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Entropic broadening of the spin-crossover pressure in ferropericlase
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The pressure-induced spin crossover of iron in ferropericlase, the Fe-bearing MgO, is a key to understanding
the seismological observations in the lower mantle. However, the experimentally measured spin-crossover
pressure zone (SCPZ) shows large variations, which disagree with the theoretically predicted values that are
generally less than half of experimental ones. Here, we resolve this outstanding controversy by revealing the
critical role of Fe distribution in MgO in broadening the Fe SCPZ, using comprehensive first-principles calcula-
tions combined with cluster expansion approach and Monte Carlo simulations. By employing a large supercell
containing up to ∼106 atoms, we derive the spin-crossover pressures as functions of Fe concentration for different
Fe distributions. We determine a critical temperature of Tc ∼ 900 K, below which Fe segregation (clustering)
occurs, in accordance with the thermodynamic phase diagram. Above Tc, an entropy-driven randomized Fe
distribution creates large variations in Fe local environments, which in turn broadens the SCPZ, such as 17.5
GPa for 25 mol % Fe-bearing MgO in good agreement with experiments. Therefore, the broad SCPZ, rendering
a smooth change of ferropericlase mechanical properties during the spin crossover, should be mainly caused by
entropy, consistent with the high-temperature state of the lower mantle.
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I. INTRODUCTION

Ferropericlase (Fp), the MgO containing ∼20 mol % FeO,
is believed to be the second most abundant mineral in the
Earth’s lower mantle (LM) [1]. Its high-pressure (P) proper-
ties are critically important for understanding seismological
observations related to the LM. Under hydrostatic conditions,
Fe2+ ions in Fp are located in an octahedral crystal field,
which splits fivefold degenerate Fe d orbitals into threefold
t2g and twofold eg degenerate orbitals. At ambient pressure,
Fe2+ has a high-spin (HS) state, with three (two) d electrons
occupying the spin-up t2g (eg) states and one occupying the
spin-down t2g state. Pressurization can transfer two d elec-
trons in the spin-up eg states into the spin-down t2g states,
giving rise to the low-spin (LS) state of Fe2+ with empty eg

states, to manifest a pressure-induced HS to LS crossover of
Fp. Both experimental measurements [2–20] and theoretical
simulations [21–24] have confirmed that the spin crossover in
the LM varies with pressure which in turn significantly affects
Fp properties [3,6,11,16–18,21,25–27], such as anomalous
elasticity variations [16,18,25–27], volume reduction [3,6,21],
and partitioning of Fe between Fp and bridgmanite [17].
Consequently, the spin crossover is believed to contribute
to the seismic wave heterogeneities in the middle LM, e.g.,
the steeper-than-normal density gradient in the depth ranging
from ∼1000 to ∼2200 km [28,29].
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Based on first-principles calculations and empirical fit-
tings, recent theoretical works have constructed an integrated
thermodynamic model of Fe and Al chemistry in the LM con-
ditions [30]. The model demonstrated that the spin crossover
of Fe in Fp and Al3+ substitution in bridgmanite can in-
duce a chemically stratified LM, consistent with the recent
high-resolution tomographic images [30]. Thus, for a better
understanding of the LM, the pressure dependence of spin
crossover needs to be precisely clarified. But it remains chal-
lenging to measure the spin-crossover pressure zone (SCPZ)
accurately even at room temperature (T) [2–19], and the exper-
imentally reported values show large variations [see Fig. S1a
in Supplemental Material (SM) [31]]. For example, using the
optical absorption technique [11], Mössbauer spectroscopy
(MBS), [7] and x-ray emission spectroscopy (XES) [12],
MgO containing 25 mol % FeO, namely (Mg0.75Fe0.25)O, was
reported to have a different SCPZ of 10, 18, and 24 GPa,
respectively.

The SCPZ of Fe-bearing MgO was also extensively
investigated by first-principles simulations [21–24,32]. Un-
fortunately, large discrepancies are found between the experi-
mentally measured [2–20] and theoretically predicted [21–24]
room-T SCPZs (Fig. S1 in the SM [31]). One notices that
by assuming an ideally periodic Fe substitution in small su-
percells (containing ∼100 atoms), the existing simulations
cannot account for the effect of Fe distribution on SCPZs.
Even with the inclusion of vibrational entropy effects, the
simulation predicted SCPZs (<7GPa) for the ∼20 mol %
Fe-bearing MgO [21–23] is significantly smaller than the
experimental observations (18 GPa [9], 24 GPa [12], and
47 GPa [8]) (Fig. S1b in brown in the SM [31]). On the other
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hand, a very broad SCPZ, > 70 GPa, was recently reported
by simulations considering the mixing enthalpy effects [24]
(Fig. S1b in green in the SM [31]), which is notably bigger
than the experimental values.

Apparently, the above-mentioned outstanding controver-
sies have to be resolved for a better understanding of SCPZs,
and we realize a key missing link lies in the effect of Fe
distribution. It is generally accepted that the spin-crossover
pressure of Fe in MgO increases with increasing Fe con-
centration (x) and depends strongly on its local environment
[6,8,20,32]. For example, in the supercell with 64 atoms, the
predicted spin-crossover pressure of Fe clusters containing
two and three Fe ions is 16 and 53 GPa higher than that
of one isolated Fe ion, respectively [8]. This behavior can
be partially understood by considering the effects of mixing
between HS and LS Fe2+ as discussed before [24]. Since
LS Fe2+ (75 pm) has a smaller ionic radius than HS Fe2+

(92 pm) and Mg2+ (86 pm), the volume of HS Fe-O octa-
hedron next to the LS Fe-O octahedron can expand compared
with that next to the Mg-O octahedron [24]. Consequently, the
magnetic moments of HS Fe2+ next to LS Fe2+ can survive
pertaining to higher pressure, and this phenomenon will be
possibly more pronounced at high Fe concentrations. There-
fore, it will be very useful to establish a general relationship
between Fe distribution and SCPZ, especially the effect of
inhomogeneity in Fe distribution, which can occur over a large
length scale that could not be captured by small simulation
cells previously employed. Understanding the role of Fe dis-
tribution will fill an outstanding gap in our understanding of
LM properties, particularly the spin-crossover behaviors of Fe
in Fp.

II. METHODS

The first-principles calculations are performed using the
Vienna Ab-initio Simulation Package (VASP) [33,34], and the
interactions between the core electrons and valence electrons
are described by the projector augmented wave (PAW) method
[35]. The generalized gradient approximation (GGA) func-
tional of Perdew-Burke-Ernzerhof (PBE) [36] is selected to
describe the exchange-correlation energy. The plane wave
energy cutoff was set to 550 eV and self-consistent field
tolerance is 1.0 × 10–6 eV. The structures are relaxed un-
til the maximum force acting on any atom was less than
1.0 × 10–3 eV/Å. A supercell containing 64 atoms is adopted
to investigate the interaction between two Fe ions at static
condition, and Brillouin zone is sampled by 6 × 6 × 6
Monkhorst and Pack grid [37]. The formation energy of
(Mg0.625Fe0.375)O formed by Fe atoms aggregation in 25 and
40 mol % Fe-bearing MgO is calculated by using the supercell
with 64 atoms, and the 3 × 6 × 4 Monkhorst and Pack
grid is used [37]. To check the reliability of GGA functional
for describing the Fe distribution, intense calculations (full
structure relaxations and total energy calculations) based on
the hybrid functional (HSE06) [38] containing 25% exact
exchange contribution, which can give the correct band gap
[39], spin-crossover pressure of Fe [40], and configuration
of MgO vacancy [41] are carried out, and similar results are
obtained (Fig. S3 in the SM [31]). Our test calculations show
that for Fe-bearing MgO, GGA can also give comparable

lattice constant and high-spin to low-spin-crossover pressure
with that of GGA + U, GGA-PBEsol [42], and HSE06 [38].

In order to obtain the phase diagrams of Fe-bearing MgO,
it is necessary to search for stable Fe distributions in gigantic
supercells by calculating the total energies of a huge num-
ber of distribution configurations. However, it is infeasible to
carry out such calculations from first principles. Instead, com-
bination of the first-principles method and cluster expansion
(CE) method can be an effective approach to tackle this chal-
lenging problem, by constructing an Ising-like Hamiltonian to
calculating the energy of a huge number of atomic configura-
tions with modest computational cost, as demonstrated in the
studies of solid solutions [43].

The effective cluster interaction (ECI) parameters are con-
structed based on the CE method. In carrying out the progress
of CE, all investigated configurations are fully relaxed first by
using the first-principles calculations, and the total energies
are then expanded with a generalized Ising model, where
clusters are expanded in the basis functions of single atoms,
pairs, triples, and so on. The expansion formula [44] is shown
as

E f = J0 +
∑

i

Jiσi +
∑
i< j

Ji jσiσ j + · · · , (1)

where E f is the formation energy obtained from the first-
principles calculations, the indices i and j run over all lattice
sites, and σm is +1 and −1 for Fe and Mg on occupation site
m, respectively, and the expansion coefficients J are the ECIs.
The accuracy of ECIs are checked by the cross-validation
(CV) [45] score as shown in Eq. (2), which is defined as

CV =
(

1

n

n∑
i=1

(Ei − Êi )
2

)1/2

(2)

where Ei and Êi are the energies of structure i obtained by
using the first-principles calculations and by a least-squares
fitting of other (n − 1) structural energies, respectively. A
smaller CV score indicates more accurate ECI parameters.
The score in our simulation is 13.6 meV, much smaller than
the widely accepted converged value of 25 meV [45]. Since
the pressure loading time is short, we believe that the Fe-
distribution features will have marginal changes during the
experimental measurements. Therefore, the calculated HS Fe-
distribution features at 0 GPa are used for simulating the
spin-crossover behaviors.

The semigrand canonical Monte Carlo simulations im-
plemented by the emc2 code [45,46] of the ATAT program
[45] are used to obtain the spatial distributions of Fe ions
in MgO at temperatures of 300, 600, 900, 1200, 1500,
and 1800 K. Supercells constructed by a 36 × 36 × 36
expansion of the primitive cell are used for MC simula-
tions. The initial Fe distributions are randomly generated for
each MC simulation. The distribution features are evaluated
over 10 000 MC steps/site after 15 000 MC steps/site for
equilibration.

III. RESULTS AND DISCUSSION

Using first-principles calculations combined with the clus-
ter expansion (CE) approach and the Monte Carlo (MC)
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FIG. 1. Snapshots of Fe distributions. The Fe distributions of
(Mg0.9375Fe0.0625)O, (Mg0.75Fe0.25)O, and (Mg0.6Fe0.4)O at 300 K
are shown in (a)–(c), respectively, and their counterparts at 1800 K
are shown in (d)–(f), respectively. Fe atoms are presented by brown
balls, whereas Mg and O atoms are not displayed. At 300 K, in
the configurations of (Mg0.75Fe0.25)O and (Mg0.6Fe0.4)O, iron-rich
and iron-poor zones can be clearly identified, whereas randomized
iron distributions appear at the temperatures of 1800 K. Because the
Fe concentration of (Mg0.9375Fe0.0625)O is too low, Fe aggregation
supposed to occur at 300 K cannot be resolved.

method, we have first investigated the Fe distribution in Fe-
bearing MgO as functions of T and x in a large supercell
containing 93 312 atoms (36 × 36 × 36 times the MgO
primitive cell). Test calculations with even larger cells, such
as the 42 × 42 × 42 (148 176 atoms) supercell were also
done to verify the convergence of our simulation results. We
found that Fe segregation (clustering) will occur in MgO at
temperatures lower than 900 K driven by enthalpy, while the
entropy-driven randomized Fe distribution occurs at higher
temperature. Then, we studied the effect of Fe distribution
on SCPZ. Most notably, the randomized Fe distributions are
found to induce broad SCPZs comparable to experimental
observations. Thus, in the LM conditions, smooth changes
of ferropericlase properties during the spin crossover can be
expected by including both iron distribution and temperature
effects.

The generally accepted Fe concentration in LM Fp is
∼20 mol %, while a composition with higher x, such as
(Mg0.6Fe0.4)O, can also be expected [6]. Therefore, we sys-
tematically investigate Fe distributions in MgO with 3.125,
6.25, 12.5, 18, 25, and 40 mol % FeO incorporations. In each
case, key features of Fe distribution at temperatures of 300,
600, 900, 1200, 1500, and 1800 K are revealed and analyzed.
We note that the Fe-bearing MgO samples are usually synthe-
sized around 1800 K [5,6] approaching to the T (∼2000 K)
of the upper part of LM [1], where the spin crossover oc-
curs. The snapshots of Fe distribution in the Fe-bearing MgO
at 300 and 1800 K after equilibration are shown in Fig. 1
(see also Fig. S2 in the SM [31]). One can clearly see the
important effect of temperature on Fe distribution. For suf-
ficiently high Fe concentrations, e.g., 25 mol % [Fig. 1(b)],
40 mol % [Fig. 1(c)], and also 18 mol % (Fig. S2c in the SM
[31]), Fe segregation (i.e., MgO and FeO phase separation)
occurs at low temperature of 300 K, while a homogeneous

phase occurs at high temperature of 1800 K. We note that
in principle, Fe segregation should also occur for low Fe
concentrations at 300 K, but the amount of Fe-rich phase is too
small to be seen in Fig. 1(a) for (Mg0.9375Fe0.0625)O [see also
Fig. S3a in the SM [31] for (Mg0.96875Fe0.03125)O] and slight
Fe aggregation can be seen in 12.5 mol % Fe-bearing MgO
(Fig. S2b in the SM [31]) at 300 K. These results indicate
that for the Fe concentrations of geophysical interest (20–
40 mol %), iron in Fe-bearing MgO tends to cluster at low
temperature, which is consistent with our static calculations
(Fig. S3 in the SM [31]). The Fe segregation occurs also at
600 K (Fig. S4 in the SM [31]). This is simply because at
low temperature, the enthalpy contribution (as reflected from
the calculated clustering energy) dominates over the entropy
contribution (−T Sconf , where Sconf is the configuration en-
tropy), while the reverse is true at high temperature where the
entropy-driven randomized Fe distributions occur at 1800 K
for all the Fe concentrations. We have estimated from simu-
lations that the critical temperature for phase segregation is
∼900 K (Fig. S4 in the SM [31]), which is in reasonably good
agreement with the thermodynamic phase diagram [47].

To further quantify the Fe distributions shown in Fig. 1
and reveal their effects on the spin-crossover behaviors of Fe,
the simulated system with 93 312 atoms is divided into 729
cubic segments containing 64 cation and anion sites, and a
schematic view of the segmentation is shown in Fig. S5 (in
the SM [31]). For 6.25, 25, and 40 mol % Fe-bearing MgO, the
number of segments containing the same number of Fe atoms
(or with the same local Fe concentration, hereafter named xloc)
are counted. The results are shown in the histogram plot in
Fig. 2 using the upper X axis, to quantify the distribution of
local Fe concentration. At a low temperature of 300 K, the
histograms in Figs. 2(b) and 2(c) show apparently a bimodal
Fe distribution, which is fit with two Gaussian functions. The
two peak positions are located one above and one below the
nominal Fe concentration of 25 and 40 mol % in Figs. 2(b)
and 2(c), respectively, indicating phase segregation into one
Fe-rich and one Fe-poor phase. For the very low Fe con-
centration of 6.25 mol % shown in Fig. 2(a), there should
be two distributions in principle, but only the Fe-poor peak
can be seen, while the Fe-rich peak could not show up be-
cause of too small an amount. As shown in Figs. 2(b) and
2(c), a sharp peak at xloc = 0.375 can be seen in the 25 and
40/mol % Fe-bearing MgO at 300 K, and the Fe atoms tend
to segregate to the phase with 37.5 mol % FeO substitution,
which has a periodic Fe distribution (Fig. S6 and Table S1 in
the SM [31]). The calculated formation energy of the phase
with 37.5 mol % FeO substitution is negative indicating that
it is energetically stable (Fig. S6 in the SM [31]). In contrast,
at high temperature of 1800 K, the histograms in Figs. 2(b)
and 2(c) exhibit a monodistribution, which can be nicely fit
by one Gaussian function with the peak position coinciding
perfectly with their respective nominal Fe concentration, i.e.,
the fit peak positions of (Mg0.75Fe0.25)O and (Mg0.6Fe0.4)O
at 0.247 and 0.401, respectively. Generally, our results show
that above 900 K, the Fe distributions can be fit well by one
normal Gaussian function, indicating a homogeneous random
Fe distribution. Similar results are also obtained using smaller
segments containing 32 cation and anion sites (Fig. S7 in the
SM [31]).
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FIG. 2. Histograms showing the number of segments with the same local iron concentration and the same spin-crossover pressure. (a)–
(c) Results of (Mg0.9375Fe0.0625), (Mg0.75Fe0.25)O, and (Mg0.6Fe0.4)O, respectively. The upper X axis (lower X axis) presents the segments
distribution feature with local iron concentration (spin-crossover pressure). The segments containing 64 cation sites and 64 anion sites are
used. Red lines are the results of Gaussian fittings. Bimodal and mono Gaussian fittings are used for the configurations with and without Fe
enrichments, respectively, and the fitted peak positions (pp) are indicated next to the peaks. The purple-dashed line represents the assumed
detectable critical number of 10% of the highest histogram bar.

Next, we discuss the effects of Fe distribution on the spin-
crossover behavior. Since experimental observations clearly
showed that the spin-crossover pressure of Fe in MgO in-
creases with increasing x (Fig. S1a in the SM [31]), a
linear function, P(x) = 64.3x + 45.5 (red line in Fig. S1a
in the SM [31]), is obtained by fitting experimental results.
Correspondingly, the divided segments with higher local Fe
concentrations will have higher “local” spin-crossover pres-
sures. For example, the segments with xloc of 0.1 and 0.25
will have the spin-crossover pressures of 51.9 and 61.6 GPa,
respectively. In the lower X axis of the histogram plot in Fig. 2,
the number of segments with the same spin-crossover pressure
are counted and shown. Then, we determine the SCPZs at
300 and 1800 K, respectively, by assuming a detection limit
of 10% of the highest histogram bar. This means the spin
crossover of any given segment cannot be detected below this
limit, which is shown by the dashed purple lines in Fig. 2, and
our main conclusion would not be altered by this assumption.
Based on the SCPZs of all investigated iron concentrations, a
linear interpolation is used to calculate the SCPZs of MgO in-
corporated with 3.125–40 mol % FeO, which are summarized
in the phase diagram, as constructed in Fig. 3 (1800 K) and
Fig. S8 (300 K, in the SM [31]).

A broad SCPZ is induced by the Fe distribution at 1800 K
(Figs. 2 and 3). Specifically, the simulated SCPZ of MgO
incorporated with 18 and 25 mol % Fe is 14.9 and 17.5 GPa,
respectively, while it reaches the maximum of 19.1 GPa in
the case of x = 0.37. These SCPZ values agree well with
the experimental observations [2–20]. For example, the pre-

dicted value of 17.5 GPa for 25 mol % FeO incorporated in
MgO is generally consistent with the measured experimen-
tal range 10–24 GPa [7,11,12]. These results show that the
high-T entropy-broadened Fe distribution, having large local

FIG. 3. Low-spin Fe fractions and phase diagram. The fraction
of LS iron in Fe-bearing MgO is shown as functions of pressure and
iron concentration. Red zone and violet zone show Fe in the HS and
LS state, respectively. The area located between two white solid lines
presents the coexisting zone of HS and LS Fe. Experimental results at
room temperature are shown in horizontal bars. The simulated spin-
crossover pressure zones agree well with experimental ones.
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concentration variations, is the dominant factor in determin-
ing the SCPZ of Fe in MgO. Correspondingly, along the
LM geotherm, the entropy-broadened Fe distribution will also
contribute notably to the SCPZ. Previous theoretical investiga-
tions [21–24] indicated that about 50 GPa SCPZ can be caused
by the mixing enthalpy or entropy effects in Fe-bearing MgO
under ∼2000 K. Together with the broad SCPZ induced by
Fe distribution, 15–19 GPa, one could therefore expect a con-
tinuous and smooth change of Fe spin state in Fp under LM
conditions. Consequently, the spin-crossover induced changes
of Fp properties should also occur in a much broader range
due to the effects of Fe distribution.

Differing from the broad and continuous SCPZ induced
by homogeneous Fe distribution at high T (Fig. 3), phase
segregation occurs at 300 K and the resulting SCPZs of 25
and 40 mol % Fe-bearing MgO are very narrow, as shown in
Fig. 2(b) and Fig. S8 (in the SM [31]). Specifically, a two-step
spin-crossover behavior is found in the case of 25 mol %
Fe-bearing MgO. Such narrow SCPZs are obviously different
from the experimentally observed broad and smooth SCPZs
(Fig. S8 in the SM [31]). This indicates that the experimental
samples should contain little Fe segregation. This is rea-
sonable, since the Fe-bearing MgO samples are synthesized
first at high T by using laser heating [5,6] and subsequently
quenched to low T, and the experimentally reported diffusion
rates of iron in Fp will decrease drastically as T decreases
[48,49]. Consequently, the high-T Fe distributions are ex-
pected to be largely frozen-in in the samples at low T where
the measurements were conducted.

IV. CONCLUSION

In summary, the effect of Fe distribution in ferropericlase
have been systematically investigated as functions of temper-
ature and Fe concentration, most notably in large supercells
with ∼106 atoms, which reveals an entropy-driven transition
from segregated to randomized Fe distribution occurring at
∼900 K. The randomization of Fe distribution is then found to

play a key role in broadening the spin-crossover pressure zone
that agrees with the experimentally observed ranges. Con-
sequently, in the lower mantle, similar entropy-driven broad
spin-crossover pressure zones are expected, which in turn give
rise to smooth changes of ferropericlase properties during the
spin crossover. Furthermore, since properties of materials are
sensitive to their microstructure, Fe distribution may also play
an important role in affecting the melting temperature, ther-
mal conductivity, and electrical conductivity of ferropericlase.
Meanwhile, the effects of impurity distribution should also be
taken seriously when exploring the properties of other min-
erals, e.g., FeAl-bearing MgSiO3 bridgmanite. Generally, the
knowledge we learned here can also be transferred to better
understanding the properties of transition metal compounds
under high P, and our theoretical methods can be applied to
studying high-pressure properties of diluted magnetic solid
solutions containing transition metal elements.
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