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Pressure-induced electronic spin-pairing transitions of iron and associated effects on
the physical properties have been reported to occur in the lower-mantle
ferropericlase, silicate perosvkite, and perhaps in post silicate perovskite at high
pressures and room temperature’™®. These recent results are motivating
geophysicists and geodynamicists to reevaluate the implications of spin transitions
on the seismic heterogeneity, composition, as well as the stability of the thermal
upwellings of the Earth's lower mantle***’. Here we have measured the spin states
of iron in ferropericlase and its crystal structure up to 95 GPa and 2000 K using a
newly constructed X-ray emission spectroscopy and diffraction with the laser-
heated diamond cell’*?°, Our results show that an isosymmetric spin crossover
occurs over a pressure-temperature range extending from the upper part to the

6,11,21

lower part of the lower mantle , and low-spin ferropericlase likely exists in the

lowermost mantle. Although continuous changes in physical and chemical
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properties are expected to occur across the spin crossover, the spin crossover results
in peculiar behavior in the thermal compression and sound velocities. Therefore,
knowledge of the fraction of the spin states in the lower-mantle phases is thus
essential to correctly evaluate the composition, geophysics, and dynamics of the

Earth’s lower mantle.

The nature of the spin-pairing transitions of iron in deep-mantle minerals at high
temperatures has been based largely on theory, lacking experimental tests on the
predicted geophysical and geochemical consequences''>. Changes in the electronic
structure of iron is thought to promote partitioning of iron into ferropericlase relative to
perovskite' and nonconvecting layers in the lower mantle’; though, such conjecture has

- : 2223
not been supported in recent experiments”

. Recent theoretical calculations predict
that the spin transition of Fe’" in ferropericlase would occur continuously over an
extended pressure range, thus more accurately referred to as a spin crossover, under the

6,11 . .
', In this case, the associated

pressure-temperature conditions of the lower mantle
effects across a spin crossover in ferropericlase would be gradual, and therefore less
likely to permit seismological detection. Conditions in the Earth’s lower mantle vary
from 22 to 140 GPa and temperatures of 1800 K to 4000 K (ref. 21). An experimental
determination of the high-temperature effect on the spin transitions of lower-mantle
phases is therefore essential to reliably imply the effects of the spin transitions to the
Earth’s interior. Here we have studied the electronic spin states of iron in ferropericlase
[(Mgo.75,Fep25)O] and its crystal structure under relevant lower-mantle conditions using

18-20

newly interfaced X-ray emission spectroscopy (XES) and X-ray diffraction systems
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with a laser-heated diamond cell (LHDAC)'", and we discuss the consequences of the
observed spin crossover on the geophysics and geodynamics of the Earth’s lower mantle.

The spin states of iron in single crystal (Mgo7s,Fep25)O at high pressures and
temperatures were probed by in situ XES and diffraction in a LHDAC. The samples were
pre-oriented <110> crystal plates or polycrystalline samples of (Mg 7s,Fep25)O
composition’ measuring approximately 12 pm thick and 70 pm in diameter. Samples
were loaded into diamond cells with Be gaskets and boron or cubic BN gasket inserts.
Dried NaCl layers acted as the thermal insulators between the sample and diamond
anvils, as well as the pressure medium, and pressure calibrant™*.

A Rowland circle spectrometer with a one-meter diameter in the vertical scattering
geometry was configured around the double-sided laser-heating system at the GSECARS
sector of the Advanced Photon Source (APS), Argonne National Laboratory (ANL) for
XES of iron in the sample under high pressures and temperatures. A monochromatic X-
ray beam of 14 keV was focused down to approximately 5 um vertically and horizontally
at the sample position, and a Nd:YLF laser of 25 um in diameter at the sample position,
operating in continuous donut mode (TEMj;), was used to laser heat the sample from
both sides of the DAC. The Fe-Kg emission spectra were collected by a silicon detector
through the Be gasket and a Si (333) analyzer in the Rowland circle geometry. During the
laser-heating experiments, the energy of the monochromatic X-ray can be adjusted to
higher energy to allow collecting X-ray diffraction patterns by an image plate (MAR345).
The counting time for each XES spectrum was about thirty minutes and typically ten
spectra were continuously collected at the same pressure and temperature and co-added.

Care was taken to ensure that the X-ray and laser beams were aligned and the sample
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position remained intact during the course of the long-term heating. Greybody
temperatures were determined by fitting the thermal radiation spectrum between 670 nm
and 830 nm to the Planck radiation function. Temperatures were limited to 2000 K and
below to avoid other technical difficulties in the experiments, and temperature
uncertainties were approximately 100 to 150 K. Pressures were determined from the ruby
spheres next to the sample and/or the NaCl pressure scale®. The details of the
experimental set-up and sample syntheses are reported elsewhere™"'®.

The XES spectra of the Fe Kg fluorescence lines in (Mg 75,Fe25)O were collected up
to 95 GPa and 2000 K, and X-ray diffraction patterns were collected from some of the
samples before, during, and after laser heating at high pressures (Figs. 1, 2). The
appearance and disappearance of the Ky’ satellite peak as well as the energy shift of ~1.6
eV in the Kg main peak in the XES spectra reveal a high-spin to low-spin transition of
iron in the sample at high pressures and temperatures (Fig. 1)’; however, the Fe Kg
spectrum arises from multiplet electronic transitions with varying line widths and the
determination of the 3d spin momentum from the spectrum is nontrivial'**’.

To quantitatively derive the 3d spin momentum and the fraction of the high-spin and
low-spin states, the XES spectra are analyzed using the line shape analyses by integrating
the absolute values of the difference spectra and comparing these integrals to that
obtained on references (hereafter called the IAD analyses) (Fig. 1,3)"*%. The IAD
analyses use the information of the full Fe Kg spectrum and are model independent. It has
been shown that the derived IAD values linearly correlate with the spin momentum and
provide a reliable method for determining the fraction of the high-spin and low-spin

states in the sample'*?’.
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The derived fractions of the high-spin and low-spin states are used to construct the
spin crossover phase diagram of iron in (Mg 7s5,Feo25)O up to 95 GPa and 2000 K (Figs.
3,4). While high temperatures do not significantly affect the ratio of the high-spin to low-
spin states below 50 GPa and at 95 GPa, much stronger temperature effects on the spin
crossover are observed between approximately 50 GPa to 80 GPa. The high-spin to low-
spin transition clearly widens with increasing temperatures at high pressures, and a spin
crossover is observed to occur over a wide pressure-temperature range (Fig. 4).

While the XES results reveal a continuous spin crossover with a mixed population of
high-spin and low-spin states of iron in ferropericlase at high pressures and temperatures,
X-ray diffraction patterns show that the (Mgo7s,Feo25)O sample is stable in the Bl
structure before, during, and after the experiments up to 95 GPa and 2000 K (ref. 25,26).
Previous high-pressure and room-temperature experiments showed that low-spin and
high-spin states have unique physical properties, such as volume, incompressibility, and
sound velocities, and can be categorized as two distinct phases, high-spin ferropericlase

5,7.9

and low-spin ferropericlase™””. Based on our current XES and diffraction results, the

isosymmetric spin crossover in the ferropericlase involves fast flipping of the 3d

6,11 -
% in the same

electrons with a mixed population of high-spin and low-spin states
composition, though it remains to be seen if a phase separation would occur with high
FeO contain in (Mg,Fe)O.

The spin crossover of iron in the lower-mantle phases significantly affects its
implications for the geophysics and geodynamics of the Earth’s lower mantle. Although

the temperature effect on the spin transitions in the silicate perovskite is yet to be

. 124812 . . . . ..
studied™™™'7, the observed spin crossover in ferropericlase is anticipated as a general
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phenomenon that should also occur in silicate perovskite and post perovskite. Despite the
dramatic changes in incompressibility, sound velocities, and radiative thermal
conductivity across the spin transition at high pressures and room temperature™’”’, the
spin transitions and associated changes in physical and chemical properties should occur
quite continuously in the mantle. The continuous nature of the spin crossover observed
here explains why no significant change in iron partitioning between ferropericlase and
perovskite has been observed in recent high pressure-temperature experiments with a

pyrolitic and olivine composition®?*

, as opposed to a proposed dramatic change in
partitioning and chemical layering in the lower mantle' .

Comparison to the model geotherm of the Earth’s lower mantle®' indicates that the
high-spin to low-spin crossover of iron likely occurs from the upper part to the lower part
of the lower mantle and that the low-spin ferropericlase exists in the lowermost mantle,
i.e. at depth below ~2200 km. Hence, the sound velocities, transport properties, and other
thermodynamic properties of the low-spin ferropericlase need to be considered in future
geophysical and geochemical models in determining mineralogy and geodynamics of the
lowermost mantle. In particular, the low-spin ferropericlase exhibits lower radiative
thermal conductivity than the high-spin ferropericlase’, and a spin crossover in
ferropericlase would result in a continuously reduced radiative thermal conductivity of
ferropericlase from the upper part to the lower part of the lower mantle. The reduced
radiative thermal conductivity of the low-spin ferropericlase is at odd to what is required
for sustaining superplumes with sufficiently strong thermal conductivity in the lower
mantle, affecting the understanding of the convective flow, the size, and the stability of

16-17,27

the thermal upwellings in the lower mantle . The relatively low creep strength and
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large elastic anisotropy of ferropericlase, as the second most constituent of Earth’s lower
mantle, are believed to play very important role in the viscosity, dynamics, and seismic
anisotropy of the lower mantle”™?. Although the viscosity of the low-spin ferropericlase
remains to be studied, recent high-pressure results showed that the low-spin
ferropericlase is much stiffer and has much higher shear modulus than the high-spin
ferropericlase. Such changes indicate that the viscosity of the low-spin ferropericlase
likely differs from that of the high-spin ferropericlase, suggesting that the spin crossover
can continuously change the rheology of the lower mantle.

Abnormal effects of the spin transition on the volume, incompressibility, and sound
velocities of ferropericlase have been observed under high pressures and room
temperatures; a decrease in volume and jumps in incompressibility and sound velocities
are reported to occur at high pressures and room temperature™. As the temperature
increases, these abnormal effects are expected to be reduced as ferropericlase with mixed
spin states becomes more normal. Such transition from abnormal to normal behavior,
however, can result in peculiar effects on physical properties of ferropericlase at high
pressures and temperatures. In particular, the thermal compression curve and sound
velocities of ferropericlase will be continuously influenced by the ratio of the high-spin
and low-spin states, making the use of the classical equations of state with lattice finite
strain theory unreliable to model the compression behavior across the spin crossover”*~".
On the other hand, negligible (or even positive) temperature effect on the sound velocities
may occur at the spin crossover pressures because of the change of the population of the

spin states. That is, knowing the ratio of the high-spin to low-spin states in ferropericlase
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as well as in the silicate perovskite will be essential to correctly evaluate the composition,

geophysics, and dynamics of the Earth’s lower mantle.
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Figure 1 Representative X-ray emission spectra of Fe-Kg collected from ferropericlase-
(Mgo.75,Fep25)O at high pressures and temperatures. Upper panel, ~51 GPa and high
temperatures; lower panel, ~80 GPa and high temperatures. High-quality XES spectra
collected at 0 GPa and approximately 80 GPa are used as references for the IAD

analyses'>

of the high-spin and low-spin states, respectively. Differences from the low-
spin line shape are also shown below the spectra and used to derive the ratio of the high-
spin to low-spin states in the sample. An energy shift of ~1.6 eV in the main emission
peak (Kg) can also be seen across the spin transition. The high-spin to low-spin transition
is found to be ready reversible in temperatures.

Figure 2 Representative angle-dispersive X-ray diffraction patterns of (Mg 75,Feo25)O at
~84 GPa and high temperatures collected from a laser-heated diamond cell. A
monochromatic beam of 0.3344 A in wavelength was used as the X-ray source and the
diffracted X-rays were collected by an image plate (MAR345). The diffraction patterns
were integrated with the FIT2D program, and the backgrounds were subtracted for
clarity. (Mg 7s5,Feo25)O is stable in the B1 structure up to 1900 K and remains in the B1
structure after hours of laser heating25’26. Fp, (Mgo.7s,Fe25)0; B2, NaCl thermal insulator
in the B2 structure. Temperature uncertainties in the experiments were approximately 100
to 150 K. Optical observation of the laser-heated sample also shows no evidence of a
phase separation.

Figure 3 Ratios of the high-spin iron in (Mgy7s,Feo25)O at high pressures and
temperatures. The high-spin ratio, yys, is derived from the line shape analyses of the X-

18,20

ray emission spectra collected at high pressures and temperatures (Fig. 1). The large

error bars at 47 GPa and 1300 K arise from the low statistics of the XES spectrum.
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Figure 4 Isosymmetric spin crossover of Fe’' in (Mgo.75,Fe025)O. The phase diagram is
constructed from the derived ratio of the high-spin to low-spin states in the sample (Fig.
3). The vertical column on the right represents the colors for the ratios of the high-spin
state, yms, in the sample. The high-spin to low-spin crossover widens with increasing
temperatures, and high temperatures have much stronger effects on the spin crossover

between approximately 50 GPa to 80 GPa.
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