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Abstract Our understanding of how grain boundaries
(GBs) can dramatically influence key mineral properties
such as creep and diffusion depends on knowledge of their
detailed atomic and electronic structures. For this purpose,
we simulate different types of tilt GBs, (0/1)/[100], (1/0)/
[001] and (012)/[100] modeled with stepped and non-
stepped surfaces in Mg,SiO, forsterite using a first-prin-
ciples approach based on density functional theory. Our
results suggest that several configurations arising from Mg-
terminated planes with tilt angles ranging from 16° to 67°
are energetically competitive over the entire pressure regime
(0—17 GPa) studied. At the ambient pressure, the predicted
important features of the boundaries include distorted
bonds (Si—O and Mg—O distances changed by 1 and 4 %,
respectively), coordination defects (four and fivefold Mg—O
coordination), and void spaces (0.2-0.9 x 1071 m¥/m?).
Also, the interface induces splitting of electronic states
from the conduction band and kinks at the top of the
valence band. These structural and electronic features con-
tinue to exist at higher pressures. The formation enthalpy
and excess volume for each boundary configuration stud-
ied were shown to systematically increase and decrease,
respectively, with pressure. The predicted energy range
(0.8-1.7 J/m? at zero pressure) widens by a factor of two
at 17 GPa (1.1-2.8 J/m?). The presence of low-density and
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structurally distorted regions imply that these GBs can
serve as primary impurity segregation sites, fast diffusion
pathways, and electron-trapped regions, which all are rel-
evant for mantle rheology.
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Introduction

Material properties such as diffusion, conduction, and
strength are known to be significantly influenced by the
presence of surfaces and/or interfacial defects, which
likely exist in naturally occurring as well as experimen-
tally derived materials. Grain boundaries (GBs) in minerals
and ceramics, aside from their technological relevance, are
important from geophysical viewpoint in that their pres-
ence affects the polycrystalline properties and hence con-
trols the behavior of rocks to a great extent (Kingery 1974;
Poirier 1985). Mg,Si0O, forsterite along with its high pres-
sure—temperature phases constitutes one of the most abun-
dant materials of the Earth’s upper mantle. Experimental
studies have reported inter-granular thin-film-like amor-
phous structures in natural mantle rocks and synthesized
rocks (Wirth 1996; Drury and Fitz Gerald 1996), which are
suggested to enhance the diffusion and creep rates (Duffy
1986; van Orman et al. 2003; Faul et al. 2011). The cationic
(Al Ca, Cr, Ti) enrichment of GBs occurs by segregation in
natural and synthesized olivine samples (Hiraga et al. 2003,
2004). A transmission electron microscopy (TEM) study
has reported the survival of the dislocation arrays for forst-
erite GBs up to tilt angle of 21.5° (Heinemann et al. 2005).
The experimental approaches such as TEM and electron
back-scattered diffraction may not be able to completely
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resolve three-dimensional structure, thereby limiting our
knowledge of the structure and properties of GBs in miner-
als (e.g., Hartmann et al. 2010; Rohrer 2011).

Assessing the ability of GBs to incorporate point
defects including impurities, facilitate diffusion and
creep processes, and influence other physical proper-
ties requires the detailed knowledge of their atomic and
electronic structures. The complexity of the inter-gran-
ular structures with their numerous compositional and
orientation possibilities in minerals makes the modeling
of GBs that mimic the natural samples very challeng-
ing. Successful interpretation of the properties depends
on the appropriate description of the boundary structure
based on specific models (Gleiter 1971; Duffy 1986).
For example, low-angle boundaries can be described by
dislocation model (Burgers 1939; Read and Shockley
1950) quite well, but individual dislocations in the case
of high-angle boundaries are mostly indistinguishable
due to interactions of the overlapping cores. Molecular
dynamics simulations of GB-bearing Mg,SiO, systems
were previously performed using empirical potentials
only at zero pressure (de Leeuw et al. 2000; Adjaoud
et al. 2012). On the other hand, first principles simula-
tions so far performed for simple oxides including MgO
with/without point defects (McKenna and Shluger 2008;
Verma and Karki 2010) are yet to be applied to complex
silicate minerals. Here, we investigate the energetics
and microscopic structures (at both the atomic and elec-
tronic level) of several tilt GBs in Mg,SiO, forsterite at
the upper mantle pressures by performing a series of first
principles computer simulations.

Computational method

Our first principles simulations of Mg,SiO, grain boundary
systems are based on density functional theory using the
local density approximation (Ceperley and Alder 1980) and
the projector-augmented wave method (Kresse and Joubert
1999). The simulation program used is known as Vienna
Ab-initio Simulation Package (VASP) (Kresse and Furth-
miiller 1996). A plane wave basis set with an energy cut-off
of 400 eV was used to expand the wave functions at the I"
point, and appropriate Pulay corrections were applied. The
number of atoms in the simulation supercells varied from
392 to 1,344 (Table 1, Table S1) depending on the bound-
ary type (stepped vs. non-stepped) and tilt angles (16°-67°)
considered. Increasing the cell size (see Table S1) did
not significantly affect the atomic arrangements near the
boundaries and the boundary energetics. It is important to
note that the first principles simulations of GBs with sys-
tem sizes similar to the ones used here are still computa-
tionally intensive and rare.
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In order to generate a supercell containing grain bound-
ary defect (i.e., an input configuration), the interface was
created by putting mirror image of one block by its side
(across the interface plane), resulting in a bi-crystal with a
boundary at the center. Application of the periodic bound-
ary conditions introduces another oppositely oriented GB
at the edges (parallel to the GB at the center) of the super-
cell and extends the boundary planes, thereby eliminating
surface effects. The inter-grain distances should be large
enough (>15 A here) to minimize any interactions between
them. Unlike the case of MgO (Harris et al. 1999; Verma
and Karki 2010), several configurations are possible for
Mg,SiO, in which isolated Si tetrahedra are connected by
Mg ions (Adjaoud et al. 2012).

We create a series of Mg-terminated (keeping Si tetra-
hedral units intact) tilt boundaries of two types, (0/1)/[100]
and (1/0)/[001], in the stepped and non-stepped arrange-
ments (Figs. 1 and S1). The stepped boundaries consist of
the terraces and step walls at right angles to each other. The
(010) plane was taken to be the terrace as the (010) surface
is considered to be the major cleavage plane in forsterite.
The different planes, (001) and (100), were taken to be the
step walls for the two types considered here, respectively.
Such (010) stepped tilt boundaries were previously simu-
lated at zero pressure using the MD method (de Leeuw
et al. 2000). The key difference between the non-stepped
and stepped boundaries lies in the atomic occupancy in
the GB region. In the stepped surfaces, larger void regions
can be present depending on the tilt angle and lateral posi-
tioning of the grains. However, the non-stepped bounda-
ries minimize the degree of lattice defects (missing atoms
in lattice sites) at the interface, so more atoms are present
off the plane. We also model (012)/[100] boundary, which
was previously studied at zero pressure by Adjaoud et al.
(2012); note that the misorientation angle used there is
related to the tilt angle used by a factor of 2. Each of our
modeled configurations was structurally optimized as a
function of pressure up to 17 GPa (Fig. 2; Table 1).

Results and analyses
Energetics

We calculate the formation energy (AEgg) of each
grain boundary simulated for Mg,SiO, forsterite using:
AEgg = 0.5(Egg — Ep)/Agp, where Egp and E}, are the
total energies of the defective (containing GB) and perfect
(without GB) supercells, and Agp represents the area of the
interface. The factor of 0.5 accounts for the presence of two
oppositely pointing boundaries in the simulation super-
cell. First, we consider coherent and incoherent bound-
ary types (Fig. S1). A coherent GB satisfies the condition
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Fig. 1 Illustration of the non-stepped (leff) and stepped (right) con-
figurations before relaxation for the (011)/[100] (top panel) and
(110)/[001] (bottom panel) tilt grain boundaries. The tilt axes are
[100] (equivalently a-axis) and [001] (equivalently c-axis), respec-
tively. Multiple GB structural units along with the tilt angle and GB

of mirror symmetry at the boundary irrespective of the tilt
angle. On the other hand, an incoherent GB is modeled by
rigidly shifting the individual grains parallel to the bound-
ary plane. For a particular tilt angle, the relative stability
between the coherent boundary and various incoherent con-
figurations was first determined from their energetics. For
this purpose, tilt angles of 35.5° ((130)/[001]) and 60.4°
((031)/[100]) were chosen. In either case, a shift of one half
of the GB structural unit length was found to correspond
to the minimum energy configuration (Fig. S2). We do not
consider shift in the other directions since the correspond-
ing configurations are likely to be energetically unfavorable
(Adjaoud et al. 2012).

The calculated grain boundary formation energies of
various configurations modeled in this study are plot-
ted against the tilt angle at zero pressure in Fig. 3. For all
coherent configurations, the GB energies were found to
be significantly high. For the incoherent configurations,
our results suggest that the non-stepped boundaries are
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unit length (Lgg) are shown. The images display golden Mg spheres,
red O spheres, and blue Si—O tetrahedra. The axes a, b and c corre-
spond to the GB supercell (the actual dimensions used in the simula-
tions are given in Table 1)

systematically more favorable than the stepped ones. The
range of the calculated GB energies (considering only inco-
herent boundaries) is 0.8-3.0 J/m?, which compares favora-
bly with the previously predicted ranges of 1.3-3.6 J/m? (de
Leeuw et al. 2000) and 1.0-2.6 J/m? (Adjaoud et al. 2012)
at zero pressure. For the (012)/[100] boundary, our calcu-
lated energy is 1.6 J/m?, compared with the MD value of
1.0 J/m? (Adjaoud et al. 2012). The experimentally derived
GB energy is 1.4 4 0.4 J/m? for natural olivine (Duyster
and Stockhert 2001) and 0.9 £ 0.35 for the olivine-basalt
system (Cooper and Kohlstedt 1982). It is remarkable that
both the experimental values lie well within the calculated
ranges.

For each of the grain boundary configurations simulated,
the formation enthalpy was shown to increase monotoni-
cally with increasing pressure (Fig. 4). The enthalpy for
more favorable configurations tends to increase more slowly
with pressure than that for less favorable ones. As shown
in Fig. 4, the calculated range of enthalpy (1.1-2.8 J/m?)
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Fig. 2 Relaxed structures of the GB region for the (012)/[100] (top),
(021)/[100] (middle) and (130)/[001] (bottom) non-stepped configura-

tions at the zero pressure (left panel) and 17 GPa (right panel). Multi-
ple GB structural units along with tilt angle and GB unit length (Lgg)
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at 17 GPa is two times wider than the zero pressure range
(0.8-1.7 J/m?. Our results show that the (021)/[100]
(49.5°) tilt boundary is energetically most favorable (0.8—
1.1 J/m?) over the entire pressure range studied. The next
most favorable one is (041)/[100] (66.9°) tilt boundary.
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are shown. The images display golden Mg spheres, red O spheres,
and blue Si-O tetrahedra. The axes a, b and ¢ correspond to the GB
supercell defined in Table 1

Structure
During structural relaxation, substantial structural rear-

rangement occurs in the immediate vicinity of the
boundary region including rotation of the boundary Si
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Table 1 Information about the configurations of different grain boundaries simulated in this study

GB configurations Tilt angle (°) No. of atoms Unrelaxed G}B Relaxed cell dimension (a, b, ¢ in A)
unit length (A)
0 GPa 7 GPa 17 GPa
(011)/[100] 30.4 392 11.68 4.69,11.8,71.7 4.60,11.4,69.4 4.57,11.3,68.6
784 (s) 4.69, 23.6, 72.0 4.64,23.1,70.2 4.57,22.6,68.4
49.6 504 15.53 4.69, 15.6, 69.3 4.60, 15.1, 67.1 4.57,15.0, 66.4
448 (s) 4.70, 15.7,61.8 4.60, 15.2,59.8 4.57,15.1,59.1
60.4 672 20.39 4.69,20.4,72.8 4.60, 19.8, 69.8 4.57,19.6, 68.7
784 (s) 4.70,20.4, 84.8 4.64, 20.0, 83.0 4.57,19.6,79.9
66.9 672 25.69 4.69, 25.7, 56.2 4.60, 25.0, 54.3 4.57,24.8,53.6
(012)/[100] 16.3 532 21.00 4.69,21.1,55.3 4.60,20.4,53.3 4.57,20.2,52.7
(110)/[001] 355 504 17.34 17.3,49.6, 6.07 16.9,47.8,5.92 16.7,47.3,5.87
728 (s) 17.2,74.8, 6.09 16.9,72.8,5.99 16.6, 69.6, 5.89
47.0 560 13.78 13.7,59.2,6.10 13.3,57.1,5.93 13.2,56.6, 5.87
840 (s) 27.3,53.6, 6.09 26.8,52.2,6.00 26.2,50.2,5.89
65.0 392 11.12 11.1, 60.2, 6.08 10.7, 58.5,5.92 10.6, 58.1, 5.87
560 (s) 22.1,43.5,6.11 21.7,42.6, 6.03 21.2,41.6,5.90

Relaxed cell dimensions are for the incoherent configurations at different pressures. The “s” stands for the stepped boundary
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Fig. 3 Calculated variation of GB energy with tilt angle for differ-
ent configurations at zero pressure: non-stepped incoherent (open
symbols), stepped incoherent (solid symbols), and stepped coherent
(symbols with cross inside) boundaries. Results from previous MD
simulations (shaded small symbols) are shown for comparison: MD1:
de Leeuw et al. (2000) and MD2: Adjaoud et al. (2012). Connecting
lines (solid, dashed or dotted) are guide to the eye

tetrahedral units. One can see that the (relaxed) (012)/
[100] structure contains more low-density (void) regions
in between the two grains than the (021)/[100] and (130)/
[001] configurations (Fig. 2, left). On compression, the
boundary regions undergo further atomic rearrangement
mainly by consuming available empty space (Fig. 2,
right).

GB enthalpy (J/m’)

(3]

] (1/0)/[001]
(110)/[001] (s)
(011)/[100]

A (011)/[100] (s)

[Tt}

P (GPa)

Fig. 4 Calculated GB formation enthalpies for the selected (energeti-
cally competitive) non-stepped (open symbols and dashed lines) and
stepped (denoted by “s”, solid symbols with solid lines) boundaries as
a function of pressure

We analyze the bond length, bond length distortion

index, and per-atom coordination state to characterize
structural details in the boundary region. This analysis also
serves as a crosscheck to the modeled GB system for the
bulk region away from the boundary. The distortion index

. =7
is calculated as &, = 1 377 | " where A; and A,, are,
av

respectively, the individual and average bond lengths cor-
responding to any particular polyhedron with n Si—-O or
Mg-O bonds. At the ambient pressure, the average bond
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(corresponding to two inequivalent octahedral Mg sites)
are close to the corresponding crystalline values (Fig. 5).
Both the Si—O and Mg—O distances and the corresponding
distortion indices are almost dispersion-less except at the
interface (Fig. 5), thereby affirming non-interacting nature
of component grains. The distortion indices are close to
1 and 4 % for Si—O and Mg-O bonds, respectively, at the
interface region. Compression shortens the average bond
lengths, and the effects are less pronounced for the Si—O
environment than they are for the Mg—O environment.
Over the entire pressure range of 0—17 GPa studied, only
1 % reduction occurs in Ag;o, compared with 4 % decrease
in Ayge0- Also, the difference in Ay, between the two octa-
hedral sites is suppressed with compression (Fig. 5). The
trend is opposite in the case of bond distortions. For the
bulk region, while there is a small decrease in §, for the
Mg-O environment, tetrahedral environments (Si—O) dis-
play ~20 % increase in §, at 17 GPa with respect to their
values at 0 GPa (Fig. 5). In contrary, interfacial Mg-O
environments display up to 30 % increase in §, value at
17 GPa (compared with 0 GPa) when a small reduction in
8, value occurs for the interfacial Si-O’s.

Though by our construction the Si tetrahedral units
remain intact, the boundary region undergoes substantial
atomic relaxations. All Si atoms remain in tetrahedral state,
i.e., they are fourfold coordinated with O atoms. However,
the Mg coordination environment with respect to O at the
interface region contains defects and also differs between
the (0/1)/[100] and (1/0)/[001] types (Fig. S3). The fourfold
coordinated Mg atoms are present in the (1/0)/[001] type
in addition to the five and sixfold coordinated Mg atoms.
The Mg and O atoms at the interface mostly accommo-
date the effects of pressure through coordination changes.
With increasing pressure, the number of under-coordinated
(<6) Mg atoms decreases, and the void spaces shift and
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Fig. 6 Calculated pressure dependence of the excess free volume for
the selected (energetically competitive) non-stepped (open symbols
and dashed lines) and stepped (denoted by “s”, solid symbols with
solid lines) boundaries

get squeezed, thereby reducing the effective inter-atomic
distances at the interface. Despite weak pressure-induced
spreading of the Si—O distances, the Si atoms retain pure
tetrahedral coordination over the entire pressure range
studied.

We find that the structural disorder (rearrangement) in
the GB region results in a reduced atomic density or an
excess free volume in the system. Theoretically, the excess
volume is expressed as AVgg = (Vgg — Vp)/2Age, Where
Vg 1s the volume of simulation cell with GB, V; is the
volume of the perfect supercell without GB, and Agy is
the interfacial area. At the ambient pressure, we find that
the lower the GB energy, the lower the GB excess volume
(Fig. 6). Such a positive correlation between the boundary
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Fig. 7 Calculated total density
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energy and excess volume was previously suggested
(Adjaoud et al. 2012). The present first-principles values
of (0.2-0.9) x 107'° m*m? for AVgg compare well with
the previous MD values of (0.3-1.2) x 107'® m*m? The
excess volumes tend to be smaller compared with MgO tilt
boundaries [(0.81-0.93) x 107'° m*m? reported by Verma
and Karki 2010]. Although not directly comparable, excess
volume as large as 1.7 x 107'° m*m? has been reported
experimentally for nanocrystalline metallic thin films
(Kuru et al. 2009).

The calculated pressure profiles of the excess volume
display a rather consistent decreasing trend (Fig. 6). In all
cases, the pressure suppresses the excess volume signifi-
cantly. The excess volume for energetically more favora-
ble configurations decreases at smaller rate compared with
that for less favorable configurations. The overall range of
excess volume at 17 GPa is much narrower than that at the
zero pressure. The energy—volume positive correlation seen
at the zero pressure does not hold at high pressure. Note
that the (011) configuration has the smallest excess volume,
whereas the (021) configuration has the lowest enthalpy at
17 GPa.

Electronic structures

The altered properties of materials containing GBs arise as
a consequence of the changes in the electronic properties of
the interfacial region. We now elucidate on the interfacial
properties at the electronic level by examining the calcu-
lated electronic structures with and without GB and how
they depend on pressure. The consequences of the presence

8 4 0 4 8
E (eV)

of the GB are widening of the valence band and a notice-
able reduction in the band gap relative to the perfect case
(Fig. 7). Note that a substantial underestimation of the band
gap is a well-known deficiency of the density functional
theory that we do not attempt to address here.

Both the top of the valence band and the bottom of the
conduction band extend into the gap. A notable feature of
the boundary projected density of states (PDOS) is a split-
ting of interface states from the conduction band, originat-
ing from s contributions of Mg and O atoms (Fig. 7). The
size of splitting depends on the boundary tilt angle and is
as high as 1 eV. Another feature is the appearance of small
kinks at the top of the valence band (Fig. 7) arising mainly
from occupied O p states. These two types of interfacial
states are characteristically different in that the ones from
the conduction band edges display one-dimensional pipe
like extended features whereas the ones from the valence
band edges are rather separated high-density regions
(Figs. 8 and S4). For all these states, the electrons remain
confined mostly in and around the GB voids. Potential elec-
tron trapping below the bulk conduction band due to the
presence of the interfacial states was previously predicted
for wide gap metal oxides such as MgO and HfO, (McK-
enna and Shluger 2008, 2011; Verma and Karki 2010).
At the ambient pressure, the DOS magnitudes for these
states are higher for the configurations with bigger excess
volumes.

The overall effects of pressure are to broaden the bands
and widen the band gap (Fig. 7). For the shallow electronic
states below the conduction band in particular, a pressure-
induced reduction in the s contribution is compensated by
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Fig. 8 Interfacial charge density isosurfaces near the valence (left
panel) and conduction (right panel) band edges corresponding to the
non-stepped (130)/[001] (35.5°) at zero pressure, viewed along two

an increase in p states. The DOSs are somewhat pushed
toward higher energy (Fig. 7) and the nature of the charge
density distributions arising from the interfacial states
remains essentially unchanged with pressure (Fig. S4).

Discussion and future work

The energetics based on our first principles simulations of
three types of tilt GBs including (0/1)/[100], (1/0)/[001],
and (012)/[100] suggests that several configurations are
possible in Mg,SiO, forsterite with comparable formation
energies over the pressure regime of 0—17 GPa. Relatively
low GB formation enthalpies and small excess volumes
predicted for the non-stepped configurations imply that the
stepped tilt boundaries with more open space (particularly
coherent ones) are less realistic. While several Mg-termi-
nated tilt boundaries were simulated here, an exhaustive
search naturally involves many more possible (perhaps
complex) configurations arising from consideration of
other crystal surfaces as the boundary.

All tilt boundaries studied here share characteristic fea-
tures such as under-coordinated atoms, distorted bonds, and
excess volume, which can affect the physical properties of
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directions as indicated. Isosurface values are set at 0.001/~>, where
r is the Bohr radius. The images display golden Mg spheres, red O
spheres, and blue Si spheres. (see S4 for isosurfaces at 17 GPa)

a polycrystalline phase to a great extent. In particular, the
predicted open space and distorted boundary regions can
serve as favorable sinks for point defects and impurities
(incompatible elements) and can also provide rapid path-
ways for ionic diffusion that has been inferred in experi-
mental studies (e.g., Kingery 1976; Farver and Yund 1991;
van Orman et al. 2003; Hiraga et al. 2003). Incompatible
elements such as large Ca tend to favorably segregate to the
GBs and enhance the boundary stability (Yan et al. 1998;
Hiraga et al. 2004; Hayden and Watson 2007; Wang et al.
2011). Such defects can be accommodated more easily
in more open configurations such as some of the stepped
boundaries studied here. It is interesting to see how the rel-
ative stability of different GBs is affected by the presence
of impurities.

Defects segregated to the GBs can combine to form
stable defect complexes with/without net charge. The pre-
dicted boundary-induced electronic states below the con-
duction band and at the valence band top are also impor-
tant. Any excess electrons trapped in the boundary region
can attract protons from the bulk to form hydrogen-related
defects including molecular species (H, and H,0), which
can fit the interfacial void space. The coordination defects
(four and fivefold Mg-O coordination in an otherwise
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fully octahedral environment) and wide (Mg—O and Si-O)
bond distributions at the interface resemble the essence of
Mg,SiO, liquid/glass structure (de Koker et al. 2008). The
boundary regions can be considered to behave as an amor-
phous phase at elevated temperatures, thereby facilitating
ionic diffusion and impurity accommodation/localization
(Zhang et al. 2009).

In summary, Mg,SiO, forsterite—a major mantle min-
eral can exhibit complex boundary structures, which are
likely to serve as high-defect and high-mobility regions,
and can thus play crucial role in controlling the mantle
rheology and distribution of chemical elements. To better
understand such grain boundary properties and their impli-
cations for the Earth’s mantle requires direct simulations
of defect segregation and migration in the grain boundary
regions, which are anticipated to happen in the near future.
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