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Iron-bearing silicate post-perovskite and perovskite are believed
to be the dominant minerals of the lowermost mantle and
the lower mantle, respectively. The electronic spin state of
iron—a quantum property of every electron associated with
its angular momentum—can strongly influence the properties
of these mineral phases and thereby the nature of the Earth’s
interior'™". However, the spin state of iron at lowermost-mantle
pressure/temperature conditions is poorly known'*?. Here we
use in situ X-ray emission, X-ray diffraction and synchrotron
Mossbauer spectroscopic techniques to measure the spin and
valence states of iron in post-perovskite and perovskite at
conditions relevant to the lowermost mantle?*. We find that
Fe’* exists predominantly in the intermediate-spin state with
a total spin number of one in both phases. We conclude
that changes in the radiative thermal conductivity and iron
partitioning in the lowermost mantle would thus be controlled
by the structural transition from perovskite to post-perovskite,
rather than the electronic transition of Fe?*.

Deep-mantle investigations over the past decade show that
the approximately 100-350-km-thick D” layer located just
above the core-mantle boundary is generally characterized by
strong seismic discontinuities'™. Recent discovery of the silicate
perovskite [(Mg, Fe)SiOs] to silicate post-perovskite transition®®
at pressure—temperature conditions relevant to the D” region has
provided new insights into its enigmatic properties, including
seismic discontinuities'™, rheology and plasticity’, dynamic
evolution and formation of superplumes®, thermal gradients,
core—mantle heat flux'""?, and chemistry'*'>. Whereas perovskite
and post-perovskite phases are believed to be the most abundant
minerals of the lower mantle and D” layer, respectively, a
double-crossing transition from post-perovskite to perovskite is
suggested to occur at the bottom of the D” layer*™. Knowledge of
the properties of these lowermost-mantle minerals is thus essential
to decipher seismic observations, geochemical modelling and
geodynamic simulation of the Earth’s deep interior. Of particular
importance to these issues is the electronic spin and valence states

of iron in post-perovskite and perovskite because the partially filled
3d-electron orbitals of iron have essential roles in their thermal
conductivity, electrical conductivity and iron partitioning, among
other properties'®.

Electronic spin-pairing transitions of iron have recently been
reported to occur in lower-mantle ferropericlase and perovskite at
high pressures and/or high temperatures'®?’. These results affect
our understanding of the geophysics and geodynamics of the
Earth’s lower mantle because the spin transition of iron results in
significant changes in density, incompressibility, sound velocities,
radiative thermal conductivity and electrical conductivity in
ferropericlase. Furthermore, drastic reduction in sound velocities
and elastic moduli within the spin transition is reported (see
ref. 16 for a recent review). Recent mounting evidence shows
that a high-spin to low-spin transition zone in ferropericlase
occurs in the middle part of the lower mantle”, that is, from
approximately 1,000 km in depth to 2,200km in depth, whereas
data complementary to the present work show the occurrence of
a high-spin to intermediate-spin transition of Fe** in perovskite at
approximately 30 GPa (ref. 26). However, theoretical calculations
have indicated that the intermediate-spin state is mostly unstable
in perovskite at lower-mantle pressures’ . Most importantly,
the spin state of iron in the dominant post-perovskite and
perovskite has not yet been probed experimentally under relevant
pressure—temperature conditions of the lowermost mantle.

Here we have studied the electronic spin states of iron in
post-perovskite and perovskite [ (Mg ¢, Fey4) SiO;] and their crystal
structures under relevant lowermost-mantle pressure-temperature
conditions using in situ X-ray emission spectroscopy (XES),
synchrotron Mdssbauer spectroscopy (SMS) and X-ray diffraction
in a laser-heated diamond-anvil cell** (DAC) (see Supplementary
Information, Fig. S1). The starting samples were polycrystalline
enstatite [(Mgy, Feo4)SiO;], which was probed by X-ray
diffraction and electron microprobe. Mdssbauer analyses showed
that iron is mainly Fe*™ in the high-spin state and there is no
evidence of Fe’* in the sample (see Supplementary Information,
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Figure 1 X-ray emission spectra of iron. a, Post-perovskite at 134 GPa.

b, Perovskite at 108 GPa. High-spin and low-spin references are used for the
integrated absolute difference analysis®, and differences from the low-spin line
shape, shown below the spectra, are used to derive the average spin number of
Fe?*. An energy shift of 0.8 eV in the main KB emission peak, which is
approximately half of the energy shift in the high-spin to low-spin transition in
ferropericlase?, is also used to derive the total spin number®, providing further
evidence for the occurrence of the intermediate-spin state.

Fig. S2). The higher iron content in the sample allowed us to
laser-heat the sample consistently for a long time and to collect
the XES and SMS spectra within a reasonable time frame. Samples
approximately 15 pm thick and 40-50 pm in diameter were loaded
into DACs with 100-300 um bevel diamonds, Be gaskets of 3 mm
in diameter and cubic BN gasket inserts. Samples were sandwiched
between dried NaCl layers in the DACs, and the NaCl was used as
the thermal insulators, pressure medium and pressure calibrant®
(see Supplementary Information, Fig. S1).

In situ high pressure—temperature XES and X-ray diffraction
experiments were conducted at the GeoSoilEnviroCARS sector of
the Advanced Photon Source (APS), Argonne National Laboratory
(ANL) using a Rowland circle spectrometer configured around
the double-sided laser-heating system®, whereas the SMS spectra
of these samples were collected at high pressures and room
temperature at XOR-3 of the APS, ANL (ref. 28). The enstatite
samples in the DACs were compressed to 108 GPa and 134 GPa
and laser-heated at approximately 2,500K to 3,000K for at least
3h to be fully transformed to perovskite and post-perovskite
phases, respectively.

XES spectra of the Fe KB fluorescence lines and X-ray
diffraction patterns were collected up to 3,200 K in post-perovskite
at 134 GPa and in perovskite at 108 GPa (Figs1 and 2). The
in situ X-ray diffraction patterns of samples revealed single
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Figure 2 Representative X-ray diffraction patterns. a,b, The diffraction patterns
of post-perovskite at 134 GPa (a) and perovskite at 108 GPa (b) were integrated with
the FIT2D program, and the backgrounds were not subtracted. PPV, post-perovskite;
PV, perovskite; NaCl, thermal insulator and pressure calibrant in the B2 structural
phase®. Unit-cell parameters of post-perovskite at 134 GPa are a= 2.456 A
(£0.002), b=8.118 A (+0.005), c=6.099 A (0.003) and VV=121.58 A® (+0.03),
whereas unit-cell parameters of perovskite at 108 GPa are 2= 4.394 A (0.006),
b=4.572 A (+0.008), c=6.349A (0.008) and V= 127.55A® (+0.05).

post-perovskite phase at 134 GPa and perovskite phase at 108 GPa
respectively, without any sign of other phases (except the NaCl
pressure standard). XES spectra of the enstatite were also
collected at ambient conditions and 108 GPa before the sample
was laser-heated. These spectra, together with high-spin/low-spin
ferropericlase and Fe?"-containing molecules, were used as
references to quantitatively derive the total local spin number
of iron using integrated absolute difference analysis, and the
peak position of the Fe KB peak, which is independent of the
reference spectra used and the integrated absolute difference
analysis, provides further evidence for the total spin number of iron
in the samples® (Fig. 3; Supplementary Information, Figs $3,54).
The derived spin number of iron from 300 to 3,200K
in post-perovskite at 134 GPa and in perovskite at 108 GPa is
consistent with an average number of one and high temperatures
do not cause significant variation of this value (Fig.3). SMS
spectra show that perovskite exhibits two iron sites both with
extremely high quadrupole splitting of 4—4.2 mm ™' and relatively
high centre shifts at 110 GPa, and post-perovskite at 134 GPa is
also dominated by two iron sites with extremely high quadrupole
splitting and relatively high centre shift (Fig.4, Supplementary
Information, Fig. S3, Table S1). We note that high-spin Fe**
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Figure 3 Average spin number of Fe?*. a, Post-perovskite at 134 GPa.

b, Perovskite at 108 GPa. The average spin number (S), plotted as a function of
temperature, is derived from the integrated absolute difference analysis of the XES
spectra of the samples and the high-spin/low-spin references (black symbols) or the
shift of the KB peak position (grey symbols) (Fig. 1, Supplementary Information,

Fig. S4). Solid symbols represent the spin number derived from the XES spectra of
the samples after two days of laser-heating. Temperature uncertainties in the
laser-heating experiments were approximately 150 K.

has quadrupole splitting values of 2-3mms™" and high-spin

Fe’* has extremely low quadrupole splitting in perovskite at
high pressures®. Using both the XES and SMS results, we
can thus rule out the possibility that the averaged total spin
number of one is a result of mixed-spin states in which half
of the high-spin Fe* transforms to the low-spin state (Fig. 3).
Together with a complementary high-pressure Mossbauer study
that observed a new dominant quadrupole doublet with extremely
high quadrupole splitting, relatively high centre shift and narrow
linewidth above ~30 GPa in perovskite®, our XES and SMS results
strongly support the conclusion that iron predominantly exists in
Fe?* with a single 3d electronic state of S=1 in our post-perovskite
and perovskite samples at pressure—temperature conditions of the
lowermost mantle (see Supplementary Information, Figs S5,56).
The iron content of 40% (or 8 mol%) in our samples is probably
below the percolation threshold where the effect of the iron—iron
interaction is generally too small to have any significant effect
on the spin transition pressure. Thus, Fe** in silicate perovskite
and post-perovskite with an iron content close to the modelled
lower-mantle composition such as (Mg, Fe;;)SiO; would be in
the intermediate-spin state under lowermost-mantle conditions.
The S =1 state of Fe*' is called the intermediate-spin state
here for historical reasons'®* (see Supplementary Information,
Fig. S5). We note that previous high-pressure studies used samples
with unspecified Fe’* content' or very high Fe’* content of
40-70% in perovskite'®®. The high Fe’* content, together with
the metastability of perovskite under non-hydrostatic conditions
and different annealing history in high-pressure DACs, probably
contributes to the complexity of recent reports on the spin
states of iron in perovskite. Specifically, the lower KB’ satellite
intensity in a perovskite sample at 132-145GPa could be
the result of compression under non-hydrostatic conditions at
room temperature, as suggested by our enstatite sample which
became amorphous and lost its spin momentum completely
at 108 GPa after compression at 300K (see Supplementary
Information, Fig. S4).

Perovskite and post-perovskite exhibit very high degrees of
lattice distortion at high pressures, which would contribute
to the stabilization of the intermediate-spin Fe’* through
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Figure 4 Representative synchrotron Mossbauer spectra. a, Enstatite at ambient
conditions. b, Silicate perovskite at 110 GPa. ¢, Silicate post-perovskite at 134 GPa.
Corresponding energy spectra calculated from the fits are shown in the left panels.
Both perovskite and post-perovskite exhibit very high quadrupole splitting and
centre shift. Red circles: experimental SMS spectra; black lines: modelled spectra.
The perovskite spectrum is fitted to two iron sites with quadrupole splitting of
4.0-4.2mms™" and centre shift of 0.84—0.97 mms~". The post-perovskite
spectrum is fitted to a three-site model with two sites (90% abundance) with
quadrupole splitting of 3.8-4.5mm s~ and centre shift of 0.95-1.00mms~".

strong Jahn-Teller distortions that increase the splitting of
the upper level 3d orbitals® (see Supplementary Information,
Fig. S5). This may explain the discrepancy between our
observation and theoretical and thermodynamic predictions, in
which the intermediate-spin state is unstable at lowermost-mantle
pressures”™*¥. As the high-spin to intermediate-spin transition
is observed to occur at approximately 30GPa and room
temperature and intermediate-spin Fe’* exists over an extended
temperature range®, particularly at lowermost-mantle pressures
and temperatures in perovskite (see Supplementary Information,
Fig. $6), a spin transition zone from high-spin to intermediate-spin
state probably occurs in the uppermost lower mantle in perovskite.
With the knowledge that a high-spin to low-spin transition zone
occurs in ferropericlase in the middle part of the lower mantle®, it
remains to be seen how this spin transition in perovskite interacts
with the spin transition in ferropericlase and in turn may have an
effect on the physical and chemical properties of the lower mantle.

The observation of the intermediate-spin Fe’* in both
post-perovskite and perovskite near the D” region has important
geodynamic and geochemical ramifications. Owing to the
predominant abundance of post-perovskite and perovskite in
the lowermost mantle, their thermal conductivities would have
a strong influence on the formation of superplumes, temperature
gradients and thermal evolution of the mantle and the core®*"2.
Because of the partially filled 3d-electron orbitals that exhibit a
bandgap in the electronvolt range, the electronic states of iron
strongly govern the radiative thermal conductivity, electrical
conductivity and iron partitioning in these minerals'®. Our studies
show that both perovskite and post-perovskite accommodate
the same intermediate-spin Fe’* and that their opacity and
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absorption behaviour in the infrared wavelength range are very
similar in our high pressure—temperature experiments. These
indicate that corresponding changes in the radiative thermal
conductivity, electrical conductivity and iron partitioning would be
due to the crystal structural transition, rather than the electronic
spin transition, from perovskite to post-perovskite; although,
the spin state of Fe’* and its effects in these phases remain to
be understood.

Recent geodynamic modelling of the lower mantle showed
that even extremely large increases of the radiative thermal
conductivity cannot inhibit mantle mixing, and may even enhance
mantle mixing, and that reasonable increases in the radiative
thermal conductivity can lead to larger, more stable plumes
in the convecting mantle*'°. In light of our observations here,
changes in the radiative thermal conductivity in the D" region
are unlikely to have a dominant role in mantle convection and
formation of superplumes. This suggests that other mechanisms
such as compositionally dense and hot chemical piles may
be responsible for controlling the formation of superplumes.
Furthermore, the overall temperature gradient and magnitude
across the double-crossing of the lowermost mantle should be
smaller than what is expected with a significant change in the
thermal conductivity at the D" region'"". It remains to be further
investigated what influence the intermediate-spin post-perovskite
and perovskite would have on our knowledge of the thermal and
dynamic evolution of the core, as the heat flux and thermal history
from the core to the mantle are significantly governed by the
thermal conductivity of the lowermost-mantle minerals.

METHODS

Two diode-pumped ytterbium infrared fibre lasers were focused down to
flat-top shapes of 25 um in diameter at the sample position and were used to
laser-heat the sample from both sides of the DAC. A monochromatic beam
with wavelength of 0.3344 A was used as the X-ray source and the diffracted
X-rays were collected by a CCD (charge-coupled device; MAR165). The X-ray
diffraction measurements were used to confirm the crystal structures of our
samples at high pressures. Temperatures were measured from the thermal
radiation spectra fitted to the Planck radiation function. A monochromatic
X-ray beam of 14 keV was focused down to approximately 5um vertically
and horizontally at the sample position in the XES experiments. The Fe KB
emission spectra were collected by a silicon detector through the Be gasket
and a Si analyser in the Rowland circle geometry. During the laser-heated XES
experiments, we also double-checked the crystal structures of the samples by
tuning the monochromatic X-ray beam from 14 to 25keV and collected X-ray
diffraction patterns. Monitoring the perovskite and post-perovskite synthesis
process as a function of time using X-ray diffraction showed that prolonged
laser-heating of the samples at 2,500-3,000 K was needed to completely
transform the enstatite samples to post-perovskite at 134 GPa and perovskite at
108 GPa, respectively.

In the SMS experiments, a monochromatic X-ray beam of ~14.4125 keV
with 1 meV resolution and 15 um in diameter at XOR-3 was used to excite
the nuclear resonance of the *’Fe nuclei in the sample?. The time-delayed
SMS spectra were recorded by an avalanche photodiode detector in the
forward direction. After the SMS spectrum of the sample had been collected,
a thin stainless-steel foil (FessCryoNips) of 0.538 um in thickness was placed
outside the DAC to serve as a reference for the centre-shift measurements.
The SMS spectra were evaluated with the CONUSS programs® to derive
the hyperfine parameters, quadrupole splitting and centre shift. The same
perovskite and post-perovskite samples were used for all XES, SMS and
diffraction experiments, enabling us to cross-check their crystal structures, total
3d spin number (momentum) (S) and spin and valence states of iron in the
samples. The details of the experimental set-up, sample synthesis and analyses
are reported in Supplementary Information.
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Supplementary Information accompanies the paper at www.nature.com/naturegeoscience.
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