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Abstract:

In this study, we propose a theoretical approach to test the validity of the isomechanical
analogues for post-perovskite structures. Intrinsic plastic properties are evaluated for
three materials exhibiting a post-perovskite phase: MgSiO;, MgGeO; and CalrOs.
Dislocation properties of each structure are determined using the Peierls-Nabarro model
based on first principles calculations of generalised stacking fault and the plastic
properties are extended to crystal preferred orientations using a visco-plastic self-
consistent method. This study provides intrinsic parameters of plastic deformation such
as dislocation structures and Peierls stresses that can be directly compared between the
three materials. It appears that it is very difficult to draw any simple conclusions on
polycrystalline deformation simply by comparing single crystal properties. In particular,
contrasting single crystal properties of MgSiO; and CalrOs; lead to similar crystal

preferred orientation of the polycrystal aggregates.

Keywords: CalrO;, MgSiO3, MgGeQs, post-perovskite, deformation mechanisms,

dislocations, slip systems, first-principle calculations, Peierls-Nabarro model
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Introduction

The lowermost layer of the Earth’s mantle, called D”, is one of the most important
boundary layers of the Earth's interior. This region is characterized by strong
heterogeneities and large seismic anomalies (Lay et al., 1998). The recent discovery
(Murakami et al., 2004; Oganov and Ono, 2004) (R1-4) that MgSiO; perovskite
transforms into a slightly denser phase (usually called post-perovskite) at ca. 130 GPa,
2000K has provided new insights into the understanding of the D layer (Oganov and
Ono, 2004; Tsuchiya et al., 2004a, b). The layered structure of post-perovskite has been
immediately suggested as a possible origin for seismic anisotropy in D”. For a strong
seismic anisotropy to develop, it is necessary to have a significant elastic anisotropy, but
also that the crystal preferred orientation allows this anisotropy to appear at the aggregate
level. Knowledge of the active slip systems that produce preferred orientation is thus of
primary importance (Oganov et al. 2005, Carrez et al. 2007b).

MgSiOs post-perovskite cannot be quenched and must be studied in sifu at high-pressures
that can only be attained in a diamond anvil cell (Merkel et al., 2007) (R2). For this
reason, the use of analogue materials appears very attractive as it allows more
experiments (in particular deformation experiments) to be performed. It is known that
orthorhombic CalrO; (space group Cmcm) is isostructural to MgSiOs post-perovskite at
atmospheric pressure, although at high-temperature, CalrO; transforms to a Pbnm
perovskite phase (Hirose and Fujita, 2005). Over the last fifty years, germanates have
been used as low-pressure analogues for silicates. In most cases, the analogy between
germanates and silicates have been demonstrated in the studies of phase equilibria and
thermodynamics. Indeed, Hirose et al. (2005) have shown recently that MgGeSiO;
exhibits a post-perovskite phase isostructural to CalrO; and MgSiO; pPv at ca. 50 GPa.
For this reason, several studies have been carried out recently on CalrO; and MgGeOs-
pPv (Merkel et al., 2006; Miyajima et al., 2006; Niwa et al., 2007; Walte et al., 2007;
Yamazaki et al., 2006) (R2) to infer the plastic behaviour of MgSiOj; at high-pressure.
The extension of the analogue approach to rheology and texture development is not
straightforward. The first basis for this has been given by (Frost and Ashby, 1982), who

have shown that choosing a proper normalization for stress and temperature (usually
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stress is normalized to the shear modulus and temperature to the melting temperature
although Poirier (1985) emphasizes rightly that this choice is not unique), allows the
construction of deformation-mechanism maps. A possible inference from these maps is
that under the same normalized conditions, materials belonging to the same
isomechanical group would exhibit the same dominant deformation mechanism. Frost
and Ashby did not claim detailed comparison of deformation mechanisms, such as slip
system activities for instance, in the plasticity field. Keeping that in mind, the recent
studies using experimental deformation of CalrO; and MgGeOs-pPv to predict texture
development in MgSiO;-pPv represent a considerable extension of the isomechanical
approach. Indeed, one of the most extensive studies carried out on “isostructural”
materials is probably the one performed on perovskites by Poirier and co-workers in the
eighties (Beauchesne and Poirier, 1989; Beauchesne and Poirier, 1990; Besson et al.,
1996; Poirier et al., 1989; Wright et al., 1992). This study (and others) has shown that the
greatest caution must be exercised when comparing the mechanical behaviour of different
perovskites. We will show, however in another study that perovskites represent a special
case. It is thus important to assess the validity of the concept of isomechanical groups
with post-perovskites as far as texture developments are concerned.

We propose here a theoretical approach of this problem. We have shown in several recent
studies that the Peierls-Nabarro model combined with first-principle calculations
provides a very powerful tool to calculate the dislocation properties of complex oxides
(e.g. SrTiO; perovskite: Ferré et al., 2008) including silicates (Carrez et al., 2006; Carrez
et al., 2007a; Carrez et al., 2007b; Durinck et al., 2007a; Ferré¢ et al., 2007). In particular,
we have applied this model to MgSiOs-pPv at 120 GPa for which the dislocation core
profiles and Peierls stresses (lattice resistance to dislocation glide at 0K) have been
calculated (Carrez et al., 2007b). In this study, the same approach is applied to CalrO;
and MgGeO;-pPv (at 120 GPa). This provides parameters that can be unambiguously
compared from one compound to another. With this method we will have the first direct

assessment of the intrinsic plastic properties of three isostructural materials.

Computational methods

The Peierls-Nabarro model
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This study is based on the Peierls-Nabarro (PN) model combined with first-
principle calculation of generalized stacking faults. The method has been described in
detail in several recent papers, in particular where we report the results on MgSiOs-pPv
(Carrez et al., 2007b). For this reason, the model will not be described here and the reader
is invited to refer to Carrez et al. (2007b) to find further information.

Ab initio calculations

Calculations were performed using the ab initio total-energy calculation package
VASP (Kresse and Furthmiiller, 1996a, b). This code is based on the first-principles
density functional theory and solves the effective one-electron Hamiltonian involving a
functional of the electron density to describe the exchange-correlation potential.
Computational efficiency is achieved using a plane wave basis set for the expansion of
the single electron wave functions and fast numerical algorithms to perform self-
consistent calculations (Kresse and Furthmdiller, 1996a). We used the Generalised
Gradient Approximation (GGA) derived by Perdew and Wang (1992) and the all-electron
Projector Augmented-Wave (PAW) method as implanted in the VASP code (Blochl,
1994). The outmost core radius for Mg, Ge, Ca, Ir and O are 2, 2.3, 2.3, 2.6 and 1.52 a.u.
respectively. For all the calculations, a single cut-off energy of 600 eV was used for the
plane-wave expansion (R1-6). The first Brillouin zone is sampled using a Monkhorst-
Pack grid (Monkhorst and Pack, 1976) adapted for each supercell geometry in order to
achieve the full energy convergence.

The crystallographic structures were optimized (full relaxation of cell parameters
and of atomic positions) using a 6x4x4 K-point mesh and the athermal elastic constants
were determined as the second order derivative of the energy of a strained equilibrium
cell taking into account the pressure effect following Barron and Klein (1965) as
explained in Carrez et al. (2006) (R1-7). As CalrO; post-perovskite structure is stable at
ambient pressure conditions, the calculations were performed under zero external
pressure. The calculations of MgGeO; were carried out under an external pressure of 120
GPa. For all calculations, the convergence energies were below 0.1 meV/atom.

GSF calculations were performed using supercell techniques and relaxation
conditions (R1-2) already detailed in Carrez et al. (2007b). Typically, a supercell is built

on a Cartesian reference frame defined by the normal to the stacking fault plane and by
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the shear direction. The GSF are calculated by imposing a shear displacement to the
upper part of the supercell. Five supercells identical to those published in Carrez et al.
(2007b) are used in this study to investigate the following slip systems: [100](010),
[100](001), [100](011), [001](010), [001](110), [001](100), [010](100), [010](001),
15[110](001) and %[110](110).

Visco-plastic self-consistent (VPSC) model
Crystal preferred orientations were predicted using an anisotropic visco-plastic self-
consistent model originally developed by Lebensohn and Tomé (1993). The background
of the model and its application to mantle minerals, such as olivine was described in
detail by Tommasi et al. (2000) and a recent review of the method is given by Tomé and
Lebensohn (2004), thus only a short overview is presented in the following section. The
visco-plastic self-consistent approach allows both the microscopic stress and strain rate to
differ from the corresponding macroscopic quantities. Strain compatibility and stress
equilibrium are ensured at the aggregate scale. At the grain scale, deformation is
accommodated by dislocation glide only; other mechanisms such as dynamic
recrystallization and grain boundary sliding are not taken into account. The shear rate in a

glide system s is related to the local deviatoric stress tensor Sj by a viscoplastic law:

. A " s j
}Y:%(r_oj :%[yrgyj

. . Ky Ky .
where ¥, is a reference strain rate and », 1, , and t( are respectively the stress

exponent, the resolved shear stress, and the critical resolved shear stress for the system s,

whose orientation relative to the macroscopic stress axes is expressed by its Schmid

tensor r’. The potentially active glide systems for post-perovskite structures, their
normalized critical resolved shear stresses are evaluated from ab initio modelling ; they
are presented in Table 8. We used a stress exponent of n=3 for all calculations.

The problem lies in the calculation of a microscopic state (s, &) for each grain, whose
volume average determines the response of the polycrystal (E, l_)). The “1-site”
approximation (Molinari et al., 1987) is used in the anisotropic VPSC formulation; the

influence of individual neighbouring grains is not taken into account. Interactions
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between any individual grain and its surroundings are successively replaced by the
interaction between an inclusion with similar crystal orientation and an infinite
homogeneous equivalent medium (HEM), whose behaviour is the weighted average of

the behaviour of all the other grains. This leads to:
& -D, = —oMy (s — Ekl)

i

where M is the interaction tensor and o is a constant used to parameterize the interaction
between grains and the HEM. a = 0 corresponds to the upper bound homogeneous strain
(Taylor) model (see Lebensohn and Tomé (1993)), a = 1 corresponds to the tangent
model of Lebensohn and Tomé (1993), and a = infinity to the lower bound stress
equilibrium model (Chastel et al., 1993). The VPSC tangent model (o = 1) reproduces all
the main features of the CPO previous VPSC studies and has been applied here.

In the models an aggregate of 1000 orientations, initially spherical in shape and randomly
oriented, is deformed in simple shear and axial compression. The strain path is imposed
by prescribing a constant macroscopic velocity gradient tensor L and a time increment,
dt, set to achieve an equivalent strain of 0.025 in each deformation step. The equivalent

strain is defined as (Molinari et al., 1987):
., = 1D, ®d

where the Von Mises equivalent strain rate is:

D, =42/3D,D,

Results

Results of cell parameter and elastic constant are presented in Table 1 and Table 2 for
either MgGeOs or CalrOs. They are in fairly good agreement with the few available data.
As commonly noticed, the discrepancy between values come mostly from the choice of
first-principles approximations. The results of GSF calculations are presented in Figure 1
and 2 should be compared to Figure 3 of Carrez et al. (2007b). The GSF is interpreted as

follows. In the case of a single peak GSF, it can be characterized to a first order by its

max ax

maximum value y™. The most relevant parameter is the maximum restoring force ™

encountered during rigid-body shear of the cell, which corresponds to the maximum
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slope of the GSF. Those values are presented in Table 3 for MgGeO; and CalrOs. In this
Table, 7" is also presented normalized by the corresponding shear modulus (calculated
using anisotropic elasticity) to allow easier comparison between different compounds. In
some cases, the GSF exhibits a minimum at half-shear between adjacent lattice points.
This is important information as it suggests a tendency for perfect dislocations to split
into partial dislocations. The separation of the partials is directly constrained by the
stacking fault energy (SFE), which is given by the energy value at this minimum. The
lower the minimum and hence the SFE, the wider the dislocation core splitting will be.
This has strong implications on the mechanical properties as dislocation core spreading
usually enhances mobility. Figure 2 presents the GSF corresponding to the three slip
systems involving [100] glide that are compared to the previous results obtained on
MgSiO; pPv.

The GSF are used as an input for dislocation core modelling based on the Peierls-Nabarro
model. The work presented here follows the results for MgSiO; pPv (Carrez et al.,
2007b) ,where the technique is presented in detail. This description will not be
reproduced here. The results of the PN model are summarized in Tables 4 to 7 for
MgGeOs and CalrOs. In both cases, we have separated results for dissociated and non-
dissociated dislocations. In each table, results can be found for both edge and screw
dislocations. Figure 3 reproduces some characteristic dislocation core profiles which,
should be compared to those calculated in MgSiO; pPv and correspond to figures 4 to 7
of Carrez et al. (2007b).

Discussion

Dislocation core structures are qualitatively similar in the three compounds. The most

striking difference corresponds probably to 1/2]1 10](110) which is not dissociated in

MgSiOs, tends to slightly dissociate in MgGeOs; and is dissociated into three partials in
CalrOs. However, these qualitative differences only reflect some tiny quantitative
changes. The greatest contrast between MgSi0O;, MgGeO; and CalrO; lies in the relative
differences between the mobility of the various dislocations. To assess this property, we
use the Peierls stress that probes the intrinsic resistance of the lattice to dislocation glide.

This parameter allows straightforward comparison between the three compounds
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considered here. To compare the slip systems, we use the following approach. We select
for each slip system the highest Peierls stress between edge and screw dislocation
segments. This value will be used as a proxy for the critical resolved shear stress (CRSS)
since for an expanding dislocation loop, the segment bearing the highest friction will
control the deformation rate (see Durinck et al. (2007b) for an illustration based on 3D
Dislocation Dynamics in olivine). This allows a comparison of the ease of glide for
different slip systems within a given composition. To evaluate the plastic anisotropy of
each composition the “CRSS” of a given slip system is divided by the one of the easiest
slip system, which is thus scaled to one. The results are presented in Table 8. Our study

on MgSiOs yields the counterintuitive result that [001](010) is the easiest slip system (in

the planar core approximation as discussed in Carrez et al. (2007b), a discussion not
relevant here as we are just looking for criteria to compare different compounds within

the same theoretical approach). We show here that [001](010) is also the easiest slip

system for CalrO; and among the easiest for MgGeOj; (only 60% harder than the easiest
one). However, selecting the easiest slip systems is usually not enough to understand the
complexity of plastic deformation of a polycrystal that necessarily involves multiple slip.
It is also necessary to consider range of the CRSS values for the individual slip systems.
This varies significantly among the three compounds as illustrated on Table 9 or on
Figure 2, considering the maximum slope of GSF. There is very little variation in
normalized CRSS among slip systems involving [100] glide in MgSiO;. In MgGeOs,
[100] glide is 7.1 times harder on (010) than on (001). The opposite is observed with
CalrO; where [100] glide on (001) is 2.7 times harder than on (010) and variation in
CRSS values is much larger. This observation made on a small subset of data has a more
general relevance. Table 8 shows that all slip systems for MgGeO; except [110](110)
have normalized CRSS lower than 8. The range of CRSS values of MgGeOs is very
comparable with MgSiO; for which all slip systems have a CRSS less than 8.4. On the
other hand, data appear much more scattered for CalrO; for which the maximum ratio is
close to 70, 7.5 representing already the ratio between the CRSS of the easiest and the
second easiest slip system. From these observations, the most striking difference between
MgSi0Os3, MgGeO; and CalrOj is the exceptional plastic anisotropy of CalrQOs, rather than

the comparison of the easiest slip system.
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The different mechanical properties exhibited by the three compounds studied here are
due to the difference in the bond strengths. It is possible in the post-perovskite structure
to evaluate this parameter. Indeed, the layered structure offers the possibility to shear the
(010) plane at different levels, which will intersect one or the other bond type. In all the
previous calculations, the shear level has been chosen such as to preserve the strongest
bonds (Ge-O and Ir-O). To check and quantify this point, we have performed additional
calculations of unrelaxed-GSF in MgSiOs;, MgGeO; and CalrO; at two different levels.
The results are presented in Figure 4. One can see that CalrOs exhibits the greatest bond
strength contrast. Then comes MgSi0O; and finally MgGeO; corresponds to the case for
which there is the smallest difference between bonds. This is clearly due to the large
compression undergone at this pressure. MgSiOs; and MgGeOs clearly appear very close
in terms of bond strength contrast, which is very consistent with their similar degree of
plastic anisotropy as shown in Table 8§ and compared with CalrOs in Table 9.

The real implications of these differences can only be evaluated when slip
systems interact during plastic deformation of a polycrystal. To incorporate this aspect,
we use our CRSS as an input for a polycrystalline visco-plastic self-consistent (VPSC)
model of crystal-preferred orientation development using the CRSS values shown in
Table 9. Figure 5 shows the pole figures of all three compositions with post-perovskite
structure after a simple shear deformation of 1.73 shear strain or equivalent strain of one.
The preferred orientation pattern of MgSiO; and CalrOs are very similar with the highest
densities in the [001] pole figure (ca. 3.4 times uniform) near the shear direction and the
second highest densities at high angle to the shear plane in the (010), although the (100)
has similar density and orientation, indicating [001](010) and [001](100) could be the
dominant slip systems. In contrast MgGeOj has a very different preferred orientation
pattern with the highest density in the (001) pole figure at high angle to the shear plane
and the second highest density in the [010] close to the shear direction, suggesting
[010](001) may be dominant.

The activity of the slip systems (Figure 6) reveals that as expected the percentage
of slip on [001](010) is very high for MgSiO; and CalrO; (averaged over the total
deformation 35.5% and 43.3% respectively). However, the subsidiary slip systems are

very different, for MgSiO3 [001](110) (17.6%) and [100](001) (13.1%) whereas for
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CalrOs the conjugate systems [100](010) (12.7%) and [010](100) (11.5%) are the most
active. In contrast for MgGeO; the dominant system is [100](001) (31.5%) with
subsidiary slip systems [010](001) (21.9%), [010](100) (17.5%) and [001](010) (14.6%).
The slip activity shows the dominant activity of [001](010) suggested by the pole figures
for MgSi0O3 and CalrOs, but not the activity of [001](100) (1.5% and 1.7% respectively),
which in any case has a relatively high CRSS for both compositions. The secondary
systems have similar activities, but the systems are different, illustrating the complexity
of polycrystalline slip. MgGeOs is different in two ways, firstly the dominant slip system
[100](001) is not the same as MgSiOs and CalrOs, and the slip is more evenly distributed
among the slip systems reflecting the reduced range in CRSS values. Surprisingly the
[001](010) system, which has a low CRSS of 1.6, only has an activity of 14.6% in
MgGeO; placing it below the activity level of the other subsidiary slip systems
[010](001) and [010](100) with CRSS of 1.4 and 4.0 respectively. The combined action
of [100](001) (31.5%), [010](001) (21.9%) and [010](100) (17.6%) accounts for 71.0%
of slip activity, resulting in a preferred orientation that cannot be explained in terms of a

dominant single slip system.

Conclusion

Using a predictive modelling approach based on first principles we explore the plasticity
of isostructural analogues with the Post-Perovskite structure. Our method permits a clear
comparison between the analogues and the silicate, with no adjustable parameters. The
first conclusion is that the three compounds considered: MgSiO; and MgGeOs at 120
GPa as well as CalrOs at 0 GPa exhibit the same dislocation structures with only slight
differences in the dislocation core profiles. The main differences arise when dislocation
mobilities (assessed from lattice friction through the Peierls stress) are considered. The
respective dislocation mobilities do not rank similarly in the three compounds for the slip
systems considered. Beyond these considerations, we find that CalrO; appears much
more anisotropic that the germanate and the silicate. This behaviour is a clear
consequence of the bond strengths differences in these materials. Surprisingly, these
contrasting single crystal properties do not express themselves in a simple manner when

the deformation of the polycrystal is considered. Despite relatively small differences in
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CRSS of the two easier glide systems [001](010) in silicate and [100](001) germanate
(see Table 9), the easiest slip system plays a critical role and rapidly dominates the
texture to formation two completely different CPOs. From this point of view, CalrO;
develops a CPO remarkably similar to the silicate appears to be an attractive material to

model the seismic anisotropy in the core-mantle boundary region.
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Tables:

a(A) bA) cA) V@A)
MgGeOs; - This study 2.583 8316 6368 136.8
Kubo et al. (2006) 2.557 8238 6.308 1329
Hirose et al. (2005) - - - 131.4
CalrO; - This study 3214 9.869 7.332 2325
Hirose and Fujita (2005)  3.144 9.865 7.297 226.3
Stelen and Tronnes (2007) 3.222 9.849 7.350 233.2

Table 1. Lattice parameters and cell volumes of MgGeOs (at 120 GPa) and CalrOs (at

ambient pressure) post-perovskite calculated in this study. Comparison with previous

studies is provided.
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Cll C22 C33 C44 CSS C66 C12 C13 C23

MgGeO; - This study 1128 847 1072 219 151 345 468 376 536

CalrOs - This study 371 226 362 58 44 50 90 65 114

CalrO; - Stolen and Trennes (2007) 326 207 355 59 46 61 8 70 122

Table 2. Elastic constants of MgGeOs (at 120 GPa) and CalrOs (at ambient pressure)

post-perovskite calculated (GGA) in this study. In case of CalrO; comparison is provided

with recent results from Stelen and Trennes. All elastic constants are in GPa.
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Table 3. Results of GSF calculations for MgGeOj; pPv and CalrO; pPv. Y™ corresponds
to the maximum of the GSF curve. In case of camel hump shape, SFE represents the

stacking fault energy. T

shear modulus.

MgGEO_;

Slip system  y™* (J.m?) SFE (J.m®) ™ (GPa) t™*/p

[100](010) 5.43 - 70.73 0.21
[100](011) 3.76 - 47.44 0.20
[100](001) 2.67 - 32.51 0.22
1/2[110](001) 13.61 - 107.12  0.51
1/2[110](110) 16.43 16.01 159.48 0.53
[001](100) 9.36 9.28 65.54 0.43
[001](110) 11.63 10.88 119.86  0.77
[001](010) 6.68 4.98 66.97 0.31
[010](100) 17.11 - 85.80 0.25
[010](001) 15.11 2.66 115.62  0.53
CalrO;
[100](010) 0.97 - 10.22 0.20
[100](011) 1.55 - 16.10 0.34
[100](001) 1.74 - 18.04 0.41
1/2[110](001) 4.05 - 28.38 0.35
1/2[110](110) 3.27 - 30.10 0.47
[001](100) 34 2.56 29.88 0.68
[001](110) 34 2.06 30.4 0.67
[001](010) 1.19 0.83 11.05 0.19
[010](100) 421 - 22.41 0.45
[010](001) 4.58 1.82 28.68 0.49

a;

* is the ideal shear stress and it's normalized to the anisotropic
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Screw Edge

a’ Kb/4nt,e € AW Gy a  KbMnt,.e AW Gy
(A) A) (A) (eV.A") (GPa) | (A) A) (A) (eV.A") (GPa)

[100](010)  6.37 0.7 09 20 121.6 | 2.58 1.3 19 5107 44
[100](011)  10.47 1.0 1.3 2.3 89.9 | 3.21 1.7 22 1102 08
[100](001)  4.185 1.4 14 03 17.1 | 1.29 2.2 22 110%  0.01
5[110](001)"  1.29 1.0 14 5107 49 |4.16 0.9 1.4 25 81.3

Table 4: MgGeOs pPv at 120 GPa. Results of the Peierls-Nabarro model applied to the
slip systems [100](010), [100](011), [100](001), 4[110](001) corresponding to non-
dissociated dislocations. a’ is the periodicity of the Peierls valley. Kb/4nt™ corresponds
to the half width of dislocation core as defined in the analytical solution of the PN
equation whereas C is the half width of dislocation core deduced from the numerical
solution of the PN equation. AW Corresponds to the Peierls energy barrier and o, is the
calculated Peierls stress needed to overcome the energy barrier.

*In case of the '2[110](001) slip system, values are presented for the following mixed
characters: 6 = 17° in the “Screw” column and 6 = 73° in the “Edge” column (0 is the

angle between the Burgers vector and the dislocation line).
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Screw Edge
a ¢ AL(A) AW o, a ¢ AL(A) AW o,
A A (eV.A") (GPa) | (A) (A) (eV.A") (GPa)
[110](110) 6.37 0.5 1.2 6.2 266 | 436 0.8 1.8 3.1 116.6
[001](100) 832 1.5 3.7 3.5 489 | 637 23 7.8 1.1 14.8
[001](110) 436 0.5 4 1.4 459 | 637 1 7.5 4.2 75.6
[001](010) 2.58 0.8 7.5 0.6 20.1 | 637 1.5 145 1.8 27.9
[010](001) 129 1.1 24.5 0.1 58 418 1.1 24.7 12 23.9
[010](100)* 637 (=17 6.5 5.3 68.5 | 832 (=24 92 5.3 69.1
(=14 6=1.8

*For the [010](100) slip system, the value of { are presented for the central dislocation density (;) and for

the outer partials ({y)

Table 5: MgGeOs pPv at 120 GPa. Results of the Peierls-Nabarro model for dissociated
dislocations belonging to slip systems 2[110](110), [001](100), [001](110), [001](010),
[010](001) and [010](100). Here, C corresponds to the half width of a partial dislocation

and A( is the equilibrium distance between the two partials.
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Screw Edge
a KbMnt,., € AW Gp a Kbt ¢ AW Gp
A A A @A) GPy| A A (A (VA (GPa)
[100](010)  7.33 1.2 1.6 0.4 10.5 | 3.21 29 41 3107 0.2
[100](011) 123 0.7 0.5 1.2 61.6 | 3.21 1.8 13 9107 44
[100](001)  4.93 0.7 0.5 0.5 28 1.60 1.6 15 310° 0.3
%[110](001) 4.93 1.2 2.1 0.8 17.3 | 1.60 0.9 1.7 3107 1.9

Table 6: CalrO; pPv at ambient pressure. Results of the Peierls-Nabarro model applied to

the slip systems corresponding to non-dissociated dislocations.

Screw Edge
a ¢ ALA) AW o, a ¢ ACA) AW o,
A A eV.A") (GPa) | A) (A (eV.A") (GPa)
W110](110)* 733 ¢=1.1 19 1.4 378 [519 (=18 53 0.4 13.7
$=0.6 $=0.8
[001](100)  9.87 0.5 5.2 1.8 53 | 733 1 11.8 0.6 13.8
[001](110)  5.19 0.5 6.2 12 354 | 7.33 1 13.7 0.9 12.3
[001](010) 321 1.9 162 410% 09 |[733 46 388 1107 0.1
[010](001)  1.60 1.3 126 1107 04 [493 21 20.2 0.6 6.8
[010](100)*  7.33 (=33 12.8 0.6 9 987 (=116 222 1.5 10.9
§=0.8 =12

*For 4[110](110) and [010](100) slip systems, the value of  are presented for the central dislocation

density ({;) and for the outer partials ()

Table 7: CalrOs; pPv at ambient pressure. Results of the Peierls-Nabarro model applied to

the slip systems corresponding to dissociated dislocations.
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MgGeOj at 120 GPa

Slip system

Peierls stress

screw dislocations

Peierls stress

edge dislocations

Maximum

Peierls stress

Peierls stress normalized

to the easiest slip plane

(GPa) (GPa) (GPa)

[100](001) 17.1 0.01 17.1 1

[010](001) 5.8 23.9 23.9 1.4
[001](010) 20.1 27.9 27.9 1.6
[001](100) 48.9 14.8 48.9 2.8
[010](100) 68.5 69.1 69.1 4.0
[001](110) 459 75.6 75.6 4.4
[110](001) 4.9 81.3 81.3 4.7
[100](011) 89.9 0.8 89.9 52
[100](010) 121.6 4.4 121.6 7.1
[110](110) 266.0 116.6 266.0 15.5

CalrOj; at ambient pressure

[001](010) 0.9 0.1 0.9 1

[010](001) 0.4 6.8 6.8 7.5
[100](010) 10.5 0.2 10.5 11.6
[010](100) 9 10.9 10.9 12.1
[110](001) 17.3 1.9 17.3 19.2
[100](001) 28 0.3 28 31.1
[001](110) 354 12.3 354 393
[110](110) 37.8 13.7 37.8 42
[001](100) 53 13.8 53 58,9
[100](011) 61.6 4.4 61.6 68.4

Table 8: Summary of the Peierls stresses and comparison of the various slip systems
based on the hardest dislocation character. The maximum Peierls stress is the maximum

value between the screw and edge characters assuming that the slowest dislocation

character will control plastic deformation.
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Slip system  MgSiO; MgGeO; CalrOs

[100](010) 47 71 11.6
[100](001) 2.6 1.0 31.1
[100]{011} 6.8 52 68.4
[001](010) 1.0 1.6 1.0
[001]7{110} 2.9 44 39.3
[001](100) 5.4 2.8 58.9
[010](100) 52 4.0 12.1
[010](001) 4.1 1.4 7.5
<110>(001) 4.1 47 19.2
<110>{110} 88 15.5 42

Table 9: Summary of the CRSS values used for VPSC modelling. Note the hardest
system <110>{110} in MgSiO3 and MgGeOs is different from the hardest system in

CalrO; [100]{110}.
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Figure 1: Generalized stacking faults calculated in this study (to be compared to Figure

3b of Carrez et al. (2007b) for the case of MgSiOs). The GSFs are displayed against a

shear displacement vector u rescaled in such a way that /2 shear corresponds to #=0 in

order to compare the different slip systems.
a) MgGeO;
b) CalrOs
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Figure 2: GSF corresponding to the three slip systems involving [100] glide: [100](010),

[100](001) and [100](011). As a guide for the eyes, the GSF of a given slip system,

[100](010), has been scaled at the same height in the three graphs. This illustrates the

variations among compounds.

a) MgSiO;
b) MgGeOs

c) CalrOs;
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2

Figure 3: Disregistry, S (dashed line) and dislocation density, p, plotted against the
distance x of the dislocation core for screw dislocations. Dislocations represented are
[100](010), [010](001), [001](110) and [010](100) respectively for MgGeOs (a, c, e and
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Figure 4: Unrelaxed GSF corresponding to the [100](010) slip system. For each

compound, the shear level has been chosen to intersect the octahedral or the

hendecahedral layer.
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Figure 5: Crystal preferred orientation in simple shear using CRSS predicted by ab initio modelling used in VPSC simulation. Shear

strain is 1.73 (Equivalent strain 1.0). Finite strain axes are marked X maximum and Z minimum, Horizontal black line is the XY

flattening plane. Thick black arrows mark the dextral shear sense, SD is the shear direction and the inclined black line is the shear

plane. Lower hemisphere equal area projection.
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Slip Activity

Figure 6: The slip activity in simple shear given by the VPSC simulation. The slip systems the most active in the silicate are indicated
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