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a b s t r a c t

Experiments were performed to determine concentration-dependent diffusion coefficients of Cr3+ and
Ga3+ in periclase at temperatures of 1563–2273 K. Diffusion profiles measured in the quenched samples
are consistent with a theoretical model in which the mobile species is a bound M3+-vacancy pair, and
each profile was fitted to determine the binding energy and diffusion coefficient of the pair. Trivalent
chromium-vacancy pairs diffuse more slowly than Ga3+-vacancy pairs, and with higher migration energy,
237 kJ/mol vs. 190 kJ/mol. Cation vacancies also bind less tightly to Cr3+ than to Ga3+, with average binding
free energies of −22 and −83 kJ/mol, respectively. At all concentrations and temperatures, Cr3+ diffuses
much more slowly than Ga3+, by up to two orders of magnitude. The differences between Cr3+ and Ga3+

cannot be explained by differences in ionic radius or dipole polarizability, but are consistent with the influ-
ence of the crystal field on the partially occupied 3d orbitals of Cr3+. The crystal field splitting stabilizes

3+ 3+
eywords:
gO

oint defects
ower mantle
lectronic structure
ransition metal

Cr on the octahedral cation site, increasing the energy required for Cr to exchange positions with an
adjacent vacancy. It also makes Cr3+-vacancy pairs less favorable, with the presence of a nearest-neighbor
vacancy disrupting the symmetry of the octahedral site, thus diminishing the crystal field stabilization.
Trends in the diffusion of first-row divalent transition metals in periclase can also be explained by the crys-
tal field effect. High-spin to low-spin transitions in Fe2+, Co2+ or Mn2+ would significantly enhance their
crystal field stabilization in periclase, and if such spin transitions occur in the deep mantle, they would
be expected to slow the diffusivity of these ions significantly, perhaps by several orders of magnitude.
. Introduction

The physical transport of matter by diffusion is fundamental to
any important mantle processes, including chemical and isotopic

ransfer between minerals and melts (e.g. Hofmann and Hart, 1978;
wamori, 1992; Qin, 1992; Van Orman et al., 2002), creep defor-

ation associated with mantle convection (e.g. Frost and Ashby,
982; Ranalli and Fischer, 1984; Karato and Wu, 1993; Evans and
ohlstedt, 1995), homogenization of geochemical heterogeneities

e.g. Hofmann and Hart, 1978; Chakraborty et al., 1999; Kogiso et
l., 2004; Holzapfel et al., 2005), the anelastic contribution to seis-
ic attenuation (e.g. Karato, 1993; Jackson et al., 2002), chemical

xchange during core formation (e.g. Karato and Murthy, 1997;

ubie et al., 2003; Yoshino and Watson, 2005), electrical conductiv-

ty (e.g. Gautason and Muehlenbachs, 1993; Dobson and Brodholt,
000; Farber et al., 2000; Xu and McCammon, 2002), and grain
rowth (e.g. Yamazaki et al., 1996; Solomatov et al., 2002). Despite
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the importance of diffusion in a wide range of mantle processes,
data on diffusion in mantle minerals remain fairly sparse, and there
are many important elements for which no experimental data yet
exist. It is critical to gain an understanding of the basic controls on
diffusion in minerals, as this is essential to the development of a
rigorous theoretical framework for extrapolating diffusion data to
the deep mantle and for predicting diffusion coefficients for ions
that have not yet been studied experimentally.

Various ionic properties have been found to influence diffusivity
in minerals. Ionic charge usually has a strong influence on diffusion,
with a negative correlation between cation charge and diffusiv-
ity in many silicate minerals (e.g. Cherniak, 2003; Cherniak and
Watson, 2003; Saal and Van Orman, 2004, and references therein)
and melts (Hofmann, 1980), but with a positive correlation for
strongly ionic minerals such as alkali halides, fluorite, and periclase,
in which binding of vacancies to highly charged cations significantly

enhances their diffusive transport (Keneshea and Fredericks, 1963;
Cherniak et al., 2001; Van Orman et al., 2009). Ionic radius appears
to have a strong influence on diffusion in some minerals, consis-
tent with a simple elastic strain model for the diffusion migration
energy (e.g. Mullen, 1966; Mortlock, 1968; Van Orman et al., 2001).

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:katherine.crispin@case.edu
dx.doi.org/10.1016/j.pepi.2009.12.004
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he dipole polarizability of an ion also may influence its diffusivity,
nd has been suggested to be an important factor determining the
iffusivity of divalent transition metals in periclase (Wuensch and
asilos, 1962).

A parameter that has received little attention but may be impor-
ant for determining the diffusivity of some important transition

etals is the crystal field stabilization energy. Transition metal
ations with partially filled d orbitals are stabilized on octahe-
ral sites by the crystal field effect (Burns, 1993). This crystal field
tabilization may increase the energy barrier for the migration of
ons to adjacent vacancies. Batra et al. (1976, 1980) demonstrated
hat this effect provided a quantitative explanation for the diffu-
ion activation energies of first-row transition metals in AgCl. A
imilar influence of the crystal field effect on diffusion of first-row
ransition metals might be expected in oxide and silicate minerals,
ecause, as in AgCl, these cations tend to partition onto octahedrally
oordinated sites.

In order to investigate the influence of the crystal field effect on
iffusion, ideally the ionic radius, charge and polarizability would
e held constant and only the electronic structure of the atom
ould be varied. This is not possible to do rigorously, because in

eneral all of these parameters are correlated. Fortunately, how-
ver, a pair of ions exists, Cr3+ and Ga3+, which are virtual twins
xcept for their electronic structure. These two cations have identi-
al charge, nearly identical radii (0.615 Å for Cr3+ and 0.62 Å for Ga3+

Shannon, 1976)), and very similar dipole polarizability (1.45 Å3 for
r3+ and 1.50 Å3 for Ga3+ (Shannon, 1993)). However, Ga3+ has full
d orbitals and thus exhibits no crystal field effects, while Cr3+ has
artially filled 3d orbitals and strong crystal field stabilization on
ctahedral sites, with stabilization energies greater than 200 kJ/mol
n octahedral or distorted octahedral sites in a wide range of min-
rals and glasses (Burns, 1993). This pair of cations thus seems ideal
or examining the influence of the crystal field effect on diffusion
n minerals.

Here we present experimental data on the diffusion of Cr3+ and
a3+ in periclase (MgO) over a wide temperature range, from 1563

o 2273 K. Periclase was chosen for this initial study because it is
n important mineral in Earth’s deep mantle, is a relatively rapid
onductor of cations compared to most silicate minerals, has per-
ectly octahedral cation sites, and has a simple rock salt structure
hat is stable over an extremely wide range of conditions. Also, in
ericlase we can evaluate the influence of the crystal field effect
ot only on the activation energy for diffusive migration but on the
nergy of binding to a vacancy, which is also an important con-
rol on diffusion rates in periclase (Van Orman et al., 2009). The
ata presented here suggest that the crystal field effect has a sig-
ificant influence on both the migration energy and the binding
nergy, which combined reduce the diffusivity of Cr3+ by up to two
rders of magnitude relative to Ga3+. These results suggest that the
rystal field effect may exert a strong control on diffusion rates
f first-row transition metal cations in Earth’s mantle, and that
ressure-induced spin transitions, which increase the crystal field
tabilization energy, may lead to substantial changes in diffusivity
ith depth in the deep mantle.

. Experiments

Trivalent cations substituting on cation sites in periclase tend
o bind strongly to cation vacancies, forming highly mobile pairs
hat significantly enhance their diffusive transport (Van Orman et

l., 2003, 2009). The experiments reported here were designed to
rovide information on both the mobility and the binding energy of
r3+- and Ga3+-vacancy pairs, following methods similar to those
sed by Van Orman et al. (2009). The diffusion couple in these
xperiments consists of a nearly pure MgO single crystal sur-
nd Planetary Interiors 180 (2010) 159–171

rounded by MgO powder doped with a single trivalent cation at
approximately 1 mol%. After the isothermal diffusion anneal the
binding energy and diffusion coefficient of the M3+-vacancy pair are
determined by numerical fitting of the concentration-dependent
diffusion profile to a simple theoretical model for diffusion with
M3+-vacancy binding.

2.1. Starting materials

The reported impurity content of the MgO single crystals, pur-
chased from MTI Corp., was Ca ≤ 40 ppm, Al ≤ 15 ppm, Si ≤ 10 ppm,
Fe ≤ 50 ppm, Cr ≤ 10 ppm, B ≤ 5 ppm, and C ≤ 10 ppm. These con-
centrations are low compared to the concentration of the trivalent
cation measured along each of the experimental diffusion profiles
and thus are not expected to have had a significant influence on
the vacancy concentrations, the binding between trivalent cations
and vacancies, or the trivalent cation diffusion rates. The purchased
MgO crystals were 10 mm × 10 mm × 0.5 mm, mirror polished on
top and bottom. Each crystal was cleaved into approximately
1 mm × 1 mm × 0.5 mm pieces and these pieces were annealed in
air at 1500 ◦C for a few days to reduce surface damage that may
have resulted from polishing.

Periclase powder doped with trivalent cations was produced
through glycine–nitrate sol–gel combustion synthesis (Chick et al.,
1990). MgO powder was dissolved into concentrated nitric acid
and the trivalent dopant was added as a 10 mg/ml plasma standard
solution (Alfa Aesar). Glycine was added to the solution as a com-
plexing agent (and fuel), and the solution was heated on a hot plate
until combustion. The powdered residue was collected and placed
in a box furnace, in air, at 900 ◦C for 24 h to burn off carbon and
nitrates. The result of this process is a fine periclase powder doped
with a specified amount of trivalent cation. Chromium is expected
to have been in the trivalent state following the highly oxidizing
conditions of these syntheses, as it is predominantly trivalent in
periclase even under quite reducing conditions, in the presence of
Cr metal (Eeckhout et al., 2007).

2.2. 1-atm experiments

Experiments at atmospheric pressure were performed in air,
with the doped periclase powder packed around an MgO single
crystal within a small platinum bucket (Fig. 1a) and suspended
in a Deltech vertical tube furnace. In each instance, the furnace
had been pre-heated to the experimental run temperature, and
the sample heated to the run temperature within a few minutes
or less. Temperature was measured continuously using a Type B
Pt-Rh thermocouple placed adjacent to the diffusion couple, with
measured thermal fluctuations less than 2 K. At the conclusion of
the run, the sample was quickly lifted from the furnace and allowed
to cool in air. The heating and cooling times were small compared
to the overall run time of the experiments, which range from 0.5
to 6 h, and thus no correction for diffusion during heating and/or
cooling was necessary.

2.3. Piston cylinder experiments

Experiments were performed in the piston cylinder to extend
the temperature range (MgO has significant volatility at very high
temperatures) and also to evaluate whether there were contact
problems between the crystal and the doped powder in the 1 atm
experiments. These experiments were performed at 2 GPa using an

end-loaded piston cylinder apparatus at the Geophysical Labora-
tory of the Carnegie Institution of Washington. A sample chamber
was drilled out of a solid magnesia rod so that it was centered
within the hotspot of the assembly, which used a graphite furnace
surrounded by Pyrex and talc as the pressure medium (Fig. 1b).
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ig. 1. (a) Schematic illustration of the sample chamber for 1 atm experiments, with
ectangular box). The light grey shading represents the doped powder surrounding
hamber contains an MgO crystal surrounded by doped MgO powder.

gain, a pure MgO single crystal was surrounded by doped MgO
owder in sufficient abundance to provide an effectively infinite
eservoir of the trivalent cation. A W5% Re/W26% Re thermocouple
as inserted into the assembly, resting within 1–2 mm of the single

rystal-doped powder interfaces. In this configuration, the temper-
ture variation across the sample should be ∼25 K or less (Watson
t al., 2002). The samples were heated at a rate of 100 K/min
nd quenched by shutting off the power. With the exception of
a3+ runs performed at very high temperatures (>2200 K), diffu-
ion during heating and cooling was again considered insignificant
ompared to the run times, which ranged from 0.25 to 24 h. The
rocedure used to estimate and correct for diffusion that occurred
uring heating of the very high-temperature Ga3+ experiments is
escribed below.

Samples retrieved from the high-pressure experiments con-
isted of a poly-crystal/single-crystal diffusion couple, whereas
amples retrieved from the 1 atm experiments consisted of the sin-
le crystal with, in some cases, powder adhering to the surface
Fig. 2a). In all cases, retrieved samples were mounted in epoxy
nd ground down approximately 300 �m perpendicular to the dif-
usion interface. These samples were then polished with diamond
uspensions down to 0.25 �m and coated with a thin layer of carbon
or electron microprobe analysis.

.4. Analyses

Diffusion profiles were measured with a JEOL 8900 electron
icroprobe at the Geophysical Laboratory using an accelerating

oltage of 15 kV and a probe current of 50 nA. Standards used

DM3+ = Dpair

⎧⎨
⎩3

4
−
(

x2
M3+

16
+ xM3+

16 exp(−Gb
ere pure MgO for Mg, Ddiopside for Cr, and GaP for Ga. Linear
rofiles were obtained perpendicular to the edge of the polished
urface that was in contact with the doped powder (Fig. 2b). Data
ollection spots were spaced 2.5–10 �m apart along each pro-
le to ensure no significant overlap. All profiles extended less
oximate dimensions for the sample container and MgO crystal (represented by the
rystal. (b) Schematic illustration of a piston cylinder sample assembly. The sample

than 200 �m into the crystal (i.e. they did not reach the cen-
ter), so that diffusion could be considered one-dimensional, within
an effectively semi-infinite medium. Multiple profiles were mea-
sured at different locations on each sample to evaluate the internal
reproducibility, and several experiments were performed at the
same conditions for different times to evaluate the reproducibility
between runs.

2.5. Determination of pair diffusion coefficients and binding
energies

Van Orman et al. (2009) derived an expression for the diffusion
coefficient of a trivalent cation in MgO as a function of its concen-
tration, its binding energy to adjacent vacancies, and the diffusion
coefficient of the M3+-vacancy pair:

+ 1
576 exp(−2Gb/RT)

)−1/2 (xM3+

16
+ 1

32 exp(−Gb/RT)

)⎫⎬
⎭ (1)

where DM3+ is the diffusion coefficient of the trivalent cation at
a particular concentration, Dpair is the diffusion coefficient of the
bound trivalent cation/vacancy pair, xM3+ is the fraction of cation
sites occupied by trivalent cations, and Gb is the Gibbs free energy
of association between the trivalent cation and a cation vacancy
on a nearest-neighbor site (referred to here as the binding energy).
Eq. (1) is based on the theory developed by Lidiard (1955) for diva-
lent cations diffusing in alkali halide crystals, with strong binding
between the divalent cations and cation vacancies, and extended
by Perkins and Rapp (1973) to the diffusion of trivalent cations
in a divalent metal oxide with the rocksalt structure. Its deriva-
tion is discussed in Van Orman et al. (2009). Because the diffusion
geometry in the experiments reported here was effectively infinite
and one-dimensional, the concentration at the single-crystal/poly-
crystal interface and the concentrations far from the interface on
either side remain constant throughout the experiment. With these

concentrations fixed, a theoretical diffusion profile based on Eq. (1)
can be calculated numerically for given values of the pair diffu-
sion coefficient, binding energy and time. The numerical method
involves an iterative solution to the Boltzmann–Matano equation,
and is discussed in Van Orman et al. (2009).
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Fig. 2. (a) Back-scattered electron image of a 1 atm experimental sample
(Ga070912C) at 100× magnification. The rectangle is the MgO single crystal and
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the heating rate of 100 K/min. Accordingly, 60 s was added to the
run duration for calculation of each of the 2273 K Ga3+ experiments.

Examples of fitted profiles for both Ga3+ and Cr3+, along with
their respective inverse error function plots, are shown in Fig. 5.

Fig. 3. Results of a time series for Ga at ∼1773 K. The 0.6 h experiment was per-
formed at 2 GPa; all other experiments shown here were performed at atmospheric
he grainy area at the bottom is the doped powder. (b) Secondary electron image
howing a close-up of the MgO/powder interface on the same sample. The three
ines visible adjacent to the powder, perpendicular to the interface, are the tracks
f the electron microprobe analyses of the diffusion profile.

The values of the binding energy and pair diffusion coefficient
hat best fit each experimental diffusion profile were determined by
hi-square minimization. In fitting the profiles, the concentrations
t the interface and at infinite distance were allowed to vary along
ith the binding energy and pair diffusivity. In this 4-parameter

pace, in which some of the variables are highly correlated, a robust
ethod was needed to search the 4-parameter space for the mini-
um of Chi-square. A genetic algorithm was used to narrow down

he parameter space, followed by a gradient method to establish
he best fit for each of the profiles. This two-step process was nec-
ssary because the gradient method became efficient only when
he parameter space had been narrowed down significantly using
he genetic algorithm.

Several isothermal time series were conducted, two of which are
hown in Figs. 3 and 4. Reproducibility among the experiments in
he time series can be demonstrated by plotting the concentration
rofiles with distance scaled by the square root of the run duration

Figs. 3b and 4b). When plotted this way, the diffusion profile should
emain invariant with time, regardless of the concentration depen-
ence of the diffusion coefficient. The sqrt(t)-normalized profiles

ndeed fall within a narrow band in each time series, and the pair
iffusion coefficients and binding energies determined from the
nd Planetary Interiors 180 (2010) 159–171

experiments are generally in good agreement, within the uncer-
tainties determined from analyses of different diffusion profiles
from the same experiment.

Gallium diffuses quite rapidly at high temperatures and, at
2273 K, diffusion during heating of the experimental samples was
significant. To evaluate and correct for diffusion during heating,
a time series was conducted that included a “zero-time” experi-
ment in which the sample was heated as normal, at 100 K/min,
but immediately quenched upon reaching 2273 K. The concentra-
tion profile measured in this experiment was plotted (Fig. 4) along
with the other experimental diffusion profiles from the same tem-
perature as concentration vs. x/sqrt(t + to), where t is the duration
of the diffusion experiment and to represents the “effective” dif-
fusion time represented by the zero-time profile (i.e. the time at
2273 K that would produce the same diffusion profile). The value
of to was adjusted to maximize overlap among the concentration
profiles on the plot of concentration vs. x/sqrt(t + to), yielding a best-
fitting value for t of 60 s, which seems quite reasonable considering
pressure. In (a) diffusion profiles are shown as normalized concentration versus dis-
tance (in �m) from the interface. In (b) the same diffusion profiles are shown with
distance from the interface (in �m) scaled by the square root of the run duration
(in seconds). All profiles overlap within a narrow band, consistent with transport by
volume diffusion. The inset graph in (b) shows the pair diffusion coefficient, with
2� error, determined for each experiment.
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Fig. 4. Results of a time series for Ga at 2273 K and 2 GPa. (a) Normalized concentra-
tion versus distance (in �m) from the interface. In (b) the distance from the interface
(in �m) is scaled by the square root of the run time (in seconds) plus an effective
time to that accounts for diffusion that occurred during heating of the sample to the
run temperature. The optimum value of to (60 s) was chosen to maximize the over-
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Table 1
Experimental conditions and results for Cr3+.

Experiment P (Pa) T (K) Time (h) Dpair (10−13 m2/s) Gb (kJ/mol)

Cr070917 2.0e9 1573 24 0.061 (0.021) −15.3 (5.5)
Cr071015A 2.0e9 1873 1 1.01 (0.48) −27.2 (4.7)
Cr070920 2.0e9 1873 4 1.66 (0.92) −32.1 (17.9)
Cr070919 2.0e9 1873 18 1.36 (0.83) −21.2 (2.3)
Cr071009 2.0e9 2073 2 3.65 (0.44) −17.6 (2.0)
Cr071015B 2.0e9 2273 0.5 19.1 (0.79) −17.1 (2.2)

Table 2
Experimental conditions and results for Ga3+.

Experiment P (Pa) T (K) Time (h) Dpair (10−13 m2/s) Gb (kJ/mol)

Ga070913A 1.01e5 1563 6 0.530 (0.13) −97.7 (14.0)
Ga070914 1.01e5 1678 1.85 1.32 (0.26) −100.1 (11.2)
Ga070912A 1.01e5 1737 4.43 4.92 (0.85) −59.6 (6.1)
Ga070912C 1.01e5 1777 0.25 3.19 (0.45) −98.9 (14.0)
Ga070912B 1.01e5 1782 1.5 3.50 (0.37) −95.6 (10.8)
Ga060328 1.01e5 1783 0.5 4.00 (1.05) −76.7 (13.3)
Ga071016B 2.0e9 1773 0.6 4.39 (2.29) −57.5 (19.0)
Ga071004B 2.0e9 1873 1 6.93 (4.57) −73.4 (10.7)
Ga071004A 2.0e9 2073 0.33 21.4 (7.12) −84.7 (26.9)
Ga071009 2.0e9 2273 0.5a 66.6 (12.2) −73.6 (7.9)
Ga071016A 2.0e9 2273 0.25a 34.8 (15.9) −83.8 (29.1)
Ga071015 2.0e9 2273 0.0667a 40.8 (19.6) −93.2 (20.1)

aThese run times refer to the isothermal anneal and do not include an adjustment
ap of the profiles on the plot shown in (b), including a profile from a “zero-time”
xperiment in which the sample was quenched immediately upon reaching 2273 K.
he inset graph in (b) shows the pair diffusion coefficient, with 2� error, determined
or each experiment.

oth experiments were conducted under identical conditions of
873 K and 2 GPa; however, the Cr3+ experiment, with a run dura-
ion four times longer, resulted in a shorter profile, slower pair
iffusivity and lower binding energy. The concave-up curvature
f the profile, plotted as the inverse error function of the nor-
alized concentration vs. distance (Fig. 5b and d), indicates that

he diffusion coefficient decreases with decreasing concentration;
f diffusion were independent of concentration, the inverse error
unction profile would be linear on this plot. Note that on the
a3+ inverse error function plot, this curvature is less pronounced,
oinciding with a higher binding energy, and lower dependence of
iffusivity on concentration over most of the measured profile.

. Results

Values of the diffusion coefficients for the vacancy-trivalent

ation pair, Dpair, and the Gibbs free energy of binding (binding
nergy) of the pair, Gb, along with their respective errors, are given
n Table 1 (for Cr3+) and Table 2 (for Ga3+). The values listed in the
able are the averages from between 3 and 7 separate diffusion pro-
to account for diffusion during heating of the sample. As discussed in the text, 60 s
was added to the diffusion time for each of the 2273 K runs in fitting the profiles for
the pair diffusivity and binding energy.

files from each experiment, measured at different locations on the
crystal. The errors represent two standard deviations.

The Cr3+-vacancy pair binding energies fall in the range of
−15 to −32 kJ/mol with an average of −21.8 kJ/mol (Fig. 6). The
Ga3+-vacancy pair binding energies fall in the range of −58 to
−100 kJ/mol with an average of −82.9 kJ/mol (Fig. 6). Neither Cr3+

nor Ga3+ show clear signs of temperature dependence in terms of
their binding to vacancies, indicating that the entropy of binding
is fairly small for each. Linear regression of the binding free ener-
gies with temperature gives a binding enthalpy of −33.9 ± 14 (2�)
kJ mol−1 and entropy of 7.3 ± 7 (2�) J mol−1 K−1 for Cr3+-vacancy
pairs. For Ga3+-vacancy pairs, the enthalpy of binding is −86.7 ± 40
(2�) kJ mol−1 and the entropy is 5.1 ± 22 (2�) J mol−1 K−1. The small
values of the binding entropy obtained here for Cr3+ and Ga3+-
vacancy pairs are consistent with the small values obtained for
the binding entropy between Fe3+ and nearest-neighbor vacan-
cies in MgO, which are in the range of −2 to 21 J mol−1 K−1

(Gourdin and Kingery, 1979; Yager and Kingery, 1981; Hirsch and
Shankland, 1991) The enthalpy of binding between Ga3+ and a
nearest-neighbor cation vacancy is in good agreement with the
value of −82 kJ/mol obtained by Carroll et al. (1988) from shell
model calculations using empirical interionic potentials. It is also
in reasonable agreement with experimental and theoretical values
for Fe3+, which exhibits no crystal field splitting and is similar in
radius to Ga3+. Values for the binding enthalpy between Fe3+ and
cation vacancies in periclase are in the range −82 to −57 kJ/mol
(Hirsch and Shankland, 1991, and references therein). The enthalpy
for Cr3+-vacancy binding determined here, however, is signifi-
cantly smaller in magnitude than the calculated value of −84 kJ/mol
obtained by Carroll et al. (1988). As discussed below, the dif-
ference between the experimental and calculated values for the
Cr3+-vacancy binding enthalpy may result from crystal field effects,
which were not considered in the Carroll et al. (1988) study.
Fig. 7 shows how the diffusion coefficient varies with concen-
tration at three different temperatures. Each curve represents a
solution to Eq. (1). Note that as the concentration increases, the dif-
fusivity approaches an asymptote. At high concentrations a higher
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Fig. 5. Typical diffusion profiles and model fits from Cr3+ and Ga3+ experiments at 1873 K and 2 GPa. (a) Cr diffusion profile from sample Cr070920, with concentration
expressed as molar cation fraction. The solid curve represents a numerical solution to Eq. (1). (b) The same Cr diffusion profile shown as the inverse error function of the
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ormalized concentration versus distance. If the diffusion coefficient were indep
urvature indicates that the diffusion coefficient decreases with increasing concent
olar cation fraction. The solid curve represents a numerical solution to Eq. (1). (d

ersus distance.

roportion of vacancies are bound to trivalent cations, and when
ll of the vacancies are bound the diffusivity of the trivalent cation
s half the value of the pair. For Ga3+ (Fig. 7a), the diffusion coeffi-
ient rapidly approaches the asymptote as concentration increases,

3+
hereas for Cr (Fig. 7b) a significant concentration dependence
emains even at relatively high concentrations. This difference in
ehavior is due to the relatively high binding energy of vacancies to
a3+ compared to Cr3+. The lower binding energy for Cr3+ decreases

ts diffusivity relative to Ga3+, particularly at low concentrations.

ig. 6. Gibbs free energy of binding determined from each experiment plotted ver-
us temperature.
t of concentration, the profile would be linear on this plot. The concave upward
. (c) Ga diffusion profile from sample Ga071004B, with concentration expressed as
same Ga profile shown as inverse error function of the normalized concentration

The temperature dependence of the trivalent cation-vacancy
pair diffusivity is described by the Arrhenius equation:

Dpair = Do,pair exp

(
−Hpair

RT

)
(2)

where Dpair is the diffusivity of the pair, R is the gas constant, T is the
temperature in Kelvins, and Hpair is the activation enthalpy, which,
as discussed below, is a composite of the activation enthalpies for
Mg-vacancy and M3+-vacancy site exchange. No significant vari-
ation in Ga3+ diffusivity was determined between experiments
performed at 1 atm and 2 GPa, at the same temperatures. This indi-
cates a relatively small activation volume for Ga3+-vacancy pair
diffusion, consistent with the activation volume of 3.22 cm3/mol
determined for Al3+-vacancy pair diffusion over a much larger
pressure range (Van Orman et al., 2009). Based on the measured
activation volume for Al3+-vacancy pair diffusion, a variation in
diffusivity of only ∼40–50% is expected between 1 atm and 2 GPa,
somewhat less than the uncertainty in the measurement of the
Ga3+-vacancy pair diffusion coefficient in any experiment. Consis-
tency between the 1 atm and 2 GPa data sets also suggests that there
were no significant contact problems in the 1 atm experiments, and
that the presence of non-hydrostatic stresses and trace amounts of
water had no significant influence on the diffusivities in the piston

3+
cylinder experiments. Linear regression (Fig. 8) of the Cr pair dif-
fusion data yields an activation enthalpy of 237 ± 11 (2�) kJ/mol
and a pre-exponential factor log10Dpair,o = −6.28 ± 0.56 (2�) m2/s.
Linear regression (Fig. 8) of the Ga3+ data, including both 1 atm and
2 GPa data sets together, yields an activation enthalpy of 190 ± 13
(2�) kJ/mol and a pre-exponential factor log10Dpair,o = −6.86 ± 0.74
(2�) m2/s.
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Fig. 7. Diffusion coefficients as functions of concentration at 1573 K, 2073 K, and
2273 K. The curves are solutions to Eq. (1) using the free energy of binding and pair
diffusivity determined from experimental diffusion profiles at these temperatures.
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Fig. 9. Summary of diffusion data for trivalent cations in periclase. The data for
Cr3+ and Ga3+ from this study and for Al3+ refer to the values at a cation fraction of
ig. 8. Arrhenius plot of the Ga3+-vacancy and Cr3+-vacancy pair diffusion coeffi-
ients determined from each experiment versus reciprocal temperature.

. Discussion
.1. Comparison with prior data on trivalent cation diffusion in
gO

Fig. 9 shows a comparison of previous diffusion data for triva-
ent cations in periclase with results from the present study. Most of
100 ppm. All other data shown are from tracer diffusion studies. Sources of data:
S70, Solaga and Mortlock (1970); T65, Tagai et al. (1965); W77, Weber et al. (1977);
W80, Weber et al. (1980); B71, Berard (1971); and V09, Van Orman et al. (2009).

the data shown are from tracer diffusion studies using high-purity
MgO crystals, where the tracer was present at very low concentra-
tions. In general, data on the purity of the crystals used in these
experiments are not available, but typical trivalent cation concen-
trations in high-purity MgO crystals used in diffusion studies in
the 1970s are on the order of 100–200 ppm (e.g. Sempolinski and
Kingery, 1980). Thus, for the purpose of comparison, the data for
Ga3+, Cr3+ and Al3+ from this study and from Van Orman et al. (2009)
are shown at a trivalent cation concentration of 100 ppm, i.e. with
a total concentration of extrinsic cation vacancies of 50 ppm. The
Cr3+ data from this study are in reasonable agreement with the
previous tracer diffusion studies, although the activation energy is
somewhat smaller.

With the exception of Cr3+, all of the trivalent cations that have
been studied in periclase, and are shown in Fig. 9, either have no
d electrons or fully occupied d-orbitals, and thus exhibit no crystal
field effects. What is striking is that Cr3+ is the slowest of these
cations, despite having an ionic radius and polarizability nearly
identical to Ga3+, the fastest of the trivalent cations that have been
investigated in periclase. Because the ionic radii of the other cations
cover a wide range, this suggests that the influence of the crystal
field effect on the diffusion of Cr3+ is quite large compared to the
effects of ionic radius.

4.2. Relation of pair diffusion coefficients to site exchange
frequencies

There are two different types of jumps that occur during the dif-
fusion of a trivalent cation-vacancy pair. The first is the exchange
between the trivalent cation and the attached vacancy, and the sec-
ond is between the vacancy and other nearest-neighbor Mg sites.
Without a site exchange between the vacancy and the Mg sites,
long-range diffusion would be impossible since the only move-
ment would be the oscillation between the trivalent cation and the

vacancy. The Mg-vacancy exchanges reorient the trivalent cation-
vacancy pair so that the trivalent cation can proceed through the
lattice. In crystals with the rocksalt structure, such as MgO, the dif-
fusion coefficient of the impurity-vacancy pair is a function of the



166 K.L. Crispin, J.A. Van Orman / Physics of the Earth and Planetary Interiors 180 (2010) 159–171

Table 3
Enthalpy and entropy of M3+−vacancy binding and site exchange.

H (kJ/mol) S (J mol−1 K−1)

Cr–V binding −33.9 (14) 7.3 (7)
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Fig. 10. (a) Calculated diffusion coefficients for Ga (black curves) and Mg (grey
curves) plotted versus reciprocal temperature at Ga cation fractions of 100 ppm,
Ga–V binding −86.7 (40) 5.1 (22)
Cr–V exchange 238 9.5
Ga–V exchange 182 −2.5

wo jump frequencies (Lidiard, 1955):

pair = (a/2)2ω1ω2

3(ω1 + ω2)
(3)

here a is the lattice parameter (note that in the notation used
y Lidiard (1955), a represents half the lattice parameter), ω1 is
he site exchange frequency between the vacancy and any of four
quivalent Mg sites surrounding the trivalent cation, and ω2 is the
requency of the exchange between the vacancy and the triva-
ent cation. The frequency of exchange between a vacancy and
a3+ or Cr3+, respectively, can be calculated from the experimental
air diffusivity provided that the Mg-vacancy exchange frequency
1 is known. Here we assume that ω1 is equivalent to the Mg-
acancy exchange frequency in the absence of a trivalent cation;
his frequency can be extracted from the cation vacancy diffusion
oefficients determined from ionic conductivity measurements by
empolinski and Kingery (1980). The cation vacancy diffusivity is
elated to the jump Mg-vacancy exchange frequency by the follow-
ng equation (Balluffi et al., 2005, p. 171, see Eqs. (8.12)–(8.16))

V = 12ω1r2

6
(4)

here DV is the vacancy diffusion coefficient, ω1 is the jump fre-
uency of the vacancy, and r is the jump length. For the rocksalt
tructure, the jump length for cations, which is equal to the distance
etween nearest-neighbor cations, is r = a/

√
2, where a is the lat-

ice parameter, 4.211 Å for MgO. Substituting this relationship into
q. (4) yields the relationship DV = ω1a2. Using the vacancy diffu-
ion coefficients determined by Sempolinski and Kingery (1980),
1 can be determined and then substituted into Eq. (3) to solve for
2. What we find for Cr3+ is that the frequency of exchange with

he attached vacancy is much less than the frequency of exchange
etween the vacancy and a surrounding Mg atom; ω2 = 0.0473ω1
t 1573 K, and ω2 = 0.0723ω1 at 2273 K. For Ga3+ the exchange fre-
uency with the attached vacancy is only slightly smaller than the
g-vacancy exchange frequency; at 1573 K ω2 = 0.761ω1 and at

273 K ω2 = 0.271ω1.
The motion entropy and enthalpy of the trivalent impurity can

lso be calculated (Shewmon, 1989; Balluffi et al., 2005):

1 = � exp
(

Sm

R

)
exp
(−Hm

RT

)
(5)

here ω2 is the trivalent cation-vacancy site exchange frequency,
m is the entropy of motion, Hm is the enthalpy of motion, and � is
he exchange attempt frequency, approximately equal to the vibra-
ional frequency. For 1/T = 0, ω2,0 = � exp(Sm/R). Assuming that the
xchange attempt frequency for the trivalent cation and vacancy
s on the same order as that for Mg2+ and vacancy, 1.3e13 s−1

Sempolinski and Kingery, 1980), the motion entropy for Cr3+ is
alculated to be 9.5 J mol−1 K−1 and for Ga3+ the motion entropy is
2.5 J mol−1 K−1. The calculated enthalpies of motion for Cr3+ and
a3+ are 238 kJ/mol and 182 kJ/mol, respectively (Table 3).
.3. Mg diffusion coefficients in Ga3+- or Cr3+-doped periclase

The self-diffusion coefficient of Mg in periclase can be calculated
sing the equation Dmg = xVDV, where DV is the vacancy diffusion
0.1% and 1%. (b) Calculated diffusion coefficients for Cr (black curves) and Mg (grey
curves) plotted versus reciprocal temperature at Cr cation fractions of 100 ppm, 0.1%
and 1%.

coefficient and xV is the fraction of vacant cation sites, exclud-
ing those that are bound to a trivalent cation. Vacancy diffusivity
decreases by about two orders of magnitude when bound to Ga3+

or Cr3+, as evidenced by a comparison of the vacancy diffusion
coefficients measured by Sempolinski and Kingery (1980) to the
pair diffusion coefficients determined in this study (Fig. 8); thus
these bound vacancies are not expected to contribute significantly
to the transport of Mg under most conditions. The vacancy diffusiv-
ity at a particular temperature can be calculated using an Arrhenius
equation with a pre-exponential factor of 3.8 × 10−5 m2/s and acti-
vation energy of 220 kJ/mol (Sempolinski and Kingery, 1980). The
cation fraction of unbound vacancies can be calculated as XV =
xM3+ (0.5 − p), where:

p = 3
4

+ 1
2A

−
√

1
16

+ 3
4A

+ 1
4A2

(6)

and A = 12xM3+ exp(−Gb/RT) (Van Orman et al., 2009).
Self-diffusion coefficients for Mg were calculated for peri-

clase doped with Ga3+ and Cr3+, respectively, at concentrations of
100 ppm, 0.1 mol% and 1 mol%, and are compared with the dif-

3+ 3+
fusivity of Ga and Cr at the same concentrations in Fig. 10.
At any given temperature and Ga3+ concentration, the Ga3+ dif-
fusion coefficient is more than an order of magnitude larger than
the Mg2+ diffusion coefficient at the same conditions; this differ-
ence is magnified at lower temperatures and lower concentrations,
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Table 4
Effective activation enthalpies as functions of trivalent cation concentration.

Activation enthalpy (kJ/mol) Ga Cr Mg(Ga)
a Mg(Cr)

b

M3+-vacancy pair 190 237
100 ppm M3+ 123 217 234 220
0.1% M3+ 163 221 263 221
1% M3+ 176 227 291 226

a Effective activation enthalpy at high temperatures, assuming that Ga is the only
trivalent cation present and that the activation enthalpy for cation vacancy diffusion
is 220 kJ/mol (Sempolinski and Kingery, 1980).
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b Effective activation enthalpy at high temperatures, assuming that Cr is the only
rivalent cation present.

here the fraction of pairs is larger (Fig. 10a). At high tempera-
ures the fraction of bound pairs decreases, thus Mg2+ diffusion is
nhanced and Ga3+ diffusion is hindered. As a result, the appar-
nt activation energy for Ga3+ diffusion is lower than that of
he Ga3+-vacancy pair at all concentrations, whereas the appar-
nt activation energy for Mg2+ is higher than the Mg2+ migration
nergy (Table 4). For Ga3+, the apparent activation energy becomes
mall at low Ga3+ concentrations, where the fraction of bound
airs is low, and varies significantly with temperature; for Mg2+

he apparent activation energy becomes large at high Ga3+ con-
entrations, where the fraction of free vacancies is low and
emperature-dependent.

In Cr3+-doped MgO, the calculated Mg self-diffusion coefficients
re larger than in Ga3+-doped MgO, due to the weaker binding of
ation vacancies to Cr3+ and consequently have weaker tempera-
ure dependence (Fig. 10b). These result from the smaller binding
nergy between Cr3+ and vacancies; at a given trivalent cation con-
entration and temperature, the fraction of free vacancies is higher
n Cr3+-doped MgO than in Ga3+-doped MgO. While the lower bind-
ng energy enhances the diffusivity of Mg in Cr3+-doped crystals, it

iminishes the diffusivity of Cr3+. In contrast to Ga3+-doped crys-
als, where Mg2+ is calculated to diffuse more slowly than Ga3+ at
ny temperature and Ga3+ concentration, Mg2+ is calculated to dif-
use faster than Cr3+ in Cr3+-doped MgO at any temperature or Cr3+

oncentration.

ig. 11. Schematic representation of d orbitals and their alignment in an octahedral catio
ess overlap with the six surrounding oxygen anions than those in the eg orbitals (dx2v2

toms. In (b) the electron localization surfaces corresponding to the various orbitals are s
nd Planetary Interiors 180 (2010) 159–171 167

4.4. Influence of the crystal field effect on diffusion

Chromium diffuses much more slowly than Ga3+ in periclase,
has a higher activation enthalpy and binds less tightly to vacan-
cies. An explanation for these differences in terms of ionic radius or
dipole polarizability is unlikely, because Ga3+ and Cr3+ are very sim-
ilar in these properties; conversely, Al3+, Sc3+ and Y3+, for example,
have far greater differences in ionic radius and polarizability but
smaller differences in diffusivity. The slow diffusivity and weak
binding of Cr3+ to vacancies likely results from the effect of the
crystal field on its partially filled 3d electron orbitals.

Transition metals may contain electrons that occupy two differ-
ent types of d orbitals that interact differently with the surrounding
oxygen anions on octahedral cation sites in periclase (Fig. 11). The
three t2g orbitals have less overlap with the six surrounding oxygen
anions than the two eg orbitals, and therefore experience weaker
repulsion. Cr3+ has three electrons in d-orbitals, and in periclase
each occupies one of the lower-energy t2g orbitals. It is a non-
spherical cation that fits snugly among the six oxygen anions on
the cation site in periclase, thus experiencing significant crystal
field stabilization (Burns, 1993). Ga3+, on the other hand, has com-
pletely filled d orbitals, two in each of the t2g and eg orbitals; the
lower energy of the three t2g orbitals is cancelled by the higher
energy of the two eg orbitals, and Ga3+ therefore experiences no
crystal field stabilization.

Fig. 12 shows a schematic of the potential energy surface for
a trivalent cation in periclase migrating from a cation site, across
a saddle point (assumed here to be the tetrahedrally coordinated
interstitial site), into an adjoining vacancy (not shown in the
schematic). The energy of the interchange (Hm) between the triva-
lent cation and the vacancy is equal to the difference in energy when
the trivalent cation is on the cation site, and when it is at the inter-
stitial saddle point position. As described in Section 4.2, and listed
in Table 3, this energy is calculated from the present experiments

as 182 kJ/mol for Ga3+ and 238 kJ/mol for Cr3+, indicating that the
energy barrier to diffusion is enhanced by ∼56 kJ/mol due to the
crystal field effect for Cr3+. An upper limit to the enhancement of
the energy barrier due to the crystal field effect is the crystal field
stabilization energy (CFSE) determined from optical spectroscopy,

n site in periclase. Electrons residing in the t2g orbitals (dxz , dxy , and dyz) experience
and dz2 ). In (a) the solid and dashed circles represent the positions of the oxygen
hown without surrounding oxygen atoms.
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Fig. 12. Schematic representation of the potential energy surface for a trivalent
cation between the cation site and the interstitial saddle point along the diffusive
jump path. Partially filled d orbitals in Cr3+ lower its energy on the cation site relative
to Ga3+; when Cr3+ is isolated from adjacent vacancies, the lowering of energy on the
cation site is equal to the CFSEoct determined from optical absorption spectroscopy.
When a cation vacancy is present on an adjacent cation site, as it must be in order
for a diffusive jump to occur, the energy well is not as deep as it is when Cr3+ is
isolated, because there is an energy cost associated with the breaking of octahedral
symmetry. The difference between the CFSE of isolated Cr3+ and the CFSE of Cr3+

with an adjacent cation vacancy is interpreted to be the difference in M3+-vacancy
binding enthalpy between Cr3+ and Ga3+. The energy at the saddle point along the
jump path to an adjacent cation site is also reduced by the crystal field effect for
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r3+. The crystal field stabilization energy at the saddle point is not constrained by
ptical absorption measurements, but is estimated from the present experiments
o be approximately half the value of the CFSE for isolated Cr3+ on the cation site in
ericlase.

hich is −232 kJ/mol for Cr3+ in periclase (Burns, 1993). This cor-
esponds to the deepening of the energy well on the cation site due
o crystal field splitting, and would represent the increase in the
nergy barrier in the absence of other crystal field effects. However,
n addition to an increase in the energy barrier due to the crystal
eld stabilization on the octahedral site, there is also a reduction in
he energy barrier due to the crystal field stabilization of Cr3+ at the
nterstitial saddle point. The CFSE at the interstitial saddle point is
xpected to be less than that at the octahedral cation site, but still
ignificant. No experimental data exist on the CFSE of Cr3+ or any
ther transition metal on the tetrahedral interstitial site in peri-
lase. In spinels, the CFSE of Cr3+ on the tetrahedral site is ∼30% of
he value on the octahedral site (Burns, 1993, Table 6.3). The CFSE of
r3+ in the interstitial saddle point configuration in periclase may
e somewhat larger, due to the distortion from tetrahedral sym-
etry induced by the presence of a cation vacancy on either side of

he saddle point during the diffusive jump. For ions with 3d3 elec-
ronic configurations, like Cr3+, distorted sites have lower energy
han regular tetrahedral sites (Burns, 1993, p. 36).

The presence of a cation vacancy adjacent to the trivalent cation,
hich is necessary for a diffusive jump, also disrupts the perfect

ymmetry of the octahedral cation site. This must reduce the mag-
itude of the crystal field stabilization because Cr3+ prefers perfect
ctahedral sites (Burns, 1993). The preference of Cr3+ for perfectly
ymmetrical octahedral sites appears to explain why it binds less

3+
ightly to vacancies than Ga ; the presence of a vacancy disrupts
he octahedral symmetry and therefore comes with an energy cost.
his energy cost can be estimated as the difference in the vacancy
inding energy for Ga3+ and Cr3+, which is ∼53 kJ/mol (Table 3).
he CFSE determined from optical absorption spectroscopy applies
nd Planetary Interiors 180 (2010) 159–171

to isolated Cr3+ with no vacancies in the immediate vicinity (Low,
1957), so does not include this energy cost. Hence, the CFSE relevant
to Cr3+ diffusion, with a vacancy in the nearest-neighbor cation site,
would be −179 kJ/mol rather than −232 kJ/mol. Taking this value
for the enhancement of the energy well for Cr3+ relative to Ga3+,
and the difference in migration energy between Cr3+ and Ga3+, we
can obtain an estimate for the crystal field stabilization energy of
Cr3+ in the interstitial saddle point configuration. Following the dis-
cussion above, and the schematic potential energy surfaces shown
in Fig. 12, the difference in the migration energy (i.e. the vacancy
exchange energy) for Cr3+ and Ga3+ can be written as:

(HCr3+
m − HGa3+

m ) = −CFSECr3+
oct − (HCr3+

b − HGa3+
b ) + CFSECr3+

tet (7)

where Hm are the migration enthapies, Hb are the binding
enthalpies, and CFSEoct is the crystal field stabilization energy for
isolated Cr3+ in periclase (with no cation vacancies nearby), and
CFSEtet is the crystal field stabilization energy for Cr3+ in the saddle
point configuration, assumed here to be a tetrahedrally coordinated
interstitial position, with a cation vacancy on either side. In writing
Eq. (7) we have followed convention in assigning positive values to
the migration energies, and negative values to the binding and crys-
tal field stabilization energies. Taking the values from this study for
the migration and binding energies, and the value of CFSE for iso-
lated substitutional Cr3+ in periclase from Burns (1993), the CFSE
for Cr3+ in the saddle point configuration is calculated as:

CFSECr3+
tet = (238 − 182) + (−232) + (−34 − (−87)) = −123 kJ/mol

(8)

This is about half the value of the CFSE for Cr3+ in perfect octahedral
symmetry.

Crystal field effects are likely to be important in the diffusion
of other transition metals with partially filled 3d orbitals. To our
knowledge, the only previous study that has explicitly considered
crystal field effects on the diffusion of transition metals in crys-
talline solids is a study on first-row divalent transition metals in
AgCl (Batra et al., 1976, 1980). In this study, the relative migration
energies of the divalent transition metals could be accounted for by
consideration of the crystal field stabilization energies in the substi-
tutional and saddle point positions, following an approach similar
to that outlined above. Diffusion data for Fe2+, Co2+ and Ni2+ in per-
iclase from a study by Wuensch and Vasilos (1962) also appear to
be consistent with the crystal field exerting a strong influence on
diffusion. In this study, a substantial variation in diffusivity was
observed among these cations, with Fe2+ having the largest diffu-
sion coefficients and smallest activation enthalpy, and Ni2+ having
the smallest diffusion coefficients and largest activation enthalpy.
This trend is the opposite of what would be expected consider-
ing ionic radius alone. Fe2+ is the largest of the three cations, and
Ni2+ the smallest; for divalent cations that exhibit no crystal field
splitting, diffusion coefficients are usually found to decrease with
increasing ionic radius (Mortlock, 1968). The variations in diffusion
coefficient and activation energy are, however, consistent with the
influence of the crystal field on the energetics of diffusion. Divalent
nickel, the slowest of the three cations in the study, has fully occu-
pied t2g orbitals (with six electrons), and half occupied eg orbitals
(two electrons), and a CFSE on octahedral cation sites in periclase
of −122.1 kJ/mol (Burns, 1993); Co2+, the next slowest, has one less
electron in the t2g orbitals and a CFSE of −86.2 kJ/mol (Burns, 1993);
and Fe2+, the fastest of the three cations, has four electrons in t2g

orbitals and two in eg orbitals, and a CFSE of −51.7 kJ/mol (Burns,
1993). Together with the present data on the migration energy of
Ga3+ and Cr3+, the Wuensch and Vasilos (1962) data on the acti-
vation enthalpy of these divalent transition metals correlate rather
well with the CFSE on the octahedral cation site (Fig. 13).
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Fig. 13. The activation enthalpy for diffusion is plotted against the crystal field sta-
bilization energy for transition metals in periclase. For Ga3+ and Cr3+, the activation
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Fig. 14. Arrhenius plot for Fe2+, Co2+ and Ni2+ diffusion in periclase, with data from
Wuensch and Vasilos (1962). The curve for Fe2+ is based on the experimental values

2+ 2+
nergy shown is the enthalpy of exchange with an adjacent vacancy determined
rom the present experiments. Activation enthalpies for Fe2+, Co2+ and Ni2+ are
he values determined from diffusion experiments by Wuensch and Vasilos (1962).
rystal field stabilization energies are from Burns (1993).

For the divalent transition metals, the experimentally deter-
ined activation enthalpy Q in periclase can be taken to represent

he sum of the migration enthalpy, Hm, and the enthalpy of bind-
ng to an adjacent vacancy, Hb (LeClaire, 1978). Although there is
o electrostatic attraction between a divalent transition metal and
ation vacancy, there is expected to be an energy cost associated
ith the presence of a vacancy, as with Cr3+, because it breaks the

ctahedral symmetry of the site. In the case of the divalent tran-
ition metals, the energy cost would be manifested as a positive
nthalpy of binding, i.e. a repulsion, between the cation and the
acancy, which would reduce the concentration of vacancies on
ation sites that are nearest-neighbors to the divalent transition
etal and thus decrease the diffusivity of the transition metal. A

rediction of the differences in migration and binding enthalpies
mong the divalent transition metals can be made, based on our
xperimental results for Cr3+ and Ga3+, if it is assumed that they are
roportional to the crystal field stabilization energy. The difference

n CFSEoct between Cr3+ and Ga3+ is 232 kJ/mol, and the differences
n migration and binding enthalpies are 24% and 23% of this value,
espectively. If the differences in migration and binding enthalpy
mong the divalent transition metals are also assumed to be 24%
nd 23% of the difference in CFSEoct, the predicted �Hm is 17 kJ/mol
or Ni2+ with respect to Fe2+, and 8.3 kJ/mol for Co2+ with respect
o Fe2+. Similarly, the predicted �Hb would be 16 and 7.9 kJ/mol,
espectively. The predicted differences in activation enthalpy, �Q,
hen, are 33 kJ/mol for Ni2+ and Fe2+ and 16 kJ/mol for Co2+ and Fe2+.
hese predicted values are in reasonable agreement with the mea-
ured �Q of 28 and 24 kJ/mol, respectively (Wuensch and Vasilos,
962). Fig. 14 shows that the diffusion data for Co2+ and Ni2+ are
epresented fairly well using the experimental values of D0 and
he predicted values of Q, using the experimental Q for Fe2+ as a
aseline. The crystal field effect thus appears to provide a plausible
xplanation for the wide range in diffusivity among Ni2+, Co2+ and
e2+ in periclase.
.5. Influence of spin transitions on diffusion in Earth’s mantle?

Divalent iron may undergo a transition from a high-spin to a
ow-spin state in periclase at pressures relevant to Earth’s deep
of D0 and Q. The curves for Co and Ni are based on experimental values for
D0, but the values for Q are independent of the experiments, and are predicted
from the relation of the migration enthalpy and binding enthalpy to the crystal field
stabilization energy as described in the text.

mantle (e.g. Badro et al., 2003; Speziale et al., 2005; Sturhahn et
al., 2005; Kantor et al., 2006; Tsuchiya et al., 2006; Fei et al., 2007;
Lin et al., 2007; Lin and Tsuchiya, 2008). It is possible that other
transition metals, which have not yet been studied at high pres-
sure, also undergo high- to low-spin transitions at high pressures.
A spin transition in Fe2+ involves the transfer of the two unpaired
electrons that occupy eg orbitals to spin-paired t2g orbitals. The
transfer of electrons from eg to t2g orbitals requires energy to pair
electrons on the same orbital, but meanwhile lowers the crystal
field stabilization energy and the volume (Tsuchiya et al., 2006; Fei
et al., 2007) of Fe2+ on octahedral sites. As a result, the low-spin
state becomes stable at high pressures. The CFSEoct for high-spin
Fe2+ is approximately 2/5�0, where �0 is the crystal field split-
ting energy between eg and t2g orbitals, while for low-spin Fe2+

CFSEoct is ∼12/5�0 (Burns, 1993). Similarly, CFSEoct for high-spin
Co2+ is 4/5�0, while for low-spin Co2+ the CFSEoct is 9/5�0. As dis-
cussed above, the diffusion coefficients of transition metal cations
in periclase depend strongly on their crystal field stabilization
energies, and thus one might expect a significant reduction in dif-
fusivity across a high-spin to low-spin transition. On the other
hand, there is also a significant difference in size between low-
spin and high-spin Fe2+, unlike the case of Ga3+ and Cr3+ discussed
above, and the influence of this size difference on diffusivity is
unconstrained. Also, while Ga3+ and Cr3+ are present at low con-
centration, Fe is a major cation in ferropericlase and the spin
transition has a significant influence on the thermodynamic and
elastic properties of the mineral (Wentzcovitch et al., 2009; Wu
et al., 2009). When Fe is in the mixed spin state, any diffusing
cation in ferropericlase may have its activation energy barrier low-
ered due to induction of spin change in neighboring iron atoms
arising from stressed bonds at the saddle point (Wentzcovitch et
al., 2009). An understanding of the influence of spin transitions
on the diffusion properties of ferropericlase requires rigorous cal-

culations and experiments. Below we speculate on the possible
magnitude of the effect in terms of the crystal field stabliziation
alone.

A crude estimate of the influence of spin transitions on the dif-
fusivity of Fe in periclase can be obtained by extrapolating the
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Fig. 15. Diffusion coefficients for divalent transition metal cations in periclase
(Wuensch and Vasilos, 1962) at 1600 ◦C plotted against their crystal field stabi-
lization energies in periclase. A linear extrapolation of the trend to the crystal field
stabilization energies estimated for the low-spin states is also shown. In the low-
spin state, the relative diffusivities of the divalent transition metals are predicted
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Kogiso, T., Hirschmann, M.M., Reiners, P.W., 2004. Length scales of mantle hetero-
o reverse, with the diffusion coefficient for low-spin Co2+ two orders of magnitude
maller than in the high-spin state, and the diffusion coefficient for low-spin Fe2+

ve orders of magnitude smaller than in the high-spin state.

rend of diffusivity vs. CFSE observed for the divalent transition
etals in periclase to the predicted CFSE for low-spin transition
etals (Fig. 15). The crystal field splitting energy �0 for low-spin

e2+ at high pressure appears to be similar to that for high-spin
e2+ at ambient conditions (Keppler et al., 2007), and thus the
rystal field stabilization energy for low-spin Fe2+ is predicted
o be approximately six times the value for high-spin Fe2+, or
310 kJ/mol. Extrapolating along the linear trend shown in Fig. 15,

he diffusivity of low-spin Fe2+ is predicted to be more than five
rders of magnitude lower than for high-spin Fe2+. For Co2+ the
hange in CFSE across the spin transition the diffusion coeffi-
ient is predicted to be two orders of magnitude slower in the
ow-spin than in the high-spin state. There are of course many
aveats regarding these estimates, owing to the long extrapola-
ions involved, incomplete understanding of the influence of ionic
adius and polarizability (which also change across the spin tran-
ition), and in ferropericlase, the influence of the mixed spin state
n the diffusion properties (Wentzcovitch et al., 2009). However,
espite significant uncertainty regarding the magnitude of the
ffect, it seems likely that a transition from a high-spin to a low-
pin state may significantly reduce the diffusivity of Fe2+, at least
n nearly pure periclase. If spin transitions occur in the mantle,
hey may also significantly reduce the diffusivity of Fe3+, Co2+ and

n2+.
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