Universiteit

4 Leiden
The Netherlands

Beyond the Born-Oppenheimer static surface model for molecule-surface

reactions
Spiering, P.

Citation
Spiering, P. (2019, December 16). Beyond the Born-Oppenheimer static surface model for
molecule-surface reactions. Retrieved from https://hdl.handle.net/1887/81817

Version: Publisher's Version
License: Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/81817

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/81817

Cover Page

The handle http://hdl.handle.net/1887/81817 holds various files of this Leiden University
dissertation.

Author: Spiering, P.
Title: Beyond the Born-Oppenheimer static surface model for molecule-surface reactions
Issue Date: 2019-12-16


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/81817
https://openaccess.leidenuniv.nl/handle/1887/1�

Beyond the
Born-Oppenheimer Static Surface Model

for Molecule-Surface Reactions

PROEFSCHRIFT

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,
op gezag van Rector Magnificus prof. mr. C. J. J. M. Stolker,
volgens besluit van het College voor Promoties
te verdedigen op maandag 16 december 2019
klokke 13:45 uur

door

Paul Spiering
geboren te Bergschenhoek, Nederland, 1990



Promotiecommissie

Promotor: Prof. dr. G. J. Kroes

Co-promotor:  Dr. J. Meyer

Overige leden: Prof. dr. H. S. Overkleeft voorzitter
Prof. dr. M. T. M. Koper secretaris

Prof. dr. H. Guo University of New Mexico,
Albuquerque, NM, USA

Prof. dr. J. G. E. M. Fraaije

Dr. R. J. Maurer University of Warwick, UK

Dr. K. Doblhoff-Dier

ISBN: 978 90 361 0597 2

The research described in this thesis has been performed at the Theoreti-
cal Chemistry group of the Leiden Institute of Chemistry (Einsteinweg 55,
2333 CC, Leiden). This work has been supported by the Netherlands Or-
ganisation for Scientific Research (NWO) via Vidi grant no. 723.014.009.



Typeset with ETREX.
Figures and cover made with KTEX, gnuplot and GLE.
Copyright © 2019 Paul Spiering, the Netherlands.






Contents

1 Introduction
1.1 Heterogeneous Catalyis . . . . .. ... ... .. ... ... . ...
1.2 Metal Surfaces as Catalysts for Molecules . . . . ... ... ... ....
1.3 Interaction of Molecules with Metal Surfaces . . . ... ... ... ...
1.4 Aim of this Thesis . . . . . . . . . . . .. . .
1.5 Main Results . . . . . . ..

1.6 Outlook . . . . . . . . e
References . . . . . . .. e
2 Theory

2.1 Simulations of Molecular Beam Experiments . . . . . . ... .. ... ..
2.2 Potential Energy . . . . . . . ..
2.2.1 Density Functional Theory . . . .. ... ... ... ... ...
2.2.2  Continuous Representations of the PES . . . . ... .. .. ...
2.3 Quasi-Classical Molecular Dynamics . . . . . ... ... ... .. ....
2.3.1 Imitial Conditions . . . . . . . . .. . ...
2.3.2 Propagation . . . . . . ...
2.3.3 Analysis . . . . ...
2.4 Nuclear Dynamics Beyond the Born-Oppenheimer Approximation
2.4.1 Local Density Friction Approximation . . . ... ... ... ...
2.4.2  Orbital-Dependent Friction . . . . ... ... ... ... .....



CONTENTS

3

vi

References . . . . . . . .

An Improved Static Corrugation Model

3.1 Imtroduction . . . . . . . . . . ...

3.2 Methods . . . . . . . .
3.2.1 Ab Initio Calculations for Hy at Cu(111) . ... ... ... ...
3.2.2 Static Corrugation Model . . . . . . .. ... ... ... .....
3.2.3  Quasi-Classical Dynamics of Hy and D2 on Cu(111) . . ... ..

3.3 Results and Discussion . . . . . . . .. ..o
3.3.1 Coupling potential . . . . . .. ... ...
3.3.2 Parameters for the Static Corrugation Model . . . . . . ... ..
3.3.3 Dynamics on Different Potential Energy Surfaces . . . . . . . ..
3.3.4 Comparison of Different Static Corrugation Models . . . . . . . .
3.3.5 Comparing with AIMD and Experimental Results . . . .. . ..
3.3.6 Initial Rovibrational State Dependence . . . . . . . . .. ... ..

3.4 Conclusions . . . . . . . ...

3.A Comparison of Minimum Energy Paths. . . . . . ... ... ... .. ..

References . . . . . . . .

Testing Electronic Friction Models

4.1 Imtroduction . . . . . . . . .. ..

4.2 Methods . . . . . . . ..
4.2.1 Molecular Dynamics with Electronic Friction . . . ... ... ..
4.2.2  Orbital-Dependent Friction and Density Functional Theory . . .
4.2.3 Neural Network Interpolation . . . . . . ... ... ... ... ..
4.2.4 Local Density Friction Approximation . . . . .. ... ... ...
4.2.5 Isotropicalized Electronic Friction Tensor . . . .. .. ... ...

4.3 Results. . . . . o e
4.3.1 Friction Coefficients . . . . . . .. ... ... L.
4.3.2 Dynamics . . . . . . . .o
4.3.3 Dissociative Chemisorption Probability . . . .. ... ... ...

39
40
42
42
42
46
48
48
95
58
61
64
65
69
70
71



CONTENTS

4.3.4 Vibrational De-Excitation . . . . . ... .. .. ... .. ..., 87
4.4 Conclusions & Outlook . . . . . . . ... ... L 89
4.5 Computational Details . . . . . .. ... ... 0oL 90
4.A LDFA “Atoms in Molecules” for Ho and Dy . . . . . . . . . . ... ... 91
4.B Continuous Representation of 6 x 6 Friction Tensors . . . . . . ... .. 95
4.B.1 Symmetry-Adapted Neural Network Representation . . ... .. 95
4.B.2 Choice of Reference Angles ¢g and 6y . . . . . . . . . ... ... 95
4.B.3 Fitting Accuracy . . . . . . ... 96
4.C Errors Due to Statistical Sampling . . . . ... ... ... ... .. 100
4.C.1 Inelastic Scattering Probabilities Piransition - - « - « « « « « « - . 100
4.C.2 Average Translational Energy Gain (AEians) « « « « « o o o v . . 100
4.D Vibrational De-Excitation for PW91-PES . . . . . ... ... ... ... 101
References . . . . . . . . o 103
Effect of Orbital-Dependent Friction 109
5.1 Imtroduction. . . . . . .. . .. L 110
5.2 Methods . . . . . . . . 112
53 Results. . . . . . . . 114
5.4 Conclusion . . . . . . ... 119
5.5 Computational Details . . . . . . .. ... ... .. ... ......... 120
5.A Additional Details on Dynamical Simulations . . . .. ... ... .. .. 120
5.B Continuous Representation of the Orbital-Dependent Friction Tensor . . 121
5.B.1 Choice of Reference Angles 6y and ¢9 . . . . . . . .. .. .. .. 121
5.B.2 Neural Network Fitting Accuracy . . . . . . .. .. .. ... ... 123
5.C Comparison with Previous Work . . . ... ... ... ... ....... 131
5.C.1 Low-Dimensional Orbital-Dependent Friction . . . . ... .. .. 131
5.C.2 Ehrenfest Dynamics on Ruthenium Nanoclusters . . . . .. . .. 132
5.D Electronic Temperature Effects . . . . . . .. ... ... ... ... ... 133
References . . . . . . . . . . 136

vii



CONTENTS

6 Machine-Learning based Representations
6.1 Introduction . . . . . . . . . . ..
6.2 Tensor Field Properties of Systems with Symmetry . . . . . .. ... ..
6.2.1 a priori Symmetric Coordinate Systems and Mappings . . . . . .
6.3 Machine Learning Models for Orbital-Dependent Friction Tensors . . . .
6.3.1 Reduced Dimensional Mapping . . . . .. ... ... ... ....
6.3.2 Piece-wise Mapping . . . . . . . ... oL
6.3.3 Symmetry Adapted Coordinate Mapping . . . . . .. ... ...
6.3.4 Mapping with Asymetric Transformations . . . . . ... ... ..

6.3.5 a posteriori Imposed Symmetry Behavior . . . .. ... ... ..
6.4 Computational Details . . . . . .. ... ... 000
6.5 Results. . . . . . ..
6.5.1 Reduced-Dimensional Models: Machine Learning Parameters . .
6.5.2 Six-Dimensional Symmetry Adapted Models . . . . . .. .. ...
6.6 Conclusions . . . . . . . . .. L
References . . . . . . . . .
Samenvatting

Curriculum Vitae

List of Publications

Afterword

viii

143
144
147
151
155
157
159
161
162
164
164
165
166
170
172
173

177

183

185

187
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AIMD ab-initio molecular dynamics.
BOA Born-Oppenheimer approximation.

COM center of mass.

CRP corrugation reducing procedure.

DFPT density functional perturbation theory.
DFT density functional theory.

DOF degrees of freedom.
ehp electron-hole pair.

GGA generalised gradient approximation.

GLE generalized Langevin equation.
HEG homogeneous electron gas.
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LDA local density approximation.
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Acronyms

MD molecular dynamics.
MDEF molecular dynamics with electronic friction.

MEP minimum energy path.

NN neural network.

ODF orbital-dependent friction.

PES potential energy surface.

QC quasi-classical.

RMSE root-mean-square error.

SCM static corrugation model.

SRP specific reaction parameter.



