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Atomistic simulation studies on the effect of pressure on diffusion at the MgO 410Õ†001‡ tilt
grain boundary
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We have used atomistic simulation techniques to examine the effect of pressure on atom transport in the
410/@001# tilt grain boundary of MgO. The approach was to compare the diffusion pathways and migration
energies for cation and anion vacancy migration at 0 and 40 GPa. The effect of pressure was to increase the
migration energies and to increase the preference for vacancies to reside at the boundary rather than at bulk
lattice sites. Furthermore, if present in any significant concentration, the vacancies will be bound and remain
bound during diffusion, which results in the migration energies being similar to those found for diffusion in the
bulk. Hence the results suggest that, as expected, the boundary has higher diffusivities than the bulk but that
this is a result of the larger number of mobile species rather than lower migration energies.
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I. INTRODUCTION

Atomic transport in ceramic polycrystalline solids is ofte
dominated by diffusion at the grain boundaries, and thus
important to study these boundaries, preferably at the ato
level. A great deal of experimental work has been carried
on polycrystalline materials at ambient conditions.1–4 Atkin-
son and co-workers5,6 measured NiO grain boundary diffu
sion and showed that the activation energy for vacancy
gration was significantly lower along the boundary than
single crystal NiO. In contrast, Wuensch and Tuller7 mea-
sured the rates of diffusion of Ni21 in ZnO and found that
although enhancement of the diffusion did occur at the gr
boundary the activation energy for this process was much
same as that for bulk. They attributed the enhanced diffus
to the higher defect concentrations that were found at
boundary. Both of these experiments demonstrate enha
diffusion at the grain boundary; however, they disagree
the mechanism that causes this enhancement. Atom
simulation gives us the opportunity to investigate bo
mechanisms by calculating the activation energy for at
migration and the defect concentrations in both the bulk
at a grain boundary. Furthermore, the use of atomistic si
lation techniques allows different conditions to be inves
gated, such as the effect of pressure on atom migrat
which is difficult to study experimentally. Indeed, there h
been little experimental study of the effect of pressure
diffusion at grain boundaries. Some work does exist for m
als; for example, experiments on indium diffusion in copp
bicrystals showed an increase in the diffusion coeffici
with increasing pressure up to 1 GPa.8 In the area of ceram
ics, Stubican and Carinci9 performed diffusion experiment
on NiO and Fe3O4 at various oxygen pressures up to 1 M
and found that the diffusion coefficient increased with
0163-1829/2001/64~13!/134101~7!/$20.00 64 1341
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creasing pressure. In this work we have considered hig
pressures such as would be found in geophysical proces

We have chosen to use atomistic simulation techniq
that employ potential models to describe the interatom
forces rather than use a full electronic structure calculati
simply because the atomistic approach can treat a m
larger number of atoms. The large simulation cells are n
essary when studying migration along grain boundaries,
one must have confidence in the potential model describ
the interatomic forces. In the case of MgO there is mu
evidence that the models are reliable and this is one of
reasons for choosing MgO as our first system. One rec
example by Harding and Noguera10 showed that the calcu
lated structure and energy of a~100! twist grain boundary in
MgO from atomistic and electronic structure techniques w
virtually identical. Although there has been a good body
atomistic simulation work on bulk minerals there has be
considerably less on diffusion at oxide or mineral gra
boundaries. Duffy and Tasker11 used atomistic simulation to
calculate the activation energy for cation vacancy hopping
the $310%/@001# symmetric tilt grain boundary of NiO and
found that the activation energy was lower than that for bu
A similar result was found by Meyeret al.12 using molecular
dynamics. We have previously investigated the self-diffus
pathways in the MgO$410%/@001# grain boundary at 0 GPa,13

the details of which will be discussed later.
In this paper we present the results of atomistic simu

tions to calculate the effect of pressure upon the diffus
pathways and migration energies of vacancies at the$410%/
@001# tilt grain boundary of MgO. MgO was chosen becau
it is a simple face-centered cubic crystal and, as noted ab
has a reliable potential model. Furthermore, the effect
pressure was modeled by comparing the activation ener
for diffusion at 0 GPa with the activation energies at 40 GP
This high pressure was chosen so that the effects of pres
©2001 The American Physical Society01-1
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HARRIS, WATSON, AND PARKER PHYSICAL REVIEW B64 134101
could be clearly seen and, as MgO is a significant compon
of the lower mantle that can experience these pressures
results have relevance to those studying transport proce
in the lower mantle. The grain boundary is formed by t
rotation of two blocks of bulk MgO crystal about the@001#
axis. Surfaces are created from each block, and when t
are joined together they form a series of dislocation pipe
the boundary@Fig. 1~a!#. The boundary was chosen so th
we could compare the results with those previously obtai
from simulations performed on the boundary when no pr
sure is applied. We have previously shown14 that the$410%
tilt boundary of MgO undergoes a structural transition
high pressure to form a more compact structure@Fig. 1~b!#
that may significantly affect the diffusion process. Furth

FIG. 1. Relaxed structure of the$410%/@001# tilt grain boundary
of MgO at ~a! 0 GPa and~b! 40 GPa showing how the dislocatio
pipes collapse with pressure. The letters indicate unique vaca
sites along the boundary.
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work has shown that this compressed structure is stable u
approximately 60 GPa before a further structural transit
occurs.15

II. COMPUTATIONAL METHODS

We generated the grain boundary simulation cell by c
ating a unit cell from the two oriented blocks that formed t
interface. First the two blocks of crystal, one terminating
~410! surface and the other expressing the~41̄0! surface were
brought together. The unit cell was created by repeating
two oriented blocks in three dimensions leading to a simu
tion cell containing two grain boundaries, one in the cen
of the unit cell and the second at the point where two ce
meet~Fig. 2!. The cell contained 960 atoms to make it lar
enough to minimize interactions between the boundaries.
ergy minimization calculations were performed to calcula
the energies of forming oxygen and magnesium vacan
both in the boundary and in bulk MgO and to provide sta
ing configurations for our simulations.

The computer simulations are based on the Born mode
ionic solids in which the forces between the ions are m
eled by summation of pairwise interatomic potentials. In t
study we have used the potential model of Lewis a
Catlow16 that includes Coulombic and short range intera
tions. Normally this type of potential model also includes t
shell model17 to simulate the electronic polarizability of th
ions. However, we have removed the shells and conside
only rigid ions because of the large amount of computer ti
required for this study. A formal estimate of the error resu
ing from the use of the rigid ion approximation is difficult t
quantify. However, one approach is to compare the ca
lated vacancy formation energies at the grain boundary u
rigid ion and shell models. The use of the rigid ion appro
mation does cause the formation energies to be over

cy

FIG. 2. Schematic diagram of the construction of a thre
dimensional periodic unit cell containing a grain boundary.
1-2
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TABLE I. Cation partial Schottky energies~PSE! for the $410% tilt grain boundary of MgO at 40 GPa and 0 GPa data~Harriset al.,Ref.
13! and the energies relative to the bulk formation energy. A negative energy corresponds to a preference in forming a vacancy r
the bulk.

Partial Schottky energy~eV! PSE relative to bulk vacancy~eV!

Vacancy position~type! 0 GPa 40 GPa 0 GPa 40 GPa

A ~Mg! 3.53 2.43 -0.63 -2.49
B ~Mg! 4.11 3.67 -0.05 -1.25
C ~Mg! 4.21 4.73 10.05 -0.19
D ~Mg! 3.69 2.43 -0.47 -2.49
E ~Mg! 4.99 5.32 10.83 10.40
Bulk ~Mg! 4.16 4.92 - -

A ~O! 3.97 3.08 -0.65 -2.39
B ~O! 4.44 4.16 -0.18 -1.31
C ~O! 4.59 5.23 -0.03 -0.24
D ~O! 4.05 3.08 -0.57 -2.39
E ~O! 5.34 5.80 10.72 10.33
Bulk ~O! 4.62 5.47 - -
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mated by a few tenths of an eV compared to the shell mo
but does not change the relative stabilities of the site13

Hence, there should not be any significant differences
tween the two models. Furthermore, we are considering
gration energies, which are relative energies, and so
likely that a large part of the error is cancelled, at least in
case of MgO.

The energies required to form the vacancies were ca
lated using both energy minimization and traditional mole
lar dynamics~MD!. The MD approach directly solves New
ton’s laws of motion over a finite time span for a periodica
repeating box of ions. The Nose´-Hoover constant tempera
ture method18,19 places the cell in contact with a heat bat
allowing energy to transfer into or out of the cell ensuri
that a constant temperature ensemble is obtained. Initially
ions are assigned random velocities such that the sys
starts out with the desired simulation temperature. The M
proceeds by using the forces calculated from a poten
model to update the velocity and position of the ions
solving Newton’s laws of motion numerically, in our cas
using a fifth-order predict corrector method due to Gear.20

The energetics associated with diffusion can then
evaluated. There are two components: the first is the en
to form the defect and the second is the migration or act
tion energy. However, the difficulty in using traditional M
to model diffusion in oxides is that the migration energies
ion migration are often much greater that the thermal ene
available. Thus, very high temperatures or extremely lo
run times must be used to calculate migration energies
diffusion pathways of the slower moving species as dem
strated by Meyeret al.12 Often the temperature employed
close to the melting point of the material. To overcome t
problem we modified our MD code21,22 to calculate diffusion
pathways and migration energies directly.13

The approach was to place a single vacancy into a si
lation cell of 960 ions that had previously been obtain
from a MD run at 40 GPa within the isothermal, isoba
ensemble (NPT). A small force was added to the moving io
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each step to ensure that the net force on the moving
always contained a small component in the direction of
vacancy. This caused it to move slowly towards the vaca
whilst allowing motion perpendicular to the direction of di
fusion. This is essential because both Duffy and Tasker11 in
NiO and Vocadloet al.24 in bulk MgO showed that the mi-
gration path was not always linear between the two latt
sites. A counter force of equal magnitude but in the oppo
direction was added to the remaining ions to ensure the
had no net translational momentum. In addition, the volu
was kept constant at the volume obtained from the MD sim
lation obtained underNPT conditions, and the velocities o
the ions were scaled each step to ensure that no net en
was added to the system from the applied forces. The t
perature was set at 10 K to allow the rest of the crysta
relax as the ion moved from one site to another.

III. RESULTS

The calculated$410% tilt grain boundary has a structur
consisting of a series of dislocation pipes. Several sites
available for vacancy formation at the boundary, as shown
Fig. 1~b! whereL andR are used to distinguish similar site
to the left and right of the boundary. It should be noted th
positionsA andA8 on the figure legend are equivalent site
Since we are interested in comparing the energies of form
single vacancies, we have defined the ‘‘partial Schottky
ergy’’ as the energy to remove a single ion and place int
bulk lattice site. Although the partial Schottky energies a
not measurable experimentally they are useful for compa
relative site stabilities. Table I lists the calculated part
Schottky energies for sites at the grain boundary, labele
Fig. 1~b!, at 40 GPa and compares them to the energies
culated previously at 0 GPa.13 The relative energies show
that the vacancy becomes more stable at the boundary c
pared to the bulk for each vacancy site as the pressur
1-3



e
ne

ed
ha
c

la
y
es

at
re

u

bl
d
th
-
ud
v

-

e
.
d

es a
by

K.
the
ug-

the
ile
t of
ext

he
he
mi-

alues

dy-
nd
of

va-
n-

y
n
n

HARRIS, WATSON, AND PARKER PHYSICAL REVIEW B64 134101
increased. This causes siteC, which was less stable than th
bulk at 0 GPa, to become more stable. Site E still remai
the least stable site.

The A and D sites were the most energetically preferr
sites for vacancies with a partial Schottky energy of less t
half of that of the bulk. Examination of the boundary stru
ture after relaxation with a vacancy at either the A orD sites
revealed them to be identical. The reason was that the re
ation caused the ion at the site not containing the vacanc
be moved into an interstitial position between the two sit
thus giving rise to the identical structures~Fig. 3!. A similar
effect did not occur for the boundary at 0 GPa because
GPa the sites,A andD, are quite distant but at high pressu
the more compact boundary structure results in sitesA andD
being brought closer together. Moreover, in the 0 GPa sim
lation the central position between sitesA and D was at an
energy maximum and not an energy minimum.

The lowering of the defect energies for the most sta
site suggests that the concentration of defects at the boun
will increase relative to the 0 GPa case. We followed
work of Duffy and Tasker25 to calculate relative concentra
tions of vacancies at the boundary relative to the bulk incl
ing a treatment of the space charge in the region of the
cancies.

For a bulk crystal withN available sites for vacancy for
mation, the number of bulk sites occupied (n0) is given by

n0

N
5expF2S FMg1FO

2kT D G ~1!

FIG. 3. Structure of the$410% boundary at 40 GPa. The vacanc
sites ofD andA8 are highlighted. The ion in the interstitial positio
between these sites is the energetically most favorable positio
the ion, rather than in one of the vacant sites.
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whereFMg and FO are the partial Schottky energies in th
bulk, k is the Boltzmann constant, andT is the temperature
For the boundary withNb sites, the fraction of sites occupie
(nb) is given by

nb

Nb
5S n0

N DexpF2S FI
Mg1FI

O

2kT D G~11d! ~2!

whereFI
Mg5FB

Mg2FMg andFI
O5FB

O2FO (FB
Mg andFB

O are
the boundary partial Schottky energies! andd is given by

d5

F2k21S nb

Nb
DexpS FI

Mg

2kTD sinhS FI
Mg2FI

O

4kT D G
F11k21S nb

Nb
DexpS FI

Mg1FI
O

2kT D coshS FI
Mg2FI

O

4kT D G ,

~3!

where the screening lengthk21 is given by

k215S e0ekT

2e2n0
D 1/2

, ~4!

wheree0 is the permittivity of a vacuum,e is the permittivity
of the material, ande is the electronic charge.

Bulk MgO has 5.431028 m23 available sites,N, and for
the boundary we are consideringNb to be 2.731018 m22.
The use of the space charge equation noted above giv
ratio for the fraction of boundary to bulk sites occupied
vacancies at 1500 K and 40 GPa pressure of 4.33107, which
can be compared to 11.4 calculated for 0 GPa at 1500
Thus the effect of pressure is shown clearly to increase
vacancy concentrations at the boundary. We therefore s
gest at these high pressures there is apparently a 1062107

enhancement in grain boundary migration relative to
bulk, simply from the relative increase in numbers of mob
species. However, we need also to examine the effec
pressure on migration energy, which is discussed in the n
section.

A. Diffusion path for isolated vacancies

Initially the modified MD code was used to evaluate t
migration energy of single vacancies in the bulk crystal. T
calculated energies for magnesium and oxygen vacancy
gration were 2.6860.1 eV and 2.5860.1 eV, respectively,
at 40 GPa and as expected are greater than the 0 GPa v
of 1.9460.1 eV and 2.1260.1 eV, simply due to the 9%
reduction of the lattice parameter. Vocadloet al.24 also cal-
culated the migration energy at 0 GPa, but using lattice
namics rather than MD. They obtained values of 1.99 a
2.00 eV, respectively, which agree within the uncertainties
the results. Note that the migration energy for oxygen
cancy migration is lower than for magnesium migration, u

of
1-4
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ATOMISTIC SIMULATION STUDIES ON THE EFFECT . . . PHYSICAL REVIEW B 64 134101
like at 0 GPa. The ion followed a linear pathway between
starting and finishing sites, as shown in Fig. 4~a!. The energy
plot for magnesium is given in Fig. 4~b!.

The diffusion pathways and migration energies were th
considered for the 40 GPa grain boundary. The migrat
energies and directions of travel for magnesium vacan
are given in Fig. 5~a! for 40 GPa compared to the 0 GP
values in Fig. 5~b!. Two types of diffusion are discussed
the following sections, along the grain boundary and do
the dislocation pipe. Again oxygen vacancy migration en
gies were generally slightly lower than those for magnesi
at high pressure although the energies were strongly co
lated. Thus in the following sections we will focus on ma
nesium vacancy migration as this is calculated to be
slowest migrating species and hence the most relevan
creep processes.

B. Diffusion between the dislocation pipes

Diffusion along the boundary was defined as migrat
from one dislocation pipe to an adjacent one whilst rema
ing on one side of the boundary, e.g.,A to A8. For diffusion
between sitesA, B, C, and D the moving ion exhibited a
curved trajectory that took the ion slightly into the bulk cry

FIG. 4. ~a! Schematic diagram of the diffusion pathway and~b!
energy profile for vacancy migration in bulk MgO at 40 GPa, givi
a guide to the magnitude in the energy fluctuations as the ion
grates to an adjacent vacant site.
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tal and away from the boundary. For example, between s
C andD, the moving ion was displaced approximately 0.3
perpendicular to the main direction of travel. This may be
result of the boundary layer compressing more than the b
The effect of pressure caused theC sites on either side of the
boundary to draw together upon compression whilst the b
remained relatively static, leaving an enlarged space on
bulk side of the boundary ions for the ions to migrate. T
rate-determining step for migration between the dislocat
pipes was for magnesium between sitesD and C with an
energy of 3.8260.1 eV. In comparison, at 0 GPa the rat
determining step was between sitesD andE with an migra-
tion energy of 2.2960.1 eV for magnesium and oxygen. A
40 GPa the energies of diffusion to the unstableE site were
high; however, as previously described, a vacancy initially
the D position was stabilized by the movement of the ion
A8 to a point between the two sites. This means that dif
sion would bypass theE site. In contrast to that at 0 GP
where the more open structure of the boundary prevents
and the vacancy would become bound at siteD.

i-

FIG. 5. The migration energies for vacancy migration of ma
nesium at~a! 40 GPa and~b! 0 GPa~taken from Ref. 13!.
1-5
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HARRIS, WATSON, AND PARKER PHYSICAL REVIEW B64 134101
C. Diffusion down the dislocation pipes

Diffusion down the boundary was defined as migrati
within a single dislocation pipe and occurs when the
crosses the boundary to the opposite face, e.g.,AL to AR or
BL to BR . The routeAL to AR was the preferred with a
migration energy of 1.5560.1 eV for magnesium vacanc
migration compared to the bulk value of 2.6860.1 eV. At 0
GPa the migration energy for magnesium vacancy migra
was 1.0560.1 eV compared to 1.9460.1 eV for bulk. The
moving ion did not significantly enter the dislocation core f
this diffusion pathway.

One interesting point concerned diffusion down t
boundary between sitesB and C, which can proceed eithe
along one side of the dislocation or it can hop from one s
of the boundary to other. At low pressures movement acr
the boundary is unlikely because of the distance and en
barrier. But at high pressures the collapse of the grain bou
ary now makes transport from one side of the boundary
the other the preferred pathway at high pressure. Altho
only speculation at this stage, it may have consequence
grain growth via movement of the boundary.

The migration energies for diffusion down the cores we
0.12 eV lower than those for diffusion between the cores
both cases diffusion away from theC site is preferred to
diffusion to this site. As noted earlier, an ion traveling b
tween the pipes from siteBL to CL followed a curved trajec-
tory that takes it slightly into the bulk. In contrast, an io
traveling down the pipes from siteBL to CR followed a lin-
ear route. This ion traveled a shorter distance and thus c
contribute to a higher diffusion coefficient.

D. The concentration and mobility of bound defects

The calculations presented suggest that the enhanced
fusion rates at the grain boundary are a result of the lo
migration energies and increased free vacancy conce
tions. This agrees with the suggestion by Meyer et al.12 who
performed a MD study in the$310%/@001# NiO tilt grain
boundary under ambient pressures. The similar energie
formation of the magnesium and oxygen vacancies sug
that there will be equal concentrations of cation and an
vacancies at the boundary. This coupled with the low form
tion energy relative to the bulk means that there is a gre
likelihood that bound vacancies will occur at high pressu
We have therefore calculated the relative concentration
bound pairs at the boundary relative to isolated vacancie
the bulk using the method described earlier. The Scho
defect energies for a bound pair at site A in the bound
were calculated as 0.19 eV at 40 GPa, compared to 5.49
at 0 GPa. This resulted in a boundary to bulk defect conc
tration ratio of 2.5731015 at 40 GPa compared with 6.3
3105 at 0 GPa, much higher than those calculated for i
lated vacancies at the boundary. The binding energies o
vacancy pairs in our calculation are high, 4.83 eV, sugges
that the vacancies would prefer to remain bound. Thus un
high pressures, for example, those experienced in the Ea
mantle, the defect concentration will be high and the ra
determining step for a vacancy migrating along the bound
may be the separation of the bound pair. We performed
13410
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culations to evaluate the migration energy of one vacanc
a bound pair moving along the route fromAL to AR to the
next-nearest-neighbor position. The simulations showed
when an ion was forced to move to an adjacent vacant
the neighboring oppositely charged ion moved with it, resu
ing in the vacancies remaining bound during the diffusi
process. The migration energy for the ion pair move w
calculated to be 2.4960.1 eV compared to 2.6860.1 eV
for bulk magnesium single-vacancy migration and 2.
60.1 eV for bulk oxygen single-vacancy migration. At
GPa the migration energy for single magnesium and oxy
vacancy migration down the dislocation pipe is 2.
60.1 eV. Although the vacancies do not migrate as a bo
pair under ambient pressures, the presence of a nearby o
sitely charged vacancy does modify the migration ener
The effect is to increase the migration energy so that it
proaches that of the bulk, i.e., 1.8760.1 eV compared to the
bulk values of 1.9460.1 eV. Thus the simulations predic
that at higher pressures the major diffusing species along
boundary will be the charge neutral vacancy pairs.

IV. CONCLUSIONS

The effect of pressure on the defect partial Schottky
ergies and vacancy migration pathways has been calcul
for MgO. At high pressure magnesium rather than oxyg
vacancies have the highest migration energies, in contra
the case at ambient pressures. Given the potential error
sociated with using the rigid ion potential, small changes
the activation energies should not be overinterpreted. H
ever, the change in the relative migration energies of oxy
and magnesium with pressure does seem to be a smal
real effect. The reason is related to the difference in volu
of the defect activated state compared to the volume of
defect on a lattice site; thus the defect with the largest
ference in volume will have to do more work to migrate. T
crossover occurs because the stability and defect volum
magnesium and oxygen vacancies vary differently w
pressure.23

We found that thermally generated vacancy concen
tions were higher at the boundary than within the bulk a
that this relative concentration increased as the pressure
increased due to the vacancy sites in the boundary becom
even more stable relative to the bulk. At high pressure
vacancy at the lowest energy site caused the formation
structure in which a neighboring ion moved to a positi
midway between the two sites allowing a short-circuit f
diffusion.

Diffusion for isolated magnesium and oxygen vacan
hopping down dislocation pipes forming the grain bounda
was found to have a lower migration energy than that
bulk diffusion. However, the low boundary vacancy energ
suggest that there will be high vacancy concentrations at
boundary and that they will be bound. Pressure increases
concentration and likelihood of bound vacancies. At 40 G
these vacancies remained bound during diffusion resultin
a migration energy that was similar to that of bulk. The lo
1-6
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vacancy energies also suggest that the boundary would
barrier to diffusion through bulk material since the segre
tion energy would favor vacancies remaining at the bou
ary. Diffusion would thus occur preferentially along th
boundary.

Finally, in the future we intend to consider the effect
impurities, which may have an impact on the diffusion pr
o

e

m

13410
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cess and consider the diffusion processes in other mate
for example, the mantle-forming silicate phases.
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