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Oxygen Self-Diffusion in a-Quartz
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We have studied the formation energy of the simplest oxygen defects in a-quartz, the oxygen vacancy
and interstitial, by an ab initio approach based on density functional theory in the local density approxi-
mation. We have determined the formation energies and entropies and the migration paths and energies.
From our results we can conclude that oxygen diffuses in quartz by an interstitial mechanism: the inter-
stitial has a dumbbell structure; one of the constitutive atoms jumps towards a neighboring oxygen site.
The activation energy amounts to 4.7 eV in the intrinsic regime and 2.8 eV in the extrinsic regime.
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Silicon dioxide, in its various crystalline and amorphous
phases, is a widely used material in many technological
domains, from microelectronics to nuclear waste storage
as the main component of nuclear glasses.

Point defects play two important roles, both affecting
the electronic properties of the material and contributing
to the kinetics; the latter has to be known for predicting
the long term behavior of heavily irradiated glasses.

The study of point defects in SiO,, using modern first
principles techniques, has been primarily driven by an in-
terest in the electronic properties [1—-4], focusing on the
E’-type centers, which are paramagnetic defects observed
in irradiated SiO;, both crystalline and amorphous. Few
studies have been devoted to the oxygen interstitials, and
apart from the recent study by Hamann [5], the mecha-
nisms and the energy of migration of oxygen defects have
not been studied in the neutral state. The present study
is entirely devoted to kinetic properties of solid SiO, and
appears as the first comprehensive ab initio study of the
self-diffusion mechanism in this system. Both empirical
models [6,7] and first principles [8,9] approaches show that
the short range tetrahedral arrangement of quartz is con-
served in the amorphous phase, suggesting that their defect
properties are similar. However, the former models are un-
able to properly take into account the homopolar bonds.
From thermodynamical arguments [10,11] it is possible to
estimate upper bounds for defect formation energies, but
no clue is given on migration, nor any insight at the atomic
level.

On the experimental side, E’-type defects have been
identified due to their paramagnetic activity, but other de-
fects show their presence only as traps for carriers or
through diffusion data. This is the case for the neutral
oxygen vacancy and interstitial. Experimental techniques
can measure activation energies for self-diffusion but do
not shed any light on the mechanisms responsible for for-
mation and migration of point defects. Moreover, the only
experimental result for self-diffusion in silica pertaining
clearly to network oxygen [12] shows an activation energy
of 4.7 eV and very low diffusion coefficients, in patent
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disagreement with previous works, where the activation
energy is found to be much lower. For a recent review of
diffusion data, see [13].

In this Letter we address the problem of formation and
migration of neutral oxygen defects in a-quartz through
first principles techniques. A complete account and details
of methods used will be given in a forthcoming publication
on silicon and oxygen diffusion.

We performed plane wave pseudopotential calculations
of the total energy of various supercells, with and without
point defects, in the framework of density functional theory
(DFT) with the local density approximation (LDA). Our
choice of the LDA is justified by the fact that it has been
shown to accurately describe the structure of a-quartz
even in the case of surface reconstructions [14], and by
a recent detailed study [15] showing that it is globally
more reliable than generalized gradient approximation,
especially for energy ordering of tetrahedrally coordinated
polytypes. The pseudopotentials used were standard norm
conserving ones [16]. Most of the the calculations were
done in an orthorhombic supercell corresponding to 2 X
2 X 1 a-quartz trigonal unit cells, containing 36 (or
35/37) atoms. We checked the effect of the choice of
various supercell sizes and of various special point sets.
In all calculations the plane wave energy cutoff was fixed
at 80 Ry, where our calculations fully converge. We per-
formed calculations at zero pressure, relaxing atomic
positions, volume, and cell shape by a conjugate gradient
method, but keeping the orthorhombic symmetry. The
relaxation was performed up to a force level on the atoms
of the order of 10™* a.u. and stresses of 107> a.u. We cal-
culated formation entropies from eigenmodes obtained by
density functional perturbation theory [17], sampling the
Brillouin zone with the sole I' point; this is expected to
give accurate results, especially for the formation entropy,
where only differencies are involved. To calculate the mi-
gration paths and energies we used a method proposed a
long time ago by Bennet [18]; this relies on a series of
constrained relaxations, where the projection of the posi-
tion of the migrating atom on a given direction is fixed in
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the reference system of the center of mass. Each step of
the migration is built from the fully relaxed configuration
of the preceding step, so as to follow possible tortuous
migration paths. The choice of the jump direction is not
crucial, as the system has wide relaxation freedom. Since
only one degree of freedom is constrained out of 3N (N
being the number of atoms), the moving atom can relax
freely in the plane perpendicular to the jump direction, at
the above mentioned level of forces and stresses, and thus
allow the true saddle point to be determined.

The oxygen tracer self-diffusion coefficient in an iso-
tropic oxide is given by Dy = > ; vjai fic;T;, where the
summation runs over the possible oxygen defects—here
vacancies and interstitials —whose concentration is c;, a;
is the jump length, f; is the correlation factor, v is a
typical attempt frequency, and I'; is the jump frequency.
Quartz is not an isotropic crystal, so we should distinguish
diffusion coefficients in the xy plane and in the z direction.
However, we did not see a significant energy difference
between different jump directions. Moreover, we compare
our results with silica, the quartz value being not available,
which is isotropic indeed.

Defects in oxides depend on formation conditions and
chemical potentials. Let us first consider closed systems
where intrinsic defects are formed in a homogeneous way
and, therefore, as complexes of defects preserving the
stoichiometry. Among these complexes, in SiO, one can
observe Frenkel pairs of oxygen, transport occurring via
either the vacancy or the interstitial, or both. In open con-
ditions (heterogeneous formation) the system can create
extrinsic defects by reacting with the oxygen gas; their
equilibrium concentrations are

Y/ : ASYarts AEY s,

acancies, ¢y = exp[~x,* — KBH expl ozz(lg:)2 1B
s AS! s AE! S,

Interstitials, ¢; = exp[—%-—~ — % %j Jexpl 022(1202 1;

where we have separated the entropy contribution of the
gas, So,(po,), from that of the solid, AS{rC!, to show the
dependence on the oxygen partial pressure po,. The tem-
perature dependence is driven by the formation energy
of the defects (AE}/, AE}). The formation free energy
(which corresponds to the free enthalpy at zero pressure)
depends on the oxygen chemical potential, i.e., on the ref-
erence state of the oxygen. Here we have chosen as the ref-
erence state the oxygen gas. Let us take the vacancy as an
example: AE}/ =EN —1) — EN) + %E(Oz), where
E(N) indicates the energy of the perfect crystal with N
oxygen atoms and E(N — 1) is the energy of the crystal
with one oxygen vacancy; E(O,) is the energy of the
oxygen molecule in the gas. To improve the reliability of
the energy of the oxygen molecule, we calculated with the
present approach the formation energies of several oxides
and compared them to the experimental values in order to
deduce E(O,). The jump frequency term is given by I'; =

exp[Aanig/KB] exp[—AEfnig/KBT]. To calculate the dif-
fusion coefficient, we need the formation and migration
free energies of both defects. In the closed mode the Fren-

kel pair concentration is given by cpp = expi[(AS), quartz T
AS! )/ K — (AEf + AE})/KpT] which no longer

depends on the oxygen partial pressure. Thus the activa-
tion energy Q for oxygen self-diffusion can be deduced
from the formation and migration energies of defects.
Taking as an example Frenkel palrs formation and vacan-
cies migration we get Q = (AEf + AEf) + Emlg

At standard Fermi levels the neutral defects are by far
the most probable ones. This result, already known in
the literature [1,3], has been confirmed by our results on
charged vacancies and interstitials and will be presented in
a forthcoming publication.

Our results for crystalline quartz agree with experimen-
tal results within usual DFT-LDA errors. In all cases our
calculations give lattice parameters whose difference with
the experimental value (4.9160 A [19]) never exceeds 1%.
The four symmetry parameters, defining all the atomic
positions in the cell, are also reproduced with the same
precision. Releasing the symmetry constraint, in the or-
thorhombic unit cell, a small relaxation occurs; this is less
than 0.1% on the cell parameters. The values of the bond
lengths are also in good agreement with the recent results
found by Pacchioni, the Si-O distances being 1.620 A and
1.625 and 3.076 A the Si-Si one [2]. The formation en-
ergy of quartz amounts to 9.23 eV, the experimental value
being 9.37 eV (result of Ref. [20] extrapolated to 0 K).

For both defects, our results are in good agreement with
the same author. For the vacancy we observe the formation
of a Si-Si bond, whose length is 2.393 A (to be compared
with 2.34 A in bulk Si); as in [2] we find a slight increase
of the O-Si bonds adjacent to the vacancy (1.626, 1.638,
and 1.657 A). We find an increase of b/a by 1%, a de-
crease of 0.5% for ¢/a, and a total volume decrease of
2.5%. For the interstitial defect we find a dumbbell struc-
ture; the bond lengths are 1.501 A in the dumbbell 0-0,
1.659 and 1.671 A for the Si-O bonds, giving a slight in-
crease of the Si-O bonds of the oxygens involved in the
defect. The formation of the interstitial corresponds to an
increase of the b /a ratio by 6% and an increase of 0.7% for
c¢/a, for a total volume increase of 3.5%. We found some
metastable minima which we discuss in connection with
defect migration. The results for the formation energies
are 5.4 eV for the vacancy and 1.6 eV for the interstitial,
which gives a formation energy of 7.0 eV for a Frenkel
pair. The absolute error on these formation energies, which
comes from the technical aspects of the calculation, set of
special points, and size of the supercell, can be estimated
from our detailed calculations to be of the order of 0.2 eV,
coming mainly from the supercell size and elastic interac-
tions between defects.

The determination of the vibrational entropy is based
on the harmonic approximation: we calculate the phonon
spectra of the perfect and defected quartz and deduce their
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entropy using a standard textbook formula [21], neglecting
the temperature dependence of the eigenfrequencies.

Low energy phonons, which contribute significantly to
the entropy, are slightly hardened for the vacancy and
slightly softened for the interstital; this can be seen from
the densities of states plotted in Fig. 1. The effect, being
around 30% of the frequency, is largely beyond the error
expected in SiO;, [22]. This softening of the lattice is well
known in the compact metallic structures where the inter-
stitial gives rise to localized low frequency modes. How-
ever, in these cases the decrease is much larger, of the order
of a factor of 10 [23]. As far as we know this is the first
determination of the lattice softening/hardening of quartz
by point defects. The solid contribution to the formation

entropy is, taking the values at 1000 K, ASCIIUMZ = 6.6Kp
and AS(‘;uartZ = —3.5K5.

The most important contribution to the formation en-
tropy is due to the oxygen molecule, becoming as large as
44Kp when po, is 10710 bars (at 1000 K). The effects of
the solid and gas parts of the formation entropy compete,
the former favoring interstitial formation with respect to
vacancies, and the reverse for the latter.

We have computed the migration energy by looking at
jump events in a few directions that are equivalent by sym-
metry in the perfect crystal, checking that we get the same
value. For the vacancy we find an almost symmetric path,
with a saddle point 3.2 eV above the minimum. For the
interstitial we find a much smaller energy, amounting to
1.2 eV, in good agreement with Hamann’s result [5]. At
the end of the migration we found the system in a meta-
stable minimum in the vicinity of the stable one, within
0.1 eV approximately, for both defects. From an analysis
of atomic positions, we conclude that the two minima dif-
fer by a rearrangement of Si-O-Si angles, while the distri-
bution of nearest neighbor distances and of O-Si-O angles
remains almost identical.

—-—- Oxygen vacancy -
a—quartz (no defects) 02 FaAN
0.8 [ e Oxygen interstitial I
£ Ny
= e
> 006 - i 0l
5 ; J 0 20 40 6
S04 F ANV q 0
%) [
O 1
A |
0.2 i ‘ Wt :
! \‘_ Ao Y l."‘:
i i) v
0 1 o

0 500 1000
Frequency (cm )

1500

FIG. 1. Vibrational density of states for the perfect and the two
defected crystals, obtained by Gaussian broadening of frequen-
cies at I, excluding the three zero frequencies (o = 10 cm™!).
The inset zooms in on the low frequency spectrum.
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From our results we deduce that four diffusion regimes
can be expected; Fig. 2 shows them at 1000 K as a typi-
cal case. First of all in the closed mode, diffusion will be
driven by interstitial migration from Frenkel pairs. In this
case the activation energy amounts to 4.7 eV. In the open
mode the dominant mechanism will change with the oxy-
gen partial pressure. At ambient pressure the molecular
oxygen mechanism dominates; its contribution varies lin-
early with the oxygen pressure. We estimate, from ex-
perimental results on oxygen [13] and rare gases diffusion
trends, the most probable activation energy to be 1.3 eV.
Below the pressure threshold labeled P, estimated around
10™* athm, the mechanism switches towards the intersti-
tial one, the defects being formed from the gas phase. The
activation energy amounts then to 2.8 eV, with a square
root dependence of D on the oxygen partial pressure.
This regime will dominate down to P3, of the order of
10~2% athm, where the high vacancy concentration will
outweigh the mobility ratio. The activation energy goes
up to 8.6 eV in this regime, and Dy has an inverse square
root dependence on po,. In principle also Schottky triplets
could play a role, but the formation energies for the silicon
vacancy and interstitial are big enough to hide this con-
tribution [24]. Anyway, the behavior observed in experi-
ments depends on the environment of the sample during
measurements and when it was prepared. Whenever the
sample is in equilibrium with an oxygen reservoir, then
equilibrium concentrations are heterogeneous ones; the
contributions to diffusion corresponding to the two lines
crossing at Pz come from interstitial (dash-dotted line) and
vacancy (long-dashed line) heterogeneous diffusion, re-
spectively. When not in equilibrium with an oxygen reser-
voir, as in the experiment by Mikkelsen [12], defects are
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FIG. 2. Contributions to oxygen diffusion coming from differ-
ent kinds of defects at 1000 K. The vertical dashed line is an
estimate of the dissociation pressure of quartz. Transition pres-
sures P;_4 are discussed in the text.
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always formed as Frenkel pairs, and their contribution to
diffusion will be given by the solid line in Fig. 2, unless an
excess of residual heterogeneous defects remains from the
preparation of the sample. This leaves open the possibility
of dominant mechanism change with temperature.

Speaking of @-quartz, we are not aware of experimental
works able to separate the contribution of network oxygen
to diffusion and giving the corresponding activation energy.
We can nevertheless compare our scenario to amorphous
Si0O, data, at least on a semiquantitative basis. Mikkelsen
[12] found an activation energy of 4.7 eV and relatively
low prefactor Dy of the order of 2.6 cm?sec™!. His re-
sults are in contradiction with previous ones (cited in [12]),
giving activation energies of 1.3 eV (Williams), 3.4 eV
(Sucov), and 2.5 eV (Haul/Dumbgen). These remarkable
discrepancies, in our opinion, can be partly attributed to
the fact that it is difficult to prevent molecular oxygen from
contributing to the measured diffusion coefficient. In or-
der to be able to track only network oxygen, Mikkelsen
coated his sample with two silicon nitride protective lay-
ers. Prior to coating, the sample was treated under vacuum
conditions, thus at very low partial oxygen pressure. The
result obtained by Mikkelsen has certainly to be compared
to the Frenkel pair regime, since the heterogeneous mode
of formation is hindered by the silicon nitride coating, and
the concentration of heterogeneous interstitials has been
kept very low during the deposition of silica. On the con-
trary Williams and Sucov are working under standard oxy-
gen pressure, from 0.1 to 4 athm, where the permeation
regime of molecular oxygen clearly dominates the lattice
oxygen diffusion. An estimation of the crossover pressure
is 10”* athm. A more precise value entails calculation of
the enthalpy and entropy of dissolution and migration of
molecular oxygen in quartz. Given the relatively low val-
ues of the solid part of the entropy terms, we can quite
safely state that this picture will not be changed signifi-
cantly by the effect of the migration entropies. Similar
experimental results on crystalline SiO, would be very in-
teresting, to understand the influence of the disordered ar-
rangement of SiOy4 tetrahedra on the diffusion of network
oxygen.

In conclusion, we have calculated activation energies
for diffusion of the oxygen vacancy and interstitial in
a-quartz. We find activation energies of 2.8 and 8.6 eV for
the interstitial and vacancy in the open mode, respectively,
and 4.7 eV for diffusion in the closed mode. We reconcile
some apparently contradictory experimental results by ana-

lyzing the dependence of diffusion on the partial oxygen
pressure.
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