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Abstract

We present ab initio calculations of the zero-temperature iron high- to low-spin crossover in (Mg1−xFex)SiO3 perovskite at pressures
relevant to Earth's lower mantle. Equations of state are fit for a range of compositions and used to predict the Fe spin transition pressure
and associated changes in volume and bulk modulus.We predict a dramatic decrease in transition pressure as Fe concentration increases.
This trend is contrary to that seen in ferropericlase, and suggests the energetics for spin crossover is highly dependent on the structural
environment of Fe. Both Local Density Approximation (LDA) and Generalized Gradient Approximation (GGA) exchange-correlation
methods are used, and both methods reproduce the same compositional trends. However, GGA gives a significantly higher transition
pressure than LDA. The spin transition is made easier by the decreasing spin-flip energy with pressure but is also driven by the change in
volume from high to low spin. Volume trends show that high-spin Fe2+ is larger than Mg2+ even under pressure, but low-spin Fe2+ is
smaller at ambient conditions and approximately the same size as Mg2+ under high pressure, indicating that low-spin Fe2+ is less
compressible than high-spin Fe2+. We find large changes between high- and low-spin in the slope of volume with Fe concentration.
Although these changes are small in absolutemagnitude for small Fe content, they are still important whenmeasured per Fe and could be
relevant for calculating partitioning coefficients in the lower mantle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

(Mg,Fe,Al)(Si,Al)O3 perovskite (pv) and (Mg,Fe)O
ferropericlase (fp) make up approximately 80% and 20%
respectively of the volume of the lower mantle (Ito and
Takahashi, 1987). A number of recent studies (see (Badro
et al., 2003; Goncharov et al., 2006; Lin et al., 2007;
Lin et al., 2006; Lin et al., 2005; Pasternak et al., 1997;
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Persson et al., 2006; Speziale et al., 2005) for fp and
(Badro et al., 2005; Badro et al., 2004; Jackson et al.,
2005; Li et al., 2004; Li et al., 2006; Li et al., 2005;
Stackhouse et al., 2007; Zhang and Oganov, 2006) for pv)
suggest that iron (Fe) undergoes a pressure-induced spin
crossover in these phases, potentially impacting their
equations-of-state, element partitioning, and mechanical,
optical and transport properties. While substantial
evidence exists for a high-spin (HS) to low-spin (LS)
crossover under lower mantle pressures for Fe2+in fp
(Badro et al., 2003; Goncharov et al., 2006; Lin et al.,
2007; Lin et al., 2006; Lin et al., 2005; Pasternak et al.,
1997; Persson et al., 2006; Speziale et al., 2005),
considerable uncertainty surrounds the spin behavior in
pv (Badro et al., 2005; Badro et al., 2004; Jackson et al.,
2005; Li et al., 2004; Li et al., 2006; Li et al., 2005;
Stackhouse et al., 2007; Zhang andOganov, 2006). This is
due to the many variables that may affect the study of spin
crossover: Fe site occupancy, Fe valence state, Fe con-
centration, Al content, possible intermediate spin states,
and different experimental and computational techniques.
However, in an attempt to understand and synthesize the
existing knowledge on pv spin crossover, there are some
trends that we can draw from the literature. In the fol-
lowing we will always be referring to low temperature
results, where it seems that the crossover can be treated as
a transition occurring in a relatively small range of pres-
sures (the transition pressure will be denoted PT, although
Fig. 1. Summary of this work and previously known high-spin (HS) to low-sp
of composition. Both experimental (circles) and computed (squares) data is
range from the first sign of LS to complete LS is indicated by broken lines. T
Iron valence states are indicated next to the reference. All Fe3+ samples inclu
up to the given pressure the system remains HS. The triangle at 100 GPa (Li e
nor LS state. Our work and Cohen et al. (1997); Li et al. (2005); Stackhouse e
sets at x=0.1 (Badro et al., 2005; Badro et al., 2004; Li et al., 2004; Li et al., 20
composition for clarity. PT values for this work (GGA) for x=0.125, 0.25, 0
non-SQS 20-atom cell structures with error bars given as ±one standard dev
it may be a range and not have a unique value). A com-
prehensive summary of the spin crossover measurements
and calculations to date is given in Fig. 1. The first trend
that we identify from this data is that in Al-free pv, Fe3+

has a lower PT than Fe
2+. This effect of changing valence

on PT has been seen both experimentally (Badro et al.,
2005; Badro et al., 2004; Jackson et al., 2005) and com-
putationally (Li et al., 2005; Stackhouse et al., 2007;
Zhang and Oganov, 2006). The second trend is that Al
content significantly influences PT, as experimental Al-
free (Badro et al., 2005; Badro et al., 2004; Jackson et al.,
2005) and Al-bearing (Li et al., 2004; Li et al., 2006) pv
samples give a different PT. Computationally, Fe3+ in Al-
bearing pv has a higher PT than in Al-free pv (Li et al.,
2005; Stackhouse et al., 2007; Zhang and Oganov, 2006).
A trend that is not clear from the literature is how PT

changeswith Fe2+ concentration,which provides a central
motivation for this paper.

At x=1 (pure FeSiO3), previous calculations (Cohen
et al., 1997; Stackhouse et al., 2006, 2007) found PT

values of 1000 GPa and 284 GPa, respectively, well out-
side the pressures expected in the lower mantle region.
These results suggest that Fe2+ content dramatically
drives up PT in pv since both experimental and cal-
culated results at lower Fe concentrations give much
lower values for PT. An increasing PT with Fe2+ content
would be consistent with the transition pressure trend
seen in fp (Persson et al., 2006). However, the results of
in (LS) spin crossover pressures, PT, in (Mg1−x,Fex)SiO3, as a function
included. For gradual crossovers, when data is available, the pressure
he experimental crossover pressures are measured at room temperature.
de Al, except where indicated. Open symbols indicated all cases where
t al., 2004) indicates that the experimental sample was in neither the HS
t al. (2007); Zhang and Oganov (2006) are computational results. Data
06) and x=0.125 (Stackhouse et al., 2007) have been shifted slightly in
.50, 0.75 Fe2+ are the mean of PT's from the 2 SQS structures and the
iation of the SQS and non-SQS PT values.
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this paper will show that in pv, PT decreases as con-
centration of Fe2+ increases. We also explain why the
present Fe end-member results are different than pre-
vious calculations (Cohen et al., 1997; Stackhouse et al.,
2007).

We present results on the entire composition range
from x=0 to x=1 in (Mg1− xFex)SiO3 pv. The higher Fe
contents are unlikely to be present in the lower mantle
but significant uncertainty still exists regarding the
amount of Fe present in pv at lower mantle conditions.
Previous studies found concentration limits in pv of
x=0.15 and x=0.21 for pv synthesized in multianvil
apparatuses and diamond cells, respectively (as sum-
marized in (Mao et al., 1997)). High-pressure and tem-
perature experiments find stability limits of x=0.28 at
50 GPa in pv (Mao et al., 1997), and the pv phase
diagram of Jeanloz and Thompson (1983) shows that
x=0.65 is stable at 88 GPa and 1000 °C. Other studies
predict that the Fe content in pv could be twice as much
as in fp (Andrault, 2001). Recent experiments find
x=0.5 is stable between 85–108 GPa and 1800–2330 K.
In addition, high Fe content calculations (especially
a fictive Fe end member) are of interest theoretically
to calculate elastic properties (Mattern et al., 2005;
Stackhouse et al., 2006) and phase stability (Caracas and
Cohen, 2005).

Trends in volume with composition are important in
calculations of the partitioning coefficient between pv and
fp, which require knowledge of the equilibriumpvvolume
with respect to Fe concentration.Thepvvolume is current-
ly estimated in the literature as V0(x)=V0(x=0)+a(P)×x
where V(x=0,P) is the equilibrium volume at pressure P
for MgSiO3, a(P) is the pressure dependent coefficient,
and x is the concentration of Fe (Andrault, 2001; Jackson,
1998; Jeanloz and Knittle, 1989; Kobayashi et al., 2005).
We examine this volume relationship and suggest changes
associated with spin crossover effects.

Finally, we consider trends in the spin crossover ener-
getics with composition. Some previous energetic models
of the spin crossover in the lower mantle have made
assumptions about the bare energy required to change
spin state (ΔEHS-LS) going to zero near the transition
(Hofmeister, 2006; Sturhahn et al., 2005). However
Persson et al. (2006) show thatΔEHS-LS is not zero at the
PT for fp, andwe show the same property holds for pv.We
also show that ΔEHS-LS has a strong composition depen-
dence, which leads to the trends in PT.

2. Computational method

Calculations were performed using density functional
theory (DFT) and the projector-augmented plane-wave
(PAW) method (Blochl, 1994; Kresse and Joubert,
1999), with the Vienna Ab-initio Simulation Package
(VASP) (Kresse and Furthmuller, 1996). Exchange cor-
relation was treated in both the Generalized Gradient
Approximation (GGA), as parameterized in Perdew et al.
(1996) (PBE), and the Local Density Approximation
(LDA), as parameterized in Perdew and Zunger (1981)
(CA). GGA tends to stabilize spin-polarized states over
non-spin polarized compared to LDA (Stixrude et al.,
1994), which will generally lead to higher spin transi-
tion pressures in GGA compared to LDA. In some cases
DFT+Umethods can provide a more accurate electronic
structure for transition metal oxides with localized elec-
trons, but the value of this approach for (Mg,Fe)SiO3 is
not clear and has not been explored here. In general we
expect that adding a fixed U value to all phases with
either GGA or LDA will drive up PT (Persson et al.,
2006). The PAW potentials were generated using the
following electronic configurations: 2s2 2p4 for Oxygen,
3 p6 3d7 4s1 for Fe, 2p6 3s2 for Mg, and 3s2 3p2 for Si.
Hard and soft oxygen PAW potentials supplied with the
VASP package resulted in the same PT to within 10 GPa
for FeSiO3. Calculations were done with energy cutoffs
of 1050 eV and 441 eV for the hard and soft PAW
potentials, respectively. Given the small differences
found, the soft PAW potential was used in order to
increase the speed of the calculations. The Brillouin zone
was sampled by a Monkhorst–Pack k-point mesh of
3×3×2 for the primitive cell of MgSiO3 (d'Arco et al.,
1993) and the Fourier space k-point density was kept as
constant as possible for different cells. An energy cutoff
of 441 eV was used. Total energy of the 20-atom
primitive cell of MgSiO3 was converged with respect to
k-points and energy cutoff to better than 5meV/atom.We
estimate the errors in MgSiO3 and FeSiO3 for Equation
of State (EOS) parameters K0, E0, V0 and PT are within
0.4%, 0.04%, 0.05%, 1% respectively with respect to
energy cutoff and k-points.

The perovskite (pv) structure used is based on the
experimentally determined MgSiO3 orthorhombic cell,
space group Pbnm (#62), containing 20 atoms in the
primitive cell (d'Arco et al., 1993), four of which are
metallic (Mg) sites. The alloy structures are created by
substituting Fe2+ for a Mg atom on the A site, which is
the site generally agreed upon for Fe2+ substitution
(Vanpeteghem et al., 2006). Fe2+ is substituted for Mg to
create concentrations of x=0.25, 0.5, 0.75 and 1. Within
the 20-atom cell there is only one unique way to order
the Fe2+ and Mg at each of these compositions, except at
x=0.50 where the Fe2+ atoms were placed as far apart as
possible (initial Fe–Fe distance of 4.665 Å). Below we
discuss other arrangements at x=0.50. For Fe2+



538 A. Bengtson et al. / Earth and Planetary Science Letters 265 (2008) 535–545
compositions of x=0.125, 0.083, 0.0625, 0.05, 0.03125
super cells of the original MgSiO3 structure containing
40, 60, 80, 120, and 160 total atoms, respectively, were
used.

The choice of Fe–Fe configurations can have a sig-
nificant impact on the values of PT (Li et al., 2005;
Stackhouse et al., 2007). For low Fe2+ concentrations
(xb0.125) there is only one Fe2+ per super cell in our
calculations and this simulates the behavior of essen-
tially isolated Fe. For higher Fe2+ concentrations
(x≥0.125), since most experimental samples are
reasonably approximated by a disordered solid solution,
we designed special cells to mimic the disordered
systems as closely as possible. The disordered system
was modeled using 40-atom cell Special Quasirandom
Structures (SQS) (Wei et al., 1990). SQS are small
supercells with decorations chosen to mimic the local
chemical order present in a truly random alloy. In this
study, two different SQS are used to calculate EOS
parameters and PT for each of the Fe2+ compositions
x=0.125, 0.25, 0.50 and 0.75 in addition to PT cal-
culations on the non-SQS MgSiO3 20-atom unit
cell. The SQS structures are generated using the ATAT
(van de Walle et al., 2002) toolkit to be as random as
possible for Fe–Fe pairs within the first three nearest-
neighbor shells. They are built as super cells of the 20-
atom MgSiO3 structure and are used to assess how far
the results of the smaller 20-atom cells deviate from a
disordered system.

All high-spin (HS) calculations were done as spin-
polarized and ferromagnetic, and the low-spin (LS) cal-
culations were done as non-spin polarized (0 magnetic
moment). We found no significant difference in PT when
the LS enthalpies were calculated with a fixed spin set to
zero, a varying spin optimized in the LS state, or as non-
spin polarized. The use of ferromagnetic spin ordering is
an approximation. The true ground state magnetic struc-
ture is likely to be composition dependent and have some
antiferromagnetic character. In order to assess the possible
impact of using a ferromagnetic spin ordering we have
constructed an antiferromagnetic FeSiO3 cell with perfect
nearest-neighbor antiferromagnetic ordering on the
approximately cubic Fe2+ sublattice. We find that the
energy and PT differ from the ferromagnetic values by
10 meV/Fe2+ and 5 GPa, respectively. Based on this
energy difference, the magnetic ordering is likely to be
paramagnetic for most compositions at room temperature
and above. Since the impact of magnetism is likely to be
largest at the x=1 composition the small changes we
observe in FeSiO3 associated with different magnetic
ordering suggests that it is an excellent approximation for
the properties discussed in this paper to treat all the
compositions as ferromagnetic. To explore the intermedi-
ate spin (IS) state of Fe2+, calculations were done for
x=0.25 as described above with the spin state fixed to 2.
Calculations at x=0.25 were also performed with Fe3+ by
substituting an Fe atom for one of the symmetrically
equivalent Mg atoms on the A site and Al for Si on the B
site such that the Fe3+ and Al were nearest neighbors (the
location of Fe3+ is pv samples is somewhat uncertain and
this choice follows (Li et al., 2005)). The LS state of Fe3+

was fixed to a moment of 1.
Octahedral tilting plays an important role in the perov-

skite structure (Angel et al., 2005; Howard and Stokes,
2005; Lufaso andWoodward, 2004; Magyari-Kope et al.,
2002; O'Keeffe et al., 1979). Therefore, in order to allow
for internal distortions and octahedral tilting, each starting
atomic position was perturbed by randomly adding or
subtracting 0.01 Å along each Cartesian direction and no
symmetry was enforced during the relaxations. Calcula-
tions were donewith a grid of fixed volumes ranging from
200 Å3 to 90 Å3 for the 20-atom cell (and scaled
appropriately for larger cells). The ions and cell shape
were fully relaxed at each volume.

EOS parameters were calculated by fitting the energies
as a function of volume over the pressure range
−10bPb200 GPa using a least-squares fit to the
Birch–Murnaghan third-order EOS (Birch, 1947) (addi-
tional fits using the Murnaghan (1944) and Vinet
(Universal) (Fang, 1998; Vinet et al., 1986) EOS were al-
so performed and any significant differences compared to
the Birch–Murnaghan third-order fits are noted in the
text.) The HS to LS transition pressurePTwas determined
by the requirement of equal enthalpies (determined from
the EOS) for both spin states.

3. Results

The third-order Birch–Murnaghan EOS parame-
ters for calculated high-spin (HS) and low-spin (LS)
perovskite (pv) fits for the VASP energies as a func-
tion of volume are given in Table 1 for both GGA
and LDA results. These results do not include any of
the SQS structures discussed above. For the SQS
calculations K0’, E0, and V0 vary by less than 0.2% for
HS and 0.4% for LS from the non-SQS structures. The
SQS K0 HS values are within 0.5% of the non-SQS
structure, and LS are within 2%. A few general trends
are obvious, particularly as a function of Fe2+ content, x,
in (Mg1− xFex)SiO3. For both HS and LS, the bulk
moduli (K0) increases with increasing x. Also, the equi-
librium volume (V0) increases (decreases) with increas-
ing x for HS (LS). For all concentrations and spin states
LDA gives larger K0 and smaller V0 than GGA, as
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expected. V0 decreases and K0 increases from HS to LS,
which is also to be expected, since LS Fe2+ is smaller
than HS Fe2+ (Shannon, 1976), although the trends are
not as evident for low Fe2+ concentrations. An as-
sumption often made in calculating partitioning coeffi-
cients for low Fe2+ concentrations is that Fe2+ does not
have an effect on K0 (Andrault, 2001), which our results
support for low x. However, for larger x values, K0

increases with increasing Fe2+ content in both HS and
LS. When the ab initio data was fit with the Murnaghan
EOS or Vinet EOS (as opposed to the third-order Birch–
Murnaghan EOS), similar trends were observed. E0 and
V0 values changed by less than 0.005% and 0.25%
respectively, and K0 quantities were slightly higher for
both Murnaghan and Vinet EOS by up to 4% (e.g. at
x=0, K0=232 GPa from the Vinet EOS).

Our results for x=0 agree as well as expected for
density functional theory with the experimental results,
where K0 ranges between 247 and 272 GPa, K0

' ranges
from 3.6–7, and V0 is between 40.6–41.4 Å3/f.u.
(Akber-Knutson and Bukowinski, 2004; Caracas and
Cohen, 2005; Mattern et al., 2005; Oganov et al., 2001).
Our GGA results fall in the lowest part of the ex-
perimental K0 range and are give somewhat expanded
volumes compared to the experiments, which is typical
Table 1
Third-order Birch–Murnaghan EOS parameters fitted for −10bPb200 GPa
and LDA calculations

x GGA

K0, GPa K0’ E0, eV/f.u. V0, A
3/f.u

High spin
.0312 226 4.0648 −35.0785 42.198
.05 226 4.065 −35.1335 42.23
.0625 227 4.065 −35.1665 42.245
.083 227 4.0654 −35.218 42.2775
.125 228 4.066 −35.318 42.307
.25 231 4.0712 −35.626 42.464
.50 234 4.0703 −36.2675 42.8405
.75 242 4.0848 −36.909 43.03
1 248 4.0864 −37.569 43.3005
1 AFM 243 4.0777 −37.562 43.3460

Low spin
0 225 4.0636 −35.015 42.176
.0312 226 4.0656 −35.0355 42.154
.05 226 4.0664 −35.066 42.1625
.0625 226 4.0674 −35.0825 42.158
.083 227 4.0685 −35.105 42.1525
.125 228 4.0685 −35.1515 42.1395
.25 231 4.0794 −35.295 42.1215
.50 242 4.1079 −35.711 41.8745
.75 255 4.1392 −36.1865 41.5175
1 271 4.1736 −36.7515 41.0625

No SQS data is included.
for GGA. Our results also agree well with previous
calculations, although one must take care to make com-
parisons to equivalent approaches. It particular, in order
to correct for the overestimation of volume by GGA, a
correction pressure is often applied, which we have not
done in this paper. Comparisons of corrected and un-
corrected values must be made appropriately. Also, com-
parisons should be made with the same EOS when
possible to give the most direct assessment of the
ab initio results. For x=0 our uncorrected K0 and V0

values match the uncorrected values of Oganov et al.
(2001) very well, with volumes and bulk moduli agree-
ing within 0.3% (we used the same Vinet EOS as
Oganov et al. for this comparison). Our V0 is larger than
that of Caracas and Cohen (2005) because their value
has been adjusted by a pressure correction factor to
match experimental values. The pressure correction fac-
tor required for our V0 to match experiments is 9 GPa,
similar to the correction pressure of 12 GPa used by
Oganov et al. (2001). We choose to present all un-
corrected values to avoid confusion and possible
inconsistency at different Fe2+ compositions. For x=0,
0.50, and 1 our HS GGA and LDA K0 values are within
±15 GPa of other computational values (summarized in
(Caracas and Cohen, 2005)). Our LDA K0, K0

’ , and V0
for HS and LS (Mg1− x,Fex)SiO3 perovskite phases obtained by GGA

LDA

. K0, GPa K0’ E0, eV/f.u. V0, A
3/f.u.

– – – –
– – – –

249 4.1409 −39.1345 40.206
– – – –
– – – –

253 4.1526 −39.586 40.373
262 4.1659 −40.2175 40.586
271 4.1927 −40.8665 40.7225
280 4.2086 −41.5335 40.887
– – – –

242 4.1655 −38.99 40.2245
– – – –
– – – –

226 4.4552 −39.108 40.43
– – – –
– – – –

257 4.1583 −39.4 39.961
274 4.1888 −39.98 39.639
294 4.2161 −40.644 39.189
312 4.3054 −41.42 38.7225



Fig. 2. Calculated HS (solid line) and LS (dashed line) (Mg1− x,Fex)
SiO3 volumes at P=0 (squares), 100 (circles) and 200 (triangles) GPa,
as a ratio of the MgSiO3 volume at each pressure, as a function of
composition.

Table 2
(Mg1− x,Fex)SiO3 high- to low-spin transition pressures (PT) for GGA
and LDA from the EOS data in Table 1

x GGA LDA

PT (GPa) ΔV(PT) Å
3/f.u. PT (GPa) ΔV(PT) Å

3/f.u.

.0312 193 0.0306 – –

.05 190 0.0494 – –

.0625 187 0.0616 96 0.1042

.083 192 0.0774 – –

.125 202 (193,201) 0.1111 – –

.25 201 (170,190) 0.2193 97 0.2483

.5 138 (162,162) 0.4771 49 0.648

.75 106 (101, 105) 0.8519 26 1.2147
1 77 1.37 9 1.9942

ΔV(PT) is the change in volume from HS to LS at the transition
pressure.
When available, PT for 2 SQS structures are given in parentheses.
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values give agreement to within ±15 GPa, ±0.1, and
±0.8 Å3/f.u. respectively, with most other calculations
(all comparisons made using the Vinet EOS) (Karki
et al., 1997; Stixrude and Cohen, 1993; Wentzcovitch
et al., 1995). However, for x=0.5 and 1 (Caracas and
Cohen, 2005) obtain a larger volume than our results,
suggesting a larger volume trend with concentration. At
present we do not know the reason for this discrepancy.

Fig. 2 shows the HS and LS pv volumes (as a fraction
of MgSiO3 volume) as a function of Fe2+ content for
several pressures. From Fig. 2 it is apparent that the
volume difference between HS and LS, ΔVHS-LS(P),
increases with increasing Fe2+ content, as would be
expected. In pv both HS and LS Fe2+ increase in size
relative to Mg under pressure, suggesting that the Fe2+ is
less compressible than Mg, consistent with the increased
bulk modulus observed with Fe2+ doping. However, HS
Fe2+ starts larger than Mg and keeps getting relatively
larger, while LS Fe2+ starts smaller, and at relevant
pressures of around 100 GPa is about equal in size to
Mg. The increase in the volume of the HS states is quite
close to linear with Fe2+ content, while the LS volumes
show a clear convexity. The linear behavior is expected
for a weakly interacting alloy system, whereas the con-
vex behavior is consistent with strongly repulsive alloy
systems, since the unlike-atom bonds tend to be longer
than the like atom bonds. The volume trends are con-
sistent with the energetics, which can be seen by view-
ing the system as a pseudo binary Mg–Fe alloy. The
zero-pressure formation energy for (Mg0.5Fe0.5)SiO3

fromMgSiO3 and FeSiO3 is about 20 meV/metal site for
HS Fe2+, but about 170 meV/metal site for LS Fe (these
values change to 40 meV/metal site for HS Fe2+ and
210 meV/metal site for LS Fe at 100 GPa). Thus there is
a dramatic increase in the repulsive interaction between
Mg and Fe2+ (and associated tendency for phase sep-
aration and clustering) when Fe2+ goes LS. This un-
expected change in the interactions as a function of spin
state is under further investigation.

The HS to LS transition properties are given in Table 2
and Fig. 1. In Fig. 1, PT values (GGA) for x=0.125, 0.25,
0.50, 0.75 Fe2+ are the mean of PT's from the 2 SQS
structures and the non-SQS 20-atom cell structures, with
error bars given by one standard deviation. The relatively
small error bars show that the non-SQS 20-atom cells give
PT values similar to the SQS cells. For low Fe2+ con-
centration PT remains approximately constant and
decreases as Fe2+ content increases. LDA gives lower
PT values than GGA, but reproduces the same qualitative
trend. At x=0.25, Fe3+ shows a PT of 135 GPa (lower
than Fe2+ by about 60 to 100 GPa (Fig. 1)), which is in
good agreement with the ab initio results of Li et al.
(2005) and Zhang and Oganov (2006), although their
results are at x=0.0625 and x=0.03, respectively. Table 2
also lists the change in volume (ΔV) at PT as a function of
x. We find theΔV(PT) trend with x increases non-linearly,
which is due to the decrease of PT with increasing x. All
calculated transitions are sharp transitions from the HS to
LS state and were done at 0 K. Temperature will stabilize
the HS state and lead to a more continuous spin crossover
(Lin et al., 2007; Sturhahn et al., 2005; Tsuchiya et al.,
2006).

4. Discussion

4.1. Spin transition pressure dependence on composition

For low Fe2+ concentrations (i.e. low x in (Mg1−xFex)
SiO3) the Fe

2+ GGA PT is approximately independent of



Fig. 3. Summary of transition pressures in perovskite and ferroper-
iclase (rocksalt structure). Trends with composition are opposite
depending on the material structure.
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Fe2+ concentration and has a value of approximately
200 GPa, a trend that is reproduced with the LDA calcu-
lations, although with a lower PT around 100 GPa. This
lack of compositional dependence is to be expected since,
for low x, Fe2+ is largely behaving as an isolated atomwith
respect to PT. This result is similar to the lack of de-
pendence ofPTon composition found for low Fe2+content
in ferropericlase (fp) by Tsuchiya et al. (2006).

Our PT values are consistent with those in Zhang and
Oganov, (2006), where Fe2+ was calculated to beHS up to
150 GPa (the highest pressure considered in that study).
However, our PT values are higher than Stackhouse et al.
(2007) who found PT at x=0.125 for Fe2+ to range from
127–143 GPa depending on Fe–Fe configuration, lower
than our results and those of Zhang and Oganov (2006).
The difference can be partly explained by the use of
different parameterizations of the GGA. Stackhouse et al.
used the Perdew–Wang parameterization of the GGA
(GGA-PW) (Perdew et al., 1992, 1993), and we use the
Perdew–Burke–Ernzerhof parameterization of the GGA
(GGA-PBE) (Perdew et al., 1996).We find that switching
to the GGA-PW for an x=0.25 SQS lowers PT from
170 GPa to 137 GPa. Also, Stackhouse et al. (2007) used
an 80 atom unit cell with the possibility of much closer
Fe–Fe distances, whereas our cell at x=0.125 contained
only 40 atoms. We found that using an 80-atom cell, with
x=0.125 and a minimum Fe–Fe distance, lowered PT
from 202 GPa (40 atom cell, initial Fe–Fe distance of
4.979 Å) to 171 GPa (80-atom cell, initial Fe–Fe distance
of 3.378 Å). Together, the exchange correlation and Fe2+

configuration differences can account for about a 60 GPa
decrease in PT between our work and that of Stackhouse
et al., which is very close to what is observed. Therefore,
large differences in PT can be explained by changes in the
parameterization of theGGA and the distance between the
Fe–Fe neighbors within the cell.

For larger x, PT decreases with increasing Fe2+ con-
tent, which was unexpected, since the opposite trend is
observed in fp (with the rocksalt structure) (Persson
et al., 2006) (Fig. 3). SQS calculations confirm that the
lowering of PT with higher Fe2+ content persists for
approximately random disordered structures, so the
trend is not an artifact of Fe–Fe ordering in smaller cells.
However, all the cells we use are based on super cells of
the MgSiO3 structure. It is therefore possible that there
are relaxations, particularly in the higher Fe2+ content
cells (farther from the MgSiO3 composition), that are
not captured by our simulations and may impact our
results. These could potentially be studied by more
elaborate relaxation approaches, such as variable cell
molecular dynamics (Wentzcovitch et al., 1993). The
trend in PT seen in fp is due to an effective chemical
pressure from the Mg, which is discussed in detail in
Persson et al. (2006). The relative atomic sizes that give
rise to this chemical pressure also occur in pv, and
should destabilize the HS Fe, driving PT down with
increasing Mg content. We therefore conclude that some
other factor dominates over the effective chemical
pressure to reverse the trend in PT with composition.

We believe that the unexpected trend in pv PT,
opposite to that expected from chemical compression
arguments and already seen in fp, is due to the additional
distortions possible in the pv structure compared to fp.
These distortions have a major effect in stabilizing the
LS state. For example, the GGA PT for FeSiO3 (Fe

2+ on
the A site) is 77 GPa when the perturbed MgSiO3

orthorhombic primitive cell is used as the starting
structure, allowing extensive relaxations. However, if a
5-atom ideal cubic perovskite cell with full cubic
symmetry is used, PT is found to be 900 GPa. This
dramatic dependence on structural relaxations occurs at
other compositions as well. We propose that increasing
stabilization of LS from the pv relaxations drives PT

down with increasing Fe2+ content.
The strong dependence of PT on relaxations also

explains some discrepancies with earlier results. Pre-
vious FeSiO3 calculations found PT to be 1000 GPa
(Cohen et al., 1997) and 284 GPa (Stackhouse et al.,
2006, 2007). The discrepancy between our results and
these calculations is primarily due to the different
structural relaxations allowed in each calculation. Our
method, as outlined before, is to fully break all sym-
metry in the cell (by turning off the symmetry and add-
ing small random perturbations to each atomic position)
in order to allow full structural relaxation. If we cal-
culate PT for FeSiO3 with the symmetry of the original
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MgSiO3 orthorhombic cell without adding the pertur-
bations and maintaining the symmetry, we get a PT

value of 240 GPa, similar to PT of 284 GPa found in
Stackhouse et al. (2007). In Stackhouse et al. (2007), the
enthalpies were extrapolated from 160 GPa, but in our
study enthalpies were calculated to above 300 GPa,
which, along with the use of a different GGA para-
meterization as mentioned previously, probably explains
the remaining difference in PT values. As mentioned
above, if we constrain the calculations to the ideal cubic
perovskite cell we find a PT of 900 GPa, similar to the
value found for the same cell in Cohen et al. (1997).
Thus we have successfully replicated the other two pre-
vious computational PT results on FeSiO3 and show
that allowing full structural relaxation dramatically low-
ers PT. Stackhouse et al. (2006) also suggest that the
LS FeSiO3 structure is dynamically unstable. We do not
find this instability, and propose that it is an additional
result of working with a cell that is incompletely op-
timized with respect to the minimum energy atomic
positions.

4.2. Spin transition pressure and intermediate spin and
Fe valence

We saw no stable intermediate spin state (IS) at
x=0.25 for Fe2+, consistent with the results of Li et al.
(2005) for Fe3+ and Stackhouse et al. (2007) for Fe2+.
However, in order to calculate an IS state, we fixed the
spin state to 2 in our calculation. The actual IS state may
have a magnetic moment slightly higher or lower than
exactly 2, therefore further exploration of the other
intermediate spin values is underway to confirm the
absence of any predicted IS state.

Changing the Fe2+ species to Fe3+ on the A (Mg) site
with the addition of Al on the B (Si) site in otherwise
identical structures at x=0.25 lowers the GGA PT from
196 GPa to 135 GPa (Fig. 1). This clearly establishes
that, at least within density functional theory models,
ferric and ferrous Fe have very different spin transition
pressures, with ferric being much lower. Our Al-bearing
Fe3+ PT calculations are within the same range as the
other Al-bearing computational results (Li et al., 2005;
Zhang and Oganov, 2006), although their results are at
x=0.0625 and x=0.03, respectively. The coupling of
Fe2+ and Fe3+, Fe3+ with no Al, and mixed and inter-
mediate spin states are presently under investigation.

4.3. Volume dependence on composition

The volume trends in Fig. 2 provide useful information
for calculation of partitioning coefficients. The volume
relationship used for calculating partition coefficients is
V0(x)=V0(x=0)+a(P)×x, where x is the concentration of
Fe, a is a fitting parameter, and P is the pressure. The
values in this equation have previously been deter-
mined by fitting to pv data based on presumably HS Fe2+

(Andrault, 2001; Jackson, 1998; Jeanloz and Knittle,
1989; Kobayashi et al., 2005). Here we extend the fitting
to explicitly include LS Fe. Because the lower mantle is
thought to have low Fe2+concentrations, we initially
restrict our analysis to how a(P) varies for small x. Fitting
data in Table 1 x≤0.25 for HS Fe, our calculations gives
a(P=0)=4.7, relatively close to the value of 6 found by
fitting to experimental data in Andrault (2001). However,
when Fe2+ is in the LS state (Fig. 2), a similar fit results in
a(P=0)=−0.8. This demonstrates the dramatic impact of
the change in spin state (although a smoother crossover
due to temperature would ameliorate these effects). These
calculations for a(P) can easily be extended to arbitrary
pressures using our equations of state. Fits are given for
x≤0.25 and x≥0.25 in order to best describe the be-
havior in the dilute Fe and Fe-rich regions. Fitting to data
for x≤0.25 at P=0, 25, 50, 100, 150, and 200 GPa gives
a(P)=−6.46×10−9 P4 +3.37×10−6 P3−6.58×10−4

P2 +6.36×10− 2 P−0.80 for LS Fe2+ and a(P) =
− 5 × 10 − 9 P 4 + 2 .70 × 10 − 6 P 3 − 5 .02 × 10 − 4

P2+3.98×10−2 P+4.66 for HS Fe2+. Fitting for the
same pressures and for x≥0.25 gives a(P)=−1.31×10−8

P4 +6.90×10−6 P3−1.38×10−3 P2 +1.42×10−1 P−
5.64 for LS Fe2+ and a(P)=−5.51×10−9 P4+2.83×
10−6 P3−5.33×10−4 P2+4.39×10−2 P+4.32 for HS
Fe2+.

Note that for mixed spin states, as is expected at higher
temperatures, one can approximate the volume trends by
interpolating between these expressions.

4.4. Energetics of the spin transition

Assuming we are at zero Kelvin, the spin transition
will occur when the enthalpy of the HS state exceeds
that of the LS state. At the transition the difference in
enthalpy ΔHHS-LS(P) =ΔEHS-LS(P) +PΔVHS-LS(P) is
zero. In Fig. 4, both enthalpy terms for GGA are plotted
at 0 GPa, 100 GPa, and 200 GPa. We find that ΔEHS-LS

is not zero at PT (as is sometimes assumed, e.g. in
(Hofmeister, 2006) and (Sturhahn et al., 2005)), and that
the spin transition occurs when a significant PΔVHS-LS

term balances the ΔEHS-LS term at PT. Since PΔVHS-LS

changes most under compression it is the change in
volume that largely drives the transition. As a func-
tion of pressure the change in PΔVHS-LS is larger than
ΔEHS-LS, but not as large as the difference is in the fp
structure (Persson et al., 2006). As a function of Fe2+



Fig. 4. CalculatedΔEHS-LS(P) (dashed line) andPΔVHS-LS(P) (solid line)
terms as a function of composition, at P=0 (squares), 100 (circles), and
200 (triangles) GPa.
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content, the magnitude of ΔEHS-LS decreases but
PΔVHS-LS remains nearly constant. The trend in
ΔEHS-LS stabilizes the LS state and leads to the
decreasing values of PT with increasing Fe2+ content.
The higher Fe2+ content may allow for more energeti-
cally favorable distortions which stabilize the LS state,
as suggested above. Other possible causes, e.g., changes
in the electronic structure, could not be conclusively
identified in this study. The behavior of ΔEHS-LS is very
different in pv than fp. In fp ΔEHS-LS increases as Fe

2+

content increases, stabilizing the HS state (Persson et al.,
2006). These results suggest that for both pv and fp a
major contribution to the driving force for pressure-
induced transitions is the volume difference between HS
and LS phases, even more than the reduction of the fixed
volume spin-flip energy. However, opposite trends be-
tween pv and fp in the spin-flip energy give opposite
trends in PT with Fe2+ content.

5. Conclusions

The results presented have a number of implications
for understanding Fe2+ spin behavior in (Mg1−x,Fex)SiO3.
While PT in Fe2+ is relatively constant at low x it
decreases as x increases. We predict a PT for x=1 that
is much smaller than previous calculations (Cohen et al.,
1997; Stackhouse et al., 2007), and suggest that Fe2+

rich pv could easily be LSwithin the lower mantle region.
These trends are counter those expected from chemical
pressure arguments and seen in fp, which we propose
is due to relaxations in the pv structure. Similar to fp, we
find that in pv LS Fe2+ is significantly smaller than HS Fe,
but that LS Fe2+ and Mg become similar in size
at higher pressures. The LDA results indicate the pos-
sibility of LS Fe2+ in pv in the lowermantle over the entire
composition range, however GGA results indicate that
only pv with xN0.25 will have LS Fe2+ in the lower
mantle. While a reliable spin crossover value is difficult
to pin down from this data, it is clear that experiments
on higher Fe compositions at lower mantle conditions
should particularly consider the possibility of LS Fe
within their samples. The gradual spin crossover seen in
experiments (Badro et al., 2005; Badro et al., 2004;
Jackson et al., 2005; Li et al., 2004; Li et al., 2006) could
be explained either by the Fe3+ going LS before Fe2+

(as indicated by our results) or by different local clusters
of Fe going LS at different pressures. Also, our calcula-
tions do not yet rule out the possibility of an intermediate
spin state.

Future analysis that considers trends in volume and
elastic properties with Fe2+ content must now consider
the possibility of LS Fe2+. To help with such analysis we
provide equation of state data for HS and LS Fe2+ for a
range of compositions, including pressure dependent fits
to the volume changes associated with dilute HS and LS
Fe2+. Temperature will stabilize HS and drive up PT at a
given composition, and these effects are currently under
investigation.

Computationally, we have shown that LDA gives a
PT lower than GGA by a shift of ~70–90 GPa, sug-
gesting that further study of optimal exchange-correla-
tion functions, and possibly investigation of correlated
methods such as LDA+U, needs to be performed for
more quantitative predictions of PT. We have also
shown that using the PW parameterization of GGA
instead of PBE lowers PT by over 30 GPa, and close
Fe–Fe distances can lower PT by over 30 GPa as well.
We predict that Fe3+ exhibits a significantly lower PT

than Fe2+ although further study of Fe2+–Fe3+ interac-
tions, site occupations, and intermediate spin states is
needed. Our results also show that the consideration of
pressure–volume terms in the enthalpy is equally or
more important in determining the transition pressure as
the bare energy required to change the spin state at
constant volume.
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