2004.00652v2 [cond-mat.str-el] 13 Jan 2023

arxiv

Phase transitions and spin-state of iron in FeO at the conditions of Earth’s deep
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Iron-bearing oxides undergo a series of pressure-induced electronic, spin and structural transitions
that can cause seismic anomalies and dynamic instabilities in Earth’s mantle and outer core. We em-
ploy x-ray diffraction and x-ray emission spectroscopy along with DFT+dynamical mean-field theory
calculations to characterize the electronic structure and spin states, and crystal-structural properties
of wiistite (Fe1—O) — a basic oxide component of Earth’s interior — at high pressure-temperature
conditions up to 140 GPa and 2100 K. We find that FeO exhibits complex polymorphism under pres-
sure, with abnormal compression behavior associated with electron-spin and crystallographic phase
transitions, and resulting in a substantial change of bulk modulus. Our results reveal the existence
of a high-pressure phase characterized by a metallic high-spin state of iron near to the pressure-
temperature conditions of Earth’s core-mantle boundary. The presence of high-spin metallic iron
near the base of the mantle can significantly influence the geophysical and geochemical properties

of Earth’s deep interior.

Iron monoxide, wiistite (Fe;_,0O), is among the most
representative of compounds making up the terrestrial
planets: as an electrically insulating oxide, it is akin to
the constituents of rocky mantles, yet it can also be a
metallic alloy, such as comprises planetary cores [1-3].
Because it is likely a major component of Earth’s core,
and may also be present near the mantle-core boundary
due to interactions between Earth’s rocky and liquid-
metal regions, characterization of wiistite at high pres-
sures and temperatures is fundamental to understanding
the nature and evolution of our and other planets deep
interior [4-10]. Notably, this one oxide exhibits a richness
of condensed-matter phenomena that can significantly in-
fluence mantle convection, plume stability and other as-
pects of planetary internal dynamics, including crystal-
structural phase transformations and melting, electronic
(e.g., insulator-to-metal) transitions, and spin-state tran-
sitions that affect atomic structure and magnetic mo-
ments [11, 12]. An end-member of magnesiowistite [(Mg,
Fe)O], the second most abundant mineral of Earth’s man-
tle, wiistite exhibits (under pressure) spin-state transi-
tions and other key features of our planet’s most abun-
dant but more complex mineral compound, (Mg,Fe)SiO3
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bridgmanite [11].

Wiistite has a rich phase diagram featuring at least five
crystallographic phases, from the rock-salt B1 (NaCl) (or
low-temperature rhombohedral rB1) to cubic B2 (CsCl)
structure [4-9, 13-16]. A Mott insulator with a rela-
tively large band gap of ~2.4 eV at ambient conditions,
it is known to undergo a Mott insulator-to-metal phase
transition (IMT) under pressure [5, 13-19]. This metal-
lization transition has been claimed to be accompanied
by a high-spin (HS) to low-spin (LS) electronic transition
in iron. Contraction of the iron ionic volume by up to
~20-40 percent at the spin transition results in dramatic
changes in seismological (density, elasticity) and trans-
port properties (e.g., electrical and thermal conductiv-
ity), as well as in chemical partitioning of iron-bearing
minerals [11, 12, 20, 21]. Therefore, documenting the
electronic state of iron in FeO (and other iron-bearing
minerals [23-32]) is thought to be essential for under-
standing the structure and evolution of Earth’s lower
mantle and core-mantle boundary. However, despite be-
ing an archetype for terrestrial planetary materials, FeO
is poorly understood, and its phase diagram and elec-
tronic properties remain controversial, especially at high
pressure and temperatures [4-9, 11-22, 33-35].

In our present study, we address these gaps in un-
derstanding and examine the phase diagram of FeO



[13, 14] using state-of-the-art quantum mechanical
DFT+dynamical mean-field theory (DFT+DMFT) cal-
culations [38-41], along with x-ray diffraction (XRD) and
x-ray emission spectroscopy (XES) measurements at si-
multaneously high temperatures and pressures [42] to de-
termine the crystal structures, electronic and spin state of
FeO over a wide range of pressures. Using DFT+DMFT
it becomes possible to determine on the same footing the
details of a pressure-driven Mott IMT, change in crys-
tal structure and collapse of local moments of FeO. Our
results document the interplay between electron correla-
tion and delocalization (i.e., metallic character) that —
along with changes in crystal structure and iron spin-
state — makes for rich allotropic behavior and significant
variations in elastic properties.
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FIG. 1:  Pressure-temperature phase diagram of PM FeO
evaluated from the DFT+DMFT crystal-structural calcula-
tions. Our results for the phase equilibria among the rock-salt
B1 (NaCl), normal and inverse B8 (NiAs and anti-NiAs), and
cubic B2 (CsCl) crystal phases are shown, as is the distinction
between the HS and LS Fe. The melting curve (dashed black
lines) is from previous experiments (see Ref. 22 and refer-
ences therein), and the pressures at the core-mantle boundary
(CMB) and inner-core boundary (ICB) are indicated at the
top, along with inferred temperatures inside Earth (geotherm:
gray). Our XRD and XES data at pressures near 90 GPa
show only the presence of the HS B1 phase at ~2000 K and
about 67% HS Fe in a mixture of the rB1 and B1 structures
at ~1800 K (red squares). We note that the calculated B1-
B8 and B8-B2 phase boundaries are in agreement with the
experimental data [6, 9, 13, 36, 37].

We start by computing the pressure-temperature phase
diagram of paramagnetic (PM) FeO at temperatures
above 1200 K using DFT+DMFT, taking into account
the B1 (NaCl-type), B2 (CsCl-type), B8 (NiAs-type) and
inverse B8 (Fe and O sites interchanged from BS8) crystal
structures (Figs. 1, 2). We employ a fully self-consistent
in charge density DFT+DMFT method [17-19] imple-
mented with plane-wave pseudopotentials in DFT [43,
44] and continuous-time hybridization-expansion quan-
tum Monte-Carlo algorithm in DMFT [45]. In the
DFT+DMFT calculations for the Fe 3d and O 2p va-

lence states we construct a basis set of atomic-centered
Wannier functions within the energy window spanned by
these bands [46-48]. The effects of electron correlations
in the Fe 3d shell are described using a Coulomb interac-
tion U ranging from 7 to 9 eV, as estimated for the dif-
ferent crystallographic phases (near thier stabilty range)
within constrained DFT [48, 49]; also, we take the Hund’s
exchange energy J = 0.86 eV. In our calculations we ne-
glect the possible pressure-dependence of the Hubbard
U and Hund’s J values [35, 50], whose variation upon
compression is assumed to be small. Further the details
of the DFT+DMFT calculations see in Supplementary
Materials (SM).

In order to account for the thermal contribution to the
lattice free energy it requires to evaluate the phonon dis-
persion relations of PM FeO within DFT+DMFT. This
is still a challenge for the systems near the Mott IMT [52—
59]. Instead, we use a more simplified Debye-Griineisen
model in which the effects of quasiharmonic contributions
are taken by approximate description of the Griineisen
parameter using the Dugdale-McDonald’s formula [51].
It gives a reliable estimate for the evolution of the Poisson
ratio, Griineisen ratio, and Debye temperature as a func-
tion of lattice volume. (We note however that this model
does not include the effects of anharmonicity and vibra-
tional instability which seems to be relevant, e.g., near
the triple point). The local magnetic moments entropy
contribution is estimated as ASp., = R In(Mjoe + 1)

(see [60] and reference therein), where Mo, = (m2)1/2
is the instantaneous local moment of Fe ion evaluated
in DMFT. Our results for the phase diagram are sum-
marized in Fig. 1. Our results for the phase stability,
equation of state and local magnetic moments obtained
from the DFT+DMFT calculations for a temperature
near 1200 K are shown in Fig. 2.

Our calculations indicate that FeO is a Bl-structured
Mott insulator at pressures below ~40-60 GPa, with
a large (~2 eV) energy gap between the Fe 3d states
(Fig. 3), in agreement with previous findings [15, 17, 18].
Fluctuating atomic-scale magnetic moments of ~3.6 up
imply a HS S = 2 state for the Fe?T ion, as expected for
the 3d° configuration in an octahedral crystal field (e.g.,
see Fig. 2 of Ref. [11]). Under pressure, FeO exhibits elec-
tronic transitions, followed by crystal-structural transfor-
mations. We find a Mott IMT for the B1 phase at about
70 GPa and 1500 K, in accord with past shock-wave and
static measurements [4-8]. In addition, our analysis of
the pressure and temperature dependence of the spectral
function of FeO calculated within DFT4+DMFT implies
a negative Clapeyron slope for the Mott IMT, suggestive
of Fermi-liquid behavior and consistent with recent ex-
perimental results [9, 13-16, 33]. As the volume change
is calculated to be small (< 1%), even a small (positive)
entropy change can explain the temperature-dependence
of the metallization transition.

Our results show that at high temperatures the Mott
IMT does not overlap with the HS-LS transition of iron.
Instead, the spin and metallization transitions appear to
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FIG. 2: Total energy (bottom) and instantaneous local mag-
netic moment /(m2) (top) of PM FeO as a function of vol-
ume, as obtained by DFT4+DMFT calculations for different
phases at a temperature 7' = 1160 K. Colors indicate the
stability ranges of different crystallographic phases.

be decoupled, and our calculations reveal the existence
of a novel Fe HS metallic phase over the ~40-150 GPa
pressure range at temperatures between 1500 and 4000 K,
with transition to the LS state at conditions near to those
of the core-mantle boundary (Fig. 1). The spin-state
transition in the metallic B1 phase has a positive P-T
slope. While the B1 LS phase has a considerably smaller
unit-cell volume and hence larger bulk modulus, by ~ 9%
and 48%, respectively, at about 110 GPa and 2500 K, we
expect a broad phase boundary at the HS-LS B1 phase
transition at high pressure and temperature conditions.
It is also likely that the spin transition is spread out
over a finite pressure range — hence depth interval — in
Earth’s mantle, despite the sizable change of properties
involved. The Bl structure remains stable at the high
temperatures of Earth’s mantle and outer core, and the
high-spin metallic form of this structure is proposed to
be stable near core-mantle boundary conditions (Fig. 1).
Below 1500 K, the non-metallic, HS B1 phase trans-
forms to the inverse B8 (iB8, anti-NiAs) structure above
~62 GPa (Fig. 2). Our results suggest that the unit-cell
volume drops by ~10.7% (while most likely this change
spreads out over a broad pressure range), with only a
slight increase in bulk modulus, from 140 to 143 GPa.
The iB8 phase is still in a HS state (local moment ~3 pup
upon compression to ~0.7 V), but the trigonal prismatic
coordination of the iron site causes orbital-selective col-
lapse of the local moments [61]. In fact, while the Fe
a14 states are metallic and show a quasiparticle peak at
the Fermi level, a small energy gap remains for the Fe
ey states (see Fig. 3). It is seen as a divergence of the
imaginary part of the Fe e, self-energy Im¥(w,) at the
lowest Matsubara frequencies (see the inset of Fig. 3).
The iB8 phase then transforms to the normal B8
(NiAs) structure above 89 GPa (at ~1200 K), with a
small reduction in unit-cell volume (~2.1%) but a near
doubling of the bulk modulus to 274 GPa. The transi-
tion involves a collapse of local magnetic moments into
the LS state (~0.9 pp, see Fig. 2), and appearance of
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FIG. 3:  Partial spectral functions showing the electron-
orbital contributions to bonding in different phases of PM
FeO, as calculated by DFT+DMFT at T = 1160 K. Contri-
butions from Fe 3d states (t2g4, or its split a14, e; components,
and e, states) are shown by solid curves, and O 2p states are
given by shaded area (cyan). For iB8 FeO the inset shows
a Matsubara plot of the imaginary part of the self-energy,
Im> (iwy).

VoK VS KES PESTYSOAV/V (%)
Bl 144.1 140 122.4 210 73 9
B2 133.7 136 110.8 256 116 6
iB8 138.1 143 119.6 227 62 7
B8 143.3 128 114 274 43 13

TABLE I: Parameters of the third-order Birch-Murnaghan
equation of states of PM FeO phases, as evaluated from the
DFT+DMEFT total energy results at an electronic tempera-
ture T = 1160 K. V4 is volume and Ko r isothermal bulk
modulus (subscript zero indicates zero pressure, P = 0, and
dKo,r/dP is fixed to 4.1).

correlated metallic behavior. The B2 (CsCl) structure,
which is stable above 290 GPa at ~1200 K, is also a LS,
correlated-electron metal, as indicated by the lack of a
band gap in the spectral density and the low value of
local moments (Figs. 2, 3).

Our results thus suggest that wiistite, which may ap-
pear in the lowermost mantle due to chemical reactions at
the core-mantle boundary, is metallic and could produce
seismological anomalies caused by spin-state transitions
at deep-mantle depths (~1700-2000 km). Enhanced elec-
trical conductivity due to the presence of metallic FeO
would influence heat transfer from Earth’s core into the
mantle, as well as the temporal evolution of magnetic
field lines crossing into the lower mantle. From the per-
spective of phase stability, it is notable that the metal-
lization and spin-state transitions are decoupled for the



B1 phase of FeO at high temperatures (Fig. 1).
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FIG. 4: Fe K x-ray emission spectra collected from FeO at
high pressure as a function of temperature. The spectra have
been normalized and shifted so that the main peak is centered
around 7058 V. Inset: Integrated absolute difference (IAD)
for a few of the collected spectra. The abundance of the HS
state remains close to 100% up to 74 GPa, and decreases ap-
preciably upon further compression [90 GPa quenched (Q)
and 135 GPa room temperature (RT)]. We observe complete
recovery (with 100% abundance) of the HS state, and com-
pletion of the rB1-B1 structural transition, upon heating to
2050 K (spectrum at 90 GPa, 2050 K).

To verify these results, and specifically to confirm the
existence of the HS Fe in the metallic B1 phase, we used
XES and XRD to characterize FeO at 60-140 GPa and
temperatures up to 2100 K (Fig. 4). Such a combined
experimental study is technically challenging, and has
rarely been attempted [42, 62]. Our x-ray spectroscopy
was conducted on samples with stoichiometry Feg 94O
(see SM for the details) at beamline 13-IDD of the Ad-
vanced Photon Source, Argonne National Laboratory.
For combined XRD and XES measurements at high pres-
sures and temperatures, a XES system was added to the
13-IDD beamline that includes laser heating for XRD
with diamond-anvil cells. Our diffraction measurements
were performed at a wavelength of A\ = 0.4959 A with a
Mar165 CCD detector. Iron Kpg 3 spectra were collected
using an excitation energy of 10.75 keV with a spot size
of ~ 4 x 4 pm, and a curved Si 440 analyzer (a = 5.431
A) in a Rowland circle spectrometer geometry having
nominal spherical diameter of ~1000 mm (an Fe wire is
used to calibrate the analyzer angle of 66.18°, assuming
that the main peak is at 7058 eV). Spectra were collected
from 7018 to 7078 eV in ~0.3 eV steps (1-10 s collection
time for each step), with each measurement repeated an
even number of times (2-10). At each step the entire
region-of-interest on the detector is summed, and the fi-
nal spectrum is a summation of all repetitions. A sample
of siderite FeCOg3 at 60 GPa was used as a low-spin stan-
dard [63] in order to evaluate the integrated absolute dif-
ference (IAD) between the sample and the LS FeCOj as

E shirte e
IAD = f ! |In};7~f$nd (B)— IEOSTEL)LS( )dE, where Ipoprm (E)

is the normalized to a unit background-subtracted spec-
trum Lnorm (E) = I(E)/ foos [I(E)|dE; E; ~ 7030 eV is
just before the satelhte peak, Ey ~ 7045 eV, above (see
SM).
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FIG. 5: A relative abundance of the Fe HS state to that
at ambient pressure (HSp) at high pressures and either room
temperature (RT) or high temperature (HT), as calculated
from IAD obtained from XES (squares, triangles and circles
represent RT, HT and quenched data, respectively). Colors
represent data collected from different sample runs. Note that
Ozawa et al. and Mattila et al.’s data were obtained after
laser-heating, resulting in a structural transition into the B8
phase [33, 64]. Inset: HS/HSo abundance at RT (unheated
samples), revealing the sluggish spin transition induced by
pressure alone. Open magenta and orange squares represent
the RT Mossbauer spectroscopy results obtained by Hamada
et al. [65] and Pasternak et al. [20].

At room temperature, we find the iron to be in the HS
state up to 74 GPa, with the LS Fe appearing on fur-
ther compression: the ratio of high- to low-spin iron in
FeO drops to about 50% by 110 GPa (Fig. 5). This is
in agreement with Méssbauer measurements [20] and re-
cent DFT+DMFT calculations [15, 17-19], but is not en-
tirely consistent with prior XES work [21]. We attribute
this difference to the previous x-ray spectroscopy having
probed the sample from the side (through a Be gasket),
across the sample’s full pressure distribution, making it
difficult to see the disappearance of the Kz shoulder that
is the signature of the LS state. We note that FeO is in
the distorted (rBl) form of the B1 structure over most
of this pressure range [4, 13, 14], with the sluggish spin
transition starting in the rB1 phase and being followed
by transformation to the B8 phase at room temperature.
Therefore, consistent with our DFT+DMFT calculations
we conclude that the electronic-spin and structural tran-
sitions are decoupled.

With increasing temperature near 90 GPa, XRD shows
the presence of the low-temperature rB1 structure up to
about 1800 K, and completion of the rBl-to-B1 phase
transition — with the iron 100% in the HS state —



upon heating to 2050 K (Fig. 1). Our experiments
do not confirm the previously reported LS Bl phase
of FeO above ~70 GPa at temperatures above 1300 K
[14, 15, 17, 34], but they are in qualitative agreement
with our DFT+DMFT calculations. Furthermore, we
note the sensitivity of the spin state to changes in the
crystal-field splitting of the Fe 3d energy levels across
the rB1-B1 phase transformation of FeO.

We thus conclude from both experiment and theory
that a novel HS Bl-type phase of FeO appears near con-
ditions relevant to Earth’s core-mantle boundary. There-
fore, if present in this region, as might be expected due
to chemical reactions between mantle rock and liquid
metal of the core, FeO can contribute to the seismological
anomalies of the D” region, and cause lateral variations
in heat flow into the base of the mantle (e.g., Ref. [12]).

Our DFT+DMFT results are for crystalline phases, so
it is premature to make quantitative predictions about
the properties of Earth’s fluid outer core [66]. Nev-
ertheless, the evidence we have found for significant
changes in bulk sound velocity (v/K /p) across both struc-
tural (B8-B2: about -5%) and electronic (HS-LS: about
+10%) transitions in metallic FeO raises the possibil-
ity of anomalous variations in seismic-wave velocity with
depth through the core. Specifically, it may be impru-
dent to treat the outer core as though it followed the
isentropic equation of state of a single phase, because
changes in liquid and electronic structures could cause
subtle variations in the depth dependence of seismic-wave
velocity throughout this region. Our results also prompt
further investigation of the electronic states of Earth’s
lower-mantle minerals as possible sources of seismic and
chemical heterogeneity, as well as thermal instabilities.
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