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[1] The akimotoite to perovskite phase transition of
MgSiOj3 is shown by first principles calculations to have
a negative Clapeyron slope, consistent with experimental
observations. The origin of the negative slope, i.e., the
increase of entropy across the transformation, can be
attributed to the larger density of states of low frequency
vibrations in the perovskite phase. Such vibrations consist
of 1) magnesium displacements and 2) octahedral rotations,
with the larger magnesium coordination and larger Mg-O
bond lengths, as well as a lower degree of polyhedral
connectivity accounting for the existence of low frequency
modes. The larger density of states in perovskite in this
regime accounts also for the increase in other thermodynamic
properties across the phase transition. This ab initio
calculation of a solid-solid phase boundary provides new
insights into our ability to predict high pressure-temperature
transformations by first principles. INDEX TERMS: 3924
Mineral Physics: High-pressure behavior; 3939 Mineral Physics:
Physical thermodynamics; 8120 Tectonophysics: Dynamics of
lithosphere and mantle—general; 8124 Tectonophysics: Earth’s
interior—composition and state (1212). Citation: Wentzcovitch,
R. M., L. Stixrude, B. B. Karki, and B. Kiefer (2004), Akimotoite
to perovskite phase transition in MgSiOs, Geophys. Res. Lett., 31,
L10611, doi:10.1029/2004GL019704.

1. Introduction

[2] The transition from upper mantle to lower mantle is
generally believed to be associated with a series of struc-
tural transformations in major mantle forming minerals.
These transformations play an active role in convection,
providing buoyancy forces according to the temperature
dependence of the transformation pressure. A thermody-
namic phase boundary with negative Clapeyron slope
means that, as compared to ambient mantle, the phase
transition will occur at greater depths in a downwelling,
and shallower depths in an upwelling, producing buoyancy
forces that tend to impede convection. A detailed under-
standing of these phase transformations and the associated
density contrasts are key ingredients for geodynamic mod-
eling [Christensen, 1995].
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[3] The slope of a phase boundary is determined by the
Clausius-Clapeyron equation

dP AS
dT AV’ M)
It is the sign of the entropy change AS that determines this
slope since AV and dP invariably have opposite signs.
Systematic investigations of phase transformations have
lead to the rationalization of such entropy changes in
different classes of materials [Navrotsky, 1980]. The entropy
may increase across a transformation when there is an
increase in configurational disorder, the development of
solid-electrolyte behavior, an increase in electronic density
of states at the Fermi level, a decrease in directional
bonding, or an increase in coordination. This intuitive grasp
is useful to justify a posteriori the observed behavior but
more often there are competing factors leading to complex
situations.

[4] Phase transformations and their stability fields have
been determined experimentally. The factors that underly
the location and Clapeyron slope of the transition are often
more difficult to access in the laboratory. First principles
calculations today can address the nature of these trans-
formations in great detail. The behavior of the phonon
spectrum under pressure is a valuable guide in pinning
down driving mechanisms. If AS is primarily vibrational in
origin, and as long as transformations are not driven by soft
phonon behavior, it is possible to use the quasi-harmonic
approximation in conjunction with the phonon density of
states to address accurately the relative free energies of the
phases involved and to predict ab initio the phase boundary.
Here we consider the akimotoite-to-perovskite transition in
the MgSiO5 system, a prototypical system with a negative
Clapeyron slope.

[5] Inthe MgSiO; system, akimotoite is stable from 18 to
23 GPa at 1900 K, and is bounded at high pressure by the
transformation to perovskite [Gasparik, 1990]. Prior to its
discovery in nature [Tomioka and Fujino, 1999], akimotoite
was referred to as “ilmenite” in the literature because it is
an isomorph of that mineral. The presence of aluminum and
other cations in the mantle narrow the stability field of
akimotoite in favor of garnet-majorite so that akimotoite is
expected to be most abundant in cold subduction environ-
ments. Growing evidence for stagnant subducting slabs at
the base of the transition zone [Chen and Brudzinski, 2001]
calls for a renewed effort to understand the details of this
transformation.

2. Phonons

[6] Our analysis of the akimotoite to perovskite transfor-
mation derives from recent first principles calculations of
phonons and thermodynamic properties at high pressure and
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temperature for these phases [Karki et al., 2000; Karki and
Wentzcovitch, 2002]. The first principles results are based
on density functional theory in the local density approxi-
mation (LDA) with the plane wave pseudopotential method.
Phonon frequencies are calculated in density functional
perturbation theory, or linear response,whereby second
derivatives of the total energy are computed directly [see
also Stixrude et al., 1996]. The vibrational contribution to
thermodynamic properties are given by integrals over the
vibrational density of states in the quasi-harmonic approx-
imation. Other groups have computed phonon frequencies
and thermodynamic properties with different methods, in-
cluding atomistic models [Wall and Price, 1988].

[7] While both phases contain octahedrally coordinated
Si, there are some salient differences. The akimotoite phase
has the ilmenite structure and consists of a distorted
hexagonal close packing array of oxygens with both cations
(Mg and Si) located in 6-fold coordinated octahedral sites.
The structure consists of alternating layers of MgO4 and
SiOg octahedra; octahedra share edges within layers and
faces across layers. The orthorhombic Pbnm perovskite
structure is a corner-linked network of SiOg octahedra with
Mg atoms occupying large 8—12 fold coordinated sites. The
structure can be viewed as derived from the hypothetical
cubic polymorph through coupled rotations of the SiOg
octahedra. While the Si-O bond lengths in akimotoite
(1.768—1.830 A) and perovsklte (1.783-1.801 A) are
similar, the Mg-O bonds in perovsklte (2.014-3.120 A)
are considerably longer than those in akimotoite (1.990—
2.163 A) Such structural dissimilarity causes significant
differences in their vibrational spectra.
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Figure 1. Calculated phonon frequencies in (top) akimo-
toite (bottom) perovskite. (left) Calculated phonon disper-
sion curves (lines) compared with experimentally measured
zone center frequencies (symbols). The ordinate is the
frequency in wavenumber units; the abscissa is direction in
reciprocal space with high symmetry directions labelled
conventionally [Lax, 1974]; (middle) density of states
(DoS); (right) calculated (filled symbols) zone center
frequencies compared with experimentally measured (cir-
cles) Raman, (triangles) TO and (squares) LO infrared (IR)
active modes. Sources of experimental data are Williams et
al. [1987]; Madon and Price [1989]; Durben and Wolf
[1992]; Hofmeister and Ito [1992]; Lu et al. [1994];
Reynard and Rubie [1996].
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Table 1. Comparison of Some Calculated Thermodynamic
Properties That Depend on Temperature Derivatives of the Free
Energy [Karki et al., 2000; Karki and Wentzcovitch, 2002] at
20 GPa and 2000 K

. S, 1 Cpl
Phase VA o, x10°K' vy mol 'K™' mol 'K!
Akimotoite  42.10 2.46 1.19 252 128
Perovskite  39.85 2.84 151 265 134

[8] Figure 1 shows the calculated phonon dispersions for
the akimotoite and perovskite phases. Zone-center phonon
frequencies range from 294 to 935 cm™' and from 182 to
952 ¢m ! in the akimotoite and perovskite phases respec-
tively. The vibrational spectrum of perovskite at I" stretches
downwards by more than 100 cm™' relative to that of
akimotoite with several modes having frequencies smaller
than 294 cm™'. The frequencies of the higher modes are
very similar in both phases.

[9] Inspection of the calculated eigenvectors shows that
the low frequency modes are dominated by magnesium
displacements in both phases, while octahedral rocking
modes are also important in perovskite. Modes dominated
by Magnesium displacement have generally lower frequen-
cies in perovskite than in akimotoite because of the larger
coordination environment in the former phase. In both
phases, cation motion is increasingly suppressed and octa-
hedral deformations are increasingly involved in higher
frequency modes. For instance, the highest frequency TO
and LO modes involve almost pure octahedral deforma-
tions, i.e., Si-O bond stretching. These bonds are quite
similar in both phases.

[10] Comparison between the vibrational density of states
obtained from full phonon dispersion of both phases reflect
clearly the difference in structure between these two phases
(Figure 1). The density of states of perovskite shows a strong
peak in the low frequency range (200—250 cm™') and is
higher in density than that of akimotoite throughout the
lower half of the low frequency regime (i.e., below
500 cm™'). These low frequency modes determine the
thermodynamic properties to a great extent because they
can be fully excited at low and moderately high temper-
atures. The high frequency modes contribute only at suffi-
ciently high temperatures. The greater proportion of low
energy phonons in perovskite causes thermodynamic prop-
erties involving the temperature derivative of the free energy
to take on higher values than in akimotoite (Table 1).

3. Phase Equilibrium

[11] The phase boundary is obtained by locating the set of
pressure-temperature points at which the Gibbs free ener-
gies of the two phases are equal

G(P,T)=F(V,T)+P(V,T)V. )
The Helmholtz free energy F and the pressure P are
calculated in the quasi-harmonic approximation and consist
of static, zero-point, and thermal contributions. To go
beyond the quasi-harmonic approximation and take full
account of anharmonic effects involves computation also of
the temperature dependence of the structure and phonon
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energies. This is a virtually impossible task to carry out in
the fine pressure-temperature mesh required to obtain high
order derivatives of various thermodynamic potentials from
first principles calculations. However, this central assump-
tion can be checked a posteriori, as we have done in the case
of perovskite, by inspecting the magnitude of deviatoric
stresses throughout the investigated pressure temperature
regime [Wentzcovitch et al., 2004]. This deviation was
shown not to exceed 1% of the pressure up to 150 GPa and
4000 K. This deviatoric stress is smaller than the systematic
deviation in pressure due to other approximations in the
calculation such as the use of pseudopotentials and of the
local density approximation (LDA).

[12] On the other hand, a precursory signature of the
inadequacy of the quasi-harmonic approximation can be
detected in the thermal expansivity. Experiments show that
this quantity depends linearly on temperature at high
temperatures. Fully anharmonic molecular dynamics calcu-
lations that account for phonon-phonon interaction also
display this behavior [Inbar and Cohen, 1995; Oganov et
al., 2001]. The QHA approximation, however, introduces a
divergence from linear behavior at high temperature [Karki et
al., 1999, 2000; Karki and Wentzcovitch, 2002; Wentzcovitch
et al., 2004]. This behavior is caused by the neglect of
phonon-phonon interaction. The inflection point at the onset
of this divergence can be used as a (conservative) guide of
the validity regime of the quasi-harmonic approximation.
Inspection of the thermal expansivity in both phases [Karki
et al., 2000; Karki and Wentzcovitch, 2002] indicates that in
the perovskite phase this inflection point occurs at 1200 K
at the pressure of the phase boundary. Calculation of
transformation pressures above 1200 K should, according
to this criterion, go beyond the quasi-harmonic approxima-
tion for perovskite but not necessarily for akimotoite.
However, the thermal expansivity, as well as other proper-
ties involving the temperature derivative of thermodynamic
potentials, may be more sensitive to the quasi-harmonic
approximation than the Gibbs free energy itself. Other
properties, such as elasticity, do not display such deviations
from experimental measurements at the point the thermal
expansivity does [Wentzcovitch et al., 2004]. Therefore the
thermal expansivity criterion, although useful, may be too
strict a guide for assessing the accuracy of the quasi-
harmonic approximation in the computation of properties
such as phase boundaries and quantities that do not depend
of the temperature derivative of the free energy.

[13] Our calculated transition pressure is 23 GPa at 0 K.
This is a little lower than the transition pressure obtained in
static calculations, 24 GPa, because of the influence of zero-
point motion. Zero-point motion energy is expected to have
an important effect on transition pressures in general and is
an essential factor in comparing the results of theoretical
calculations with experiment [Li and Jeanloz, 1987]. The
direction in which zero-point motion shifts the static tran-
sition pressure depends mainly on the relative value of this
energy in each phase. A decrease (increase) in zero-point
motion across the transition caused by a downwards shift in
the center of mass of the vibrational density of states, i.e., a
relative downwards (upwards) energy shift of the high
pressure phase with respect to the low pressure phase,
should decrease (increase) the transition pressure. This
effect is accompanied by an increase (decrease) in entropy
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Figure 2. (full line) Calculated akimotoite to perovskite
phase boundary compared with observations of (open
symbols) akimotoite and (filled symbols) perovskite
stability. Experimental data are from (circles) lfo and
Takahashi [1989] and (squares) Gasparik [1990]. The static
theoretical result (cross) does not include zero-point-motion
energy.

and a more negative (positive) Clapeyron slope. Therefore,
zero-point motion will shift the transition pressure from its
static value in the direction of the Clapeyron slope, i.e., the
transition pressure is lowered if the Clapeyron slope is
negative, and is raised if the Clapeyron slope is positive.
Our calculations support this picture.

[14] Figure 2 shows that our calculated phase boundary
has a negative Clapeyron slope, which decreases in magni-
tude with decreasing temperature, approaching zero at 0 K as
thermodynamically required.

4. Discussion

[15] As compared with experimental data, our transition
pressure is smaller by 6 GPa at 1700 K and our Clapeyron
slope is more negative. There are several possible causes for
these differences. At lower temperatures, where the differ-
ence between theory and experiment tends to diminish, the
most probable cause is the central approximation used in
density functional calculations, namely, the local density
approximation (LDA). LDA calculations in other systems
have also found that calculated transition pressures are
lower than the measured values, although these studies
did not consider the effect of zero-point motion [Hamann,
1996]. Although beyond the scope of our study, the possible
magnitude of the LDA error could be further investigated
with alternative forms of the exchange-correlation potential,
such as the Generalized Gradient Approximation (GGA).
An approximate estimation of the error could also be
obtained by introducing a posteriori pressure shifts in
the equation of state of each phase to compensate for the
LDA or GGA error [Karki et al., 2001; Oganov et al.,
2001]. Systematic errors in the experimental pressure cali-
bration may also contribute to the discrepancy but are
unlikely to account for the entire difference between theory
and experiment.

[16] At high temperatures, the steeper theoretical Cla-
peyron slope may be the result of the quasi-harmonic
approximation. As pointed out above, this approximation
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is less adequate for the perovskite than for the akimotoite
phase below 20 GPa, particularly above 1200 K, which
may contribute to the observed discrepancy. It is conceiv-
able that limited exchange of Mg and Si among octahedral
sites may occur in akimotoite at high temperatures. If
such cation disorder existed, it would tend to increase the
entropy of akimotoite, thus reducing the magnitude of the
theoretical Clapeyron slope and yielding better agreement
with experiment.

5. Conclusions

[17] The relatively higher density of vibrational states in
the low frequency regime in the denser polymorph con-
tributes not only to increase the entropy in this polymorph
but also to increase other quantities that depend on the
temperature derivative of the free energy. The thermal
expansivity («), Griineisen parameter (y) and heat capacity
(Cp) increase by 23, 27 and 5%, respectively from akimo-
toite to perovskite (Table 1). Ita and King [1998] have
emphasized the importance of the changes in such quanti-
ties across phase transformations for understanding their
role in mantle dynamics.

[18] To the factors that tend to increase the entropy across
phase transformations as identified by Navrotsky [1980],
our study allows us to add another: decrease of polyhedral
connectivity. The akimotoite to perovskite transition
changes the connectivity of the octahedra from edge- and
face-sharing in the former, to corner sharing in the latter.
This decrease in polyhedral connectivity introduces floppy,
nearly rigid unit modes of low energy that are essential in
understanding the origin of the entropy difference.
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