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X-ray diffraction experiments on postperovskite (ppv) with com-
positions ðMg0.9Fe0.1ÞSiO3 and ðMg0.6Fe0.4ÞSiO3 at Earth core-
mantle boundary pressures reveal different crystal structures.
The former adopts the CaIrO3-type structure with space group
Cmcm, whereas the latter crystallizes in a structure with the Pmcm
(Pmma) space group. The latter has a significantly higher density
(ρ ¼ 6.119ð1Þ g∕cm3) than the former (ρ ¼ 5.694ð8Þ g∕cm3) due to
both the larger amount of iron and the smaller ionic radius of Fe2þ

as a result of an electronic spin transition observed by X-ray emis-
sion spectroscopy (XES). The smaller ionic radius for low-spin com-
pared to high-spin Fe2þ also leads to an ordered cation distribution
in the M1 and M2 crystallographic sites of the higher density ppv
structure. Rietveld structure refinement indicates that approxi-
mately 70% of the total Fe2þ in that phase occupies the M2 site.
XES results indicate a loss of 70% of the unpaired electronic spins
consistent with a low spin M2 site and high spin M1 site. First-prin-
ciples calculations of the magnetic ordering confirm that Pmcm
with a two-site model is energetically more favorable at high pres-
sure, and predict that the ordered structure is anisotropic in its
electrical and elastic properties. These results suggest that inter-
pretations of seismic structure in the deep mantle need to treat
a broader range of mineral structures than previously considered.

diamond anvil cell ∣ Earth’s mantle ∣ silicates

Since the discovery of CaIrO3-structured MgSiO3 postperovs-
kite (ppv) (1, 2), numerous high-pressure-temperature (P-T)

experiments and theoretical calculations have been performed
to examine its role in explaining observations in the lowermost
portions of the Earth’s mantle. In this region of the planet, anom-
alous features have been documented by seismology, including
the ultralow velocity zones (ULVZ) which have been attributed
to partial melt, chemical and thermal heterogeneities (3, 4). Nu-
merous studies of pure Mg (or Mg-rich) ppv have been underta-
ken to interpret these unusual seismic signatures (2, 5–13). Iron is
likely to be an important component in ppv, and its incorporation
in silicate ppv has been found to have a considerable influence on
the properties of the phase. Experimental studies have demon-
strated that ppv can take up much more iron than silicate perovs-
kite (pv) (14, 15), and the equation of state (EOS) and phase
boundaries have been determined as a function of Fe2þ content
(16–19). In Al-bearing ppv, the presence of Fe3þ may also have a
significant effect on the physical properties, phase boundaries
and iron partitioning (20). Iron-rich ppv was found to have a very
low shear wave velocity and high Poisson’s ratio that may provide
an alternate explanation for the origin of ULVZ (21). Spin tran-
sitions in iron-bearing ppv investigated using X-ray emission
spectroscopy (XES) indicate that Fe2þ in ppv may have an inter-
mediate spin state (22). Calculations also predict that the cation
ordering and spin state have a significant effect on phase stability
and EOS (23, 24).

Determining Fe and Mg cation distribution and ordering in
ðMg;FeÞSiO3-ppv is thus crucial for constraining the major ele-

ment chemistry in the lowermost mantle. For example, element
partitioning is strongly influenced by the relative cation sizes and
compressibilities, and this in turn affects the EOS and other elas-
tic properties. Previous structure refinements for ðMg0.91Fe0.09Þ
SiO3-ppv based on in situ high P-T X-ray diffraction (XRD) mea-
surements agree well with first-principles calculations for the Mg
endmember (25) whereas iron-rich En60-ppv was found to have a
different structure due to cation ordering (26). Here we report
studies of the structure and electronic properties of ðMg;FeÞSiO3

-ppv with varying iron compositions using XRD, XES, and first-
principles calculations. The refinement of ðMg0.6Fe0.4ÞSiO3-ppv
reveals a Pmcm structure distinct from the Cmcm structure of
ðMg0.9Fe0.1ÞSiO3-ppv and has a nonisomorphic subgroup symme-
try of Cmcm. This information is important for understanding
the origin of the physical properties of ðMg;FeÞSiO3-ppv solid
solutions, including anisotropy in elasticity and electrical conduc-
tivity and the relationship of these properties to seismic velocities.
The results are used to examine the cation ordering, enthalpy,
and magnetic spin ordering, which are important for modeling
the Earth’s lowermost mantle.

Results
X-ray Diffraction. We collected powder XRD patterns resulting
from an average of many separate measurements for
ðMg0.9Fe0.1ÞSiO3-ppv [90% enstatite (En)–10% ferrosilite (Fs),
hereafter designated En90-ppv] at 131 GPa quenched from
2,000 K at BL10XU of SPring-8 and ðMg0.6Fe0.4ÞSiO3-ppv (here-
after designated En60-ppv) at 137 GPa quenched from 2,000 K
at 13-ID-D of the Advanced Photon Source (APS). The diffrac-
tion patterns based on Rietveld profile fitting of En60-ppv and
En90-ppv are presented in Figs. 1 and 2, respectively. The relia-
bility factors of RI , RF , Rp, wRp, and s of the refinements for
En60-ppv indicate that the Pmcmmodel gives much better results
than Cmcm. The atomic positions and temperature factors for
both compositions are presented in Table 1. As seen from the
calculated diffraction patterns based on both Rietveld analyses
(Fig. S1), the primitive lattice of Pmcm allows several forbidden
reflections such as 011, 031, 120, 013, and 033 that are forbidden
in Cmcm. The relative intensities of the 020, 022, 110, and 111
reflections differ in the observed diffraction patterns. The inten-
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sity difference between En90 and En60 are shown in the enlarged
portion of diffraction patterns of both figures.

The observed patterns for En90 and En60-ppv are very
similar. However, the peak intensities and several extra peaks
not allowed by a C-lattice are found in En60-ppv; these are very
weak but detectable above the noise level. The diffraction pat-
terns are calculated from Rietveld refinements for En90 (Cmcm),
En60 (Pmcm), and ideal En50 (Pmcm) (see SI Text). The last
is based on a fully ordered model of Mg0.5Fe0.5SiO3 with the
M1 site fitted by Mg and M2 site by Fe. En60 has different site
occupancies for M1 (Mg0.75Fe0.25) andM2 (Mg0.45Fe0.55), indicat-
ing a partially ordered structure in which 70% of Fe occupies the
M2 site. The different relative diffraction intensities are attribu-
table to cation ordering. Key differences in the results for En90

and En60 are highlighted in the enlarged portions of Figs. 1
and 2.

Monte Carlo calculations using the diffraction intensities of
En60-ppv led to four candidate structures, all belonging to non-
isomorphic subgroups of Cmcm. These structures have two dis-
tinct metal sites: Pmmn (Pmnm), Pm2m (Pmm2), and Cm2m
with (M1,M2)SiO3, and Pmcm (Pmma). The converged lattice
parameters of En90-ppv with Cmcm are a ¼ 2.4597ð7Þ Å,
b ¼ 8.0505ð29Þ Å, c ¼ 6.1051ð14Þ Å, V ¼ 120.89ð6Þ Å3, and
ρ ¼ 5.694ð8Þ g∕cm3. Those for En60-ppv with Pmcm are
a ¼ 2.4648ð3Þ Å, b ¼ 8.1529ð10Þ Å, and c ¼ 6.1252ð7Þ Å,
V ¼ 123.09ð3Þ Å3. Making a small correction for the difference
in pressure using the EOS of En60-ppv (21) gives
ρ ¼ 6.119ð1Þ g∕cm3 for 131 GPa. Having Fe and Mg cations ran-
domly distributed on one site gives rise to space group Cmcm.
This structure has one crystallographically equivalent site. In con-
trast, the Pmcm model has two different M sites, M1 and M2, on
which theMg and Fe cations are partially ordered. The difference
in the scattering factors between Fe2þ and Mg2þ is large enough
to resolve the degree of ordering on the metal sites. The diffrac-
tion intensity for each hkl reflection is related to the structure
factor, which in turn is a function of the site occupancy and atom-
ic scattering factor. The Pmcm structure with variable site occu-
pancy (g) on these two sites yields noticeable differences in
diffraction intensities. The site occupancies of En60-ppv were
found to be ðMg0.75Fe0.25Þ and ðMg0.45Fe0.55Þ for the M1 and M2
sites, respectively with about 70% of the total Fe atoms located
on the M2 site. The Si atoms were also located on two crystal-
lographically independent sites.

The average bond distance at the M1 site is larger than that of
M2 in En60-ppv (Table 2). These two sites are arranged in a zig-
zag fashion along the b and c axes, as seen in Fig. 3. Considering
the empirical ionic radii of high-spin (HS) Fe2þ (rFe ¼ 0.92 Å)
and Mg2þ (rMg ¼ 0.89 Å) in the eightfold coordination site at
ambient conditions (27), one might expect that the larger M1 site
would be preferentially occupied by Fe2þ and the smaller M2 site
by Mg2þ. However, the structure refinement indicates a prefer-
ential occupancy of Mg2þ in the larger M1 site and Fe2þ in the
smaller M2 site. This points to the role of different electronic spin
states in controlling the structure, which we clarified using XES.

X-ray Emission Spectroscopy (XES). The excitations probed by XES
can be described by a two-step (absorption followed by emission)

Fig. 1. Rietveld XRD profile fitting of En90-ppv and NaCl. The observed XRD
pattern and the fitted pattern based on the Cmcm model are shown by
dotted and solid lines, respectively. The residual fitting error is presented
by the solid line in the lower trace. The observed pattern was made by aver-
aging ten patterns collected from different sample positions at 131 GPa and
ambient temperature after laser heating to 2,000 K. The upper right figure
shows the enlarged pattern from 15° to 20°; the reliability factors are:
Rwp ¼ 0.79, Rp ¼ 0.54, s ¼ 0.596, En90: RI ¼ 8.16, RF ¼ 3.81, NaCl: RI ¼ 3.63,
RF ¼ 3.28.

Fig. 2. Rietveld XRD analysis of En60-ppv patterns and Pt showing the
observed (dotted line) and fitted using the Pmcm model (solid line). XRD
pattern was collected at 137 GPa and ambient temperature from more
than 20 patterns at different sample positions and angles after laser heating
to 2,000 K. The upper right figure shows the enlarged pattern from 12° to
16°. The reliability factors are: Rwp ¼ 0.18, Rp ¼ 0.12, s ¼ 0.443, En60:
RI ¼ 6.64, RF ¼ 5.55, Pt: RI ¼ 7.43, RF ¼ 3.40.

Table 1. Positional parameters and temperature factors

En60, space group Pmcm (SG ¼ 51), Z ¼ 4*

Atom Wyc g x y z B

M1 2e 1.17(11) 0.25 0.0 0.253(4) 2.3(1.7)
M2 2f 0.891(8) 0.25 0.5 0.752(3) 1.7(0.9)
Si1 2a 1.0 0.0 0.0 0.0 2.2(0.8)
Si2 2d 1.0 0.0 0.5 0.5 1.8(0.7)
O1 2e 1.0 0.25 0.0 0.925(9) 2.1(0.8)
O2 2f 1.0 0.25 0.5 0.433(7) 0.8(0.9)
O3 4i 1.0 0.441(4) 0.0 0.637(3) 1.1(0.9)
O4 4i 1.0 0.437(8) 0.5 0.121(3) 2.2(1.3)
En90, space group Cmcm (SG ¼ 63), Z ¼ 4†

Atom Wyc g x y z B

M 4c 1.0 0.0 0.260(1) 0.25 1.11(4)
Si 4a 1.0 0.0 0.0 0.0 0.96(4)
O1 4c 1.0 0.0 0.932(2) 0.25 2.05(4)
O2 8f 1.0 0.0 0.645(1) 0.445(2) 0.30(3)

*RI ¼ 6.64, RF ¼ 5.55, Rwp ¼ 0.18, Rp ¼ 0.12, s ¼ 0.443. Site occupancy:
M1 ðMg0.75Fe0.25Þ, M2 ðMg0.45Fe0.55Þ, a ¼ 2.4648ð8Þ, b ¼ 8.1529ð6Þ,
c ¼ 6.1252ð2Þ, Vol ¼ 123.09ð2Þ.

†RI ¼ 8.16, RF ¼ 3.81, Rwp ¼ 0.79, Rp ¼ 0.54, s ¼ 0.596. Site occupancy:
M ðMg0.90Fe0.10Þ, a ¼ 2.4597ð7Þ, b ¼ 8.0505ð29Þ, c ¼ 6.1051ð14Þ,
Vol ¼ 120.89ð6Þ.
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model. Kβ emission results from a transition from 3p to 1s. A 3p
electron then falls into the ground state accompanied by the emis-
sion of a Kβ photon. In the final state the 3p core hole interacts
strongly with the partially filled 3d shell. This leads to the char-
acteristic splitting observed in the XES spectra for iron com-
pounds which have a higher energy main peak of Kβ1,3 and the
HS state a lower energy satellite peak of Kβ′. The intensity of the
Kβ′ satellite peak follows the variations in the spin state of the
material. The loss of Kβ′ indicates the collapse of the 3dmagnetic
moment and a transition from HS to LS.

The XES spectrum of En60-ppv at 124 GPa, synthesized from
the same orthopyroxene starting material used in the XRD ex-
periments, is consistent with a mixed spin state in which 70%
of the total Fe transforms to LS and 30% remains in HS (Fig. 4).
The spin transition from HS to LS reduces the Fe2þ ionic radius
in the eightfold coordinated site by about 10% (27): rFe ¼ 0.92 Å
(HS) and rFe ¼ 0.74 Å (LS) for ambient conditions; theMg ion at
the same site is rMg ¼ 0.89 Å. A larger amount of LS Fe2þ occu-
pies the smaller M2 site due to its smaller ionic radius, consistent
with the Rietveld refinement. The average bond distances for the
two metal sites (Table 2) are consistent with the HS Fe2þ in the
M1 site and LS Fe2þ in the M2 site.

First-Principles Calculations. We performed density functional the-
ory (DFT) calculations to investigate the stability and properties
of the Pmcm postperovskite. We considered two different or-
dered structures for ðMg0.5Fe0.5ÞSiO3-ppv: Pmcm with Fe atoms
are placed on the M2 sites and Mg on the M1 sites and Pm2m
with equal amounts of Fe and Mg atoms in both sites; the latter is

similar to the Cmcm structure with Fe and Mg atoms are distrib-
uted equally resulting in only one distinct site. We performed full
geometry optimization for both ferromagnetic and antiferromag-
netic electronic symmetries at a series of volumes to give the full
EOS (Fig. 5). We found that the antiferromagnetic spin symmetry
has a lower energy for all pressures. At 137 GPa the enthalpy of
the phase with Fe only on M2 was approximately 50 meV per 20-
atom cell lower than the phase with equal amounts of Fe on both
sites. As the energy differences are small, a separate calculation
was performed in VASP (29–31) to quantify the dependence of
this small quantity on the algorithm and the pseudopotentials.
The static enthalpy difference for our optimized structure was
found to be approximately 40 meV per 20-atom cell with a smal-
ler plane-wave cutoff energy of approximately 500 eV, consistent
with our findings with ABINIT. A fully relaxed calculation at
137 GPa gave a slightly lower enthalpy difference of approxi-
mately 30 meV per 20-atom cell. Optimized coordinates are given
in Table S3.

Using this result we constructed a simple model taking into
account nearest neighbor interactions of Fe for the enthalpy as
a function of the site occupancy in En60: ΔHðxÞ ¼ 0.8xð1 − xÞ
ð0.2 eVÞ per unit cell and ΔS ¼ 2kB½x ln xþ ð1 − xÞ lnð1 − xÞþ
ð0.8 − xÞ lnð0.8 − xÞ þ ð0.2þ xÞ lnð0.2þ xÞ�, where x is the fraction
of Fe on M2. We then calculated ΔG for the transformation of
En60-ppv from Cmcm to Pmcm, finding a transition at 278 K. This
is consistent with the experimental interpretation of a Pmcm
structure for En60-ppv measured at 137 GPa and room tempera-
ture. The calculated transition temperature is too low to have direct

Table 2. Bond distances (Å)

En60 at 137 GPa, Pmma (SG ¼ 51), Z ¼ 4

a ¼ 6.1252ð7Þ, b ¼ 2.4648ð3Þ, c ¼ 8.1529ð10Þ, Vol ¼ 123.088ð9Þ
M1 site Fe0.25, Mg0.75 M2 site Fe0.55, Mg0.45 Si1 site Si2 site
8-fold 2e mm2 8-fold 2f mm2 6-fold 2a :2∕m 6-fold 2d :2∕m
O2 × 2 1.910 O1 × 2 1.855 O1 × 2 1.614 O2 × 2 1.623
O4 × 4 2.013 O3 × 4 1.934 O4 × 4 1.661 O3 × 4 1.715
O3 × 2 2.063 O4 × 2 2.207
Av 2.000 Av 1.982 Av 1.645 Av 1.684

O1 site O2 site O3 site O4 site
4-fold 2e mm2 4-fold 2e mm2 5-fold 4i :m: 5-fold 4i :m:
Si1× 1.661 Si2 × 2 1.623 Si2 × 2 1.715 Si1 × 2 1.614
M2 × 2 1.855 M1 × 2 1.910 M1 × 2 1.934 M2 × 2 2.03

M2 × 1 2.063 M1 × 1 2.207
Av 1.758 Av 1.766 Av 1.872 Av 1.892

En90 at 131 GPa, Cmcm (SG ¼ 63), Z ¼ 4

a ¼ 2.4597ð7Þ, b ¼ 8.0505ð29Þ, c ¼ 6.1051ð14Þ, Vol ¼ 120.89ð6Þ
M site Mg0.90Feg0.10 Si site O1 site O2 site
8-fold 4c m2m 6-fold 4a 2∕m. 4-fold 4c m2m 5-fold 8f m.
O2 × 2 1.850 O1 × 2 1.621 S1 × 2 1.621 S1 × 2 1.726
O4 × 4 1.949 O3 × 4 1.726 M × 2 1.850 M × 2 1.949
O3 × 2 2.015 M × 1 2.015
Av 1.940 Av 1.691 Av 1.736 Av 1.873

Fig. 3. Structure of En90-ppv with space group Cmcm
and En60-ppv with Pmcm. Red atoms: O2−; blue: Si4þ; brown:
M1 site ¼ ðFe2þ0.25Mg2þ

0.75Þ ; yellow: M2 site ¼
ðFe2þ0.55Mg2þ

0.45Þ.
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geophysical implications, but warrants further investigation using
more realistic models of the disordered phase.

Calculations over a wide range of pressures allowed us to
extract the magnetic moment of the ground state antiferromag-
netic spin structure for both the Pmcm and the Pm2m phases.
They reveal HS to LS transition pressures for the two different
structures that differ by approximately 200 GPa (Fig. 5). The re-
sult indicates the importance of site ordering in predicting spin
transitions. A fit to a Vinet EOS (Table S2) suggests that the bulk
modulus of the two phases in their LS state differ by about
10 GPa, whereas their HS states have similar values. Because
the Fe d-electrons are thought to be strongly localized but also
take part in bonding due to their itinerancy, DFTþU calcula-
tions were performed for the experimental Pmcm structure with
U ¼ 8 eV and J ¼ 1 eV using the fully-localized limit for the
double-counting (32). In the antiferromagnetic state, we found
Pmcm to be more stable than the model for Cmcm. With a lower
value of U ¼ 4.5 eV, the enthalpy difference between the two
phases dropped slightly to 41 meV∕unit cell. We further per-
formed constrained orbital occupation calculations and found
that the HS state was more stable than the LS or intermedi-
ate-spin states. These calculations directly support the experi-
mental findings of a unique structure in which the Fe atoms
prefer to be in nonequivalent sites, thereby reducing the overall
symmetry from Cmcm to Pmcm. A separate DFTcalculation was
further performed on the Pmcm phase; one with magnetic (HS)
Fe atoms and the other with nonmagnetic (LS) Fe atoms at a con-
stant pressure of 137 GPa. The equilibrium volume of the HS
structure was slightly larger than that of the nonmagnetic struc-
ture. A large part (approximately 50%) of this volume change was
due to the increased polyhedral volume around the HS Fe atoms
clearly indicating that HS Fe prefers a larger local polyhedron
compared to a LS Fe in iron-magnesium silicate.

LAPW calculations (33) were performed for the optimized
Pmcm structure to predict the XES spectrum (34) for HS and
LS (nonmagnetic) state in an antiferromagnetic spin-arrange-
ment (Fig. 6). The XES spectrum (shifted by approximately
−0.1 eV for the minority spin and approximately 0.28 eV for the
LS state) of the majority-spin in the HS state shows a prominent
low-energy shoulder (approximately −10.3 eV), which is greatly
reduced for the minority-spin as well as for LS Fe. This agrees
with the experimental observation of a reduced low-energy
shoulder for the spectrum of the Pmcm phase, indicating of a
HS to LS transition. The inset of Fig. 6 also compares the atom
projected partial density of states (p-DOS) of Fe as well as the ra-
dial transition probabilities for the LS transition. The transition
probabilities are larger for the LS state compared to HS states,
but the reduction in the computed low-energy peak appears to be
mainly due to a reduced p-DOS of the LS (minority-spin) config-
uration at that energy.

Discussion
Our XRD and XES results are consistent with previous synchro-
tron Mössbauer measurements (22) that show two predominant
sites in the En60-ppv spectrum at 134 GPa, consistent with our
two-site model. On the other hand, En90-ppv has relatively low
iron content and does not show an obvious cation ordering.
Consequently, there is no resolvable difference in the cation site,
and En90-ppv is well described by the Cmcm structure and only
one cation site. Our first-principles calculations show that chan-
ging the site occupancies such that M1 is depleted in iron relative
to M2 lowers the enthalpy of the ppv structure consistent with
the experimental findings. Both Fe on M2 (Pmcm) arranged with
alternating up and down spins was 50 meV per 20-atom cell lower
than the configuration where the Fe is located on both sites
(Pm2m). This is consistent with the experimental interpretation
of a Pmcm structure of ppv. The calculation leads to a structure
that is very similar to that obtained from the profile fitting. Mg
and Fe are randomly distributed in the Cmcm structure but or-
dered in Pmcm. Anisotropy in the elasticity and electrical proper-
ties of the ppv is expected from the changes in spin-transition
pressures (Fig. 5) and bulk moduli (Table S2), but further experi-
mental and theoretical studies are required to quantify these
effects. Notably, En90-ppv does not appear to exhibit this aniso-
tropy; this may be due to its lack of cation ordering.

In conclusion, XRD/Rietveld analysis, XES measurements,
and first-principles calculations together with published Möss-
bauer measurements (22) show that ðMg1−x;FexÞSiO3-ppv yields
ground-state structures that differ from those previously consid-
ered. A two-site crystallographic model is required for iron-rich
ppv, and the iron in the material exists in two distinct forms, one
in the LS state on the M2 site and the other in a HS state on the
M1 site. Consequently, the phase boundaries and other physical

Fig. 4. Fe Kβ X-ray emission spectrum for En60-ppv showing 70% intensity
loss in Kβ′ in ppv compared to the starting material.

Fig. 5. Spin transition and EOS for the antiferromag-
netic Pmcm (A) and Pm2m (B) phases. The main fig-
ures show the energy vs. volume for the relaxed
structures. The points in the inset show the magnetic
moment on the Fe atoms in atomic units (Bohr mag-
neton) as a function of pressure with the scales on the
left axis. The lines in the inset show the enthalpy dif-
ference between the HS and LS phases compared to
the HS phase with the scale on the right axis. The dis-
continuity in the magnetic moment of the Pm2m
phase is due to uncertainty in the predicted quantity.
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properties of ðMg1−x;FexÞSiO3-ppv are expected to be affected by
the HS to LS spin transition.

Experimental Methods
Sample Preparation. Synthetic En60-ppv starting material was pre-
pared as described previously (15). Fine powder was loaded into
diamond anvil cells (DACs) containing beveled diamonds with
90 μm culets and a 450 μm outer diameter together with platinum
metal as a the pressure marker. No pressure-transmitting med-
ium was used. A Re gasket was preindented to 30 μm and drilled
to make a 40-μm diameter sample chamber. The sample was
heated by a double-sided Nd:YLF laser-heating system. Tempera-
ture was determined to be approximately 2,000 K using spectral
radiometry. En90-ppv was synthesized from a gel in laser-heated
DACs. The gel starting material was completely dehydrated be-
forehand at 1,273 K in a H2-CO2 gas-mixing furnace, in which
oxygen fugacity was controlled slightly above the iron-wüstite
buffer. The sample was loaded together with a NaCl pressure
medium into a 50 μm hole in a preindented Re gasket. Beveled
diamond anvils with 150 μm culet were used for compression. The
sample was heated to approximately 2,000 K for approximately
10 min by Nd:YLF laser at BL10XU, SPring-8.

X-ray Diffraction. The angle-dispersive powder XRD measure-
ments on En60-ppv were performed at 13-ID-D, GSECARS,
of the Advanced Photon Source (APS) with λ ¼ 0.3344 Å. Pow-
der diffraction patterns were collected on charge-coupled device
(CCD) detector. To avoid reaction with the gasket and Pt pres-
sure calibrant, we were careful to not heat the Pt and gasket, and
did not see evidence for additional Pt-alloys or carbide. The laser
heating helped relieve deviatoric stresses especially at the center
of the heated spot where the XRD data was collected. A variation
in the intensities of Debye-Scherrer rings was observed as a result
of preferred orientation and differential stress on the sample; in
addition, grain growth on synthesis resulted in spottiness and
nonuniformity of the powder rings. Twenty XRD patterns col-
lected at different χ and ω angles and X-ray beam positions were
averaged until they converged (i.e. the peak intensity did not vary
with more sampling) to create one powder pattern. The iron-rich
En60 composition was particularly useful for differentiating ca-
tion positions because Fe2þ has six times the higher scattering
intensity compared to Mg2þ, Si4þ and O2− that all have 10 e−.
Consequently we collected twenty powder diffraction patterns
taken from different positions in the gasket hole and at the

several omega angles using a 5 × 5 μm beam. After the data re-
duction of all datasets, we added the diffraction intensities of all
spectra and created one powder pattern. The standard deviation
of the intensity data of IðhklÞ was determined to be less than 3%.
The angle-dispersive XRD pattern for En90 ppv was collected at
BL10XU, SPring-8 on an imaging plate detector (35). We used a
monochromatic X-ray beam with λ ¼ 0.41282 Å and averaged
ten spectra. The 2D diffraction image showed that the Debye
rings are not spotty but have quite uniform intensity.

Rietveld profile fitting was conducted by the program
RIETAN-2000 (36). To fit the data, first the background intensity
distribution was adjusted for the refinement. Then lattice con-
stants, atomic coordinates and temperature factors were treated
as variable parameters; profile parameters and site-occupancy
parameters were varied in the refinement. Finally a full matrix
least-squares refinement was conducted. The results for the full
width at half maximum (FWHM), asymmetry parameters, and
peak profile function confirm that the diffraction data show the
reliability of the profile analysis. The site-occupancy was refined
and conducted using only one variable parameter for Fe, Fe(M2)
at M2. The rest of the site occupancies were then determined
based on the bulk chemical constraint for En60, yielding
MgðM2Þ ¼ 1.0-FeðM2Þ, FeðM1Þ ¼ 0.8-FeðM2Þ and MgðM1Þ ¼
0.2þ FeðM1Þ. The site occupancy refinements as a function of
mixing ratio of Fe and Mg are presented in Table S1. The refine-
ment for ðMg0.75Fe0.25Þ and ðMg0.45Fe0.55Þ at the M1 andM2 sites
show the highest reliability factors of RF and RI . Furthermore, the
g-value converged to a reasonable value of g ¼ 1.0 in both sites,
because g < 1 indicates the cation vacancy due to the defect and
g > 1 is an interstitial distribution by the excess cation (Fig. S2).

The definitions of the reliability factors RF , RI , RP, wRP and
goodness of fit s in the refinement are

RF ¼
�
ΣkjFk obsj − jFk calj

ΣkFk obs

�
; RI ¼

�
ΣijIi obs − IiðxÞj

ΣiIi obs

�
;

RP ¼
�
Σijyi − f iðxÞj

Σiyi

�
; wRp ¼

�
Σiwijyi − f iðxÞj

Σiwiyi

�
1∕2

;

s ¼
�
Σiwijyi − f iðxÞj

N − P

�
1∕2

where I and F indicate the integrated intensity of diffraction peak
and structure factor, respectively. yi is the observed diffraction
intensity at i’th position in 2θ, f ðxÞ is the calculated intensity.
N and P are the total number of the data points and variable para-
meters, respectively; w is a weight for the data points.

X-ray Emission Spectroscopy (XES). XES experiments were per-
formed at 16-ID-D of the High Pressure Collaborative Access
Team (HPCAT) of the APS. The incident X-ray beam was passed
through a diamond monochromator that selects an X-ray energy
above the Fe K absorption edge. The beam was then focused to
60 μmhorizontal × 20 μmvertical using a pair of Kirkpatrick–
Baez mirrors which allowed selection of the area probed to be
restricted to the small sample chamber, thereby minimizing pos-
sible scattering from the diamond cell or impurities in the gasket.
The Fe-Kβ emission from the sample was collected through the
gasket to avoid attenuation by diamond and hits the Si (333) ana-
lyzer crystal that sits along with the detector on a high resolution
(0.5 eV) Rowland-circle spectrometer. The analyzer was posi-
tioned perpendicular to the incident X-rays to reduce background
from elastic scattering. Energy was scanned by changing the
analyzer θ (and detector 2θ). The En60 sample in a 100-μm in
diameter graphite gasket was inserted inside an X-ray transparent
Be gasket and compressed to 124 GPa. The graphite converted to
a transparent, superhard high-pressure phase that helps maintain
sample thickness and is also thermally insulating to prevent the
gasket from being heated (37). A small piece of Pt was added

Fig. 6. Computed theoretical XES Fe-K edge spectrum in Pmcm symmetry
with Fe in LS and in the HS states. ε is the emitted X-ray energy with respect
to the Fermi level (shifted by an additional approximately −0.1 eV for the
minority spin and approximately 0.28 eV for the LS state to match the main
peak). Insets show the radial transition probabilities (MFe) for the 3p → 1s
transition as well as the partial atom projected partial density of states
(p-DOS).
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as a pressure standard that was compressed between the sample
and one of the diamond culets. The sample was heated to 1,800 K
and then quenched to ambient temperature for the XES mea-
surements.

Density Functional Calculations. First-principles calculations based
on the spin polarized generalized gradient approximation (GGA)
(28) of density functional theory (DFT) (38, 39) were performed
using the ABINIT (40, 41) package for 20-atom orthorhombic
unit cells (42). The convergence parameters were increased until
the energies calculated converged to within 0.1 mHa, yielding
a kinetic energy cutoff for the plane waves of 70 Ha, a 140 Ha
cutoff for the matching grid and a 6 × 6 × 6 grid of k-points.
The electronic configurations for the valence band states for Fe,
Mg, Si, and O are 3s23p63d6, 2s22p63s2, 2s22p63s23p2, and 2s22p4,
respectively, and the cutoff distances for the projector augmented
wave (PAW) potentials are 1.7, 1.9, 1.5, and 1.4 Bohr. In each
calculation the geometry was relaxed while preserving the sym-
metry of the underlying structure.

LAPW calculations were performed on optimized structures in
the Pmcm space group in HS and LS configurations to compute

Fe-K XES spectra. Sphere radii for Fe, Mg, Si, and O were 1.96,
1.78, 1.51, and 1.51 a.u. respectively. A large RKMAX (matrix
size) value of 9.0 was chosen. The cutoff for the potential and
charge density was GMAX ¼ 30 Ry. A 10 × 10 × 10 k-mesh
(125 k-points in irreducible Brillouin zone) was used. Brillouin
zone integrations were conducted using a tetrahedron scheme. A
spectrometer broadening of S ¼ 0.5 eV, a core-state lifetime
broadening of Γ ¼ 0.6 eV and a valence-state broadening of
W ¼ 0.5 eV were chosen to compute spectra.
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