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Abstract
The properties of [001] symmetric tilt grain boundaries (STGBs) in magnesium oxide are investigated systematically with 
atomic-scale simulations. Their formation energies, atomic structures, and excess volumes are computed. STGBs are found 
to prefer a symmetric configuration, except for tilt angles larger than 67.4°, where the decomposition of the STGBs into 
½[110] dislocations is preferred. Then, the effects of pressure are investigated from 30 up to 120 GPa, a pressure range rel-
evant to the Earth’s lower mantle. Pressure is found to change the atomic configuration of all investigated GBs, sometimes 
several times as pressure increases. We also find that these changes are irreversible, the GBs retaining their high-pressure 
configuration even after pressure is released. Implications for the deformation of ferropericlase in the conditions of the 
Earth’s lower mantle are discussed.
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Introduction

Magnesium oxide (MgO) is a ceramic compound known for 
its ductility, enhanced by the high mobility of dislocations 
(Tromas et al. 1999). In the interior of the Earth, iron-bear-
ing MgO (i.e., ferropericlase) is considered to be the second 
most abundant phase of the Earth’s lower mantle (Ringwood 
1991). Many studies have strengthened our understanding 
of intra-crystalline plasticity of MgO (Appel et al. 1977; 
Tromas et al. 1999; Amodeo et al. 2011). In polycrystalline 
aggregates, the properties of grain boundaries (GBs) are 
critical to the understanding of the mechanical behaviour. 
In the laboratory, deformation of aggregates of bridgmanite 
and ferropericlase has shown that the former, which is the 
weaker, localises the strain leading to grain elongation and 
fragmentation (Girard et al. 2015; Nzogang 2018), i.e., in an 
increase of the GB fraction. In a high-temperature regime, 
GBs are expected to play a key role in grain growth, in strain 
production by GB migration (Sun et al. 2017), or in control-
ling point defects’ concentrations by acting as sources or 

sinks for vacancies (Karki et al. 2015). Being a source of 
excess volume, GBs are also good candidates for the seg-
regation of incompatible elements such as heat-producing 
elements or rare gases (Hiraga et al. 2004; Karki et al. 2015).

In a series of papers, Harris et al. investigated the proper-
ties of grain boundaries in MgO using atomic-scale simula-
tions (Harris et al. 1996, 1997, 1999; Watson et al. 1996). 
Their work included explicitly the effect of pressure and 
temperature, and they showed that GBs change their atomic 
configuration with increasing pressure and that this change 
was irreversible, i.e., the GBs retain their high-pressure 
configuration even when brought back to ambient pressure. 
However, due to computational limitations at the time, they 
restricted their study to a very small number of GBs, namely, 
the [001] symmetric tilt GBs with {n10} contact surfaces, 
with n ranging from 1 to 5. Whether their conclusions are 
applicable to other types of grain boundaries remains to be 
determined.

More recently, ab initio calculations have provided valu-
able information about the atomic and electronic structures of 
GBs (McKenna and Shluger 2009; Verma and Karki 2010), 
confirming with very accurate first-principles methods that 
the atomic structure of GBs is indeed sensitive to pressure. 
However, despite the accuracy of such methods, different 
formation energies were reported for the same {310}[001] 
tilt grain boundary: 1.95 J m−2 from McKenna and Shluger 
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(2009), versus 1.51 J m−2 from Verma and Karki (2010). Such 
a discrepancy may be attributed to the limited system size, the 
use of different DFT functionals, and to different corrections 
applied, each contributing to the uncertainty of the calculation. 
Finally, owing to their high computational cost, those ab initio 
calculations were again restricted to a very small number of 
low-index GBs. Such methods are not well suited to perform 
a systematic study, and obtain general and statistical informa-
tion about GBs.

In this work, we use atomistic simulations to perform a 
systematic study of the properties of [001] symmetric tilt grain 
boundaries (STGBs) in MgO. The computational efficiency of 
this method allows to investigate over 200 GBs and to obtain 
relevant data about their structure and formation energies. The 
pressure is varied from 0 GPa, relevant to MgO as a ceramic 
material, up to 120 GPa, corresponding to the conditions at the 
bottom of the Earth’s lower mantle. The study focuses more on 
understanding the global behaviour of this type of GBs using 
statistical analysis than on detailed properties of individual 
GBs.

Methods and models

Potential model

Chemical bonding in MgO is mainly ionic, and can be 
described with a rigid-ion pair potential function, composed 
of the Coulomb interaction and a short-range Buckingham 
potential:

The Coulomb potential is evaluated at short range in real 
space, and at long range in reciprocal space, by means of the 
particle–particle–particle–mesh (pppm) method (Eastwood 
et al. 1980; Hockney and Eastwood 1988). The ion charges 
qi and the terms bij, ρij, and cij are adjustable parameters. We 
use the parameterization of Henkelman et al. (2005), which 
was initially fitted to describe the migration of MgO dimers 
on MgO surfaces. It was shown that this potential describes 
accurately the equation of state of MgO, the energy of stacking 
faults, as well as the dislocation core structures, for pressures 
ranging from 0 to 100 GPa (Carrez et al. 2015). The ability 
of this potential to describe complex defects in such a wide 
range of conditions makes it an ideal candidate to model grain 
boundaries.

Construction of grain boundaries

The grain boundaries (GBs) investigated are symmetric tilt 
grain boundaries (STGBs), noted {hk0}[001], where grains 
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are rotated by opposite angles around the same [001] axis. 
The choice of the [001] tilt axis is manifold. First, along this 
axis, each atomic column contains an equal number of mag-
nesium and oxygen ions, which ensures that all the tilt grain 
boundaries constructed are charge neutral. Second, this type 
of grain boundaries has been observed with high-resolution 
microscopy (Saito et al. 2013; Bean et al. 2017), as well 
as modelled using ab initio (McKenna and Shluger 2009; 
Verma and Karki 2010) or force-field simulations (Watson 
et al. 1996; Harris et al. 1999; Yokoi and Yoshiya 2017), 
providing data to compare our results to.

The systems containing grain boundaries are constructed 
with Atomsk (Hirel 2015). Two crystals of MgO are rotated 
by opposite angles ± α/2, cut and then stacked together, thus 
forming an STGB. The surface S of the GB depends on the 
misorientation angle α between the two crystals. Boundary 
conditions are 3D periodic, so that there are actually two 
GBs in the simulation cell. The dimensions of the cell are 
carefully chosen, so that the two GBs are equivalent, and 
contribute equally to the total energy. The formation energy 
of the GB is then defined as

where E1(α) is the total energy of the system containing the 
GBs, E0 is the total energy of a supercell of perfect (defect-
free) crystal containing the same number of atoms, and 2S 
is the total surface of the two GBs that exist in the cell. The 
computed formation energy is sensitive to the system size, 
i.e., to the distance between periodic replicas of GBs. By 
computing the formation energy of {210}[001], {310}[001], 
and {410}[001] GBs for various system sizes, we find that 
a minimum distance of 60 Å between two consecutive GBs 
is necessary to obtain a good convergence of the energy. To 
ensure that all GB energies are converged, in the following 
we construct all systems with GB distances dGB greater than 
100 Å (i.e., the supercell dimension perpendicular to the GB 
is greater than 200 Å).

After construction, the total energy of the system is mini-
mized by means of a conjugate-gradient algorithm. A pitfall 
of such an algorithm is that it converges towards the closest 
minimum of energy, which may not be the global minimum 
of energy. To circumvent this limitation, we follow a scheme 
similar to the one used by Harris et al. (1996), and com-
monly used when performing atomic-scale simulations of 
GBs. The top grain is shifted along the GB plane by a vector 
τ, and atoms are allowed to relax in the direction normal to 
the GB, thus providing the energy landscape as a function of 
the shift vector τ, also called γ-surface. Among those config-
urations, the one of the lowest energy is selected, and atoms 
are allowed to relax in all directions, yielding the absolute 
minimum energy of the GB.

Finally, we design an algorithm to construct and relax all 
GBs. For a given tilt angle α, the system containing a GB 

(2)EGB(�) =
(

E1(�) − E0

)

∕2S,
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is constructed with the constraint that the distance between 
GBs is at least 100 Å to ensure good convergence. To keep 
the simulation times reasonable, atomic systems contain-
ing more than 100,000 ions are excluded. Otherwise, a full 
γ-surface calculation is performed as explained above, yield-
ing the final formation energy of this grain boundary. The 
procedure is repeated for all tilt angles α from 0° to 90° by 
increments of 0.1°, thus providing the minimum formation 
energy as a function of the tilt angle, EGB(α).

Results at ambient pressure

GB formation energies

The procedure described above allowed us to construct sys-
tematically over 200 STGBs, find their optimal atomic con-
figuration, and compute their minimum formation energies.

The formation energies of [001] STGBs are represented 
in Fig. 1, as a function of the misorientation α between the 
two grains. The angle α = 0° corresponds to a perfect crystal 
without a grain boundary, and is taken as reference of the 
energies. From 0° to about 20° (referred to as low-angle 
STGBs), the energy gradually increases, reaching about 
1.7 J m−2 for an angle of 20°.

In the range 20° < α < 67.4°, most grain boundaries have 
similar energy values of about 1.7 J m−2. Noticeable excep-
tions are the {310}[001] grain boundary (α = 36.8°), the 
energy of which is slightly smaller than average, and the 

{210}[001] GB (α = 53.1°) which has an energy of about 
1.47 J m−2, significantly lower than other high-angle GBs, 
forming a significant dip in the energy curve. The particu-
larly low formation energies of these two GBs indicate that 
they are somewhat special; hence, their properties may not 
be representative of all STGBs.

The GB corresponding to a tilt angle equal to 67.4° marks 
a discontinuity in terms of formation energies. For tilt angles 
larger than 67.4°, the energy of STGBs decreases, vanishing 
as the misorientation approaches 90°. The reason for this 
discontinuity and the atomic structure of those peculiar GBs 
are detailed later.

Finally, when the misorientation between the two crys-
tals is exactly equal to α = 90°, the configuration is equiva-
lent to the [−110](110) stacking fault. For this particular 
configuration, no γ-surface calculation was performed, 
because shifting one crystal with respect to the other results 
in the formation of a bulk, defect-free MgO single crystal, 
which of course has no excess energy compared to the ref-
erence α = 0°. We find that the [−110](110) stacking fault 
is metastable, with a formation energy ESF = 0.898 J m−2. 
This value is somewhat lower than the one obtain by Har-
ris et al. (1996) with a different atomistic potential (ESF = 
1.08 J m−2), and also lower than the one obtained by Carrez 
et al. (2009) using ab initio methods (ESF = 1.05 J m−2), but 
remains within a 15% error margin.

Atomic structure

As explained in the methods, the optimal STGB configura-
tions were found by shifting the top grain with respect to the 
bottom grain by a vector τ. In the as-constructed configura-
tions (τ = 0), ions of different species face each other across 
the boundary, forming Mg–O bonds. When the top crystal 
is shifted (τ ≠ 0), then atoms of the same species may face 
across the boundary, forming Mg–Mg and O–O bonds.

For tilt angles α close to zero, all investigated STGBs 
remain symmetric at 0 GPa. They relax by forming an array 
of geometrically necessary dislocations (GNDs) of edge 
character, with a Burgers vector b = [010], and spread in 
(100) planes, as shown by the example of the low-angle 
(5.4°) GB in Fig. 2a. These [010] dislocations are charac-
terized by a very open core. This type of STGB corresponds 
to the Read–Shockley model (Read and Shockley 1950) that 
describes them as an array of dislocations separated by a 
distance d, yielding a GB energy:

where µ = 138.1 GPa is the material’s shear modulus, 
ν = 0.33 is its Poisson ratio, b is the magnitude of the Burg-
ers vector of the dislocations, and A = 1 + ln(b/2πr0) with r0 

(3)ERS =
�b2

4�d(1 − �)
[A − ln(�)],

Fig. 1   Computed energy of formation of [001] symmetric tilt grain 
boundaries in MgO at 0 GPa, as a function of the misorientation α 
between the two crystals. The results of the present study (black cir-
cles) are compared with the previous atomistic calculations by Wat-
son et al. (1996) (blue crosses), Harris et al. (1996) (blue plus signs), 
and Yokoi and Yoshiya (2017) (blue stars); and with ab initio results 
from McKenna and Shluger 2009 (red square) and from Verma and 
Karki (2010) (red diamonds). The bulk system containing no defect 
(α = 0) serves as a reference of the energy. The results of the analyti-
cal Read–Shockley model (Eq. 3) are also shown (dashed lines)
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is the radius of the dislocation core. This analytical function 
is plotted in Fig. 1 for low-angle GBs (dashed line from 
α = 0° to 20°), using a Burgers vector b = [010], and fit-
ting to the results of atomistic simulations yields a value 
r0 = 0.65b for the dislocation core radius.

High-angle grain boundaries (20° < α < 67.4°) cannot be 
described solely in terms of dislocation density, and hence 
do not respond to the Read–Shockley model. Figure 3 shows 
some examples of high-angle GBs. Most of them are com-
posed of structural units, with patterns that depend on the 
tilt angle, and that contain a wide opening or void. Yet, most 
of the high-angle GBs remain symmetric (τ = 0). Another 

remarkable feature is that at ambient pressure, no atom 
inhabits the plane of the boundary: atoms remain above 
or below the GB, inside their respective crystal, forming 
Mg–O bonds across the boundary. These features are found 
in most high-angle GBs, up to the tilt angle α = 67.4° which 
corresponds to a particular configuration, that is the {320}
[001] STGB.

As stated earlier, the misorientation of 67.4° marks a dis-
continuity in the energy curve. Above this tilt angle, most 
GBs have a lower energy if the top crystal is shifted with 
respect to the bottom one, by a vector τ= ½[001]. This is 
strikingly different from the previous low- and high-angle 
GBs. We find that if no shift is allowed, those GBs relax by 
forming regular structural units, similar to the ones observed 
in high-angle GBs. On the contrary, when allowing the top 
crystal to move along the GB plane, the GBs decompose into 
individual ½[110] dislocations separated by perfect crystal, 
as shown in Fig. 4. It must be related to the fact that, if a shift 
τ= ½[001] is allowed for the configuration α = 90°, the GB 
disappears completely and leaves only a defect-free single 
crystal, as explained in the previous section. By analogy, 
when the misorientation is slightly smaller than 90°, it is 
most favourable to shift a crystal with respect to the other 
by a vector τ = ½[001] to recover as much perfect crystal as 
possible, which minimizes the energy, and the misorienta-
tion being accommodated by GNDs. Since the crystals were 
rotated by angles close to ± 45°, those GNDs spread into 
(1–10) planes, which are almost normal to the GB plane. 
This decomposition into individual dislocations significantly 
decreases the GB energies. We plotted the Read–Shockley 
Eq. (3), using this time a Burgers vector b = ½[110], for 
angles between 67.4° and 90°, as shown in Fig. 1. This time, 
fitting to atomistic results, yields r0 = 0.4b. It is inferred that 
this shift is necessary for the GNDs to form when the mis-
orientation between the two crystals lies between 67.4° and 
90°.

Excess volumes

The formation of a grain boundary causes an expansion of 
the crystal, quantified by the excess volume due to GNDs 
or to the structural units. The excess volume VGB of a grain 
boundary is defined as the difference between the volume V1 
of the cell containing the GB and the volume V0 of a perfect 
crystal containing the same number of atoms, normalized to 
the total area of the two GBs in the simulation cell:

Excess volumes for STGBs at ambient pressure are 
reported in Fig. 5 as open circles. Low-angle grain bound-
aries (i.e., when α is close to 0° or 90°) have low excess 
volumes, while high-angle grain boundaries tend to have 
larger excess volumes, up to about 1.2 Å3/Å2. These values 

(4)VGB(�) =
(

V1(�) − V0

)

∕2S.

Fig. 2   Evolution with pressure of the optimal atomic configuration 
of a low-angle (α = 5.2°) tilt GB. Atoms in near-perfect environment 
are displayed in light grey, those in defects appear in colour, accord-
ing to their central symmetry parameter (Kelchner et  al. 1998). The 
[001] direction is normal to the figure, and the GB plane, indicated by 
the horizontal dashed line, is normal to the [010] direction. Burgers 
circuits are drawn around some dislocations. At 0 GPa, the closing 
Burgers vector is b = [010]; at 30 GPa and above, it decomposes into 
two dislocations of Burgers vectors b1 = ½[−110] and b2 = ½[110]. 
Visualization performed with OVITO (Stukowski 2010)
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are in good agreement with the ones obtained by Yokoi and 
Yoshiya (2017) (represented as blue stars in Fig. 5), indi-
cating that the excess volume may be less sensitive to the 
interatomic potential than the formation energies.

The relationship between formation energies and excess 
volumes is reported in the inset graph of Fig. 5. There is a 
strong tendency for high-excess volume GBs to also have 
high formation energies, which correspond to misorienta-
tions α ranging from about 20° to 50°. However, GBs that 
have a low excess volume can have either a low formation 
energy (misorientations 0°< α < 20° and 70°< α < 90°), or 
have high formation energies (50°< α < 70°). As a result, no 
continuous relationship between excess volumes and forma-
tion energies can be extracted from the data.

Effects of pressure

Formation energy

Now, we investigate the effect of pressure on the energy 
and atomic structure of grain boundaries. Knowing the 
equation of state of MgO, pressure is applied by an appro-
priate rescaling of the simulation cell, followed by an 

optimization of the cell size based on atomic forces to 
reach the target pressure. Then, a new γ-surface calculation 
is performed to obtain the optimal atomic configuration 
of the GB at this pressure. Pressure is increased by steps 
of 30 GPa up to 120 GPa, i.e., in a range relevant to the 
Earth’s lower mantle. At high pressure (and not account-
ing for the effects of temperature), the relevant quantity 
to compare is the system’s enthalpy; therefore, we will 
discuss the formation enthalpy of STGBs.

The enthalpy of formation of STGBs is reported as a 
function of the misorientation, as shown in Fig. 6. The previ-
ous data at ambient pressure appear as black dots. Increasing 
the pressure to 30 GPa (green triangles) increases signifi-
cantly the formation enthalpy of all GBs. Contrary to ambi-
ent pressure, where most STGBs had very similar energies, 
at 30 GPa, there is a wide dispersion of energies, with values 
ranging from 2 up to 3.1 J m−2 for high-angle STGBs. We 
will see later that this dispersion is related to changes in the 
atomic structures of GBs.

At 60 GPa (blue crosses), STGB formation enthalpies 
increase further, with a less marked dispersion. For high-
angle GBs, it averages to about 4.2 J m−2. Finally, increasing 
the pressure up to 90 GPa (open squares) and 120 GPa (filled 

Fig. 3   Evolution with pressure 
of the optimal atomic con-
figuration of some high-angle 
GBs (same colour conven-
tion, as shown in Fig. 2). The 
grain boundaries are: {510}
[001] (α = 22.6°);{210}
[001] (α = 53.1°); {950}
[001] (α = 58.1°); {320}[001] 
(α = 67.4°)
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diamonds) leads to a saturation of the formation enthalpy, 
reaching about 5.2 J m−2.

Fig. 4   Evolution with pressure 
of the atomic configuration of 
near-right angle STGBs. The 
misorientations between the 
two crystals are: a α = 70°; b 
α = 84.8°. Those GBs decom-
pose into an array of ½[110]
(1–10) edge dislocations, as 
schematized by the ┴ signs 
(same colour conventions, as 
shown in Fig. 2). The crystal 
directions are given for GBs in 
column b, where the GB plane 
is almost normal to the [110] 
direction. Note that since each 
crystal was rotated by an angle 
close to 45°, the crystal direc-
tions are different from Fig. 2

Fig. 5   Evolution of GB excess volumes with pressure. Excess vol-
ume is reported versus the misorientation for ambient pressure (open 
circles), and pressures equal to 30 GPa (open triangles), 60 GPa 
(crosses), 90 GPa (open squares), and 120 GPa (filled diamonds). The 
blue stars are the data at ambient pressure from Yokoi and Yoshiya 
(2017). The inset graph shows the relationship between formation 
energies and excess volumes at 0 GPa, for all GB studied

Fig. 6   Evolution with pressure of the enthalpy of formation of grain 
boundaries as a function of the tilt angle at 0 GPa (open circles, same 
as Fig. 1), 30 GPa (open triangles), 60 GPa (crosses), 90 GPa (open 
squares), and 120 GPa (filled diamonds)
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Atomic structure

The observation of STGBs at high pressure reveals that most 
of them undergo a drastic modification of their atomic struc-
ture, with respect to the ones that they have at ambient pres-
sure. At 30 GPa, most GBs favour a more compact configu-
ration, where the patterns with large vacant sites typical to 
ambient pressure are replaced with more compact structural 
units. To reach these new configurations, in many cases, 
the top crystal has to be shifted with respect to the bottom 
one, so that τ ≠ (0,0). While at ambient pressure, the ions 
preserved their local environment, at high-pressure atoms of 
the same chemical species face each other across the GBs, 
forming Mg–Mg and O–O bonds. Contrary to ambient pres-
sure, atoms do not remain on their respective side of the 
boundary: in many cases, atoms are found within the plane 
of the boundary.

Low-angle STGBs, that are described by [010](100) 
GNDs at ambient pressure, decompose at high pressure into 
arrays of ½<110> dislocations and spread into {110} planes 
that form an angle about 45° with the GB plane, as shown 
in Fig. 2. This is strikingly different from ambient pressure, 
where [010] GNDs were energetically more favourable.

High-angle STGBs (20° < α < 67.4°), which cannot be 
described solely in terms of GNDs, do not know such a 
transition. Yet, their structural units do undergo significant 
modifications. Atoms tend to occupy the large vacant sites 
that existed at ambient pressure, closing the gaps to achieve 
greater compaction. The closing of GB structural units may 
happen in several steps as pressure increases, and some 
GBs have different atomic structure at 30 and at 120 GPa, 
as shown in Fig. 3. This is consistent with the recent work 
of Yokoi and Yoshiya (2017), who found several transforma-
tions of STGB atomic structure when pressure increases. We 
conclude that the effect of pressure on STGBs is not continu-
ous, but discontinuous throughout the mantle. As a result, 
it is sensible to expect their properties (like their energy or 
mobility) to change in a non-linear way.

When pressure increases, in most cases, the STGBs prefer 
a configuration where one grain is shifted with respect to the 
bottom grain by a vector τ contained in the GB plane. At 0 
GPa, most STGBs prefer the as-constructed configuration τ 
= (0,0), as explained earlier. This is not true anymore when 
pressure increases. At 30 GPa, the initial configuration τ = 
(0,0) is the most favourable for only 26.8% of the STGBs 
investigated, meaning that about 73.2% become asymmetric 
at high pressure. At 120 GPa, about 86.6% of the STGBs 
are asymmetric. These statistics show that there is a general 
tendency for STGBs to shift from a symmetric configura-
tion at ambient pressure, towards an asymmetric one at high 
pressure.

Excess volumes

Figure 5 shows the evolution of STGB excess volumes 
with pressure. As expected from the application of pressure 
and the changes in atomic structures, the excess volumes 
decrease drastically as pressure increases. The largest drop 
happens when bringing GBs from ambient pressure up to 
30 GPa, which decreases the maximum excess volumes 
from about 1.2 Å3/Å2 down to 0.7 Å3/Å2 (− 42%). Further 
increasing the pressure continues to decrease excess vol-
umes, which become as low as 0.3 Å3/Å2 at 120 GPa (− 75% 
with respect to values at 0 GPa).

Irreversibility of structure change

An interesting result of the work of Harris et al. (1996) and 
Yokoi and Yoshiya (2017) is that, after pressure has been 
applied and an STGB has adopted a more compact atomic 
configuration, it retains this structure even when pressure 
is released. In other words, STGBs keep a memory of the 
compaction inherited from high pressure.

We wanted to verify if this conclusion holds for all the 
STGBs that we studied. Starting from the configurations 
obtained at 30 GPa, we decreased the pressure to 0 GPa 
and performed an atomic relaxation. This time, no γ-surface 
calculation is performed, since it would yield the absolute 
minimum of energy, which was already found previously. 
The purpose here is to test if the high-pressure atomic con-
figurations remain metastable at ambient pressure.

Indeed, we find that most STGBs do not relax back to 
their absolute minimum of energy, but keep their high-
pressure configuration. It means that these configurations, 
although not the most favourable ones, are at least metasta-
ble at ambient pressure.

As an example, the {520}[001] STGB changes from 
an array of [010] dislocations at ambient pressure, into an 
array of ½<110> dislocations at 30 GPa (Fig. 3). When 
the latter is relaxed back to ambient pressure, the ½<110> 
dislocation array remains, showing that it is a metastable 
configuration of the GB. The total energy of the system is, 
however, larger than that of the initial GB containing [010] 
dislocations. Indeed, our simulations indicate that the array 
of [010] GNDs is the most favourable configuration at ambi-
ent pressure and in the absence of any stress. Yet, this slip 
system is not at all favourable. It is likely that, under applied 
stress of any kind (whether it is isostatic pressure like here, 
or uniaxial or shear stress), those [010] dislocations tend 
to decompose into ½<110> dislocations, which belong to 
the most favourable slip systems. For the same reason, low-
angle GBs that form during a recovery process are much 
more likely to involve ½<110> dislocations, which are glis-
sile, rather than [010] dislocations, which do not nucleate or 
multiply easily when the material is deformed. Therefore, 
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although our simulations predict [010] GNDs to be stable 
inside low-angle STGBs, they are unlikely to be observed in 
experimentally prepared or natural samples.

Similarly, the high-angle STGBs studied keep their com-
pact high-pressure configuration when pressure is released. 
As an example, the {210}[001] STGB has a compact atomic 
structure at 30 GPa (Fig. 3), which remains metastable when 
pressure is removed. This is again consistent with the work 
of Yokoi and Yoshiya (2017), who also concluded that the 
compact configurations that are stable at high pressure 
remain metastable when pressure is released. Hence, MgO 
polycrystals sintered under high pressure are expected to 
contain more compact, less mobile GBs, than those synthe-
sized at ambient pressure.

In natural rock samples containing ferropericlase, origi-
nating either from the Earth’s interior or from other celestial 
bodies, the irreversibility of STGB atomic configuration may 
be used to determine their pressure history. Observation of 
the detailed atomic structure of GBs in natural samples, or 
even just their compaction or excess volume, may be used 
as a proxy to determine their conditions of formation and/
or evolution.

Discussion

Reliability

Overall, the energy values derived from our classical force-
field simulations compare qualitatively well with the ones 
from the previous atomistic calculations (Harris et al. 1996; 
Watson et al. 1996; Yokoi and Yoshiya 2017). The quanti-
tative discrepancies can be attributed to the use of different 
interatomic potentials, leading to different absolute values 
of the formation energies.

Comparison with ab initio calculations is more difficult, 
because data available from the literature are scarce and not 
always consistent. For instance, two very different values 
were reported for the formation energy of the {310}[001] 
STGB (α = 36.8°): 1.95 J m−2 by McKenna and Shluger 
(2009) and 1.51 J m−2 by Verma and Karki (2010). Our 
value of 1.63 J m−2 falls between those two, although it is 
closer to the latter value of Verma and Karki. Furthermore, 
our calculations indicate that some GBs are special, like 
the {210}[001] that corresponds to a significant drop in the 
energy curve (Fig. 1). Unfortunately, ab initio studies so far 
have focused on those special cases, owing to computational 
limitations. As a result, it is challenging to derive the global 
behaviour of STGBs from the available ab initio data, for 
comparison with the present study. It would be valuable 
to obtain further results from ab initio calculations, con-
cerning higher index GBs, to further validate the present 
conclusions.

Yet, force-field simulations also have their limitations. 
For instance, a well-known pitfall of the pair potential of 
Henkelmann used in the present study is that it does not 
reproduce the violation of the Cauchy relationship in MgO 
(Carrez et al. 2009). Because of the limited accuracy of our 
model, the absolute values presented above should be con-
sidered with care. We obtain a good qualitative agreement 
with other force-field simulations, and even with ab initio 
results, to some extent. Yet, the most interesting conclu-
sions of the present study lie in the global behaviour of GBs 
and their evolution with pressure. For instance, the aver-
age STGB formation energy at ambient pressure is quite 
independent of the misorientation within the range 20° < 
α < 67.4°. This conclusion is expected to hold, even if the 
absolute value of GB energies (here about 1.7 J m−2) may 
depend on the method and approximations used. This type of 
information is valuable for modelling the mechanical behav-
iour of polycrystals with coarse-grain methods like finite 
elements or phase-field modelling.

Variability in grain‑boundary structures

Our results show that the atomic structure of grain bounda-
ries changes with pressure. At each target pressure, to find 
the configuration of the lowest energy, one must probe the 
energy landscape by translating one grain with respect to the 
other along the GB. When releasing the pressure, a GB tends 
to keep its high-pressure atomic structure, because it remains 
metastable at ambient pressure, as described in Sect. 3.4.

Those metastable configurations can also be obtained by 
keeping the pressure constant and probing the energy land-
scape. As an example, Fig. 7 shows γ-surfaces of the {310}
[001] grain boundary that we explored with our method at 0 
and 30 GPa. At 0 GPa, two metastable states can be distin-
guished: (a) one containing wide and hollow structural units 
and (b) one containing compact structural units, with atomic 
rows inhabiting the GB plane. At 0 GPa, the configuration 
(a) with hollow structural units is the most stable. When 
increasing the pressure to 30 GPa, the energy landscape 
changes, as well as the relative energies of these configu-
rations. Configuration (a) evolves into a configuration (c), 
which is slightly more compact and remains metastable. The 
more compact configuration (b) evolves into a very similar 
configuration (d), and becomes energetically more favour-
able than configuration (c). To summarize, both configu-
rations are metastable at both pressures, but their relative 
stabilities are modified by pressure.

The existence of these two configurations means that the 
compact configuration (b) may form at ambient pressure, 
depending on the thermodynamic history. Indeed, a similar 
compact configuration of the {310}[001] GB was observed 
experimentally at ambient pressure, with high-resolution 
transmission electron microscopy (HRTEM) by Saito et al. 
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(2013). Another striking example is the {210}[001] STGB, 
which was observed by HRTEM by Bean et al. (2017). They 
reported a compact configuration at ambient pressure, cor-
responding to the one that we computed at 30 GPa (Fig. 3), 
rather than the hollow one. Bean et al. also performed ab ini-
tio calculations on this GB, and acknowledge the fact that the 
compact configuration is higher in energy than the ground 
state, but nonetheless, it is the one that formed experimen-
tally in their sample. They explain it by the non-equilibrium 
growth of the films, and/or by the segregation of vacancies 
and impurities, that may stabilize the GB into a metastable 
state instead of the ground state. We would like to stress 
that the ground-state configurations depicted in the present 
study are not artefacts from the simulations, because the 
same configurations are also predicted to be the most favour-
able ones by more accurate ab initio calculations (McKenna 
and Shluger 2009; Verma and Karki 2010; Bean et al. 2017). 
However, because of the out-of-equilibrium thermodynamic 
history of synthesized or natural samples, the GBs may 
favour a configuration of low excess volume, rather than the 
one with the lowest formation enthalpy. These results point 
to the fact that the atomic structure of a grain boundary does 
not depend only on the target pressure, but also depends on 
the pressure history of the sample (and most probably on its 
temperature history as well), as it was already discussed by 
Harris et al. (1996) and by Yokoi and Yoshiya (2017).

The structural variability of GBs was recently discussed 
by Han et al. (2016), who studied STGBs in monoatomic 
systems (pure Al, Si, and W). These authors argue that in 
natural or synthesized materials, global thermodynamic 

equilibrium is seldom reached, and vacancies and impuri-
ties tend to segregate at grain boundaries. As a result, GBs 
are rarely perfectly stoichiometric, and rarely exist in their 
ground state. In addition to the relative displacement of the 
grains along the boundary, the authors allowed for an addi-
tional degree of freedom by removing atoms inside the GB. 
By doing so, they found many metastable states, with a wide 
distribution of formation energies. Natural or synthesized 
samples are expected to form in one of these metastable 
states, which may be much more compact than the ground 
state. It is even possible that the same GB, present in sam-
ples with different thermodynamic histories, would exist in 
different metastable configurations. In the case of an ionic 
material such as MgO, the removing of atoms raises the 
problem of charge compensation, as the Mg and oxygen ions 
are electrically charged. Therefore, we did not include this 
degree of freedom in our study, but we acknowledge that it 
should be addressed in future studies.

In fine, one must be very careful when performing numer-
ical simulations of grain boundaries. Limiting the study to 
one particular configuration (the one of the lowest energy) 
may not be relevant for practical applications. Several meta-
stable configurations should be considered, including non-
stoichiometric configurations in complex materials. The 
fine atomic structure of GBs is decisive for their electronic 
properties, their mobility, and many other properties. Such 
an extensive work remains to be performed in MgO and in 
other minerals.

Fig. 7   Evolution with pressure 
of the γ-surface of the {310}
[001] STGB (α = 36.8°). The 
energies relative to the energy 
of the as-constructed grain 
boundary (τ = 0) are represented 
with a colour code, from blue 
(low energies) to red (high ener-
gies), as the top grain is shifted 
relative to the bottom one by a 
vector τ along the GB plane. At 
0 GPa, two configurations are 
metastable: a as-constructed 
symmetric configuration 
(τ = 0), containing large hollow 
structural units; b more compact 
configuration, where the top 
grain was shifted along the GB, 
and containing atoms inside the 
plane of the GB. At 30 GPa, 
both configurations become 
slightly more compact (c, d), 
and configuration (d) becomes 
more stable than configuration 
(c)
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Possible implications of the change of STGBs 
under pressure

Our study demonstrates that under pressures representative 
of the lower mantle, STGBs exhibit markedly different struc-
tures from those observed under ambient conditions. It is 
thus expected that the contribution of GBs on the physical 
properties of ferropericlase in the lower mantle cannot sim-
ply be inferred from our knowledge of the ceramic MgO at 
ambient pressure. In what follows, we discuss some possible 
implications of our calculations on the properties of MgO 
under high pressure.

Grain growth

The structural changes induced by pressure have a clear 
influence on the energy cost associated with GBs. Although 
there is some variability of the formation enthalpy with 
the precise orientation of the STGB, a clear trend can be 
observed. Figure 8 summarizes the evolution of STGB 
formation enthalpies with pressure, taking only high-
angle GBs into account. At ambient pressure, the STGB 
excess energies are well constrained within a narrow 
range, 1.69 ± 0.07 J m−2. When pressure increases, the GB 
enthalpies increase to 2.37 ± 0.7 J m−2 at 30 GPa, and up 
to 4.8 ± 0.6 J m−2 at 120 GPa. Grain growth is still not well 
understood, but the driving force of this process is the grain-
boundary energy reduction, and in all models, the rate of 
growth is directly proportional to the GB energy (Burke and 
Turnbull 1952; Doherty et al. 1997; Humphreys 1997; Evans 
et al. 2001; Barrales 2008). Assuming parabolic growth 
kinetics (Burke and Turnbull 1952; Evans et al. 2001), the 
grain growth rate may increase with pressure, although this 

increase would be rather modest with a factor of the order 
of 1.5 between the top and the bottom of the lower mantle. 
Taking into account the influence of pressure only (ther-
mal activation is also likely to contribute), our calculations 
on MgO only suggest a small increase of the grain size as 
a function of depth in the lower mantle. However, a more 
realistic evaluation of grain growth kinetics would require 
assessing the mobility of grain boundaries.

Impurity segregation

Since the pioneering work of Goldschmidt (Goldschmidt 
1937), and the developments of Brice (1975) and Blundy 
and Wood (1994), it is generally accepted that the prob-
lems of trace elements and defect incorporation in solids at 
a given pressure and temperature are principally controlled 
by the difference between the ionic radius of the substituent 
ion and the radius of the host site. According to this model, 
the size of incorporation sites is the most important param-
eter controlling ion incorporation and partitioning. Indeed, 
Blundy and Wood (1994) have shown that the parabolic 
shape of the experimental plot of partition coefficients as a 
function of cation radius (the so-called ‘Onuma diagram’) 
could be well described by this model based on the physi-
cal characteristics (size and elasticity) of the cation sites 
in the crystal. Recent approaches based on more sophisti-
cated atomistic simulations have confirmed this overall pic-
ture (Corgne et al. 2003). The most important virtue of the 
lattice strain approach is that it allows a fair prediction of 
partition coefficients even in the absence of experimental 
data. In its original form, this theory considered only host 
sites from perfect crystals. Since site size matters, crystal 
defects which may be associated with free volume (e.g., dis-
locations and grain boundaries) are likely to play a specific 
role. In particular, Hiraga et al. (2003, 2004) have shown 
that impurities tend to segregate preferentially into grain 
boundaries. Despite the fact that GB sites represent a small 
fraction relative to the bulk crystal, the significant difference 
usually observed in sites associated with GB structural units 
suggests that GBs are likely to store significant amounts of 
incompatible elements. In MgO which is the focus of the 
present work, Du et al. (2008) have shown that the solubility 
of heavier noble gases (one can expect the same behaviour 
for radiogenic elements) may be considerably enhanced by 
the presence of interfaces at grain boundaries. More gener-
ally, the possibility of large segregation at grain boundaries 
in MgO has been proposed for several elements including 
Fe, Si, Ca, or La (Kingery 1979; Chiang et al. 1981; Yan 
et al. 1998; Wynblatt et al. 2003; Wang et al. 2011; Karki 
et al. 2015; Feng et al. 2016). Such a strong segregation 
is likely related to the large, open structural units, which 
characterize GBs at ambient pressure. Those large vacant 

Fig. 8   Evolution with pressure of the average GB formation enthalpy 
(black circles) and excess volume (red diamonds). The averaging is 
performed only on high-angle STGBs (20° < α < 67.4°). The error 
bars represent the standard deviation of those values for the high-
angle STGBs studied
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sites offer more space to host foreign atoms than the bulk 
material.

These considerations can be applied to rocks in the 
Earth’s mantle. Girard et al. (2015) have shown that during 
shear deformation of a bridgmanite–ferropericlase aggre-
gate, the viscosity contrast between the two minerals leads 
to layering of (Mg, Fe)O which is likely to lead to increase 
the fraction of (Mg, Fe)O–(Mg, Fe)O interfaces. However, 
our results indicate that the dominant effect of pressure, in 
all STGBs studied, is to close the structural units. Atoms fill 
in the gaps, and the excess volumes decrease dramatically. 
Their evolution with pressure is reported in Fig. 8, taking 
only high-angle STGBs into account. The average excess 
volume is about 0.8 ± 0.3 Å3/Å2 at 0 GPa, and decreases 
down to 0 to 0.12 Å3/Å2 at 120 GPa. Due to this strong steric 
effect, one can expect the sites at the GBs to become much 
less attractive for impurities when compared to the situation 
at ambient pressure. The segregation and binding of impuri-
ties at GBs may not be so strong in the extreme conditions 
of the lower mantle. According to these considerations, GBs 
may not be the answer to the question of the storage of rare 
gases and radiogenic elements in the lower mantle. More 
studies, especially considering interfaces within bridgmanite 
or between bridgmanite and ferropericlase, are necessary to 
clarify this issue.

Rheology

Our present study is purely static and does not provide direct 
information on the dynamic properties of GBs and their con-
tribution to the rheological properties of this phase. Yet, we 
discuss a few characteristics that are likely to be affected 
by the pressure-induced structural changes that we report.

Despite the fact that MgO is very refractory, especially 
under pressure, creep of ferropericlase in the lower mantle 
occurs in a high-temperature regime, where diffusion likely 
plays a significant role. Grain boundaries are usually consid-
ered as short circuits for diffusion (Osenbach and Stubican 
1983; Stubican and Osenbach 1984; Harding and Harris 
2001; Karki et al. 2015), again due to the excess volume of 
the structural units at the interface (as suggested by the ani-
sotropy of accelerated diffusion along the boundary plane). 
Yet, similar to segregation, the compaction of GB structural 
units induced by pressure is likely to make migration path-
ways more intricate and complicated. Indeed, Karki et al. 
(2015) determined with first-principles calculations that in 
a {310}[001] STGB in MgO, migration occurs preferentially 
along the pathways formed by structural units at all pressures 
from 0 to 100 GPa, making diffusion highly anisotropic. 
They found that the enthalpy of migration of intrinsic vacan-
cies first decreases when pressure is increased from 0 to 
50 GPa, and then increases when reaching 100 GPa. Con-
cerning foreign atoms, they report that migration becomes 

increasingly difficult as pressure increases. For instance, the 
activation energy of a Ca ion migrating inside the GB jumps 
from 0.2 to 1.5 eV when pressure increases from 0 to 50 
GPa. Assuming that these results are valid for other GBs, 
the closing of structural units and drop of excess volume can 
be expected to severely impede the motion of vacancies and 
impurities along the grain boundaries. This confining effect 
due to pressure is likely to inhibit the expected enhanced 
diffusion along grain boundaries. On the contrary, diffusion 
at GBs may become very low at high pressure, due to the 
trapping and limited mobility of point defects.

Finally, there is a growing body of evidence suggest-
ing that GBs are not mechanically inert, but that they can 
be mobile and produce shear: this is the so-called grain-
boundary shear-migration coupling (Cahn et al. 2006). The 
changes of atomic configurations induced by pressure are 
expected to result in large variations in the mobility of GBs. 
In MgO, we show that low-angle STGBs are characterized 
by GNDs spread in parallel (100) planes at ambient pres-
sure. At high pressure, they decompose into an array of 
½<110> dislocations that spread into intersecting {110} 
planes, a configuration that is known to be much more 
sessile (Hirth and Lothe 1982). In high-angle STGBs, the 
change of atomic configuration is also expected to result 
in large variations of the mobility. The structure of high-
angle STGBs is more complex. The notion of GND must 
be extended to a continuous dislocation density field which 
must be completed by a continuous disclination field (Sun 
et al. 2017). Under application of an external stress, these 
fields are subjected to a force (analogous to the Peach and 
Koehler force for dislocations) that set GBs in motion and 
produce shear (Cordier et al. 2012). These fields are inti-
mately related to the GB structure. Hence, structural changes 
induced by pressure are expected to modify the continu-
ous distribution of defects of the boundary as illustrated 
on a {310}[001] STGB by Sun et al. (2016). At this point, 
it remains difficult to assess how these changes affect the 
mobility of the GB (increase or decrease), but we expect 
their influence to be significant and this topic clearly requires 
further attention.

Conclusion

The properties of [001] symmetric tilt grain boundaries in 
MgO were investigated, using a systematic approach based 
on atomic-scale calculations. Their formation enthalpy, 
excess volume, and atomic structure were obtained for 
pressures ranging from 0 to 120 GPa. At ambient pressure, 
most STGBs favour a symmetric configuration, and their 
formation enthalpy is about 1.7 J m−2, quite independent 
of the misorientation between the two grains. As pressure 
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increases, most GBs undergo significant structural changes, 
leading to the closing of structural units to achieve better 
compaction and to a large drop of excess volumes. Based 
on elastic model considerations, this is expected to increase 
grain growth rates when pressure increases and to impede 
diffusion. Yet, more data from both numerical simulations 
and experiments will be necessary to properly address these 
questions and to achieve a better understanding of the rheol-
ogy of ferropericlase in the Earth’s lower mantle.
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