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Simulation of screw dislocations in wadsleyite
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Abstract The structure and energies of the cores of [100] and [001] screw
dislocations in wadsleyite (8-MgoSiO4) are calculated using a cluster-based
combined elastic-atomistic method and a new parameterized interatomic
potential model. For a core radius of 10 A, core energies are found to be
2.5 and 4.4 eV/A for the [100] and [001] dislocations, respectively. Both
dislocations are associated with significant non-elastic displacement fields
extending beyond the core with a radial component towards the dislocation
line. The core of the [100] dislocation contains tetrahedrally coordinated
magnesium, has a simple 2D structure and is spread parallel to (011) in a
manner that suggests high mobility. In contrast, the core of the [001] dislo-
cation has an extended and complex 3D structure involving the formation

a large SigO719 unit twisted around the dislocation line. This implies that
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movement of the [001] dislocation will be inhibited by the need to cleave
Si-O bonds. These observations, combined with the anomalously low core
energy of the [100] dislocation, explain the regular occurrence of [100] dis-
locations and very rare observation of [001] dislocations in experimentally

deformed wadsleyite samples.

Key words wadsleyite, screw dislocations, deformation, atomic scale mod-

eling, dislocation energy

1 Introduction

The motion of dislocations in mantle minerals plays a key role in determining
their rheology and, in turn, controlling the vigor and style of the solid state
convection that drives plate tectonics and is responsible for many of the ge-
ological processes expressed at the Earth’s surface. These one-dimensional
extended defects can also contribute to seismic dispersion and attenuation
(Jackson, 2007; Karato and Spetzler, 1990) and provide pathways for rapid
diffusion of trace and major elements into and out of the interior of min-
erals. Many of the properties of dislocations can be understood in terms
of imperfections in an elastic continuum but others, such as their mobil-
ity and effect on diffusivity, are determined entirely by the detailed atomic
scale structure of the dislocation core. Although experimental methods are
approaching this resolution in some cases (Johnson et al., 2004; Jia et al.,

2005), only computer simulation at the atomic scale can fully resolve the
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structure of dislocation cores needed to understand these processes. Most
modeling of dislocation cores in minerals has been performed by param-
eterizing the Peierls-Nabarro model (Peierls, 1940; Nabarro, 1947) using
the energies of generalized stacking faults from density functional theory to
introduce nonlinear forces at the atomic scale into a continuum model of
the dislocation. This approach, which has the key advantage of a predic-
tive and ab-initio description of the atomic interactions, introduces, among
others, the significant constraint of a planar dislocation core (e.g. Schoeck,
2005). Nevertheless, the Peierls-Nabarro approach has been applied to many
minerals including MgSiO3 perovskite, post-perovskite and analogue mate-
rials (Carrez et al., 2007a,b; Ferré et al., 2007, 2008, 2009a,b), a-MgsSiOy4
forsterite (Durinck et al., 2005a,b, 2007) and v-MgsSiO4 ringwoodite (Car-
rez et al., 2006). Alternatives to the Peierls-Nabarro model involve explicit
calculation of the dislocation core structure using atomic scale simulation.
These models can make use of either one-dimensional boundary conditions
to simulate an isolated dislocation (the ‘cluster’ approach used in this work)
or three-dimesnional boundary conditions to simulate an infinite array of
dislocations (the ‘dipole’ approach). In the latter case it is important to con-
sider interactions between the dislocation core fields (Clouet et al., 2009)
and to include the contribution from core traction in the dislocation forma-

tion energy (Clouet, 2009).

Wadsleyite, 3-MgoSiOy, is a major component of the upper part of the

mantle’s transition zone. It is stable at pressures intermediate to the low
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pressure olivine structure and the high pressure ringwoodite (spinel) struc-
ture and accounts for around 40% of the mantle by volume for a pyrolitic
composition at depths between 410 and 520 km. An understanding of the
deformation mechanisms of wadsleyite is particularly useful as a signature of
mantle dynamics and, in particular, to discriminate between whole-mantle
and layered convection. Layered convection should result in horizontal flow
in the transition zone whereas whole mantle convection should lead to ver-
tical flow in this region. If dislocation glide is the active deformation mech-
anism the flow pattern may be recorded as a crystallographic preferred
orientation in wadsleyite. This would in turn lead to potentially observable
seismic anisotropy. Tommasi et al. (2004) have shown that the weak seis-
mic anisotropy of the transition zone (e.g. Montagner and Kennett, 1996;
Trampert and van Heijst, 2002) can be explained by a crystallographic pre-
ferred orientation created by dislocation creep of wadsleyite and argue that
this suggests that flow in the transition zone has a dominant horizontal

component.

Wadsleyite is a spinelloid with a body-centered orthorhombic unit cell
(space group Imma). The crystal structure can be understood in terms of
a distorted cubic close packed array of oxygen atoms with magnesium and
silicon ions embedded in tetrahedral and octahedral interstices. Alterna-
tively, it can be viewed as consisting of SiO4 and MgQOg polyhedral units
with pairs of silicate tetrahedra sharing a single vertex to form isolated

SiyO7 groups. Studies of samples from meteorites (e.g. Price et al., 1982;
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Price, 1983; Madon and Poirier, 1983) and experiments (e.g. Kerschhofer
et al., 1996, 1998) show that transformation between olivine and wadsleyite
can occur via incoherent nucleation on olivine grain boundaries or by an
intracrystalline mechanism involving the migration of partial dislocations.
The second mechanism can result in an increase in the dislocation density

during transformation from olivine to wadsleyite.

Several studies have been performed in order to determine the strength
and active slip systems of wadsleyite at high temperature and pressure
(Sharp et al., 1994; Dupas et al., 1994; Dupas-Bruzek et al., 1998; Chen
et al., 1998; Mossenfelder et al., 2000; Nishihara et al., 2008). These have
mostly been performed in multianvil apparatus adapted to impose devi-
atoric stress and with a starting material containing olivine. Dislocations
present in recovered samples have been characterized using the transmis-
sion electron microscope. Extended defects identified by Dupas et al. (1994)
and Dupas-Bruzek et al. (1998) include (010) stacking faults interpreted
as growth defects, and dislocations belonging to the active [100]{021} and
1(111){101} slip systems. At higher temperature, Sharp et al. (1994) found
evidence for movement of [100] dislocations on the (010) plane. Measure-
ments of the strength of wadsleyite shows that it is stronger than olivine
(Mossenfelder et al., 2000; Nishihara et al., 2008) and that the addition of
hydrogen leads to significant hydrolytic weakening (Chen et al., 1998). One
difficulty with these experiments is the need to untangle microstructures

formed during the deformation and transformation processes.
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Perhaps the most complete study of deformation induced microstruc-
tures in wadsleyite was undertaken by Thurel and co-workers. This series
of experiments avoided problems with the transformation microstructure
by first pre-transforming synthetic forsterite powder into wadsleyite. The
samples were then recovered before being deformed under anisotropic com-
pression at 1800-2000 °C and 15-19 GPa (Thurel and Cordier, 2003) and
shear at 1300 °C and 14 GPa (Thurel et al., 2003a) in multianvil appa-
ratus in separate experimental runs. The deformed specimens were then
examined in the electron microscope. Reported slip systems from the com-
pression experiments were [100] dislocations on the (010), (001), {011} and
{021} planes, $(111) dislocations on {101}, [010] on (001) and {101}, and
(101) on (010). Dislocations with a [001] Burgers vector were observed once
and interpreted as being immobile. Fewer slip systems were observed fol-
lowing the shear experiments where only [100] and $(111) dislocations were
interpreted as being activated. Thurel et al. (2003b) explained these ob-
servations by calculating the elastic energy of the various dislocations and
considering various reactions leading to the formation of partial dislocation.
This showed the importance of the dissociation of dislocations to lower the
elastic energy for several of the slip systems. [100] screw dislocations were
particularly common and dissociation of these dislocations was not required
on energetic grounds. Indeed, dissociated [100] screw dislocations were only
observed very occasionally. The elastic energy does not explain this observa-

tion, and the existence of a favorable core structure for the screw dislocation
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was suggested (Thurel et al., 2003b). Few [001] dislocations were observed,
which suggests they have low mobility and thus do not multiply during de-
formation. The reason for this low mobility was unclear, but may be due an
inability for it to dissociate into partials (Thurel et al., 2003b). Any study
based on elastic theory alone is clearly limited by a lack of resolution of the
core structure, a fact acknowledged by Thurel et al. (2003b) who conclude
that it “seems necessary, however, to carry out further detailed investiga-
tion on the precise core structure of the dislocations in wadsleyite to better
understand and model the plastic behaviour of this mineral”. Atomic scale
simulation is currently the only method that can provide the detailed and
three-dimensional view of the core of dislocations needed to address this
problem. The results presented below show how this detailed view can be
obtained for the two non-dissociated screw dislocations and suggests why

they have such different behavior.

2 Methodology

Models of the [100] and [001] screw dislocations in wadsleyite were con-
structed following the methodology described in Walker et al. (2005a). The
approach combines an atomic scale model of the core with a description of
the extended crystal based on continuum linear elasticity and has previously
been used for models of screw dislocations in MgO, zeolite A, forsterite,

and orthorhombic paracetamol-IT (Walker et al., 2004, 2005b; Carrez et al.,
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2008). The calculations were performed using parameterized interatomic po-

tentials making use of the GULP code (Gale, 1997; Gale and Rohl, 2003).

Interactions between atoms are described using a new interatomic po-
tential model designed to be transferable, free of discontinuities on the po-
tential energy surface, and scalable to very large systems. To this end the
model follows the general approach taken by Sanders et al. (1984) and Lewis
and Catlow (1985) to produce their successful and transferable potential
model, sometimes called ‘THB1’ in the literature. In common with this
earlier model, interactions between atoms consist of a Coulomb term with
atoms given formal charges, short-range Buckingham type interactions, a
shell model to account for oxygen polarizability and a three-body term to
account for repulsion between Si—O covalent bonds in silicate tetrahedra.
The key difference in the formulation of the new model is that the Coulomb
term is evaluated using a spherically truncated, pairwise, real space summa-
tion (Wolf et al., 1999). This allows calculations using the model to make use
of physically intuitive and easily parallelizable spatial locality to realize lin-
ear scaling with system size (e.g. Fennell and Gezelter, 2006). Additionally,
smoothness of the potential is imposed by including tapering of the pairwise
short range terms using a cosine function and by replacing the harmonic
three-body term, which has a radial discontinuity, with the exponential-
harmonic form (Gale and Rohl, 2003), which smoothly decays as the Si-O

separation increases.
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A three stage approach is taken to constructing the models of the dis-
locations. First a charge neutral disk-shaped simulation cell containing the
defect-free crystal structure is constructed with a one-dimensional periodic
repeat direction, labeled z, parallel to the dislocation line (and, for a screw
dislocation, the Burgers vector). The [010] direction is always orientated
along the y axis of the simulation cell with the = axis parallel to the third
crystallographic direction. The simulation cell radius is chosen as 80 A to ac-
commodate relaxation around the core and the height is equal to the length
of the Burgers vector. Including the oxygen cores and shells, the simulation
cells for the [100] and [001] dislocations contain 19259 and 28300 particles,

respectively.

Charge neutrality of the simulation cells is imposed by building the simu-
lation cell out of charge neutral polyhedral units centered on cations. Vertex
oxygen atoms are assigned a fractional negative charge to balance the pos-
itive charge on the cation. Overlapping oxygen atoms are merged and the
charges summed so that the total charge on any oxygen within the simula-
tion cell is —2. Charges on the oxygen atoms around the fringe of the cell
are not, therefore, assigned the full charge and the total charge of the cell
is zero. For forsterite (Walker et al., 2005b), assigning fractional charges is
straight-forward as each oxygen belongs to one silica tetrahedra (contribut-
ing a charge of —1) and three magnesium octahedra (each contributing a
charge of —%) This gives the correct formal charge on the oxygen and neu-

tral polyhedra. For wadsleyite one oxygen atom, O(1), belongs to five Mg
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octahedra and no Si tetrahedra while the Si—-O-Si bridging oxygen, O(2),
belongs to two tetrahedra and one octahedra. In order to ensure charge
neutrality for this structure the O(2) atoms are artificially assumed not to
contribute to the octahedra while the O(1) atoms are assigned extra nega-
tive charge (total contribution of —%) This ensures that all polyhedra are
charge neutral and all oxygen atoms in the interior of the simulation cell
have the correct formal charge.

The second stage involves introducing the dislocation based on anisotropic
linear elasticity (Steeds, 1973). Each model atom in the simulation cell is
moved as if it was embedded in an infinite elastic medium which is deformed
to introduce the dislocation. For the two cases considered in this work the
elastic displacement, u,, at a point (z,y) is entirely parallel to the Burgers

vector, b, and is given by:

_b [Sa1y
Uz = 5 arctan ( o x) (1)

where Sy4 and S5 are components of the reduced elastic compliance matrix

which is in turn calculated from the full elastic compliance matrix (s;m):

S53153m
- 2
- (2)

Sim = Stm —

with the z3 axis orientated along the Burgers vector and the x; and x- axes
orientated along the two perpendicular crystallographic axes. Because the
elastic displacement field for a screw dislocation has a discontinuity of %b
across the origin it is important to select a location for the origin such that

bonds are not broken at this stage of the calculation. This was achieved by
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locating the origin along (0, §) for the [100] dislocation (Figure 1) and (1,
0) for the [001] dislocation (Figure 2). After introducing the dislocation all

Si—O bonds are preserved.

The final step needed to generate a model of the dislocation core is to
allow the atoms to move to find a low energy configuration. This process
corrects for non-linear elasticity close to the core, allows the possibility
of inhomogeneous strain, accounts for the atomic scale structure of the
core and allows the reconstruction of the core to cause deformation of the
surrounding crystal (Walker et al., 2005a). The energy was minimized using
a limited memory BFGS optimizer (Nocedal, 1980) with the leading 50
diagonals of the hessian matrix included in the calculation. A 30 A thick
outer rim of atoms were held fixed in the configuration predicted by linear
elasticity to simulate the presence of an extended crystal. Atoms within 50
A of the center of the cell were allowed to move to energy minimum. The
fact that the outer rim of atoms is thicker than the real space Coulomb
cutoff radius means that the mobile atoms do not interact with the edge of

the atomistic model.

Once an energy minimum has been located various techniques described
below are used to explore the structure and properties of the core. The op-
timized structure can also be used to extract the formation energy of the
dislocation. It is first worth noting that, unlike in the case of point defects
(where there is a unique defect formation energy) or surfaces (where there is

a surface energy per unit area), there is not a unique dislocation energy per
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unit length of dislocation. The formation energy includes an elastic contri-
bution arising from elastic strain distributed across the extended crystal and
is thus a function of crystal size expressed as distance from the dislocation
line. The total dislocation formation energy, E, stored within a cylindrical

crystal of radius r is given by:

Kb? r
E(r)=FEcwe+—In( — 3
(1) = e + S (2 3)
where rg is the size of the dislocation core with energy Fco.. and b is the

length of the Burgers vector. K is an energy factor equal to the shear mod-

ulus in the isotropic case and given by:
1
K = (544555)" 2 (4)

for the symmetry of the [100] and [001] dislocations in wadsleyite. In order
to calculate E(r) for a particular radius the model derived from the en-
ergy minimization procedure is divided into two parts. Region I contains all
atoms found closer to the origin than r while the outer atoms are assigned
to region II. The energy of the simulation cell containing the dislocation is
then partitioned into interactions between atoms within region I, Ed(11),
interactions between atoms in region 2, Ed(22) and interactions between the
two regions, Ed(12) and Ed(21). Equivalent energies for the perfect system
partitioned in the same manner, Ep(11), Ep(22), Ep(12) and Ep(21), are
calculated. It is essential to ensure that the same distribution of atoms be-
tween the two regions is made and an atom at the edge of region I in the

dislocated cell is also in region I for the perfect cell (so, for the perfect sys-
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tem, the cutoff radius is not the same as the radius used for the dislocated
system; indeed, the boundary is not generally circular for the perfect sys-
tem). The dislocation formation energy stored within region I is then given
by E(r) = (Ed(11) + Ed(12)) — (Ep(11) + Ep(12)). E(r) was calculated for
a number of different radii and this data used to fit Equation 3 and extract

a value for the energy of the dislocation core.

3 Results

Table 1 shows the parameters of the inter-atomic potential model relax fit-
ted (Gale, 1996) to the structure and elastic constants of MgO and forsterite
along with the static and high frequency dielectric constants of MgO. As
shown in Table 2, the new potential model reproduces both fitted and un-
fitted properties of the phases used for fitting as well as those of wadsleyite
with similar fidelity to the ‘THB1’ model, which has been widely used for
studies of point and extended defects in these minerals (e.g. Purton et al.,
1997; de Leeuw et al., 2000; Walker et al., 2003, 2006, 2009). Compared
to that model the new parameters generally lead to slightly softer elastic
constants and larger cell volumes, but these differences are small when com-
pared to the deviation between the calculated values and experimental data.
For MgO both models are limited to simple pairwise interactions and are
therefore not capable of reproducing the Cauchy violation. Neither model
was fitted to the structure or properties of wadsleyite so the ability to repro-

duce the structure and elastic properties is reassuring. The new model used
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in the current work has the key advantage of allowing much more efficient
calculations for the large simulation cells needed for models of extended

defects.

The key information that can be extracted from the calculations is the
detailed, atomic scale, structure of each dislocation’s core out to a radius of
50 A. This can be viewed in a several ways and on different length-scales. On
the shortest scale an analysis of the bonding and atomic structure close to
the core is of interest. For the [100] screw dislocation (Figure 3) this shows
changes to the SioO7 groups are minor: Si—O bond lengths in the core change
by less than 0.02 A compared to the calculated perfect structure. The Si-
O-Si angles close to the core decreases from 124° to between 123° and 118°
and two bridging Si—-O(2) bonds in the group become slightly asymmetric
with one longer and one shorter bond compared to the single bond length
found in the perfect structure. The structure of the MgOg octahedra are
changed in a more noticeable manner. Five of the magnesium atoms close
to the core are tetrahedrally rather than octahedrally coordinated with bond
lengths of 1.8 - 2.0 A. These magnesium atoms are aligned on an (011) plane
passing through the core and some are further from the center of the core
region than octahedrally coordinated magnesium with bond lengths similar
to those found in the perfect crystal. For the [001] screw dislocation (Figure
4) there are much more dramatic changes to the structure of the core. The
SioO7 groups are not all preserved unaltered, indeed two Si—O—Si bonds are

broken and three new ones form to create two isolated SiO4 tetrahedra and
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one large SigO19 unit that is wrapped around the center of the dislocation
core. Even in this deformed structure the Si—O bond lengths are similar to
those found in the perfect crystal structure apart from one abnormally long

bond (~1.8 A).

A powerful way to examine the structure of the core of screw dislocations
on a slightly longer length-scale is by plotting the differential displacements
of adjacent atoms along the dislocation line. In this representation, rather
than considering the structure of the core, displacements of atoms from their
position in the bulk crystal to their position in the core are considered. Ar-
rows are plotted between adjacent atoms with a length proportional to the
difference in the component of the displacement parallel to the dislocation
line. This representation clearly shows when a screw dislocation spreads
onto one or more planes and allows the visualization of processes such as
the spreading of £ (111) screw dislocations into the three equivalent {110}
planes in body centered cubic metals (Vitek et al., 1970). In the current
case the differential displacements between oxygen atoms are plotted su-
perimposed on the atomic scale structure in Figures 5 and 6. For the two
dislocations considered the differential displacement fields are rather differ-
ent. The core of the [100] screw dislocation is spread in an ellipsoid with
the long axis along the (011) plane containing tetrahedrally coordinated
magnesium atoms. The dislocation is spread ~12 A along this plane while
its thickness perpendicular to it is much more limited. However, there is

some evidence for limited spreading in (010). Deformation associated with
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the core of the [001] screw dislocation is more isotropic with an elliptical
cross section extending approximately 10 A in the [100] direction and ~7 A

in the [010] direction.

On the longest length-scale it is useful to consider the movements of the
atoms during the geometry optimization. These movements are due to the
model crystal not being a linear elastic continuum and can be represented
as displacements parallel and perpendicular to the dislocation line (Figures
7 and 8). The displacement parallel to the dislocation line is smaller for the
[100] than the [001] screw dislocation in both absolute terms and in terms
of a fraction of the Burgers vector. In both cases the displacement rapidly
decays away from the dislocation line and the magnesium ions move most.
For both dislocations, the radial component of the displacement field is con-
siderably smaller and decays more rapidly than the displacement parallel to
the dislocation line. Movement inwards, towards the dislocation dominates.

Only a very small number of atoms close to the core move outwards.

Figure 9 shows the energy of the two dislocation structures as a function
of radius evaluated for radii between 2 and 49 A and plotted as circles. It
is clear that the formation energy of the [001] screw dislocation is higher
than the energy of the [100] dislocation. Two approaches are used to ex-
tract the core energy. The first approach involves fitting the energies to
Equation 3 to give the lines in Figure 9 and the energy of the dislocation
core. Assuming a core radius of 10 A (because the core energy and radius

cannot be simultaneously determined, and this value allows a comparison
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with previous work) results in pre-logarithmic core energies of 2.48 and 4.45
eV/A for the [100] and [001] dislocations, respectively. In fitting the disloca-
tion energy K was taken as a free parameter, but for both dislocations the
fitted value was within 1 GPa of that expected from anisotropic elasticity
and the calculated elastic constants. (For the [100] dislocation the K was
fitted as 106.2 GPa while elastic theory predicts 106.4 GPa. For [001] the
fitted value was 100.7 GPa and the value from anisotropic elasticity was
101.4 GPa.) The second approach involves plotting the difference between
the total energy and the elastic part of the energy (using K from the elastic
constants) this is shown in Figure 10 and converges to the core energy at
large radius (Clouet, 2009). Using this approach gives somewhat smaller
core energies and implies smaller core radii (~1.4 eV/A and ~6 A for the

[100] dislocation, and ~3.4 eV/A and and ~8 A for the [001] dislocation).

4 Discussion and Conclusions

The similarity of K for the two dislocations emphasizes the rather low elas-
tic anisotropy of wadsleyite and shows that the difference in (elastic) energy
between the two dislocations is entirely due to the difference in length of
the Burgers vectors. It is instructive to compare the core energy of the
[100] screw dislocation with that of the (100) screw dislocation in MgO, a
structurally simple dislocation core with an anomalously low core energy
of ~4.2 eV/A (Watson et al., 1996, 1999; Walker et al., 2005b). Although

the dislocation in MgO has a 25% shorter Burgers vector than the [100]



18 Andrew M. Walker

screw dislocation in wadsleyite its core energy is ~1.7 times larger, a fea-
ture not explained by the higher shear modulus of MgO. This supports the
suggestion of a particularly stable core of the [100] screw dislocation made
by Thurel et al. (2003b). A possible explanation for the low energy core
is the structural flexibility offered by the presence of an oxygen atom that
is not bonded to Si in the wadsleyite structure. Movement of this atoms
and the surrounding Mg atoms parallel to the dislocation line can permit
a smoothing out of the discontinuity in the elastic displacement field and

allow the SioO7 groups to relax to an unstrained low energy configuration.

The radial displacements shown in Figures 7(a) and 8(a) merit further
discussion. The atoms move inwards, towards the dislocation core and this
motion is completely absent in the linear elastic displacement field where
the only non-zero components are parallel to the dislocation line (Equa-
tion 1; but note that for sufficiently low symmetry cases cross terms in
the compliance matrix do introduce radial displacements). Similar patterns
of inwards displacements have also been observed for screw dislocations in
MgO, forsterite (Walker et al., 2005b) and zeolite A (Walker et al., 2004)
and it appears that the explanation may be rather general. Consider any
circle threaded by the incipient dislocation line in the bulk material. This
circle becomes a helix with the same radius once the elastic displacements
have been applied and the dislocation introduced. Atomic separations along
the circumference of the helix are increased compared to the separation in

the bulk crystal structure (the circumference of a helix is longer then that
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of a circle with the same radius). One way of reducing the strain energy
associated with this distortion, and moving towards the equilibrium atomic
separation in the dislocated crystal, is to reduce the radius of the helix
when compared with that of the original circle. This reduction can be ac-
complished by an inwards motion of the atoms surrounding the dislocation,
as observed for both screw dislocations. Essentially, by reducing the volume
of the dislocation core, the strain outside the core is reduced. For the [100]
screw dislocation this reduction in core volume may also explain the occur-
rence of magnesium in tetrahedral coordination in the dislocation core. By
moving from octahedral to tetrahedral coordination the volume occupied
by the magnesium ions is reduced, this will reduce the volume of the dis-
location core and allow atoms outside the core to move inwards to further

reduce the elastic strain energy associated with this dislocation.

The atomic scale view of the core structure of the two dislocations pro-
vides an explanation for their different occurrences following deformation
experiments. The fact that [100] dislocations are commonly found suggests
that they are highly mobile allowing these dislocations to rapidly multi-
ply during deformation. Conversely, the rarity of [001] dislocations suggests
a much lower mobility. The structures point to a simple explanation for
the different mobilities as movement on the [001] screw dislocation in any
direction will inevitably involve the breaking and reforming Si-O bonds.
This processes will be associated with a large energy penalty preventing

easy movement. On the other hand, movement of the [100] screw disloca-
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tion will not involve this high energy process. The required changes in the
coordination of magnesium ions are likely to be associated with a lower en-
ergy barrier. The spreading of the [100] screw dislocation along the {011}

is suggestive of a particularly high mobility on this plane.
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o

Fig. 1 One unit cell of the bulk structure of wadsleyite, looking along the [100]
direction. The [010] direction is horizontal and the [001] direction is vertical. The
location of the incipient [100] screw dislocation line is marked with two concentric
circles. Si atoms are shown in pink, O atoms are shown in red and Mg atoms are

shown in blue.

Fig. 2 One unit cell of the bulk structure of wadsleyite, looking along the [001]
direction. The [010] direction is horizontal and the [100] direction is vertical. The
location of the incipient [001] screw dislocation line is marked with two concentric
circles. Si atoms are shown in pink, O atoms are shown in red and Mg atoms are

shown in blue.
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Fig. 3 Perspective atomic scale views of the core of the [100] dislocation look-
ing along the dislocation line. Only SiOs tetrahedra (pink: Si, red: O) and 4-

coordinated Mg (blue) are shown.

Fig. 4 Perspective atomic scale views of the cores of the [001] dislocation viewed
oblique to the dislocation line, marked with the black line. Only SiO4 tetrahedra

(pink: Si, red: O) are shown.
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Fig. 5 Differential displacement plots of the [100] screw dislocation. Arrows show
difference in displacement of adjacent oxygen atoms along the dislocation line (see

text) superimposed on the structure around dislocation core. Width 23 A.
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Fig. 6 Differential displacement plots of the [001] screw dislocation. Arrows show
difference in displacement of adjacent oxygen atoms along the dislocation line (see

text) superimposed on the structure around dislocation core. Width 23 A.
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Fig. 7 Non-elastic displacement field of [100] screw dislocations plotted for each
atom in the simulation cell. Part (a) shows the radial displacements (with positive
displacements being away from the dislocation line) and part (b) shows displace-

ments parallel to the dislocation line.
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Fig. 9 Dislocation formation energy as a function of radius from dislocation line

for [100] (solid symbols) and [001] (open symbols). Lines are fits to Equation 3.
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Fig. 10 Difference between the total and elastic part of the dislocation formation
energy as a function of radius from dislocation line for [100] (solid symbols) and

[001] (open symbols).
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Table 1 Parameters of the fitted interatomic potential model. Buckingham po-
tentials operate between atoms located less than 8.0 A apart, the three body
potential operates between O—Si—O groups where the O—O distance is less than
8.0 A and the Si—O distance is less than 4.0 A. Short range interactions are tapered
between 7.0 and 8.0 A. Coulomb interactions, treated using the Wolf summation
(Wolf et al., 1999), are truncated at a radius of 16.0 A and damped using an 7

parameter of 0.2 A~

Buckingham A (eV) p (A) C (eV.A%)
Si—-0O 1443.6999 0.308 10.66

Mg - O 1396.9531 0.149 0.0

0-0 22764.000 0.149 27.88

Three body exponential k (eV.rad™2) 6o (°) psio (A)
0O-Si-0 0.671854x10%  109.47 0.180
Polarizability Core charge Shell charge ks (eV.A7?)

0O 0.8482 -2.8482 74.92
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Table 2 Calculated and experimental lattice parameters and properties of MgO,

forsterite and wadsleyite. Experimental data from Sawamoto et al. (1984), Ahrens

(1995), Kumazawa and Anderson (1969), and Zha et al. (1997). “Previous model”

refers to model of Sanders et al. (1984) and Lewis and Catlow (1985)

MgO Experiment Previous model  This work
a 4.212 4.199 4.233
c11 297.0+0.1 392.82 376.85
Cc12 95.240.7 164.21 159.46
Ca4 155.7+0.7 164.21 159.46
€° 9.86 8.38 8.47
€™ 2.96 2.17 2.14
a-MgoSiOy

a 4.75 4.7818 4.7596
b 10.19 10.2464 10.3385
[¢ 5.98 5.9863 6.0313
ci1 328 358.62 330.09
c22 200 206.62 205.83
c33 235 281.14 278.14
Cci2 64 93.83 94.67
c13 69 96.18 99.44
o3 74 87.70 90.20
C44 66 44.23 45.92
Cs5 81 74.54 76.69
ce6 81 84.29 83.42
B-Mg2SiO4

a 5.69 5.6515 5.6561
b 11.46 11.3908 11.3384
[¢ 8.25 8.2746 8.2999
ci1 36046 434.60 433.05
C22 383+4 425.65 415.27
c33 27345 331.68 332.34
Cc12 7549 118.61 124.28
c13 1106 136.18 133.52
C23 105+9 144.10 141.08
C44 11242 101.61 92.91
Cs5 118+4 113.47 110.67
Cé66 9844 100.57 102.26




