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Preface

(
State-of-the-art computer simulation of molecules and condensed matters, accord-
ing to the Born-Oppenheimer approximation, requires an accurate ab initio treat-
ment of both the electronic structures and the nuclei’s motion on (and sometimes
even beyond) the corresponding potential energy surfaces. As a student major-
ing in computational condensed matter physics, one of the authors (Xin-Zheng Li,
XZL) had taken many years to understand this simple sentence. During this time,
his work in collaboration with Prof. Jianbai Xia and Prof. Enge Wang as well as
other scholars in Europe (Prof. Angelos Michaelides, Prof. Dr. Matthias Scheffer,
Dr. Ricardo Gémez-Abal, and Prof. Dr. Claudia Draxl, etc.) has luckily spanned
some topics in both regimes. Based on this limited, yet to a certain extend unique,
experience, the authors want to share with the readers, especially those Chinese
graduate students majoring in computational condensed matter physics or chem-
istry, their understanding of this rapidly growing field. Special focus will be put
on the basic principles underlying the present electronic structure calculations and
the molecular dynamics simulations. A wide range of electronic structure theo-
ries will be introduced, including traditional quantum chemistry method, density-
functional theory, many-body perturbation theory etc.. Besides these electronic
structures, motions of the nuclei will also be described using molecular dynamics,
with extensions to enhanced sampling and free-energy calculation techniques in-
cluding umbrella sampling, meta-dynamics, integrated tempering sampling, etc.,
and the thermodynamic integration methods. As a further extension beyond the
standard Born-Oppenheimer molecular dynamics, some simulation techniques for
descriptions of the quantum nuclear effects will also be discussed, based on Feyn-
man’s path-integral representation of the quantum mechanics. With such a choice
of theories on both the electronic structures and molecular dynamics perspectives,
hopefully, we can help those graduate students to find the proper recipe in tackling

the physical /chemical problems they are interested in.
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I

Introduction to Computer Simulations of Molecules
and Condense'd Matter

Since the discovery of electron as a particle in 1896-1897, the theory of electrons
in matter has ranked among the great challenges in theoretical physics. The fun-
damental basis for understanding materials and phenomena ultimately rests upon
understanding electronic structure. [1]

It is without any hesitation that we assent to R. M. Martin’s point of view and
take it as the first sentence when it comes to writing the introduction of this book
on computer simulations of molecules and condensed matters. The electrons, being
an interacting many-body entity, behave as a quantum glue which holds most of the
matters together. Therefore, principles underlying the behavior of these electrons
determine to a large extent properties of the system (electronic, optical, magnetic,
mechanical, etc.) we are going to investigate. As a consequence, introduction to
the computer simulation of molecules and condensed matters should naturally start
from theories of electronic structures.

One point implied in this statement is that the concept of electronic structures
is polymorphous, in the sense that it covers all properties related to the electrons in
matter. For example, it can refer to the total energy of the electrons, their density
distribution, the energy needed for extracting (injecting) one electron out of (into)
the system, their response to an external perturbation, etc.. These properties are in
principle measured by different experiments and described using different theoret-
ical methods. Therefore, when saying “electronic structures”, one must specify the
specific property of the electrons it refers to and the theory we are using. Among
the various properties and theories in describing the electronic system, we will fo-
cus on the ones concerning depicting the total energies and the spectroscopies of

the system within the ab initio framework throughout this book. For electronic
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structure theories based on model Hamiltonian, e.g. the effective-mass envelope
function and the tight-binding methods, which are equally important in molecular
simulations but will not be discussed here, please refer to the seminal book of R.
M. Martin in Ref. [1].

Besides the behavior of the electrons, the motion of the nuclei is another as-
pect one must accurately address in simulating the material properties, since a
real material is composed by interacting electrons and nuclei. To describe such a
correlated motion, some basic concepts underlying our daily research must be in-
troduced, among which the Born-Oppenheimer approximation and the potential
energy surface are the most crucial. Because of this, in the following we start our
discussions by introducing these two concepts. Using these concepts, we can cat-
egorize the majority of the tasks we want to fulfill in daily researches concerning
simulations of material properties into two different regimes, i.e. those concerning
mainly the electronic structures and those concerning mainly the nuclear motion.
The whole book is then organized according to such a categorization. In Chap. 2-4,
we discuss different electronic structure theories and some technical details concern-
ing their implementation. After that, Chap. 5-7 focus on the molecular dynamics
(MD) method and its various extensions in descriptions of the nuclear motion. With
this choice of theories on both the electronic structures and the molecular dynamics
levels, we hope that we can help those graduate students to find the proper recipe
in tackling the physical/chemical problems they are interested in their practical

researches.

1.1 Born-Oppenheimer Approximation and the Born-
Oppenheimer Potential Energy Surface’

Before we start, let us first present the key equation we are going to tackle in
simulating properties of a real material. Any poly-atomic system can be viewed
as an intermixture of two coupled subsystems, constituted by M nuclei and N
electrons respectively. In principle, the only prerequisite for the description of all
the quantum mechanical properties of such a system, for simplicity in the non-

relativistic regime, is the solution of the many-body Schrodinger equation



