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We report a study of dynamic cracking in a silicon single crystal in which the ReaxFF reactive
force field is used for several thousand atoms near the crack tip while more than 100,000 atoms of the
model system are described with a simple nonreactive force field. The ReaxFF is completely derived
from quantum mechanical calculations of simple silicon systems without any empirical parameters.
Our results reproduce experimental observations of fracture in silicon including differences in crack
dynamics for loading in the [110] or [100] orientations and dynamical instabilities with increasing
crack velocity. We also observe formation of secondary microcracks ahead of the moving mother
crack.

PACS numbers: 62.20.Mk, 46.50.+a

I. INTRODUCTION

Brittle fracture is characterized by breaking of atomic
bonds leading to formation of two new materials sur-
faces. Most existing atomistic models of fracture assume
an empirical relationship between bond stretch and force.
However, breaking of bonds in real materials is an ex-
tremely complicated process that could previously only
be captured with sufficient accuracy only by using quan-
tum mechanical (QM) methods, which are limited to 100
atoms. In this paper we present a new theoretical con-
cept based on building a multi-scale simulation model
completely derived from QM principles, while being com-
putationally efficient and capable of treating thousands of
atoms with QM accuracy. This opens a new subdomain
in materials modeling enabling a seamless integration of
chemistry and mechanics.

Fracture of silicon has received tremendous attention
due to its complexity of bond breaking and due to in-
teresting failure dynamics observed experimentally [1–7].
These experimental efforts led to critical insight into de-
formation modes, such as the mirror-mist-hackle transi-
tion and orientational dependence of crack dynamics in
silicon single crystals [6].

Atomistic modeling fracture of silicon has been the
subject of several studies using empirical force fields [8–
11]. In contrast to many metals, where fracture and de-
formation can be described reasonably well using embed-
ded atom (EAM) potentials [12–17], a proper description
of fracture in silicon has proved to be far more difficult,
as many models did not agree with experimental obser-
vations. This suggested that silicon requires a differ-
ent, more accurate treatment of the atomic interactions.
There have been several previous attempts to describe
fracture of silicon using atomistic methods (see, for exam-
ple [4, 8–10, 17–29]). Early attempts to model fracture in
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Si used Tersoff’s classical potential [30] (in the following
referred to as “Tersoff potential”) and similar formula-
tions such as the Stillinger-Weber potential [31]) or the
EDIP potential [32]. Simulations carried out with those
potentials were not able to reproduce experimentally ob-
served brittle fracture of silicon [3]. It has been suggested
that the reason for these discrepancies between computa-
tion and experiment is that the description of the atomic
bonding at large stretch obtained by empirical potentials
deviates significantly from the more accurate, quantum
mechanical solution [3].

It is thus believed that in order to develop models of
crack dynamics in silicon that agree with experimental
observations, the accuracy of QM for atoms near the
propagating crack tip is necessary. This allows to de-
scribe the large, potentially plastic strains as chemical
bonds are broken. This has been successfully demon-
strated in earlier work discussing fracture in silicon, for
example in the MAAD approach [9] by coupling QM re-
gions to empirical potentials. Due to computational lim-
itations of QM methods, the number of atoms treated
with QM accuracy is limited to approximately one hun-
dred atoms. However, the zone near a crack tip in which
bonds are stretched and broken often comprises of several
thousand atoms.

Baskes and coworkers used their modified EAM formu-
lation (MEAM) to describe crack motion in silicon [10]
and to investigate the critical load for fracture initiation
[11]. Even though this model leads to improved results
compared to Tersoff-type potentials, the MEAM formu-
lation cannot describe bond formation and breaking of
silicon with other elements such as oxygen.

Here we present the results for an alternative approach
utilizing the ReaxFF reactive force field developed to re-
produce the barriers and structures for reactive processes
from QM, but at a computational cost many orders
of magnitude smaller. The challenge of modeling the
physics of fracture is that bond breaking processes must
be simulated, while allowing the heat generated to be dis-
sipated properly to the remaining system. At the same


