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Effects of spin transition on diffusion of Fe2+ in ferropericlase in Earth’s lower mantle
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Knowledge of Fe composition in lower-mantle minerals (primarily perovskite and ferropericlase) is essential
to a complete understanding of the Earth’s interior. Fe cation diffusion potentially controls many aspects of the
distribution of Fe in the Earth’s lower mantle, including mixing of chemical heterogeneities, element partitioning,
and the extent of core-mantle communications. Fe in ferropericlase has been shown to undergo a spin transition
starting at about 40 GPa and exists in a mixture of high-spin and low-spin states over a wide range of pressures.
Present experimental data on Fe transport in ferropericlase is limited to pressures below 35 GPa and provides little
information on the pressure dependence of the activation volume and none on the impact of the spin transition on
diffusion. Therefore, known experimental data on Fe diffusion cannot be reliably extrapolated to predict diffusion
throughout the lower mantle. Here, first-principles and statistical modeling are combined to predict diffusion
of Fe in ferropericlase over the entire lower mantle, including the effects of the Fe spin transition. A thorough
statistical thermodynamic treatment is given to fully incorporate the coexistence of high- and low-spin Fe in the
model of overall Fe diffusion in the lower mantle. Pure low-spin Fe diffuses approximately 104 times slower
than high-spin Fe in ferropericlase but Fe diffusion of the mixed-spin state is only about 10 times slower than
that of high-spin Fe. The predicted Fe diffusivities demonstrate that ferropericlase is unlikely to be rate limiting
in transporting Fe in deep earth since much slower Fe diffusion in perovskite is predicted.
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I. INTRODUCTION

There are still many unanswered questions about the Earth’s
lower mantle. Accurate quantifications of the rheology (viscos-
ity) of the mantle and mixing of chemical heterogeneities1 are
necessary for realistic geodynamic models of Earth’s interior.
Element partitioning between major mantle phases, primar-
ily ferropericlase (fp), silicate perovskite (pv) and CaSiO3

perovskite,2 and the extent of core-mantle communications3,4

are also not well characterized. Fundamental to all of the above
processes is the diffusion (transport) of species within and
between the major phases. The recent discovery that iron’s
electronic and physical properties will change with pressure
necessitates a thorough understanding of the diffusion of Fe at
all mantle pressures and temperatures. In ferropericlase, Fe2+
undergoes a spin transition from a high-spin (HS) state with
four unpaired electrons in 3d orbitals to a low-spin (LS) state
with no unpaired electrons. The spin transition occurs within
the pressure-temperature range extending from approximately
1000 km in depth and 1900 K to 2200 km and 2300 K in the
lower mantle where pressure varies from 40 to 70 GPa.5 The
spin transition is not sharp, and over the transition region the Fe
spin is in a mixed-spin (MS) state, including a depth-dependent
fraction of HS and LS Fe.

The spin transition has a significant effect on thermoelastic
properties of ferropericlase. Different research groups report
the experimental observation of the effect of spin transition
on the density,6 bulk modulus,6,7 sound velocity,8 electrical
conductivity,9 and thermal conductivity of ferropericlase.
Recent first-principles studies have found an anomalous
increase in the thermal-expansion coefficient and thermal
Gruneisen parameter, a noticeable change in specific heat,
and a substantial softening of the bulk modulus10,11 as a

consequence of spin crossover in ferropericlase. However,
effects of the spin transition on viscosity, diffusivity, and rhe-
ology, of the lower-mantle phases are not yet fully understood.

The spin transition of Fe2+ in the lower-mantle phases
changes three properties essential to the migration energetics
of iron: its size, stability between on-lattice and activated
sites during migration (see Fig. 1 for more details), and
compressibility. Previous studies of Fe motion in ferropericlase
suggest that, for Mg-rich compositions, Fe diffusion proceeds
primarily by vacancy-mediated diffusion on the fcc metal
sublattice of the rocksalt ferropericalse structure.12 There exist
only two high-pressure studies of Fe diffusion, by Holzapfel
et al.13 and by Yamazaki and Irifune,14 who find activation
volumes of 3.3 cm3/mol and 1.8 cm3/mol, respectively. These
studies explore pressures up to 35 GPa. However, lower-mantle
pressures range approximately from 35 to 135 GPa,15 and
so any prediction of Fe diffusion in the deeper parts of the
lower mantle requires significant extrapolation. Extrapolation
of Fe diffusion properties to higher pressures is unreliable
due to both the range and lack of information on pressure
dependence of measured activation volumes. Furthermore,
as the Fe spin transition does not start until about 40 GPa,
the existing experimental diffusion results do not include
information on the effect of Fe spin changes. It is therefore
impossible to capture the effects of increasing amounts of LS
Fe by extrapolating present experimental data.

Ab-intio calculations allow access to pressures and temper-
ature not yet attainable in experiments. Ab initio methods are
widely used to predict thermoelastic properties of materials
in extreme conditions. Recently, Ammann et al.16 applied ab
initio methods to study the absolute diffusion rates of high-
and low-spin ferrous iron in ferropericlase assuming a sharp
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FIG. 1. (Color online) Schematic of nudged-elastic-band (NEB)
images of Fe diffusing in (Mg,Fe)O. At the initial position, an Fe2+

ion (golden sphere) resides on a Mg (blue sphere) sublattice site
adjacent to a Mg vacancy (white square). An activated state Fe2+

is half way between the initial lattice position and the target vacant
position and forms a line with the two nearest-neighbor oxygen anions
(red spheres).

discontinuous change in the HS and LS fractions. They have
concluded based on the transition pressure at the activated
state that a low-spin iron will change to high-spin during the
diffusive jump and return to low-spin as the jump completes.
Consequently, the spin transition may have minor effect on
cation diffusion and related phenomenon in the lower mantle.

The work by Ammann et al.16 was published just as we were
completing the present manuscript. We find very similar results
to their work for similar quantities, validating the calculations
and analysis of both groups. However, this work adds a number
of important contributions beyond the recent publication of
the work by Amann et al.16 In particular, this work provides a
complete statistical thermodynamic model, derived rigorously
with a clear statement of where approximations are being
made. This formalism allows us to extend the treatment
of Amman et al. beyond hops of either HS or LS Fe to
include MS diffusion. We also provide an analysis of the spin
dependence of the migration energy in terms of crystal field
effects, demonstrating that crystal field stabilization energy can
explain the bulk of the change in migration energy between
different spin states. Finally, we provide significant additional
analysis of geophysical impacts of the overall Fe diffusivity on
chemical equilibration of the lower mantle as well as identify
valuable constraints on laboratory experiments that require Fe
diffusion (e.g., determining Fe partitioning coefficients).

This manuscript consists of the following sections: Sec-
tion II describes the basic methods used to model the Fe
diffusion, including the density functional theory approaches
and the statistical model for diffusion. Section III describes
the thermodynamic modeling approaches used to model the
spin-dependent diffusion, the diffusion-mediating vacancy
concentrations, and to assess the effects of Fe concentration.
Section IV gives the main Fe diffusion results and Sec. V
provides a detailed analysis of the spin-dependent energetics
in terms of crystal field effects. Section VI discusses the
geophysical implications for the results and Sec. VII provides
a final set of summary conclusions.

II. METHODS

The theoretical model for diffusion of a dilute impurity
in crystalline materials used in this work was developed
by Lidiard and LeClaire.17,18 In this model the diffusion is
governed by vacancy concentration and energetics of vacancy-
mediated migration. Here we apply ab initio methods to
calculate the migration energetics. In (Mg,Fe)O, (Mg,Fe),
and O reside on separate interpenetrating fcc sublattices. Fe
diffusion takes place on the fcc (Mg,Fe) sublattice. This allows
the multifrequency models originally developed for fcc to be
applied to the diffusion of dilute Fe in (Mg,Fe)O. The model
used here is a simplified version of Lidiard and LeClaire’s
five-frequency model17,18 and is based on a solute and solvent
migration energy and a vacancy-solute binding energy. The
multifrequency model gives diffusion coefficients as a function
of exchange frequencies of vacancies with nearest-neighbor
atoms (hopping frequencies). Hopping frequencies are given
in terms of migration energies by

wi = νi exp

(
− Ei

m

kBT

)
, i = 0 to 4, (1)

where ν is the jump attempt frequency, Ei
m is the migration

energy, kB is the Boltzmann constant, and T is the temperature.
The attempt frequencies for all vacancy hops are set to 13 THz,
which is the value found experimentally for cation diffusion in
MgO.19 The same general physics and types of energies have
been successfully used to model experimental cation diffusion
data in MgO.20 The key input to the diffusion model are cation
vacancy concentration and migration enthalpies as a function
of pressure and temperature.

Migration energies were determined from density func-
tional theory over a range of pressures for both HS and
LS states. Calculations of migration energies are carried out
using density functional theory (DFT) and the projector-
augmented plane-wave (PAW) method21,22 with the Vienna
ab initio Simulation Package (VASP).23,24 Exchange correlation
is treated in the generalized gradient approximation (GGA),
as parametrized by Perdew, Burke, and Ernzerhof (PBE).25

To account for electron correlation effects in transition metals
more accurately, the GGA + U method and an effective U = 4
was used.26 A plane-wave basis set with a kinetic cutoff energy
of 440 eV was used and the Brillouin zone was sampled
by a Monkhorst-Pack k-point grid with 8 k points/atom. A
64 atom unit cell with 1 Fe atom (dilute limit) was used for all
the Fe energetics. All high-spin (HS) calculations were done
as spin polarized and ferromagnetic, and the low-spin (LS)
calculations were done as non spin polarized. Note that the
ferromagnetism used in the calculation is an artifact of using
one Fe per supercell and is in no way meant to imply that
Fe atoms are interacting to form an ordered ferromagnet. The
magnetic order is not important for the energetics since the Fe
atoms are so far apart and ferromagnetic ordering is chosen for
simplicity. All the thermodynamic and kinetic modeling used
in this work treats Fe as paramagnetic.

Migration energies are calculated with the DFT methods
described above using either a single activated state energy or
the nudged elastic band (NEB) scheme.27 NEB calculates the
energies of migrating atoms at on-lattice sites and activated
sites along a migration path. The difference between the
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on-lattice energy and highest-activated-state energy gives the
migration energy. NEB calculations with three and five images
were used to explore multiple paths for the Mg and Fe
hops, including nonlinear ones. We completely relax the cell
internally (at fixed volume) in order to find the correct diffusion
path. In all cases there is a symmetry plane at the midpoint
of the hop and in all cases it was found that the activated
state (migration energy maximum) occurred on that symmetry
plane. This result allowed additional calculations to be done by
placing the migrating atom in the symmetry plane to directly
determine the activated state energy. An illustration of the
connection between the migration energies and hopping path
is given in Fig. 1. Figure 1 also shows the path taken during
the hop of a Mg or Fe atom. The hopping atom is found to
move directly along the line joining the nearest-neighbor sites
of the fcc metal sublattice. Attempts to find paths where the
hopping cation had an activated state near tetrahedral sites had
either higher migration energies or relaxed back to the direct
path picture in Fig. 1. The hop frequencies needed for a full
five-frequency model are defined as w1 exchange with Mg
atoms in the first coordination shell, w2 exchange with the
Fe solute atom, w3 dissociative jumps away from the solute
into higher coordination shells, and w4 associative jumps from
higher coordination shells into the first one. The hop frequency
for the atoms in the host bulk is defined as w0. The tracer
diffusion coefficient of the solute (Fe) is given in terms of hop
frequencies by17,18

DFe = a2w2cV fB

(
w4

w3

)
, (2)

where a is the lattice parameter, cV is the vacancy con-
centration, and fB is the correlation factor of the solute
(which can be found from the wi). Following van Orman
et al.20 the diffusion-mediating cation vacancy concentration
is predicted by equilibrium with extrinsic trivalent Al cations
at a concentration of 100 ppm (see Sec. III B for more details
on the vacancy concentration).

In order to reduce the number of calculations, two ap-
proximations were used to estimate three of the necessary
migration energies in the five-frequency model in terms
of two others. First, it is assumed that the Mg migration
energy is not strongly affected by the neighboring Fe, which
allows us to set w1 = w0. Second, it is assumed that the Fe
vacancy binding energy shifts the unbinding (dissociative)
and binding (associative) hops (w3 and w4) by −Ebind/2
and Ebind/2, respectively, and that the vacancy unbinds
completely when it hops away from the Fe nearest-neighbor
site. These assumptions imply that w3 = w0e

−Ebind/(2kBT ) and
w4 = w0e

Ebind/(2kBT ). Using these approximations, the Mg and
Fe migration energies (to determine w0 and w2, respectively)
and the Fe-vacancy binding energy are all that are needed to
parametrize the five-frequency model, reducing it effectively
to a two-frequency model. In order to avoid confusion with a
full five-frequency-model treatment we will refer to this model
as a two-frequency model. Two frequency models have been
successfully used to analyze experimental results for cation
diffusion in MgO (see Refs. 12, 20 and 28) and therefore are
expected to be accurate for this system.

Diffusion coefficients from the two-frequency model17,18

are necessary over a range of temperatures and pressures.

TABLE I. Third-order Birch-Murnaghan equation of state
(EOS) parameters fit for 0 < P < 140 GPa for HS and LS B1
[(Mg31,Fe1)O32] obtained by GGA + U calculations. OL and A

denote on-lattice site and activated site, respectively. HS − Vbind and
LS − Vbind represent the binding energy between cation vacancy and
HS and LS Fe, respectively. Binding energies are per ion in the
64 atom cell and must be multiplied by 64 to get values per bound
vacancy.

E0 (eV/ion) K (GPa) ∂K

∂P
V0 (Å3/ion)

Mg OL −5.73 154 3.75 9.85
Mg A −5.70 154 3.72 9.93
HS OL −5.76 154 3.75 9.88
HS A −5.73 152 3.72 9.95
LS OL −5.74 155 3.77 9.81
LS A −5.70 131 4.38 10.00
HS − Vbind −0.0038 −0.38 3.83 7.76
LS − Vbind −0.0018 −0.42 3.82 7.74

In order to interpolate results over a range of pressures, all
the computed energies as a function of volume (relevant to
the lower-mantle pressure) were fit to a third-order Birch-
Murnaghan equation of state (EOS)29,30 (Table I). The volume
of MgO was calculated as a function of pressure and tempera-
ture using the fourth-order Birch-Murnaghan equation of state
from Ref. 31 and binding and migration energies are evaluated
at the calculated volume. The temperature dependence of the
EOS parameters is given by a fourth-order polynomial fit also
from Ref. 31. The migration and binding energies obtained
by GGA + U calculation are presented in Table I as the fit
parameters for the third-order Birch-Murnaghan equation of
state. Note that, for the binding energies, the parameters in
the Birch-Murnaghan equation of state do not have their usual
physical meaning but can be treated as numerical regression
coefficients. The Fe diffusion coefficient is quite sensitive to
the exact transition pressure for HS to LS at zero temperature.
In order to obtain as realistic a model as possible, the LS state
energy was shifted up by a 12 meV to place the spin transition
at 45 GPa, consistent with recent experimental results.32

III. THERMODYNAMIC MODELLING

A. Thermodynamic model for Fe2+ diffusion in high-, low-,
and mixed-spin state

For most of the lower-mantle conditions (45 to 130 GPa)
Fe is in a mixed-spin (MS) state, where some of the Fe is
HS and some of the Fe is LS. Tracer diffusion coefficients
DHS , DLS and DMS will be calculated for pure HS, pure LS,
and MS Fe, respectively. This section derives the expressions
necessary for the Fe MS diffusion model, yielding the pure
HS and LS diffusion as limiting cases. Without such a
model the overall diffusion coefficient of Fe with mixed
spin configurations can be estimated qualitatively as given by
Ammann et al.16

The MS analysis models the Fe spin state as equilibrated
during an Fe hopping event, which assumes fast equilibra-
tion of the electron spin state compared to the time spent
in the cation hop. This is essentially just an application
of the Born-Oppenheimer approximation. Note that this
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approximation may not hold for spin-dependent diffusion as
the Born-Oppenheimer approximation can break down during
some transitions (for example, see discussions in Refs. 33
and 34). However, a detailed analysis assuming that the spins
do not equilibrate during the hop yields similar results to
those shown in this work (derivation not shown). In the
MS model there is a single hopping Fe species with an
effective energy of migration, �G, that is influenced by
the multiple spin states accessible all along the path from
the initial to the activated state of the hop. Once the �G

are determined they can then be used in place of the Ei
m

in Eqs. (1) and (2) to predict the diffusion coefficients for
MS Fe. The thermodynamic model presented here considers
the spin-state degeneracy and the probability of the mixed-
spin configuration based on the energetics of individual
spin configuration. The Gibbs free energy expression of a
mixed-spin configuration for the on-lattice state and activated
states is derived. Finally, the effective migration energy is
calculated as the difference in free energies at on-lattice state
and activated state. The free energy function of an ion GOL or
GA, where OL and A denote on-lattice site and activated site,
respectively, and can be calculated if the partition function is
known:35

GI = −kBT ln ZI , (3)

where I = OL or A. The partition function ZI is given by35

ZI =
∑

S=LS,HS

exp

(
− 1

kBT
εI∗(S,T ,P )

)
, (4)

where εI∗ is the local value of the Gibbs free energy for
Fe at the lattice site or activated site, S is the spin state,
either HS or LS, and kB is the Boltzmann constant. εI∗ is
a function of temperature T and pressure P . Since only the
energy of a single configurational state was considered, there
is no configuration entropy, but there are contributions from
vibrations and electronic excitation. Magnetic degeneracy was
included through the summation of different magnetic states.
In order to evaluate this expression in a practical manner it
is useful to choose a convenient reference state and express
terms as functions of volume, expanded around this reference
state. Then, by making some simplifying assumptions about
the vibrational contributions, it will be possible to express
the free energies in the partition function of Eq. (4) in
terms of first-principles zero-temperature energies and known
electronic and magnetic state degeneracies. The reference
state εI∗(LS,T ,P ) is defined as the energy state of the
ion at the on-lattice position in the low spin (LS) state.
The change in local energy with respect to the reference
state is

�εI∗ = εI∗(S,T ,P ) − εOL(LS,T ,P ), (5)

where position I can be either OL or A and the spin state S

varies between low spin (LS) and high spin (HS). Hence the

partition function in terms of the reference state is given by

ZI∗ =
∑

S=LS,HS

exp

(
− 1

kBT
�εI∗(S,T ,P )

)
. (6)

The pressure dependence of the local energy state can be
expressed in terms of volume as a function of the spin state S,
temperature T , and pressure P . Thus,

�εI∗ = εI∗[S,T ,V I (S,T ,P )] − εOL[LS,T ,V OL(S,T ,P )].

(7)

The volume for any I and S value can be expressed as a
deviation from the volume of the on-lattice (I = OL) low-spin
(S = LS) state as

V I (S,T ,P ) = V OL(LS,T ,P ) + �V I (S,T ,P ). (8)

Then εI∗ can be approximated as

�εI∗ ≈ εI∗[S,T ,V OL(LS,T ,P )]

− εOL[LS,T ,V OL(LS,T ,P )]

+ ∂εI∗[S,T ,V OL(LS,T ,P )]

∂V

∣∣∣∣∣
T

�V (S,T ,P ). (9)

Using the relationship for V = V (T ,P ) given by dV =
V αdT − VβdP ,35 where α is the coefficient of thermal
expansion and β is the coefficient of compressibility: ∂ε

∂V
=

−1/β.35 Substituting in the expression for the derivative to (9)
yields

�εI∗ ≈ εI−OL(S − LS,T ,V OL(LS,T ,P ))

− 1/β�V I (S,T ,P ). (10)

Here εI−OL represents the change in energy of local state
I with respect to the reference state OL. εI−OL is also a
function of the change in the local spin state S with respect to
the reference spin state LS, which is denoted by S − LS. For
a reference volume V0,

V I (S,T ,P ) = V0 + �V I (S,T ,P ),

V OL(LS,T ,P ) = V0 + �V OL(LS,T ,P ),

where �V is the volume change due to the impurity. Using
Eq. (10),

εI∗(S,T ,V I (S,T ,P )) = εI (S,T ,V0)

−B�V I (S,T ,P ),

εOL∗(LS,T ,V OL(LS,T ,P )) = εOL(LS,T ,V0)

−B�V OL(LS,T ,P ),

where B = 1/β is the bulk modulus. Hence, the difference in
local Gibbs free energy can be expressed as

�εI∗ = εI−OL(S − LS,T ,V0) − B[V I (S,T ,P )

− V OL(LS,T ,P )]. (11)

This relation holds to first order in the change in volume for
any volume we choose to perturb in Eq. (10). The Gibbs free
energy ε is associated with the Helmholtz free energy by the
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relation ε = F + PV . Therefore, εI−OL can be expressed as

εI−OL = [F I (S,T ,V0) + P I (S,T ,V0)V0]

− [FOL(LS,T ,V0) + P OL(LS,T ,V0)V0]

= [EI (S,0,V0) + F I
vib(S,T ,V0) + P I (S,T ,V0)V0]

− [EOL(LS,0,V0) + FOL
vib (LS,T ,V0)

+P OL(LS,T ,V0)V0], (12)

where E(S,0,V0) is the calculated DFT total energy of the
corresponding spin state at zero temperature and Fvib is the
vibrational contribution. The DFT total energy E(S,0,V0) cor-
responds to the Helmholtz free energy at zero temperature and
neglects zero-point vibrations.36 Assuming that the vibrational
contributions are the same for all spin states,

εI−OL = EI (S,0,V0) − EOL(LS,0,V0)

+ [P I (S,T ,V0) − P OL(LS,T ,V0)]V0. (13)

Since Fe is dilute in MgO, it is reasonable to consider the
volume of pure MgO as a reference volume. In this case, the
volume effect of the Fe spin transition can be neglected, so
that V0(S,T ,P ) = VMgO(T ,P ) = V0(T ,P ). The volume term
of the Eq. (11) can be simplified as

V I (S,T ,P ) ≈ V0(T ,P ) + V I (S,0,P ) − V0(0,P ),

V OL(LS,T ,P ) ≈ V0(T ,P ) + V OL(LS,0,P ) − V0(0,P ).

Then,

V I (S,T ,P ) − V OL(LS,T ,P )

≈ V I (S,0,P ) − V OL(LS,0,P ). (14)

The pressure term of Eq. (11) can be expanded as

P I (S,T ,V0) ≈ P I (S,T ,V I (S,T ,P ))

− ∂P I (S,T ,V I (S,T ,P ))
∂V

∣∣∣∣
T

[V I (S,T ,P ) − V0],

Which gives

P I (S,T ,V0) − P OL(LS,T ,V0)

= B

V0[V I (S,0,P ) − V OL(LS,0,P )]
. (15)

Therefore, inserting Eqs. (14) and (15) in Eq. (13) and then
using the Eq. (11) gives, to first order in the change in volume
from V OL(LS,T ,P ),

�εI∗ ≈ EI (S,0,V0) − EOL(LS,0,V0). (16)

Considering magnetic and electronic configuration degener-
acy, the free energies (3) and (6) at lattice sites are

GOL =−kBT ln

[
gLS + gHS exp

{
− 1

kBT

(
EOL

HS − EOL
LS

)}]
,

(17)

and the free energies at the activated sites are

GA = −kBT ln

[
gLS exp

{
− 1

kBT

(
EA

LS − EOL
LS

)}

+ gHS exp

{
− 1

kBT

(
EA

HS − EOL
LS

)}]
, (18)

where g = m(2ζ + 1) accounts for both magnetic and elec-
tronic configuration degeneracy, ζ is the iron spin quantum
number (ζ = 2 for HS and ζ = 0 for LS), and m is the
electronic configuration degeneracy (for HS m = 3, for LS
m = 1). The migration energy �G is then calculated as
�G = GA − GOL. All energies are evaluated at the volume of
MgO appropriate for the pressure of interest. In an analogous
manner the free energy of the HS- and LS-only cases can be
presented. For the HS-only case,

GOL
HS = −kBT ln

[
gHS exp

{
− 1

kBT

(
EOL

HS − EOL
LS

)}]
,

(19)

and

GA
HS = −kBT ln

[
gHS exp

{
− 1

kBT

(
EA

HS − EOL
LS

)}]
.

(20)

For the LS-only case,

GOL
LS = −kBT ln[gLS],

GA
LS = −kBT ln

[
gLS exp

{
− 1

kBT

(
EA

LS − EOL
LS

)}]
. (21)

It is found that the high migration barrier of pure LS Fe results
in a very low probability of an LS-LS hop. The HS activated
state is energetically much more favorable. Therefore, Fe
hoping from LS on-lattice sites predominantly pass through
HS activated sites. The migration energy of such a hop is given
as �G = GA

HS − GOL
LS . Analogous expressions from pure LS

and HS migration energies yield

�GHS = GA
HS − GOL

HS = EA
HS − EOL

HS ,

�GLS = GA
LS − GOL

LS = EA
LS − EOL

LS , (22)

demonstrating that the pure spin state migration free energies
reduce to simple energy differences at fixed volume (which
are approximately the enthalpy differences at fixed pressure,
as derived above). These free energy differences can be used
in place of the Ei

m in Eqs. (1) and (2) to obtain DHS, DLS, and
DMS. Note that a different expression for DMS can be derived if
it is assumed that Fe remains in a single spin state during a hop
to a vacant site. Under this assumption DMS can be modelled
as a weighted average of DHS and DLS, as given by

DMS = fHSDHS + fLSDLS, (23)

where fLS and fHS are the fraction of Fe in the HS and LS
states at the relevant temperature and pressure. The fLS and fHS

can be readily determined from the first-principles-calculated
spin enthalpies.37 The diffusivities of MS Fe predicted from
Eqs. (17) and (18) [combined with (1) and (2)] and from
Eq. (23) are generally quite close and we will use the values
from Eqs. (17) and (18) throughout this work.

B. Concentration dependence of Fe diffusion and extrinsic
and intrinsic vacancy concentration

The multifrequency modeling approach used in this work
is rigorously applicable only to dilute Fe concentrations. It
is therefore important to consider how the tracer diffusion
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coefficients determined for Fe might change for lower-mantle
Fe compositions [values of xFe � 0.2 in (Mg1−xFe , FexFe )O].
Work by Mackwell et al.38 has demonstrated that, for low
pressure, the composition dependence of the Fe interdiffusion
coefficient is dominated by the effects of changing vacancy
concentration. Therefore, the probable impact of higher Fe
content on diffusivity is here assessed solely in terms of the
changes in cation vacancy concentration with xFe. However,
it should be noted that the MS Fe leads to a softening of
the lattice,11,39 which will reduce the migration energetics by
allowing easier expansion of the lattice during migration. This
is an effect that emerges from Fe-Fe coupling during migration
that is specific to the MS state and will not be observed in
lower-pressure studies. This effect has not been included in the
present model and may result in further increase in diffusivity
for higher Fe concentrations. To assess the role of vacancies in
changing diffusion with Fe content, first the vacancy content
for low Fe content ferropericlase is considered, and then the
likely effects on vacancy content and diffusion of higher Fe
concentrations. For MgO and low-Fe-content ferropericlase,
the cation defect concentration is set extrinsically, typically by
trivalent cations such as Al. Following Van Orman et al.20 Al
is assumed to be the dominant impurity and the cation vacancy
concentration from Ref. 20 is predicted as

[V
′′

Mg] = CAl/2 − pCAl, (24)

where CAl is the fraction of cation sites occupied by Al and p is
the fraction of Al that exists in bound pairs. An equation for p is
given in Ref. 20 and is a function of the Al•Mg-V

′′
Mg pair binding

energy, �Gb. A binding energy of �Gb = −65 kJ/mol was
used in this work, which is in good agreement with both ex-
perimental data20 and theoretical estimates,40 and is generally
a reasonable estimation for vacancy binding energy of typical
trivalent cations in periclase.20,41 For calculations of vacancy
concentration in the mantle, an Al impurity concentration of
CAl = 3000 ppm was used, which is based on the estimated
concentration of trivalent impurities in periclase in the lower
mantle.20 However, for comparison with laboratory diffusion
experiment CAl = 100 ppm was used—a value typical for
the synthetic samples used in laboratory experiments. With
increasing Fe content, ferric iron and oxygen may participate
in the charge balance controlling the vacancy formation,
leading to intrinsically controlled vacancy concentrations at
higher Fe content.38 Hence, xFe and the oxygen fugacity (fO2 )
are expected to affect the vacancy concentration at higher
Fe concentrations. However, using low-pressure vacancy
models38,40,42 and estimates for lower-mantle temperature and
fO2

15,43 yields intrinsic vacancy concentrations comparable
or lower than the values predicted from the above extrinsic
vacancy model for x = 0.2 in (Mg1-x , Fex)O. Furthermore,
even if the intrinsic vacancy concentration were to exceed
the extrinsic value, our model-predicted Fe diffusivity would
then be a lower bound on the Fe diffusivity as a function
of composition. Given the analysis presented in this paper,
which shows that the predicted dilute Fe diffusion is generally
fast enough to equilibrate chemical heterogeneities of interest,
increased Fe diffusivity values with higher Fe content will not
qualitatively change the impact of the results. Further work is

needed to rigorously assess the diffusion of Fe in concentrated
ferropericlase alloys.

IV. RESULTS FOR Fe DIFFUSION

The migration energy for LS Fe (dilute Fe concentration)
is approximately 1.5 eV atom larger than HS Fe [Fig. 2(a)] at
all pressures, which will lead to dramatically slower diffusion
of the pure LS species. Furthermore, the energy along the
migration paths shows that it is primarily destabilization of
the LS compared to HS in the activated state that leads to the
high barrier to diffuse LS relative to HS [see Fig. 2(b)]. The
migration energies of pure LS and HS configurations from this
work agree well with the migration energies calculated with
a value of effective U = 4.5 and reported by Ammann et al.
(see Fig 4(a) of Ref. 16). The energetics which control the MS
diffusion can also be understood from the migration energies
in Fig. 2(a). The MS hopping is, to a very good approximation,
only mixed in the initial state and takes on an HS configuration
in the activated state. This occurs because the activated state
energy of the LS configuration is much higher than that of
the HS configuration. As a result, it is energetically favorable
for Fe to flip back to the HS configuration during the hop.
Therefore, at low pressures the MS migration is essentially
pure HS Fe, which can be seen by the coinciding values of the
MS and HS Fe migration energies at low pressure. However,
at high pressures (well above the transition pressure of 45
GPa), most Fe is LS on the lattice, and the migration energy
approaches that of hopping an Fe from an initial on-lattice
LS state through an activated HS state (LS via HS). This
latter energy is shown as LS via HS in Fig. 2(a) and the MS
approaches this value at high enough pressures that LS Fe
dominates the Fe spin when on lattice. Thus the MS migration
energetics are dominated by migrating pure HS at low to
medium pressures and a combined LS and HS state at the
highest lower-mantle pressures. The fact that the activated
state is almost entirely HS at every pressure means that the MS
migration energy is much lower than that of pure LS Fe. Based
on first-principles energies (see Table I), the tracer diffusivity
of dilute pure LS, pure HS, and MS Fe are predicted as a
function of lower-mantle pressure and temperature (Fig. 3).
Spin has a dramatic effect on the diffusivity; DLS is about
104 times smaller than DHS (Fig. 3). DMS is quite close
to DHS at lower pressures and then decreases to about a
factor of 10 lower than pure HS, following the migration
energies trends shown in Fig. 2. DMS represents the true
expected effective diffusion coefficient of Fe in lower-mantle
ferropericlase taking into account the mixed spin state. It is
helpful to have a compact parametrization of the predicted
Fe diffusion coefficient under lower-mantle conditions. The
variation of the diffusion coefficient of Fe with pressure
and temperature can be described by an Arrhenius-type
equation:

DFe = D0 exp

(
−Q0 + PVact

kBT

)
, (25)

where D0 = a(P,T )ν[V
′′

Mg]. Here a is the lattice parameter,

ν is jump frequency, [V
′′

Mg] is vacancy concentration, Q0 is
activation energy, Vact is activation volume, P is pressure in
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FIG. 2. (Color online) (a) Migration energy of LS, MS, and HS Fe2+ at lower-mantle pressure and temperature (temperature for each
pressure is given by the geotherm15). For LS and HS these are first-principles enthalpy differences, whereas for MS the values represent a
Gibbs free energy difference of Fe with mixed HS and LS configurations in both activated and on-lattice states. All values are for a dilute Fe
concentration. LS via HS is hopping an Fe from an initial on-lattice LS state through an activated HS state. (b) Schematic representation of LS,
HS, jump, and equilibrated jump of LS from on-lattice position to HS activated state (LS via HS).

GPa, and T is temperature in K. Here the migration energy
as a function of pressure is represented with a linear form
in terms of an activation energy and activation volume (E =
Q0 + PV ). To capture additional nonlinearities the activation
volume Vact can be represented as a linear fit: Vact = V0 +
mP . Based on the calculations we obtain for MS Fe values of
Q0 = 1.44 eV, V0 = 0.02 eV/GPa (1.93 cm3/mol) and m =
−10−6 eV/GPa2. A comparison of the expression fit with the
full MS-model results is presented in Fig. 4 for a temperature
range of 1500 to 4000 K. The fit works well for pressures
up to 150 GPa. The diffusion of Fe in ferropericlase (Mg0.82

Fe0.18)O can be predicted by extending a dilute model like that
described above to a more concentrated Fe composition. For
example, Ammann et al. have argued from existing diffusion
and defect studies that this increased Fe content will have a

FIG. 3. (Color online) Predicted diffusion coefficient of pure LS,
pure HS, and MS Fe in dilute Fe ferropericlase at lower-mantle
pressure and temperature (temperature for each pressure is given
by the geotherm15).

relatively small effect on migration through altered barriers
or vacancy concentrations for HS Fe.16 We propose similar
arguments in Sec. III B but note that Fe-Fe interactions in the
MS state have not been assessed in previous studies and are
expected to lead to a softening of the lattice11,39 which may
impact the diffusion energetics. Therefore, the dilute model
presented here and in Amman et al. may require significant
modification when applied to higher Fe content ferropericlase.

V. CRYSTAL FIELD MODEL FOR SPIN
DEPENDENCE OF Fe DIFFUSION

The higher migration energies for LS Fe than HS Fe are
surprising, as it is commonly assumed that smaller atoms will

FIG. 4. (Color online) Effective diffusivity of MS Fe in ferroper-
iclase as a function of pressure and temperature relevant to Earth’s
lower mantle. Also shown is a comparison of MS-model diffusivity
(solid lines) with the line fit using Eq. (25) (dashed line) under the
conditions specified.
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diffuse faster,44 and LS Fe has a 22% smaller radius than
HS Fe.45 However, the large migration energy for LS Fe can
be explained by the effects of changing crystal field splitting
between the initial and activated state of the hop. Initially Fe
resides on the metal lattice, where it is octahedrally coordinated
by O. But in the activated state, the Fe is exactly halfway
between two O, where the crystal field splitting, as shown
bellow, is quite different from the octahedral environment.
A detailed crystal field based analysis (see below) using
experimentally measured crystal field splitting predicts a
change in migration energy from HS to LS of 1.86 eV at
60 GPa,46 very close to the first-principles value of 1.73 eV
shown in Fig. 2. This result suggests that the spin dependence
of the migration energy can be explained primarily in terms of
changing crystal field splitting. Crispin and Van Orman28 also
used crystal field arguments to predict the increased migration
energy for LS vs HS Fe in ferropericlase, but a different
increase was predicted than shown here because a different
activated state was assumed. A similar crystal-field-based
argument enabled Crispin and Van Orman28 to explain the
slower diffusion of Cr3+ compared to Ga3+ observed in
MgO (periclase). Here we present a detailed analysis of the
crystal-field-splitting effects on the spin dependence of Fe
diffusion. According to the crystal field model, in an octahedral
field the 3d-orbital energy levels split into two levels E(eg)
and E(t2g). These levels obey a center-of-mass rule, which
states that the mean energy of all the levels must remain at
ε0 after the splitting.47 The energy levels in an octahedral
field [schematically presented in Fig. 5(a)] may therefore
be written as E(eg) = ε0 + x and E(t2g) = ε0 + y, where ε0

is the energy of the 3d orbital of an ion in the spherical
field. By convention, overall splitting is � and � > 0. The
requirement, that the center of mass for the split atomic
levels shall be preserved47 leads to the following expression
for an octahedral field: x − y = �o and 4x + 6y = 0, where
x = eg splitting and y = t2g splitting. Solving these equations
yields

x = 0.6�o, y = −0.4�o.

In the present case, where Fe performs a vacancy-mediated
diffusive jump, the activated state of the Fe is in a linear
field of O, exactly halfway between two O (see Fig. 1). A
derivation analogous to the octahedral field was followed
for the linear field [schematically presented in Fig. 5(b)]
solving the system of equations48 x − y = �l and 2x +
8y = 0, where x = dz2 splitting and y = average splitting
of the non-dz2 d orbitals. This system can be solved
to get

x = 0.8�l, y = −0.2�l,

where �l is the splitting in a linear field. To compare the
magnitude of the splitting in a linear field with the splitting
found in an octahedral field, a point charge model is used.48 In
this model the resulting potential of the point charges around
the center of the coordinate is approximated by a series of
normalized harmonics and the energy of the dz2 orbital is
defined in terms of the potential.48 Then the ratio of the energy
of the dz2 orbital in an octahedral field and in a linear field is

given by48

E(dz2 )oct

E(dz2 )lin
=

6∑
i=1

qP4(cosθi)

2∑
i=1

qP4(cosθi)

.

Here, P4 is a Legendre polynomial having the form P4(x) =
1/8(35x4 − 30x2 + 3). In an octahedral field, for two point
charges (ligand) located on the z axis, cos θ1 = cos θ6 = 1 and
for charges on the xy plane, cos θi = 0; i = 2,3,4,5. For a
linear field with two point charges are on the z axis cos θi =
1; i = 1,2. Hence,

E(dz2 )oct

E(dz2 )lin
= 7

4
.

Comparing the splitting of the dz2 orbitals from ε0 in both
octahedral and linear fields yields 0.6�o

0.8�o
= 7

4 and �l = 3
7�o.

Orbitals that are below the original unsplit energy ε0 are called
stabilizing orbitals, while those above ε0 are destabilizing
orbitals. In LS Fe2+ in octahedral and in linear coordinates,
all 3d electrons are in the stabilizing orbitals. In HS Fe2+
in octahedral coordinates, two electrons are in destabilizing
orbitals; however, in a linear field only one electron is in a
destabilizing orbital, which will tend to stabilize HS in the
linear field compared to the octahedral field. The crystal-
field-splitting energies (CFSEs) for LS and HS Fe2+ in an
octahedral field are − 12

5 �o and − 2
5�o, respectively. In a

linear field, the CFSEs for LS and HS Fe2+ are − 18
35�o

and − 3
35�o, respectively. In order to develop a CFSE-based

model, we assume that the CFSEs and the binding energy of
the vacancy with the Fe (this must be included because the
vacancy is necessary for the diffusive jump28) account for the
differences in migration energy of LS and HS Fe2+ (see Fig. 1).
Under this assumption the difference in migration energy
can be expressed in terms of the CFSE and vacancy binding
energy as

H LS
m − H HS

m = (
CFSEHS

oct − CFSELS
oct

)
+ (

CFSEHS
lin − CFSELS

lin

)
− (

H LS
V bind − H HS

V bind

)
, (26)

where H LS and H HS are the migration energies and H LS
V bind

and H HS
V bind are the vacancy binding energy for LS and HS

Fe, respectively. Subscripts “oct” and “lin” for CFSE denote
octahedral and linear field, respectively. Note that, during
vacancy-mediated migration, Fe2+ hops from an on-lattice
position, which is in an octahedral field of six oxygen
anions, to an activated state, which is in a linear field
of two nearest-neighbor oxygen anions. Using the values
of the CFSEs determined above and writing all values in
terms of splitting in an octahedral field �o leads to the
relation

H LS
m − H HS

m = 11

7
�0 − (

H LS
V bind − H HS

V bind

)
. (27)

Recently, Keppler et al. experimentally defined the value of
�o at 60 GPa46 for Fe2+ in ferropericlase as 10 546 cm−1

(1.3075 eV). No experimental data for (Fe2+-vacancy) binding
energy could be found. Therefore, taking the (Fe2+-vacancy)
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(a) (b)

FIG. 5. (Color online) (a) Octahedral crystal field splitting. (b) Linear crystal field splitting. Splitting is exaggerated out of proportion to
the exact ratio with octahedral field splitting for better visualization.

binding energy values from the first-principles calculations
and the CFSE value from the experiment, the migration energy
difference is calculated as

H LS
m − H HS

m = 11
7 × 1.308 − 0.194 = 1.86 eV. (28)

The migration enthalpy of LS and HS at 60 GPa obtained from
first-principles calculations gives the differences as 1.73 eV,
which is only 7% lower than the above-derived value. The
good agreement observed here between the first-principles and
crystal field results strongly suggests that crystal field splitting
plays a dominant role in the observed spin dependence of the
migration energy. However, the error of only 0.13 eV between
the crystal field and DFT results is likely fortuitous because
the crystal field terms are only a portion of the energetics and
provide at best a qualitative model. It is important to note that
these results do not imply that a simple crystal field model can
accurately model HS and LS enthalpies. The model here is for
migration enthalpy changes, where some cancellation of the
additional contributions to the energetics not included in the
crystal field model were expected.

VI. GEOPHYSICAL IMPLICATIONS

The results from this study have implications for geophys-
ical processes that may be controlled by Fe cation diffusion,
which include homogenization of subducted slabs, chemical
equilibration between core and mantle, and Fe partitioning
between lower-mantle phases.

Fe chemical equilibration between core and mantle and
between mantle phases depends on diffusion lengths for Fe on
relevant time scales. The accessible length scales for Fe trans-
port on geologic (4.5 billion years) and laboratory (24 hours)
time scales are shown in Figs. 6(a) and 6(b), respectively. Note
that all diffusion length scales are estimated from L = √

Dt for
the MS diffusion coefficient. The increasing temperature and
migration energies along the geotherm approximately cancel
over the entire lower mantle, yielding a bulk phase diffusion
length at all depths of about 10–100 m over the age of the earth.
This distance is comparable with previous predictions,13,49

which were made without consideration of the Fe spin state.
Assuming a four-orders-of-magnitude increase in diffusivity
at grain boundaries,50 grain boundary diffusion could provide
an effective means for transport of Fe and other impurities

(a) (b)

FIG. 6. (Color online) Characteristic diffusive length of Fe2+ on (a) geological time scale (4.5 GYr) and (b) laboratory time scale (24 h).
For the line labeled “Geotherm,” the temperature for each pressure is given by the geotherm.15 Note that the diffusivity in the lower mantle
is calculated based on a reasonable estimate of trivalent impurity level of 3000 ppm. However, for diffusion on the laboratory time scale an
impurity concentration of 100 ppm is used—a value typical for the synthetic samples used in experiments.
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with similar diffusivity4 up to a geologically significant length
of tens of kilometers. These diffusion lengths, combined
with convective mixing, could allow significant core-mantle
communication.4

Fe partitioning between lower-mantle phases also depends
on Fe diffusivities. If it is assumed that the grains of lower-
mantle phases of ferropericlase and perovskite are near to each
other and can quickly transfer material between grains through
grain boundary diffusion, then the rate-limiting process for Fe
partitioning between the phases will be diffusion of Fe in
or out of a grain of the material. Grain sizes in the lower
mantle are likely to be, at most, 1 cm.51 The calculated
diffusion coefficient on the geotherm for Fe2+ in ferropericlase
shows the effective diffusion time for Fe2+ to traverse a 1 cm
grain is just a few thousand years. However, experiments52

and theoretical models3 predict much slower cation diffusion
in perovskite than ferropericlase. The slow diffusion in
perovskite implies that it will likely be the rate-limiting step
in Fe partitioning between ferropericlase and perovskite.

Diffusion of Fe in ferropericlase can become limiting
on the laboratory time scale [see Fig. 6(b)]. Assuming
laboratory samples have a grain size of approximately 10
μm,14 temperatures above 2000 K are needed to allow Fe to
diffuse across a ferropericlase grain in 24 h at pressures above
100 GPa. It is useful to further consider how these diffusion-
length arguments might apply to the perovskite phase. At
24 GPa the activation energy for the Fe-Mg interdiffusion
coefficient in perovskite has been measured to be 4.29 eV,52

while our model (MS) yields an Fe tracer diffusion coefficient
activation energy of 1.97 eV at the same pressure. Assuming
the difference in Fe diffusion in ferropericlase and perovskite
are controlled by the difference in these activation energies and
that this difference is constant with pressure and temperature,
Fe diffusion coefficients in perovskite will be smaller than
in ferropericlase in proportion to a Boltzmann factor of the
difference in activation energies. Using this simple model
for diffusion coefficients and L = √

Dt to estimate diffusion
lengths vs time suggests that 2000 K would yield Fe diffusion
lengths of only (∼10−2 μm in 24h for perovskite at 100
GPa). Such a small diffusion length could lead to serious
problems in equilibration on laboratory time scales. Over 24
h, a temperature of more than 4000 K would be required
to diffuse Fe through a 10 μm perovskite grain and be
assured of full equilibration of Fe between perovskite and
ferropericlase, a difficult challenge for present measurements.
Note that we have not considered here contributions from pipe

diffusion along dislocations, which might accelerate transport
through the ferropericlase or perovskite grains. Overall, the
constraints of bulk diffusion through the grains, particularly
perovskite, may contribute to the disagreements among the
experimental studies of Fe partitioning between perovskite
and ferropericlase.

The homogenization of chemical heterogeneities intro-
duced by subducted oceanic crust is governed by convective
mixing at large scales and diffusion at small scales.53 If both of
the length scales overlap, a homogenization of heterogeneities
is expected in the lower mantle. The Fe diffusion model
predicts that Fe can reach a characteristic diffusion length of 30
cm, beyond which convective mixing dominates, in just a few
million years.53 Even with the slower diffusion in perovskite,
the model above implies that it takes only a few hundred
million years for Fe to reach the characteristic length for
convective mixing in this phase. Therefore, homogenization
of a typical 10-km-wide subducting slab plausible by a
combination of diffusion and convection process on a time
scale of approximately few hundred million years.

VII. CONCLUSIONS

Pressure, temperature, and spin dependence of Fe2+ dif-
fusion in ferropericlase have been modeled and show that
low-spin Fe diffuses about 104 times slower than high-spin
Fe. A thermodynamic model for mixed-spin Fe predicts that,
near the bottom of the lower mantle, Fe in the mixed-spin state
will be a 10-times-slower diffuser than pure high-spin Fe.
However, despite the reduction in diffusivity associated with
the spin transition, Fe in ferropericlase diffuses quickly enough
to allow for subducting slab homogenization, Fe partitioning,
and significant core-mantle mixing. However, these processes
are likely limited by Fe diffusion in perovskite. Comparison
of first-principles and crystal field results suggest that crystal
field splitting plays a dominant role in the relative diffusivities
of the different Fe spin states.
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