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Preface

This book has evolved from lecture notes of undergraduate and graduate level
subjects as well as review articles and journal papers. The book provides a
review of atomistic modeling techniques that successfully link atomistic and
continuum mechanical methods. It intended to be a reference for engineers,
materials scientists, and researchers in academia and industry. The writing of
this book was motivated by the desire to develop a coherent set of notes that
provides an introduction and an overview into the field of atomistic-based
computational solid mechanics, with a focus on fracture and size effects.

The book covers computational methods and techniques operating at the
atomic scale, and describes how these techniques can be used to model the
dynamics of cracks and other deformation mechanisms. A description of molec-
ular dynamics as a numerical modeling tool covers the use of interatomic
potentials (pair potentials such as the Lennard-Jones model, embedded atom
method (EAM), bond order potentials such as Tersoff’s and Brenner’s force
fields, as well as the first principles based ReaxFF Reactive force field) in
addition to the general philosophies of model building, simulation, interpre-
tation, and analysis of simulation results. Example applications for specific
materials (such as silicon, nickel, copper, carbon nanotubes) are provided
as case studies for each of the techniques, areas, and problems discussed.
Readers will find a physics-motivated discussion of the numerical techniques
along with a review of mathematical concepts and code implementation issues.
Using specific examples such as investigations of crack dynamics in brittle
materials or deformation mechanics of nanomaterials, this volume conveys
how atomistic studies have helped to advance developing new theories, or
provided insight into the molecular deformation mechanisms, explaining or
supplementing experimental results. Many of the examples are adapted from
studies carried out by the author of this book, and some of the discussion
should therefore not be considered as a comprehensive and inclusive review
with respect to the wider range of available results. Rather, they represent a
set of specific examples to illustrate the application of the atomistic simulation
techniques reviewed here.
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support of numerous people. The author is most greatly indebted to all who
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the years, in particular his graduate advisor Huajian Gao and postdoctoral
advisor William A. Goddard III. The author is deeply humbled by the many
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for several real and hypothetical polytypes of carbon,
comparing the predictions from the Tersoff potential [10]
for C with experimental and other computational results.
The structures include a C2 dimer molecule, graphite,
diamond, simple cubic, BCC, and FCC structures. The
squares correspond to experimental values for these phases
and calculations for hypothetical phases [11]. The circles
are the results of Tersoff’s model [10]. The continuous
lines are spline fits to guide the eye. Reprinted from: J.
Tersoff, Empirical interatomic potentials for carbon, with
applications to amorphous carbon, Physical Review Letters,
Vol. 61(25), 1988, pp. 2879–2883. Copyright c© 1988 by the
American Physical Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.20 An example to demonstrate the basic concept of the ReaxFF
potential. It has been developed to accurately describe
transition states in addition to ground states . . . . . . . . . . . . . . . 62

2.21 Illustration of basic concept of bond order potentials.
Subplot (a) shows how the bond order potential allows for
a more general description of chemistry, since all energy
terms are expressed dependent on bond order. In contrast,
conventional potentials (such as LJ, Morse) express the
energy directly as a function of the bond distance as shown
in subplot (b). Subplot (c) illustrates the concept for a
C–C single, double, and triple bond, showing how the
bond distance is used to map to the bond order, serving
as the basis for all energy contributions in the potential
formulation defined in (2.47) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.22 Results of a ReaxFF study of water formation, comparing
the production rate with and without a Pt catalyst. The
presence of the Pt catalyst significantly increases the water
production rate (results taken from [12]) . . . . . . . . . . . . . . . . . . 66



XXIV List of Figures

2.23 Water production at varying temperature, for constant
pressure. Subplot (a) depicts the water production rate.
Subplot (b) shows an Arrhenius analysis, enabling us to
extract the activation barrier for the elementary chemical
process of 12 kcal/mol. This result is close to DFT level
calculations of the energy barrier [12] . . . . . . . . . . . . . . . . . . . . . 67

2.24 The ReaxFF force field fills a gap between quantum
mechanical methods (e.g., DFT) and empirical molecular
dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.25 Schematic of the numerical scheme in carrying out molecular
dynamics simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.26 Schematic of the numerical scheme in carrying out molecular
dynamics simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.27 Schematic of force calculation scheme in molecular
dynamics, for a pair potential. To obtain the force vector F
one takes projections of the magnitude of the force vector F
into the three axial directions xi (this is done for all atoms
in the system) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

2.28 Use of neighbor lists and bins to achieve linear scaling ∼N
in molecular dynamics. Panel (a): Example of how neighbor
lists are used. The four neighbors of the central atom (in the
circle) are stored in a list so that force calculation can be
done directly based on this information. This changes the
numerical problem to a linear scaling effort. Panel (b): The
computational domain is divided into bins according to the
physical position of atoms. Then, atomic interactions must
only be considered within the atom’s own bin and atoms in
the neighboring bins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.29 Method to calculate the radial distribution function g(r) . . . . 74
2.30 Radial distribution function g(r) for various atomistic

configurations, including a solid (crystal), a liquid and a gas . 75
2.31 Velocity autocorrelation function (VAF) for a gas, liquid,

and solid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
2.32 Relating the continuum stress with the atomistic stress. The

left shows a continuum system in which σij(r) is defined at
any point r. In contrast, in the atomistic system the stress
tensor is only defined at discrete points where atoms are
located . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.33 Example of how to calculate the stress tensor in a
1D system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.34 Increase in computer power over the last decades and
possible system sizes for classical molecular dynamics
modeling. The availability of PFLOPS computers is
expected by the end of the current decade, which should
enable simulations with hundreds of billions of atoms . . . . . . . 80



List of Figures XXV

2.35 Summary of top 10 of the TOP500 supercomputer list, as of
Spring 2008 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2.36 Modern parallelization scheme. Subplot (a) depicts the
schematic of the tunable hierarchical cellular decomposition
scheme (THCD). The physical volume is subdivided into
process groups, PGγ , each of which is spatially decomposed
into processes, Pγ

π. Each process consists of a number of
computational cells (e.g., linked-list cells in molecular
dynamics). Subplot (b) shows the total execution (circles)
and communication (squares) times per molecular dynamics
time step as a function of the number of processors
for the F-ReaxFF molecular dynamics algorithm with
scaled workloads (in a 36,288P atom RDX systems on P
processors (P = 1, . . . , 1920) of Columbia [Columbia is a
supercomputer at NASA]). Reprinted from Computational
Materials Science, Vol 38(4), A. Nakano, R. Kalia, K.
Nomura, A. Sharma, P. Vashishta, F. Shimojo, A. van
Duin, W.A. Goddard III, R. Biswas and D. Srivastava, A
divide-and-conquer/cellular-decomposition framework
for million-to-billion atom simulations of chemical
reactions, pp. 642–652, copyright c© 2007, with permission
from Elsevier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

2.37 Rendering of a large molecular dynamics simulation on a
tiled display at USC, showing hypervelocity impact damage
of a ceramic plate with impact velocity 15 kms−1, where one
quarter of the system is cut to show the internal pressure
distribution (the projectile is shown in white). This figure
illustrates how novel visualization schemes provide analysis
methods for ultra large-scale simulations. Reprinted from
Computational Materials Science, Vol 38(4), A. Nakano, R.
Kalia, K. Nomura, A. Sharma, P. Vashishta, F. Shimojo, A.
van Duin, W.A. Goddard III, R. Biswas and D. Srivastava,
A divide-and-conquer/cellular-decomposition framework
for million-to-billion atom simulations of chemical
reactions, pp. 642–652, copyright c© 2007, with permission
from Elsevier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

2.38 Analysis of a dislocation network using the energy filtering
method in nickel with 150,000,000 atoms [13, 14]. Subplot
(a) shows the whole simulation cell with two cracks at the
surfaces serving as sources for dislocations, and subplot (b)
shows a zoom into a small subvolume. Partial dislocations
appear as wiggly lines, and sessile defects appear as straight
lines with slightly higher potential energy . . . . . . . . . . . . . . . . . 85



XXVI List of Figures

2.39 Application of the energy method to visualize fracture
surfaces in a computational fracture experiment. Only high
energy atoms are shown by filtering them according to their
potential energy. This enables an accurate determination
of the geometry of cracks, in particular of the crack tip.
Typically, the analysis is confined to a search region (shown
as a dashed line) to avoid inclusion of effects of free surfaces . 86

2.40 The figure shows a close view on the defect structure in a
simulation of work-hardening in nickel analyzed using the
centrosymmetry technique [13, 14]. The plot shows the same
subvolume as in Figure 2.38b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

2.41 Analysis of a dislocation using the slip vector approach.
From the result of the numerical analysis, direct information
about the Burgers vector can be obtained. The slip vector
s is drawn at each atom as a small arrow. The Burgers
vector b is drawn at the dislocation (its actual length is
exaggerated to make it better visible). The dislocation line
is approximated by discrete, straight dislocation segments.
A line element between “a” and “b” is considered . . . . . . . . . . 88

2.42 Analysis of a simple alpha-helix protein structure, with
different visualization options, plotted using VMD [148] . . . . . 90

2.43 Simulation method of domain decomposition via the method
of virtual atom types. The atoms in region 2 do not move
according to the physical equations of motion, but are
displaced according to a prescribed displacement history.
An initial velocity gradient as shown in the right half of the
plot is used to provide smooth initical conditions . . . . . . . . . . . 91

2.44 Schematic to illustrate the use of steered molecular dynamics
to apply mechanical load to small-scale structures (subplot
(a): AFM experiment; subplot (b) Steered Molecular
Dynamics model) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.45 Steered molecular dynamics simulations of I27 extensibility
under constant force. Subplot (a) shows snapshots of the
structure of the I27 module simulated at a force of 50
pN (I, at 1 ns) and 150 pN (II, at 1 ns). At 50 pN, the
hydrogen bonds between strands A and B are maintained,
whereas at 150 pN they are broken. Subplot (b) displays
the corresponding force–extension relationship obtained
from the simulations. The discontinuity observed between
50 and 100 pN corresponds to an abrupt extension of the
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