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a b s t r a c t

Trivalent cations in periclase are attracted to cation vacancies and these defects tend to associate on
adjacent sites to form mobile pairs. A theory has been developed to describe the concentration-dependent
diffusion of Al in the presence of Al-vacancy pairs, and has been applied to experiments conducted at
eywords:
gO

oint defects
ower mantle
ore–mantle boundary

1577–2273 K and 1 atm to 25 GPa. In all but one experiment, the Gibbs free energy of binding, inferred from
the diffusion profiles, is between −44 and −60 kJ/mol, with an average value of −50 kJ/mol. The absolute
value of the entropy of binding is constrained to be less than 50 J mol−1 K−1, and the volume of binding
is constrained to be between −1.8 and 0 cm3/mol. The diffusion coefficient of the Al-vacancy pair can
be described by the equation D2 = D2,0 exp(−(E + PV)/RT), with E = 213 ± 32 kJ/mol, V = 3.22 ± 0.25 cm3/mol,
and log10D2,0 = −6.17 ± 0.99 (in m2/s; all uncertainties 2�). Calculations are presented for the diffusion of
Al and Mg as functions of Al concentration, temperature and pressure.
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. Introduction

Periclase is thought to be the second most abundant mineral
n Earth’s lower mantle, comprising ∼15–20% of the total mass
e.g., Bina, 1998). Cation diffusion in periclase is considerably more
apid than in the more abundant magnesium silicate perovskite
Yamazaki et al., 2000; Yamazaki and Irifune, 2003; Van Orman et
l., 2003; Holzapfel et al., 2003, 2005; Mackwell et al., 2005), and
ericlase thus may enhance bulk diffusive transport in the lower
antle, especially in regions where it may be present in higher

bundance. The core–mantle boundary may be one such region, as
ecent diamond anvil cell experiments show that FeO and SiO2 have
ubstantial solubility in molten iron at very high pressures, while
gO remains insoluble (Takafuji et al., 2005). It is thus plausible to

peculate that dissolution of silicates has left a periclase-enriched
ayer at the base of the mantle, which would play an important role
n regulating chemical exchange between the core and mantle.

Trivalent cations, including Al3+, Cr3+ and Fe3+, are significantly
oluble in periclase (e.g., Wood, 2000; Watson and Price, 2002;

ackwell et al., 2005) and, if insufficient monovalent cations are

vailable to maintain charge balance, their substitution on cation
ites is coupled with the creation of cation vacancies. Because
he formation energy of Schottky defects in periclase is very high

∗ Corresponding author.
E-mail address: james.vanorman@case.edu (J.A. Van Orman).

1 Present address: Department of Geosciences, University of Arizona, Gould-
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Ita and Cohen, 1997), these extrinsic cation vacancies, present
o balance the charge of trivalent cation impurities, are far more
bundant than intrinsic Schottky vacancies even in very pure syn-
hetic periclase samples, and thus control the diffusivity of cations
hat migrate by a vacancy mechanism (Sempolinski and Kingery,
980). Periclase produced experimentally in peridotite bulk com-
ositions at lower mantle pressures (Wood, 2000), and natural
ericlase found in diamond inclusions (Stachel et al., 2000) con-
ain quite high concentrations of trivalent solutes, on the order of
wt% or more. Sodium also has relatively high abundance in these
ericlase crystals, but the cation fraction of Al3+ + Cr3+ + Fe3+ typ-

cally exceeds that of Na by ∼3000–5000 ppm (if the reasonable
ssumption is made that ∼3% of the iron present, on a cation basis,
s ferric, as has been measured in iron-buffered experimental sam-
les by Stretton et al., 2001). Trivalent cations are thus likely to have
strong influence on cation diffusion rates in periclase in Earth’s

ower mantle.
In the simplest case, the diffusion rate of a cation is proportional

o the total cation-vacancy concentration. However, the situation in
ericlase is complicated by the Coulombic attraction between triva-

ent cations and cation vacancies, which have net charges of +1 and
2, respectively. This attraction may lead to the formation of tightly
ound pairs (e.g., Gourdin and Kingery, 1979a,b; Sempolinski and
ingery, 1980; Carroll et al., 1988; Hirsch and Shankland, 1991),

s illustrated schematically in Fig. 1. The formation of bound pairs
as two important effects on diffusion. On one hand, association
ith a relatively immobile trivalent cation diminishes the mobil-

ty of the vacancy. This reduces both the ionic conductivity (which
s controlled by cation-vacancy motion in periclase; Sempolinski

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:james.vanorman@case.edu
dx.doi.org/10.1016/j.pepi.2008.03.008
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ig. 1. Schematic 2D representation of periclase containing Al3+ solutes, showing
solated Al

•
Mg (Al3+ atoms on cation sites) and V ′′

Mg (vacant cation sites), and a defect

air consisting of an Al atom and vacancy on nearest-neighbor cation sites. Oxygen
toms are light grey, Mg atoms dark grey, and Al atoms have zoned shading.

nd Kingery, 1980) and the diffusivity of unassociated cations that
iffuse by a vacancy mechanism. On the other hand, association
ith a highly mobile vacancy significantly enhances the mobility

f the trivalent cation (e.g., Van Orman et al., 2003). The enhanced
obility is due to the steady availability of a vacancy on an adjacent

ation site, which increases the probability of an impurity-vacancy
ite exchange. Association with vacancies is thought to be respon-
ible for the anomalously fast diffusion of divalent cations in alkali
alides (e.g., Lidiard, 1955; Keneshea and Fredericks, 1963), and
ay also explain the rapid diffusion of trivalent REE relative to

ivalent cations in fluorite (Cherniak et al., 2001).
Van Orman et al. (2003) made a cursory investigation of Al dif-

usion in periclase at high pressure as part of a study of magnesium
nd oxygen self-diffusion in MgO. Here we revisit Al diffusion and
l-vacancy association in more detail, adding new experimental
ata at 1 atm to 15 GPa and 1577–1873 K, and presenting a new
ethod for extracting the binding energy and diffusion coefficient

f a trivalent cation-vacancy pair from an experimental diffusion
rofile. The data are used to calculate diffusion coefficients for Al
nd Mg in periclase as functions of temperature, pressure and Al
oncentration.

. Theory

An Al3+ ion substituted on the Mg2+ site in MgO has a net charge
f +1, which must be balanced by a negatively charged species
o maintain electrical neutrality. The dominant negatively charged
pecies in MgO is a cation-vacancy, which has a net charge of −2.
ssuming that substitutional Al3+ ions and cation vacancies are the
nly aliovalent species in MgO, the electrical neutrality condition

s expressed (in Kröger–Vink notation; e.g., Kröger, 1974) as:

Altot] = [Al
•
Mg] = 2[V ′′

Mg] (1)

In this expression, no assumptions are made about whether the
l ions and vacancies are associated with each other; the concen-

w
t
C
c
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rations refer to the total fraction of cation sites that are occupied
y Al, or are vacant, respectively.

Ferric iron has been found to occupy interstitial sites in periclase
n minor but significant proportions (e.g., Jacobsen et al., 2002).
his configuration appears to be stabilized by a cluster of surround-
ng cation vacancies (Gourdin and Kingery, 1979a,b). Al3+ might be
xpected to adopt a similar interstitial configuration due to its small
ize. However, these interstitial-vacancy clusters are thought to be
ignificant only at low temperatures, less than ∼1000 K (Carroll et
l., 1988), and are not likely to be relevant at the higher tempera-
ures considered here.

As noted in the introduction, Al3+ and cation vacancies are
ttracted electrostatically and tend to form bound complexes. A
umber of complexes may form, but those with three members
r more (e.g., consisting of two trivalent cations and a single
acancy) generally are significant only at high impurity concen-
rations and/or low temperatures (Carroll et al., 1988; Hirsch and
hankland, 1991). At the moderate Al concentrations (<5000 ppm)
nd high temperatures (>1577 K) considered here, vacancies are
xpected to exist in significant proportion only in isolation, or as a
wo-member complex, bound to a single Al3+ ion. For simplicity we
onsider only defect pairs in which the Al3+ ion and vacancy exist
n nearest-neighbor cation sites, not on second-nearest-neighbor
r more distant sites.

Equilibrium between Al3+, distant cation vacancies, and bound
l-vacancy pairs is described by the following equations:

′′
Mg + Al

•
Mg ⇔ (VMgAlMg)′ (2)

here (VMgAlMg)′ denotes the bound pair. The ideal mass action
aw for this reaction, assuming ideal solution of all species, can be

ritten as follows (Lidiard, 1955):

2 = [(VMgAlMg)′]
[V ′′

Mg][Al
•
Mg]

= Z2 exp
(−G2

RT

)
(3)

here the brackets denote concentrations (molar fractions); G2 is
he free energy of association, or binding energy, of the pair; and
2 is the number of distinguishable orientations of the pair, in this
ase 12.

Following Lidiard (1955) and Perkins and Rapp (1973), it is con-
enient to rewrite Eq. (3) in terms of the fraction of Al3+ ions that
xist in bound pairs (p) and the fraction of cation sites occupied by
l3+ (xAl):

p

xAl(1/2 − p)(1 − p)
= 12 exp

(−G2

RT

)}
(4)

his can be rearranged to give an equation for p:

= 3
4

+ 1
2A

−
(

1
16

+ 3
4A

+ 1
4A2

)1/2
(5)

here A = 12xAl exp(−G2/RT).
The concentration-dependent diffusion coefficient of aluminum

n the presence of Al-vacancy pairs is governed by the diffusivity of
he pair and the derivative of the pair concentration with respect to
he total aluminum concentration (Lidiard, 1955; Perkins and Rapp
1973):

Al = D2
d(pxAl)
d(xAl)

(6)
here DAl is the diffusion coefficient of Al at a given Al concen-
ration, and D2 is the diffusion coefficient of the Al-vacancy pair.
ombining Eqs. (5) and (6) gives an expression for the diffusion
oefficient of Al as a function of its total concentration and the free
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Fig. 2. (a) Proportion of Al atoms bound to a cation-vacancy, and (b) Al diffusion
coefficient, normalized to the Al-vacancy pair diffusion coefficient, for periclase con-
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nergy of binding between Al3+ and cation vacancies:

Al = D2

{
3
4

−
(

x2
Al

16
+ xAl

16 exp(−G2/RT)
+ 1

576 exp(−2G2/RT)

)−1/2

×
(

xAl

16
+ 1

32 exp(−G2/RT)

)}
(7)

his expression holds for all Al3+ concentrations, provided that Al-
acancy pairs on nearest-neighbor sites are the only complexes
resent.

Eq. (7) can be applied to experimental Al diffusion profiles pro-
ided that a local equilibrium is established between associated
nd unassociated Al atoms and vacancies along the profile. A simple
alculation shows that local equilibrium is likely to be achieved. To
orm a pair requires that a vacancy diffuse into the vicinity of an Al
tom. Even at a very low Al concentration (50 ppm) the average sep-
ration between Al atoms and vacancies is less than 10 nm, and the
acancy diffusion coefficient is quite high, 1.9 × 10−12 m2/s even at
573 K, the lowest temperature considered here (Sempolinski and
ingery, 1980). Thus, the average time required for a vacancy to
iffuse into the immediate neighborhood of an Al atom is less than
0−4 s. Even if several encounters between a vacancy and Al atom
re necessary to form a bound pair (only one encounter is required
f the binding energy is high), local equilibrium will be established
apidly relative to the timescale of the diffusion experiment.

Fig. 2 shows how the proportion of Al-vacancy pairs and the Al
iffusion coefficient vary with Al concentration, for three different
alues of the binding energy between Al3+ ions and cation vacan-
ies. Note that at high Al concentrations and relatively large binding
nergies, the proportion of bound pairs asymptotically approaches
/2 (i.e., essentially all cation vacancies are bound to Al atoms), and
he Al diffusion coefficient approaches D2/2.

. Experiments

Experimental diffusion couples consisted of a single crystal
f MgO surrounded by fine-grained MgAl2O4 spinel powder. The
pinel powder was fabricated by glycine-nitrate sol–gel combus-
ion synthesis (e.g., Chick et al., 1990), followed by a 24 h anneal
n air at 900 ◦C. A 5 mol% excess of MgO was added to the sol–gel
olution to ensure that the spinel was saturated with periclase.
fter annealing, the spinel powder was rinsed ultrasonically in a
M HNO3 solution to dissolve any remaining MgO, and then rinsed
gain in purified water. The powder was analyzed with a Scintag
–1 powder X-ray diffractometer, and showed only sharp spinel
eaks. The grain size of the spinel powder was not measured, but

s believed to have been less than ∼10 �m.
The MgO crystals used in the experiments were purchased from

PI and had a nominal impurity content, reported by the sup-
lier, of 40 ppm Ca, 15 ppm Al, 50 ppm Fe, 10 ppm Cr and 5 ppm
. No attempt was made to measure the composition of the crys-
als to check whether the reported impurity contents were correct,
ut the nominal values are so low compared to the Al concen-
rations that were measured within the diffusion profiles that
hey are not expected to have had a significant influence on Al
iffusion. No cations other than Mg and Al were detected by elec-
ron microprobe along any of the measured diffusion profiles. The
0 mm × 10 mm × 0.5 mm MgO crystals were mirror polished on
wo sides, cleaved into pieces approximately 1 mm on a side, and

eated in air at 1500 ◦C for several days to anneal surface damage
aused by polishing.

In experiments at atmospheric pressure, an MgO crystal was
acked in spinel powder within a Pt crucible and suspended in a
eltech vertical tube furnace that had been pre-heated to the run

8
W
T
a
w

aining up to 1% dissolved Al (as cation fraction). Curves show solutions to Eqs. (5)
nd (7) for three different values of the free energy of binding between and Al solute
nd a cation-vacancy.

emperature. The temperature was measured continuously using
Type B Pt-Rh thermocouple, and fluctuated within less than

◦C over the course of each experiment. Following the isothermal
nneal, the sample was removed from the furnace and allowed to
ool in air. The time to heat and cool each sample was less than a
inute, very small compared to the isothermal anneal times, which

anged from 0.73 to 27.47 h. Thus no attempt was made to account
or diffusion during heating and cooling of the experiment. The

gO crystals could be removed from the spinel powder after the
xperiment, usually with a small amount of powder adhering to the
urface. There was no evidence for any chemical reaction between
he spinel and MgO during any of the experiments. Where the pol-
shed surface of the MgO crystal was visible it maintained a mirror
olish, and where the interface between MgO and spinel was visi-
le in backscattered electron images (mainly in the high-pressure
xperiments described below) it was always observed to be a sharp
oundary with no evidence for secondary phases.

High-pressure experiments were performed with a 1500-ton
ulti-anvil apparatus at the Geophysical Laboratory, using an

/3 octahedral assembly with a cylindrical Re furnace and a

5%Re/W26%Re thermocouple placed near the diffusion couple.

he diffusion couple was centered in the hotspot of the assembly
nd was bounded on top and bottom by alumina rods. Samples
ere heated at 100 K/min to the run temperature and quenched
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y shutting off the power. As with the 1 atm experiments, heat-
ng and cooling times were insignificant compared to duration
f the isothermal diffusion anneal. The difference in temperature
etween the thermocouple junction and diffusion interface was

udged to be less than 20 K, based on the measurements of the
emperature profile in this assembly using spinel growth kinetics
van Westrenen et al., 2003). The relative uncertainty in pressure is
elieved to be ∼0.5 GPa (Bertka and Fei, 1997).

Following the diffusion anneal, the MgO crystal was mounted
n epoxy and ground down at least 300 �m perpendicular to the
iffusion interface. Samples were then polished with diamond sus-
ensions to 0.25 �m and coated with a thin layer of carbon for
lectron microprobe analysis. Concentration profiles were mea-
ured with the JEOL 8900 electron microprobe at the Geophysical
aboratory, using a focused beam and wavelength dispersive spec-
rometry. The accelerating voltage was 15 kV and the probe current
as 30 nA. Pure MgO and enstatite glass doped with 5 wt% Al2O3
ere used as standards for Mg and Al, respectively. Linear scans
ere made perpendicular to polished surfaces that had been in

ontact with the spinel powder during the diffusion anneal. The
istance between adjacent analyses was 2.5–10 �m, sufficient to
void overlap between spots. Following the experiments the per-
clase crystals were found to be free of inclusions or other visible
mperfections, other than some cracks in the crystals annealed at
igh pressure, which were avoided during the analysis. None of the
l diffusion profiles extended to the center of the crystal, so the dif-

usion geometry could in each case be treated as one-dimensional
nd semi-infinite. No attempt was made to measure diffusion pro-
les in the spinel. In the experiments at atmospheric pressure, little
f the spinel powder adhered to the periclase crystal following the
xperiment, and it often could not be observed at all in the sections
olished for microprobe analyses. A few scattered analyses of the
pinel were made on the high-pressure samples, and these were
early stoichiometric, with a small excess of MgO.

. Diffusion coefficient and binding energy determination

As discussed above, diffusion of Al in MgO is strongly dependent
n Al concentration, due both to the creation of cation vacancies to
aintain electroneutrality and to the Coulombic attraction of these

acancies to positively charged Al cations. The differential equation
or one-dimensional diffusion, when the diffusion coefficient is a
unction of concentration, is (e.g., Crank, 1975):

∂C

∂t
= ∂

∂x

(
D

∂C

∂x

)
(8)

here C represents the concentration, t the time, and x the distance.
here is no general closed-form solution to this equation, and aside
rom a few special cases D(C) has to be determined numerically.
s noted above, these experiments could be considered to have
n effectively semi-infinite geometry, and the spinel provided an
ffectively infinite reservoir of Al. Experiments annealed for dif-
erent times extending over an order of magnitude at the same
onditions had similar Al concentrations near the surface; there
as no decrease in the interface concentration with time. There

s nearly always some motion of the interface between two con-
ensed phases when there is chemical transfer between them,
nless the molar volumes of the species transferred are equiva-

ent (e.g., Balluffi, 1960); however, interface motion was considered

egligible in this case, since the Al concentration in the periclase
as quite low and the diffusion profiles quite long. For diffusion

n one-dimension, with semi-infinite geometry, constant surface
oncentration and an immobile boundary, and initial conditions
= C0 at x = 0, and C = 0 for x > 0, Eq. (8) can be transformed into

w
i
c
t
i
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n ordinary differential equation with the following solution (e.g.,
hewmon, 1989, p. 36):

(C ′) = −1
2t

(
dx

dC

)
C ′

∫ C ′

0

x dc (9)

here C′ is the concentration at a particular position along the dif-
usion profile. This equation is known as the Boltzmann–Matano
quation and has been used widely over several decades to deter-
ine D(C) directly from experimental diffusion profiles, but its

pplication can be problematic. The slope at a particular position
long the diffusion profile must be determined by fitting a curve
o the data. In general, it is not known a priori which functional
orm is appropriate to model the data, and the fit of an arbitrary
urve can introduce systematic errors in the determination of D(C),
s discussed, for example, by Holzapfel et al. (2003).

Here it was possible to take a somewhat different approach
o determine diffusion coefficients, since the simple point defect

odel outlined in Section 3 gives the theoretical dependence of
Al on Al concentration. For given values of D2 (the Al-vacancy pair
iffusivity) and G2 (the Gibbs free energy of binding), the diffusivity
f Al as a function of Al concentration was calculated according to
q. (7). The Al diffusion profile for this set of parameters and the
ppropriate anneal time was then calculated numerically accord-
ng to Eq. (9) using an iterative technique. An initial guess was made
f the value of the integral from 0 to C0; this was used to calculate
he concentration profile stepwise from C0 to 0, and from this pro-
le a new value of the full integral was calculated. The process was
epeated until the value of the full integral converged. Convergence
as rapid for most reasonable initial guesses; typically the initial

uess was in the neighborhood of 0.6C0

√
D(C0)t.

For each experiment a family of diffusion profiles was computed
or different combinations of D2 (the diffusivity of the Al-vacancy
air) and G2 (the binding energy of the pair), and each was com-
ared to the experimental diffusion profile. Best-fit values of the
air diffusivity and binding energy were determined for each exper-

mental diffusion profile by minimizing �2, and their associated
ncertainties were estimated from a contour plot of �2 versus D2
nd G2 (Fig. 3). The contours are elliptical because D2 and G2 are cor-
elated in the fitting procedure; the correlation arises because an
ncrease in either value raises the Al diffusion coefficient at a given
oncentration. Because D2 and G2 were positively correlated, the
ncertainty in determining each parameter was sometimes fairly

arge, but in most cases the binding energy for different profiles
n the same sample was reproducible within less than 30% (2�)
nd the pair diffusion coefficient within less than 75% (2�). For
ost profiles, the value of reduced �2 for the best-fitting profile
as between 0.5 and 2, which indicates good agreement between

he data and model.

. Results

Values of the diffusion coefficient and binding energy of the
l-vacancy pair, obtained from the numerical fitting procedure
escribed above, are listed in Table 1. The table includes data from
wo experiments reported in Van Orman et al. (2003), which were
e-analyzed here with a denser spacing of microprobe spots.

Experiments performed at similar conditions for different times
ielded consistent results. Fig. 4 shows diffusion profiles from four
xperiments performed at atmospheric pressure and 1670–1674 K,

ith run durations between 2.54 and 19.38 h. When the geometry

s infinite or semi-infinite, as in these experiments, a profile of con-
entration versus x/

√
t should not vary with time, regardless of how

he diffusion coefficient varies with concentration. When plotted
n this way all of these profiles fall within a narrow band, which
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Fig. 3. A typical Al diffusion profile from (a) 1 atm experiment, with concentration
expressed as cation fraction. The profile is shown in (b) as the inverse error function
of the normalized concentration. If the diffusion coefficient were constant the profile
would be linear on this inverse error function plot; its concave upward curvature
indicates that the diffusion coefficient decreases with increasing concentration. The
solid curves show a numerical solution to the diffusion equation with the Al diffusion
coefficient given by Eq. (7). A family of such curves was calculated for different
combinations of the Al-vacancy pair diffusion coefficient (D2) and binding energy
(G2), and the best fit was determined by �2 minimization. A contour plot of �2

versus D2 and G2 is shown in (c), with the contours representing values of �2 + 1 and
�2 + 4. The horizontal and vertical limit of the �2 + 4 contour give estimates of the
uncertainty in D2 and G2, respectively, for each profile. However, the uncertainties
listed in Table 1 were determined from the reproducibility in the values from several
different diffusion profiles measured on the same experimental sample.

Table 1
Summary of experimental conditions and results

Expt # T (K) P (Pa) Anneal time (h) D2 (10−13 m2/s) G2 (kJ/mol)

pcMgO2* 2273 1.5e10 9.50 8.45(0.98) −50.0(3.4)
pcMgO3* 2273 2.5e10 8.87 1.50(0.13) −95.8(17.0)
M858 1873 1.5e10 4.10 1.64(0.60) −53.1(16.0)
Al020705-1 1767 1.01e5 1.05 3.11(1.8) −57.6(17.8)
Al120304 1768 1.01e5 0.73 3.23(0.64) −59.7(3.0)
Al011805 1674 1.01e5 19.38 2.02(0.58) −43.8(8.2)
Al020605 1670 1.01e5 8.72 1.46(0.37) −51.5(4.6)
Al120704 1673 1.01e5 5.63 1.81(1.19) −53.7(13.8)
Al020705† 1670 1.01e5 2.53 N/A N/A
Al120404 1578 1.01e5 27.47 0.678(0.347) −49.4(12.8)
Al012505 1577 1.01e5 24.28 0.552(0.107) −59.0(6.6)

Uncertainties (given in parentheses) are standard deviations (2�) determined from
three to four replicate measurements of the concentration profile at different loca-
tions on each charge.

* Preliminary results on Al diffusion from these two experiments were reported
by Van Orman et al. (2003). The concentration profiles were re-analyzed and fitted
according to the numerical model described in the text.

† Profiles in this experiment could not be fit to simultaneously determine the
pair binding energy and diffusivity; the two parameters were highly correlated and
the range of values fitted to 67% confidence was very large. If the binding energy
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s assumed to be −50.1 kJ/mol (the average value determined from other experi-
ents at atmospheric pressure) the pair diffusion coefficient is determined to be

.36(1.36) × 10−13 m2/s, consistent with the other experiments at similar tempera-
ures.

ndicates that diffusion is the primary transport process and gives
measure of the experimental reproducibility. The best-fit values
f the Al-vacancy pair diffusion coefficient and binding energy for
hese experiments are consistent within mutual uncertainty, and
how no significant dependence on time (Fig. 4c).

With one exception—the experiment at highest pressure, 25 GPa
nd 2273 K—the best-fit value of the Gibbs free energy of associa-
ion for each experiment falls within the range −44 to −59 kJ/mol,
ith an average value of −50.1 kJ/mol. These values are somewhat

maller than theoretical binding energies obtained at 0 K from shell
odel calculations. Gourdin and Kingery (1979a,b) calculated a

alue of −65.5 kJ/mol, and Carroll et al. (1988) obtained values
f −63 and −69 kJ/mol using two different interionic potentials.
xtrapolating these values to the temperatures investigated here
rings them into closer agreement with our experimental results.
ssuming that the temperature dependence was associated mainly
ith lattice expansion, Carroll et al. (1988) calculated that the bind-

ng energy would be 23% less at 1500 K. Similarly, an experimental
tudy by Gourdin and Kingery (1979a,b) of the association between
e3+ and cation vacancies yielded a value for the binding energy 19%
ower at 1400 ◦C than the shell model calculation of Gourdin and
ingery (1979a,b).

The lack of a resolvable temperature dependence of the binding
nergy implies that the entropy change of the Al3+-vacancy associ-
tion reaction is relatively small. An upper limit on the entropy of
he association reaction can be obtained by considering the 1 atm
xperiments, for which the free energy of the reaction could be
esolved to within ∼5–10 kJ/mol. This implies that the absolute
alue of the binding entropy must be less than ∼25–50 J mol−1 K−1,
hich is consistent with the value of 13 J mol−1 K−1 estimated

or the Fe3+-vacancy association reaction (Hirsch and Shankland,
991).

The 25 GPa experiment has a significantly higher binding energy
−96 kJ/mol) than the other experiments, which might indicate that
l cations and vacancies become more tightly bound at very high

ressures. However, two experiments at 15 GPa yielded binding
nergies of −50 and −53 kJ/mol, near the middle of the range for
he 1 atm experiments. Considering only the 1 atm experiments and
he 25 GPa experiment gives V ∼ −1.8 cm3/mol for the Al3+-vacancy
ssociation reaction, but if only the 1 atm and 15 GPa experiments
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Fig. 4. Results of a time series conducted at 1672 ± 2 K. (a) shows concentration
profiles from four different experiments, and (b) shows the same profiles, but with
the distance from the interface (in �m) scaled by the square root of the run duration
(in seconds). On this plot all four profiles overlap within a narrow band, consistent
with transport by volume diffusion. In (c) the Al-vacancy pair diffusion is plotted
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(
r
than the activation volume of 3.0 cm3/mol determined for Mg self-
diffusion in that study. To our knowledge, no theoretical estimates
are available for the migration volume of trivalent cation-vacancy
pairs.
gainst time. Circles show best-fit diffusion coefficients from Table 1; squares show
he best-fit values when the binding energy is set at −50.1 kJ/mol.

re considered, V ∼ 0. A more detailed high-pressure study would

e necessary to place tighter constraints on the pressure depen-
ence of Al3+-vacancy association, but in any case it is clear that
he volume change is quite small. This is qualitatively consistent
ith theoretical calculations, in which the relaxations of oxygen

F
l
u

ig. 5. Arrhenius plot showing Al-vacancy pair diffusion coefficients at 1 atm pres-
ure versus reciprocal temperature.

nd magnesium around the defect pair are not very large and mostly
ancel (Gourdin and Kingery, 1979a,b).

The variation of the Al3+-vacancy pair diffusion coefficient with
emperature and pressure is well described by the Arrhenius equa-
ion:

2 = D2,0 exp
[− (E + PV)

RT

]
(10)

here P is pressure, R is the molar Boltzmann constant, T is tem-
erature (in Kelvins), and E and V are the activation energy and
ctivation volume, respectively. Linear regression of the 1 atm data
Fig. 5) yields an activation energy of 213 ± 32 (2�) kJ/mol, and

pre-exponential factor log10D2,0 = −6.17 ± 0.99 (m2/s). The acti-
ation energy is somewhat lower than the migration energy of
61 kJ/mol calculated for the Al3+-vacancy pair by Gourdin and
ingery (1979a,b). The activation volume, determined by linear
egression of the multi-anvil experimental data at 2273 K and the
atm data extrapolated to this temperature (Fig. 6), is 3.22 ± 0.25

2�) cm3/mol, slightly lower than the value of 3.5 ± 0.5 cm3/mol
eported previously (Van Orman et al., 2003) and slightly higher
ig. 6. Al-vacancy pair diffusion coefficients versus pressure, at 2273 K. The point at
ow pressure represents an extrapolation of the 1 atm experiments, with propagated
ncertainty.
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. Discussion

.1. Al-vacancy site exchange frequency

Diffusion of a bound Al-vacancy pair involves two different types
f site exchange: (1) between the vacancy and Al, and (2) between
he vacancy and other nearest-neighbor Mg sites. The Mg-vacancy
ite exchanges reorient the Al-vacancy pair; without them, the Al
nd vacancy would simply exchange places, back and forth, and
o long-range transport would be possible. According to the the-
ry developed by Lidiard (1955), the diffusion coefficient of the
mpurity-vacancy pair in crystals with the rocksalt structure is
elated to the two jump frequencies as follows:

2 = a2ω1ω2

3(ω1 + ω2)
(11)

here a is the distance between Mg and O nearest-neighbors, ω1
s the frequency of a jump of the vacancy to one of four equivalent

g positions surrounding the Al, and ω2 is the frequency of a site
xchange between the Al and vacancy. Using Eq. (11) it is possible to
olve for ω2 provided that ω1 is known. If ω1 is assumed to be equiv-
lent to the frequency of a site exchange between Mg and vacancy in
he absence of a nearby Al3+ ion, then its value can be inferred from
he vacancy diffusion measurements of Sempolinski and Kingery
1980). Making this assumption, we find that ω2 = 0.419ω1 at 1473 K
nd ω2 = 0.366ω1 at 1773 K. This implies that in the absence of any
inding between Al atoms and vacancies, Al would diffuse some-
hat more slowly than Mg.

The motion entropy of Al can be inferred from a similar analysis
sing the relation ω2,0 = � exp(Sm

Al/R) (e.g., Shewmon, 1989, p. 74,
ee eqs. 2–28), where ω2,0 is the Al-vacancy site exchange frequency
xtrapolated to infinite temperature, and � is the jump attempt fre-
uency, which is approximately equal to the vibrational frequency.
he value of ω2,0 is determined from Eq. (11) by extrapolating the
acancy jump frequency to infinite temperature using the Arrhe-
ius relationship determined by Sempolinski and Kingery (1980),
nd using D2,0 determined from the fit of our experimental data to
he Arrhenius equation. Assuming that � for Al is equivalent to the
alue for Mg used by Sempolinski and Kingery (1.3 × 1013 s−1), the
otion entropy for Al is 12.0 J mol−1 K−1, one third of the value of

5.8 J mol−1 K−1 determined for Mg vacancy motion by Sempolinski
nd Kingery (1980).

.2. Diffusion of Al and Mg as functions of Al concentration,
emperature and pressure

The diffusion coefficient for Al in MgO can be calculated as
function of Al concentration, Al-vacancy pair diffusivity and

inding energy using Eq. (7). The Al-vacancy pair diffusivity is
iven by Eq. (10), with E = 213 kJ/mol, V = 3.22 × 10−6 m3/mol, and
2,0 = 6.76 × 10−7. The self-diffusion coefficient for Mg can be cal-
ulated using the equation DMg = xVDV, where DV is the vacancy
iffusion coefficient and xV is the fraction of vacant cation sites,
xcluding those that are bound to Al (the mobility of a vacancy is
iminished by a factor of ∼30–40 when it is bound to an Al atom,
nd therefore, bound vacancies would not contribute significantly
o Mg transport under most conditions). The vacancy diffusivity can
e calculated as a function of temperature and pressure using an
rrhenius equation (e.g., Eq. (10)) with a pre-exponential factor of
.8 × 10−5 m2/s and activation energy of 220 kJ/mol (Sempolinski

nd Kingery, 1980) and an activation volume of 3.0 cm3/mol (Van
rman et al., 2003). The cation fraction of unbound vacancies is
iven by xV = xAl(1/2 − p), with p given by Eq. (5).

Fig. 7 shows calculated Al and Mg diffusion coefficients as
unctions of reciprocal temperature, for three different Al concen-

l
t
s
p
v

ig. 7. Calculated diffusion coefficients for Al (solid curves) and Mg (dashed curves)
lotted versus reciprocal temperature, at Al concentrations (cation %) of 100 ppm,
.1 and 1%.

rations (100 ppm, 0.1 and 1%). At atmospheric pressure (Fig. 7a) the
inding energy is assumed to have a constant value of −50 kJ/mol,
quivalent to the average binding energy determined from the
atm experiments. At the same Al concentration and temperature,

he Al diffusion coefficient is approximately an order of magni-
ude larger than the Mg self-diffusion coefficient. The difference
ncreases at lower temperatures and lower Al concentrations. At
n Al concentration of 1% (expressed in terms of the percentage of
ation sites occupied by Al) the Al diffusion coefficient is near the

imiting value, which is equal to half the pair diffusivity. Note that
he curves for Al and Mg have quite different slopes, despite the
imilarity in activation energy for Mg self-diffusion and Al-vacancy
air diffusion (220 and 213 kJ/mol, respectively). The apparent acti-
ation energy for Al diffusion is lower than the activation energy for
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he Al-vacancy pair, while the apparent activation energy for Mg is
igher than the Mg migration energy. At higher temperatures the

raction of vacancies that are bound to Al decreases, thus increasing
he Mg diffusivity and decreasing the Al diffusivity. At low Al con-
entrations the apparent activation energy for Mg is only slightly
igher than the migration energy, because at all temperatures most
f the vacancies are unbound, while the apparent activation energy
or Al (166 kJ/mol) is much lower than the activation energy for the
ound pair. On the other hand, at an Al concentration of 1% most of
he vacancies are bound to Al. The apparent activation energy for
l increases to 204 kJ/mol, only slightly lower than the activation
nergy of the Al-vacancy pair, while the apparent activation energy
or Mg increases to 248 kJ/mol, much higher than the Mg migration
nergy.

Two different binding energies are assumed for diffusion at a
ressure of 25 GPa: −50 kJ/mol, the average value for the 1 atm
xperiments (Fig. 7b), and −96 kJ/mol, the value for the 25 GPa
xperiment (Fig. 7c). At the higher binding energy, there is a larger
ontrast in Al and Mg diffusion coefficients, and their dependence
n Al concentration is diminished, because the proportion of bound
l-vacancy pairs is high even at low Al concentrations. The strong
inding increases the apparent activation enthalpy for Mg diffu-
ion to 384 kJ/mol at 1% Al, which is 30% higher than the migration
nthalpy (295 kJ/mol) at 25 GPa pressure.

The calculations shown in Fig. 7 may be a useful guide to self-
iffusion of Mg in natural periclase that also contains Cr3+ and Fe3+.

n particular, if the energy of binding to vacancies is similar for
hese solutes, then they can be considered together in terms of their
nfluence on the concentration of unbound vacancies, and on the
iffusion of divalent cations such as Mg that diffuse by a vacancy
echanism.

. Conclusions

Cation vacancies are strongly attracted to Al in periclase and
orm bound pairs that have a strong influence on Al diffusion,
nd on the diffusion of other cations that diffuse by a vacancy
echanism. We have presented a numerical method for extract-

ng the Al-vacancy pair binding energy and diffusion coefficient
rom Al diffusion profiles in periclase, and have applied it to exper-
ments at 1 atm to 25 GPa and 1577–2273 K. The free energy of
inding between an Al3+ ion and a cation-vacancy is between −44
nd −60 kJ/mol in all but one experiment. No systematic temper-
ture dependence is resolvable. One experiment at 25 GPa has a
uch larger binding energy, −96 kJ/mol. The diffusion coefficient

f the Al-vacancy pair has an Arrhenian dependence on temper-
ture and pressure, with an activation energy E = 213 ± 32 kJ/mol,
re-exponential factor log10D2,0 = −6.17 ± 0.99 (in m2/s), and acti-
ation volume V = 3.22 ± 0.25 cm3/mol (all uncertainties are 2�
alues determined from linear least-squares regression). The
l diffusion coefficient depends on the Al-vacancy pair diffu-
ion coefficient and the fraction of Al atoms that are bound
o vacancies, and thus has a complicated dependence on Al
oncentration and temperature. At low Al concentrations the
emperature dependence of the Al diffusion coefficient is signif-
cantly less than that of the Al-vacancy pair. The formation of
l-vacancy pairs hinders the motion of vacancies through peri-
lase, and must, therefore, diminish the diffusivity of cations that
iffuse by a vacancy mechanism but are not bound to vacan-

ies themselves. Calculations are presented for the self-diffusion
oefficient of Mg as a function of Al concentration, temperature
nd pressure. Because the proportion of bound Al-vacancy pairs
ecreases with increasing temperature, the temperature depen-
ence of the Mg self-diffusion coefficient is stronger than implied
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y the Mg motion energy, particularly at higher Al concentra-
ions.
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