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ABSTRACT

Atomistic simulations using lattice and molecular dynamics were carried out on the
{210}, {310}, and {410} tilt grain boundaries of MgO as a function of pressure up to 100
GPa at a single temperature of 600 K. The calculations show a significant change in the
structure of the tilt grain boundaries as pressure increases. The results show that, beyond
the previously identified reversible pressure induced collapse of the channel structure, an
irreversible shear was identified that forms a mirror grain boundary, which does not possess
well-defined dislocation cores and is consequently denser. These mirror boundaries are
energetically more favorable than the symmetric boundaries at elevated pressures. As ap-
plied pressure approaches 100 GPa a reversible structural transition occurs causing the
boundaries to shear perpendicular to the boundary plane forming highly dense structures
that contained seven coordinate ions at the boundary and the presence of an edge dislo-
cation-like structure. We suggest that differences between the boundary structures seen in
the HREM studies with those predicted by simulations may result from stresses upon the
crystal during preparation causing irreversible shearing.

INTRODUCTION

One of our ultimate goals is to model the behavior of
rocks at elevated pressures and temperatures, which to a
great extent depend on the properties of the grain bound-
aries, such as strength (Kingery 1974) and creep (Poirier
1985). We have begun by considering MgO, which is a
simple model material and is believed to be a significant
component of the lower mantle (Katsura 1997). The
structure of grain boundaries in NiO, isostructural with
MgO, was characterized in experimental studies using
high-resolution electron microscopy by Merkle and Smith
(1987a, 1987b) and Merkle (1994), who proposed a struc-
ture for the boundary that was dissimilar to the structures
previously suggested by simulations (Duffy and Tasker
1983; Harding et al. 1989).

Computer simulation techniques were used extensively
for modeling the effect of pressure on mineral structures,
properties, and phase stabilities (Parker 1983; Parker and
Price 1989; Matsui and Price 1992; Watson and Parker
1995; Watson et al. 1997). More recently, ab initio meth-
ods were used for mineral structure predictions (Brodholt
et al. 1996; Darco et al. 1996). However the effect of
pressure on grain boundaries has not been simulated, in
part because of the many atoms required for ab initio
methods. For this reason atomistic simulation methods
were used in this work.

In previous work (Harris et al. 1996), we considered
the effect of pressure up to 40 GPa upon the symmetric
tilt grain boundaries of MgO. The calculations showed
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that the boundaries underwent a structural transition
where the channels forming the boundary collapsed to
form a denser structure. This process was found to be
reversible upon releasing pressure although a small en-
ergy was required to initiate the reversal for the higher
index boundaries due to the increase in bond density
across the boundary. This paper describes the effect of
higher pressures that more closely match those of the
lower mantle, focusing on the structures of the {210},
{310}, and {410} tilt grain boundaries of MgO. The pre-
vious calculations showed that temperature had little ef-
fect upon the boundary properties thus only one temper-
ature, 600 K, is studied.

METHODS

Atomistic simulation techniques based on the Born
model of solids use interatomic potentials comprising
long-range electrostatic and short-range interactions to
describe the forces between the ions. The long-range
Coulombic interactions converge slowly as a function of
increasing ion separation that is overcome using the
mathematical transformation of Ewald (1921) is used.
The short-range forces were described using a Bucking-
ham potential of the form

2r Cij ijV(r ) 5 A exp 2 (1)ij ij 61 2r rij ij

where Aij, rij, and Cij are the adjustable parameters and rij

is the inter-ionic separation between ions i and j.
In this work, the potential model of Sangster and

Stoneham (1981) was used to model the forces acting
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between the ions. This potential uses valence charges and
incorporates the shell model of Dick and Overhauser
(1958) to simulate the electronic polarisability of the ions.
The potential model was obtained by adjusting the poten-
tial parameters until the calculated properties closely
matched those measured experimentally. The experimen-
tal data included structure, elastic constants, dielectric
constants, and the phonon frequencies given in Sangster
et al. (1970). The simulation cells containing the three tilt
grain boundaries were generated by first considering the
two surfaces, i.e., (1) the (210) and (210), (2) the (310)
and (310), and (3) (410) and (410) and moving one rel-
ative to the other (allowing the ions to fully relax) until
the minimum energy grain boundary structure was locat-
ed. We next generated a simulation cell, which was pe-
riodic in three dimensions by including two grain bound-
aries, pointing in opposing directions where the atom
coordinates at the boundary were those found using the
earlier energy minimization. Thus the simulation cell con-
tained two boundaries each separated by bulk crystal. We
then modeled the boundaries using two methods, namely
lattice dynamics (LD) and molecular dynamics (MD).

The LD method that is embodied in the computer code
PARAPOCS (Parker and Price 1989; Watson et al. 1997)
minimizes the crystal structure with respect to the Gibbs
free energy that is given by

G 5 Ustat 1 Uvib 2 TSvib 1 PappV (2)

where Ustat is the lattice energy, Uvib is the vibrational
energy contribution including the zero point energy, T is
the temperature, Svib is the vibrational entropy, Papp is the
applied pressure, and V is the volume. The thermal con-
tribution to the free energy was calculated from the nor-
mal modes of vibration of the solid by sampling several
points in the Brillouin zone using the approach described
by Born and Huang (1954); the number of points chosen
for sampling depends upon the temperature and the size
of the cell. As the cells required for this work were large,
240 atoms for the {210}, 264 for the {310}, and 360 for
the {410} boundaries, only one point at (¼,¼,¼) in the
Brillouin zone was used although test calculations with
eight points gave almost identical results. Thus, to predict
structures at high pressure the total pressure, which is
defined as the sum of the kinetic, mechanical, and applied
pressures, is minimized with respect to volume.

The MD method used the code QCTPMD (Matsui
1989; Watson et al. 1995) which was used to perform
simulations within the isobaric, isothermal ensemble
(NPT). The forces between ions were calculated in the
same way as LD using the interatomic potentials, allow-
ing the solution of Newton’s Laws of Motion numerically
over a finite time period for a simulation cell containing
N ions. In the case of the {210} boundary the simulation
cells contained 896 ions, 1440 for the {310} and {960}
for the {410}. Periodic boundary conditions were applied
to the cell to create an infinitely repeating system thus
eliminating surface effects. Initial positions and velocities
were assigned to each ion such that the ions start at their

energy minimum positions with an velocity correspond-
ing to the required temperature ensuring that the total
momentum of the cell was zero. The positions of the ions
at a given time step are calculated using a fifth order
predictor-corrector method due to Gear (1971). The sim-
ulations were performed with the isothermal isobaric en-
semble employing the Nosé-Hoover constant temperature
method (Hoover 1985; Nosé 1984, 1990) which places
the cell in contact with a heat bath allowing energy to
transfer into or out of the cell, and the constant pressure
method of Parrinello and Rahman (1981) that allows a
dynamical change in both the lattice vectors and angles
with time. Scaling runs of 5 ps were carried out to ensure
that the cell has reached the correct pressure and temper-
ature before data collection runs of 10 ps were carried
out. The runs were extended by a further 10 ps if this
was deemed necessary. For these calculations the MD
calculations were used to examine structural transitions
at the grain boundaries.

RESULTS AND DISCUSSIONS

Symmetric boundaries

Symmetric boundaries are so called because the lattice
positions are mirrored about the grain boundary plane in
the unrelaxed structure. The {210}, {310}, and {410} tilt
grain boundaries are also described by the notation: S 5
5, S 5 5, and S 5 17 where the angles between the
boundaries are 53.1, 36.9, and 28.1 degrees, respectively.
Our previous calculations (Harris et al. 1996) considered
low pressures on the {210}, {310}, and {410} grain
boundaries. In addition, zone center phonon calculations
were performed for each pressure; an important result of
this calculation was that an imaginary phonon frequency
was calculated for the {210} boundary in the [001] di-
rection at pressures above 17 GPa. This is caused by an
instability in the vibrational mode and suggests that a
structural transformation can occur to lower the free en-
ergy. Calculations on the {310} and {410} symmetric
boundaries also showed the presence of imaginary modes
at higher pressures, at 48 GPa for the {310} and 64 GPa
for the {410} boundary. A plot of the phonon dispersion
curve for the {310} boundary at 46 GPa, just before the
mode becomes imaginary (Fig. 1) showed that a soft
mode extends across the whole Brillouin zone perpendic-
ular to the boundary plane in the [001] direction. This
suggests the presence of a shear because the phase in-
dependence in this direction implies that the boundaries
are moving independently. Animation of this imaginary
mode for the {310} showed that the boundary sheared
about the [001] axis as is illustrated for the {310} bound-
ary in Figure 2 by showing the boundary and the ex-
tremes of the vibrational mode. A similar shear was cal-
culated for the {210} and {410} boundaries and the result
of increasing pressure before the onset of the shear is
simply related to the increasing density of crosslinking
interactions per unit area with increasing index.

To determine the structures formed by the boundaries
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FIGURE 1. Phonon dispersion curve for the {310} tilt grain
boundary in the [001] direction showing the softening phonon
mode.

FIGURE 3. Minimized structures of the {310} asymmetric tilt
grain boundary of MgO at 0 GPa and 600 K viewed down the
[001] direction. Large circles 5 O atoms. Small circles 5 Mg
atoms.

FIGURE 2. Snapshots of the imaginary mode in the {310} symmetric tilt grain boundary of MgO (a) distorted in one direction
by the mode, (b) central position, and (c) distortion at the other extreme where the larger shaded circles are O atoms. Shows the
shearing motion of the boundary.

shearing, MD simulations were performed on the {210},
{310}, and {410} symmetric tilt grain boundaries at the
pressures where the imaginary modes were calculated to
occur from LD. In each case the boundary sheared during
the scaling run and formed a new structure. The new
structures were run at ambient pressures. The {310} (Fig.
3) was very similar to the asymmetric boundary sug-
gested for NiO, isostructural with MgO, by Harding et al.

(1989). Although the structure of this boundary looks like
a perfect mirror, we have termed it asymmetric so it is
clear that we are describing the boundary first identified
by Harding et al. (1989). Similar structures were calcu-
lated for the {210} and {410} boundaries with the trans-
formation found to be irreversible on release of pressure.

Asymmetric boundaries

Because the symmetric boundaries sheared to give
asymmetric boundaries we modeled the {210}, {310},
and {410} asymmetric boundaries at pressures ranging
from 0 GPa to 100 GPa at 600 K. The formation free
energies, lattice energies, and PV terms are plotted for
each of the grain boundaries in Figure 4. In each case the
free energy increased with increasing pressure however
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FIGURE 4. The energies of formation for (a) the (210), (b) the {310}, and (c) the {410} asymmetric tilt boundaries as a function
of pressure at 600 K. Squares 5 PV; hourglasses 5 the static lattice energy; and triangles 5 the Gibbs Free energy. Shaded regions
show where imaginary frequencies were calculated.

FIGURE 5. The minimized structures of the {310} asymmet-
ric tilt grain boundary at 100 GPa and 600 K viewed down the
[001] direction. Large circles 5 O atoms. Small circles 5 Mg
atoms.

TABLE 1. Formation Gibbs free energies as a function of
pressure

Pressure
(GPa)

{210}

Sym Asym

{310}

Sym Asym

{410}

Sym Asym

0
10
20
40

1.53
2.50
3.35

–

–
2.53
2.93
3.55

1.71
2.79
3.52
4.20

2.08
2.66
3.10
3.78

1.78
2.76
3.43
4.03

2.25
2.75
3.21
3.90

50
60
80

100

–
–
–
–

3.80
4.04
3.92
3.93

4.81
5.84

–
–

4.06
4.32
4.74
4.54

4.59
5.55

–
–

4.17
4.42
4.80
4.91

the rate of change of energy was lower than that found
previously for the symmetric tilt boundaries. This was
primarily due to the formation PV term, which for sym-
metric boundaries increased at a greater rate due to the
larger dilation (the difference in volume between the
grain boundary and the bulk per unit area of the bound-
ary) resulting from the channels. As the pressure in-
creased above 40 GPa, a reduction in the dilation due to
compression of the free space at the boundaries (Fig. 3)
caused the rate of change of the PV term for the asym-
metric boundaries to decrease. The difference in the rate
of change of free energy results in the asymmetric bound-
aries becoming more stable than the symmetric bound-
aries at high pressures. Comparison with the free energies
of the symmetric boundaries showed that this occurred at
approximately 10 to 20 GPa (Table 1). For example, the
{310} symmetric boundary, which was 0.37 J/m2 more
stable than the asymmetric boundary at 0 GPa, was 0.42
J/m2 less stable at 20 GPa.

In each of the three asymmetric boundaries studied
there was a discontinuity in the lattice energy and PV
term at 70, 80, and 82 GPa for the {210}, {310}, and
{410}, respectively, leading to a reduction in the free en-
ergy. Examination of the phonon frequencies for each
boundary revealed that as the pressure increased toward
the point at which the discontinuity occurred one mode
softened across the whole Brillouin zone, for example,
the frequency in the {210} became imaginary at 70 GPa.

In each case, after the discontinuity the phonon frequency
increased again. The formation PV term for each bound-
ary decreased sharply and became negative at approxi-
mately 100 GPa (Fig. 4) suggesting that the boundary
was denser than the bulk. Examination of the 100 GPa
structures revealed that a second shear had occurred, this
time in the plane perpendicular to the boundary, leading
to a very compact boundary that produced negative
formation dilations. The structure {310} is shown in Fig-
ure 5.

The density of the boundary region can be seen to be
close to that of the bulk with bonding along the full length
of the boundaries and in an increased coordination of
some of the boundary ions. For example, the {210}
boundary at 100 GPa the structure contains sevenfold-
coordinated magnesium and oxygen ions. The effect of
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FIGURE 6. Side view of the minimized structure of the {310}
asymmetric tilt grain boundary of MgO at 100 GPa and 600 K
viewed down the grain boundary and showing the spiral dislo-
cation structure along the [001] direction. Large circles 5 O at-
oms. Small circles 5 Mg atoms.

FIGURE 7. The energies of formation for (a) the (210), (b) the {310}, and (c) the {410} asymmetric tilt boundaries as a function
of pressure at 600 K. United Kingdom Atomic Energy Authority.

the shear is to generate a structure similar to a screw
dislocation at the boundary. The planes of MgO are offset
either side of the boundary and the triangular spiral of
bonds running up through the center of the boundary in
the [001] direction (Fig. 6). Similar structures were pre-
dicted for the other boundaries modeled.

The reversibility of these phase transitions was illus-
trated by using LD to reduce the pressure in stages back
to 0 GPa. The Gibbs free energy, PV term, and lattice
energy were plotted as a function of pressure in Figure
7. All data is given for completeness, although shaded
regions on the graph are pressures where imaginary fre-
quencies were found and thus the free energy cannot be
defined properly. We have arbitrarily chosen to ignore
imaginary frequencies from the calculation in these
regions.

For both the {210} and {310} boundaries the structural
transition was found to remain irreversible until pressures
below the pressure at which the transition originally oc-
curred. For example, the high pressure structure of the
{210} boundary formed at approximately 80 GPa re-

mained stable until the pressure was reduced to approx-
imately 50 GPa. At this pressure the boundary reverted
back to its original asymmetric structure as illustrated by
the identical formation energies for structures before and
after the transition had occurred at pressures below 50
GPa. Similarly, the high-pressure form of the {310}
boundary remained stable until the pressure was below
80 GPa. However, the new structure was not dynamically
stable and imaginary phonon frequencies were calculated
for these boundaries. This suggests that the phase tran-
sition had not completely returned to the original struc-
ture upon the release of pressure to 10 GPa but instead
formed a structure midway between the initial and high-
pressure boundaries. The {410} boundary was found to
be fully reversible upon release of pressure with the struc-
ture reverting back to the asymmetric boundary at the
same pressure at which the original transformation was
observed. However, on releasing the pressure to 0 GPa
the structure was different from the initial 0 GPa structure
and still retained an imaginary phonon frequency.

The observation of the asymmetric boundary is inter-
esting when compared to previous studies on NiO. Duffy
and Tasker (1983) and Harding et al. (1989) both pre-
dicted using atomistic simulation that the symmetric
boundary was more stable that the asymmetric. In con-
trast, HREM experiments by Merkle and Smith (1987a,
1987b) and Merkle (1994) indicated that the structure was
nearer to that predicted for the unstable asymmetric
boundary (Harding 1989). Our simulations show that the
asymmetric boundary becomes more stable at high pres-
sure and that the transformation is not reversible on re-
lease of pressure, and may also help explain why this
asymmetric structure is accessible to experiment. If the
preparation conditions of the boundary (Merkle and
Smith 1987b) were such that the required stresses were
induced to allow the formation of the asymmetric bound-
ary, the structure would then be locked in due to the
irreversibility of the transformation.
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