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Ferropericlase (fp), (Mg,_,Fe,)O, the second most abundant mineral in the Earth’s lower mantle, is expected
to be an essential component of the mantles of super-Earths. Here, we present an ab initio investigation of the
structure and magnetic ground state of fp up to ~3 TPa with iron concentrations (xp.) varying from 0.03 to
0.12. Calculations were performed using LDA + U,. and PBE exchange-correlation functionals to elucidate
the pressure range for which the Hubbard U (U,.) is required. Similar to the end members FeO and MgO, fp
also undergoes a B1-to-B2 phase transition that should be essential for modeling the structure and dynamics of
the mantles of super-Earths. This structural transition involves a simultaneous change in magnetic state from a
low-spin (LS) B1 phase with iron total spin S = 0 to an intermediate-spin (IS) B2 phase with S = 1. This is arare
form of pressure/strain-induced magnetism produced by local cation coordination changes. Phonon calculations
confirm the dynamical stability of the iron B2-IS state. Free energy calculations are then carried out including
vibrational effects and electronic and magnetic entropy contributions. The phase diagram is then obtained for
low-concentration fp using a quasi-ideal solid solution model. For xg.>0.12, this approach is no longer valid.
At ultrahigh pressures, there is an IS-to-LS spin state change in Fe in the B2 phase, but the transition pressure

depends sensitively on thermal electronic excitations and on xpe.

DOI: 10.1103/PhysRevResearch.4.023078

I. INTRODUCTION

Ferropericlase (fp), i.e., rocksalt-type (Mg,_,Fe,)O
(xpe<0.5) is a major phase of the Earth’s lower mantle de-
fined by the 660 km discontinuity produced by the postspinel
transition [1]. Based on the expected composition of rocky
exoplanets [2], it is also expected to exist in the mantles of
super-Earths [3,4], i.e., planets with up to ~14 Earth masses
(Mg). These planets are relevant in searching for habitable
planets and extraterrestrial life; therefore, there is great inter-
est in understanding their internal structure and geophysical
properties. Considerable effort is dedicated to discovering
their constituent phases and their properties. Such phases are
primarily silicates, oxides, and iron alloys involving Mg, Al,
Ca, Fe, Si, H, S, and C. The first step has been to assume
compositions close to Earth’s and those of other terrestrial
solar planets [2] and add complexity as knowledge advances.

The properties of fp are well studied within the Earth
pressure range. For instance, iron in fp undergoes a spin-
state change from a high spin (HS) with total spin § =2
to a low spin (LS) with S =0 [5,6]. However, on Earth,
pressure and temperature at the core-mantle boundary (CMB)
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are only 0.135 TPa and ~4000 K. At this condition, fp can
still maintain NaCl-type (B1) structure [7]. In some terrestrial
exoplanets, CMB conditions might reach several TPa and
~10000K [4]. At ~600GPa, MgO undergoes a transition
from the B1 (NaCl-type) to the B2 (CsCl-type) [8,9], which is
also expected in fp at ultrahigh pressures [10]. A considerable
viscosity reduction across this transition has been reported,
which may have great impact on the mantle convection in
super-Earths [11]. To better understand terrestrial mantles and
the behavior of iron in related phases, characterization of fp
in a broader range of pressure and temperature conditions
has gained interest in the last few years [12,13]. However,
the complexity of the structural change coupled to a possible
spin-state change in fp makes the B1 structural stability field
largely unknown and challenging to pin down at ultrahigh
temperatures and pressures.

The presence of localized 3d electrons in iron requires
methods that go beyond standard density functional theory
(DFT) to address their strongly correlated nature [14-19].
DFT + U is a popular method that adds the Hubbard correc-
tion to standard DFT calculations [19,20]. The reliability of
DFT + U results depends greatly on the Hubbard parameter
U. To be predictive, U should be determined by ab initio
[15] self-consistently [21] and be structure- and spin-state
dependent [22-27]. Moreover, electron delocalization under
pressure induces an insulator-to-metal transition (IMT) in the
FeO end member [28], and it should also occur in fp at
some high pressure. Therefore, the performance of DFT +
U and other functionals needs to be examined carefully and
consistently in both metallic and insulating states of fp.

Published by the American Physical Society
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We study the B1-B2 structural transition and iron spin
states in fp up to 3 TPa using LDA 4+ Us. and conven-
tional DFT methods. The dependence of U on pressure,
volume, structure, and spin state are carefully considered in
the (Mg,_,Fe,)O system with xpe up to 0.125 at ultrahigh
pressures and temperatures. Various entropic contributions
have also been included in the free energy and phase diagram
calculations.

This paper is organized as follows. In Sec. II, we present
the details of computational methods. Section III offers an
electronic structure analysis, including spin states, free energy
calculations, and phase diagrams. Section IV presents our
conclusions.

II. METHOD
A. Ab initio calculations

Ab initio calculations are carried out with the QUAN-
TUM ESPRESSO code [29,30]. Local density approximation
(LDA) and LDA + Uy, calculations use Vanderbilt’s ultrasoft
pseudopotentials [31] with valence electronic configurations
3523p3d%34s'4p® and 2s?2p* for Fe and O, respectively.
The pseudopotential for Mg was generated by the method
of von Barth—Car using five configurations 3s%3p°, 3s'3p!,
3s13p0'53d0'5, 3s13p0'5, and 3s'3d! with decreasing weights
1.5,0.6,0.3,0.3, and 0.2, respectively. These pseudopotentials
for Fe, Mg, and O were generated, tested, and previously
used, e.g., in Umemoto et al. [32]. Perdew-Burke-Ernzerhof
(PBE) [33] calculations are carried out using the projector
augmented wave (PAW) method with PAW dataset from the
PSLIBRARY [34]. Plane-wave energy cutoffs are 100 and 1000
Ry for electronic wave functions and spin-charge density and
potentials, respectively. The irreducible Brillouin zone of the
64-atom supercell is sampled by a 6 x 6 x 6 Monkhorst-Pack
mesh [35] when computing the charge density. Effects of
larger energy cutoff and k-point sampling on calculated prop-
erties are insignificant. The convergence thresholds are 0.01
0.01 eV/A for all components (fy, fy, and f;) of all forces,
including atomic forces and averaged forces in the supercell,
and 1 x 10~ eV for the total energy of the supercell, 64 atoms
in this paper. The Mermin functional is used in all calculations
[36,37], to address the important effect of thermal electronic
excitation on the free energy and dynamical stability of the
phases.

In LDA + U, calculations, the Hubbard correction [19]
is applied to Fe-3d states. The Hubbard parameter U is
computed using density functional perturbation theory [38].
The convergence threshold for the response function is 1 X
107® eV. We employed an automated iterative scheme to
obtain the self-consistent Uy, parameter while simultaneously
optimizing the structure and spin state [25]. Starting from an
empirical U = 4.3 eV, we compute energies corresponding to
all possible occupation matrices for a particular spin state. The
electronic configuration, i.e., occupation matrix with the low-
est energy, is then selected to further structural optimization
using variable cell shape molecular dynamics [39,40]. Then
anew U parameter is recalculated for further structural opti-
mization. The process continues until mutual convergence of
structure and U is achieved [25] for a convergence threshold

of 0.01 eV for the U parameter and the convergence criteria
mentioned above for structural optimizations. For the metallic
states, we use the Mermin functional in calculations a pos-
teriori, i.e., without further changing U from self-consistent
calculations.

Phonon calculations are performed in 64-atom supercells
using the finite-displacement method with the PHONOPY code
[41] and LDA + U, forces obtained with the QUANTUM
ESPRESSO. All phonon calculations used the Mermin func-
tional [36,37,42]. Vibrational density of states are obtained
using a g-point 6 X 6 x 6 mesh. The vibrational contribution
to the free energy is calculated using the quasiharmonic ap-
proximation [43].

B. Quasi-ideal solid solution model

We address the B1-B2 phase boundary using a binary
solid solution model without computing the free energy of
the FeO end member. The MgO-FeO system does not form
an ideal solid solution (ISS). FeO-MgO interactions cannot
be neglected, and we do not do so. Supercell calculations
naturally include the MgO-FeO interaction energy, even using
a single atomic configuration. For xp. <0.125, iron atoms are
well separated on average, and the energy difference between
various supercell atomic configurations can be disregarded
without significant effects. Fe atoms are surrounded by O, and
Mg is most likely the second nearest neighbor (see structures
in Fig. S5 in the Supplemental Material [44]). Given this
situation, a single atomic configuration of fp with small xg.
can be considered as an end member of a dilute solid solution.
Therefore, instead of using the free energy of the FeO and
MgO in the ISS modeling, one can calculate the free energy
for some small x5 (xz < 0.125 in this paper) using MgO and
(Mg g75F€0.125)O as end members.

Specifically, in an A-B binary system (MgO-FeO in the
current case) at a given pressure and temperature, the Gibbs
free energy of mixing curves of B1 and B2 ISSs are

AGEL = kgT[xpInxp + (1 — x) In (1 — xp)]
+xB(AGglfBz), (1a)

AGSi = ksT[xgInxg + (1 — x5)In (1 — xp)]
-1 - xB)(AGﬁl’Bz), (1b)

with kg as the Boltzmann constant and xg = xpg./0.125, where
Xre 18 the iron concentration. Here, AGEI_B2 and AGgl_B2
are the free energy differences of the end members in the two
phases involved, i.e., AG5' 52 = GB' — G5? and AGE' %% =
G5! — GB2. End member A corresponds to MgO, while end
member B is (Mg g75F€0.125)O. In this case, the ISS-like mod-
eling includes interaction between the standard MgO-FeO end
members. We refer to this level of modeling as a quasi-ISS
(QISS; see Supplemental Material [44]) [45].

In a binary solid solution model, the compositions of the
B1-B2 solvus lines are

B1—B2
1— exp(—%)
B1—B2 B1-B2 _ °

exp(— Aigr ) - exp(— Aigr )

B2 _
Xp© =
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FIG. 1. Atomic structures of (a) B1 and (d) B2 phases with xg, = 0.03125; (b) fully occupied f,, orbitals and (c) unoccupied e, orbitals
of low-spin (LS) Fe*" in the octahedral crystal field of the Bl structure; (e) fully occupied e, orbitals and (f) half occupied e; (formerly

t,) of intermediate-spin (IS) Fe?* in the cubic crystal field; yellow and blue represent occupied, fully or partially, and unoccupied orbitals,
respectively. Green, brown, and red represent Mg, Fe, and O, respectively.

B1—B2
XB' = xBlexp| ——2—). Ic
B B €XP kT (lc)
The B2 mol fraction ng, is given by the lever rule:
Xp — XZI;I
g ne

III. RESULTS

A. Intermediate spin state in the B2 structure

We first investigate the electronic structure, including the
spin states, of FeMg;, 03, (xpe = 0.03125, noted as fp3 here-
after), in the B1 and B2 phases. To create a similar 64-atom
cell in the B2 phase, we constructed a 2+/2 x 2+/2 x 4 super-
cell. The crystal structures are shown in Figs. 1(a) and 1(b).

According to several previous studies, the HS-LS static
transition in the B1 phase occurs at ~60 GPa in fp3 [46].
Therefore, in the pressure range considered here, i.e., 300 GPa
to 2 TPa, Bl fpisin the LS state. However, the spin state of fp
in the B2 structure is mainly unknown. Due to different cation
coordination, the 3d energy level degeneracies in Fe>* in the
B2 and B1 structures differ. Fe>* is octahedrally coordinated
in the B1 phase, and the fivefold d levels split mainly into a
lower triplet, the #,, states, and an upper doublet, the e, states
with further smaller Jahn-Teller splitting. The e, orbitals point
toward negatively charged n.n. oxygens, while the #,, orbitals
point away from them [see Figs. 1(b) and 1(c)]. Electrostatic
interaction contributes to lowering the energy of #,, orbitals
relative to those of e, orbitals in the octahedral environment.
In the B2 phase, Fe2* has cubic coordination. The 1y, orbitals
point to the n.n. oxygens, while the e, orbitals point to the
interstitial sites, away from them [see Figs. 1(e) and 1(f)].

Therefore, the doublet e, becomes energetically favorable rel-
ative to the 1, triplet in the B2 structure. Jahn-Teller splitting
is also observed in this case.

The change in the electronic energy levels in going from
the B1 to the B2 structure induces changes in the spin state
and Fe-O bond lengths, i.e., Jahn-Teller distortions. In the B1
phase, Fe?* exists in the HS and LS states with configurations
d}d| and did7}, respectively. Two intermediate spin (IS) states,
d‘T‘df, with different occupation matrices were shown to be

metastable in Fe’>" in Bl-type fp. In the B2 phase, the IS
state can be stabilized due to the lower e, doublet and an
additional Jahn-Teller splitting in the 1, triplet. In this state,
four electrons occupy all e, orbitals, and the remaining two
electrons occupy two of the #,, orbitals, now e;, producing a

d*d? electronic configuration with S = 1. Therefore, the cubic
crystal field favors the formation of the IS state. Alternatively,
the two electrons in the e; manifold can occupy a single e;,
orbital, with spin up and down, producing the LS state with
d%df. As shown later, the B2-LS state is metastable in the
cubic crystal field at lower pressures.

Figure 2 shows f,, and e, projected density of states
(PDOS) in the B2-IS phase (d#df). Figure 2(a) shows that the
3d electron PDOS of the clamped ion structure is metallic
with an electronic (Mermin) temperature 7T = 300 K. The
three f,, up orbitals at the Fermi level are partially occupied
with ~% occupancy. The FeO bond lengths in this state
with cubic coordination are the same. In this situation, fp3
shows imaginary phonon frequencies pointing to structural
instability. We add the displacement mode corresponding to
the largest imaginary frequency to the undistorted structure
and relax the atomic positions with Ty = 300 K. Figure 2(b)
shows the resulting structure with shorter Fe-O bond lengths
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FIG. 2. Left panel: t,, and e, projected density of states (PDOS), charge density, and electron occupation diagram for the 3d electrons in
Fe”" in the B2-intermediate-spin (IS) state for xg. = 0.03125 obtained with LDA + U,.. Middle: Corresponding phonon dispersions. Right
panel: Fe-O bond lengths and charge difference between (a) and (c). Ap = p(7000 K) — p(300 K). The charge moves from blue to yellow

regions.

along [111], i.e., a local thombohedral distortion. The f,,
triplet splits into an a;, singlet and an e; doublet with this
distortion. With two electrons occupying the doublet, the
system becomes insulating with a bandgap of 1 eV shown
in Fig. 2(b). In contrast, with 7;; = 7000 K, a more realistic
temperature for exoplanetary interiors, the system is metallic
again, and phonon instabilities are no longer present in the
cubic environment [see Fig. 2(c)]. The right panel in Fig. 2(c)
shows the charge distribution difference between the distorted
structure [Fig. 2(b)] with 7;; = 300 K and the cubic structures
with T; = 7000 K. We see a charge transfer from interstitial
regions to the bonding region, which helps to delocalize the d
electrons among the three 1, states. Despite the finite carrier

concentration at the Fermi level, a disordered material with
such a narrow electronic bandwidth may not behave as a
conductor.

We note that the 7;;-dependent phonon instability revealed
in Fig. 2 does not depend on the functional or iron composi-
tion. Similar results are produced with the PBE functional and
with xpe = 0.125 (see Figs. S1 and S2 in the Supplemental
Material [44]). In all cases, the increasing Ty leads to a
systematic increase of phonon stability (see also Figs. S3
and S4 in the Supplemental Material [44]). However, the
uncertainty in the LDA + U, gap and electron-phonon and
phonon-phonon interactions not addressed in this calculation
naturally introduce uncertainty in the 7 necessary to remove
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FIG. 3. (a) Energy-volume curves for B2-intermediate-spin (IS), B2-low-spin (LS), and B1-LS states with xg. = 0.03125. (a) LDA + U,
calculations. (b) The self-consistent Hubbard parameters U. (c) PBE results. (d) Relative enthalpies using B1-LS as the reference.

the Jahn-Teller instability. In addition, fp must be a disordered
solid solution at high temperatures; therefore, coherent rhom-
bohedra distortions at low temperatures, as shown in Fig. 2(b),
are less likely to form when Fe is randomly distributed.

B. B1-B2 phase transitions in fp3

To determine the relative stability of Bl and B2 phases
in fp3, we perform LDA + Us. and PBE calculations in a
large volume (pressure) range with Ty = 1000 K. All atomic
positions are fully optimized to accommodate favorable Jahn-
Teller distortions. In the relaxed structures at ~600 GPa, we
find the average Fe-O bond lengths are longer than the Mg-
O ones by 0.8% in the B2-IS state and 0.9% in the B2-LS
state. Figure 3(a) shows the volume-dependent total energy
of different states. Upon decreasing volume, the B1-LS state
becomes less favored than the B2 states. Figure 3(b) shows
the self-consistent and structurally consistent Hubbard param-
eters obtained in these calculations. The B2-IS state shows
systematically lower U values than the LS states. This trend is
like that seen in the U parameters in FeO where the LS state
of Fe*" always shows the largest self-consistent U value, re-
gardless of crystal structure [25]. The U values of B1-LS and
B2-LS differ by ~1eV. This shows the Hubbard parameter
has a substantial volume and structure dependence in addition
to the electronic configuration dependence. Figure 3(c) shows
similar PBE results indicating a very similar B1-B2 transition
behavior, with PBE transition pressures being higher by 10-30

GPa than LDA + U, transition pressures, a typical difference
in performance between LDA and PBE functionals [47].

The energy vs volume results of each state is fit with the
Birch-Murnaghan (BM) equation of state (EoS). Detailed EoS
parameters are shown in Supplemental Material Tables S1
and S2 [44]. Enthalpies obtained from the static BM-EoS are
shown in Fig. 3(d). Regardless of the functional, the B2-IS
phase always shows lower enthalpy than the B2-LS in the
pressure range considered here, indicating that the IS state is
the ground state in the B2-type phase for small xg.. The static
B1-LS — B2-IS transition pressure is 531 GPa in LDA + Uy,
calculations and 554 GPa in PBE calculations.

C. B1-B2 phase boundary up to xg, = 0.125

We further investigate the B1-LS — B2-IS transition in fp
with larger iron concentrations in Fe;Mg;,O and FesMg,,O
(xpe = 0.0625 and 0.125, noted as fp6 and fpl2 hereafter).
It has been shown that the iron arrangement in the fp solid
solution has a minor effect on the spin state change pressure
in the B1 phase, at least for small xg, as investigated here [48].
Therefore, we distribute Fe uniformly in both B1 and B2 lat-
tices and disregard Fe-Fe interaction effects in the first order
(see Supplemental Material Fig. S5 [44]). The relative en-
thalpies for different iron concentrations are shown in Fig. 4.
With increasing iron concentration, the static B1-LS — B2-IS
transition pressure increases from MgO to (Feg 12sMg 375)O.
PBE calculations show a systematically higher transition pres-
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FIG. 4. Relative enthalpies between Bl-low-spin (LS) to B2-
intermediate-spin (IS) states in fp3, fp6, and fp12. The black dot
line corresponds to the B1-LS state.

sure than the LDA + U,. calculations, with a difference of
20-30 GPa. This difference is typical of what one expects
from LDA and PBE calculations [47].

D. Thermodynamic phase boundary

We now compute the BI-LS — B2-IS thermodynamic
phase boundary. We use the quasiharmonic approximation
(QHA) to compute the vibrational free energy. Supplemental
Material Figs. S3 and S4 [44] show phonon dispersions of
the B2-IS phase using different functionals. It demonstrates
that thermal electronic excitation with a high T is required to
stabilize phonons in LDA + U, and PBE calculations. This
stabilization is related to the stabilization of the metallic state.
Electron-phonon interaction in the vibrating lattice might
also decrease the gap and the required 7 for metallization.
Phonon-phonon interaction might also help to stabilize the
unstable modes. A dynamical mean-field theory calculation
may be necessary to accurately address the effect of electron-
electron interaction on the metallic state [28], and anharmonic
phonon calculations should also elucidate these instabilities in
the phonon spectrum.

Nevertheless, unavoidable thermal electronic excitations in
LDA + U, calculations stabilize the metallic state and the
phonon spectrum. If the phonon dispersion has no imaginary
mode frequencies, the electronic temperature does not affect
significantly the free enery, thermodynamic properties, and
phase boundary [42]. We have tested the effect of electronic
temperature on the phase boundary and found no significant
difference between T = 5000 and 7000 K, as shown in Sup-
plemental Material Fig. S8 [44]. Therefore, we chose to use a
consistent 7) = 7000 K for all the phonon calculations shown
in Fig. 5. This is an ad hoc choice but an approximation that
enables a first glimpse of the stability field of these phases.
Furthermore, with increasing pressure, phonon frequencies
increase in both Bl and B2 phases. No imaginary frequency
exists at these conditions. Therefore, at high temperatures,
both B2-IS and B1-LS states of fp with xp.<0.125 are dy-
namically stable in this calculation.

As recently pointed out [42], calculations of thermody-
namic properties for metallic systems need to fully include
thermal electronic excitation effects in a continuum of tem-
peratures T in the static part of the calculation. The effect
of T on the vibrational properties is more of a second-order
effect, even though, here, we see it is crucial to stabiliz-
ing the B2-IS state. Despite this nonnegligible effect, once
phonons stabilize, the impact of T, on the vibrational free
energy should be less significant than on the static energy.
Here, we perform the static calculation in a T continuum.
The electronic temperatures are sampled from 0 to 7000 K
spaced by 1000 K with temperature interpolations. With the
vibrational entropy Sy, from phonon dispersion, the Gibbs
free energy of Bl and B2 phases can be computed using the
QHA calculations. Obviously, Ty = T when the system is in
thermodynamic equilibrium. A common expression for the
free energy in this case:

F(Vv T, Te]) = F:static(vs Tel) + Fvib(v7 T, Tel) - TSmag7
(2a)

where

Fstatic(v7 Tel) = FMermin(Vv Tel) (Zb)

is the total Mermin free energy at volume V. Here,
FMermin(V» Tel) = EStatiC(Vv 1) — 7ZﬂSeI(Va Tel)v (2C)

where Eguic(V, Tey) is the self-consistent energy with orbital
occupancies:
A _ 1
Ji(V, Ta) = SRR (2d)
with Ey; being the one-electron energy of an orbital with wave
number k and band index i, and Er being the Fermi energy.
The electronic entropy is

Se = —kg Y [(1 = fi'ln(1 — fii) + fiiln fuil. (2¢)
ki
The vibrational energy is

1
Fan(V, T, Ta) = 5 3 heog 5V, T = 0)

q.s

hwy s(V, T.
+ kgT Zln{l — exp[—%“,
B

q.s
(26

where g (V) is the vibrational frequency of noninteracting
phonons with wave number ¢ and polarization index s.

Another important contribution to free energy in fp is the
magnetic entropy [26], here treated in the atomic impurity
limit:

Smag = kpxpenIn [m(25 + 1)], (2g)

where kg is the Boltzmann constant, xg. is iron
concentration, n is the fraction of B2-IS states, S is the
iron total spin quantum number (S = 0 for LS and S = 1 for
IS), and m is the orbital configuration multiplicity. For an
insulating system, it is easier to count this multiplicity, and m
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FIG. 5. Phonon density of states for (a) B1-low spin (LS) of fp3, (b) B2-intermediate spin (IS) of fp3, (c) B1-LS for fp6, (d) B2-IS of fp6,

(e) BI-LS of fp12, and (f) B2-IS of fp12.

would be three if the B2-IS state were insulating. However,
in a calculation with the Mermin functional, which includes
electronic entropy, with nearly degenerate t,, states at the
Fermi level, it is more appropriate to define m = 1 for the
B2-IS and LS states.

Next, we address the issue of configurational entropy. Here,
fp is a solid solution of FeO and MgO. According to the
Gibbs phase rule, this leads to a B1-B2 coexistence region
[49]. Here, we use the QISS model to determine the co-
existence region and phase boundary. This method, detailed
in the Method section, only needs the free energy informa-
tion for MgO and (Fep 12sMg; ¢75)O and does not require
the free energy data on the Fe-rich side [45]. We note that
this method improves on the ISS model to compute the
phase boundary for Mg-rich concentrations. As shown in the
B1 phase, in Fe-rich concentrations, complex Fe-Fe interac-
tions may lead to nonuniform iron distribution and symmetry
reduction [50].

Figure 6 shows the pressure-concentration phase diagram
for the Bl — B2 transition at various temperatures. With
increasing temperature, the phase boundary shifts to lower
pressures. This is because the electronic entropy contributes
more significantly to the stabilization of the B2 phase. More-
over, as shown in Fig. 5, the B2 phase has smaller vibrational
frequencies than the B1 phase due to larger bond lengths,
resulting in larger vibrational entropy for this phase. There-
fore, these entropic effects stabilize the B2 phase at higher
temperatures. The B1-B2 coexistence region widens with in-
creasing iron concentration, while it narrows down at higher
temperatures. Results by LDA + U, and PBE are qualita-
tively similar, except that the phase boundary by PBE is
systematically shifted to higher pressures.

The P-T phase diagram for xg. = 0.1 is computed us-
ing the QISS model and Eq. (Ic) with both LDA + U,
and PBE functionals. Because Eq. (2g) gives the maximum
magnetic entropy in the metallic state, we also compute the
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FIG. 6. Pressure-concentration phase diagram based on the quasi-ideal solid solution model.

phase diagram without this term, which provides the lower
limit for Sp,g. The phase boundaries with and without Spue
are shown in Fig. S7 in the Supplemental Material [44].
We find that Sy, does not significantly affect the phase
boundary but changes the width of the coexistence region.
Therefore, we provide the phase boundary in Fig. 7 using the
average Spyag. The phase boundary shows a negative Clapey-
ron slope because entropic effects stabilize the B2 phase at
high temperatures. This is consistent with the previous ob-
servations of large negative B1-B2 Clapeyron slope in both
end members, FeO [51] and MgO [52]. Like static calcula-
tions, the high-temperature PBE calculations lead to a higher
transition pressure of ~20GPa compared with LDA + U,
calculations.

Upon further compression, we observe the B2-1S — B2-LS
state crossover. This spin-state change in the metallic system

7000

6000

T(K)

5000

4000
B1-LS
Insulator
3000
400 440 480 520 560 600
P (GPa)

T(K)

can be addressed by inspecting the evolution of the average
magnetic moment per iron. With a small electronic tempera-
ture of 7, = 1000 K, we find the B2-IS state is dynamically
stable up to 3.0 TPa. The pressure-dependent magnetization
displayed in Fig. 8 shows no B2-IS — B2-LS transition in
static calculations for 7; = 1000 K. Interestingly, with rising
T, the average magnetic moment reduces more significantly
with increasing pressure. At Ty = 5000 K, the magnetic mo-
ment of fpl2 in the B2 phase vanishes at P = 2.75 TPa in
LDA + Uy calculations. The PBE calculation also identifies a
similar IS — LS transition for 7; = 5000K at P = 1.63 TPa.
Therefore, this spin-state change is much more sensitive to the
functional than the B1 — B2 structural transition. Moreover,
comparing different conditions in Fig. 8, one can see that
increasing T, and xg. lower the B2-IS — B2-LS transition
pressure.

0.8
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FIG. 7. Phase boundary between Bl-low spin (LS) and B2-intermediate spin (IS) with xg. = 0.1. The color bar shows nB,, the molar
fraction of the B2-IS phase; (a) LDA + Uk results; (b) PBE results. The B2-LS state plays an insignificant role in this phase transition.
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FIG. 8. Magnetic moment of iron vs pressure in fp3, fp6, and
fp12 computed with (a) LDA + Uy, and (b) PBE. The temperatures
for thermal electronic excitations 7;; are indicated in each panel.

IV. DISCUSSION

These calculations in Bl and B2 phases suggest several
states are possible for Mg, _ Fe, O with xg. < 0.125. The ul-
trahigh pressure in super-Earths can lead to a complex, layered
mantle structure. In the outer layers, one would expect Bl-
type fp. With increasing depth, fp first undergoes the HS-LS
transition like that on Earth. Then fp transforms from the B1
to the B2 structure. The B1-B2 coexistence region spreads
over a finite pressure range, e.g., ~A25 GPa at 3000 K. Along
with the structural transition, the re-emergence of a magnetic
state with a simultaneous IMT can have a strong impact on
thermal and electrical conductivities, which will be impor-
tant to model heat transport and convection in a multilayered
super-Earth mantle. Coupling between the electromagnetic
field produced in the core and the high magnetic induction of
the metallic mantle could influence the temporal evolution of
the magnetic field lines crossing the mantle. The metallization
of the mantle could also affect the nutation of a super-Earth
[53,54].

In this paper, we focus mainly on the solid solution with
xre < 0.125, which is relevant for fp. Because the Bl — B2
transition pressure of FeO is lower than that of MgO but only
exists >4000 K [51], the current trend of increasing transition
pressure with increasing iron concentration should reverse at
higher iron content. Iron-iron interactions may also cause the
dissociation into a nonuniform solid solution, i.e., an iron-rich
and an iron-poor phase separation in xg. = 0.5 [55]. There-
fore, the phase transition at relevant higher iron concentrations
needs a more robust thermodynamic treatment and is left for
a future study.

While this paper was in preparation, a preprint [12] on the
same topic became available. The authors of that study focus
on the Bl — B2 transition in fp with higher iron concentra-
tions, e.g., xpe = 0.125 and 0.25. They used the LDA + U,
functional as well. First, their static transition pressure de-
creases with increasing xg., which we confirm. This is in line
with the lower transition pressure of FeO than that in MgO
recently found [10]. The increase in transition pressure we ob-

served for low xg. values suggests that fp becomes a non-ISS
beyond xg. = 0.125. Second, their fp12 B2-IS phase displays
a rhombohedral distortion, producing a semiconducting state
with a small gap of 0.3 eV at T; = 0 K. This result is qualita-
tively like ours on fp3 before considering the effect of thermal
electronic excitations. Therefore, their rhombohedra phase
should also become metallic at high temperatures and possibly
also turn into a cubic phase. The LDA + U, calculation on the
metallic state requires electronic entropic contributions to the
internal energy using the Mermin functional [25]. Considering
that thermal electronic excitations can stabilize phonons in
the B2-IS state of the solid solution, our calculations with the
cubic cell should be more appropriate to describe the B1-B2
high-temperature phase diagram.

The present calculation has explored the important effects
of strong electronic correlation, thermal electronic excitations,
structural distortions, and IMT on the phase stability of fp
under pressure. However, given the complexity of the prob-
lem, it is likely that electron-phonon and phonon-phonon
(anharmonicity) interactions still play important roles in the
behavior of the MgO-FeO solid solution under pressure, more
so at low temperatures. Experiments on fp with similar iron
concentrations will be essential to help calibrate these chal-
lenging calculations.

V. CONCLUSIONS

In conclusion, ab initio calculations reveal a B1-to-B2 tran-
sition in fp accompanied by an IMT and the re-emergence of a
local magnetic moment in iron corresponding to § = 1, the IS
state. The stabilization of the IS state originates in the change
in coordination from octahedral to cubic and the change in
the energy level structure of the 3d electrons in Fe. Based
on LDA + U, calculations, the B1-LS — B2-IS static tran-
sition pressure P, varies from 526 GPa for xg. = 0.03125 to
576 GPa for xg. = 0.125. PBE calculations provide a similar
trend, while the transition pressure is systematically higher by
~20-30 GPa. Phonon calculations confirm the dynamic sta-
bility of the B2-IS state in the currently studied pressure range.
By including vibrational and electronic entropy contributions
in the QISS model, we determine the B1-B2 phase boundary
and the coexistence region up to 7000 K. The two-phase
region widens with increasing iron concentration. The P-T
phase diagram shows a negative Clapeyron slope. At ultra-
high pressure, the stability of the B2-IS state highly depends
on the electronic temperature and iron concentrations. With
increasing electronic temperature or iron concentration, the
Fe magnetic moment tends to decrease to zero, the LS state.
An IMT accompanies this B1-B2 phase change, and the iron
magnetic moment re-emerges, which should have significant
consequences for modeling the mantle structure and dynamics
of a super-Earth. Although not considered in this paper, high-
temperature anharmonic effects are likely to stabilize the B2
structure at lower temperatures. They will need to be included
in future studies of the B2 structure. This will produce a
more robust thermodynamic model for this transition in fp
and will be indispensable to address higher iron concentra-
tions xpe. For xg. > 0.5, the B8 phase might also have to be
considered.
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