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a b s t r a c t
We investigate by ﬁrst principles several aspects of the spin crossover of ferrous iron (Fe2+ ) between
the high-spin (HS), intermediate-spin (IS), and low-spin (LS) states in MgSiO3 perovskite under pressure.
First, we investigate the effect of site degeneracy intrinsic to LS and IS states of iron. We show that the
entropy owing to this effect (site entropy) signiﬁcantly increases the fraction of LS irons and reduces the
crossover onset pressure, especially at high temperatures. Even including the effect of site entropy, the
fraction of IS irons in the lower mantle or in the laboratory is predicted to be negligible. We also show that
the effect of the crossover on equation-of-state parameters is probably undetectable at any temperature.
Although we address only ferrous iron in only one atomic conﬁguration and results are speciﬁc to this
situation, our results suggest that the effect of the crossover on the bulk modulus derived from direct
sound speed measurements could perhaps be more noticeable below room temperature. However, at
mantle conditions the bulk sound speed should hardly be affected by the crossover.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Iron-bearing magnesium silicate perovskite, (Mg, Fe)SiO3 , is
believed to be the major mineral of Earth’s lower mantle. The presence of iron in perovskite is known to affect several lower mantle
properties: elastic and seismic properties (Kiefer et al., 2002; Li et
al., 2005; Tsuchiya and Tsuchiya, 2006; Stackhouse et al., 2007), the
post-perovskite transition pressure (Caracas and Cohen, 2005; Mao
et al., 2005; Ono and Oganov, 2005; Stackhouse et al., 2006; Tateno
et al., 2007) and electrical and thermal conductivities (Burns, 1993;
Katsura et al., 1998; Xu et al., 1998; Badro et al., 2004), to mention a
few. Therefore the spin states of ferrous (Fe2+ ) and ferric (Fe3+ ) irons
have been intensively studied experimentally and theoretically.
However, there are some discrepancies between these studies.
Experimentally, Badro et al. (2004) reported two distinct spin
transitions: the ﬁrst from the high-spin (HS) state to a mixed-spin
(MS) state at ∼70 GPa and a subsequent one to the low-spin (LS)
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state at ∼120 GPa. Li et al. (2004) reported a gradual spin transition
through the intermediate-spin (IS) state which was not completed
up to 100 GPa. A gradual spin transition was also reported by
Jackson et al. (2005), suggesting that ferric iron was responsible
for the transition which ended around 70 GPa. Lin et al. (2008) and
McCammon et al. (2008) reported that ferrous iron should exist
predominantly in the IS state at lower mantle condition. Several
theoretical calculations showed that ferric iron undergoes a spin
transition at lower mantle pressures, while the transition pressure
for ferrous iron was calculated to be outside lower mantle’s pressure range (Cohen et al., 1997; Li et al., 2005; Hofmeister, 2006;
Zhang and Oganov, 2006; Stackhouse et al., 2007; Bengtson et al.,
2008). Recently we showed that the spin transition pressure of ferrous iron depends strongly on magnesium-iron ordering, resulting
in a variety of spin crossover pressures (Umemoto et al., 2008). For
the lowest-energy conﬁguration, the iron-(1 1 0) conﬁguration, the
crossover pressure was found to be in the pressure range of the
lower mantle. We also showed that a displacement of iron from
the preferred magnesium site, leading to a change in the iron coordination number, is vital for the occurrence of the spin crossover
(Fig. 1(a)). Because of the mirror plane on which magnesium and
HS irons exist, upward and downward displacements of LS and IS
irons in Fig. 1(a) are symmetrically identical. These two equivalent displacements give an additional contribution to the entropy
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Fig. 1. (a) Local atomic structure around HS, IS, LS irons at 120 GPa optimized for Mg0.875 Fe0.125 SiO3 . Numbers denote Fe-O bond lengths in Å. Pale spheres represent
symmetrically equivalent irons for IS and LS states. (b) Atomic structure used in the present calculation. Green and ocherous spheres denote magnesiums and irons,
respectively. The solid box represents the supercell with 40 atoms. The dashed box denotes the supercell with 80 atoms used for a test for validity of an assumption of the
ideal solid solution (see text).

intrinsic to LS and IS states. We refer to this contribution as site
entropy hereafter. This additional entropy contribution is expected
to further stabilize the LS and IS states at high temperatures. Here
we investigate the effect of site degeneracy on the entropy and on
the spin crossover in Mg0.875 Fe0.125 SiO3 . This iron concentration is
close to that expected in the lower mantle.
2. Theoretical approach and computational method
The atomic structure of Mg0.875 Fe0.125 SiO3 used in the present
calculations is shown in Fig. 1(b). The 40-atom supercell contains
one iron. Our thermodynamic treatment of the MS state assumes
an ideal solid solution of pure HS, IS, and LS states, which is
realistic for this atomic conﬁguration. The fraction of each spin
state is then calculated by either of the following approaches:
(1) from a thermodynamic treatment considering explicitly all
contributions to the Gibbs free energy or (2) directly from the
partition function. The second approach is more convenient when
the electronic/magnetic entropy is more complicated, for instance,
when the inclusion of highly excited electronic state or spin-orbit
effects are essential, or the solid solution is not ideal. These two
approaches are equivalent. Here we disregard vibrational effects
which were considered in previous studies of ferropericlase (Wu
et al., 2009; Wentzcovitch et al., 2009). They are essential for
predicting free energies, thermodynamics properties, and should
superpose to the effects calculated here. Our goal here is to investigate the magnitude of a particular phenomenon that should not be
strongly affected by (quasi)harmonic vibrations. However, anharmonic ﬂuctuations in the iron position could have an unpredictable
effect.

Wentzcovitch et al., 1993) for structural optimization under
arbitrary pressures.
2.2. n(P, T ) from the free energy
Here we expand the approach developed by Tsuchiya et al.
(2006) to calculate the fraction of LS iron in the MS state. We now
include the IS state as well as the site entropy contribution to the
free energy. The molar Gibbs free energy of the MS state, G(n, P, T ),
is given by
(1)

where n and G are the fraction and the Gibbs free energy of each
spin state, respectively, and Gmix is the free energy of mixing of the
ideal solid solution with three spin states. Gmix is
Gmix = kB TXFe



n log n ,

(2)



where XFe is the iron concentration. Disregarding vibrational
effects, the molar Gibbs free energy of each component has three
contributions:
mag

G = H + G

+ Gsite .

(3)

The ﬁrst term is the static enthalpy. The second term is the
contribution from magnetic entropy. In the ideal solid solution formalism, the free energy of the HS or IS states does not depend on the
spin coupling between irons. The magnetic entropy is then given
simply by
mag

Calculations were performed using the local-density approximation (LDA) (Perdew and Zunder, 1981). The pseudopotentials
for Fe, Si, and O were generated by Vanderbilt’s method
(Vanderbilt, 1990). The valence electronic conﬁgurations used
are 3s2 3p6 3d6.5 4s1 4p0 , 3s2 3p1 , and 2s2 2p4 for Fe, Si, and O. Core
radii for all quantum numbers l are 1.8, 1.6, and 1.4 a.u. for Fe, Si
and O. The pseudopotential for Mg was generated by von BarthCar’s method. Five conﬁgurations, 3s2 3p0 , 3s1 3p1 , 3s1 3p0.5 3d0.5 ,
3s1 3p0.5 , and 3s1 3d1 with decreasing weights 1.5, 0.6, 0.3, 0.3, and
0.2, respectively, were used. Core radii for all quantum numbers
l are 2.5 a.u.. The plane-wave cutoff energy is 40 Ry. The 2 × 2 × 4
k-point mesh is used for the Brillouin zone sampling. We used
variable-cell-shape molecular dynamics (Wentzcovitch, 1991;

n (P, T )G (P, T ) + Gmix (P, T ),

=HS,IS,LS

G
2.1. Computational details



G(n, P, T ) =

= −kB TXFe log(m (2S + 1)) ≡ −kB TXFe log M ,

(4)

where m and S are the orbital degeneracy and the spin quantum
number for each spin state, respectively. The third term, Gsite , is the
free energy contribution from site entropy:
Gsite = −kB TXFe log Nsite .

(5)

Nsite

is the number of equivalent sites for each spin state,
Here
site = 2 and N site = 1. Thus, for the HS state, Gsite = 0. The
i.e., NLS(IS)
HS
HS
constraint on the fractions n is



n = 1,

or,

nHS = 1 − nIS − nLS .

(6)

=HS,IS,LS

In principle one should also include the vibrational free energy,
but the focus here is to understand the effect of site degeneracy. The
effect of vibrations will be the subject of future work. Therefore, nLS
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and nIS are obtained by minimizing the free energy (in Eq. (1)) with
respect to nLS and nIS . We then obtain:
nHS (P, T ) =

MHS
site M
MHS + NLS
LS exp(−(HLS )/(kB TXFe ))

,

(7)

site M exp(−(H )/(k TX ))
+ NIS
B
Fe
IS
IS

nLS(IS) (P, T ) =

site M
NLS(IS)
LS(IS)

MHS



exp

−

HLS(IS)
kB TXFe



nHS ,

(8)

where HLS(IS) ≡ HLS(IS) − HHS .
2.3. n(P, T ) from the partition function
The partition function of this system is:



Z(V, T ) =

 E (V ) 


w exp −

=HS,IS,LS

kB T

,

(9)

where E (V ) is the total energy and w = M Nsite is the degeneracy
for each spin state. The fraction of each spin state is then readily
obtained:
n (V, T ) =

w exp(−(E (V ))/(kB T ))
.
Z(V, T )

(10)

Change of variables then gives n (P, T ).
3. Results and discussion
3.1. Stability of the IS state
We performed calculations in the HS, LS, and IS states. For the
IS state, at ﬁrst the total magnetic moment per unit cell was constrained to 2B . But once the equilibrium position of iron was
obtained, we allowed the magnetic moment to be relaxed and
the IS state was found to remain in equilibrium. IS irons are displaced from the mirror plane, but their displacements are smaller
than those of LS irons (Fig. 1). Fig. 2 shows the relative enthalpy
of all spin states. The IS state has the highest enthalpy and is
metastable in the entire pressure range of the mantle. This result
is consistent with those of previous computational studies (Zhang

Fig. 2. Calculated enthalpies for LS and IS states with respect to the HS state.

and Oganov, 2006; Stackhouse et al., 2007; Bengtson et al., 2008).
As shown later in Sec. 3.2 and 3.3, even including site and magnetic entropies, the fraction of the IS state remains negligible. The
HS ↔ IS crossover at ∼30 GPa was proposed to explain the increase
to high value (> 3.5 mm/s) in the nuclear quadrupole splitting (QS)
of ferrous iron observed in Mössbauer experiments (Lin et al., 2008;
McCammon et al., 2008). This interpretation assumed that IS iron
has a less symmetric electronic charge density than HS iron and
produces larger electric ﬁeld gradients at the nucleus. However,
recent calculations (Bengtson et al., 2009; Hsu et al., 2009) indicated that IS ferrous iron has a small QS, i.e., < 1 mm/s. Hence,
enthalpy and QS calculations do not support the proposed interpretation of Mössbauer data (Lin et al., 2008; McCammon et al.,
2008). Although there are still several factors that need to be investigated and could affect these results and conclusions (vibrational
entropy, anharmonicity, etc), so far computational studies unanimously suggest that the IS state is highly metastable and has small
QS.

Fig. 3. Iron fractions in each spin state (nHS , nIS , and nLS ) at (a) 300 K and (b) 2000 K as result of site entropy only. Magnetic entropy was disregarded here.
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Fig. 4. LS iron fraction (nLS ) at several temperatures. Solid and dashed lines denote
site
site
= 2 and NLS
= 1), respectively.
nLS calculated with and without LS site entropy (NLS
Magnetic entropy was disregarded here.

between these displacements leads to negligible difference in nLS
(less than 0.03). Hence, correlation between displacements of two
LS irons is negligible and the ideal solid solution model is valid for
this particular iron conﬁguration. However, the ideal solid solution
model is inappropriate for high iron concentrations and/or for other
atomic conﬁgurations where irons are close to each other. In FeSiO3
and in the iron-(1 1 0) conﬁguration of (Mg, Fe)SiO3 (Umemoto et
al., 2008), displacements of LS irons are strongly correlated; all LS
irons are displaced in the same direction. The enthalpy of conﬁgurations with irons displaced in opposite directions is considerably
higher and these conﬁgurations are very unlikely. Those static calculations indicated that there is a tendency for iron clustering in
(Mg, Fe)SiO3 perovskite resulting in iron-rich and iron-poor regions
(Umemoto et al., 2008). This clustering should reduce the number
of structural degrees of freedom of LS iron by forcing them to displace in the same direction. Therefore the effect of site entropy
is suppressed in iron-rich regions. In iron-poor regions, the static
spin crossover pressure is higher than in iron-rich regions, but site
entropy should decrease the crossover pressure and increase nLS as
shown in Fig. 4.
3.3. Effect of magnetic entropy

3.2. Effect of site entropy
In order to see the effect of site entropy clearly, we temporarmag
ily disregard the magnetic entropy term (G = 0 in Eq. (4)). Fig. 3
shows the fraction of each spin state at 300 and 2000 K. At 300 K nHS
and nLS change very sharply, while at 2000 K they do so smoothly.
Even with site entropy, nIS is negligible at 300 K and still quite small
at 2000 K, indicating that the IS state should scarcely occur in the
lower mantle. Fig. 4 shows nLS at several temperatures. Site entropy
does not affect nLS at 0 K, as expected. At ﬁnite temperatures it
helps stabilize the LS state with respect to the HS state. Without
site entropy, the HS ↔ LS crossover pressure (where nLS  0.5) is
97 GPa at all temperatures (Fig. 4). The inclusion of site entropy
changes this pressure to 95 GPa at 300 K, 88 GPa at 1000 K, 80 GPa
at 2000 K, and 72 GPa at 3000 K. Therefore, at lower mantle temperatures, site entropy should decrease noticeably the onset of the
spin crossover.
The effect of site entropy has been calculated in a 40-atom unit
cell with a single iron (Mg0.875 Fe0.125 SiO3 ), using an ideal solid solution model, i.e., disregarding the effects of correlation between iron
displacements. For the particular atomic conﬁguration considered
here, indeed this effect is very small. This has been veriﬁed in a 80atom supercell calculation (deﬁned by the dashed line in Fig. 1 (b)).
Two calculations with irons displaced in the same and in the opposite directions were performed in this cell. The enthalpy difference

Now we include also magnetic entropy in the thermodynamic
equilibrium calculation. It is known that in ferropericlase the magnetic entropy leads to a gradual spin crossover through a MS state
at high temperatures (Sturhahn et al., 2005; Tsuchiya et al., 2006;
Lin et al., 2007). We let SHS = 2, SIS = 1, and SLS = 0 in Eq. (4).
Since the electronic degeneracy of the d states is lifted in (Mg,
Fe)SiO3 (Umemoto et al., 2008), m = 1 for the all spin states. In
the IS state, the free energy has contributions from both magnetic
and site entropies, but nIS is still much smaller than nHS and nLS .
Fig. 5(a) shows nLS (P, T ) with magnetic and site entropies. Since
site |, the effect of magnetic entropy is stronger than that
|MHS | > |NLS
of site entropy. Nevertheless, we can still see a clear effect of site
entropy by comparing nLS calculated with and without the site
entropy term in Fig. 5(a) and (b), respectively. Site entropy expands
the stability ﬁeld of the LS state, partially compensating the effect
of magnetic entropy.
3.4. Effect of the spin crossover on volume and bulk modulus
The calculated compression curves of the HS, LS, and MS
states are shown in Fig. 6. The corresponding equation-of-state
parameters are given in Table 1. The compression curves are nearly
parallel to the experimental data on samples with 15% iron concentration (Lundin et al., 2008) but volume is slightly underestimated

site
site
Fig. 5. LS iron fraction (nLS ) with magnetic entropy. In (a) the LS site entropy is included (NLS
= 2), while in (b) it is not included (NLS
= 1). Dashded lines denote a mantle
geotherm derived by Brown and Shankland (1981).
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Fig. 7. Pressure dependence of the bulk modulus of the MS state at 300 and 2000 K
and for the HS and LS states.

Fig. 6. Compression curves for the MS state at 300 and 2000 K and for HS, IS, and
LS states. It should be noted that vibrational contribution to the free energy was not
included here and volumes are underestimated. Experimental values for 15% iron
concentration are taken from Lundin et al. (2008).

because vibrational effects have not been included. Volume of the
MS state changes continuously between those of HS and LS states.
At high temperatures relevant for the lower mantle the crossover
is smooth and unnoticeable. Since the volume difference between
the HS and LS states is quite small (∼0.3%), the volume reduction
during the spin crossover is difﬁcult to be detected in view of
experimental uncertainties (Lundin et al., 2008). This behavior is
different from that of the spin crossover in ferropericlase (Lin et
al., 2005; Tsuchiya et al., 2006; Fei et al., 2007; Wentzcovitch et al.,
2009; Wu et al., 2009).
Finally, we investigate the effect of the spin crossover on the
bulk modulus of the particular atomic conﬁguration we used. In ferropericlase, direct sound velocity measurements and calculations
showed an anomalous reduction of bulk modulus throughout the
spin crossover (Crowhurst et al., 2008; Wentzcovitch et al., 2009;

Table 1
Calculated parameters of the third-order Birch-Murnaghan equations of state. Note
that these are static results and vibrational effects were not included in the calculation. Experimental values are for 15% iron concentration and taken from Lundin et
al. (2008).

HS
IS
LS
MS at 300 K
MS at 2000 K
Exp.

V0 (a.u.3 /(Mg, Fe)SiO3 )

K0 (GPa)

K0

271.93
271.38
270.89
271.55
271.78
275.50

262
261
259
273
266
257

3.9
3.9
4.0
3.6
3.8
4.0

Wu et al., 2009). Fig. 7 shows the bulk modulus of the MS state
at 300 K. At ∼100 GPa its bulk modulus is reduced by ∼16% with
respect to those of the HS and LS states. However, at 2000 K, this
effect is not very noticeable because of the broad crossover pressure
range. Furthermore, (Mg, Fe)SiO3 perovskite is expected to be a disordered solid solution, possibly with some iron clustering and with
some ferric iron. The crossover pressure range in the real system
is expected to be much broader because of this diversity of iron
conﬁgrations with diffrent crossover pressures (Umemoto et al.,
2008). Therefore, at lower-mantle conditions, bulk modulus, density, and bulk sound velocity should be in practice unaffected by the
spin crossover. Nevertheless it could be worthwhile to investigate
sound velocities in iron-bearing perovskite below room temperature, where the crossovers in ferrous and ferric iron should be
sharper and possibly detectable. Their detection could give reference points around which the thermodynamics of this system could
be modeled.
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