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Computational Mineral Physics

Computational mineralogy is fast becoming the most effective and quan-

titatively accurate method for successfully determining structures, prop-

erties, and processes at the extreme pressure and temperature conditions

that exist within the Earth’s deep interior. It is now possible to simulate

complex mineral phases using a variety of theoretical computational tech-

niques that probe the microscopic nature of matter at both the atomic

and subatomic levels. This introductory guide is for geoscientists and

researchers performing measurements and experiments in a lab, those

seeking to identify minerals remotely or in the field, and those seeking

specific numerical values of particular physical properties. Written in a

user- and property-oriented way and illustrated with calculation examples

for different mineral properties, it explains how property values are pro-

duced, how to tell if they are meaningful or not, and how they can be used

alongside experimental results to unlock the secrets of the Earth.

Razvan Caracas is a computational mineral physicist with a background in

both geology and materials sciences. He was awarded a PhD from the

Catholic University of Louvain prior to holding a postdoctoral position at

the University of Minnesota, a Carnegie Fellowship at the Carnegie Insti-

tution of Washington, and a Humboldt Fellowship at the University of

Bayreuth. He is a Fellow of the Mineralogical Society of America, a recip-

ient of the DanaMedal of the same society, and amember of the Academia

Europaea. He was a CNRS researcher at the Ecole Normale Supérieure

de Lyon, and adjunct professor at the Center for Planetary Habitability

of the University of Oslo. He is presently a senior researcher at the Insti-

tute de Physique du Globe de Paris, working on a wide range of topics

in planetary mineralogy, going from the supercritical state that dominated

the protolunar disk to the internal structure of exoplanets. With the help of

atomistic simulations, his work explores the early Earth’s evolution – help-

ing to decipher the condensation of the Earth and theMoon, the formation

of the primordial atmosphere, and exploring what conditions planets must

fulfil to make prebiotic chemistry thrive.
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Preface

If you would have the courage to walk in a session on theoretical min-

eralogy at one of the big conferences in earth sciences (American Geo-

physical Union Conference, European Geosciences Union Conference,

Goldschmidt, etc.), you would probably be rained down with the follow-

ing abbreviations: DFT, PAW, GGA, PBE, XC, WC90, B3LYP, +U, and

so on. Unless you were an expert active in the field for years or a highly

achieving student familiar with all this foreign language, you would be lost

and stop paying attention pretty soon. Alas, you would probably lose an

entirely beautiful piece of science, or you wouldn’t be able to say if it’s the

correct choice or not, if LDA is good enough, or if one would need GGA

or meta-GGA, or if highly accurate, but computationally expensive QMC

is really worth the effort.

This book tells the story of what happens during the long hours a simu-

lation runs on a (super)computer. It tries to teach you how to perform such

a simulation. Which number is important, why and how much, and what

are all those abbreviations? It tries to show you what you could learn from

that simulation and how to judge the quality of that particular theoretical

result.

The large majority of the examples in this book are realized using the

abinit package (https://www.abinit.org/).

This book is for geoscientists in the broadest possible sense: those

who want to have a first guide into performing first-principles calcula-

tions, those who do measurements and experiments in a lab, those who

try to identify minerals remotely or in the field, and those who need

specific numerical values of some physical properties. Advanced master

students, PhD students, and postdoctoral and young researchers who want

to explore the numerical world of mineralogy will have a first taste in the

pages of this book. Confirmed researchers in complementary fields, like

experimental mineralogy and petrology, geochemistry, or geodynamics,

will find explanations and seek understanding for the origin and mean-

ingfulness of particular numerical results provided by their theoretician

colleagues. The book spares the reader the unnecessary theoretical details

and lengthy equations and instead focuses on the practical aspects of

producing and interpreting useful numbers, particularly in mineralogy.

In-depth reviews of various sorts have been written about almost every

imaginable technique and aspect of earth sciences, except for atomistic

computational mineralogy. This book tries to fill this gap in the geoscience

literature today.
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xiv Preface

Chapter 1 introduces the reader to the basis of crystallography nec-

essary to set up the atomic arrangements for the input files of the

simulations. Chapter 2 briefly discusses the topic of phenomenological

interatomic potentials, their use in large-scale simulations, and also their

limitations. Chapters 3, 9, 10, and 16 form the theoretical core of the entire

computational mineral physics. Chapter 3 presents the foundations of the

density functional theory and describes the numerical implementations

and the common approximations employed. Computations of electronic

properties are covered in Chapters 4 and 5, ferroic properties in Chapters

6 and 7, and mechanical properties in Chapter 8. Chapter 9 introduces the

dynamical properties, the treatment of small perturbations in terms of the

development of energy as Taylor series, and the quasi-harmonic approx-

imation. Their actual computation, in the framework of the perturbation

theory, is explained in Chapter 10. The calculations of various dynami-

cal properties are discussed in Chapters 11–15. Chapter 15 is of particular

interest to geochemists, who will find here the foundations of isotope frac-

tionation. This is followed by illustrative examples of simulations of melts

and fluids in Chapters 16 and 17. The book ends with a few words about

supercomputers and large-scale simulations.

At the end of reading the book, the interested reader should hopefully

be able to perform first-principles calculations on their own. But the main

purpose is to cover as much as possible practical aspects, rather than pure

theory. The entire computational machinery will be put into motion, and

the steps of how to compute specific physical properties and how to judge

the quality of the results will be thoroughly discussed. Reading the book

should come after advanced classes in solid-state and statistical physics,

typically from a strong master’s or doctoral curriculum.

And a final, personal note. My voyage to computational mineral

physics was meandrous, with many bricks accumulating over time. Oscil-

lating between physics and biology, computer science and geology, this

path was marked by many people’s presence and knowledge. After a short

physics and computational period, geology offered me a much-needed

window into the natural world. From the beginning of my geology years, a

unique role in my career and life played Prof. Gyuri Ilinca, who made me

discover the beauty of crystallography and mineralogy and whose corre-

spondence was highly inspiring in many ways. Then the geology professors

at the University of Bucarest, Romania, like Professors Nicolae Anasta-

siu, Gheorghe C. Popescu, Marin Seclaman, Emil Constantinescu, and

others, the colleagues, and the assistant professors chiselled my geologi-

cal view of the world. After my geology years, Professor Xavier Gonze,

in the ABINIT group at Louvain-la-Neuve, Belgium, saved me from the

entropy of the university and accepted me in his group, where he made

me fully appreciate my return to computational materials science; I am

highly grateful to him for all those years. During this time, Professor

Philippe Sonnet’s understanding smoothed my transition from crystallog-

raphy and descriptive mineralogy to physics. Later on, in the cold winter

www.cambridge.org/9781108416771
www.cambridge.org


Cambridge University Press & Assessment
978-1-108-41677-1 — Computational Mineral Physics
Razvan Caracas
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

xv Preface

of Minnesota, Professor Renata Wentzcovitch introduced me to the fas-

cinating world of the deep Earth, and I thank her sincerely for this. The

following years in the Geophysical Laboratory at the Carnegie Institu-

tion of Washington, USA, where I learnt so much from the staff scientists,

and especially Drs Ron Cohen and Russ Hemley, completed my associa-

tion with the extreme conditions. Many pages of this book were written

in Oslo, and I warmly thank Carmen Gaina, Trond Torsvik, Stephanie

Werner, and the entire Earth Evolution and Dynamics (CEED)/Center

for Planetary HABitability (PHAB) team for hosting me so many times

and offering many insightful discussions about earth sciences. Special

thanks go to Chris Mohn, Mandy Bethkenhagen, Tim Bögels, and Wendy

Panero for reading many parts of this manuscript and providing valuable

insight. I would also like to thank the staff of the supercomputing cen-

tres in France, such as Centre Informatique National de l’Enseignement

Supérieur (CINES), Centre de calcul pour la recherche et la technologie

(CCRT), and the Institut du développement et des ressources en infor-

matique scientifique (IDRIS), for their longstanding computational and

technical support, as well as the Laboratory of Geology of Lyon, the

Centre Blaise Pascal, and the PSMN supercomputing centre of the Ecole

Normale Superieure de Lyon, France, for their continuous support and

for hosting me and my group. Over the years, countless interactions and

immeasurable advice from so many other colleagues and friends, younger

and older, as well as students and professors, whose names are toomany to

list here, helped me gain a physical and materials-oriented understanding

of the natural world, which you might retrieve as well in this book. Last

but not least, I deeply thank my parents, Gabriela and Virgiliu, my daugh-

ter Sarah, and my partner Cécile, for their support that long precedes and

outlasts the writing of this book.
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