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In this work, we investigate twist grain boundary (GB) energies and structures in Mg,SiO, forsterite using
atomistic simulations. We first present a new bond orientational order parameter allowing to highlight
disordered regions in this low-symmetry crystal for which classical visualization tools are ineffective. Then
we examine three GB planes, (010), (120) and (001), corresponding to the most favorable free surfaces of this
crystal. We show that twist GB follow the same energy ordering as corresponding free surfaces. In addition,
except for some misorientation angles and for the (120) GB plane, GB energies and structures are quite
insensitive to microscopic translational degrees of freedom. The dislocation composition of low-angle twist
GB can be related to y-surfaces in the corresponding planes, and are in good agreement with first-principle

calculations. It is also shown that the dislocation core structures in low angle twist GB can strongly differ from
the ones of intracrystalline dislocations.

1. Introduction

Rocks are polycrystalline assemblies with properties conditioned
not only by the properties of the individual crystals that compose
them, but also to a large extent by the interfaces between these crys-
tals: phase boundaries, and grain boundaries (GB) which will be the
focus of this paper. Indeed, GB play critical roles in material, includ-
ing rock, properties (e.g., mechanical [1,2], diffusional [3,4] or grain
growth [5,6]) because of their atomic structures distinct from the
bulk [7]. The description of GB is complex. Geometrically speaking
alone, five macroscopic parameters must be specified to differenti-
ate one GB from another. The lattice misorientation is described by
three parameters, and the orientation of the GB plane is described
by two parameters. The classic view that geometric parameters (in
practice, most often only misorientation) are sufficient to define a GB
and therefore to seek to define its properties is now being strongly
challenged. While a ground state can always be defined, there are
a multitude of metastable states [8] that play an important role on
the properties. The microscopic degrees of freedom that add to these
geometric parameters can be very complex in oxides [9,10] and even
more in silicates. This complexity and multiplicity of structures gives
rise to behaviors that exhibit the characteristics of phase transitions,
for which the concept of complexion has been introduced [11,12]. As
an illustration of the importance of that, recent studies (e.g. [13]) have
cast doubt on the determinism of curvature and even of crystallography
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on GB mobility, suggesting a major role for microscopic structure
(complexions). [14] have even shown that the presence of vacancies
(i.e. a boundary between two crystals at thermodynamic equilibrium
at finite temperature) enables other complexions to be reached. Note
that the existence of amorphous boundaries can be seen as an extreme
case of complexions [15]. Precise knowledge of the structure(s) of GB
is therefore an essential prerequisite if we are ever to understand and
model their properties.

In this study we focus on GB in a silicate, forsterite. Forsterite
(Mg,Si0,) is the magnesium-rich end-member of the major constituent
of the Earth’s upper mantle, olivine. GB energies in olivine have been
investigated experimentally for general boundaries [16] showing an
increase of the energy with the misorientation angle until nearly 15°
but poorly described by the Read and Shockley model [17]. HRTEM
observations of forsterite GB remain scarce [18-20] and generally do
not allow resolving their structure at the atomic scale. Atomistic sim-
ulations are thus the best-suited tools to investigate these defects. The
diversity of configurations to be considered is a fundamental difficulty,
and traditionally, efforts have focused primarily on simple cases such
as tilt GB. Density functional theory (DFT) calculations have been used,
for instance, to study energy and electronic structure of tilt GB in
forsterite [21]. Structures and energies of a series of symmetrical tilt
GB have also been investigated using a semi-empirical interatomic-
potential approach by [22], showing that the studied low angle GB are
composed by an array of partial edge dislocations.
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Here we examine twist GB with the aim of extending our under-
standing of the nature of these defects towards general configurations.
We focus on the three lowest energy planes of forsterite (010), (120)
and (001) for misorientation angles ranging between 1 and 179°,
completing part of the studied forsterite GB in the wide GB parameter
space. Although never studied in a silicate like forsterite, twist GB have
been widely investigated using molecular dynamics (MD) simulations.
Regarding the structure of the low angle ones, a general observation is
that they are composed of regular dislocation networks varying in size
and shape with misorientation angle and GB plane [23-25]. It seems
also common to observe dislocation dissociation and stacking faults
within the structure of such type of GB [23,26]. In the following, a se-
ries of forsterite twist GB are studied using molecular static simulations.
In order to analyze the GB structure and to identify the nature of defects
present at the interfaces, we rely on a new order parameter developed
to overcome the intrinsic limitations of centro-symmetry parameter or
common neighbor analysis in case of low symmetry crystals. Finally,
the defect structures are highlighted against the energy landscapes of
the sampled planes and an analytical model describing the evolution of
GB energy as function of misorientation angle for low angle twist GB
is set up.

2. Methodology
2.1. Computation techniques

Inter-ionic interactions are described by the rigid-ion potential from
Pedone and co-workers [27], including long-range Coulomb interac-
tions, and short-range interactions described by a truncated Lennard-
Jones function (i.e. a repulsive r~'? term) and a Morse function. Partial
charges are g, = —1.2¢ for oxygen ions, and g, = 1.2¢ and qg; = 2.4e
for Mg and Si ions respectively. Coulomb interactions are computed
using the particle—particle/particle-mesh (pppm) method [28], which
decomposes short- and long-range contributions in real and reciprocal
space respectively. Numerous physical properties of forsterite includ-
ing bulk, surfaces and defects properties are well described by this
potential [29]. Moreover, this potential was shown to be in good
agreement with density functional theory (DFT) calculations regarding
energies and structures of a forsterite symmetrical tilt GB [30]. In the
following, all simulations are performed using LAMMPS [31]. Energy
minimization is performed with the conjugate-gradient algorithm. All
presented GB structures are the result of energy minimization, and are
obtained without accounting for the effects of temperature or pressure
(0 GPa).

2.2. Grain boundaries initial configurations and energy calculation

We begin with cells of Mg,SiO,4, taken from the work of Bruno
et al. [32], where the free (010) surface (respectively (001) and (120)
surfaces) lies normal to the Cartesian Z axis. Two crystals with the same
orientation are then rotated around the Z axis by opposite angles of /2
and —0/2. The complexity of the orthorhombic lattice does not allow to
construct exact coincidence site lattice (CSL). Hereafter, we search for
linear combinations of lattice vectors orthogonal to GB plane normal,
that yield final cell vectors aligned with Cartesian X and Y axes with a
tolerance of 0.1°. These linear combinations are used to duplicate the
unit cells and obtain two orthogonal grains with the same dimensions
and with a twist misorientation 6 + 0.1°. This methodology allows to
construct the GB with a low near-X values, while keeping the number
of ions as small as possible. Finally, we stack the two grains on top of
one another, leading to the initial atomic configuration of (010) twist
GB (respectively (001) and (120) GB). To handle periodic boundary
condition along the Z axis, vacuum layers are introduced on both sides
of the system. We then perform a full energy minimization of volume
and ion positions. As built, the energies of the free surfaces created by
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the insertion of vacuum have to be accounted for in the calculation of
the GB energy y:

() = E*N(0) - EZN = 2E ) (¢}

where E2V is the potential energy of the system of 2N atoms containing
the GB, Egl’l\{k is the potential energy of a relaxed single crystal with
the same number of atoms, and E,, is the potential energy of the
corresponding free surface, with (hkl) =(010), (001), or (120). The
latter energy term is computed as the difference between the energy
of a single crystal, and that of one with free surfaces. It is worth
noticing that our previous work has shown that the Pedone potential
reproduces free surface energies with a good accuracy [29]. Using this
methodology, the energy E;,, does not depend on 6, and we find that
a total height of 60 A along Z for the bicrystal yields converged values
for both surface and GB energies.

A series of twist GB are constructed following the above described
methodology for three different GB planes, (010), (120) and (001).
Since the forsterite structure does not have mirror planes, we sample
misorientation angles ¢ from 1° up to 180° with a step of 1°. Systems
containing more than 600000 ions have been discarded for computa-
tional efficiency. In order to sample a part of the microscopic degrees
of freedom, we generate 25 initial configurations for each GB plane and
misorientation, corresponding to different translations between the two
grains within the GB plane (5 different translations in each direction).

2.3. Elastic models of low-angle grain boundaries

As low-angle GB are expected to be composed of array of dis-
locations, their energies can be modeled using the elastic theory of
dislocation. The Read-Shockley model [17], initially built to describe
low-angle tilt GB energies, is adapted for low-angle twist GB [33] :

yth='u—bzt9<1+ln b —ln0> (2)
2 2xr,
where yu is the shear modulus of the crystal and b and r, are the
Burgers vector and core radius of the dislocations composing the GB
respectively.

In the case where multiple dislocation types are present, this ex-
pression no longer holds and a model accounting for the different

dislocation types must be used [34] :

2 42
b’ d.
H i i
=L 2 —In( = 3
Yth . Z 7 n<r2> 3)

where d; is the spacing between dislocation of type i. These distances
can be computed for general GB using the Frank-Bilby equation [35-
371, and can be simplified for pure tilt and pure twist GB using [38] :

b,
d= ———-— 4
' 2sin(0/2) )
In the case where dislocations dissociate in the GB, the created
stacking fault (SF) has an energy ygp contributing to the GB energy.

Eq. (3) is then modified [26]:

2
H .
Yth = fsFYsF + o ; b;sin(8/2)In ( (5)

b[
2sin(6/2)r! )

where fgp is the faulted area fraction of the GB.
2.4. Bond orientational order parameter

Due to the complex chemistry and crystallography of a silicate
like forsterite, visualization of defects is a challenging task, requiring
advanced numerical methods. Those that are robust in cubic and/or
centro-symmetric materials, such as centro-symmetry criterion [39],
common neighbor analysis [40], or dislocation extraction analysis
(DXA) [41], do not yield exploitable results in the forsterite structure.
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Fig. 1. (a) Interfacial energies as function of the twist angle between the two grains for (010) (blue), (120) (orange), and (001) GB (red). Dots are energies obtained from atomistic
simulations, and dashed lines represent theoretical GB energies y,, presented in Section 2.3. (b) When the two crystals are rotated by 180° around [010], they may form a stacking
fault (red area), or perfect crystal if the top grain is appropriately translated (green area). (c) When the two crystals are rotated by 180° around [001], it is not possible to retrieve

perfect crystal, and the two grains form a stacking fault (red area).

Indeed, in forsterite not only none of the sub-lattices have a central
symmetry, but also Mg or O ions occupy different non equivalent crys-
tallographic sites. As a result, we introduce a specific order parameter
based on spherical harmonics and local neighborhood environment
through the use of Steinhardt’s parameters [42]. These rotationally and
translationally invariant parameters can be expressed as:

4 L
2111 m;l‘q;m‘ ©)

q) =
where,
1 Ni(re)
HE e — Y, (05, b @
9im [Ni(ro)] ];1 im(0ij 1))

where N'(r.) represents the neighboring ions of ion i inside a given

cutoff radius r, Y, are the spherical harmonics and 6;; and ¢,; are the

colatitude and azimuthal angles between ions i and j, respectively.
Following the work of [43,44], one can define:

. \ar NG
Q =— Y),,(0;;, b;;) ®
m ¢ [N V21 + 1 ZT i

which at the difference with q;m has the property to be square-

o2
normed (i.e. Zin:_l ’Q;m = 1). Then, in order to measure the similarity
of the ion i with respect to its local neighborhood we define, for a given
I value, the un-normalized order parameter:

1 Si(r,) !
i i *
o= — 9,9 ©)
|S’(rc)| I; (m;l Im=Im
where Si(r,) represents the neighboring ions having the same crystallo-
graphic site of ion i inside the cutoff radius r,. The crystallographic sites
are determined using the comparison between the Steinhardt parameter
q; and some reference Steinhardt parameters g;, previously computed
on a perfect crystal unit cell of forsterite. In practice, the site s is
affected to the ion i of type 7; to the site corresponding to the smallest

q(type =1;) — qf|-

As forsterite crystal is not centrosymmetric, the values of o' even for
perfect crystal sites are not equal to 1. The final order parameter ' is
then obtained following:

Oi = l—Oi/OS (10)

where o° is the reference un-normalized order parameter for the crys-
tallographic site of ion i. As for ¢/, these parameters are previously
computed for a perfect crystal unit cell of forsterite. This final order
parameter is worth O when the ion is in a perfect crystal environment
and goes to 1 when the neighborhood is randomly dispersed. Between
these two latter cases, the order parameter is closer to 0, even in a
non-perfect crystal environment, in an area where the ions of the same
type and site inside the cutoff radius have a similar neighborhood, for
instance in a SF.

It is worth mentioning that all parameters presented in this section
depends on cutoff radius r, and spherical harmonic degree /. The
reference parameters ¢; and o° have then to be computed using the
same r, and / as for Q) and o'. For the forsterite crystal, we find that
values of 7.5 A and 20 for r, and / respectively, give satisfactory results
(i.e. close to one for ions in perfect crystal environment and going to
zero for amorphous environment).

Construction of GB atomic systems as well as computation of bond
orientational order parameter were performed using the home-made
code “AtomHIC” (https://github.com/JeanFurstoss/AtomHIC).

2.5. Disregistry

To further characterize GB dislocations and their Burgers vectors,
we compute the disregistry between the two atomic planes joining the
GB. Disregistry is defined as the relative displacement of atoms in one
plane with respect to the other [45]. Due to the complexity of the
forsterite crystal, only silicon ions are used to compute the disregistry.
We find that displacements normal to the GB plane is negligible, and
only in-plane components will be presented hereafter.

Once the atomic disregistry is extracted from an atomic configura-
tion, we fit it with a function of the form [45]:

X-x
oy =2 (arctan by, f) an
T r. 2
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Fig. 2. GB excess volume (a) and free oxygen concentration (b) as a function of GB energy, crosses and circles represent low and high angle GB, respectively. The logarithmic
scale in (b) does not allow representing a null concentration which is the case for most of the (010) GB.

where X is a spatial coordinate and X}, is the dislocation position.
Fitting variables are the dislocation position X}, and dislocation core
radius r.. The latter is then used as an input parameter to compute the
theoretical GB energy (see Section 2.3).

3. Results
3.1. Grain boundary energies, excess volume and free oxygen

Fig. 1(a) presents interfacial energies y corresponding to (010),
(120), and (001) GB planes, as a function of the misorientation 6. In all
cases, the GB energy increases smoothly for small-angle GB (0° < 6 <
20°), and reaches an energy plateau for larger misorientations, approxi-
mately 1.17 J-m~2 for (010) GB, 1.2 J-m~2 for (120), and 1.6 J-m~2 for
(001). These values can be related to the free surface energies, which
are y120 = 1.07, y©10 = 1,10, and y©D = 1.49 J-m~2 [29]. We find
that the ratio between GB energies is comparable to ratio between free
surface energies.

As the misorientation approaches 180°, GB energies tend to de-
crease. However, because there is no mirror symmetry plane in the
forsterite structure, two crystals rotated by 180° around a shared axis
do not necessarily form a perfect crystal. In the case of rotation around
[010] axis, they may form a perfect crystal if the top grain is translated
with respect to the bottom one (Fig. 1(b)). As a result, the GB energy
drops to zero when reaching 6 = 180° (blue dots in Fig. 1(a)). In the
case of the [001] axis, it is not possible to retrieve a perfect crystal, and
the two grains form a SF with an energy of around Yoo ~ 091 J -m~2
when 6 = 180° (red dot in Fig. 1(a)). Finally, in the case of a rotation
around the normal of (120), the two crystals rotated by 180° form a SF
with a higher energy y(ﬂ120) ~ 1.2 J-m~2, i.e. comparable to the energies
of high-angle (120) GB.

Noticeably, none of the curves present cusps (i.e. particular angles
for which the GB energy would drop significantly), at the exception of
(001) GB near 6 ~ 90°. This particular twist angle corresponds to a
near X105 GB with an energy of 1.35 J-m~2. For a given GB plane and
misorientation angle, the energies of high-angle GB have a dispersion
smaller than 0.05 J-m~2, due to the relative position of the two crystals.
This indicates that the twist GB energies are insensitive to the relative
translations between adjacent crystals investigated here. In contrast,
the type or index of the GB plane (e.g. (010) vs (001)) is responsible
for much larger energy differences.

As shown in sections below, the structures of low angle GB have
been systematically examined using the order parameter (Section 2.4).
A part of the high angle GB (for twist angles higher than 20° and lower
than 160°) obtained after relaxation has been examined in the light of
the order parameter but neither particular feature nor periodic patterns
have been observed.

The excess volume for each GB has been computed using the for-
mulae presented in [30] and is presented in Fig. 2(a). For (010) and
(001) cases, the GB excess volume and energy are positively correlated

for both low and high angle twist GB. For the (120) case, there is no
clear correlation between excess volume and energy.

As linked SiO, tetrahedra and free oxygen ions have been observed
in tilt GB in forsterite by [30], the concentration of free oxygen per
GB unit surface has been computed as shown in Fig. 2(b). For (001)
and (120) GB, the concentrations range between 10-5 and 102 A~2 for
mean values of 1.3 - 10-3 and 1.9 - 10~ A2, respectively. This atomic
feature is not correlated with GB energy neither for low nor high angle
ones. Free oxygen and linked SiO, tetrahedra are almost never found
in (010) GB.

3.2. Low-angle twist grain boundaries

In low-angle twist GB, the misorientation is typically accommodated
by an arrangement of geometrically necessary dislocations (GNDs) of
screw character. As the misorientation angle increases, the dislocation
lines come into close proximity and exhibit significant interactions,
eventually reaching a critical angle beyond which it becomes impos-
sible to distinguish individual dislocations. In this section, we focus
on low-angle and near-180° twist GB, allowing us to observe and
characterize the defect composing them.

3.2.1. (010) plane

We start by examining the case of a 2° (010) twist GB, as shown
in Fig. 3(a). The bond orientational order parameter (Eq. (10)) reveals
the presence of two distinct linear defects oriented orthogonally to
each other. These defects, primarily aligned with the [100] and [001]
directions, are not fully rectilinear and appear to extend within the
GB plane. By calculating disregistries, we can identify two types of
dislocations.

Firstly, we observe screw dislocations with [100] Burgers vectors,
and the fitting process (Eq. (11)) provides a core width of approxi-
mately 14 A, which is roughly equivalent to 3 unit cells along the [001]
direction (Fig. 3(b)). In the vicinity of the dislocation core, there is a
small edge component in the disregistry function, which diminishes at
longer ranges (blue curves).

Secondly, we identify screw dislocations with [001] Burgers vectors,
and their core width ranges between 7 and 13 A, corresponding to 2 to
3 unit cells along the [100] direction (Fig. 3(c)).

We now examine the near-180° (010) GB. As mentioned earlier,
when the top crystal is rotated by 180° around the [010] axis, it
can form a perfect crystal through appropriate translation. Therefore,
when the misorientation deviates from 180°, it accommodates this
deviation through an array of GND, making this type of GB behave like
a low-angle GB.

In Fig. 4(a), we observe the atomic structure of the 178° (010)
GB, which appears to contain dislocations along [100] and [001],
similar to the 2° GB discussed earlier. However, the computation of
disregistries reveals that these dislocations have spread much less, as
seen in Fig. 4(b,c). Screw dislocations with [100] Burgers vectors have
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Fig. 3. Visualization and characterization of low-angle (010) twist GB. (a) Visualization of the two atomic planes in the vicinity of the 2°(010) GB. Only Si ions are represented,
and colored according to the order parameter (Eq. (10)). Black lines indicate the atomic columns used to compute the disregistries ¢. (b) Disregistry measured along [001] (solid
lines), showing the screw (red) and edge (blue) components of two dislocations with [100] Burgers vectors. The fitted function (Eq. (11)) is represented with a dashed line, and
gray regions emphasize the location and core width (r.). (c) Disregistry measured along [100] (same color code as (b)). Here the two screw dislocations have [001] Burgers
vectors. (d) Top-view of other low-angle (010) twist GB colored according to the order parameter, all ion types are represented.

a core width of approximately 1.9 A, while [001] dislocations have a
core width of 6.8 A. Furthermore, the edge component in the vicinity
of dislocations is also significantly smaller compared to the previous
case.

3.2.2. (001) plane

Fig. 5(a) shows the structure of the 4° (001) low-angle twist GB.
Once again, the bond orientational parameter aids in visualizing two
distinct types of linear defects, which we have characterized through
the calculation of their disregistry functions.

The first category of defects corresponds to perfect screw dislo-
cations featuring [100] Burgers vectors. These dislocations exhibit a
compact core width, typically ranging from 2 to 3 A, and they are
interspersed by regions of pristine crystalline structure (Fig. 5(c)).

The second type of dislocations is fragmented into partial screw
dislocations possessing colinear Burgers vectors, specifically b, = b, =

%[010]. These partial dislocations are separated alternately by regions
of perfect crystal and intrinsic stacking faults (ISF). The presence of
ISF is associated with a non-zero bond-order parameter, resulting in the
appearance of atoms within ISF in yellow (see blue arrows in Fig. 5(a)).

The atomic structure of this ISF is elucidated in Fig. 5(b), illustrating
a translation of a segment of the crystal by a vector of %[010]. Subse-
quently, we crafted a simulation cell exclusively containing this ISF,
and energy minimization elucidated its status as a metastable SF with
an interfacial energy of approximately y(Ig(f] =1.06 J-m~2.

Examination of disregistries within the (001) GB delineates that
the %[01 0] partial dislocations exhibit remarkable narrowness, spanning
from 2.2 to 6 A, and are divided by a distance of approximately 60 A,
with the ISF occupying the intervening space (Fig. 5(d)).

We now turn to near-180° (001) GB. As explained earlier, when
the two crystals are rotated by 180° around [001], it is not possible
to retrieve perfect crystal. Instead, the system contains a SF, different
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(b,c) Disregistries corresponding to (b) [100] and (c¢) [001] screw dislocations in the GB plane. (d) Top-view of other near-180° (010) twist GB (same color code as Fig. 3).

from the previous one, which we name #(001) SF, and is represented
in Fig. 6(b). That is why at 6§ = 180° the GB energy does not vanish
(Fig. 1), but has a residual value corresponding to the energy of this
SE, 701, = 0.91 Jm~2,

When deviating from 180°, in addition to the z(001) SF, the GB
also contains an array of GND. Fig. 6(a) shows the atomic structure of
the 176° (001) GB, where the bond-order parameter allows to visualize
the #(001) SF (in yellow), and two types of line defects (in red).
Computation of the disregistries allows their identification as screw
dislocations with [100] and [010] Burgers vectors, respectively. Like
in the previous low-angle GB, [010] dislocations are split into colinear
partials %[010]. Since the GB plane is entirely covered by a z(001) SF,
the dissociation of [010] dislocations introduces an additional SF. This
new type of SF is associated with rotation of the top crystal by 180°

around [001], and translation by l[010], so we name it #5/2(001) SF.
It is associated with an energy y(’g(’nﬁ =1.18 Jm=2.

3.2.3. (120) plane

Finally, we investigate low-angle (120) twist GB. Fig. 7(a) shows
the microstructure of the (120) GB with a misorientation 8 = 2°. The
atom coloring, based on the bond-order parameter, unveils a consider-
ably more intricate configuration compared to the previous (010) or
(001) GB. In this case, extensive regions exhibit non-zero values of
the parameter. Furthermore, several linear defects can be discerned,
some aligned with the [001] direction, and others parallel to [210] with
varying separation distances.

Computation of disregistries confirms that the first category of
defects, aligned with [001], is screw dislocation with [001] Burgers
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Fig. 5. Visualization and characterization of low-angle (001) GB. (a) Visualization of the 4° (001) GB (same color code as Fig. 3). Regions where atoms appear in white correspond
to perfect crystal, those in yellow, highlighted by the blue arrows, to the intrinsic stacking fault (ISF) presented in (b). Black lines show the atomic columns used to compute the
disregistries ¢ presented in (c) and (d). (b) Atomic view of the %[010](001) ISF, corresponding to yellow regions in (a). (c,d) Disregistries in the GB plane corresponding to (c)
[100] and (d) [010] screw dislocations. (e) Top-view of other low-angle (010) twist GB (same color code as Fig. 3).

vectors (Fig. 7(c)). These dislocations exhibit an average core width
of approximately 8.8 A and are separated by distances of 180 A.

The second family of dislocations, aligned with [210], show a much
more complex pattern, as reported in Fig. 7(d). We identify a first group
of four dislocations, spreading from 30 A to 220 A, and a second group
spreading from 410 to 600 A. Both groups share the same features. The
four dislocations are of screw character with Burgers vectors }‘[210], 3
that in total they amount to a perfect [210] lattice vector. They have
very narrow core widths about 3.1 A on average.

The }1[210] partial dislocations are not uniformly spaced and are in-
terspersed with two smaller SF and one larger SF. The atomic structure
of this SF is illustrated in Fig. 7(b). To further characterize this SF,
we constructed a simulation cell solely dedicated to its examination,
and the computed energy for this configuration amounts to 7(521:10) =
0.49 J-m~2. The two smaller SF have not been explicitly modeled in
our study.

The structure of near-180° (120) twist GB do not exhibit visible
linear defects or particular features and are thus not presented.

Dislocation core radii and energies of different SF obtained in our
simulations are summarized in Table 1.

4. Discussion
4.1. Low angle GB: GB dislocations, generalized stacking faults

As expected from the geometrical constraints of low angle twist
boundaries, all low-angle boundaries investigated here consist of two
sets of dislocations with screw characters, with Burgers vectors along
[100], [010], [001] or [210], intersecting each other in the grain
boundary plane. These dislocations should be regarded as interface
GND, associated with the plane to which they belong, and distinct from
their intracrystalline counterparts.

Firstly, whereas dislocations with [100] and [001] Burgers vectors
are commonly found experimentally in forsterite crystal [46,47] as well
as in (010) twist low angle GB [48-50], it seems clear from our results
that their structures could change depending on the context. Indeed,
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Table 1

Values of dislocation core widths (r,) and stacking fault energies (y) obtained from
atomistic simulations, and used in the elastic model to compute GB energy (see
Eq. (5) and Section 2.3). Values in parenthesis are the standard deviations. Yooy 18
the minimum energy of the stacking fault created by a rotation of 180° around the
twist axis. In the case of (001) GB, the second value corresponds to the z5/2(001) SF
(see text).

(010) 2° and 178° (001) 4° and 176° (120) 2°
A1 (&) 13.9(0.9) - 1.9(0.0) 2.6(0.7) - 2.7(0.1) -

A0 (&) 9.7(4.0) - 6.8(0.1) - 8.8(1.3)
P20 &y - 3.6(1.8) — 3.6(0.4) -

AP0 Ry - - 3.1(2.2)
/S (Jm2) 0.00 1.06 0.49

/7 (Im2) 0.00 0.91, 1.18 1.25

the core of the interface GND studied here are widely spread in the
GB plane, leading to two distinct core structures of the [100] interface

GND in (010) and (001) low angle twist GB. Moreover, these interface
GND are also much different than the intracrystalline [100] dislocations
which have a narrower and extended in (010) core structure [51]. The
[001] interface GND also differ from the intracrystalline ones having a
much narrower structure, and mostly spread in {110} planes [52].

Secondly, the dissociation reaction of the [010] Burgers vector in
(001) low angle twist GB (i.e. [010] = 1/2[010] + 1/2[010]) differs
from the ones characterized in the bulk by [53] such that [010] =
1/4[011]41/4[011]4+1/4[011]+1/4[011] and [010] = 1/4[011]+1/4[011]+
1/2[011]. Furthermore, perfect [010] dislocations have been identified
in low angle GB [48,54], which contrasts with the dissociation behavior
observed in our simulations.

Lastly, dislocations with Burgers vectors along [210] have not been
observed either experimentally in the bulk or in GB contexts.

To push forward the understanding of these differences between
interface GND and intracrystalline dislocations, as well as between
different types of interface GNDs, a more detailed analysis of disloca-
tion core structures is required. While the generalized stacking fault
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GSF [55] method is commonly used to study dislocation core structures,
it has been shown to be less accurate for describing intracrystalline
dislocations in forsterite [56]. However, our observations suggest that
geometrical constraints imposed by the GB, which spread dislocation
cores within the GB plane, may make the use of GSF more relevant in
this context.

The (010) and (001) y-surfaces used in the following for the analysis
of low and very high angle GB have been computed using the inter-
atomic potential (details on calculations and comparison with DFT are
presented in supplementary materials). Fig. 8(a) presents the y-surface
in the (010) plane, which shows that translation of part of the crystal
along the [100] or [001] lattice vectors results in configurations of very
high energy (up to 2.5 J-m~2). By following a curved path, as indicated
by the black arrows, it is possible to reduce the energy of the stacking
faults encountered along that path. Rather than forming perfect disloca-
tions with narrow cores, it is more favorable for dislocations to spread,

leading to a small edge component in the vicinity of their cores, which
explains the spreading of [100] and [001] dislocations in low-angle
(010) twist GB. The magnitude of this edge component (about 1 A for
[100] and 0.5 A for [001]) matches what is observed in the disregistries
(blue curves in Fig. 3).

By extending the GSF methodology, we computed the energy land-
scape of a (010) plane formed by two crystals misoriented by 180° with
respect to the [010] axis (see Fig. 8(b)). In this case, translations along
the [100] and [001] directions can occur without crossing high-energy
barriers, explaining the narrow cores of [100] and [001] dislocations
in near-180° (010) twist GB.

Fig. 8(c) shows the y-surface in the (001) plane. Translation along
[100] results in crossing a single maximum, and deviating slightly
from the direct path may allow to reduce that energy (see black arrow
in Fig. 8(c)). This is consistent with the fact that [100] dislocations
have a narrow core with a small edge component in (001) GB. On the
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Fig. 8. y-surfaces for (010) (a), #(010) (b), (001) (c) and (120) (d) planes computed using the interatomic potential [27]. Arrows represent the lowest energy paths for dislocation
core spreading and dissociation, for the Burgers vectors observed in the corresponding low-angle twist GB.

contrary, translation along [010] leads to a local minimum at %[010].
This configuration corresponds to the ISF presented before, and con-
firms that it is metastable. In agreement with Frank’s energy criterion,
the presence of this ISF along the path indicates that it is favorable
for [010] dislocations to dissociate into partial dislocations. Following
the minimum energy path along the y-surface, we find that the most
favorable configuration is for the partial dislocations to have the same
%[010] Burgers vector (represented by black arrows in Fig. 8(c)), as
observed in our low-angle (001) twist GB.

The energy landscape of (001) plane formed by two crystal misori-
ented of 180° with respect to the [001] axis have the same shape than
the y-surface of the (001) plane and is not presented here. The only
differences are in the absolute energy values and notably the minimum
energy, which corresponds to that of the z(001) SF. This close similarity
between the (001) y-surface and the #(001) energy landscape explains
the nearly identical core structures of [100] and %[010] dislocations in
low-angle and near-180° twist GB (see Figs. 5 and 6).

10

The y-surface of the (120) plane presented in Fig. 8(d) is irregular
and presents abrupt energy variations. Nevertheless, translation along
[001] can occur without crossing any high energy barrier leading to the
relatively narrow core of the [001] dislocations observed in our (120)
low angle GB. Different local energy minima can be found along the
[210] direction, and we propose a dissociation reaction illustrated by
the black arrows in Fig. 8(d). This dissociation reaction is such that all
partial dislocations have a screw component almost equal to %[210] and
a small edge component (<%[001]), which corresponds to the measured
disregistries (see Fig. 7(c) and (d)).

To summarize, in all of the low-angle and near-180° twist GB in-
vestigated here and at the difference with intracrystalline dislocations,
the GSF allows to understand both interface GND core structures and
dissociations observed in the GB. This emphasizes the strong impact of
the geometrical constraints due to the GB on the nature and structure
of interface GND. In fact, as long as a low energetical solution can be
found from the GSF, the corresponding interface GND can be formed
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although this type of dislocation (or even its core structure) could never
have existed in the intracrystalline form (for instance the 3—‘[210] partial
dislocations).

It is worth noticing that the above conclusions also hold for disso-
ciation width. In fact, knowing the energy of the ISF, one can use the
elastic theory of dislocations to estimate the dissociation width [57]
namely dy, = ub?/Q2xy"F), which yields dg, ~ 29 and 31 A for 1[010]
dislocations in (001) GB and %[QIOJ dislocations in (120) GB, respec-
tively. These values differ from the ones measured in our simulated GB.
However this calculation assumes a single dissociated dislocation in an
otherwise perfect crystal. In low-angle and near-180° GB, the misori-
entation angle between the two crystals imposes its own periodicity
and constraints. As a result, dissociation width in GB is also mainly
controlled by geometric constraints, rather than by the SF energy.

These findings emphasize how carefully should be interpreted the
HRTEM investigations of dislocation core structures. Although scarce
for silicate materials, these studies generally focus on low angle GB
dislocations [58-61], and their structures could then be not repre-
sentative of the intracrystalline ones. Nevertheless, further experimen-
tal/numerical investigations are needed to infer any construction bias
in our conclusions. In fact, while low-angle GB are formed by continu-
ous processes (e.g. dislocation accumulation), our construction method-
ology imposes the misorientation angle in a discontinuous way which
may impact the dislocation types or core structures composing the GB.

In all of the low angle twist GB analyzed here, a common feature is
the more or less pronounced spreading of the dislocation cores in the
GB plane. Except TEM study showing image of low angle GB in garnet
(also a silicate material) with an array of dislocations extremely spread
in the GB plane [62], we do not find any other study putting forward
such characteristic. A noticeable exception can be found in (111) low
angle twist GB in FCC for which a spreading of the perfect interface
GND in the GB plane seems possible [23]. In the other hand, it seems
also possible in FCC for the interface GND to be spread in their slip
planes, even if the later is not parallel to the GB plane [34].

4.2. Elastic model and limit between low- and high-angle GB

Evolution of the GB microstructure with misorientation are pre-
sented for the (010) plane in Figs. 3(d) and 4(d), for the (001) plane
in Figs. 5(e) and 6(e) and for (120) plane in Fig. 7(e).

At low misorientation angles, regardless of the GB plane, the dis-
tance between the dislocations forming the GB, whether they are
perfect or partial, decreases as the misorientation angle increases.
However, for misorientations greater than 10°, it becomes increasingly
difficult to distinguish individual dislocations within the GB.

In the case of near-180° (010) and (001) GB, the dislocation spacing
decreases as the misorientation angle increases. Notably, the distance
between dislocations is identical for misorientations 6 and 180° — 6 (for
small values of #). For misorientation angles less than 170°, individual
dislocations can no longer be distinguished.

The measured dislocation spacing and core radius values for differ-
ent GB, along with the dislocation distances predicted by elastic theory
(Eq. (4)), where 6 has been replaced by 180° — 6 for near-180° GBs, are
presented in Fig. 9.

The dislocation distances predicted by the Frank-Bilby equation
closely match the measured distances for all GB planes and dislocations.
When we extrapolate Eq. (4), we find that the dislocation core radii in-
tersect with the dislocation distances for misorientation angles ranging
between 17° (for [100] dislocations) and 40° (for %[010] dislocations).

The different distances between dislocations, average core radii and
SF energies from our simulations (see. Table 1) have been used as input
parameters in the elastic model presented in the methods (Eq. (5)). The
theoretical energies thus obtained are represented as dashed lines in
Fig. 1. The elastic model produces energies comparable to those from
atomistic simulations, only for low-angle GB where 6 < 10° or 8 > 170°.
Surprisingly, the elastic model (Eq. (5)) fails to predict energies of
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between different dislocation types in low angle twist GB. The solid lines correspond
to the dislocation distances computed using Eq. (4).

low-angle (010) GB (in blue in Fig. 1). This may be due to the fact
that dislocations in this type of GB tend to spread and form complex
junctions, as shown in Fig. 3(a) and (d), a situation unaccounted for by
the elastic model.

The critical misorientation angle at which dislocation cores start
to overlap depends on the dislocation type and ranges from 18° for
[100] and [001] dislocations to more than 30° for [O%O] and [%%O]
dislocations (refer to Fig. 9). Even in the case of the lowest angle,
this critical misorientation angle significantly exceeds the threshold at
which individual dislocations can no longer be distinguished, as shown
in Section 3.2. Moreover, these critical angles also surpass the limit
beyond which the elastic model (Eq. (5)) no longer accurately predicts
GB energies. However, these values are consistent with the findings
of [19], who reported a transition angle of 20° in forsterite.

4.3. High-angle GB

The fact that the GB energy curves do not present cusps or particular
points (except for the 90°(001)) observed in this study has also been
noticed in the review paper of [20] and attributed to the low symmetry
of the forsterite structure. Even if it is well accepted that high coinci-
dence GB have not necessarily low energy, the cusps observed in the GB
energy curves in simpler structures, such as cubic or hexagonal ones,
are often associated with low X GB [24]. The weak coincidence nature
of low-symmetry crystals, such as forsterite, could also be responsible
for the absence of periodic patterns in high angle GB which is also
observed in higher symmetry crystals such as body centered cubic [24].

The fact that any particular features are not observed in high angle
GB should not be necessarily interpreted as the absence of periodic
patterns. Indeed, the bond orientational parameter used here (see Sec-
tion 2.4) allows to distinguish between perfect crystal and disordered
local atomic environments. However, it may fail to highlight such fine
features in a strongly disordered atomic arrangement. Refinement of
the current bond orientational parameter may resolve this issue.

The case of the 90°(001) GB, which is the only particular high angle
GB observed in this study, could be linked to the fact that the a lattice
parameter is almost the half of the » one, which may lead in the case of
a 90° rotation to a match between the unit cells, even if the calculated
X value for the unrelaxed GB is relatively high (105).

A common feature between GB in forsterite and in higher symmetry
crystals is the positive correlation between GB energy and excess vol-
ume. This relation has also been observed in forsterite GB [30] as well
as the positive correlation of excess volume with diffusion rate [63].

Finally, the high-angle GB investigated here contain a sensible
concentration of non-silicate oxygen sites (cf Fig. 2(b)) which may
diffuse quicker than oxygen bonded with silicon ions and contribute
to the higher oxygen diffusion rate in GB compared to bulk observed
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experimentally [64]. Moreover, these free oxygens may be easily pro-
tonated, contributing to the water storage in mantle rocks on GB as
explained in [30].

5. Conclusion

We have modeled twist grain boundaries in Mg,SiO, forsterite
using atomic-scale simulations. To the first order, GB energies follow
the same ordering as their free surface counterparts. We find that
microscopic degrees of freedom, such as translation of the grains with
respect to one another, have little influence on the GB energies and
structures.

Low-angle twist GB structures are accommodated by arrays of in-
terface screw GND.

We showed that the core structure of these defects strongly varies
depending on the specific crystallographic plane with which they are
associated. For instance, there are notable distinctions in the core struc-
tures of [100] interface GND in (010) and (001) low-angle twist GB. It
is important to emphasize that these interface GND differ significantly
from their intracrystalline counterparts. This underlines the necessity
for cautious interpretation when inferring core structures of low-angle
GB dislocations in experimental studies.

Our investigation has also demonstrated the effectiveness of the
GSF concept in understanding the type and structure of interface GND.
Furthermore, our findings highlight that, if a low-energy solution is
attainable via GSF, the corresponding interface GND can be formed,
even if such dislocations (or their specific core structures) may not exist
in an intracrystalline context—such as the case of the i[ilO] partial
dislocations.

The present work focused on static properties of pristine twist GB.
An additional degree of freedom may have an important influence on
these results, the possible deviation from stoichiometry. Our previous
work on tilt GB [30] demonstrated that ions close to GB are often
associated with negative vacancy formation energy. It would be of
high importance to model the formation and segregation of vacancies
and partial Schottky defects (MgO or SiO,) into twist GB as well. In
addition, inside the Earth’s upper mantle, forsterite is submitted to
pressures up to 15 GPa and temperatures up to 1000 K. It would
therefore be interesting to study the effects of pressure and temperature
on GB structures and energies. Finally, it would be interesting to
investigate dynamic properties of those GB, in particular ion diffusion
or the mechanical response to shear, as these are expected to control
the rheology of this phase.
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