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Spin crossover in liquid (Mg,Fe)O at extreme conditions
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We use first-principles free-energy calculations to predict a pressure-induced spin crossover in the liquid
planetary material (Mg,Fe)O, whereby the magnetic moments of Fe ions vanish gradually over a range of
hundreds of GPa. Because electronic entropy strongly favors the nonmagnetic low-spin state of Fe, the crossover
has a negative effective Clapeyron slope, in stark contrast to the crystalline counterpart of this transition-metal
oxide. Diffusivity of liquid (Mg,Fe)O is similar to that of MgO, displaying a weak dependence on element and
spin state. Fe-O and Mg-O coordination increases from approximately 4 to 7 as pressure goes from 0 to 200 GPa.
We find partitioning of Fe to induce a density inversion between the crystal and melt, implying separation of
a basal magma ocean from a surficial one in the early Earth. The spin crossover induces an anomaly into the
density contrast, and the oppositely signed Clapeyron slopes for the crossover in the liquid and crystalline phases

imply that the solid-liquid transition induces a spin transition in (Mg,Fe)O.

DOI: 10.1103/PhysRevB.93.195142

I. INTRODUCTION

Planets with an Earth-like, rock-dominated composition
tend to be partially or entirely molten at the early stages
of their evolution [1,2]. This is due to the large amounts of
energy deposited into the early planet during the accretion
process through which the body is formed. In particular, giant
impacts involving impactors of >10% of the planet’s mass
are thought to be a generic part of the accretion process, an
example being the Moon-forming impact on the early Earth
[3]. How the initial magma ocean crystallizes determines
the starting conditions for the growth and evolution of the
lithosphere, hydrosphere, and atmosphere of the planet [1,4,5].
In order to quantitatively understand the crystallization of the
magma ocean, it is necessary to know the properties of molten
planetary materials at the high pressures and temperatures
relevant to the process. Experimental work utilizing shock-
wave experiments [6], and the laser-heated diamond anvil cell
[7] has produced valuable results, but many properties of these
liquids remain weakly constrained. Quantum-mechanical,
finite-temperature density-functional theory (DFT) molecular
dynamics (MD) [8,9] has proved to be a powerful and accurate
theoretical method for predicting the properties of liquid
silicates [10-13], oxides [14,15], and metals [16] at extreme
conditions. In this approach, no assumptions are made on
the shape of the electronic charge density, and the effects
of temperature are included in both the electronic and ionic
degrees of freedom.

Spin crossover is a phenomenon whereby the spin states
of transition-metal ions or complexes are altered due to
applied pressure, temperature, or photon irradiation [17].
The phenomenon has been observed in solids, liquids, liquid
crystals, and complexes in solution [18] and is believed
to enable a wide array of technological applications from
switching-devices to sensors [17]. Spin crossover has been
shown to accompany a solid-to-liquid phase transition in some
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systems [19], and a different threshold temperature for spin
crossover in the solid phase compared to a liquid crystal
phase of the same complex has been reported [20]. While
the crossover in crystalline planetary materials has received
much attention in recent years [21-25], the question of a spin
crossover in the liquid phase of these materials is little explored
to date [7,26].

We have recently developed a new ab initio method
for studying spin crossover phenomena. This method was
tested with great success for crystalline (Mg,Fe)O against the
abundant experimental data available for this phase [25]. The
method is general and applicable to both solids and liquids.
In the present paper, we explore the extent to which liquid
phase behavior for (Mg,Fe)O differs from that of the crystalline
phase.

In this paper, we use finite-temperature DFT MD coupled
with free-energy calculations to predict a spin crossover in
liquid (Mg,Fe)O, the molten phase of the prevalent planetary
material ferropericlase. The low-pressure, magnetic high-spin
state of Fe in this transition-metal oxide is formed by four
unpaired 3d electrons (S = 2) and the nonmagnetic low-spin
state by a fully paired valence shell (S = 0). As pressure
increases, we find a growing fraction of the Fe ions to assume
the low-spin state, with a mixed-spin phase of coexisting
high-spin and low-spin Fe dominating the phase diagram up
to 10 000 K and 200 GPa. Whereas in crystalline (Mg,Fe)O
the effective Clapeyron slope of the spin crossover is positive,
we find the slope to be negative in the liquid phase. This
remarkable finding implies that melting can induce a spin
crossover in (Mg,Fe)O, and the oppositely signed Clapeyron
slopes on the two sides of the solid-liquid transition of
(Mg,Fe)O furthermore cause an anomaly in the density
contrast between coexisting crystal and melt. We predict a
density inversion of crystal and melt upon partitioning of Fe
between the two phases, which implies separation of a basal
magma ocean from a surficial one in the early Earth. Finally,
we find liquid (Mg,Fe)O to exhibit electrical conductivity high
enough to power a geodynamo within the early Earth and
persistently within extra-solar super-Earths.

©2016 American Physical Society
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II. METHODOLOGY

We perform our DFT MD computations using the VASP
simulation package [27]. Our model system is a cubic supercell
of 128 ions of (Mg,_,,Fe,)O with an Fe concentration of
x = 25%, with periodic boundary conditions applied in all
dimensions. For keeping the simulations precise yet efficient,
we sample the Brillouin zone at the Baldereschi point [8,28]
for a lattice of simple cubic symmetry and use a plane-wave
cutoff energy of 500 eV. Further efficiency is obtained by
using the projector-augmented wave method to represent
the ionic core potentials. We use the PBEsol functional
[29] to approximate the quantum-mechanical exchange and
correlation many-body effects of the system of electrons. In
order to account for the strong correlation between the Fe 3d
electrons, we augment PBEsol through the +U methodology
[30], choosing U — J = 2.5 eV. This approach to computing
the exchange and correlation energy was recently shown to
give results on the equation of state and spin crossover in
crystalline (Mg,Fe)O in excellent agreement with experiment
[25]. We run our spin-polarized PBEsol + U MD simulations
in the NVT ensemble using the Nosé-Hoover thermostat.
For good conservation of energy, we choose a time step of
0.5 fs for integrating the ionic equations of motion. To prepare
initial structures at the supercell volumes V applied in the
simulations, we melt an initially perfect crystal structure of
(Mg,Fe)O in the B2 phase at 10 000 K, followed by 3 ps of
MD at each value of V, which produces a fully equilibrated
liquid at each compression. The chosen range of compressions
results in pressures of approximately 0 to 300 GPa. We
take the last frame of each of these initial simulations as
input for the initial structure for each of the isotherms in
our production runs (7" = 6000, 8000, and 10 000 K). Each
simulation is then first run for a duration of 2 ps, during which
thermal equilibrium is reached. This is followed by another
3 ps of simulation, over which all physical time averages
are computed. These temperatures and pressures encompass
typical conditions in newly accreted terrestial planets as well
as prevailing conditions inside super-Earths [2].

For finding the stable mean magnetic moment at a given
pressure and temperature, i.e., to produce a phase diagram
of the spin crossover in liquid (Mg,Fe)O, we harness the
free-energy minimization approach introduced in our recent
work on crystalline (Mg,Fe)O [25]. In this method, for each
isotherm, we consider four different spin phases: one with all
Fe ions in the high-spin state, one with all Fe in the low-
spin state, and two mixed-spin phases, each with a different
mean magnetic moment on the Fe ions intermediate between
vanishing and that in the high-spin phase. The ion-specific
magnetic moments are not as well-defined in the liquid as
they are in the crystalline phase [31], but to quantify the spin
crossover, we choose to use the same quantity as in the case of
the crystal, that is, f = (|irel)/ (|1 5]), where jur, and pf5
denote the Fe magnetic moment and the same in the high-spin
phase, respectively, and () denotes an average over Fe ions
and time. The computational effort of the method is concen-
trated on finding AG(P,T, f) = G(P,T,f) — G(P,T,0) and
minimizing this with respectto f, here G(P,T,f)=H — TS
being the Gibbs free energy of the liquid. The enthalpy H of a
given phase is obtained directly from the MD simulations. To
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find the entropic contribution 7 A S, we break the entropy down
t0 S = Sconf + Set + Smag. Here Sconr is the configurational
entropy due to nuclear excursions of the ions in the liquid
as well as the entropy from site-switching of high-spin and
low-spin moments among the Fe ions. S,; is the electronic
entropy due to finite electronic temperature [27,32] (this being
set equal to the ionic temperature), and Spag is the entropy
due to the paramagnetic state of the moments in the liquid,
with full disorder expected at the chosen simulation conditions
[33]. To find Scont, We use adiabatic switching, a form of
thermodynamic integration [34,35]. We obtain S,; directly
from the simulation, and Sy,,; we compute from the expression
[36] Smag = kB > In(Jpi| + 1), where w; is the total magnetic
moment of Fe ion i, and k is the Boltzmann constant. Finally,
to find the equilibrium f at any P and 7, we interpolate
AG = AG(f) using a free second-order polynomial [31].

III. RESULTS AND DISCUSSION

A. Phase diagram for the spin crossover

Our first-principles phase diagram for the spin crossover in
liquid (Mg,Fe)O is presented in Fig. 1. Atlow pressures, the Fe
ions are all in the high-spin state, as expected from Hund’s first
rule. However, compression of the liquid makes the high-spin
configuration less and less favorable through broadening of
the electronic bands [37] as well as the P AV contribution to
the free energy favoring the smaller low-spin Fe ion [38,39].
With increasing pressure, the liquid is driven into a mixed-spin
phase of coexisting high-spin and low-spin ions, with the mean
moment approaching approximately one half that of the high-
spin value towards P = 200 GPa. The crossover thus appears
extremely broad, as was found recently for another Fe-bearing
liquid planetary material Fe,SiO4 [26] from direct DFT MD
without considering the full Gibbs free energy. The breadth of
the spin crossover region of at least hundreds of GPa in the
liquid contrasts with that in the crystalline phase where the
crossover is much sharper: High-spin and low-spin Fe coexist
over a range of pressure of ~50 to 150 GPa. We attribute
this difference to a much higher configurational entropy of the
mixed-spin phase in the liquid, originating in the larger variety
of coordination environments available to Fe in the liquid state.
The free energy of mixing (A Gnix) of high-spin and low-spin
ions is approximately —50 meV /atom within the crossover at
all temperatures, with the enthalpy and each contribution to the
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FIG. 1. Phase diagram of the spin crossover in liquid (Mg,Fe)O.
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FIG. 2. Electronic density of states of liquid (Mg,Fe)O at 8000 K and intermediate pressure, for (a) f = 1.0 and (b) f = 0.0. The spin-up
channel of the DOS is plotted as positive values, the spin-down channel as negative values, and the total DOS as positive values. The Fermi

levelisat E = 0eV.

entropy separately favoring mixing. We find full disordering of
the moments, i.e., no short-range spin-spin ordering. However,
it is reasonable to assume that the mixture of large and small
Fe ions (high-spin and low-spin, respectively) gives rise to the
observed favorable enthalpy of mixing, as was found for the
crystalline phase [25].

A prominent feature of the phase diagram is the shrinking
of the high-spin stability regime with increasing temperature.
The slope d P/dT of the f = 0.5 isopleth can thus be thought
to define an effective Clapeyron slope for the spin crossover
which is negative (—0.014 GPa/K). This finding represents a
stark contrast to the crystalline phase of (Mg,Fe)O, where the
slope of the f = 0.5 isopleth is characterized by a positive
value (0.018 GPa/K) [25]. The present feature in the liquid
phase diagram is due to the electronic entropy S,; favoring
low-spin Fe, and S,; itself and hence T'S,; undergoing a strong
increase with temperature. This is because in the low-spin
state, Fe contributes more electronic states to the system
near the Fermi level than in the high-spin state, and an
increase in temperature serves to further increase the density
of states in this energy region (Fig. 2). The increase in TS,
with temperature dominates over the simultaneous increase in
magnetic entropy T Spa, the latter favoring high-spin Fe, the
net result being the observed negative Clapeyron slope.

B. Diffusivity

We determine the total self-diffusion coefficient D of
(Mg,Fe)O from the mean-squared displacements of the ions
using Einstein’s law [40]. The results and their fit to the
Arrhenius relation [41]

D(P,T) = Doe*(EaJrPVa)/ksT (1)

with parameters Dy = 459 x 107° m?/s, E, = 1.16eV, V, =
12147 are presented in Fig. 3. The diffusivity of (Mg,Fe)O
appears thus overall fairly similar to that of MgO [15], the small
but systematic difference being possibly attributable to the
difference in exchange-correlation functional (PBEsol 4- U vs
LDA) and the different chemical composition. The diffusivities
of high-spin Fe, low-spin Fe, Mg, and O reveal a weak
dependence of D on element and spin state [31], the weak
dependence on spin state being at odds with earlier results on

Fe diffusivity in crystalline (Mg,Fe)O, where the diffusivity
was found to vary by a factor of three between high-spin
and low-spin Fe [42]. We attribute the different behavior in
the liquid to the much larger variety of coordination states
and diffusive transition states available as compared with the
crystal.

C. Mechanical properties

The equation of state (EOS) is presented in Fig. 4 for all
studied isotherms. The large width of the crossover entails no
inflections directly attributable to the spin crossover, contrary
to the case of the crystalline equation of state [25]. At
high pressures, we find good agreement with experimental
shock-wave data on Mg, Fep4O [43]. While it is unclear
whether the experimental sample is molten at these conditions,
a volume discontinuity found in the Hugoniot of Mg, (Fe, 4O
at 145 GPa is consistent with a solid-liquid transition of the
crystal [44]. The temperature in these experiments increases
on compression and is not measured. The porous nature of
the starting material means that the temperature likely exceeds
melting at the highest pressure conditions. The experimental
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FIG. 3. Total diffusivity with Arrhenius fits (solid lines, see text)
as well as Arrhenius fits for MgO from local-density approximation
DFT MD (dashed lines) [15].
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simulated isotherms, as given by the spin crossover, along with
experimental shock-wave data from Ref. [43] (see text).

volume at 183 GPa is slightly less than what we find at 6000 K,
consistent with the experimental temperature being somewhat
lower than 6000 K.

We calculate the Fe-O and Mg-O mean coordination
numbers (Zreo) and (Zygo) from

(Zxo) = po / gxo(r)dmridr, 2)
0

where gxo(7) is the corresponding partial radial distribution
function and pp the total number density of O. The upper
limit of the integral is set to the radius corresponding to the
first minimum in g(r) after the first peak, in order for the
ensuing (Z) to approximate the first-neighbor coordination
shell. From the results, plotted in Fig. 5, we find increasing
coordination from ~4 to 6 for Fe-O and 4 to 7 for Mg-O
over the volume range considered here. It has been shown
that number density rather than pressure or temperature is
crucial to the structure of silicate liquids [48], and therefore
we compare our coordination numbers to experiments at the

same number density. We find (Zg.0) &~ 4.5 at 13.1 A3 /atom,
which is close to the experimental value of 5.2 at the same
mean atomic volume in FeO-SiO, liquid at the limit of low-
SiO, content [45,46]. We find a higher result for (Zg.o) by
as much as 1.0 when Fe is in the high-spin state as compared
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to the low-spin state, which reflects the larger spatial extent
of the 3d-like orbitals in the former electronic configuration
and hence a larger ionic radius. The Mg-O coordination is
very close to previous ab initio results on pure MgO [15] and
appears independent of the spin state of Fe in the liquid. We find

(Zmgo) = 5.2at 114 A3 /atom, very close to the experimental
value of 4.95 at the same atomic volume [47].

D. Spin crossover and the solid-liquid transition

By combining our present results on the spin crossover with
previous data on crystalline (Mg,Fe)O [25], and by treating
crystalline and liquid (Mg,Fe)O each as an ideal solution
of MgO and FeO [31,49], we construct a composite phase
diagram for the spin crossover over both the crystalline and
liquid PT stability range (Fig. 6). The oppositely-signed
dP/dT for the crystal and melt are clearly visible. A
remarkable prediction of this composite phase diagram is
the steep decrease in f upon melting at pressures of 100
to 130 GPa, showing that spin crossover can be induced in
(Mg,Fe)O by the solid-liquid phase transition.

A prevailing question related to the crystallization of a
terrestial magma ocean is the density contrast between the
coexisting crystalline and liquid phases [4]. A melt denser
than the crystal will sink, facilitating the birth of a basal magma
ocean [5], with important consequences for the geochemistry
of the planet. From our ideal solution analysis, we find x ~
0.05 in crystalline (Mg,Fe)O along the liquidus, in excellent
agreement with recent experimental data [50]. By assuming
the mean atomic volume to be unchanged upon altering the
Fe fraction, we estimate the density of (Mg,Fe)O along the
liquidus. The ensuing densities of the coexisting crystal and
melt and the density contrast are presented in Figs. 7(a) and
7(b), respectively, for both the isochemical (x = 0.25 in each
phase) and Fe-partitioned case. It can be clearly seen that
the compositional difference between the two phases upon
partitioning of Fe is what controls the density contrast, as
found earlier for (Mg,Fe)SiO; [52]. The melt is predicted to
be denser than the crystal throughout the entire stability range
of crystalline (Mg,Fe)O, which implies crystal flotation in the
early magma ocean and separation of a basal magma ocean
from a surficial one [5,52]. The spin crossover has a small
but noticeable effect on the density contrast. In comparison
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FIG. 5. Mean Fe-O and Mg-O coordination numbers in liquid (Mg,Fe)O over all simulated volumes. Colors are for temperature, with
red indicating 7 = 10000 K, green T = 8000 K, and blue 7 = 6000 K. The black star indicates the experimental result at 7 = 1573 K for
FeO-Si0, at the compositional limit of low SiO, content [45,46], and the magenta star indicates the experimental result for quenched Mg, SiO4

glass [47].
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FIG. 6. Composite phase diagram of the spin crossover in
crystalline and liquid (Mg,Fe)O. Upward and downward pointing
triangles denote experimental solidus and liquidus temperatures,
respectively, with black symbols from measurements of Du and Lee
[50] and gray symbols from measurements of Zhang and Fei [51].

to the hypothetical case of no spin crossover (f = 1 for all
P,T), the lower onset pressure of the spin crossover in the
liquid causes an increase in the density contrast at around
70 to 120 GPa, an effect which is mirrored in the crystalline
phase at higher pressures upon the onset of the crossover in the
crystal.

E. Electrical conductivity

Finally, we compute the total electronic conductivity (o)
of liquid (Mg,Fe)O by employing the Nernst-Einstein relation
[53] for the ionic component (oj,,) and the Kubo-Greenwood
method [54,55] for the electronic component (o,;). At 8000
K and 56 GPa, we find oj,, &~ 2.5 x 10 S/m and o, ~
1.0 x 10° S/m, the electronic density of states displaying
no band gap [31]. Our result o ~ 10° S/m is similar to
experimentally based estimates of the conductivity of other
liquid planetary materials, such as MgO (>10* S/m) [6],
SiO; (10* to 10° S/m) [56], and MgSiO; (>10° S/m) [57],
noting though that some of these experiments were performed
at higher temperatures and pressures [6,57]. The predicted
(nearly) metallic conductivity of liquid (Mg,Fe)O raises the
possibility that as a component of an early basal magma ocean,
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the material may have functioned to give rise to a magnetic
field on Earth long before the onset of the present core dynamo
mechanism [58]. The role of (Mg,Fe)O and other liquid oxides
as a source of dynamo action in Earth is likely historical,
and may be preserved in the geological record, providing
a test of the existence of a magma ocean. Magma oceans
may persist inside super-Earths for much longer times [2],
granting a plausible and generic mechanism for magnetic-field
generation in these large, extra-solar bodies.

IV. CONCLUSIONS

Using DFT MD in conjunction with free-energy calcula-
tions, we predict a pressure-induced spin crossover in liquid
(Mg,Fe)O. The crossover is found to be hundreds of GPa
in width, much broader than in the crystalline phase of this
transition-metal oxide. In addition, the crossover exhibits a
negative Clapeyron slope, again in contrast to the crystalline
phase. The different character of the spin crossover in the
two phases of (Mg,Fe)O leads to a spin transition induced
by melting as well as an anomaly in the density contrast
between coexisting crystal and melt. Finally, we predict near-
metallic electrical conductivity for the material, the electronic
component dominating over the ionic one, implying a role for
(Mg,Fe)O in magnetic-field generation in the early Earth as
well as super-Earths.

In terms of better understanding the early Earth, it will be
important to evaluate how the addition of other components
affects the spin crossover in liquid (Mg,Fe)O. The addition
of SiO, is expected to raise spin transition pressures, as is the
case for crystalline (Mg,Fe)O vs (Mg,Fe)SiO3 [59]. Consistent
with this expectation, higher mean Fe moments were found
previously in Fe;SiO4 melt compared to the present results
in (Mg,Fe)O (3.2 up vs 2.1 up at 6000 K and 136 GPa,
respectively).

The first-principles free-energy method that we employ
in this and earlier work [25] to predict the stable high-spin
fraction f(P,T) has now been successfully demonstrated
for both crystalline and liquid systems. The approach seems
general and robust, being free of the constraints of earlier
methods relying on lattice dynamics and negligible Fe-Fe
interactions [60,61]. We therefore anticipate our method to

T 06 e
S 04| e

2

9 0.2

s 00

5 -0.2 |

Q

| 04 |

%_ -0.6 | — Fe-partitioned, spin crossover

= 08 | T Fe-partitioned, f= 1.0

Q . — Isochemical (x = 0.25), spin crossover

Il 40 Isochemical (x = 0.25), f= 1.0

a .

Pel , )

10 100 200

Pressure (GPa)

FIG. 7. (a) Densities of the crystal and melt along the liquidus. (b) Density contrast between the (Mg,Fe)O crystal and melt along the
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be useful for various Fe-rich systems (including pure liquid
Fe) in mineral physics and more generally condensed-matter
physics at extreme conditions.
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