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ABSTRACT: Solid-to-solid phase transition, although widely encountered
in Nature, challenges persistently our current theory for predicting its
complex kinetics and rich microstructures in transition. As an important
representative for A2BO4 oxide, olivine (Mg2SiO4) to spinel solid phase
transition was hotly debated for its unusual kinetics with complex cation and
anion movement. Here we, via novel first-principles based global potential
energy surface sampling, resolve the potential energy surface of Mg2SiO4
and the lowest energy pathway of the olivine-spinel solid phase transition.
Instead of the traditionally regarded mechanism via shearing close-packing
oxygen lattice, we identify an unprecedented pathway involving silicate
oxoanion (SiO4

4−) rigid-body rotation and translation in the reaction, which
may only be expected in molecular crystal transformation. While the anions
and cations move synchronously, it is the coordination change of Mg2+ in
reaction, from octahedral to tetrahedral sites that cause the high barrier. The
replacement of Mg cation by Fe and Zn cations is found to substantially reduce the barrier of crystal transformation. Although
the reaction do involve significant shearing with a [001](010) slip system, leading to the seemingly early formation of O
sublattice, our theoretical results suggest that the phase transition is governed by incoherent nucleation and growth due to the
lack of coherent heterophase interfaces. The theoretical results are of general importance for understanding the stability and
phase transition mechanism in silicate group materials.

1. INTRODUCTION

Recent years have seen tremendous interests on solid-to-solid
phase transitions for their important applications in many fields,
for example, chemical synthesis and phase-change materials.
Being abundant in Earth’s crust and representative for silicate
group materials, olivine (mainly Mg2SiO4, Pbnm, #62) will
undergo solid phase transition under pressures forming other
denser polymorphs, i.e., spinel (ringwoodite, Fd3 ̅m, #227) and
modified spinel (wadlysleyite, Imma, #74).1 The solid trans-
formation from olivine to spinel (Figure 1), for its appreciable
density change (∼8%), is regarded as the cause of deep-focus
earthquakes.2−5 Despite extensive studies in the past 40 years,
the current knowledge on the pathway of the reaction is
limited, and the role of shear stress on the transition remains
much debated. This dilemma could be largely attributed to the
unusual reaction kinetics of Mg2SiO4 solid phase transition,
where a large volume reduction couples with multiple atom
displacement patterns of O anions and two different cations
(Mg and Si). The energy profile of such complex solid phase
transition reactions is, unlike molecular reactions, extremely
challenging to establish for the lack of tools to resolve key
intermediate phases and reaction patterns of collective atom
displacement.

As common in A2BO4 oxides, the O sublattices in both
olivine and spinel shown in Figure 1 have close-packed
structures, hexagonal close-packing (hcp) for olivine and face-
centered close-packing (fcc) for spinel. In both oxides, Mg
cations occupy the octahedral sites (MgO6) and Si cations
occupy the tetrahedral sites (SiO4). The major difference
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Figure 1. Mg2SiO4 structures for olivine (Pbnm) and spinel (Fd3̅m)
phases. The O sublattice has a hcp (ABAB...) packing in olivine and a
fcc (ABCABC...) packing in spinel.
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occurs in the arrangement of Mg and Si cations in between O
close-packing layers, where mixed Mg/Si occupancy are present
in olivine while a layer of uniform Mg occupancy appears in
spinel (indicated by the blue arrow in Figure 1).
By exploiting the structural similarity of O sublattice between

olivine and spinel, Poirier6 first proposed that the coherent
shear of the oxygen sublattice on olivine (100)ol close-packed
plane triggers the olivine-spinel transformation, which is
referred as the martensitic type diffusionless phase transition
mechanism in early literature.6 This mechanism suggests the
presence of coherent (100)ol//{111}sp interfaces and the shear-
related coherent growth, but does not answer how cations
travel across the close-packing O layers. The orientation
relationship (OR) by aligning the close-packing O layer was
indeed observed by high-resolution transmission electron
microscopy (TEM) studies.7−11

However, new observations were reported in recent years,
which question the simple shear mechanism of O close-packing
layers. The observed slow kinetics even at high temperatures
(1500 °C) implies the involvement of atom diffusion in the
transition;5 and the critical roles of grain-boundary and
dislocations in the phase growth kinetics suggests a fracture-
related incoherent nucleation and growth mechanism.4,12−14

Furthermore, it was found that the spinel lamellae in the host
olivine may in fact not orient uniformly as (100)ol//{111}sp but
can be rather random, which is also against the coherent-
interface governed kinetics. To reconcile above, a hybrid
mechanism by coupling martensitic and diffusional mechanism,
named as pseudomartensitic mechanism, emerges to rationalize
the slow kinetics of cations. By finding the early appearance of
(400)sp peaks from in situ X-ray diffraction (XRD), Furnish and
Basset15 and Chen et al.16 suggested the early formation of O
sublattice, that is, the motion of oxygen atoms precedes
appreciably the reordering of cations that is a gradual, thermally
activated process. The pseudomartensitic mechanism, however,
lacks support at the atomic level.
In this work we utilize novel stochastic surface walking

(SSW) potential energy surface (PES) global structure search
and reaction pathway sampling17,18 based on first-principles
calculations, to understand the long-standing puzzles on the
mechanism and kinetics in Mg2SiO4 phase transitions. We
explore the PES of Mg2SiO4 phases, which discovers large
energy gap between crystalline and amorphous phases for this
stable silicate system. We reveal the lowest energy pathway of
olivine-spinel solid phase transition and found that, surprisingly,
the phase transition does not involve the shear of the close-
packing O layers but all atoms move synchronously featuring
with the rigid-body nature of silicate oxoanion (SiO4

4−). From
the mechanism, we conclude that the olivine-spinel transition is
short-range reconstructive in nature and cannot be regarded as
simple martensitic or pseudomartensitic transition. The origin
for the barrier in the solid phase transition is also discussed
according to the reconstructive mechanism.

2. METHODS AND CALCULATION DETAILS
2.1. Reaction Pathway Sampling Based on thte SSW

Method. In this work, the recently developed SSW method is
first utilized to explore the PES of the Mg2SiO4 phase space,
which takes advantage of the global optimization functionality
of SSW method (see our previous work for detailed
methodology of SSW19−21). The SSW based reaction sampling
(SSW-RS) is then utilized to sample the solid reaction
pathways, exhaustively and unbiasedly, from which we obtain

the crystal-to-crystal solid phase transition pathway between
olivine and spinel.
Here we outline the SSW-RS method briefly. The SSW-RS is

based on SSW global optimization method and is targeted for
find one-step or short-pathway reactions. The SSW method is
able to explore complex PES to identify unexpected new
structures and at the mean time to collect the reaction pathways
leading to them. For solid phase transitions, this is to identify
the one-to-one correspondence for lattice (L(e1,e2,e3), ei being
the lattice vector) and atom (qi, i = 1, ..., 3N, N is the number of
atoms in cell) from one crystal phase (the initial state, IS) to
another (the final state, FS), which constitutes the reaction
coordinates of the reaction, i.e., QIS(L,q) → QFS(L,q). In one
SSW pathway sampling simulation, we need to collect as many
as possible such IS/FS pairs (typically a few hundreds) to
ensure the identification of the best reaction coordinate, the
one corresponding to the lowest energy pathway. With such a
pair of reaction coordinates, QIS(L,q) and QFS(L,q), it is then
possible to utilize variable-cell double-ended surface walking
(VC-DESW)22 method to identify the reaction transition state
(TS) and the minimum energy pathway.
In our implementation, the SSW pathway sampling is fully

automated and divided into three stages in simulation, namely,
(i) pathway collection via extensive SSW global search; (ii)
pathway screening via fast DESW pathway building;19 and (iii)
lowest energy pathway determination via DESW TS search.
The first stage is the most important and most time-consuming
part, which generates all the likely pairs of generalized reaction
coordinates linking different crystal phases. For example, for the
olivine-spinel Mg2SiO4 phase transition in this work, we have
collected more than 1000 pairs Qα(L,q) and Qβ(L,q), which
leads to the finding of the lowest energy pathway. More details
on the SSW pathway sampling are described in the Supporting
Information and also in our previous works.19

All calculations, including the global exploration of the phase
space of Mg2SiO4 crystal and the reaction sampling, were
carried out in a supercell containing 28 atoms (4Mg2SiO4) at
15 GPa based on plane-wave density functional theory (DFT)
calculations. The PES sampling was further checked using
classical force fields23 SSW search, showing no new low energy
structures, where more than 106 minima are sampled and a
larger supercell (56-atom) in simulation is utilized.

2.2. DFT Calculation Details. All calculations were
performed using the plane wave DFT program, Vienna ab
initio simulation package VASP,24,25 where electron−ion
interaction was represented by the projector augmented wave
(PAW)26pesudopotential and the exchange-correlation func-
tional utilized was GGA-PBE.27 In the pathway sampling, we
adopt the following setups to speed up the PES exploration:
plane-wave cutoff 400 eV; the Monkhorst−Pack k-point mesh
of (4 × 4 × 4) set for 28-atom supercell. The reference
configurations for valence electrons were 2s2 2p4 for O, s2 for
Mg, and s2p2 for Si. To obtain accurate energetics for the
pathways, a more accurate calculation setup was utilized: the
plane-wave cutoff 500 eV; the k-point mesh up to (6 × 4 × 6)
set and 8-electron (p6s2) PAW pesudopotential for Mg. For all
the structures, both lattice and atomic positions were fully
optimized until the maximal stress component is below 0.1 GPa
and the maximal force component below 0.01 meV/Å, which
leads to the convergence of the relative energy (e.g., barrier)
below 0.5 meV/atom.
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3. RESULTS AND DISCUSSION
Our investigation starts by exploring the phase space of
Mg2SiO4 using first-principles SSW global structure search,17,18

which was carried out in a supercell containing 28 atoms
(4Mg2SiO4) at 15 GPa based on plane-wave DFT calculations.
More than 104 minima on the potential energy surface were
visited from the SSW search, based on which we can provide an
overview of Mg2SiO4 phase space. As shown in Figure 2, we

plot the DFT enthalpy H (H = E+PV) of optimized minima on
potential energy surface against the structure order parameter.
The order parameter utilized is a distance-weighted Steinhardt-
type order parameter with angular moment L = 2,28 which as a
fingerprint for structure can distinguish different minima in the
huge phase space. The important crystalline structures (phases)
are indicated in the figure.
We found that only three low-lying crystalline phases are

present within a 0.3 eV/f.u. (formula unit) window above
olivine phase, i.e., olivine, wadlysleyite, and spinel (0.1 eV/f.u.
lower than olivine), which is consistent with the known
thermodynamics that all these three phases are possible to
present in nature at 15 GPa. Each crystalline phase is quite
separated in the phase space as shown in the H ∼ OP plot.
Geometrically, wadsleyite contains Si2O7pairs with Si−O−Si−
O linkage (double tetrahedra), while only lonesilicate oxoanion
(SiO4) units are present in olivine and spinel (Figure 1a).
The PES of Mg2SiO4 then enters into the amorphous-like

region above 0.4 eV/f.u., where many energy degenerate
conformations are present. The large gap between the stable
crystalline structures and the amorphs region identified from
Figure 2 implies that this silicate material has a high stability as
the crystalline forms (e.g., high melting point). We will show
later that indeed it requires a high kinetic barrier to transform
from one crystal to another. For the less stable phases, we
identify several high symmetry new phases, including
orthorhombic OI (Cmc21, #63), OII (Cmcm, #36), and OIII
(Pbam, #55) and monoclinic MI (C2, #5) (see Figure 2
structures and SI for detailed lattice data). All of them contain
only lone SiO4 tetrahedra in crystal, which are structurally close
to olivine and spinel but differ from wadlysleyite.
Our next task is to identify the lowest energy reaction

pathway linking the olivine and spinel crystal phases. This is
equivalent to build the fast connectivity between two known
minima on multidimensional PES, a general challenge in the
PES search. We utilized the recently developed SSW reaction
sampling17,18 for crystal systems in this work, which has been

Figure 2. DFT enthalpy again order parameter (OP) for Mg2SiO4
phases obtained from SSW global structure search. The less stable OI,
OII, and MI crystal structures are shown for their relevance in the
reaction pathways. O atom: red ball; Mg atom: green ball; Si atom:
yellow ball.

Figure 3. (a) Potential energy (enthalpy) profile for the lowest energy pathway for Mg2SiO4 olivine-spinel solid phase transition identified from SSW
reaction sampling. The volume changes along the pathway are shown in the inset. (b) Reaction snapshots along the pathway. All structures are
viewed along [100]ol or [11̅0]sp. The lattice is indicated by the black box with the lattice parameters being labeled in Å. O atom: red ball; Mg atom:
green ball; Si atom: blue tetrahedron. (c) Simulated XRD patterns of the minima along the pathway.
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successfully applied for single-element, binary metal and metal
oxide systems. For the ternary Mg2SiO4 oxide encountered, we
found that the PES is much more complex and therefore it
challenges the current pathway sampling for finding the lowest
energy pathway.
By sampling extensively both olivine and spinel crystal phases

using SSW reaction sampling, we have collected more than
1000 pathways linking the two crystal phases, from which the
lowest energy pathway is obtained by locating explicitly the TS
of the reaction and sorting the computed barriers. The reaction
enthalpy profile is plotted in Figure 3a, showing that the
pathway is indirect, mediated by two high-energy OI and OII
intermediate crystal phases (Figure 2). Interestingly, we note
that wadlysleyite does not act as an intermediate from olivine to
spinel, confirming the previous suggestions from experiment.29

The overall enthalpy barrier for the transition is high, 0.96 eV/
f.u., dictated by TS1 of the first step, olivine to OI (The barrier
drops to 0.70 eV/f.u. at 1500 K, see SI for free energy
corrections via phonon calculations).
Figure 3b highlights the reaction snapshots of the solid

transition viewed along [100]ol. A salient feature for atomic
motion is that all SiO4 entities are maintained during the
reaction without Si−O bond breaking. To further assist
understanding the change of crystal structures, we also
simulated XRD patterns for olivine, OI, OII and spinel phases,
where both the overall pattern (black curve) and that originated
from the O sublattice (red curve) are monitored and plotted in
Figure 3c.
By inspecting the lattice variation, we can distinguish the first

step from the other two steps. The first step, olivine-to-OI, has
little overall volume change (1.8%) (Figure 3a, inset): a large
lattice compression (+15.5%) occurs at [010]ol that is
compensated by the expansion at [001]ol and [100]ol. By
contrast, the second and the third steps undergo large volume
expansion (Figure 3a, inset) with appreciable lattice deforma-
tion due to the shearing of atoms on (010)ol along
[001]ol,a(010)[001]ol slip system. This leads to the variation
of the lattice angle α from 90° to 54.7° on going from OI to
spinel. Indeed, the unit cells of these shearing planes are similar,
all being rectangular with close lattice length: (010)ol: 4.69 ×
5.84 Å; (010)OI: 5.35 × 6.08 Å; (010)OII: 5.48 × 5.86 Å; and
(010)sp: 5.62 × 5.62 Å. In the transition, (100)ol evolves into
(100)OI and (100)OII and finally ends as (11 ̅0)sp, where the
close-packed O rows along [001]ol turns into that along
[110]sp, i.e. yielding an OR (100)ol//(11 ̅0)sp + [001]ol//
[110]sp.
For the great similarity in the O sublattice of two phases, one

may wonder naturally why the lowest energy pathway
determined from theory does not involve the simple shearing
of close-packing O layers (see Figure 1) but prefers the
buckling of the close-packing O layer during the reaction. We
found that this is mainly because the presence of strong Si−O
bonds disallows the shearing of close-packing O layers that, if
occurs, will break the Si−O bond and thus increase the energy
cost of phase transition. Instead, the reaction adopts silicate
oxoanion [SiO4] rigid-body rotation (olivine-to-OI) and
translation (OI-to-spinel) without breaking Si−O bonds. On
the other hand, the Mg cations change their coordination from
six to four and back to six during the reaction, which
contributes to the high barrier of the solid phase transition.
Specifically, from olivine to OI, SiO4 tetrahedra move close at

[010]ol, which attenuates the (122)ol peak in XRD, but leads to
the appearance of a (020)OI peak, both contributed mainly by

the O sublattice. The (020)OI peak eventually turns into
{400}sp. The atom movement in the first step is therefore
dominated by the inner-rotation of SiO4 tetrahedrons with the
displacement of each O up to 1.4 Å, while Mg and Si cations
stay largely in their original position (in fractional coordinate).
Because of the rotation of SiO4, four Mg cations per supercell
(circled in Figure 3b) change from octahedral to tetrahedral
coordination. From OI to spinel, the two steps shear different
layers of (010)ol along [001]ol (or [110]sp), which leads to the
pairing of SiO4 tetrahedrons along [001]sp viewed along [11 ̅0]sp
(Figure 3b). It is no wonder that the XRD patterns of OI, OII,
and spinel phases are similar, especially for the (311), (400),
and (440) peaks of spinel. The shearing is accompanied by
volume compression, by 3.8% in OI-to-OII and 3.0% in OII-to-
spinel. In these two steps, the tetrahedral Mg cations (circled in
Figure 3b) have the largest atomic displacement, up to 2 Å per
atom, which moves them from tetrahedral back to octahedral
sites. These two steps resemble the shear-induced martensitic
phase transition, and the computed phonon spectrum at the TS
confirms the collective shearing mechanism (Figure S1 in SI).
Our results reveal that the characteristic (400)sp peak in XRD

appears indeed early in the reaction, i.e. at the first intermediate
OI phase. This confirms the observation by in situ XRD.15,16

Since (400)sp mainly originates from the O sublattice, it was
inferred that the O fcc sublattice forms much earlier than cation
sublattice. The cation motion was thus deduced to move
excessively slower than O anion. However, from the lowest
energy pathway, we find that this interpretation of in situ XRD
data may not be correct. In fact, the SiO4 tetrahedrons travel
continuously together with Mg cations even at the final OII-to-
spinel step. We conclude that the early appearance of (400)sp is
a geometry reflection of the pathway: the condensation of
olivine at [010]ol followed by (010)ol slip along [001]ol.
With knowledge of the patterns of atomic displacement, it is

interesting to ask whether a coherent interface is present during
the solid phase transition. The coherent interfaces are generally
present in martensitic solid phase transition systems, which can
facilitate the new phase nucleus formation and propagation.30

By using the numerical procedure to analyze the lowest energy
pathway as developed previously based on phenomenological
theory of martensitic crystallography,31,32 we fail to identify any
coherent interface between olivine and spinel, which requires
the perfect atomic match (overlap of two phases at the
interface) and the lowest lattice strain.33,34 The best atomic
match biphase interface identified from this work is (100)ol/
(11 ̅0)sp, as constructed in Figure 4a, which is 35 degrees off the
putative (100)ol/{111}sp interface in the literature (Figure 4b).
These two orientations were recently observed in shocked
meteorites by stereographic pore projections,35 but we find that
both of them do not meet the criteria for coherent interface.
The (100)ol/(111)sp interface, although it has a low lattice

misfit (0.7% strain along [010]ol), has a large magnitude of
atomic mismatch. On the other hand, the biphase interface
(100)ol/(11 ̅0)sp determined from the lowest energy pathway
has a better atomic match: SiO4 and Mg of olivine only need to
experience a local rotation and diffusion to reach to their
positions in spinel. However, the (100)ol/(11 ̅0)sp develops a
large strain along [010]ol (∼12.1%). This indicates that the
nascent spinel nuclei inside the olivine matrix are unstable,
inducing a large stress field, and thus the olivine-spinel
transformation should be governed by incoherent nucleation
and growth kinetics. The theoretical finding is consistent with
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the fact of the preferential spinel growth at the olivine grain-
boundaries and dislocations.4,12,13

The above results show that the origin of the high barrier in
Mg2SiO4 phase transition is the change of bonding environ-
ment of Mg cation during the reaction. It is thus anticipated
that the chemical composition would have a significant effect
on the kinetics. Experimentally, the dramatic effect of chemical
composition on the reaction kinetics has been observed.
Increasing the iron content in olivine decreases the pressure of
the phase transition. The pure magnesium end member,
Mg2SiO4 (forsterite), transforms to ringwoodite at pressures
above 14 GPa. At about 0.8 mole fraction fayalite (Fe2SiO4),
olivine transforms directly to ringwoodite over the pressure
range 10.0 to 11.5 GPa. Fayalite transforms to Fe2SiO4 spinel at
pressures below 5 GPa.36−38

To examine this effect from theory, we have investigated the
role of cation species on the kinetics of olivine-to-spinel phase
transition by focusing on the olivine to OI reaction step, the
rate-determining step in olivine-to-spinel phase transition (In
this step, the coordination for half of Mg cations reduce from
six to four per supercell). We have considered to replace Mg
with Fe or Zn, giving Fe2SiO4, Zn2SiO4. These elements are
commonly present in the Earth’s mantle and often mixed in
olivine, such as (MgFe)2SiO4. Using the lowest energy pathway
shown in Figure 3, we have reoptimized the reaction pathway
from olivine to OI at 15 GPa and determined the barrier using
DFT calculations (For Fe2SiO4, spin-polarized DFT+U
calculations are utilized with the parameters of U = 3.5 eV
for 3d orbital taken from the literature39,40). All these A2BO4
oxides have stable minima geometry as olivine and OI phases,
implying the similar PES features as Mg2SiO4. As shown in
Table 1, we found that the barrier can be dramatically reduced
once Mg is replaced by Fe and Zn elements. For example, the

barrier for Fe2SiO4 olivine-OI transition decreases to 0.47 eV/
f.u., much smaller than the barrier for Mg2SiO4 0.96 eV/f.u. For
Zn2SiO4, the barrier is even lower than the barrier in Fe2SiO4.
This barrier decrease is obviously not due to the structural
factors, as the bond distances of Mg−O, Fe−O, and Zn−O are
very close. The computed data for kinetic order, Mg > Fe, is
consistent with the observation in experiment.36 It confirms
that the bonding strength of the octahedral cation plays a
critical role in A2BO4 oxide stability.
By analyzing the electronic structure for the key reaction

step, we can better understand why the chemical composition is
critical to the phase transition kinetics. As shown in Figure 5,
we have plotted the total density of states (DOSs) for Mg2SiO4
(Figure 5a) and Fe2SiO4 (Figure 5c) at the TS1, and the
projected DOS on the Mg (Figure 5b) and Fe (Figure 5d)
cations of the system. As shown, we found that both oxides are
insulating materials with a large band gap, where the valence
bands (VB) mainly come from the O anion p states and the
conduction bands (CB) are mainly constituted by cation states.
Importantly, the lowest CBs in both systems are mainly from
Mg or Fe cations, instead from Si cations, being the
antibonding states of Mg−O or Fe−O bonds. This indicates
that the Mg−O or Fe−O bonds belong to the weakest bonds in
the system and are thus vulnerable for bond breaking during
the solid phase transition. The Si−O bonds being the strong
bonding in the ternary oxide prefer to be intact in the reaction
to maximally reduce the energy cost. On the other hand, the
replacement of Mg by Fe has reduced significantly the band
gap, and introduce strong spin-splitting for the states at the top
of VBs and the bottom of CBs. These states have strong
features of 3d orbitals of Fe, which are not present in sp metal
Mg, causing the substantial reduction of band gap in Fe2SiO4.
Because these 3d states of Fe are contracted with strong spin-
polarization, their orbital mixing with p states of O anions is
rather weak and contributes negatively in the octahedral
bonding field. It is therefore much more facile for Fe to change
its coordination environment, i.e., from octahedral to
tetrahedral bonding, which helps to decrease the reaction
barrier in the olivine-to-spinel solid phase transition.

4. CONCLUSIONS
This work by using the SSW potential energy surface sampling
method reveals a new mechanism for a ternary silicate crystal-
to-crystal solid phase transition, Mg2SiO4 olivine to spinel
transition, which represents a common transition in A2BO4
oxides. We show that the phase transition of this inorganic

Figure 4. Heterophase junction models between olivine and spinel. (a)
The (100)ol/(11 ̅0)sp interface identified from the lowest energy solid
phase transition pathway. The interface has close atomic match, but
the lattice misfit is up to 12.1% along [010]ol (or [001]sp). (b) The
atomic model for the putative (100)ol/(111)sp interface suggested from
a martensitic model,6 where half of the atoms, SiO4 and Mg, at the
interface (enlarged on the right) are poorly matched atomically and
the significant relocation is required for Si and Mg cations, as indicated
by the black arrows. Both interfaces from (a) and (b) models are
found to be incoherent.

Table 1. Relative Enthalpies at 15 GPa from Olivine to OI
Phase Transition and Key Structural Information by
Replacing Mg by Fe or Zn Elementa

phase states H (eV/f.u.) d(X2+-O) (Å) volume (Å3/f.u.)

Mg2SiO4 ol 0 2.04 67.64
TS1 0.96 2.15 67.02
OI 0.43 2.05 67.89

Fe2SiO4 ol 0 2.11 71.43
TS1 0.47 2.06 70.34
OI 0.12 2.10 70.47

Zn2SiO4 ol 0 2.09 69.93
TS1 0.34 2.02 69.96
OI 0.06 2.07 69.04

ad(X2+-O) is the average bond length for Mg−O, Fe−O, or Zn−O
bonds.
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mineral system behaves unexpectedly like molecular crystal
systems, where silicate oxoanion SiO4 tetrahedron moves as a
molecular entity during the pressure-induced solid phase
transformation. The high barrier of Mg2SiO4 solid transition,
or alternatively speaking, the high stability of Mg2SiO4, is
attributed to the strong ionic bonding between Mg2+ and O2−

that prefers octahedron coordination. The replacement of Mg
by Fe and Zn cations can significantly reduce the phase
transition barrier and thus introduce instability in the cation-
doped materials. We believe that the PES sampling method
utilized here is of general applications for revealing complex
solid phase transition kinetics, which can guide the design of
stable materials with desirable mechanical and electronic
properties.
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