carbides. The multiphase/polytypic region can
be expected to occur also in the nitrides because
the electronic structure of the nitrides is generally very similar to that of the carbides, with
only simple rigid band shifts. Boxman and coworkers also report a substantial increase of
hardness (from 25 GPa up to 50 GPa) in
TixNb1-xN for x slightly below 0.5 (23).
In conclusion, we have identified regions
in valence electron concentration where several phases of the 3d, 4d, and 5d transition
metal carbides have the same or similar total
energies. From this finding, we suggest that
compounds may be deposited, using modern
thin-film techniques, where the stacking sequence of atomic layers is essentially random
or controllable through minor changes of the
production parameters. Further experimental
studies of the proposed systems are highly
desired. Examples of possible embodiments
include coatings deposited at the calculated
optimum VEC, where several structures have
the same energies, with essentially random
stacking sequences or a large number of
stacking faults. A second alternative is one
where layers of two alternating structures are
deposited, by controlled variations in deposition conditions, creating superlattices differing only in structure but not in chemical
composition. The multiphase/polytypic regions and the consequent hardening mechanism predicted here are also expected to be
found in other systems, for example, the tran-

sition metal nitrides. The hardness of, for
example, coatings from such multiphase/
polytypic, or stacking-fault–rich, compounds
with a large number of different glide-systems suppressing the propagation of dislocations is predicted to be substantially enhanced
over that of traditional transition metal carbide/nitride coatings.
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14. L. Norin, H. Högberg, J. Lu, J. O. Malm, U. Jansson,
Appl. Phys. Lett. 73, 2754 (1998).
15. A. Kelly, N. H. MacMillan, Strong Solids (Clarendon,
Oxford, 1986).
16. G. Kresse, J. Hafner, Phys. Rev. B 47, 558 (1993).
17. G. Kresse, J. Furthmüller, Phys. Rev. B 55, 11169
(1996).
18. The exchange-correlation functional according to
Ceperley and Adler, as parameterized by Perdew and

Stability and Structure of MgSiO3
Perovskite to 2300-Kilometer
Depth in Earth’s Mantle
Sang-Heon Shim,1*† Thomas S. Duffy,1 Guoyin Shen2
Unexplained features have been observed seismically near the middle (⬃1700kilometer depth) and bottom of the Earth’s lower mantle, and these could have
important implications for the dynamics and evolution of the planet. (Mg,Fe)SiO3
perovskite is expected to be the dominant mineral in the deep mantle, but experimental results are discrepant regarding its stability and structure. Here we
report in situ x-ray diffraction observations of (Mg,Fe)SiO3 perovskite at conditions
(50 to 106 gigapascals, 1600 to 2400 kelvin) close to a mantle geotherm from three
different starting materials, (Mg0.9Fe0.1)SiO enstatite, MgSiO3 glass, and an
MgO⫹SiO2 mixture. Our results confirm the stability of (Mg,Fe)SiO3 perovskite to
at least 2300-kilometer depth in the mantle. However, diffraction patterns above
83 gigapascals and 1700 kelvin (1900-kilometer depth) cannot presently rule out
a possible transformation from Pbnm perovskite to one of three other possible
perovskite structures with space group P21/m, Pmmn, or P42/nmc.
Knowledge of the phase relations and crystal
structures of lower mantle materials are essential for evaluating seismic observations
(1–3) of the deep mantle and their geochemical and geodynamic implications (2, 4). The
stability and structure of (Mg,Fe)SiO3 perovskite have been controversial over the last

19.

decade. Knittle and Jeanloz (5) confirmed the
stability of orthorhombic (Mg,Fe)SiO3 perovskite to 127 GPa using x-ray diffraction (XRD) on temperature-quenched samples. However, Meade et al. (6 ) reported
observation of an orthorhombic-to-cubic
phase transformation and dissociation to
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Zunger, is used in all calculations presented here. The
calculations have been performed with ultrasoft
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cutoff was 600 eV. The k points were obtained with
a Monkhorst-Pack method, and a k point grid of 8 by
8 by 8 was chosen for all structures ensuring convergence with respect to k points.
For the 4d TMCs, the results from the pseudopotential plane wave method were also compared with
those from a more accurate full-potential method
where the Kohn-Sham equation is solved without
making approximations for the shape of the effective
potential or to the charge density (24). Comparing
the energies obtained from the two methods, the
phase stability differences were found to be very
similar, varying within 10%.
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(Mg,Fe)O⫹SiO2 on the basis of XRD studies of laser-heated samples at 60 to 70 GPa.
The dissociation reaction was supported by
Saxena et al., who performed diffraction
studies on both temperature-quenched (7 )
and high-temperature (8) samples laser
heated at 60 to 90 GPa. In contrast, Raman
measurements on temperature-quenched
samples (9) and XRD measurements on
laser-heated samples (10, 11) were reported
to show the stability of orthorhombic
MgSiO3 perovskite at these conditions. The
origin of the discrepancy between these
results remains controversial (13, 14 ). The
primary issues include the homogeneity of
heating, stress conditions, transformation
kinetics, and the possibility of chemical
reactions.
The structure of SiO2 at lower mantle conditions is also important, not only because of the
possible existence of free silica in the mantle but
also because of its effect on the relative stability
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between MgO⫹SiO2 and MgSiO3 perovskite.
A post-stishovite phase was reported to have the
CaCl2 structure (15) above 54 GPa. Dubrovinsky et al. (16, 17) proposed an additional phase
transformation from CaCl2 to ␣-PbO2 phase
above 80 GPa. However, in another study (18),
the stability of the CaCl2 phase was confirmed
up to 120 GPa on temperature-quenched
samples.
Here, three different materials were used to
study the stability of (Mg,Fe)SiO3 perovskite:
(Mg0.9Fe0.1)SiO3 enstatite, pure MgSiO3 glass,
and an equi-molar MgO⫹SiO2 mixture. Pure
starting materials were mixed with 10 weight
percent (wt%) platinum, which serves as both an
internal pressure standard and a laser absorber.
Pressure was determined using the equations of
state of platinum (19) and argon (20). The calculated pressure uncertainties are 4 to 15 GPa,
due mainly to the effect of overlaps between
platinum and argon diffraction lines at 70 to 100
GPa but also due to shear stresses and temperature uncertainty. A 10-m thick foil of the
sample mixture was loaded in a 50-m hole in
a rhenium gasket and was compressed in a
symmetric diamond cell by 100-m beveled
anvils for experiments above 70 GPa. The sample was loaded in a 150-m hole in a stainless
steel gasket and was compressed by 300-m
diamond anvils for experiments below 60 GPa.
Argon was cryostatically loaded as a pressuretransmitting and insulation medium. For experiments below 60 GPa, NaCl was used as the
pressure medium.
In situ laser heating and XRD measurements
were conducted at the GeoSoilEnviroCARS

(GSECARS) sector of the Advanced Photon
Source (21). Temperature was determined by
fitting the thermal radiation spectra, corrected
for system response, to Planck’s equation (Web
fig. 1 is available at Science Online at www.
sciencemag.org/cgi/content/full/293/5539/2437/
DC1). The mean temperature over the x-rayed
volume was obtained by a three-dimensional
averaging technique (22). The temperature uncertainty (1) was 100 to 250 K in these experiments including radial and axial thermal gradients, the effect of temperature fluctuation during
the x-ray exposure, and the fitting residual. Diffraction patterns were measured with the use of
energy-dispersive techniques and a solid state
detector (23).
For phase identification, we calculated expected diffraction peak positions and their intensities for MgSiO3 perovskite, MgO, and SiO2
phases. Structural parameters for MgSiO3 perovskite were obtained from recent high-pressure
and -temperature (P-T) x-ray measurements
(10). For SiO2, we calculated diffraction patterns for all the phases proposed by experiments
(16, 18) and a first principles calculation (24),
including the CaCl2 and ␣-PbO2 structures.
Pressure and temperature variation of lattice
spacings were determined using the equations of
state of MgSiO3 perovskite (10) and MgO (25).
For SiO2 phases we assume that the equations of
state of all high-pressure forms are the same as
stishovite (26).
For each run, the pressure was increased
directly to 60 to 100 GPa, and then heating was
performed while diffraction patterns were recorded (Fig. 1). The typical duration of a heating

run is ⬃30 min. New features, which can be
assigned as silicate perovskite diffraction peaks,
appeared in patterns immediately after the lasers
began to irradiate the starting materials. The
dominant features in the observed patterns can
be explained by the existence of silicate perovskite during and after the first heating for all
three starting materials. The observed peak positions agree with recent in situ XRD measurements at similar P-T conditions (10) (Fig. 1).
We also performed more heating cycles on these
transformed MgSiO3 perovskite samples; no evidence for dissociation to MgO⫹SiO2 was
found. These heating runs cover pressures of 50
to 106 GPa and temperatures of 1600 to 2400 K
(Figs. 1 and 2). In another words, MgSiO3 perovskite features were consistently observed
upon heating (Mg,Fe)SiO3 enstatite, MgSiO3
glass, MgO⫹SiO2 mixture, and MgSiO3 perovskite under in situ high P-T conditions and
upon temperature quench. It is notable that the
P-T conditions of our observations are close to
the expected geotherm for the lower mantle
(Fig. 2).
Due to the limited resolution of the energy
dispersive technique and the weak diffraction
from silicate samples above 70 GPa, we were
not able to resolve all lines for the doublets of
Pbnm perovskite, 002⫹110, and 103⫹211. For
triplets, oscillation of the diamond anvil cell
(DAC) during the measurements enables us to
resolve two or three distinct lines below 78 GPa
(Fig. 1A). This indicates that MgSiO3 perovskite has an orthorhombic unit cell and that no
phase transformation to a higher symmetry
phase (tetragonal or cubic) exists to 78 GPa.

Fig. 1. Representative
XRD patterns at the indicated P-T conditions. Calculated patterns for the
indicated P-T conditions
for orthorhombic Pbnm
perovskite (red) based on
the structural parameters
measured at 79.7 GPa and
1681 K(10), periclase
(green), and CaCl2-type
SiO2 (blue) are shown at
the top. Peak identification is presented for each
diffraction line (red arrows, MgSiO3 perovskite;
blue arrows, CaCl2 type
SiO2; green arrows, periclase; New, possible new
perovskite line; Pt, platinum; Ar, argon; Re, rhenium; asterisk, x-ray fluorescence; e, escape peak.
Starting materials are
given with the x-ray
diffraction patterns before heating. (A) MgSiO3
glass 3 MgSiO3 perovskite (Pbnm) below 88
GPa. (B) MgSiO3 glass 3
MgSiO3 perovskite plus
new line. (C) MgO⫹SiO2 3 MgSiO3 perovskite plus new line (32).
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A new peak (d-spacing ⬵ 2.62 Å) was found
above 88 GPa in patterns that also contained
lines attributable to Pbnm perovskite both during and after heating runs (Fig. 1, B and C). This
line was observed in ⬃50% of measured diffraction patterns during the first heating runs and
appeared at specific rotation angles of the DAC,
which implies considerable preferred orientation
or crystal growth. This feature was detected for
two different starting materials, MgSiO3 glass
and MgO⫹SiO2, and was also found upon subsequent heating of material already transformed
to MgSiO3 perovskite, although, in the latter
case, the new line is only rarely seen (2 out of 23
diffraction patterns). In addition, the position of
this new line is pressure- and temperature-dependent. Calculated XRD patterns (Fig. 1, B and
C) showed that this line cannot be from MgO,
the CaCl2 phaseof SiO2, or any other of theoretically proposed post-stishovite phases (24)
including ␣-PbO2. In fact, this line can be indexed as 012 using the unit-cell parameters of
the Pbnm orthorhombic cell, but this line is
systematically absent from this space group.
The appearance of a new peak while retaining
Pbnm perovskite features could indicate a phase
transformation to another perovskite structure.
Most perovskite phase transformations are
induced by tilting of rigid octahedral units (i.e.,
SiO6 in MgSiO3 perovskite) with respect to the
three pseudo-cubic axes (27, 28). Such a geometrical model can be used to determine all
possible space groups for this structure. We used
the following constraints from our observation
to investigate possible structures allowed by this
model; first, one singlet (111), two doublets
(002⫹110 and 103⫹211), and one triplet
(020⫹112⫹200) of Pbnm should be retained.
However, because we were able to observe only
one of the doublets and two of the triplets above

88 GPa, we also allow fewer lines. Second, a
space group should allow a line at 2.62 Å. By
consideration of the systematic absence rule for
possible perovskite structures, we find that only
three space groups can satisfy all of these constraints: P21/m (monoclinic), Pmmn (orthorhombic), and P42/nmc (tetragonal).
Direct structure determination is not possible
from energy-dispersive XRD patterns at these
extreme conditions because of unreliable line
intensities. Instead, we compare our observation
with calculated diffraction patterns of these
three possible space groups. According to our
observation, the new feature at 2.62 Å should be
more intense compared with other lines (Fig. 1,
B and C). It is necessary to know atomic positions to calculate the relative intensities of individual XRD lines. Atomic positions can be calculated using unit-cell parameters, tilting angles,
and a geometrical model. However, the model
does not provide the position shifts of the cations from the dodecahedral site centers and the
distortion of octahedra, which are also the important contributors to the intensity. We performed a first-order calculation using the POTATO (28) and GSAS (29) packages by ignoring these factors (Table 1). The calculated intensities for the three candidates are all within
the observed intensity range. Interestingly, a
recent first principles calculation also proposed
a possible phase transformation of MgSiO3 perovskite from Pbnm to Pmmn at 70 to 140 GPa
and 2000 to 3000 K (30).
The P21/m phase [a⫹b⫺c⫺ in Glazer’s notation (27)] can be achieved by changing the
tilting angles of Pbnm phase (a⫹b⫺b⫺) along b
and c pseudo-cubic axes (Fig. 3A). Instead,
P42/nmc (a⫹a⫹c⫺) and Pmmn (a⫹b⫹c⫺) have
different tilting senses from Pbnm and P21/m
(Fig. 3B). These differences result in different
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Fig. 2. Pressure-temperature
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conditions for silicate perovskite
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data points obtained using in
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situ XRD where the dissociation
of (Mg,Fe)SiO3 perovskite was
reported [open triangles, Meade
Geotherm
2500
et al. (6); open squares, Saxena
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situ XRD where the stability of
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(Mg,Fe)SiO3 perovskite was confirmed [solid squares, Saxena et
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This work
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materials for this work [purple,
(Mg,Fe)SiO3 enstatite (En); blue, MgSiO3 glass (Gl); green, MgSiO3 perovskite (Pv); red,
MgO⫹SiO2 (Oxs)]. Crosses are from Raman observations of temperature-quenched samples
(9). The gray region shows the approximate location of the mantle geotherm (12). The dotted
line is the tentative boundary between MgSiO3 perovskite and MgO⫹SiO2 reported by Saxena
et al. (8).

tilts between alternating octahedra layers in a
perovskite structure: Pbnm and P21/m have the
same tilting senses for the layers along one of
the pseudo-cubic axes but P42/nmc and Pmmn
have these layers for two of the pseudo-cubic
axes (Fig. 3). Such structural differences could
lead to differences in elastic properties that may
be seismically detectable (30). However, further
investigation is needed to better define the crystal structure and its relation to physical
properties.
Using the MgO⫹SiO2 starting material,
we observed a SiO2 diffraction line originating from excess silica in the mixture, or
nonstoichiometry of the synthesized perovskite during and after heating, together with
MgSiO3 perovskite features. Our observations are consistent with the CaCl2 type rather
than the ␣-PbO2 type at 94 to 106 GPa and
1675 to 2010 K (Fig. 1C).
All other observed lines could be explained
by sample materials, pressure media, gasket,
fluorescence lines, or detector escape peak except for a single line at 2.38 Å that could not be
attributed to any perovskite structure or SiO2
phase. For example, the most intense line of the
␣-PbO2 form of SiO2 could explain this line
only if the pressure was overestimated by 30
GPa from the value measured using the pressure
standards and MgSiO3 perovskite. Because this
line was observed in only one of our four experiments, we have not considered it further.
Our results can also address the origin
of discrepancy between recent Raman (9)
and XRD (10, 18) studies and those of
Meade et al. (6 ), Saxena et al. (7, 8), and
Dubrovinsky et al. (16, 17 ) regarding the
stability of MgSiO3 perovskite and the
structure of SiO2. Unlike previous work,
our measurements were performed at in situ
conditions with the use of an inert pressure
medium (Ar), which prevents reaction between the pressure medium and sample and
also avoids an extreme thermal gradient by
insulating the sample from the diamond
anvils. Also, we use an advanced laserheating technique that provides a large homogeneous heating spot using the TEM01
mode of Nd:YLF (Nd doped LiYF4)/laser
and double-sided heating (31). We believe

Table 1. Calculated XRD intensity of the 2.62 Å
line, ignoring octahedra distortion and cation shift
from the dodecahedral site center and the number
of lines contributing to the intensity for different
space groups. Observed intensity range is also
shown for comparison.
Space group

I/I0 (%)

No. of lines

P21/m
P42/nmc
Pmmn
Pbnm (10)
Observation

5
27
5
0
5 to 20

2
2
3
0
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The principal result of this study confirms
the stability of (Mg,Fe)SiO3 perovskite to 2300km depth conditions using in situ XRD measurements and homogeneous laser heating in
both the radial and axial directions. It is also
found that the structure of SiO2 is the CaCl2 type
at pressures equivalent to 2400-km depth.
Above 88 GPa, we observed the appearance of
a new peak together with Pbnm MgSiO3 perovskite features. One possible explanation for
this feature is transformation of Pbnm perovskite to one of three other perovskite structures.
References and Notes

Fig. 3. Possible crystal structures of MgSiO3
perovskite above 83 GPa. (A) P21/m and (B)
Pmmn. Projections along pseudo-cubic axes are
shown for comparison. The crystal structures of
P21/m and Pmmn have same tilting senses as
Pbnm and P42/nmc, respectively. The unit cell is
shown by solid lines.

these technical improvements provide a
better sample environment for examining
the stability of MgSiO3 perovskite and the
structure of SiO2 at extreme conditions.
Although two earlier quench studies (9, 11)
and one in situ study (10) performed above 88
GPa reported the existence of MgSiO3 perovskite, none of them reported the new diffraction
feature we observed. Serghiou et al. (9) used
Raman spectroscopy for phase identification on
quenched samples. Because the phase transformation is expected to be subtle, the Raman
study, which relied on only a few major Raman
features, may not have been able to detect this
change. Fiquet et al. (10) performed in situ
angle-dispersive XRD measurements but their
P-T conditions are generally lower than ours
(Fig. 2). Andrault (11) studied aluminum- and
iron-bearing MgSiO3 perovskite samples that
were heated for a few seconds. The lack of
observation of new features in these studies
indicates that further examination of possible
perovskite structure is needed before any further
conclusions can be drawn. The presence of a
small but highly oriented unknown impurity
phase can, for example, produce unexplained
lines in an XRD pattern. Our observation that
the new line is only rarely seen upon further
heating of transformed perovskite samples indicates that preferred orientation and metastability
may also be important factors.
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ENSO-like Forcing on Oceanic
Primary Production During the
Late Pleistocene
Luc Beaufort,1 Thibault de Garidel-Thoron,1 Alan C. Mix,2
Nicklas G. Pisias2
Late Pleistocene changes in oceanic primary productivity along the equator in the Indian
and Pacific oceans are revealed by quantitative changes in nanoplankton communities
preserved in nine deep-sea cores. We show that variations in equatorial productivity
are primarily caused by glacial-interglacial variability and by precession-controlled
changes in the east-west thermocline slope of the Indo-Pacific. The precession-controlled variations in productivity are linked to processes similar to the Southern
Oscillation phenomenon, and they precede changes in the oxygen isotopic ratio,
which indicates that they are not the result of ice sheet fluctuations. The 30,000year spectral peak in the tropical Indo-Pacific Ocean productivity records is also
present in the Antarctica atmospheric CO2 record, suggesting an important role
for equatorial biological productivity in modifying atmospheric CO2.
Interannual variability of the thermocline
depth is a characteristic feature of the equatorial Pacific Ocean that has a strong influ-

ence on oceanic primary production (1). Most
of the time, the tropical trade winds transport
surface waters westward. This lifts the ther-
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