
Methods in Computational
Molecular Physics
Edited by

Stephen Wilson

Rutherford Appleton Laboratory
Oxfordshire, United Kingdom

and

Geerd H. F. Diercksen

Max-Planck-lnstitut fur Astrophysik
Garching bei Munchen, Germany

Plenum Press

New York and London

Published in cooperation with NATO Scientific Affairs Division



Contents

Introductory remarks 1

S. Wilson, Rutherford Appleton Laboratory

An overview of molecular quantum mechanics 3

R. McWeeny, University of Pisa

1. Introductory remarks 3

2. The SchrSdinger equation, Hamiltonian and wavefunction 3

3. Orbital expansions of the wavefunction 4

4. Permutational symmetry: Alternative expansions 6

5. Fock space 8

6. Optimization of the wave function 10

7. The CI problem: Methodology 14

References 17

The Born-Oppenheimer approximation 19

B.T. Sutcliffe, University of York

1. Introduction 19

2. The clamped nucleus problem 19

3. The full molecule problem 21

4. Separating electronic and nuclear motion 32

5. The clamped nucleus Hamiltonian 41

6. Conclusions 45

References 45

The electron correlation problem 47

R. McWeeny, University of Pisa

1. Introduction 47
2. Density functions and correlation 48

3. Linked cluster expansions 51

4. Methods of calculation 53

4.1 Correlated pair methods 53



4.2 Perturbation methods 54
5. Alternative approaches: Correlation factors 54

References 55

Unitary group approach to the many-electron correlation problem 57

/. Paldus, University of Waterloo

References 61

The configuration interaction approach to electron correlation 65

/. Karwowski, Nicholas Copernicus University

1. Introduction 65
2. The symmetric group and the hamiltonian eigenvalue problem 67
3. The configuration interaction space 70
4. The configuration interaction method: General considerations 74

4.1 Hamiltonian in the CI space 75
4.2 The orbitals 76
4.3 The integrals 77
4.4 The configuration interaction expansion 78

5. Matrix elements 80
6. Strategy of CI calculations 84

6.1 Diagonalization 84
6.2 Direct CI method 85
6.3 Implementation 88

7. Odds and ends 90
7.1 Size consistency 90
7.2 Semiempirical methods 92
References 94

Coupled cluster theory 99

/. Paldus, University of Waterloo

1. Introduction 99
2. Basic notation and formalism 101

2.1 Second quantization formalism 101
2.2 Particle-hole formalism 103
2.3 Diagrammatic representation 105

3. MBPT origins of the cluster ansatz 108
3.1 Time independent MBPT 108
3.2 Diagrammatic MBPT 110
3.3 Factorization lemma 112
3.4 Linked cluster theorem 115
3.5 The connected cluster structure of the exact wave 116

function
4. Closed shell coupled cluster theory 119

4.1 Cluster ansatz and its diagrammatic representation 120
4.2 Connected and disconnected clusters 121
4.3 Connected cluster theorem 123

4.3.1 Diagrammatic derivation 123
4.3.2 Algebraic derivation 126

viii



4.4 CC formalism: Basic consideration 128

4.5 Explicit CC equations 131

4.5.1 CCD equations (spin-orbital form) 131

4.5.2 Higher than CCD approximations 136

4.6 Relationship with other approaches 137

4.6.1 Variational approaches 138

4.6.2 Perturbative approaches 145

4.7 Spin-adapted CC formalism 151

4.8 Calculation of properties 153

4.9 Computational implementation 158

5. Multi-reference CC theory 160

5.1 Model space 161

5.2 Effective Hamiltonian and Bloch equation 168

5.3 Cluster ansatze 170

5.4 Model algebras 172

5.5 Valence-universal operators 174

5.6 Basic OS cluster ansatze 176

5.6.1 Fock space approaches 176

5.6.2 Hilbert space approaches 178

5.7 Cluster conditions 181

5.8 Incomplete model spaces 182

6. Conclusions 183

Acknowledgements 184

References 184

The perturbation theory of electron correlation: I. Basic 195

Rayleigh-Schrodinger perturbation theory

S. Wilson, Rutherford Appleton Laboratory

1. Introduction 195

2. Perturbation theory 196

2.1 Rayleigh-Schrodinger perturbation theory 196

2.2 Non-degenerate Rayleigh-Schrodinger perturbation 197

theory
2.3 Perturbed wave functions 199

2.4 Energy coefficients 200

2.5 Wigner's 2n+l rule 203
3. Double perturbation theory 205

3.1 Double Rayleigh-Schrodinger perturbation theory 205

3.2 Perturbed wave functions 207

3.3 Energy coefficients 208
4. Sum-over-states formulae 209

4.1 Single Rayleigh-Schrodinger perturbation theory 209
4.2 Double Rayleigh-Schrodinger perturbation theory 212

5. Degenerate Rayleigh-Schrodinger perturbation theory 212

5.1 Basic formalism 212

5.2 Zero-order degenerate Rayleigh-Schrodinger perturbation 216

theory
5.3 First-order degenerate Rayleigh-Schrodinger perturbation 216

theory
5.4 Second-order and higher-order degenerate 217

Rayleigh-Schrodinger perturbation theory
5.5 Quasi-degenerate Rayleigh-Schrodinger perturbation 217

theory
6. Rayleigh-Schrodinger perturbation theory for non-orthogonal 219

functions

ix



2. The classical VB approach 325

3. Modern ab initio valence bond theory 328

4. Methods of implementation of the theory 330

5. Conclusion 336

References 337

Molecular properties 339

R. McWeeny, University of Pisa

1. Introduction 339

2. Small terms in the hamiltonian 339

3. Formal expressions for response 341

4. Methods of calculation 342
5. The interpretation of molecular properties 346

6. Conclusion 351

References 351

Calculation of geometrical derivatives in molecular electronic structure 353

theory

T. Helgaker, University of Oslo, and P. J0rgensen, Aarhus University

1. Introduction 353
2. Derivatives of variational energies 355

A. Variational wave functions 355

B. Derivatives for variational wave functions 357

C. Derivative for non-variational wave functions 359

D. Variational perturbation theory 361

1. Perturbed energy functions 363

2. Perturbed variational conditions 366
3. Perturbed energies 368

4. Numerical errors 369

5. Non-variational wave functions and Lagrangians 372

3. Derivatives of the Hamiltonian 376

A. The Hamiltonian at the reference geometry 376

B. Orbital connections 377

C. Geometry dependence of the Hamiltonian 379

D. Derivatives of the integrals 381

E. Hamiltonian commutators 385
4. Derivatives for specific wave functions 386

A. MCSCF 386

B. CI derivatives 390

C. CC derivatives 393

D. M0ller-Plesset derivatives 396

5. Calculation of derivatives 401
A. Lagrange multipliers 401
B. Variational densities 403

C. Molecular gradients 405

D. Response equations 408

E. Molecular Hessians 410

6. Translational and rotational symmetries 413

7. Concluding remarks 418
References 419

xii



Calculation of molecular rotation-vibration energies directly from 423

the potential energy function

P. Jensen, Justus Liebig University

1. Introduction 423

2. The choice of rotation-vibration coordinates 424

2.1 Translation 424

2.2 Rotation and vibration 426

2.3 Hamiltonians in mass-dependent vibrational coordinates 427
2.4 Hamiltonians in geometrically defined vibrational 429

coordinates

3. The standard approach 430

3.1 The Eckart equations 430

3.2 Normal coordinates 432

3.3 The van Vleck transformation 436

3.4 The contact transformation 437

4. The Hougen-Bunker-Johns approach 438

4.1 Coordinates for the large amplitude motion 438

4.2 Coordinates for the small amplitude motion 441

4.3 The HBJ Hamiltonian 442
4.4 The nonrigid bender Hamiltonian 443

4.5 Nonrigid bender calculations 444

5. The MORBID approach 446

6. Hamiltonian using geometrically defined coordinates. 450

6.1 A Hamiltonian for a triatomic molecule 451
6.2 Variational calculations 452

6.3 Close-coupling calculations 453

6.4 The DVR-DGB approach 454

7. Conclusions 456

8. Fitting to experimental data 457

9. Calculations of molecular properties 460

Acknowledgements 466
References 466

Many-body perturbation theory for vibrational-electronic molecular 471

hamiltonian

/. Hubat and M. Svrcek, Comenius University

1. Introduction 471
2. The molecular vibrational-electronic (V-E) Hamiltonian 475
3. Canonical transformations defined for the mixed system of 482

fermions and bosons.

4. Adiabatic representation of V-E Hamiltonian. Diagrammatic 487

technique
5. Non-adiabatic representations of the V-E Hamiltonian 496

References 510

Relativistic electronic structure theory 513

LP. Grant, University of Oxford

1. Introduction 513

xiii



2. Where do we look for relativistic effects ? 513

3. QED of atoms and molecules 514

4. State of the art in relativistic atomic structure 515

5. State of the art in molecular structure 516

References 517

Quantum mechanical scattering theory for chemical reactions 519

W.H. Miller, University of California

1. Introduction 519

2. Why a basis set variational approach to reactive scattering ? 519

3. The S-matrix version of the Kohn variational principle 522

4. Enhancements of the methodology 526

5. Some applications 529

6. Concluding remarks 532

Acknowledgements 532

References 533

Concluding remarks 535

G.H.F. Diercksen, Max-Planck-Institut fur Physik und Astrophysik

Faculty of the Advanced Study Institute 537

Participants at the Advanced Study Institute 539

Index 547

xiv


