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Seven iron-containing oxides and silicates including (Mg gg,Feq 12)SiO, (Mg s6,Feg 14)(Sig.os,Aly02) O3
perovskites, and (Mg g9, Feq o) ferropericlase were studied using Fe K-edge x-ray absorption near edge spec-
troscopy under pressure up to 85 GPa at ambient temperature. First-principles calculations of Fe K-edges of
(Mg gs,Feg 12)SiO perovskite and (Mg g, Fe20)O ferropericlase were performed using a spin-dependent
method. The amount and quality of the data collected allows performance of a systematic study of the
absorption edge features as a function of pressure in these geophysically important systems, providing direct
experimental validation for band-structure calculations. The comparison between experiment and theory allows
analyzing in detail the effect of Fe valence and spin state modifications on the spectra, allowing to confirm
qualitatively the presence of a pressure induced spin pairing transition in (Mg,Fe)O ferropericlase and a

high-spin intermediate spin crossover in (Mg, Fe)(Si, Al)O3 perovskite.
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I. INTRODUCTION

The Earth’s lower mantle is believed to consist predomi-
nantly of (Mg,Fe)(Si,Al)O; perovskite with a smaller
amount of (Mg,Fe)O ferropericlase and CaSiO; perovskite.
The influence of iron on the properties of these phases is still
not fully understood but it is believed that properties such as
elasticity, electrical and thermal conductivities, element par-
titioning between phases, etc. could be significantly affected
by the electronic and structural behaviors of iron in minerals
under lower mantle conditions.

A number of studies have been carried out to investigate
the spin and oxidation states of iron in (Mg,Fe)(Si, Al)O;
perovskite under high pressures. It is known that in the per-
ovskite structure iron can occur in the ferrous (Fe>*) or ferric
(Fe?*) valence state. It is well established that ferrous iron
occupies the large distorted 8—12-fold coordinated polyhe-
dron while ferric iron might also occupy the smaller octahe-
dral site.!? Electron energy-loss spectroscopy (EELS) and
Mossbauer data suggest that the ferric iron fraction in
(Mg,Fe)(Si,Al)O; perovskite depends on the aluminum
content: with increasing aluminum concentration the amount
of Fe** increases almost linearly.3

Using Kz x-ray emission spectroscopy (XES) Badro et
al.® proposed that iron in (Mg, Fe)SiO; perovskite undergoes
a spin crossover at 70 GPa, with a transition to the low-spin
state at 120 GPa. Jackson et al.” investigated the iron spin
state in (Mg, Fe)SiO; perovskite with different iron contents
using nuclear forward scattering (NFS), and inferred a high-
spin (HS) to low-spin (LS) transition in Fe** at 70 GPa, with
Fe?* remaining in the high-spin state throughout the studied
pressure interval. Combining XES and NFS techniques to
study (Mg,Fe)(Si, Al)O; perovskite, Li et al.® inferred that
Fe undergoes a transition from high-spin to low-spin in the
pressure range of 20-100 GPa. From these results it appears
that the use of only XES and NFS methods was not able to
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provide a conclusive answer to the question of the iron spin
state in magnesium-bearing silicate perovskite at the
megabar pressure range.

X-ray absorption near-edge spectroscopy (XANES) di-
rectly probes the empty density of electronic states above the
Fermi level around the absorber atom. Fe K-edge XANES,
along with EELS, conventional and synchrotron Mossbauer
spectroscopies (NFS), is one of the more precise experimen-
tal techniques to follow electronic and local structures
around Fe, and can be relatively easily combined with the
diamond-anvil cell (DAC) technique for making in sifu mea-
surements under high-pressure and temperature conditions.
In contrast to Mossbauer spectroscopy, XANES does not re-
quire 5Fe enrichment of the sample which simplifies the
experimental procedure. While conventional Mdossbauer
spectroscopy gives information over a large region of the
sample, it has recently become possible to obtain high qual-
ity XANES with the micron resolution enabling the analysis
of individual regions within the DAC.® Therefore micro-
XANES spectroscopy can be a powerful experimental tool
for in situ high-pressure and/or high-temperature measure-
ments of the local electronic and crystallographic environ-
ments of iron. Consequently Fe K-edge micro-XANES can
provide information that complements the results of other
methods (XRD, conventional Mdssbauer, NFS, and XES) for
examining the spin and oxidation states of iron under Earth’s
lower mantle pressures.

Up to now, no systematic study has been performed on the
evolution of Fe K-edge XANES in these geologically rel-
evant systems up to very high pressures. One of the reasons
for this is related to the experimental difficulties in obtaining
good quality data at such extreme conditions due to the high
absorption of the diamond anvils at low x-ray energy (the
Fe K-edge is at ~7 keV), and to the strong constraint on
spot size and stability that these studies impose. Many of
these difficulties have been overcome with the use of third
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generation synchrotron sources, coupled to advances in x-ray
optics and high-pressure techniques.

In parallel, major advances in ab initio codes make it now
possible to calculate band structures even in complex sys-
tems such as transition-metal oxides, and from these obtain
theoretical simulations of the absorption spectra, which in-
clude both core-hole and spin-polarization effects.

The aim of this study was therefore to take advantage of
these recent experimental and theoretical advances to per-
form a systematic Fe K-edge XANES study of several iron
oxides and silicates under pressure in order to establish the
strengths and limitations of this technique in complementing
information on oxidation and electronic states of iron in
these compounds, and to define the abilities of the method to
investigate spin transitions, particularly in Fe-bearing silicate
perovskites.

The paper is organized as follows. In Sec. II we give
experimental details on sample preparation, and on prelimi-
nary structural and magnetic characterizations (Sec. I A), as
well as on the experimental methods used (Sec. II B). Sec-
tion III reports the Fe K-edge XANES results for all the stud-
ied systems, and emphasizes the discussion on two issues:
the effect of oxidation state (Sec. III A) and the effect of spin
state (Sec. III B) on the absorption spectra. Whereas we dis-
cuss the former issue globally for the whole set of samples,
the latter issue has been focused only on the ferropericlase
(Sec. I B 1) and on the perovskite systems (Sec. III B 2).
Finally in Sec. IV we report the main conclusions of this
work.

II. EXPERIMENTAL

A. Sample preparation and characterization

Seven samples with different Fe3*/3Fe ratio were studied
by means of XANES spectroscopy: Fe,05 (hematite), Fe;O,4
(magnetite), FeO (wiistite), (Mg,Fe)O (ferropericlase),
FeTiO; (ilmenite), (Mg,Fe)SiO;, and (Mg,Fe)(Si,Al)O;
(perovskites). All samples are synthetic and enriched with
the *’Fe isotope (in order to use the same samples for high-
pressure Mdssbauer spectroscopy).

Hematite Fe,Oj5 is an iron III oxide with a corundumlike
structure, with all iron ions occupying octahedral positions.
The sample was a commercially available 99.99% purity
Fe,0; powder. X-ray diffraction and Mossbauer spectro-
scopic measurements at ambient conditions show that no
other phases except hematite are present in the sample.
Fe**/3Fe for this sample is defined to be one.

Magnetite Fe;0, is a mixed-valence oxide with an inverse
spinel structure. The tetrahedral position is fully occupied
with Fe** ions while the octahedral position is filled with
equal amounts of Fe** and Fe** ions. Nominally there are
two Fe** ions for every Fe?* ion in the magnetite structure.
However magnetite is known to be a nonstoichiometric com-
pound with a small excess or deficit of cations relative to the
Fe;0, formula.'® A polycrystalline sample of magnetite was
synthesized by heating metallic "Fe in air at 1400 °C for 24
h and quenching it into water. Both x-ray diffraction and
Mossbauer spectroscopic measurements at ambient condi-
tions show the presence of a pure magnetite phase. It is dif-
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ficult to measure accurately the degree of nonstoichiometry
in magnetite but, based on the relation between magnetite
composition, temperature, and oxygen fugacity,'” we esti-
mate that in our sample the nonstoichiometry parameter & in
the Fe;(;_50, formula is approximately 0.02 (maximum pos-
sible value). The corresponding Fe**/ZFe ratio in our mag-
netite sample is therefore 0.72.

Wiistite FeO with a rock-salt type structure is known to be
a highly nonstoichiometric compound where x in Fe;_ O can
reach a value of 0.12. Fe?* ions occupy the octahedral posi-
tions. The crystal chemistry of ferric iron in wiistite is com-
plex, involving predominantly octahedral coordination with
some minor amount of tetrahedrally coordinated Fe**. The
degree of nonstoichiometry correlates well with the lattice
parameter a of the cubic cell, allowing a straightforward de-
termination of ferric iron content using x-ray diffraction at
ambient conditions.!! The polycrystalline sample of wiistite
was synthesized from metallic iron powder in a CO/CO,
gas-flow furnace at 900 °C and log(fO,)=—16. The resulting
powder sample had a lattice constant a of 4.2959(1) A, cor-
responding to Feqq,0.!"' It is not straightforward to deter-
mine the Fe** content of wiistite from the Mossbauer spec-
trum due to the number of strongly overlapping and closely
spaced absorption lines which arise due to complex defect
clustering. The Fe**/XFe ratio in our wiistite sample was
calculated from its composition to be 0.17.!!

Al-bearing and Al-free silicate perovskite phases were
synthesized in a laser heated DAC at 30-35 GPa and ap-
proximately 2500 °C from two orthopyroxene starting mate-
rials with compositions Mg gsFe) 1451 93Aly o053 and
Mg, ssFe 125105 (each 61% enriched in >’Fe) that were de-
scribed in Ref. 3. Run products were found using x-ray dif-
fraction to consist almost exclusively of (Mg,Fe)SiO; or
(Mg, Fe)(Si, Al)O5 perovskite (in aluminum bearing samples
traces of SiO, stishovite were detected), and chemical com-
positions were found using the electron microprobe to be the
same as the starting materials within experimental uncer-
tainty. The relative concentration of Fe** was found by
means of Mossbauer spectroscopy to be 0.10 (=0.02) and
025 (*£0.07) for the  MgyssFey2Si0;  and
Mg s6Fep 14510.03Aln 003 perovskite samples, respectively
(Fig. 1).

IImenite (FeTiO3) was synthesized from a stoichiometric
mixture of Fe,Os, TiO,, and *'Fe heated in an evacuated
silica tube at 1200 °C for 24 h. X-ray diffraction and Moss-
bauer spectroscopy showed no other phase to be present ex-
cept ilmenite, and Mossbauer data showed the amount of
Fe®* to be 0.03 (+0.01) (Fig. 1).

Ferropericlase (Mg,Fe)O is a MgO-FeO solid solution
with FeO content less than 50%. We studied a polycrystalline
sample with (Mg, gFe,)O composition in this work. The
sample was synthesized by mixing stoichiometric amounts of
MgO and Fe,O3, heating overnight at 1200 °C under reduc-
ing conditions (log fO,=-17.4) using a CO/CO, gas-flow
furnace and quenching into water. The lattice constant a of
ferropericlase was measured to be 4.2389(5) A. The ferric
iron content, measured using Mossbauer spectroscopy over a
wide pressure range, was found to be 0.05 (+0.01), and this
value was used in the present study (Fig. 1).
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FIG. 1. Mossbauer spectra at ambient conditions of

(Mg,Fe)SiO; and (Mg,Fe)(Si,Al)O3 perovskites, FeTiOz;, and
(Mg,Fe)O. The spectral area colored in black corresponds to Fe3*.

B. Experimental method

For in situ high-pressure micro-XANES and Mdssbauer
spectroscopy measurements in the DAC, we used diamonds
with 250 or 300 um culet size. Samples were loaded into Re
gaskets that had been preintended to ~30 um and then
drilled with a hole of 125 um in diameter. For pressure cali-
bration and evaluation of the pressure gradient, we used
small ruby chips that were loaded into the cell along with the
sample. At the highest pressures (~100 GPa) the uncer-
tainty in pressure measurements was estimated to be 5 GPa
while the pressure difference between the center and the
edge of the pressure chamber was a maximum of 5 GPa.
After each increase or decrease in pressure with step
~5 GPa above 30 GPa, samples were annealed at
1700-1900 K by laser heating.

K-edge XANES measurements were performed at the Eu-
ropean Synchrotron Radiation Facility at the energy disper-
sive x-ray absorption spectroscopy (XAS) beamline 1D24.
The beam was focused horizontally using a curved polychro-
mator Si(111) crystal in Bragg geometry and vertically with
a bent Si mirror placed at 2.8 mrad with respect to the direct
beam.'?> The Bragg diffraction peaks arising from the dia-
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FIG. 2. Normalized XANES spectra taken at 13 GPa from the
seven Fe-containing oxides and silicates: (Mg,Fe)O (ferropericlase),
(Mg,Fe)(Si,Al)O3 and (Mg,Fe)SiO; (perovskites), FeO (wiistite),
FeTiO; (ilmenite), Fe;0,4 (magnetite), and Fe,05 (hematite).

mond anvils were removed from the energy range of interest
by changing the orientation of the diamond-anvil cell and
following in real time the intensity of the transmitted beam
on a two-dimensional detector.

The measured XANES spectra were analyzed using the
VIPER program.'? The flat part of the pre-edge region of the
spectrum was fitted to the Victoreen function (F =a+bE3,
where E is the absorption energy, and a and b are fit param-
eters) and this baseline was extended over the entire energy
region. The postedge jump in x-ray absorption was then nor-
malized to one.

Transmission Mossbauer spectra were recorded on a con-
stant acceleration Mdssbauer spectrometer at temperatures in
the range of 300-800 K and pressures in the range from
ambient up to above 80 GPa. The experimental procedure is
described in detail in McCammon et al.' and Kantor et al.'*

III. RESULTS AND DISCUSSION
A. Effect of oxidation state

The XANES spectra of all samples at 13 GPa are
presented for comparison in Fig. 2. For magnetite (Fe;0,),
for example, the pre-edge peak structure is well
pronounced, which allows extracting information about
Fe**/3Fe (e.g., in Ref. 15). However in the case of wiistite
(FeO), ferropericlase [(Mg,Fe)O], ilmenite (FeTiO3),
Al-bearing [(Mg,Fe)(Si,Al)O3], and Al-free perovskites
[(Mg,Fe)SiO;], the intensity of pre-edge peaks is very weak.
In this case the extraction of information about iron oxida-
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FIG. 3. First derivative of XANES spectrum of (Mg,Fe)O at 1
GPa. The vertical dashed line corresponds to the 15— 4s transition
peak position that was taken as the absorption edge position.

tion state is challenging, and it is necessary to identify other
spectral features that are systematically correlated with the
amount of ferric iron. In a previous XANES study of silicate
glasses,!® the following features were proposed: (i) the en-
ergy of the main absorption edge, normalized to one at a
height of 0.9, and (ii) the areas of the derivative peaks asso-
ciated with the 1s—4s and 1s—4p transitions.

For our XANES experimental data the most well defined
and reproducible spectral feature is the energy corresponding
to the absorption edge, which can be determined from the
centroid position of the first peak in the derivative (Fig. 3).

The experimentally obtained edge position energies plot-
ted vs Fe**/3Fe at ambient pressure are shown in Fig. 4. For
the pure Fe oxides FeO, Fe,05, and Fe;O, a correlation can
be made between Fe**/SFe and valence (see dashed line in
Fig. 4). On the other hand, the K-edge position values for
ferropericlase, the perovskites, and for ilmenite are all sys-
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FIG. 4. Absorption edge position energy plotted vs ferric iron
content for Fe,O5 (black closed rectangle), Fe;0, (gray closed rect-
angle), FeO (open rectangle), FeTiO5 (open triangle), (Mg, Fe)SiOs
(gray closed circle), (Mg, Fe)(Si,Al)O5 (black closed circle), and
(Mg,Fe)O (black closed diamonds). Dashed line represents the fit of
the pure oxide data.
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FIG. 5. Evolution of the Fe K-edge position with pressure for
seven iron oxides and silicates: (a) Fe,O5 (black closed rectangles),
Fe;0, (gray closed rectangles), and FeO (open rectangles); (b)
FeTiO; (open triangles), (Mg,Fe)SiO; (gray closed circles),
(Mg, Fe)(Si,Al)O3 (black closed circles), and (Mg,Fe)O (black
closed diamonds). Dashed lines represent the linear fit of the ab-
sorption edge positions.

tematically shifted toward higher energies with respect to the
average slope traced by the values of the pure Fe oxides. The
addition of Mg or Ti evidently modifies the density of empty
states just above the Fermi level with respect to that of the
pure Fe oxides, and this strongly affects the shape of the
absorption edge. Therefore, whereas the centroid position of
the first peak in the derivative is a good fingerprint of Fe
valence within the family of pure Fe oxides, it fails when
attempting to include Mg and Ti containing Fe oxides.

The effect of pressure on absorption edge position for all
studied systems is presented in Fig. 5. Except for FeTiO5 and
(Mg,Fe)O the K-edge position for studied samples does not
show any significant change with pressure apart from a
gradual shift toward higher energies (Fig. 5). The pressure
evolution of the absorption edge position for FeTiO; [Fig.
5(b)] shows a peculiarity between 20 and 40 GPa, where the
transition to single perovskite phase takes place. This effect
is described in detail in Ref. 16. In the case of (Mg,Fe)O
[Fig. 5(b)] we observe a discontinuity at ~60 GPa, which
perfectly coincides with the previously reported spin transi-
tion in ferropericlase.!”!'® We will discuss this point again in
the following section.
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FIG. 6. (a) HS and LS electronic configurations of Fe** in the
octahedral field (ferropericlase case); (b) HS and IS electronic con-
figurations of Fe?* in the distorted cubic field (perovskite case). A
is crystal-field splitting.

B. Effect of spin state

1. (Mg,Fe)O ferropericlase

a. Experimental. The main goal of the study is to exam-
ine the ability of XANES to detect spin transitions under
high pressure. Therefore (Mg goFe20)O was chosen as the
example system for tracing changes in the absorption of iron
through the gradual HS-LS crossover in the compound.

In ferropericlase Fe?* ions occupy octahedral sites; there-
fore the five 3d energy levels are split in three lower —1,, and
two higher —e, energy levels, separated by the crystal-field
splitting energy —A [Fig. 6(a)].'° At ambient conditions A
is small compared to the spin pairing energy and therefore
the high-spin configuration (two paired and four unpaired
electrons) is the most stable one. But with pressure the
crystal-field splitting increases and at a certain point [50 GPa
for (Mg goFe(20)O ferropericlase!’] A becomes higher than
the spin pairing energy, making the low-spin configuration
energetically favorable. The crossover to the low-spin state
modifies not only the electronic field gradient but also the
local environment of iron since the Fe-O bond distribution is
expected to be modified, and therefore the transition effect
on the Fe K-absorption edge in (Mg,Fe)O is expected to be
significant.

In fact, a close look at the experimental data shown in
Fig. 7 highlights clear changes in the shape of the absorption
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FIG. 7. Experimental XANES spectra of (Mg, gFe;,)O ferro-
periclase as a function of pressure.
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FIG. 8. Pressure evolution of amplitude ratio between the white-
line peak at 7130 eV (feature A) and the peak at 7170 eV (feature
D) of the (Mg goFeg20)O XANES spectra shown in Fig. 7.

spectra starting from the data at 61 GPa, in addition to the
above mentioned anomalous behavior of the absorption edge
position: (i) at ambient pressure the main peak in the white-
line area is formed by two poorly resolved peaks (feature A)
which gradually converge with pressure and finally form one
peak of higher intensity; (i) the small peak at ~7135 eV
(feature B) gradually shifts toward high energies and merges
with feature C forming an intense single peak ~7140 eV.
We note that the changes in the shape of the spectra starting
from the data at 61 GPa are rather abrupt. We can help visu-
alize this important change with pressure by plotting the
pressure evolution of specific features, such as the amplitude
ratio between feature A (the white-line peak, expected to be
particularly sensitive to spin state) and feature D, expected to
be less sensitive to spin state and more sensitive to local
structure. The evolution of this amplitude ratio with pressure
obtained from the data of Fig. 7 is shown in Fig. 8. One can
clearly see that a significant change occurs between 50—-80
GPa, known as the pressure region of the gradual high-spin-
low-spin crossover in (Mg gFe20)O ferropericlase.!”-?
This trend, which highlights the visual changes in the shape
of the spectra shown in Fig. 7, can therefore be taken as
evidence of the HS-LS transition in this system.

b. Ab initio calculation of x-ray absorption spectra. Ab
initio calculations were performed for a 2 X2 X2 MgO su-
percell (B, structure) consisting of a 64-atom cubic system
with 29 Mg, 32 O, and 3 Fe atoms.

Theoretical x-ray absorption spectra were computed
within the single-particle transition model using the aug-
mented plane-wave (APW) plus local orbital band-structure
method,?' where the exchange and correlation effects were
described by means of the generalized gradient
approximation.?> The muffin-tin radii (Ry) for Mg and Si
were set to 1.80a,; whereas for Fe and O we used 2.0a, and
1.55ay, respectively.

Calculations were performed with a plane-wave cutoff
corresponding to RyrK . =7, and by using s, p, and d local
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FIG. 9. (Color online) Theoretical Fe K edges at different pres-
sures by imposing a fixed spin occupation at the Fe d states in the
(Mg .30,Feqng)O ferropericlase system. The onset energy of each
spectrum was adjusted according to the variation in the Fermi en-
ergy and in the s core level energy shift.

orbitals in the APW basis set to improve the convergence of
the wave function. The valence wave functions inside the
nonoverlapping muffin-tin spheres were expanded into
spherical harmonics up to /=10 and the potential up to /=4.

The total energy was converged with respect to a
4 X4 X5 k-point sampling corresponding to 24 inequivalent
k points. Theoretical XAS data were then evaluated at the
converged ground-state density by multiplying the angular-
momentum projected density of states (DOS) by the
transition-matrix elements?> and accounting for the electric-
dipole approximation (i.e., [—I=*1 transitions). A direct
comparison of the calculated spectra with the measured data
was finally achieved by including the instrumental broaden-
ing in the form of Gaussian functions corresponding to the
experimental resolution of 1.1 eV.

The theoretical Fe K edges obtained for a frozen Fe 3d
shell at different pressure values for both HS and LS con-
figurations are shown in Fig. 9. The 3d shell freezing was
achieved by selecting a high value for the linearization en-
ergy of the Fe 3d-atomic orbitals. The vanishing occupied d
DOS at the absorber Fe site is then reintroduced in the cal-
culation by manually fixing the occupation of the core states.
Particularly, we moved the Fe 3d.° either with a HS or LS
configuration, inside the core states and shifted the potential
by an appropriate constant. A value of 2.0 was found to be
sufficient enough to maintain the entire set of eigenvalues at
negative values during the iterative self-consistent-field
(SCF) procedure. When the desired energy convergence cri-
terion is reached (AE=<0.0001 Ry), we save the correspond-
ing potential. The final Fe K edges were then obtained in a
second unfrozen non-SCF calculation, which allow the re-
covering of the Fe d DOS at the frozen site. This procedure
was applied for unit-cell volumes corresponding to a pres-
sure range of 0—80 GPa and by imposing a s core hole for a
divalent Fe configuration. The simulated spectra are able to
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FIG. 10. (Color online) Calculated unoccupied (CB) Fe PDOS
for the (Mggg,Fep,)O 2X2 X2 supercell.

reproduce the main features of the experimental spectra
shown in Fig. 7, underlying the strength of modern ab initio
codes in modeling complex systems such as these.

From Fig. 9 we see that, for each pressure, the theoretical
comparison of the HS and LS calculations shows that the
spin state mostly affects the amplitude of the spectral fea-
tures close to the absorption edge, such as the pre-edge and
the white-line amplitude (feature A). This is reasonable and
reflects the higher sensitivity of the probed p states, through
hybridization effects, to the spin-polarized d states close to
the Fermi level.

In order to confirm this, we have calculated unoccupied
conduction-band (CB) Fe partial density of states (PDOS)
(Fig. 10) and the occupied [valence-band (VB)] partial Fe,
0O,, and O, PDOSs for (Mg gg,Fe 2)O ferropericlase (Fig.
11). These figures help in identifying which features of the
absorption spectra are more sensitive to local structural
modifications, such as bond compression, and which features
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FIG. 11. (Color online) Calculated occupied (VB) partial Fe, Oy,
and O, PDOS for (Mg 5,Fe(,)O ferropericlase. Note that the atom
types O; and O, constitute the first coordination shell of the absorb-
ing Fe atom.
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FIG. 12. XANES spectra of (a) (Mg,Fe)SiO; and (b)

(Mg, Fe)(Si, Al)O5 perovskites as a function of pressure.

are more sensitive to spin state.

Figure 10 shows that the spectroscopic signatures men-
tioned above originate mainly from the high-pressure behav-
ior of the Fe p states, which represent the dominant contri-
bution to the spectra at large values of photoelectron energy
(i.e., away from the absorption edge region). Figure 11
shows that the oxygen s and p orbitals hybridize well with
the s, p, and d states of Fe, indicating that the spectral shapes
shown in Fig. 7 are largely modulated by Fe-O electronic
hybridization. The computed bandwidths for Fe and O states
become larger, and the electronic density of states get
broader as pressure changes from O to 80 GPa.

Modifications in spin state are expected to affect mainly
the occupied Fe d PDOS. Therefore K-edge features, mainly
sensitive to the unoccupied Fe p PDOS, should not be very
sensitive to changes in spin state. Spin state effects are
readily observable using K, emission spectroscopy, which
directly probes the occupied Fe d states. However, due to
hybridization effects, K-edge spectroscopy becomes indi-
rectly sensitive to the Fe d PDOS through p-d hybridization.
As shown in Fig. 11, the occupied d PDOS is localized
around the Fermi level. Therefore we expect spin state modi-
fications to affect mainly the region of the spectra close to
the absorption edge.

From Fig. 9 we note however that the calculation is not as
yet able to reproduce quantitatively the important changes in
the shape of the absorption spectra highlighted in Fig. 8. This
is most certainly related to the fact that at very low kinetic
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FIG. 13. Pressure evolution of the amplitude ratio between
white line at 7130 eV (feature A) and the peak at 7170 eV (feature
B) of the XANES spectra of both Al-free and Al-bearing silicate
perovskites shown in Fig. 12.

energies the photoelectron is extremely sensitive to the de-
tails of the surrounding potential, setting enormous chal-
lenges to the precision of the ab initio calculations.

2. (Mg,Fe)(Si,Al)O;3 perovskite

a. Experimental. Our recent Mossbauer spectroscopic re-
sults for both (Mg,Fe)SiO; and (Mg,Fe)(Si, Al)O; perov-
skite phases demonstrate clear changes in the iron electronic
state starting at 30—80 GPa.?* Briefly, at 30 GPa we observe
the appearance of a new component with an unusually large
quadrupole splitting, close to 4 mm/s, and a central shift
about 1 mm/s. We assign this component to an intermediate-
spin (IS) state of Fe’*. Thus our Mossbauer spectroscopic
results suggest a gradual HS-IS crossover in Fe-bearing mag-
nesium silicate perovskite at 30-80 GPa.

Figure 6(b) illustrates the HS and IS electronic configura-
tions in the perovskite system. Fe?* is located in 8+4-fold
coordinated polyhedra, which in a first approximation can be
considered as distorted cuboctahedra. The five 3d energy lev-
els are split in two lower —e, and three higher —1,, energy
levels which at ambient conditions are populated by two
paired and four unpaired electrons—the high-spin configura-
tion. In the intermediate spin configuration four electrons are
paired and occupy the lower e, levels while two unpaired
electrons remain on the high 7,, energy levels. A crossover to
the intermediate spin state increases the value of electric field
gradient but does not generate any significant structural
change. Therefore the spin crossover effect on the Fe absorp-
tion spectra of (Mg, Fe)(Si, Al)O; perovskite is expected be
less pronounced in this system than in the (Mg,Fe)O case.

Absorption spectra of the silicate perovskites, illustrated
in Fig. 12, do indicate some changes in the 30-87 GPa
range: (i) in the white-line region a small shoulder on the
first broad peak appears with increasing pressure (feature A);
(ii) in the high-energy region, the two maxima, resolved at
low energy, merge forming a broad maximum at 80 GPa
(feature B in the highlighted region).
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FIG. 14. (Color online) Calculated Fe K-edge for

(Mg g, Feg 12)SiO5 perovskite at 0 and 83 GPa. The absorption
spectra were computed using the experimental atomic positions and
lattice parameters.

As done for the ferropericlase system above, here again
we can try to highlight the changes in the shape of the spec-
tra by following the pressure evolution of specific features
that have different sensitivities to spin state and local struc-
ture. For example, we plot in Fig. 13 the amplitude ratio
between the white-line feature (at 7130 eV) and feature B (at
7170 eV), for both Al-free and Al-bearing perovskites as a
function of pressure.

This figure shows a weak change in slope at about 35
GPa. We can conclude that Fe K-edge absorption spectros-
copy can probably detect the spin transition but it has much
less sensitivity in perovskites than it does in ferropericlase
due to the different mechanism of the transition.

b. Ab initio calculation of x-ray absorption spectra. A
similar theoretical spin-dependent method was applied for
the (Mg g5, Fe 12)Si05 perovskite structure as was done for
the (Mg soFeq.20)O structure. To account for the effect of the
Fe s! core hole on the electronic band states, the excited iron
atom (Fe™) was formally treated as an impurity inside a
perovskite MgSiO; supercell of dimension 2X2X 1 and a
background charge was used in order to keep the entire sys-
tem neutral. The employed model system consists of an 80-
atom orthorhombic supercell containing 16 Mg, 48 O, and 16
Si atoms. To achieve the desired 12 wt % Fe concentration
one Mg atom was then substituted with Fe.

Figure 14 shows the theoretical Fe K-edge spectra calcu-
lated at 0 (HS) and 83 GPa (LS) using a self-consistent
method to fill the Fe 3d states. When applying pressure to
(Mg gsFeq 12)Si05 perovskite, two main features are seen in
the calculated absorption spectra: (i) the onset peak gets
broadened and its intensity maximum moves to higher en-
ergy values (cf. features A; and A,), and (ii) the two bumps
labeled (B;) and (B|) convolute into a one single peak (B,)
when going toward high-pressure regimes. Similar changes
were registered in the white-line region and in the high-
energy part of the measured spectra shown in Fig. 12. This
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FIG. 15. (Color online) Calculated unoccupied (CB) Fe PDOS
for the (Mg sg,Feg12)Si03 2X2X 1 supercell. The DOSs were
broadened in order to facilitate comparison with the absorption
spectra of Fig. 14.

comparison confirms the power of such a calculational
scheme in reproducing absorption spectra for band systems
that are containing rather delocalized p states. Figure 15 rep-
resents the calculated unoccupied (CB) Fe PDOS whereas
Fig. 16 shows the calculated occupied (VB) partial Fe, O,
and O, PDOS for (Mg gs,Fe 2)SiO3 perovskite.

Figure 15 clearly shows that the spectroscopic signatures
mentioned above originate mainly from the high-pressure be-
havior of the Fe p states. The evolution of features (A,) and
(A,) in Fig. 14 reflect the relative change in the weight of the
Fe s and Fe p PDOS with pressure. Whereas the former un-
dergoes only a slight broadening with compression but does
not shift significantly in energy, the latter is strongly affected,
with an important broadening and energy shift. Features
(B)), (B}), and (B,) are associated almost uniquely to varia-
tions in the Fe p PDOS, and are therefore related to the struc-
tural variations that occur upon compression of the perov-
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FIG. 16. (Color online) Calculated occupied (VB) partial Fe,
0Oy, and O, PDOS for (Mg g3, Feg 12)Si05 perovskite. Note that the
atom types O; and O, constitute the first coordination shell of the
absorbing Fe atom.
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FIG. 17. (Color online) Theoretical Fe K edge at ambient by
fixing the Fe d-state occupations in the (Mg gg,Fe 12)SiO3 perov-
skite model.

skite structure, i.e., to the reduction in the Fe-O distance.

The high-pressure evolution of the Fe K-edge spectra is
therefore attributed to the local geometrical modifications
that are taking place around the absorbing Fe atom. In par-
ticular, when going from 0 to 83 GPa the first coordination
shell of iron, which consists of eight-oxygen ions, shrinks
considerably, thus enhancing the degree of hybridization be-
tween the electronic states that are involved in the Fe-O
bonds.

We see from Fig. 16 that the oxygen s and p orbitals
hybridize well with the s, p, and d states of Fe, indicating
that the spectral shapes shown in Fig. 12 are largely modu-
lated by Fe-O electronic hybridization. As observed for fer-
ropericlase, the computed bandwidths for Fe and O states
become larger, and the electronic density of states get
broader as pressure changes from O to 83 GPa. Here as well,
the calculations show that we should expect spin state modi-
fications to affect mainly the region of the spectra close to
the absorption edge, where the occupied d PDOS is
important.

Spin-polarized s core-hole calculations of the
(Mg ssFeq.12)Si05 model system were also performed. Using
a cell volume corresponding to ambient pressure we first
obtained a magnetization of 5.00wp/cell for a charge-
converged spin-dependent calculation, thus describing the
low-pressure high-spin (HS) situation. We then performed a
fixed spin calculation for the same geometry/volume by im-
posing a magnetic moment per cell of 1.00up in order to
reproduce a low-spin (LS) case. The obtained HS and LS
spectra are shown in Fig. 17 with their relative spin-up and
spin-down components. It is seen that the high-energy fea-
tures (B, and B]) are well reproduced in both spin channels
for the two different HS and LS cases. Also, spin state is seen
to affect (weakly) mainly the energy region close to the ab-
sorption edge.

We further ran SCF calculations for a frozen Fe 3d shell
by using the same theoretical scheme described earlier in
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Sec. III B 1 b. This procedure was applied for unit-cell vol-
umes corresponding to a pressure range of 0-83 GPa and by
imposing a s core hole for a divalent Fe configuration. We
confirmed that the high-energy features labeled B, and Bj
are also spin-transition independent.

To summarize, for the perovskite system the ambient P
theoretical calculations suggest that the effects of a spin tran-
sition on the Fe K-edge data are very weak. This is in quali-
tative agreement with our experimental results discussed
above.

IV. CONCLUSION

In this work we take advantage of recent experimental
and theoretical improvements to perform a systematic
Fe K-edge XANES study on several iron oxides and silicates
under very high pressure. The aim is to establish the
strengths and limitations of this technique in complementing
information on oxidation and electronic state of iron in these
compounds, and to define the abilities of the method to in-
vestigate spin transitions, particularly in the geophysically
important systems: ferropericlase and Al-free and Al-bearing
perovskite.

First, we demonstrate that the quality of the data allows
providing of direct experimental validation for band-
structure calculations. Modern ab initio codes are found to
be able to simulate the main features of the Fe K-edge
XANES spectra in these complex Fe oxides and their evolu-
tion with pressure.

Concerning the sensitivity of XANES spectroscopy to the
valence state of the absorber, by comparing data on a large
variety of samples of known valence at the same pressure,
we can conclude that, whereas the centroid position of the
first peak in the derivative of the XANES is a good finger-
print of Fe valence within the family of pure Fe oxides, it
fails when attempting to include Mg and Ti containing Fe
oxides. We attribute this failure to the modifications intro-
duced in the local and electronic structures following the
substitution of Fe with other elements. These are reflected in
changes in the empty p density of states on Fe, directly
probed by Fe K-edge XANES.

In addition, in perovskites, ilmenite, and ferropericlase, it
is not possible to extract information on the valence of Fe
from the pre-edge feature because this feature is very weak at
ambient pressure and remains weak as a function of pressure.

The evolution with pressure of the energy value of the
absorption onset is seen to be mainly affected by the effect of
bond compression, which makes the edge drift toward higher
energy with pressure at a constant rate. Modifications to this
behavior are indications of phase transitions, such as ob-
served for ilmenite and ferropericlase.

Concerning the sensitivity of Fe K-edge XANES features
to changes in spin state, we conclude that Fe K-edge XANES
has variable sensitivity to the spin transition in different sys-
tems. In ferropericlase, the HS-LS transition is clearly de-
tected, whereas in the perovskites the effect of the HS-IS
transition is visible but less pronounced.

Theoretical calculations are not as yet able to reproduce in
a quantitative way the experimental trends observed on the
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Fe K-edge spectra upon the occurrence of spin transitions but
are extremely useful in helping to understand the origin of
specific features of the spectra. Moreover, they provide in-
valuable explanations for the different sensitivity of spectral
features to the underlying physics in such complex systems.
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