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Abstract
The distribution of He isotopes is used to trace heterogeneities in the Earth’s mantle, and is particularly useful for constraining 
the length scale of heterogeneity due to the generally rapid diffusivity of helium. However, such an analysis is challenging 
because He diffusivities are largely unknown in lower mantle phases, which can influence the He profiles in regions that cycle 
through the lower mantle. With this motivation, we have used first-principles simulations based on density functional theory 
to study He diffusion in MgO, an important lower mantle phase. We first studied the case of interstitial helium diffusion in 
perfect MgO and found a migration barrier of 0.73 eV at zero pressure. Then we used the kinetic Monte Carlo method to 
study the case of substitutional He diffusion in MgO, where we assumed that He diffuses on the cation sublattice through 
cation vacancies. We also performed experiments on He diffusion at atmospheric pressure using ion implantation and nuclear 
reaction analysis in both as-received and Ga-doped samples. A comparison between the experimental and simulation results 
are shown. This work provides a foundation for further studies at high-pressure.
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Introduction

Earth’s mantle is unquestionably heterogeneous, and this 
heterogeneity has been observed over a wide range of length 
scales (vanderHilst et al. 1997). How the heterogeneous 
nature of the mantle relates to the isotopic signatures in 
basalts is of significant interest to geologists. Variations in 

basalt chemistry with respect to the abundance and isotopic 
composition of noble gases, and helium (He) in particular, 
have been used as proxies to trace mantle heterogeneity and 
structure, degassing and atmospheric formation, and mantle 
convection dynamics (Allegre et al. 1987).

Studies on He diffusivity to date have mostly focused on 
minerals important for thermochronology such as apatite, 
titanite, zircon and monazite as well as upper-most mantle 
materials including olivine (Cherniak and Watson 2012; 
Hart 1984) and pyroxenes (Trull and Kurz 1993). Recent 
experiments (Cherniak and Watson 2012) and simulations 
(Wang et al. 2015) reported the pressure effect on He diffu-
sion in olivine up to 2.7 and 14 GPa, respectively. However, 
He behavior in the pure end member periclase MgO is of 
great importance for understanding He in the lower mantle, 
and has not previously been studied. This work, therefore, 
focuses on understanding the mechanisms and magnitudes 
of He diffusion in MgO.

Because He has no inherent charge, has an atomic radius 
intermediate between oxygen and magnesium, and is rela-
tively compressible (Zhang et al. 2009), it is not obvious 
a piori how He interacts with interstitial sites, substitu-
tional sites and diffusion mediating vacancies. It is useful 
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to review results of previous computational studies of He in 
other oxides and metals for guidance on where to focus our 
studies. Wang et al. (2015) studied the interstitial hopping 
of He in perfect olivine and obtained activation energies of 
up to 4.0 eV at zero pressure from first-principles calcula-
tions. Saadoune et al. (2009) simulated the incorporation 
and diffusion of He in both perfect and defect-bearing zir-
con  (ZrSiO4) and found that the available interstitial sites 
are energetically unfavorable and the interstitial mechanism 
is thus suppressed. Saadoune further pointed out that the 
presence of defect species in the zircon lattice changes the 
He solubility in the zircon lattice remarkably and indicated 
that these defects serve as a physical trap that suppresses 
the He diffusion. Dabrowski and Szuta (2013) obtained an 
interstitial He migration barrier of 4.15 and 3.95 eV in  UO2 
and  ThO2, respectively. In contrast to oxides, He tends to dif-
fuse interstitially in metals such as α-Fe, which was studied, 
e.g., by Fu and Willaime (2005). The interstitial mechanism 
is predicted to have a very low migration barrier (0.06 eV), 
while the migration of substitutional helium by the vacancy 
mechanism has a larger energy barrier of 1.1 eV. These stud-
ies suggest that both vacancy and interstitial mechanisms 
could have significant contributions to He diffusion.

In the present work, we utilized density functional the-
ory (DFT) and kinetic Monte Carlo (KMC) simulations to 
investigate He diffusion in MgO, at different temperatures 
and different levels of impurity doping. We focus on as-
received MgO and  Ga3+-doped MgO, where the latter dop-
ing was chosen to control the concentration of cation vacan-
cies, which are created to balance the excess positive charge 
of the Ga. More specifically, we can potentially probe the 
diffusion mechanism through how it changes with vacancy 
content. We found that He diffusion is dominated by the 
interstitial mechanism at temperatures above 3000 K and 
by the vacancy-mediated mechanism at temperatures below 
1500 K. Our model predicts reasonable upper and lower 
bounds for the He diffusivity that bracket our experimental 
data for a Ga-doped sample, but show a significant discrep-
ancy compared to an as-received sample, possibly due to 
implantation damage effects. This work provides a founda-
tion for further studies at high-pressure that can be used to 
directly assess behavior in the lower mantle.

Methodology

We constructed thermodynamic and kinetic models associ-
ated with He diffusion in MgO based on energetics calcu-
lated by DFT. As part of the diffusion model, we calculated 
all the energetics needed to qualitatively predict He solubil-
ity, therefore, we include an estimate of this value. Then we 
applied the transition state theory (Vineyard 1957) to model 
interstitial diffusion and a kinetic Monte Carlo model for 

the vacancy-mediated mechanism, and combined the two 
mechanisms for the total He diffusivity in MgO. In the fol-
lowing subsections, we describe the calculation methodolo-
gies in detail.

Density functional theory (DFT) calculations

The DFT calculations were performed with Vienna Ab Ini-
tio Simulation Package (VASP) (Kresse and Furthmuller 
1996). The electron exchange and correlation potential was 
described by the general gradient approximation (GGA) 
with Perdew–Burke–Ernzerhof (PBE) exchange correlation 
functional. We used PAW (Blochl 1994) pseudopotentials 
with electronic configurations He (1s2), Mg (2s2), O (soft 
oxygen potential, denoted O_s by VASP, 2s2 2p4).

Defect properties and migration barriers of interstitial 
and substitutional He in MgO were calculated for a 3 × 3 × 3 
(216 atom) supercells of the conventional rocksalt unit cell 
(8 atoms). We first fully relax the conventional perfect MgO 
cell (both volume and atomic coordinates) and obtain the lat-
tice constant of 4.23 Å and then fix the volume to calculate 
the defected states and migration processes.

All the structural parameters were relaxed until the 
Hellmann–Feynman forces on each ion were less than 
0.005  eV/Å. The plane-wave cut-off energy was set to 
450 eV. A 4 × 4 × 4 Monkhorst–Pack k-point mesh with a 
Gaussian smearing of 0.2 eV was used. Convergence tests 
with these settings suggest total energies are converged to 
within about 0.01 eV/atom for all the calculations.

Defects with formal charge will leave unbalanced elec-
trons or holes in the calculation cell if proper compensating 
defects are not included. To mimic the compensation that 
would occur for such defects in the real systems we simply 
removed or added electrons. This approach allowed us to 
focus the calculations on the defect of interest without add-
ing in complex and difficult to control defect–defect interac-
tions. For example, the Mg vacancy leaves two holes some-
where in the cell if it is not compensated. Instead of adding 
two trivalent dopants into the cell for compensation, we 
remove the additional holes (i.e., add electrons) and balance 
the charge in the cell with a uniform background charge.

Migration barriers were calculated with the Climb-
ing Image Nudged Elastic Band (CI-NEB) method (Hen-
kelman et al. 2000). Phonon frequency calculations were 
performed by determining the Hessian matrix (matrix of the 
second derivatives of the energy with respect to the atomic 
positions) by finite differences method considering only the 
frequencies for the hopping atom, i.e., the hopping atom is 
displaced in the direction of each Cartesian coordinate and 
from the forces the Hessian matrix is determined. Imaginary 
frequency will appear along a certain direction in the saddle 
point configuration and the phonon attempt frequency can be 
determined by the Vineyard theory (Vineyard 1957). All the 
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migration barriers and phonon calculations were automated 
with the materials simulation toolkit (MAST) (Mayeshiba 
et al. 2017).

Formalism for solubility of He

Although He solubility plays no role in our diffusion model, 
we have all the energies necessary for a qualitative estimate 
of its solubility in MgO under difference conditions. As this 
quantity could be of value to future researchers, we provide 
the information in addition to our diffusion analysis. This 
section gives the formalism for determining He solubility. 
To model the He solubility, first we consider the relative 
amounts of substitutional and interstitial He, and then we 
consider the amount of interstitial He in equilibrium with 
He gas.

The DFT total energy calculations find only one local 
minimum each for the He cation substitutional and intersti-
tial sites (see Fig. 1). The substitutional He is centered on the 
site of the substituted Mg, and the stable interstitial He site 
is the tetrahedral site of the face-centered cubic sublattice of 
Mg. Different interstitial sites were explored and the stable 
site was perturbed by random displacement in x, y, and z 
directions of about 0.1 Å to look for other local minima, 
but only one stable interstitial site was obtained. At ther-
modynamic equilibrium, assuming dilute defects without 
interactions, the exchange of substitutional with interstitial 
and vacancy produces the relationship:

where csub, cint, and cV denotes the concentration of the sub-
stitutional He, interstitial He, and vacancy, respectively, 
and ΔGvac- int is the binding non-configurational Gibbs free 
energy of He trapped by the vacancy from the interstitial 
site, given by

(1)
csub

cintcV
= exp

(
−
ΔGvac−int

kT

)

(2)ΔGvac- int = (Gsub + Gperfect) − (Gint + GV )

Here GX are non-configurational Gibbs free energies for 
the system in structure X. Note that X = sub, perfect, int, V 
refer to an MgO structure with substitutional He on the Mg 
site, perfect MgO without He, perfect MgO with an inter-
stitial He, and a single Mg vacancy in MgO with no He, 
respectively.

The non-configurational Gibbs free energy of the solid 
can be defined as

where Esolid is the lattice energy from DFT calculation, Gvib 
is the free energy due to vibrational degrees of freedom, 
Gnon-vib is the free energy due to degrees of freedom that 
are not vibrational or configurational, P is external pressure 
and Vsolid is volume. At zero pressure (or one atmosphere 
pressure) the PVsolid term is negligible. The Gnon-vib term 
is assumed to cancel in the Gibbs free energy differences 
in Eq. (3) so we will not calculate it. As the only major 
non-vibrational and non-configurational contributions are 
expected to be electronic, the fact that this system is a non-
magnetic insulator with a large band gap means that the 
changes in Gnon-vib are expected to be negligible. Similarly, 
we will assume all vibrational terms cancel and not model 
them, except for those associated with He, which will be 
included in the solid phase as the corresponding degrees 
of freedom will be included in the gas phase. We model He 
solid phase vibrations with the Einstein vibrational model, 
which yields the following expression for the He vibrational 
Gibbs free energy (Callaway 1974).

where the �i are the vibrational frequencies of the He. 
We note that this simple model for He vibrational free 
energy could have significant absolute errors that will 
not be cancelled by corresponding errors in the gas phase 
thermodynamics. Errors of ≈ kT lead to errors of ≈ 3 
in the absolute solubility, which, therefore, should only 

(3)Gsolid = Esolid + Gvib + Gnon-vib + PVsolid

(4)Gvib
He
(T) =

3∑
i=1

kT ln

[
2 sinh

(
ℏ�i

2kT

)]

Fig. 1  Local minimum con-
figuration for He interstitial and 
substitutional sites
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be used for order of magnitude estimates. However, the 
solubility values are not of direct relevant for this work 
and are included only for the reader’s convenience, so 
a more accurate approach is not considered. Using the 
DFT approaches described in “Density functional theory 
(DFT) calculations”, the He binding energy is found to be 
(Esub + Eperfect) − (Eint + EV) = −2.44 eV . This value is cal-
culated using a 3 × 3 × 3 supercell and is within ~ 0.01 eV 
compared to a 4 × 4 × 4 supercell, which suggests that this 
binding energy has converged in the 3 × 3 × 3 cell. However, 
we will see later in “He–vacancy binding energetics” that the 
vacancy–impurity binding energetics, including vacancy-X 
(X = Al, Ga, ...), vacancy–vacancy and vacancy–He (both 
substitutional) are rather sensitive to the supercell size.

To obtain the interstitial He concentration in equilibrium 
with a gas we assume the interstitials He is dilute and use 
the relation

where ΔGint− perfect is the free energy differences between the 
products (interstitial He) and reactants (perfect MgO and 
helium gas):

 Here �He is the He chemical potential, which can be approx-
imated as

where P is the He gas partial pressure, EVASP
He

 is the T = 0 K 
energy as found in the DFT calculations, ΔHHe

(
T ,P0

)
 is 

the enthalpy of He gas relative to the gas at standard pres-
sure and temperature 

(
T0,P0

)
 , and SHe

(
T ,P0

)
 is the He gas 

entropy at temperature T and pressure P0. The − 5

2
kT0 term 

shifts the reference state from the enthalpy of the gas at 
standard pressure and temperature to the internal energy of 
the gas at zero temperature (it includes a term for kinetic 
energy of − 3

2
kT0 and the PV term of −kT0 ) and the EVASP

He
 

then shifts the reference state to the He pseudoatom energy 
used in VASP, making the chemical potential reference 
appropriate for comparison to other VASP calculated ener-
gies. The experimentally determined enthalpy and entropy 
terms for He gas can be found in (Weast 1988). Combining 
Eqs. (1)–(7) allows us to solve for the He concentration in 
interstitial and substitutional sites, and therefore, the overall 
He solubility, as a function of temperature and He partial 
pressure.

(5)cint = exp

(
−
ΔGint-perfect

kT

)

(6)ΔGint-perfect = Gint − (Gperfect + �He)

(7)
�He = EVASP

He
+ ΔHHe

(
T ,P0

)
−

5

2
kT0 − TSHe

(
T ,P0

)
+ kT ln

(
P

P0

)

Free and bound extrinsic cation vacancy 
concentration

We assume that in MgO all vacancies are produced by 
cation dopants with valence greater than 2+ and that the 
concentrations of the vacancies are determined exactly by 
charge balance requirements. This assumption is a good 
approximation as thermally produced vacancies in MgO 
are generally very low in concentration. However, not all 
impurity-induced vacancies are available to mediate diffu-
sion on the cation sublattice as vacancies and dopants can 
interact to form a bound complex, potentially trapping the 
vacancy. In this work, we follow the general approach of 
(Perkins and Rapp 1973; Van Orman et al. 2009) and assume 
that such complexes consist of vacancy–dopant pairs and 
dopant–vacancy–dopant three-body complexes. It is often 
assumed that the complexes are immobile enough that 
vacancies bound into complexes are unavailable to signifi-
cantly mediate He transport. However, this is an assumption 
that needs further study, although such study is beyond the 
scope of this work. In this work, we will simply explore two 
limiting cases, in particular, one case where vacancies are 
assumed to be fully available for He transport, and the other 
case where vacancies in complexes are assumed to be totally 
immobile and unavailable for He transport.

The concentration of vacancy complexes can be deter-
mined by the complex binding equation

where A is a trivalent dopant on Mg sublattice, V is the 
cation vacancy, AV is the impurity–vacancy pair, and AVA 
is the three-body complex.

To obtain the free-vacancy concentration cf
V
 with a single 

trivalent impurity species A, we set up the system of equa-
tions below following the conservation of different species 
and equilibrium conditions:

where the superscript f denotes the free or unbound species, 
subscript AV and AVA denote the bound vacancies, which 
are the vacancy–impurity pair and the three-body complex, 
respectively. All concentrations are measured per cation lat-
tice site. The factor 1/2 in the first equation comes from 
the charge neutrality constraint for trivalent impurities and 

(8)
{

A + V ⇌ AV

2A + V ⇌ AVA

(9)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

c
f

V
+ cAV + cAVA = cV =

1

2
cA

c
f

A
+ cAV + 2cAVA = cA

cAV

c
f

A
c
f

V

= Z2 exp
�
−

Gb
2

kT

�

cAVA�
c
f

A

�2

c
f

V

= Z3 exp
�
−

Gb
3

kT

�
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would be altered for other formal charges on the impurity. 
Z2 = 12 and Z3 = 6 are the number of distinguishable orienta-
tions of the pair and the three-body complex (Perkins and 
Rapp 1973), respectively. Gb

2
 and Gb

3
 are the free energy of 

association, or binding energy, of the pair and the three-body 
complex, respectively.

He–vacancy binding energetics

It is necessary to determine the binding energies for 
He–vacancy (we use this notation to refer to a He sub-
stituting on a Mg site binding to a nearby vacancy) and 
vacancy–vacancy as they play a critical role in the predic-
tion of vacancy-mediated He diffusion. Binding energy can 
be expressed as the difference of the energy of the complex 
referenced to the energies of the isolated species. The bind-
ing energies of He–vacancy and vacancy–vacancy can be 
written respectively as

Because we used periodic boundary conditions in the 
simulations, the charged defects interact with their images 
through long-range electrostatic Coulomb potentials. Fol-
lowing (Leslie and Gillan 1985), a first-order correction was 
applied to our calculations as

where q is the charge of the system, � is the Madelung con-
stant, L is the size of the supercell, and �0 and � are the 
permittivity in vacuum and bulk, respectively. DFT calcula-
tions give a value of � to be 9.84, which is consistent with 
literature values such as (Ammann et al. 2012). In this work, 
no attempt is made to model He–vacancy binding free ener-
gies, and only the DFT energies are used.

Diffusivity formalism

All the diffusion coefficients we calculate in this paper are 
atomic tracer diffusion coefficients, which can be generally 
described by the transition state theory (Vineyard 1957). For 
He diffusion in Mg by the interstitial mechanism, we have 
the diffusivity

where ZI = 6 in the interstitial mechanism, a is the lattice 
parameter for MgO, Hint is the migration enthalpy barrier, 
which can be approximated as an energy calculated at fixed 

(10.1)EB
He-vac

= EHe-vac + Eperfect − EHe − Evac

(10.2)EB
vac-vac

= Evac-vac + Eperfect − 2Evac

(11)ΔELG =
q2�

8�L�0�

(12)Dint =
ZI

6

(
a

2

)2

�∗e
−

Hint

kT = D0
int
e
−

Hint

kT

volume and determined using the CI-NEB, �∗ is the attempt 
frequency from Vineyard theory (Vineyard 1957), i.e., 
�∗ =

∏3N

i=1
�i∏3N−1

i=1
��
i

 (N = number of atoms involved in the migration, 

�i and �′
i
 are the stable phonon frequencies in the initial and 

activated state, respectively), and D0
int

 is a prefactor for dif-
fusion that contains the factors not related to migration 
enthalpy. In this work, we will include only phonon frequen-
cies of the migrating atom in calculating the attempt fre-
quencies �∗ . This is equivalent to the Einstein approximation 
used in Eq. (4) for the initial and activated state. To justify 
this approach, we note that this approximation was explored 
in detail in a study of substitutional impurity diffusion in 
metals, where it gave errors of only about 2–4× (Wu et al. 
2016). The vacancy-mediated diffusivity is determined by 
kinetic Monte Carlo and discussed in “The kinetic Monte 
Carlo model”.

The overall He diffusivity can finally be approximated 
as the combination of interstitial and vacancy-mediated dif-
fusivities weighted by the corresponding species concentra-
tion, namely

where Cint is the interstitial He concentration, Csub is the 
substitutional He concentration on Mg sites and � =

Cint

Csub

.

The kinetic Monte Carlo model

In this section, we briefly introduce the KMC model which 
was used to calculate the He diffusion coefficient with 
vacancy-mediated mechanism. A typical approach to impu-
rity diffusion on the FCC cation sublattice is the five-fre-
quency model (Leclaire and Lidiard 1956). However, as will 
be shown in “He-vacancy interactions”, the binding energies 
are extremely long range, comparable to the Coulombic elec-
trostatic repulsion. Given this fact, the five-frequency model 
is not directly applicable. However, given the critical role 
typically played in impurity diffusion by the five frequen-
cies treated in the five-frequency model, we calculated these 
frequencies in “Vacancy-mediated diffusion mechanism with 
adjusted He migration terms based on experimental Mg self-
diffusion” and include them explicitly in developing the 
KMC model. The frequencies are �1 for the nearest matrix 
atom rotating around the solute to the adjacent vacancy, �2 
for the exchange between the solute and the vacancy, �3 for 
the dissociating jump of the vacancy away from the solute 
(i.e., moving the vacancy out of the nearest neighbor posi-
tion), �4 for the associating jump of the vacancy towards the 
solute into the nearest neighbor position and �0 for the site 
exchange frequency between a vacancy and a matrix atom 
that resides far from the substitutional solute. Each rate is 
determined by the formula �i = �∗

sub, i
e
−

Hi

kT , where �∗
sub,i

 is a 

(13)Dtot =
CintDint + CsubDsub

Cint + Csub

=
Dint + �Dsub

1 + �
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substitutional hop attempt frequency determined from tran-
sition state theory as described in “Diffusivity formalism”.

We focus on the special treatment regarding the long-
range He–V interaction, but do not present the full details 
of the basic KMC algorithm and the model, which can be 
found for instance in Refs. (Shu et al. 2013, 2015). The 
KMC model used in this study is based on the residence 
time algorithm (Bortz et al. 1975). To simulate vacancy-
mediated He diffusion on the cation sublattice, an FCC rigid 
lattice was constructed from an N × N × N rhombohedral 
crystal with periodic boundary conditions. The FCC lat-
tice corresponds to the Mg sublattice, with no O sublattice 
explicitly constructed. A single vacancy and a He impurity 
was introduced to the cell. The vacancy migrates via ther-
mally activated jumps which occur through nearest neighbor 
atom–vacancy exchanges. Due to the simplified treatment of 
the lattice and the lack of reliable atom–atom interactions for 
atoms on such a sublattice, calculating the vacancy migra-
tion barriers using the commonly used broken-bond model is 
challenging. Instead, we take advantage of the five migration 
barriers discussed above, calculated by DFT, and correct 
for the effect of long-range vacancy–He interaction on the 
activation barrier for vacancy–Mg exchange ( E0 ) when the 
vacancy is far from the He impurity. The corrected barrier 
E0 can be written as

where EDFT
0

 is the barrier calculated by DFT (with no He 
impurity explicitly considered), and Ecorr is the correc-
tion term. Considering the initial and final position of 
the vacancy before and after a jump, the correction term 
was calculated using the final–initial-state energy (FISE) 
approximation

where Ei and Ef  are the vacancy–He binding energies before 
and after the jump of the vacancy. The binding energies are 
taken from the 4 × 4 × 4 cell DFT calculations (see Fig. 3) up 
to 10 Å after which they are evaluated from the Coulomb’s 
law expression.

The size of the simulation cell, L, not only sets the true 
vacancy concentration, but determines the maximum range 
of the vacancy–He interaction. This approach is an approxi-
mation to using a very large cell with many interacting 
vacancies that yield the true vacancy concentration. The 
justification of this approximation is that, due to the strong 
vacancy–vacancy repulsion (see Fig. 3), the vacancies would 
distribute rather uniformly, typically being about L away 
from other vacancies. In this situation, with high vacancy 
concentration, the He–vacancy interaction would be always 
finite, and not reaching zero, which is reproduced by our 

(14)E0 = EDFT
0

+ Ecorr

(15)Ecorr =
Ef − Ei

2

approximate approach with a single He and a vacancy in a 
small cell.

With this method of cell size determination, the simula-
tion time may need to be rescaled to match the experimental 
time. For example, for the situations with dopant–vacancy 
binding, an unphysically high mobile-vacancy concentra-
tion is imposed, and the simulation timescale needs to be 
rescaled to correct this concentration. We followed the 
approach proposed by Nastar and Soisson (2012) for the 
rescaling:

where CKMC
V

 is the vacancy concentration in the KMC simu-
lations, and Creal

V
 is the real mobile-vacancy concentration in 

experiment, with dopant–vacancy binding considered.
The diffusion of He is tracked in the KMC simulations. 

The diffusion coefficient is then calculated by:

where 
⟨
r2
⟩
 is the mean-square-displacement of the He atom.

Experimental details

Ion implantation and diffusion experiments

The MgO samples used in this work were from plates of 
synthetic MgO polished on one side, obtained from the 
MTI Corporation. We have two MgO samples. One MgO 
wafer was doped with 3000 ppm  Ga3+ by diffusing  Ga3+ 
into the MgO. The source of Ga dopant was a 1 wt% Ga 
bearing MgO powder, produced in a combustion synthesis 
using 10,000 µg/ml Ga and Mg plasma standard solutions 
in appropriate proportions (Chick et al. 1990). The combus-
tion synthesis produces atomically mixed Ga-doped MgO 
and  MgGa2O4 particles < 1 micron in diameter. This powder 
was fired at 1000 °C for 24 h, and then packed around the 
MgO wafer from MTI before being fired in air at 1500 °C 
for 20 days. The homogeneity of the Ga-doped MgO-wafer 
was verified by electron microprobe analysis. The pure MgO 
wafer has only minor impurities including Ca ~ 40 ppm, 
Al ~ 15 ppm, Si ~ 10 ppm, Fe ~ 50 ppm, Cr ~ 10 ppm, and 
C ~ 10 ppm, as reported by MTI.

The MgO plates were cleaved into cubes about 2 mm on 
a side, and mounted for ion implantation on an aluminum 
plate using carbon paint. The samples were implanted on 
polished (100) faces at room temperature, with 100 keV 
3He ions produced in the Extrion ion implanter at the Ion 
Beam Laboratory at the University at Albany. Doses were 

(16)t = tMC

CKMC
V

Creal
V

(17)D =

⟨
r2
⟩

6t
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1 × 1015 3He/cm2. All of the samples to be implanted were 
mounted together on the aluminum plate and implanted 
simultaneously, therefore, they received the same implant 
dose. Following implantation, samples were stored in a des-
iccator until used in diffusion experiments.

For the diffusion experiments, implanted pieces of MgO 
were heated in crimped Pt capsules placed in 1 atmosphere 
Kanthal-wire wound vertical tube furnaces. Temperatures 
were monitored with chromel–alumel (type K) thermocou-
ples, with uncertainties ~ 2 °C. Samples were positioned to 
within 5 mm of thermocouple junctions; hotspots in fur-
naces used for diffusion anneals were typically about 2 cm in 
length. Following diffusion anneals, samples were removed 
from capsules, cleaned briefly in ethanol, dried and placed 
in a desiccator until ready for 3He analyses. The experi-
ments were conducted in air, i.e., under conditions that are 
far more oxidizing than Earth’s deep mantle. Diffusion in 
minerals is often sensitive to oxygen fugacity, due to the 
influence of internal oxidation reactions involving iron and/
or other redox-sensitive cations, which control point defect 
concentrations. In the present experiments, our primary con-
cern is to compare diffusion coefficients in samples with 
high and very low cation vacancy concentrations (using the 
 Ga3+-doped and nominally pure samples, respectively). The 
concentrations of redox-sensitive cations such as Fe are very 
low in both samples, and the difference in cation vacancy 
concentrations between the samples is essentially independ-
ent of oxygen fugacity.

Nuclear reaction analysis measurements

3He distributions in the samples were measured with 
nuclear reaction analysis (NRA) using the 3He(d,p)4He 
reaction (Pronko and Pronko 1974; Trocellier et al. 2003a, 
b; Roselieb et al. 2006). Analyses were performed at the 
4 MeV Dynamitron accelerator at the University at Albany. 
This nuclear reaction has been used to measure 3He in a 
variety of minerals and ceramic materials, including zircon 
(Cherniak et al. 2009), zirconia (Gosset et al. 2002), britho-
lite (Gosset and Trocellier 2005), and olivine (Cherniak 
and Watson 2012). The protons produced in the reaction, 
along with backscattered deuterons and products of various 
(d, p) and (d, α) reactions induced with major elements in 
the sample, were detected with a solid-state surface barrier 
detector with 1500 µm depletion depth and 100 mm2 area 
positioned at 167.5° with respect to the incident beam. The 
beamspot incident on sample surfaces was ~ 1 to 1.5 mm 
on a side. A 7.5 µm thick Kapton foil was placed in front 
of the detector to stop some of the backscattered deuterons. 
Because the protons produced in the 3He(d,p)4He reaction 
are so energetic, they stand apart from other contributions to 
the spectrum, with very little background. The cross-section 
of the reaction has a maximum around 430 keV, but the peak 

is relatively broad (several hundred keV in width) so it is 
not possible to obtain high depth resolution for 3He profil-
ing using typical approaches for resonant or non-resonant 
NRA. For these analyses, we take the approach used in ear-
lier studies (Cherniak and Watson 2011, 2012, 2013; Cher-
niak et al. 2009), performing analyses over a range of ener-
gies (0.5–0.9 MeV in this work) to better define the profile, 
and comparing the proton yield from the annealed sample 
(i.e., a sample from a diffusion experiment) to an implanted, 
unannealed sample at each energy step to obtain diffusivities 
determined by the spreading of the initial Gaussian distribu-
tion of the implanted 3He.

The measured ratios of proton count yields for a sample 
from a diffusion experiment vs. an implanted (Costantini 
et al. 2002, 2003; Dieumegard et al. 1979), unannealed sam-
ple were converted into diffusivities by first evaluating the 
fractional loss of diffusant from an implanted profile as a 
function of Dt. For a semi-infinite medium with the con-
centration of diffusant equal to zero at x = 0, the distribution 
of the implanted species can be described as a function of 
depth x and time t as (Ryssel and Ruge 1986):

where D is the diffusion coefficient, Nm is the maximum 
concentration of the implanted species (in an unannealed 
sample), R is the range (depth in the material) of implanted 
species, and ΔR is the range straggle (standard deviation of 
the implanted distribution). Values of R and ΔR for 3He from 
the Monte Carlo simulation program SRIM 2006 (Ziegler 
et al. 2006) are 3720 and 560 Å in MgO; values for Nm 
are ~ 0.08 at% for the implanted dose of 1 × 1015/cm2 for 
100 keV 3He.

Equation (18) describes the 3He distribution, but the 
proton yield measured will be a function not only of the 
3He concentration but also of the depth in the material over 
which the incident deuteron beam can induce the nuclear 
reaction, the cross-section of the reaction as a function of 
energy (and depth in the material), the number of deuterons 
impinging on the target (Nd), and the solid angle subtended 
by the detector (Ω). The number of detected protons for a 
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profile analyzed with a given beam energy Eo can be deter-
mined from the expression

where dσ(Ed(x))/dΩ is the differential cross-section for the 
3He(d,p)4He reaction at energy Ed, which describes the prob-
ability of the reaction occurring at this deuteron energy. The 
deuteron energy Ed(x) will be attained at some specific depth 
x in the material, which is dependent on the incident deu-
teron energy (Eo) and the rate of energy loss for the deuter-
ons with depth within the material. In the integral above, 
ρ(x) represents the depth distribution of the diffusant. The 
above integral is evaluated numerically for each incident 
deuteron energy by calculating the variation of the reaction 
cross-section with depth in the material. Since the reaction 
cross-section is dependent on deuteron energy, it will vary 
with depth as energy is lost by incident deuterons traveling 
through the sample. Values of cross section as a function of 
energy are derived from the data of (Moller and Besenbacher 
1980) and (Alimov et al. 2005) corrected for beam-detector 
angle. These cross-section values are then related to depth 
in the sample by calculating the energy loss with depth for 
the incident deuterons for MgO targets using stopping pow-
ers obtained from the software SRIM 2006 (Ziegler et al. 
2006). The cross-section curves as a function of energy are 
then used to determine the proton yield from the 3He con-
centrations ρ(x) across the profile as a function of depth. The 
values obtained are summed to determine the proton yield 
for the entire profile for each incident proton energy Eo. The 
yields for an unannealed implanted reference sample can 
also be determined in this manner, and a relationship can be 
obtained for each incident beam energy that directly relates 
the ratio of proton yields for an implanted untreated sample 
and an annealed sample to a specific value of Dt, as out-
lined in previous work (Cherniak and Watson 2011, 2012). 
Uncertainties in diffusivities are determined from counting 
statistics from the detected proton signals and the variance 
of calculated diffusivities among incident beam energies 
used for each sample, which also take into consideration 
the uncertainties associated with stopping powers in MgO 
for the incident deuterons and the implanted helium.

Results and discussion

Note that in many results in this section we will include 
data to temperatures above the melting temperature of 
MgO. These values are included simply to provide a guide 
of trends, and represent the behavior of the metastable solid 
phase. They are not relevant for the stable liquid phase that 

(19)Np(E0) = Nd(E0)Ω

∞

∫
x=0

d�(Ed(x))

dΩ
�(x)dx

would be observed above the melting temperature under 
equilibrium conditions.

Free vacancy and he concentrations

In this paper, we are interested in He diffusion in MgO with 
two impurity conditions: as-received MgO sample and Ga-
doped MgO sample. The impurity content of the as-received 
MgO sample is given in “Ion implantation and diffusion 
experiments”; the Ga-doped MgO has 3000 ppm of  Ga3+. 
For the as-received sample, we need to calculate the free-
vacancy concentration due to vacancy binding with multiple 
species of impurities. We do not include Ca contributions 
as it is assumed that Ca has the same valence as Mg (2+) so 
it will not increase the vacancy content and, furthermore, it 
will provide no electrostatic interaction with vacancies, and 
therefore, interact with them weakly. We thus included Al, 
Cr, Fe, Si and C. For each case, we need a vacancy–impurity 
binding energy to calculate the free-vacancy concentration. 
Because  Al3+,  Cr3+ and  Fe3+ are highly soluble in MgO 
(Watson and Price 2002; Van Orman et al. 2009) they have 
been studied extensively and we take their vacancy–impu-
rity binding energies from the literature. These values are 
− 0.52 eV (− 50 kJ/mol) for  Al3+, − 0.23 eV (− 22 kJ/mol) 
for  Cr3+ and − 0.72 eV (− 69 kJ/mol) for  Fe3+ (Crispin and 
Van Orman 2010; Van Orman et al. 2009). As C and Si 
vacancy–impurity binding energies have not been measured 
to our knowledge, we assumed they would form tetravalent 
impurities and set their values to be − 1.14 eV, which value 
was estimated as about twice the binding of a typical tri-
valent cation (whose value we took to be the average of 
 Al3+,  Cr3+,  Fe3+ and  Ga3+). Then we solved for cf

V
 using the 

equations in “Free and bound extrinsic cation vacancy con-
centration” with these impurity concentrations and binding 
energies (see Fig. 2a).

For the doped case with 3000 ppm  Ga3+, we expect vacan-
cies to bind predominantly with Ga and will not consider any 
other impurities. Crispin and Van Orman (2010) determined 
the Ga–vacancy binding energy range to be between − 0.60 
and − 1.04 eV, with an average of − 0.86 eV, via impurity 
diffusion experiments in periclase. We solved for cf

V
 using 

the equations in “Free and bound extrinsic cation vacancy 
concentration” and the 3000 ppm Ga concentration and the 
average − 0.86 eV binding energy (see Fig. 2a).

We can see that the free-vacancy concentration ranges 
from about 0.1 to 1000 ppm over the temperatures and 
dopant levels of relevance in this study. It also converges to 
an asymptotic value at high temperatures, which value is the 
total vacancy concentration because the impurity–vacancy 
pairs or complexes asymptotically go to zero concentration 
due to entropy-driven unbinding at high temperatures.

As noted above, our approach provides enough informa-
tion to estimate the He solubility, albeit with a significant 
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uncertainty (see “Formalism for solubility of He”). To apply 
the equations in “Formalism for solubility of He” we need 
the �i values in Eq. (4), which were calculated in this work to 
be 14.38, 14.33, 14.25 THz and 15.12, 15.29, 15.34 THz for 
the stable site substitutional and interstitial He, respectively. 
The total He concentrations [as both interstitial and substi-
tutional, determined from Eqs. (1) and (7)] for samples with 
different dopant content and He partial pressures as a func-
tion of temperature are shown in Fig. 2b. We note that the He 
concentration is lower than the total vacancy concentration 

for all values shown, and they do not become close until He 
partial pressure values approach ≈ 50 atm. In this work, we 
assume that the He concentration is always less than the 
vacancy concentration, and that we can, therefore, ignore 
the possibility of a given He hop being inhibited because a 
mediating vacancy is already filled with He.

He–vacancy interactions

As was mentioned in “He–vacancy binding energetics”, 
finite supercell size effects are much more significant to the 
He–vacancy and vacancy–vacancy binding energies, due to 
the Coulombic interactions, than to the migration enthalp-
ies. (Ammann et al. 2012) show that the Leslie and Gillan 
corrections result in good binding energy convergence with 
respect to the supercell size. However, as shown in Fig. 3, 
the He–vacancy binding energy does not converge to zero 
even if the distance of the two species are 17 Å apart. We 
also found that the Coulombic electrostatic repulsion falls 
almost on top of the binding energies for a wide range of 
separations, which indicates that the binding energies are 
primarily due to Coulombic interactions. The small devia-
tions from Coulombic behavior for the farthest positions in 
each cell are likely due to these positions being near the 
middle of the cell, where the energy has to pass through a 
minimum and then start to increase due to the symmetry of 
the fields from the He and its images. In other words, these 
points are far enough apart that simple average Leslie and 
Gillan corrections begin to break down and the results are 
impacted by the image charges. The deviations from Cou-
lombic behavior for very close He and vacancy are to be 
expected as the Coulomb interaction becomes very large 
and the species are very close, so significant overlap of 
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Fig. 2  a Free-vacancy concentration as a function of inverse temperature for the two impurity conditions of interest; b He concentration as a 
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cell sizes with the Leslie and Gillan corrections (Eq. 11) as a func-
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separated in the medium of MgO is also shown, where the relative 
permittivity MgO is calculated from DFT to be ε = 9.84
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excess charge regionsm, deformation of charge densities, 
direct wave function interaction, and rehybridization can 
occur to reduce the Coulomb energy. The long-range inter-
action is treated in modeling the He diffusion using KMC, 
as described in “The kinetic Monte Carlo model”.

DFT results of He migration terms

Interstitial mechanism

The migration path is He hopping from one interstitial site 
to the other neighboring interstitial site along the <001> 
direction and its migration barrier is 0.73 eV. We also cal-
culated the migration barrier along the <110> direction and 
it is about 0.4 eV higher than the <001> direction, so the 
<001> direction is energetically more favorable and we do 
not include contributions from the <110> direction. The 
attempt frequency of the interstitial He is calculated fol-
lowing the approach in “Diffusivity formalism” and gives 
�∗
int

 = 17.39 THz, yielding a prefactor D0
int

 = 7.78 × 10−7 m2/s.

Vacancy-mediated diffusion mechanism with adjusted he 
migration terms based on experimental Mg self-diffusion

We calculate the five migration barriers corresponding to the 
five jump frequencies (shown in first row of Table 1, with Hi 
being the migration barrier for jump ωi, i = 0 to 4) that will 
be used in the KMC simulations, as described in “Diffusivity 
formalism” and “The kinetic Monte Carlo model”. The He 
position in the saddle point activated state is located at the 
mid-point of the He hop and the hop involves just one sim-
ple maximum for all five migrations. The attempt frequen-
cies of all the substitutional hops (see “The kinetic Monte 
Carlo model”) we found to be �∗

sub
 = 16.07–17.80 ≈ 17 THz, 

where we use the single approximate value of 17 THz for 
simplicity.

Among the five hopping barriers, ω0 is directly associated 
with the Mg self-diffusion migration barrier. Figure 4 shows 
the comparison of DFT values with previous experimental 
data all scaled to be consistent with a free cation vacancy 
concentration of cV = 50 ppm.

Our raw DFT calculated Mg self-diffusivity has a migra-
tion enthalpy of H0 = 1.93  eV and a prefactor of 
D0

Mg
 = 1.09 × 10−6 m2/s. Our predicted migration enthalpy is 

in reasonable agreement with previous DFT–GGA calcula-
tions, e.g., 1.90 eV (Saha et al. 2011), 2.02 eV (Ammann 
et al. 2012). However, our best fit to the previous experimen-
tal data (see references in the caption of Fig. 4) has a migra-
tion enthalpy of H′

0
 = 2.38  eV and a prefactor of 

D0
Mg,exp

 = 8.12 × 10−5 m2/s (this fit was performed by extract-

ing data from Arrhenius fits over experimental temperature 
range, with the data spaced uniformly along the 1/T axis, and 
performing a least squares fit). Written in the Arrhenius 
form, the DFT and experimental diffusion coefficients are

The discrepancy between the DFT and experimental 
diffusion coefficients suggests that the diffusion processes 
associated with Mg will be more accurately treated if the 
DFT values are scaled to match the experimental Mg self-
diffusivity. To find this scale factor, s, we divide Eq. (21) by 
Eq. (20), to yield

(20)

DMg = cVD
0
Mg

exp

[
−
H0

kT

]
= 1.09 × 10−6cV exp

[
−
1.93

kT

] (
m2

/
s
)

(21)
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V
D

0
Mg,exp

exp
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−
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= 8.12 × 10−5c
V
exp
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−
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kT

] (
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/
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)

(22)s = DMg,exp

/
DMg = 74.5 exp

[
−
0.45

kT

] (
m2∕s

)

Table 1  DFT migration enthalpy barriers of the five hops and their 
adjusted values based on Mg self-diffusion experiments

H0 H1 H2 H3 H4

DFT barriers (eV) 1.93 0.45 0.78 1.83 2.26
Adjusted barriers (eV) 2.38 0.90 0.78 2.28 2.71
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Fig. 4  DFT raw data, adjusted model and previous experimental data 
for Mg self-diffusion in MgO scaled to 50  ppm vacancy; previous 
experiments include H72 (Harding 1972), H71 (Harding et al. 1971), 
L57 (Parfitt and Geoffrey 1957), W73 (Wuensch et  al. 1973), M85 
(Martinelli et al. 1985), S92 (Sheng et al. 1992)
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Rescaling by s changes the Mg migration barrier by 
ΔH = H0,exp − H0 = 0.45 eV. It is also reasonable to assume 
that other hops involving Mg might need this shift, as they 
are similar to Mg hops in pure MgO. We, therefore, apply 
this shift to all hops involving Mg. However, the hop involv-
ing He (ω2) as well as the interstitial He hop are less likely to 
have the same errors. Therefore, in the absence of any infor-
mation about He hop corrections, we do not correct for the 
He hops. The corrected migration barriers are shown in the 
second row of Table 1. The rescaling also changes the pref-
actor by (D0,exp

/
D0) = 74.5 . The main contribution to the 

prefactor for pure Mg vacancy-mediated diffusion that could 
contain errors is the product of the attempt frequency and 
the vacancy concentration 

(
�∗CV

)
 . We, therefore, assume 

that these factors need to be increased by (D0,exp

/
D0) in our 

modeling of He diffusion. Given that the attempt frequency 
is expected to be close to correct, we assume that this error 
is primarily in the mobile (free) vacancy concentration. 
Therefore, in the KMC modeling, we increase the vacancy 
concentration by the factor (D0,exp

/
D0) . Following Eq. (15) 

this simply scales time by this same factor, which increases 
the overall diffusivity obtained.

He diffusion with KMC model compared 
to experiments

As discussed in “Free and bound extrinsic cation vacancy 
concentration”, we consider two limiting cases, one with 
all vacancies being mobile and contributing to diffusion 
(free-vacancy case), and the other one with a portion of 
vacancies bound to impurities and being immobile (bound-
vacancy case). With KMC simulations, we measured the 
He diffusion coefficient for the free-vacancy case, and then 

considered the dopant–vacancy binding and scaled the dif-
fusion coefficient according to the calculated free-vacancy 
concentration (see “The kinetic Monte Carlo model”). 
Therefore, we will show the upper and lower limits for 
the diffusion coefficient at a given temperature. Figure 5 
shows the comparison between KMC predicted diffusion 
coefficients (these include only vacancy mediated diffu-
sion) and those obtained from experiments (the experi-
mental values are also given in Table 2). Below in Fig. 6 
we compare the experiments to predicted diffusion from 
both vacancy and interstitial mechanisms. Arrhenius fits 
to the experimental data of the form D = D0e

−
Q

kT yield val-
ues of log(D0(m

2
/
s)) = −6.7 ± 1.0, Q = 0.73 ± 0.06 (eV) 
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Fig. 5  He diffusivity from KMC model with and without impurity-vacancy binding effects compared with experiments. a is the as-received 
(undoped) MgO sample and b is the Ga-doped sample. Error bars represent one standard deviation

Table 2  Experimental values for 3He diffusion in MgO

The final column represents one standard deviation in log (D)

Sample T (K) Time (s) D  (m2 s−1) log(D) +/−

as-received (undoped)
 HeMgO-5 623 2.30 × 106 4.96 × 10−21 − 20.3 0.18
 HeMgO-4 673 4.91 × 105 2.36 × 10−20 − 19.63 0.27
 HeMgO-1 724 1.26 × 104 1.39 × 10−18 − 17.86 0.28
 HeMgO-8 725 8.64 × 104 1.85 × 10−19 − 18.73 0.32
 HeMgO-9 725 2.56 × 105 4.70 × 10−19 − 18.33 0.28
 HeMgO-2 773 7.80 × 103 2.56 × 10−18 − 17.59 0.32
 HeMgO-3 822 1.80 × 103 8.94 × 10−18 − 17.05 0.22

Ga doped
 HeGaMgO-1 726 2.76 × 104 5.31 × 10−19 − 18.28 0.25
 HeGaMgO-2 623 1.27 × 106 1.27 × 10−20 − 19.90 0.19
 HeGaMgO-3 773 1.44 × 104 2.56 × 10−18 − 17.59 0.15
 HeGaMgO-4 672 3.40 × 105 7.31 × 10−20 − 19.13 0.13
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log(D0(m
2∕s)) = −7.9 ± 1.0, Q = 0.65 ± 0.06 (eV) for 

Ga-doped MgO [uncertainties represent one standard devia-
tion (Press 1992)]. Note that we have excluded the short-
time data taken at 724 K (sample  HeMgO−1 in Table 2) from 
the fitting as it appears to be outside the error bars of the 
other points and not to follow an otherwise consistent linear 
trend of all the data on the logarithmic plot (i.e., does not 
follow an Arrhenius behavior).

As shown in Fig. 5a, for the as-received sample, the 
KMC simulations underestimate the diffusion coefficients. 
To understand this discrepancy, one possibility is that dur-
ing the process of He implantation, extra vacancies can be 
introduced as a result of the radiation damage. The Monte 

Carlo simulation program SRIM 2006 (Ziegler et al. 2006) 
shows that the ion implantation introduces vacancies with 
the peak displacement per atom (dpa) value of 13,700 ppm 
(the displacement energies used in SRIM are 60 and 64 eV 
for Mg and oxygen, respectively), which is consistent with 
the value of 0.014 in (Allen and Zinkle 1992).

It should be noted that SRIM calculations determine 
damage for implantation at 0 K; in the case of room-tem-
perature ion implantation (as conducted in this study), a 
great percentage of implantation-induced damage will self-
anneal during the implants, with estimates of an order of 
20% of defects surviving recombination (e.g., Ziegler et al. 
2006; Schut et al. 1999), which nonetheless would result in 
vacancy concentrations considerably higher than impurity-
introduced vacancies. These additional vacancies would be 
mobile and contribute to He diffusion at high temperatures, 
before annihilating by mutual recombination with radiation 
induced interstitials or diffusion to a sink.

However, studies in other materials using a similar 
experimental and analytical approach to measure He dif-
fusion yield results for diffusivities that are consistent with 
findings from modeling, as is the case for olivine (Cherniak 
and Watson 2012; Wang et al. 2015). This suggests that 
implantation-induced effects may not necessarily account 
for the differences between the diffusivities obtained from 
modeling and the experimental results for He diffusion in 
the undoped MgO, or that there may be a significant differ-
ence in the behavior of periclase and olivine. Such a differ-
ence may arise from the fact that, based on the present stud-
ies, periclase transports He through a vacancy mechanism, 
whereas He transport in olivine appears to be dominated by 
interstitial diffusion. This difference would make He trans-
port in periclase much more sensitive to radiation-induced 
vacancies.

For the Ga-doped case, the He diffusion coefficients 
estimated by KMC simulations with the dopant–vacancy 
binding corrections agree reasonably well with the experi-
mental results, as shown in Fig. 5b. Note that, due to the 
higher dopant-induced vacancy concentration, the effect 
of residual vacancies from He implantation would be less 
significant. These results suggest that the dopant–vacancy 
binding may have a significant influence on the number of 
vacancies available for diffusion, and supports the assump-
tion of immobile dopant–vacancy complexes.

With both the interstitial diffusivity calculated in “DFT 
results of He migration terms” and vacancy-mediated diffu-
sivity from KMC, we can combine the two sets of data based 
on Eq. (13) and obtain a final He diffusivity as shown in 
Fig. 6. As the KMC data does not show Arrhenius behavior 
[linear trend of log(D) vs. 1/T] we fit the KMC log(D) values 
to a second order polynomial in 1000/T.

For both with and without the dopant–vacancy bind-
ing effect, i.e., the red and blue lines in Fig.  6, Dtot is 
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Fig. 6  He diffusivity with interstitial mechanism, vacancy-mediated 
mechanisms and total diffusivity with and without impurity-vacancy 
binding effects. a is the as-received MgO sample and b is the Ga-
doped sample. The total diffusivity curves are calculated based on 
a fit of the KMC predicted log (D) to a second order polynomial in 
1000/T. Note that the error bars of both experiments and KMC are 
not drawn as they are comparable or smaller than the symbols. The 
experimental errors can be found in Fig. 5
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approximately equal to Dsub (corresponding to our KMC 
data) at lower temperatures (T < 1000 K for as-received MgO 
sample and T < 2000 K for Ga-doped MgO sample, respec-
tively). The interstitial mechanism, on the other hand, domi-
nates the He diffusion at temperatures higher than 3000 K 
for the as-received and Ga-doped samples.

These trends are easy to understand qualitatively. 
Although the vacancy migration barrier is much higher 
than the interstitial migration barrier, the strong intersti-
tial–vacancy binding energy means there are not enough 
interstitials to dominate the diffusion at lower temperatures. 
As the temperature increases, the number of interstitials also 
increases, and thus the effect of the low-barrier interstitial 
migration starts to play a role.

Conclusions

We predicted that the dominant mechanism of He diffusion 
in defect-bearing MgO is vacancy-mediated at lower tem-
peratures and interstitial-mediated at higher temperatures, 
with a crossover between the mechanisms in the temperature 
range 1500–3000 K.

We found a very long tail of He–vacancy or 
vacancy–vacancy repulsion and this repulsion is compara-
ble with Coulombic electrostatic repulsion. Thus, the clas-
sic five-frequency model which only treats up to the fourth 
nearest neighbor is not applicable in our system. Given that, 
we used the KMC method to model the He kinetics based 
on our DFT migration barriers. Because it is uncertain how 
impurity–vacancy binding affects He diffusion by a vacancy 
mechanism, we calculate lower and upper bounds for the 
He diffusivity, and the experimental data of the Ga-doped 
case lies within this range. Our model provides valuable 
insights on noble gas diffusion, and can be used as a founda-
tion to explore high-pressure behavior of relevance for the 
deep Earth.
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