral Canonical Ensemble . . . . . . . . . . . . . . . . . . . . . . 158 C.3 Grand Canonical Ensemble . . . . . . . . . . . . . . . . . . . . . . . 162 C.4 Some Comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 Bibliography 164 D Non-linear response functions 165 Bibliography 171

List of Tables

4.1 Summary of the figures for fixing rs and varying R_c . . . . 68 4.2 Summary of the figures for fixing q_0/2k_F and varying rs . . 72 4.3 Summary of the figures for fixing q_0/2k_F and varying the local field factors G_i. . . . . . . . . . . . . . . . . . . . . . . . . 90

List of Figures

2.1 Double-Well potential for the Tunneling Atom . . . . . . . . 6 2.2 Schematic drawing of the STM/AFM + atom system . . . 7 2.3 Effect of long-frequency phonons on tunneling . . . . . . . . 10 2.4 Temperature T v.s. α Phase diagram . . . . . . . . . . . . . . 14

3.1 Schematic of the Livermore Experiment . . . . . . . . . . . 29 3.2 Schematic Phase Diagram of Hydrogen . . . . . . . . . . . . 33

4.1 density in k-space for an LDA embedded APP and a linear response APP . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 4.2 Integrand of equation 4.16 for k = 1, rs = 3, R_c = 1.5. . . . . . 65 4.3 Full non-linear LDA response :ρ(k) − ρ_1(k) compared to the second order response ρ_2(k) for rs = 3 R_c = 1.5, Z = 1. . . . . 66 4.4 Linear response compared to 2nd order response for rs = 3, R_c = 1.5, Z = 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 4.5 2nd order response: varying R_c for a fixed rs = 2 . . . . . . 69 4.6 2nd order response: varying R_c for a fixed rs = 3 . . . . . . 70 4.7 2nd order response: varying R_c for a fixed rs = 5 . . . . . . 71 4.8 2nd order response for q_0/2k_F = 0.5; rs = 1..5 . . . . . . . . . . 73 4.9 2nd order response for q_0/2k_F = 0.75; rs = 1..5 . . . . . . . . . 74 4.10 2nd order response for q_0/2k_F = 0.9; rs = 1..5 . . . . . . . . . . 75 4.11 2nd order response for q_0 = 2k_F ; rs = 1..5 . . . . . . . . . . . . 76 4.12 2nd order response for q_0/2k_F = 1.25; rs = 1..5 . . . . . . . . . 77 4.13 2nd order response for q_0/2k_F = 1.5; rs = 1..5 . . . . . . . . . . 78 4.14 2nd order response for q_0/2k_F = 2.0; rs = 1..5 . . . . . . . . . . 79 4.15 2nd order response for q_0/2k_F = ∞ (i.e. hydrogen) ; rs = 1..5 80 4.16 Maximum in 2nd order response for rs = 3 as a function of R_c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 4.17 Effect of local field corrections on response: rs = 1, R_c = 0 (hydrogen) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 4.18 Effect of local field corrections on response: rs = 1, q_0 = 2kf 85 4.19 Effect of local field corrections on response: rs = 3, R_c = 0 (hydrogen) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.20 Effect of local field corrections on response: rs = 3, q_0 = 2k_F 87 4.21 Effect of local field corrections on response: rs = 5, R_c = 0 (hydrogen) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 4.22 Effect of local field corrections on response: rs = 5, q_0 = 2k_F 89 4.23 Non-linear response with a bound state compared to 2nd order response theory. . . . . . . . . . . . . . . . . . . . . . . 93

5.1 S_{eI} (k) and g_{ei}(r) for Mg: Car-Parrinello v.s. S^{(1)}_{eI} (k) . . . . . . 102 5.2 S_{eI} (k) and g_{ei}(r) for Bi: Car-Parrinello v.s. S^{(1)}_{eI} (k) . . . . . . 103 5.3 Comparison of full Al pseudo-atom electron density with linear response and a free atom; k-space . . . . . . . . . . . 105 5.4 Comparison of full Al pseudo-atom electron density with linear response and a free atom; k-space - emphasis on zerocrossing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 5.5 Comparison of full Al pseudo-atom electron density with linear response and a free atom; real-space . . . . . . . . . . 107 5.6 Ratio of 2k_F to k_p for a schematic ion-ion structure factor. 108 5.7 Low valence class of electron-ion structure factors. . . . . 110 5.8 Expansion of fig (5.7): Low valence class of electron-ion structure factors. . . . . . . . . . . . . . . . . . . . . . . . . . . 111 5.9 High valence class of electron-ion structure factors. . . . . 112 5.10 Expansion of fig (5.9): High valence class of electron-ion structure factors. . . . . . . . . . . . . . . . . . . . . . . . . . . 113 5.11 Schematic of the energy integrand for k_p > k_0 (low valence class) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 5.12 Schematic of the energy integrand for k_p < k_0 (high valence class) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

A.1 double-well potential for a tunneling particle . . . . . . . . . 147 A.2 A classical history for a particle tunneling between two wells149

D.1 Non-interacting χ^0_2(k_1, k_2, k_3 = 1) for rs = 3 and fixed k_3. . . . 168 D.2 LDA exchange-correlation contribution to response for rs = 3 and fixed k_3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 D.3 Full χ^2(k_1, k_2, k_3 = 1) from (D.7) for rs = 3 and fixed k_3. . . . 170