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Spin states of iron impurities in magnesium oxide under pressure: A possible intermediate state
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Ferropericlase (Mg,Fe)O is a major lower mantle mineral, and studying its properties is a fundamental step
toward understanding the Earth’s interior. Here, we performed a first-principles investigation on the properties of
iron as an isolated impurity in magnesium oxide, which is the condition of ferropericlase under which iron-iron
interactions could be neglected. The calculations were carried using the all-electron full-potential linearized
augmented plane wave method within the density functional theory in the generalized gradient approximation
plus the on-site Hubbard correction. We present the electronic and magnetic properties, electric and magnetic
hyperfine splitting of this impurity in high and low spin states for several charge states at zero pressure, which
were then extended to high pressures. For the impurity in the neutral charge state, our results indicated that
there is a metastable intermediate spin state (S = 1), in addition to the high (S = 2) and low (S = 0) spin states.
Those results were discussed in the context of an intermediate spin state, experimentally identified in ferrosilicate
perovskite.
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I. INTRODUCTION

The identification of a pressure induced iron high-to-low
spin transition in ferropericlase, (Mg1−xFex)O,1 and ferrosil-
icate perovskite (Mg1−xFexSiO3)2 has stimulated investiga-
tions on several aspects of this transition.3–10 Since those
are the two major minerals in Earth’s lower mantle and the
respective iron spin transitions were observed in mantle ther-
modynamic conditions, important geophysical implications
could be anticipated, in terms of mantle chemical composition,
heterogeneity, elasticity, and radiative transmission.11

In ferropericlase, an iron atom stays in a substitutional
magnesium site, donating two valence electrons to its nearest
neighboring oxygen atoms. The six remaining 3d-iron-related
electrons generate a t2 + e pair of orbitals in the crystalline
field, with the t2 orbital below the e one. At low pressures,
the exchange splitting prevails over the crystalline field one,
favoring the high spin (HS) S = 2 state. With increasing pres-
sure, the crystalline field splitting becomes more important,
favoring the low spin (LS) S = 0 state beyond a certain
transition pressure. Early experiments at room temperature3

have suggested that this transition should be very sharp,
occurring in a narrow pressure range. On the other hand, more
recent theoretical6,9,10 and experimental7,12,13 investigations
showed that it should be smoother, across wide pressure
and temperature ranges. The current model for this transition
describes ferropericlase as a solid solution with simultaneous
concentrations of iron atoms in HS and LS states, which
are determined by the thermodynamic conditions of the
material.9,10

The phenomenology of iron in mantle minerals is very rich,
and a proper investigation on its properties is a fundamental
step to build compositional models for the Earth’s interior.
However, there are many open questions that still need to be
addressed in order to understand the implications of the spin
transition for the mantle physical properties. For example,
there are several conflicting results in the literature concerning
the elasticity of ferropericlase across this transition.12–15

Another important element concerns the radiative conductivity

of the mineral across the spin transition,5,16 since such
knowledge may help to build better temperature profiles of
the Earth’s lower mantle and core. There is also considerable
uncertainty on the pressure range of that spin transition.
While earlier experiments1,3–5 indicated that it occurred in
the 30–40 GPa pressure range, at room temperature, more
recent investigations suggested higher pressures for such
transition.16–18

An equivalent high-to-low spin transition has been observed
for iron in ferrosilicate perovskite,2,8 the most abundant lower
mantle mineral. An intriguing result is that while for iron in
ferropericlase, only two spin states have been identified so far,
in ferrosilicate perovskite, an intermediate (S = 1) spin state
has also been observed.8 This leads directly to the question
whether this intermediate spin state could be also energetically
favorable in ferropericlase. Several other questions are also
open, such as the concentration of available electrons in the
lower mantle, as result of intrinsic or extrinsic defects in those
minerals. This is an important property that could help to deter-
mine the charge state of iron atoms in minerals at those depths.
Here, we present a theoretical investigation that explores some
of those questions, considering the case of an isolated iron
atom in magnesium oxide. In that case, iron was modeled
as an impurity, such that the effects of iron-iron interactions
could be neglected, and we could focus only on the properties
of an isolated iron center. The first-principles calculations
were performed using the all-electron full-potential linearized
augmented plane wave method, within the density functional
theory and the generalized gradient approximation plus the
on-site Hubbard correction in the 3d-related iron states. The
introduction of this potential, computed self-consistently, was
a fundamental step to provide an appropriate description
on the iron-related electronic energy levels. We computed
the structural, electronic, and magnetic properties of iron in
several charge states, and the respective electric and magnetic
hyperfine splitting parameters of active centers. We then
investigated the pressure effects on those properties, and
compared our results to available experimental data.
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II. METHODOLOGY

The calculations were performed within the density func-
tional theory, using the all-electron full-potential linearized
augmented plane wave (FP-LAPW) method, implemented in
the WIEN2K package.19 The electronic exchange interaction
was described within the generalized gradient approximation20

plus the Hubbard U potential correction (GGA + U ).21 The
on-site U values for the iron 3d states were obtained self-
consistently using the methodology described by Madsen and
Novák.22

We considered a 54-atom MgO rocksalt reference supercell
in which an iron atom was placed in a substitutional magne-
sium site. The irreducible Brillouin zone was sampled by a grid
of 2 × 2 × 2 k points. Convergence on the total energy of the
system was achieved using a 7.0/R parameter, which defines
the total number of plane waves to describe the electronic wave
functions in the interstitial regions, where R is the sphere radius
of all the atomic regions (R = 0.90 Å). For a certain atomic
configuration, self-consistent iterations were performed until
reaching convergence on both the total energy (10−4 eV/atom)
and the total charge in the atomic spheres (10−5 electronic
charges/atom). The positions of all atoms were relaxed, with
no symmetry constrains, until the forces were smaller than
0.02 eV/Å in any atom. In order to get results for different
spin state configurations, some simulations were performed
with constrained spin states.

The formation energy of a charged iron impurity in MgO,
E

q

f (MgO : FeMg), is defined as23

E
q

f (MgO : FeMg) = E
q
tot(MgO : FeMg) − Etot(MgO)

+ μMg − μFe + q(εv + εF ),

where E
q
tot(MgO : FeMg) is the total energy of a supercell, in

the q charge state, containing the substitutional iron impurity,
Etot(MgO) is the total energy of a MgO crystal considering
the same reference supercell. Additionally, εv is the valence
band top, adjusted to the band structures of the bulk material
with and without the impurities, for each q charge state.23,24

This correction in the valence band top is necessary, due to
inhomogeneities in the charge density of the finite primitive
cell, which causes a Coulomb multipole interaction with its
images, as discussed in Ref. 25. Additionally, a uniform jellium
background was implicitly considered to cancel out the long
range multipole interactions of charged supercells.23 εF is the
Fermi level, μFe and μMg are, respectively, the Fe and Mg
chemical potentials, computed within the same methodology
described earlier, for the stable metallic crystalline phases. All
the approximations and convergence criteria presented in the
previous paragraphs have been shown to provide an accurate
description on the electronic and structural properties of defect
centers in a number of materials.26–28

The introduction of a Hubbard potential correction repre-
sented a crucial element for an appropriate description of the
3d-iron-related states in ferropericlase and iron oxide,6 and
consequently in the systems studied here. It is well established
in the literature that the density functional theory provides a
poor description of the strongly correlated electronic systems,
such as the 3d-iron-related levels in the systems discussed here.
The calculations with the local density or generalized gradient
approximations lead to a metallic state for ferropericlase or

FIG. 1. (Color online) (a) Computed on-site Hubbard U values
for the 3d states, as a function of the volume of the oxygen
octahedral around the iron atoms, for HS (squares) and LS (circles)
configurations. Our results (full symbols) are compared to those of
other theoretical investigations (open symbols).6 (b) and (c) show the
total density of states (TDOS) (dark gray regions) and partial density
of states (PDOS) (solid lines in red) projected in the Fe 3d-related
energy levels of the HS state, without and with the correction,
respectively. The spin up (down) states are represented in top (bottom)
of the figs. (b) and (c). Additionally, the energy reference is set at the
valence band top of MgO (εv = 0), and the dashed lines represents
the highest occupied level.

iron oxide, although experimental results indicate that those
systems are insulators.6 The introduction of a Hubbard on-site
correction increased the correlation interactions of 3d-related
electronic levels, providing results more consistent with the
available experimental data. There are several procedures to
compute the Hubbard potential and, over the last few years,
several U values have been used for those systems.6,29 On
the other hand, our investigation computed this potential
self-consistently.22

Figure 1(a) shows the values of the Hubbard potential as a
function of the volume of the oxygen octahedron around the
iron atom, as compared to the values used by other authors for
ferropericlase. Only for reference, some authors used constant
values (3 or 5 eV) for the Hubbard potential irrespective of
the octahedral volume.29 The self-consistent values used here
are considerably larger than the ones from other calculations.
However, it should be pointed out that the value of this potential
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depends strongly on the methodology: while our calculations
were performed within the full potential method (FP-LAPW),
others were performed within the pseudopotential method.30

For example, in the Fe2O3 system, the iron Hubbard potential
was found to be 8.73 eV within a full potential calculation22

and 3.3 eV within a pseudopotential calculation.31 Addition-
ally, other recent theoretical investigations have also used
large U values for the 3d-related energy levels of iron,22,32,33

consistent with our values.
Figures 1(b) and 1(c) show respectively the density of states

of the system without and with the correction, indicating that it
provides an appropriate description of the electronic structure.
Without the correction, the energy difference between the
highest occupied and lowest unoccupied iron-related levels
was 0.5 eV. This energy difference changed to 5.5 eV with the
correction.

III. RESULTS

A. Zero-pressure results

Under ambient conditions, MgO crystallizes in the rocksalt
(B1) structure, with a measured lattice parameter of aexpt =
4.216 Å, presenting a large direct electronic band gap of
7.67 eV.34 In this study, using the approximations presented in
the previous section, we found an equilibrium lattice parameter
of ath = 4.21 Å and a direct band gap of Eg = 4.50 eV.
Those values are consistent with values from other theoretical
investigations using similar approximations35 and in a good
agreement with experimental data.34

We considered several charge and spin states for the
substitutional iron impurity, using the supercell with the MgO
theoretical lattice parameter. We computed the formation and
transition energies, along with the respective structural and
electronic properties of HS and LS states. For a certain charge
state, in order to build an energy stability curve as a function
of iron magnetic moments, we performed a set of calculations
constraining the total spin of the system.

Table I presents the properties of the impurity in several q

charge states, (MgO : FeMg)q . The presence of a substitutional
Fe impurity in MgO caused important relaxations on the neigh-
boring oxygen atoms. For the impurity in the neutral charge
state in its HS, the system presented an outward relaxation with
respect to the original MgO crystalline structure. The volume

of the oxygen octahedron around a Mg atom was 12.81 Å3

in MgO, while with the substitutional iron impurity in its HS
state it changed to 13.45 Å3. This outward relaxation hides an
important symmetry lowering, due to a Jahn-Teller distortion,
as result of the iron-related partially occupied electronic energy
levels. Going from this HS state to the LS one, there was a
substantial inward relaxation, with the volume of the oxygen
octahedron going to 13.08 Å3, representing a 3% volume
reduction with respect to that in the HS state. Additionally,
since the LS state presented a full shell electronic occupa-
tion, it had an octahedral symmetry. This volume reduction
was in reasonably good agreement with the 7% reduction,
computed in another theoretical investigation on ferropericlase
(Mg1−xFexO with x = 0.1875.6 The calculations for that alloy
allowed crystalline relaxation with the presence of Fe, while
our calculations considered a fixed MgO lattice, justifying
a smaller inward relaxation on the octahedron. According to
Table I, for the positive and doubly positive charge states, there
were also substantial inward relaxations going from a HS to
a LS state. Additionally, for a certain spin state (HS or LS),
the octahedron became smaller as going from a neutral charge
state to positive or doubly positive ones.

We found that Fe was stable only in three charge states
(neutral, positive, and doubly positive), presenting 3d-related
energy levels in the MgO band gap. For the neutral charge
state, we computed the properties of the HS and LS states,
and found that the formation energy of the HS state is 1.44 eV
lower than that of the LS one. Consistent with theoretical6,9 and
experimental3,4 results for ferropericlase, our results indicated
that the HS state is considerably more stable than the LS one at
low pressures. For the positive charge state, there are also the
HS and LS states, corresponding to 5/2 and 1/2 spin values.
Here, the formation energy of the HS state is 2.12 eV lower
than the LS one. For the doubly positive charge state, there are
also the HS and LS states, respectively, with S = 2 and 1, with
the HS state having lower formation energy than the LS one.
The results indicated that, for low pressures, the HS state was
more stable than the LS one, irrespective of the charge state of
the center.

Figure 2 shows the formation energy of the (MgO : FeMg)q

center at several q charge states as a function of the MgO Fermi
level (0 � εF � Eg), where the valence band top was set to
zero (εv = 0) and Eg is the materials band gap. For the HS

TABLE I. Results for isolated substitutional Fe impurities in MgO at zero pressure: spin state configuration, total spin (S), the localized
magnetic moment inside the atomic iron sphere (μFe

B ), the volume of the oxygen octahedron around the Fe atom (Voct), formation (Ef ), and
transition (Et ) energies for several q charge states, and magnetic hyperfine parameters (A1, A2, and A3). The transition energies were computed
with respect to the MgO valence band top (εv), as discussed in the text. Volumes, magnetic moments, energies, and hyperfine parameters are
given, respectively, in Å3, Bohr magneton, eV, and MHz.

Center State S μFe
B Voct Ef Et A1 A2 A3

(MgO : FeMg)0 HS 2 3.44 13.45 10.14 9 28 28
IS 1 1.73 13.30 11.41 −20 49 38
LS 0 0.0 13.08 11.58 0 0 0

(MgO : FeMg)+ HS 5/2 4.13 12.02 6.31 + εF 3.83 (+/0) 20 20 20
IS 3/2 2.80 11.67 9.73 + εF 1.68 (+/0) −7 34 34
LS 1/2 0.98 11.20 8.43 + εF 3.15 (+/0) 4 36 22

(MgO : FeMg)2+ HS 2 4.12 11.94 5.53 + 2εF 0.78 (2+/+) 25 25 25
LS 1 2.55 10.45 6.31 + 2εF 2.12 (2+/+) −5 38 38
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FIG. 2. (Color online) Formation energies of (MgO:Fe)q as a
function of Fermi energy position in the MgO bandgap for the isolated
impurity. The zero of Fermi level corresponds to the valence band
top. Square, triangle, and circle symbols correspond, respectively, to
HS, LS, and IS states at zero pressure.

state, the doubly positive charge state is stable for 0 � εF �
0.78 eV, the positive charge state is stable for 0.78 � εF �
3.83 eV, while the neutral one is stable for εF > 3.83 eV.
According to Fig. 2, since formation energy of the LS state
is higher than the one of the HS state, the stability curve
corresponding to the LS state is over the curve corresponding
to the HS one for any value of the Fermi level. Since the
density functional theory calculations underestimate the MgO
band gap by more than 3 eV, when compared to experimental
data,34 as discussed earlier, then the neutral charge state,
(MgO : FeMg)0, is expected to be the stable configuration for
the Fermi level lying in the top half part of the MgO band gap.

We also computed the energy barrier, as a function of the
total magnetic moment, for the systems going from a HS
toward a LS state. In order to perform such analysis, the
energetics of the systems were computed with constrained
intermediate magnetic moments between the HS and LS
configurations, in the neutral charge state. Figure 3 presents
the total energy, of the neutral charge state, as a function of
spin configurations of the centers between S = 0 and 2 states.
The results indicated that going from a HS state to a LS one,
there was a metastable intermediate spin (IS) state, with S = 1.
The Hubbard potential value of the IS state is essentially the
same of the HS one. This IS state had a total energy of about
1.30 eV higher than that of the HS state, and even a little smaller
than the LS one. This IS state had a volume of the oxygen
octahedron of 13.30 Å

3
, which is a little smaller than that of

the HS state (of 13.45 Å
3
). The presence of an intermediate

spin state was carefully explored in order to check if it was not
only a theoretical artifact. In order to explore this IS state, we
performed calculations with several U values (from 0 to 9 eV),
and we found that the IS state is metastable in all those cases.
Additionally, we performed calculations with unconstrained
magnetic moments around S = 1 (with S = 0.75 and 1.25),
and both calculations converged toward the IS state with S = 1.
For the positive charge state, we also observed an IS state in

FIG. 3. Total energy difference (�E), with respect to the total
energy of the HS ground state, of (MgO : FeMg)0 as a function of the
spin of the center (S) at zero pressure. The solid lines are only a guide
to the eyes.

a metastable configuration, while for the doubly positive one,
we found no IS state.

At zero pressure, the large difference in total energies, for
the neutral charge state, indicated that essentially all the iron
centers would be in the HS state. Considering the solid solution
model with concentrations of HS and LS states,9,10 our results
indicated that there would be very small concentrations of LS
and IS states at low pressures,36 even at high temperatures. The
energy barriers for the spin crossover are very large for both
the HS-IS and IS-LS transitions. Here, we should point out that
the introduction of a Hubbard potential, to provide a proper
description of the electronic structure of the system, comes
with a price: a poorer description of the total energy of the
system. Several attempts have been introduced in the literature
to improve the description of the total energy.37 Therefore there
are important uncertainties in the energy barriers for the spin
crossover.

We also found that the IS configuration is a possible spin
state for Fe in ferropericlase, and is fully consistent with
the experimental observation of an equivalent IS state in
ferrosilicate perovskite.8 However, the small difference in the
oxygen octahedron volume, between the HS and IS states,
may hamper an identification of this center in ferropericlase
using several experimental methodologies. A possible way to
identify such center is by electron paramagnetic resonance
(EPR) spectroscopy, in which the hyperfine parameters could
be measured. Table I presents the magnetic hyperfine param-
eters for all the electrically active iron centers in MgO at zero
pressure. For the (MgO : FeMg)0 center, the differences in those
parameters for HS and IS states may allow an identification of
this IS state by EPR measurements.

The difference in the electronic structure between the HS
and IS states could also help identifying such IS state. Figure 4
presents the electronic structure of the 3d-iron-related energy
levels in (MgO : FeMg)0 for the HS, IS, and LS states. In the
LS state, the system consists of only t2 + e levels in a close
shell configuration. The t2 level is fully occupied near the
valence band top of MgO and the e one is unoccupied in
the conduction band. For the HS state, due to the symmetry
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FIG. 4. (Color online) The Kohn-Sham spin-polarized energy
eigenvalues around the � point, representing the 3d-related Fe levels
around the gap region for isolated substitutional neutral Fe in several
spin configurations: (a) S = 2 (HS), (b) 1 (IS), and (c) 0 (LS). The gap
level occupations are given by the numbers of filled circles. Numbers
in parentheses represent the d-character percentage of charge inside
the Fe atomic sphere. Up and down arrows represent the spin up and
spin down levels, respectively.

lowering, in comparison to the LS state, the t2 level splits
into a + e levels. The HS state consists of five electrons with
spin up and one with spin down. The last occupied level is
an a↓ orbital, with 69% of d character (inside the Fe sphere),
about 1 eV higher than the valence band top of MgO. Finally,
the IS state has the highest occupied level as an e↓ with two
electrons, and with 48% of d character. This level is near the
valence band top, while the first unoccupied level is inside the
conduction band.

B. High-pressure results

A possible way to explore the properties of iron impurities
in MgO is observing the pressure effects. This would be
specially important to identify the IS state, using EPR or
Mösbauer spectroscopies.

First of all, in order to provide consistent results for MgO
under pressure, we explored the elastic properties of MgO.
Our calculations indicated a bulk modulus of 152 GPa, using
a third-order Birch-Murnaghan equation of state, which is
fully consistent with the values obtained by other theoretical
investigations using similar approximations35 and in excellent
agreement with experimental data.34 This equation of state
was later used to obtain the dependence of the MgO lattice
parameter with external pressure.

An important property is to check the stability of the
spin states as a function of pressure. In ferropericlase, high
to low spin transition has been observed in the 30–50 GPa
range at room temperature, depending on the concentration of
iron in the material.38,39 For very low iron concentrations, it
has been found a transition near 30 GPa. In order to check
the stability of the spin states of iron atoms in MgO, we
computed the respective enthalpy of formation as a function
of pressure for different spin states at the neutral charge state.

0 20 40 60 80 100
Pressure (GPa)

10

15

20

25

H
  (

eV
)

f

FIG. 5. (Color online) Enthalpy of formation (Hf ) of iron impu-
rity in magnesium oxide in the neutral charge state, (MgO : FeMg)0,
as a function of pressure at different spin states. Square, triangle, and
circle symbols correspond respectively to HS, LS, and IS states.

In order to obtain the enthalpy of formation, we computed
the respective volumes of formation, following the procedure
used in other systems.40 Figure 5 shows the enthalpy of
formation as a function of pressure for iron in MgO. The
results indicated that the HS and LS curves cross each other at
about 20 GPa, indicating an spin transition. This result is fully
consistent with experimental data for ferropericlase at low iron
concentrations.39 The figure also shows that across the pressure
range, the IS is always higher in energy than other spin states.

We observed that, for all charge states, the external
pressure does not modify the point symmetry of the centers,
only compressing the respective oxygen octahedra. Therefore
pressure modifies only slightly the center structures, affecting
more strongly the electronic structures, as the energy levels
are shifted with respect of the materials band gap.

FIG. 6. (Color online) Magnetic hyperfine parameters: A1

(squares), A2 (triangles), and A3 (circles) for the (MgO : FeMg)0

center, in HS (close symbols) and IS (open symbols) states, as
a function of pressure. The pressure, as a function of the lattice
parameter, was computed considering the fitting of a third-order
Birch-Murnaghan equation of state.
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FIG. 7. (Color online) Quadrupole splitting (QS) of (MgO :
FeMg)0 center in HS (squares), IS (circles), and LS (triangles) states
as a function of pressure.

Figure 6 presents the theoretical magnetic hyperfine param-
eters for the HS and IS states in the neutral charge state as a
function of pressure. The large differences in the hyperfine
parameters, between HS and IS states, may allow a proper
identification of this IS state in ferropericlase. The figure
also shows that those parameters are essentially insensitive
to external pressure.

Nuclear quadrupole resonance is another technique that
could allow to distinguish the HS and IS states, in which
the measurements are associated to the electric field gradient
(EFG) of each center. We computed the EFG of all spin states

in the (MgO : FeMg)0 as a function of pressure. The computed
electric field gradient, Vzz, at the center of the iron nucleus is
converted to the quadrupole splitting (QS) value, using the
relation QS � eQVzz/2h, where h/e = 4.1356692 × 10−15

V/MHz and Q denotes the nuclear electric quadrupole mo-
ment of iron. The EFGs were converted to the QS values using
the 57Fe nuclear quadrupole moment of Q = 0.16 ± 0.02 barn
(1 barn = 10−28 m2).41 Figure 7 shows the QS of the (MgO :
FeMg)0 center as a function of pressure in the HS, IS, and LS
configurations. The QS is very sensitive to increasing external
pressure, decreasing for the HS state, while increasing for the
IS one, which may help to distinguish the HS and IS states.

Figure 8 compares the theoretical QS values for the
(MgO : FeMg)q , in several charge states with the values of
an iron atom in ferrosilicate perovskite, represented as the
(MgSiO3 : FeMg)0 center in the figure, obtained by recent
theoretical42 and experimental43 investigations. Ferrosilicate
perovskite has two different sites for iron. As a result, for
the (MgSiO3 : FeMg) center, in the neutral charge state, the
iron atom can stay in two net charge states (2+ or 3+),
depending on the lattice site, meaning that iron can donate
two or three electrons to its neighboring oxygen atoms.
According to the figure, the (MgO : FeMg)0 center has QS
values, for all three spin states, that are consistent with the
respective ones associated to the iron in a 2+ oxidation state
(Fe2+) in ferrosilicate perovskite. This provides an additional
confirmation that the iron atom in MgO in a neutral charge
state, (MgO : FeMg)0, has a 2+ oxidation charge state, i.e., it
donates two electrons to its neighboring oxygen atoms. On
the other hand, the (MgO : FeMg)+ center has QS values, for
all three spin states, that are consistent with the respective
ones associated to the iron Fe3+ in ferrosilicate perovskite,

FIG. 8. (Color online) Our theoretical results (c) for the QS in (MgO : FeMg)q (q = 0, +, or 2+) for zero pressure, compared to
experimental43 (a) and theoretical42 (b) QS values at the Fe atom in ferrosilicate perovskite, (MgSiO3 : FeMg)0. In ferrosilicate perovskite, Fe
can have 2+ or 3+ oxidation charge states.
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suggesting that same oxidation charge state for iron in MgO.
Finally, the (MgO : FeMg)2+ center has QS values for spin
states that resemble the ones of the (MgO : FeMg)+ center.
This suggests that iron in the (MgO : FeMg)2+ center has a 3+
oxidation charge state, and not a 4+, as it could be expected by
a simple inspection. All those results indicate similarities in the
properties of iron atoms in MgO or ferropericlase with those in
ferrosilicate perovskite. Such similarities of iron in those two
materials are not fortuitous, they indicate that the d-related
(iron) orbital occupancy plays a major role on the properties
of those centers, even more important than the center symmetry
or the number of neighboring oxygen atoms.

IV. SUMMARY

In summary, we performed a first-principles investigation
on the properties of substitutional iron impurities in magne-
sium oxide. We found that those centers can stay stable in three
charge states: neutral, positive and doubly positive ones. The
center in neutral charge state controls the top part of the band
gap in HS and LS states. For the lower mantle properties,
in which iron is incorporated in ferropericlase alloys, this
property should be discussed, since the Fermi level, which
depends on the amount of available carriers in the system,

is determined by the concentrations of other intrinsic and
extrinsic defects, such as vacancies, interstitials, dislocations,
and impurities.

We also found that the controlling mechanism of spin
transition is associated to the energy barrier between the
different spin states. Additionally, we found that there are
three possible spin states for the iron in neutral charge state,
consistent with results for the iron spin states in ferrosilicate
perovskite. The intermediate spin state, with S = 1, is a
metastable configuration that could be observed in MgO
in minor concentrations by EPR or Mösbauer spectroscopy.
Additionally, our calculations on the quadrupole splitting
indicated similarities of iron atoms in ferropericlase and
ferrosilicate perovskite. All those aspects should be discussed
in the context of the studies on the charge and radiative
conductivity of the lower mantle, with important geophysical
implications for the temperature profile of the inner layers of
the Earth.
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