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a b s t r a c t 

Bridgmanite MgSiO 3 with perovskite structure exhibits a ferroelastic behaviour via the motion of {110} 

twin walls. We use atomic-scale simulations to investigate the properties of ( ̄1 10) twin walls in bridg- 

manite. We resolve their atomic structure and obtain the minimum energy path for their motion in a 

wide pressure range relevant to the Earth’s lower mantle. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Ferroelasticity, i.e. the ability for a material to exhibit a hys-

teresis in its stress-strain curve under cyclic loading, is commonly

observed in metals with martensitic transformations [1–4] . It also

occurs in ceramics with distorted perovskite-type structures, e.g.

BaTiO 3 [5] , CaTiO 3 [6–9] , BiFeO 3 [10,11] , LaAlO 3 [12,13] , or LaCoO 3 

[14,15] . The latter are ferroelectric or have octahedral distortions

that break the symmetry between the different 〈 100 〉 direc-

tions, making possible the occurrence of twin walls (TW). Those

TWs move reversibly under cyclic loading, causing ferroelastic

behaviour. 

Bridgmanite (Mg,Fe,Al)(Si,Al)O 3 with the perovskite structure is

by far the dominant phase of the Earth’s lower mantle, represent-

ing up to 80% of its composition [16] . As such, it is bound to play

a major role in mantle convection and in seismic wave propaga-

tion. While the bulk properties are well constrained [17–19] , the

role of defects on the mechanical response remains largely unex-

plored and very challenging to characterize. A distinctive feature of

bridgmanite is that it is ferroelastic due to its octahedral distortion

[20,21] . Direct experiments are notoriously difficult because this

phase is stable only under very high-pressure conditions typical of

the lower mantle (26–125 GPa). Numerical modelling is also ren-

dered difficult by the fact that it is a complex ternary phase with

mixed ionic-covalent bonding, strong octahedral distortions, and

other properties that depend on pressure. Because of these major

issues, for a long time researchers fell back to analogue perovskite
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aterials that can be studied in more details in ambient condi-

ions, like SrTiO 3 [22] or BaTiO 3 [23] , hoping to extend their con-

lusions to Earth mantle perovskites. However, the mobility of TWs

eing strongly dependent on the chemical composition and bond-

ng, it is difficult to obtain relevant quantitative information about

ridgmanite by extrapolating data obtained in analogue materials. 

In this work, we use atomic-scale simulations to study ( ̄1 10)

win walls (TW) in MgSiO 3 perovskite, the magnesium-rich end-

ember of bridgmanite. We characterize their atomic structure,

ormation energy, and mobility mechanisms, in the pressure range

0–120 GPa relevant to the Earth’s lower mantle. We model

gSiO 3 perovskite in its Pbnm representation, i.e. the shortest

attice vector is a = [100] , followed by b = [010] , and c = [001]

s the third shortest lattice vector. Lattice parameters depend on

ressure, and range from about a = 4 . 65 Å, b = 4 . 76 Å, c = 6 . 72 Å

t 30 GPa, to a = 4 . 38 Å, b = 4 . 53 Å, c = 6 . 34 Å at 120 GPa [19,24] .

nteractions between Mg, Si and oxygen ions are described with

 rigid-ion potential parameterized by Alfredsson et al. which

as fitted to DFT calculations [25] . A comparison of 27 potentials

y Chen et al. [26] demonstrated that this potential is one of

hose that reproduce the most accurately the lattice parameters

nd elastic moduli of MgSiO 3 in the pressure range investigated

ereafter. In addition, our own calculations of generalized stacking

aults show that planar defects energies are also on par with DFT

alculations within an accuracy of 5%, so this potential is a good

andidate for modelling large systems containing twin walls. 

The lattice vectors [100] and [010] differ in length hence the

irections [110] and [ ̄1 10] are not orthogonal, which is the reason
rticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Atomic structure of the ( ̄1 10) twin wall in bridgmanite at 30 GPa. Crystal directions on each side of the TW are indicated: in the top crystal, the directions a = [100] 

and b = [010] are swapped with respect to the bottom crystal. The direction c = [001] is normal to the figure. The left graph shows the tilt of SiO 6 octahedra about the [001] 

direction, and the middle graph the distance between consecutive Si atoms along the normal to the TW. The extension of the TW is delimited by dashed lines. 
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or the occurrence of T Ws. A T W is constructed by stacking two

rystals of MgSiO 3 where the directions a = [100] and b = [010]

re exchanged, as illustrated in Fig. 1 . Using 3-D periodic boundary

onditions, equivalent TWs form at the extremities of the simu-

ation box. The cell size (530 Å length, 3200 atoms) was verified

o give good convergence of the results. The energy is minimized

ith the conjugate-gradients algorithm. Isostatic pressure is ap-

lied by rescaling appropriately the lattice constants according to

he equation of state of bridgmanite as described by the potential.

tomic systems are constructed with Atomsk [27] , simulations are

erformed with LAMMPS [28] , and visualization with VESTA [29] . 

Fig. 1 shows the system after relaxation at the imposed pres-

ure of 30 GPa. Atomic planes of the two crystals meet with an

ngle of 182.66 ◦. The angle of tilt of the SiO 6 octahedra changes

ign when crossing the wall, as reported in the graph in the same

gure. The width of the TW, obtained by fitting an arctan function,

s 2 w = 19 . 88 Å. The interplanar distance, measured as the distance

etween consecutive Si atoms normally to the TW, is increased at

he edges of the TW by about 1% compared to the bulk. Note that

here is no discontinuity in the local environment of atoms: silicon

ons always have six oxygen neighbours, and Mg ions have twelve.

he TW is characterized mainly by an inversion of the tilt of the

iO 6 octahedra. This structure is very similar to the one observed

y Van Aert et al. with high-resolution transmission electron mi-

roscopy in CaTiO 3 [9] . 

The formation energy per surface area is computed as: 

TW 

= 

E 1 − E 0 
2 S 

(1) 

here E 1 is the total energy of the system containing TWs, E 0 that

f a defect-free supercell containing the same number of atoms,

nd S the surface area of the TW. The factor 2 accounts for the fact

hat there are two TWs in the system. We obtain γTW 

= 1 . 37 J/m 

2 

t 30 GPa. Although it is quite high compared to TWs in other

erovskites (e.g. 0.32 J/m 

2 in CaTiO 3 [6] ), one must bear in mind

hat it is evaluated under high pressure, and it remains lower than

hat of other planar defects in MgSiO 3 , which typically range from

bout 2 to 7 J/m 

2 at 30 GPa [30,31] . 
In order to test the mechanical behaviour of the sample con-

aining TW, we submit it to cyclic shear strain εxy by increments of

.01%, followed by relaxation. The system’s internal stress is mon-

tored, and the resulting stress-strain curve is reported in Fig. 2 . 

During the initial loading ( εxy > 0), a TW first moves under an

pplied strain of about 0.04%, as shown in the inset of Fig. 2 , cor-

esponding to a stress about 120 MPa. This motion occurs by the

otation of octahedra, so that the plane of inversion is displaced

ormally to the TW by one interplanar distance (about 3.32 Å). The

ctual ions displacements remain very small, the largest displace-

ent (an oxygen ion) being about 0.41 Å. Magnesium and silicon

ons also relax inside their respective sites, and their combined

otions result in an inversion of [100] and [010] lattice vectors. 

As the strain continues to increase, the stress in the upper crys-

al becomes increasingly larger than in the lower one. In order to

elease stress, the TW at the center of the cell moves upwards and

he one at the edges of the cell moves downwards, resulting in

he growth of the lower crystal and the shrinkage of the upper

ne. The TW motion is analogous to that of ferromagnetic domain

alls, caused by the rotation of magnetic moments, favouring the

rowth of some domains and the shrinkage of others. 

Due to the finite size of the simulation cell, increasing strain

ventually results in the TWs meeting each other and annihilating,

eaving only a single domain of MgSiO 3 . To avoid that, the applied

train is reversed at εxy = 4 %, before the TWs meet, and then de-

reased, causing the two TWs to move in directions opposite to

he previous ones and the stress to decrease. When the system

eaches a stress-free state, the TWs do not return to their initial

osition, resulting in a spontaneous strain of about 1.85% (point S 1 
n Fig. 2 ). Strain is decreased further down to −4 %, and increased

gain to 4%. This cyclic loading is repeated twice, leading to the

ysteresis curve reported in Fig. 2 . Note that the hysteresis ob-

ained here cannot be expected to reflect the actual behaviour of

n experimental MgSiO 3 sample. Indeed, our numerical simulation

ontains only two TWs very close to one another and does not in-

lude temperature effects, while an experimental sample can typ-

cally contain several grains and various defects, and is deformed

t finite temperature, thus producing very different stress-strain
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Fig. 2. Simulated stress–strain curve obtained during cycling loading at imposed strain of MgSiO 3 perovskite supercell containing two twin walls, at 30 GPa and without 

accounting for temperature effects. Initially, the system is free of internal stress (point A). During loading, the TWs move to new metastable positions, so that removing the 

strain results in non-zero internal stress (point B). The operation can be repeated, showing the reversibility of the motion of TWs. S 1 and S 2 mark the spontaneous strain 

remaining in stress-free configurations. Inset: zoom in on the initial loading, showing the stress release associated with the first displacement of a TW at about 120 MPa 

(arrow). 
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curves. Nonetheless, under certain conditions a MgSiO 3 sample is

expected to demonstrate a hysteresis during cyclic deformation. 

The previous imposed-strain simulation provides a first esti-

mate of the critical shear stress for TW motion of about 120 MPa.

However this estimation is rather crude, because the finite strain

increment (0.01%) results in a large uncertainty on the measured

stress ( ± 30 MPa). In order to obtain a more accurate value, we

focus in more detail on the elementary mechanism, i.e. when a TW

moves from one equilibrium position to the next. It is associated

with an activation energy, which vanishes under a critical stress to

be determined. 

To determine the minimum energy path (MEP), we rely on

the nudged elastic band (NEB) method [32,33] . Two configurations

are extracted from the previous deformation run, corresponding to

two consecutive stable positions of the TW, and are brought to

a strain-free state and relaxed. Then, linear interpolation is used

to construct seven intermediate images between the initial and fi-

nal states. Finally, the NEB method is used to relax these images

along the MEP. Fig. 3 shows the final MEP obtained at the pressure

of 30 GPa, and the activation energy is about E a = 19 . 44 meV or

7 mJ/m 

2 . 

The critical stress for TW motion is obtained by computing

the maximum derivative of the energy curve with respect to the

TW position. At P = 30 GPa, we obtain a critical stress about σc =
64 MPa. This value is lower than the one obtained from the stress–

strain curve (120 MPa, see Fig. 2 ), but it is expected to be more

accurate because it is not evaluated under applied load, and was

computed from a refined energy path. 

We reassessed these properties under applied isostatic pres-

sures of 60, 90, and 120 GPa. While the tilt of SiO 6 octahedra in-

creases with pressure, it has little effect on the atomic structure

and width of TWs. The formation energy however, does change

significantly: we obtain γTW 

= 1 . 94 J/m 

2 at 60 GPa, 2.48 J/m 

2 at

90 GPa, and 2.94 J/m 

2 at 120 GPa, i.e. it increases by a factor of 2

across the pressure range investigated. This seems to indicate that

TW formation becomes increasingly difficult at larger depths. 
B  
Pressure also has a significant effect on the mobility of TWs.

sing the NEB method as before, we find E a = 29 . 16 meV at

0 GPa, 45.63 meV at 90 GPa, and 65.50 meV at 120 GPa. This

epresents an increase by a factor of 3.4 across the mantle. This

volution is reported as circles on the left-hand side of Fig. 4 . We

tted our simulation data with a quadratic function of the form: 

 a ( eV ) = aP 2 + bP + c (2)

The fitting procedure yields the following values of the fitting

ariables: a = 2 . 82 10 −24 eV.Pa −2 , b = 9 . 26 10 −14 eV.Pa −1 , and c =
 . 4 10 −2 eV. The corresponding curve is plotted on the left-hand

ide of Fig. 4 . Because the domain of stability of MgSiO 3 is 26 -

25 GPa in the Earth’s mantle conditions, extrapolation out of this

ange is not relevant. 

Similarly, the critical stress for TW motion increases with pres-

ure: σc = 121 MPa at 60 GPa, 260 MPa at 90 GPa, and 424 MPa at

20 GPa, i.e. it increases by a factor of 6.6 across the mantle. Again

e fitted these values with a quadratic function: 

c ( Pa ) = dP 2 + eP + f (3)

After fitting, the constant values are d = 2 . 97 10 −14 Pa −1 , e =
3 . 95 10 −4 , and f = 4 . 625 10 7 Pa. The data from the simulation

nd the curve associated with the fitted function are plotted as

pen squares in Fig. 4 . These parameters for TW motion deter-

ined from our atomic-scale simulations can be useful as input

arameters for coarse-grained models, like the ones based on the

andau theory that have been widely applied to TW dynamics in

he past [8,35] . 

The presence of TWs in bridgmanite in the Earth’s lower man-

le may add an important contribution to the attenuation of seis-

ic waves, as pointed out by Harrison and Redfern [12] . Indeed,

Ws are expected to move at the passage of seismic waves, ab-

orbing part of their energy in the process. Assuming that their

otion follows an Arrhenius law with an activation energy E a , it

s meaningful to consider the dimensionless ratio E a / kT , where k is

oltzmann’s constant and T the temperature. We estimate it using
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Fig. 3. Minimum energy path for the motion of a TW from a stable position to the next in MgSiO 3 perovskite at 30 GPa, as determined with the NEB method (see text). 

Empty circles are the results from the calculation; the continuous line is an interpolation with a cubic function. 

Fig. 4. Evolution with pressure of the activation energy (red circles) and critical stress (blue squares) for the motion of ( ̄1 10) twin wall in MgSiO 3 perovskite. The open 

symbols are the data obtained from atomistic simulations, and the continuous curves are quadratic functions fitted to the simulation data. Fitted functions are plotted only 

in the pressure range relevant to the Earth’s lower mantle (26 - 130 GPa). The right panel shows the evolution of the dimensionless ratio E a / kT as function of depth (see 

text). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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he profile of pressure and temperature as function of depth from

he PREM model [34] . At all depths we find that it ranges from 0.1

o 0.3 (right panel in Fig. 4 ), meaning that the activation energy

s much smaller than thermal energy, and that TW motion is very

asy and independent of temperature in the mantle conditions. 

A limitation of our study is that it does not account for the

ffects of temperature. At finite temperature, TW motion may

epend on the nucleation of kinks or terraces, with activation

nergies and temperature dependence that may be different from

hose presented here. Another important aspect is the interaction

f TWs with other defects. In particular, vacancies are known to

ave a strong effect on the pinning of TWs [8] . Since brigmanite

s submitted to high temperatures in the Earth’s mantle, vacancies

re expected to play a major role in the mobility of TWs. Fer-

oelastic materials are also reputed to form complex intersecting

omain patterns [5,35,36] . The interactions between intersecting

Ws would have to be explicitely modelled to obtain a more

ealistic description of their role on seismic attenuation and the

eformation of bridgmanite. 
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