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Abstract

It has recently been suggested that a significant amount of Xe can be absorbed in «-quartz and
that this might be a significant process in the recycling of Xe from the atmosphere to the interior
of the Earth. This suggestion is tested by ab initio calculations of Xe in «-quartz using DFT.
Three distinct candidate sites for Xe absorption are identified—substitutional at the silicon
vacancy (Xe@Vy;), at the oxygen vacancy (Xe@V) and at an interstitial site (Xe@I)—and
each is shown to be mechanically stable at both P = 0 and 2 GPa. The energetics and electronic
properties of these defect structures are analysed and it is shown that there is an energy barrier
to the absorption at all sites at 7 = 0. If the Xe absorption is a single-stage process in a perfect
crystal then the lowest formation energy barrier (at both P = 0 and 2 GPa) is for Xe @I at the
interstitial site. If absorption is a two-stage process due to vacancies being already present at
finite temperatures, then the subsequent barrier to Xe absorption is much lower and Xe @ Vy; has
the lowest formation energy. However, it should be expected that there will be a much higher
density of oxygen vacancies available for Xe absorption under realistic Earth core conditions
and so in this scenario it is to be expected that all three candidate sites should be occupied.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It has been known for a long time [1] that the relative
abundance of Xe in the Earth’s atmosphere is a factor of 20
lower than expected from the abundance of the other noble
gases (i.e. Ne, Ar and Kr). An interesting question therefore
is ‘where has all the missing Xe gone?’ In a recent paper,
Sanloup et al [2] showed in a series of high pressure x-
ray diffraction experiments that it was possible for o-quartz
to retain a small but significant amount of Xe, and hence
suggested that the missing Xe might be absorbed within quartz-
like minerals many km below the Earth’s surface. It has
previously been shown that the missing Xe cannot be trapped
in the mantle [3] or in the core [4], and studies on ices [5],
clathrates [6] and sediments [7] have also proved negative.
Holland er al [8] have suggested that Xe might be recycled
from seawater via subduction zones into the mantle and then
back into the atmosphere via degassing from magma. Hence
Sanloup’s suggestion is a very interesting one.

Whilst the noble gases are notoriously chemically inert,
it is known that Xe is the most reactive one, and has been
shown to form a small number of chemical compounds with

0953-8984/10/025501+10$30.00

F O, C, N, S and the halogens [9]. There are also a small
number of examples of Xe being encapsulated in clathrates and
zeolites [10]. In particular, it can form the thermodynamically
unstable compounds XeOs and XeO4, which therefore led
Sanloup et al to propose that Xe could occupy Si-vacancy sites
within quartz-like materials.

In this paper, this hypothesis is tested by performing a
series of ab initio total energy calculations of a-quartz with
various possible sites for an Xe defect.

2. Method

Total energy calculations were performed using the plane
wave pseudopotential density functional theory (DFT) code
CASTERP [11, 12]. The basic methodology is well known [13]
and has been used many times before for defect calculations
(e.g. [14]). In this paper, the PWO1 generalized gradient
approximation (GGA) [15] with ultrasoft potentials [16] is
used, as supplied in the CASTEP library. Where appropriate,
structural optimizations of both ionic positions and cell vectors
are performed using a modified BFGS-like scheme [17].

© 2010 IOP Publishing Ltd  Printed in the UK
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All electronic structure calculations are converged to a
high degree before any ionic relaxation is attempted using
a plane wave cutoff energy of at least 400 eV, a Brillouin
zone sampling density of at least 27 x 0.04 A" and an
SCF convergence tolerance of at least 1078 eV /atom. Ionic
relaxation proceeds until the largest force on any atom is
less than 0.01 eV A~ in magnitude and the corresponding
enthalpy change is less than 1 x 107 eV/atom. For cell
relaxation calculations, the additional constraint is that the
largest component of the stress tensor must be less than
0.01 GPa at convergence. All calculations are performed at
zero temperature: where this is likely to lead to a difference
with experimental results then this will be commented upon.

The Gibbs free energy of the system, in contact with a
particle reservoir, is given by

G(T,P)=U+PV-TS=H-TS, (1)
where U is the internal energy, H is the enthalpy and S the

entropy. The chemical potential for a given species of atom j
is defined as

__9G(T, P) )
Hi= 8nj ’
where n; is the number of atoms of species j. Hence

the formation energy of a defect (neglecting entropic
contributions) is given by

Eform = Gdefect - Gideu.l = Hdefect — Ijdeal

+ Z njurjemoved _ Z nj“j'dded — Nelke, 3)
J

J

where ;17 is the chemical potential of the reservoir where

removed atoms are put, 14 is the chemical potential of the
reservoir where additional atoms are taken from and . is the
chemical potential of electrons for a charged defect. In this
work only neutral defects are considered and hence the last
term may be neglected

For a compound material such as «-quartz, the chemical
potential of the material is determined by the SiO, unit:

Usio, = Usi + Ho, = Kg; + Lo, + AHsio, 4)

where ug; is the chemical potential of Si in pure (bulk
crystalline) form, u¢ is the chemical potential of O in pure
(diatomic gas) form and A Hsjo, is the enthalpy of formation
of SiO,. Hence the chemical potentials of individual Si and O
atoms in o-quartz may vary:

wé + AHsio, < psi < U )
%ng + %AHSio2 < o < %ua

and so there will be a range of formation energies, depending
on the environment, e.g. Si-rich, O,-rich, etc. Using the DFT
convergence parameters given above, it is found that A Hg;o, =
—10.616 eV at 0 GPa and A Hs;o, = —10.382 eV at 2 GPa.

2.1. Validation

Xe is an unusual element to include in a DFT calculation,
and as GGA-DFT does not adequately describe van der Waals
interactions, it makes no sense to attempt to validate the
Xe pseudopotential and the total energy methodology by
calculating the properties of bulk Xe. However, there is some
experimental data on the structure of the XeO, molecule, and
so that will be used for validation instead. Experimentally, it is
known that XeQy is tetrahedral [18] with an Xe—O bond length
of 1.736 A in the gas phase at ambient conditions.

Total energy calculations and ionic relaxations of the
XeO4 molecule were performed within a cubic supercell,
and convergence w.r.t. the size of the supercell was tested
with gamma-point-only Brillouin zone sampling, in order to
properly describe a gas phase molecule. The Xe ultrasoft
pseudopotential explicitly treats all the 5s25p°® electrons. It
was found that an 8 A cubic supercell was sufficient for
convergence, yielding a relaxed Xe—O bond length of 1.820 A
(4+4.8% w.r.t. experiment). Whilst this is not as accurate as
might be hoped for, it gives an indication of the likely accuracy
of the subsequent calculations. A Mulliken population
analysis [19] showed that the Xe atom has a Mulliken
charge of gM(Xe) = +2.92 and each of the O atoms has
gM(0) = —0.73, and hence the mechanism of the Xe—O bond
formation is largely charge transfer. The formation energy
of the molecule w.r.t. mono-atomic gas was calculated to be
—12.252 eV, which suggests the molecule is reasonably stable,
as indeed was found by the stable converged ionic relaxation.
If, however, the stability w.r.t. dissociation into O, molecules
is calculated, then the formation energy becomes +5.328 eV,
which suggests that the molecule is only metastable, as known
experimentally. We are therefore reasonably confident in our
ability to describe Xe—O compounds within DFT-GGA and are
not aware of any other DFT calculations of this molecule for
comparison.

The validation for «-quartz calculations is much more
straightforward, as there is already a substantial literature of
such calculations. The only defect in quartz investigated in
any depth is that of the O-vacancy [20-23] in various charged
states. This seems to be the most obvious defect to be
found experimentally as a simple bond-counting picture would
suggest a formation energy of the Si vacancy about twice that
of the O vacancy, with second-order effects due to electronic
and ionic relaxation. There have been no calculations of the
Si vacancy until recently, when in a study of amorphous quartz
Richard et al [23] suggested a substantial energy lowering due
to ionic relaxation around the Si vacancy, and so this defect
might not be as uncommon as previously expected.

Total energy calculations, with full ionic and cell
relaxation, were performed for a-quartz. The experimentally
known structure has 6 O and 3 Si atoms per conventional
hexagonal unit cell with P3,21 symmetry. The relaxed
theoretical minimum enthalpy structures are given in table 1.
The zero pressure DFT-LDA has lattice parameters —1.4%
w.r.t. experiment and DFT-GGA +1.6% w.r.t. experiment
which is a commonly observed trend.
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Table 1. Relaxed cell parameters for a-quartz.

a,bA) cA) c/a volume (A%
LDA, P =0 4.842 5.331 1.1011  108.2
GGA,P =0 4.990 5465 1.0951 117.9
expt, P =0 4910 5.402 1.1002 112.8
LDA, P =2GPa 4.753 5.260 1.1068 102.9
GGA, P =2GPa 44871 5.349 1.0983 109.9

2.2. Preliminary study

The above formalism was used to calculate the vacancy
formation energies in a conventional nine-atom «o-quartz
cell. This corresponds to an unrealistically high density of
vacancies, and a proper calculation of an isolated vacancy
would have to perform a rigorous finite-size supercell scaling
study. The following standard notation is used: Vg; for a
vacancy at the silicon site, etc. In all cases it is important
to allow for cell relaxation in the presence of the defect: for
the finite pressure case this relaxation will do work against the
external pressure. Obviously, within a small unit cell there
will be a considerable finite-size effect, and so the atomic
relaxation is not expected to be representative of an isolated
defect. The results are given in table 2. Note that the Vg
formation energy in this work in an O, environment is 6.71 eV,
which is comparable to the other published results, but this
energy is considerably reduced if the external environment is
an SiO; reservoir, as can be seen from equation (4). Whilst an
O, environment might be appropriate for a laboratory-based
experiment, an SiO, reservoir is more reasonable for an Earth
core environment.

Sanloup et al [10] hypothesized that the missing Xe is
incorporated into quartz at Vyg; sites. To test this suggestion,
a range of possible sites for Xe within this small cell were
considered to see which sites might be possible candidates. As
well as the Vg; and Vg sites, a variety of possible interstitial
sites were considered, two of which (labelled here as Xe@I;
and Xe@Iy,) are shown in figure 1. The Xe@I; defect (pre-
relaxation) is an interstitial site with six nearest-neighbour Si
atoms and two O atoms and is therefore eightfold-coordinated,
whilst the Xe@1I,, defect is situated at the mid-point between
two O atoms and also has four Si neighbours. It was found that,
although the unrelaxed interstitial defects were quite distinct,
they converged onto the same relaxed structure. The resulting
defect formation energies are shown in table 3.

(b)

v

P}

Figure 1. Location of interstitial sites pre-relaxation. (a) shows Iy
which is at the centre of the six nearest Si atoms and is
eightfold-coordinated, and (b) shows I, which is at the mid-point
between oxygen atoms and also has four Si nearest neighbours.

There is a considerable lattice relaxation in these small
cells which might not be representative of an isolated Xe
defect. However, whilst there is a wide range of Xe defect
formation energies depending on site, it appears that none of
the Xe defect sites considered are energetically stable. Note
that, whilst the variable external environment can significantly
reduce the substitutional defect formation energies, it has no
effect on the interstitial sites (as there is only the one Xe gas
environment to consider). It is interesting to note that Xe@ Vg;
has the largest volume change (positive expansion of the cell)
whilst the interstitial sites have the smallest volume change.
Also, whilst the effect of pressure has a small effect on the

Table 2. Vacancy formation energies.

Defect Eform (CV)
Vsi 5.05---15.67% 7.28° 4.78°
Vo 1.40---6.71% 6.71°> 5.71° 6.97¢ 3.58...4.58° 3.58...6.63

* This work with nine-atom «-quartz supercell with full range of possible

environments.

® This work with nine-atom «-quartz supercell with O, environment.

¢ Averaged 108-atom amorphous quartz result from [23] with O, environment.
4 36-atom a-quartz supercell result from [20] with O, environment.

¢ 15---51 atom cluster result from [22] as vary embedding method.

f 15-atom cluster result from [22] as vary basis set.

3
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Table 3. Xe defect formation energies in nine-atom «-quartz cell.

Efom (€V) Final volume
(A (%w.rt.

Defect Unrelaxed Relaxed GGA bulk)
Xe@Vg; 0 GPa 29.63---40.25 3.93---14.55 169.60 (+43%)
Xe@Vy 0GP  40.67---4598 2.31---7.62 13548 (+14.9%)
Xe@Iy 0 GPa 21.68 6.27 127.11 (+7.8%)
Xe@Iy, 0 GPa 22.38 6.27 127.47 (+8.2%)
Xe@Vs; 2GP  30.14---40.52 4.16.. 14.54  132.36 (+20.4%)
Xe@Vo2GP 42.50---47.69 2.66---7.86 132.26 (+20.3%)
Xe@Ir 2 GPa 22.84 6.41 124.57 (+13.3%)
Xe@I,, 2 GPa 30.18 6.39 124.95 (+13.6%)

formation energy, it has a proportionally larger effect on the
volume change. This initial survey also suggested that Xe at
the interstitial sites was comparable in formation energy to the
vacancy sites and should be considered in more detail. Whilst
this defect concentration might seem to be artificially high, it
is actually comparable to the initial Xe loading in Sanloup et al
of 30—40 atomic weight % (wt%) at 1500 K, which they indeed
found to be unstable.

3. Results

3.1. Energetics

Whilst the preliminary study used the same Xe defect density
as the initial loading of Sanloup et al, they reported that an
initial Xe loading of 30—40 wt% relaxed to a final concentration
of 2.2 wt% at room temperature and pressure. Taking the
mass of a conventional three (SiO,) unit cell as 180 amu and
the mass of Xe as 132 amu, this final loading corresponds
to an interstitial defect concentration of one Xe atom in 33.3
unit cells. Therefore the defect formation energy in a larger
3 x 3 x 3 supercell was investigated, corresponding to an
actual interstitial defect density of 2.7 wt%. Considering Xe
at a vacancy rather than an interstitial site changes the defect
density by less than 0.02 wt% for this large size supercell.
The symmetric 3 x 3 x 3 supercell was chosen to minimize
finite-size shape effects. The corresponding defect formation
energies will therefore be at approximately the correct density
for the experimental situation, and there is no need for a finite-
size scaling to establish the dilute limit. Note that, in some
substitutional sites, the defect formation energy is higher than
the results of table 3 for the smaller cell—this is presumably
due to the gross lattice distortions coupling together in the
smaller cells, whereas this much larger cell is closer to the
dilute limit. As found for the smaller cell, the Xe@I,, defect
once again relaxed to the same structure as Xe@Iy, which
confirms our basic hypothesis that there is only one unique
relaxed interstitial site, Xe@I. All the calculated Xe defect
formation energies for this larger supercell are given in table 4.

The first result of interest is that for the vacancy formation
energies. Whilst previous works had only considered the
exchange of O atoms with an O,-rich environment (appropriate
for a-quartz at the surface of the Earth), in this work the full
range of chemical potentials is considered. This shows that
there is a considerable reduction in the Vo formation energy for

Table 4. Xe defect formation energy in 3 x 3 x 3 a-quartz
supercell. Volume changes are relative to the calculated volume of
the 3 x 3 x 3 supercell without Xe using the same computational
parameters and pressure.

Final volume

Etom (€V) Final volume (%ow.r.t.
(fully (Yow.r.t. GGA

Defect relaxed) GGA bulk) vacancy)

Vs; 0 GPa 4.18---14.80 —1.34%
4.18%

Vo 0 GPa 1.24---6.55 —0.54%
6.55%

Xe@Vs; 0GPa 6.01---16.63 —0.18% +1.18%
1.83°

Xe@VoO0GPa 648---11.79 +0.19% 4+0.73%
5.24°

Xe@Ir 0GPa 5.24 —0.74%

Xe@I,; 0GPa 5.24 —0.64%

Vs; 2 GPa 4.49...14.87 +0.36%
4.49*

Vo 2 GPa 1.07---6.26 —0.20%
6.26%

Xe@Vs; 2GPa 6.55---16.93 +40.42% +0.06%
2.06°

Xe@Vp2GP 694.--12.13 +1.87% +2.08%
5.87°

Xe@Ir 2GPa 5.29 +1.70%

Xe@I,; 2 GPa 5.29 +1.53%

# Formation energy w.r.t. O, reservoir.
b Formation energy w.r.t. pre-formed vacancy.

an SiO,-rich environment, such as would be found within the
interior of the Earth. This would greatly increase the density of
Vo available.

It should be noted that the experiments of Sanloup et al
[10] were performed on «-quartz at a range of different
temperatures and pressures, from 300 to 2300 K and from 0.5
to 6 GPa. The standard ab initio formation energy method
used above is for zero temperature. It is well known that o-
quartz undergoes a phase transition to coesite above 2 GPa
and so the studies in this paper were restricted to Xe in o-
quartz at both P = 0 and 2 GPa. It would be interesting
to extend these studies to finite temperature and to consider
a range of other SiO, polymorphs, such as amorphous quartz,
coesite and stishovite, as all are expected to be found within
the mantle region. It has also been recently shown that, even
at zero temperature, there is a high pressure amorphization of
a-quartz [24]. The study of Richard et al [23] showed that
there was an effect of different local atomic structures, and that
the averaged Vg; formation energy in a 108-atom amorphous
structure (for an O,-rich environment) was 4.78 eV. In this
work, the corresponding Vg; formation energy in a 242-atom
a-quartz structure is 4.18 eV. This small difference could be
due to the effects of crystalline versus amorphous structure,
and/or to the effect of supercell size. Nevertheless, this level
of agreement is encouraging and suggests that the results
obtained here for a-quartz will also be relevant to other SiO,
polymorphs and amorphous structures at comparable densities.

It is also interesting to note the effect of pressure on
the vacancy formation energies. In the case of an SiO,-rich
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Figure 2. Local structure of the relaxed Vg; defect from the
3 x 3 x 3 supercell at 0 GPa.

environment, it is apparent that increasing the pressure from
P = 0 to 2 GPa has a small effect in increasing the formation
energy of Vg; and a bigger effect on reducing the formation
energy of Vo. However, it is likely that going to even higher
pressures will have a diminishing effect on the Vo formation
as the volume change does work against the external pressure.
Hence it is unclear what will happen in high pressure phases,
such as stishovite.

The Xe defect results show that, at both P = 0 and
2 GPa, there are no sites for which Xe is stable at T = 0
as the defect formation energy is at least 5.2 eV. However, it
is possible that the defect at either of the vacancy sites could
be formed as a two-stage process. If there were pre-existing
vacancies (either Vg; or V) then the additional energy required
to form a Xe defect is considerably reduced. This is shown in
the rightmost columns of table 4. In this scenario, the lowest
additional energy barrier (Vg; site) is now only 1.83 eV. This
is therefore still unstable at T=0 but could be easily stabilized
under the experimental temperatures of Sanloup et al (500 K
and above) and in the Earth’s interior. There is no two-step
process available for the interstitial sites (hereafter collectively
referred to as Xe@]).

There is also a small effect of pressure, with higher
pressures causing a slight increase in the formation barrier—
this is probably due to the large volume change in the non-
defective cell going from P = 0 to 2 GPa, which means that
the high pressure structure has considerably less free volume
to accommodate the Xe defect, and hence there is a larger
formation energy barrier.

Considering the total energy barriers, it would seem
that the interstitial defects Xe@I are most likely, but if
there are pre-existing vacancies, the Xe@Vy; defect has the
lowest additional barrier. However, the energetics of vacancy
formation are such that, at finite temperatures, there is likely to
be a much higher density of Vg sites. Sanloup et al also report
an approximate 2% volume expansion at P = 2 GPa upon
Xe absorption. This is consistent with the calculated volume
expansion for Xe@Vg and to a lesser extent with Xe@I, but
for Xe@Vg; the calculated expansion is much smaller. Hence
it is likely that, in the non-ideal crystals and amorphous phases
found at high temperature and pressure in the Earth’s interior,
all three sites will be occupied with varying probability.

Table 5. Local structure of Vg;.

P 01-02 03-04 01-03 02-04 01-02-04-03
(GPa) (A) A) A) A) (deg)

0 1.481 1.479 2816  2.781 38.2°

2 1.473 1.474 28890  2.534 438

Table 6. Local electronic structure of Vg;.

™ g™ ™ g™ LUMO
P (GPa) (o1 (02) (03) (04) (eV)
0 —0.62 —0.61 —0.62 —0.61 3.723
2 —0.62 —0.60 —0.62 —0.60 3.876

3.2. Defect structures

3.2.1. Silicon vacancy. The local structure of the relaxed Vg;
in the absence of Xe is described by the four neighbouring O
atoms as shown in figure 2. The detailed structure is given in
table 5. Note that the relaxed O, dimer bond length in an 8 A
cubic cell using the same DFT parameters is 1.230 A (which is
+1.6% w.r.t. experiment)—hence it can be seen that the O1-
02 and 0O3-04 bonds are slightly longer and therefore weaker,
as expected due to the residual bonding with their neighbouring
Si atoms. A Mulliken population analysis [19] of the charge
density is also performed. Whilst non-defective «-quartz has
a Mulliken charge on every O atom of ¢M(0) = —1.2 and
gM(Si) = +2.4 on every Si atom and a DFT-GGA bandgap
of 6.8 eV, this is not the case for atoms in the vicinity of a
defect. The local electronic structure is detailed in table 6 at
both P = 0 and 2 GPa. This shows that there is a charge
deficiency of 0.59e on each of the four O atoms around the
vacancy, which almost exactly cancels the missing Mulliken
charge on the missing Si atom and so there is no long-range
charge redistribution. That the electronic structure of this
defect is localized can be seen in the 3D isosurface plot of the
HOMO and LUMO at P = 0 GPa, as shown in figure 3.

The DFT-GGA electronic density of states (DOS) for a
pure a-quartz system and also for each of the five defects
considered is shown in figure 4. The comparison of DOS
for pure and Vg; shows that the vacancy results in a number
of extra (localized) defect states inserted into the bandgap at
approximately Er + 3.7 eV and Er + 5.3 eV and a small
shoulder in the DOS at Eg. The states at Er + 6.0 eV
correspond to a small shift of the equivalent states in the pure
system and hence are band-like (delocalized) states.

3.2.2. Oxygen vacancy. The local structure of the relaxed Vo
in the absence of Xe is described by the two neighbouring Si
atoms as shown in figure 5. The detailed structure is given in
table 7 along with the results of the Mulliken charge analysis.
In a non-defective «-quartz crystal the Si—Si distance is
3.084 A—hence there is a considerable local relaxation around
this defect. This correlates with the previous observations of a
long-ranged lattice deformation out to at least 12 A from the
Vo site [22] and the corresponding difficulty in converging the
properties of an isolated Vo with supercell size. In this study,
the minimum V¢ separation is 14.9 A and so the deformation
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—\ /N e \ ., N\ P =0GPaas shown in figure 6 shows that, whilst the HOMO

Figure 3. 3D isosurface plot at p = 0.02 of (a) HOMO and
(b) LUMO for Vg; from the 3 x 3 x 3 supercell at 0 GPa.

pattern will only be probed out to 7.45 A due to periodic
boundary conditions. However, the aim of this work is to study
defects at the experimental concentration of Sanloup et al, not
to study isolated defects, and so the results presented here are
still relevant.

is localized, the LUMO is now delocalized and has a much
reduced volume (hence the need to reduce the isosurface value
in this figure). This can be understood from the DOS plots of
figure 4 where there is no clear picture of extra states in the gap
and the LUMO corresponds to the conduction band minima of
the pure system.

3.2.3. Xenon at silicon vacancy. If the a-quartz has pre-
existing defects such as Vg;, then there is only a small
additional energy barrier to absorbing a Xe atom, as detailed

100 100
B pure In Xe@]
= L 4
> | i i
(5
S~
£ o : 0
8 -10 0 10 - 0 10
£ 100 : 100 :
s}
— - . - . -
L VSi Xe@VSi
7]
O g 4
2
<
~— L 4 u
z A
G
o 0 /\ 1 Il O pall
> -10 0 10 -10 0 10
£ 100 ‘ 100 ‘
72}
8 r VO b Xe@VO T
(3
A
/v//\ A /\/\\/\ !
q10 0 10 910 0 10
Energy (eV) Energy (eV)
Figure 4. Electronic DOS for pure a-quartz and the various defect states considered.
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Table 8. Local structure of Xe@ Vy;.

P Xe-01 Xe-02 Xe-03 Xe-04 01-Xe-02 02-Xe-03 04-Xe-01-02  04-Xe-03-02
(GPa)  (A) &) A) A) (deg) (deg) (deg) (deg)
0 2.338 2.002 2281 1.997 89.5 90.6 179.2 179.2
2 2.295 1.994 2251 1.996 86.6 89.2 176.4 177.2
(a) N / \ N\ ) \ ~
~ /7 ~
(> (o)
T (e (O
- @,
~ (’ e
/’

[ 4
o
ps

Bﬁﬁ\f

4 a

Figure 6. 3D isosurface plot of (a) HOMO at p = 0.02 and (b)
LUMO at p = 0.0005 for Vo from the 3 x 3 x 3 supercell at 0 GPa.

earlier. The local structure of the Xe@Vy; defect at P = 0 GPa
is shown in figure 7.

Note that, while the initial unrelaxed structure was
tetrahedral, the relaxed structure has two long and two short
Xe—O bonds. The detailed geometry for the relaxed structure
at both P = 0 and 2 GPa is given in table 8. This is an unusual
conformation, and is clearly more planar than tetrahedral and
must be stabilized by the surrounding environment. Indeed,
when an isolated XeO, molecule is relaxed starting from this
initial structure using the same DFT parameters, Ol and O3
are close enough to trigger the dissociation into O, + XeO,
with Xe—-O bond length 1.882 A and O-Xe-O angle 123.2°.
However, further investigation showed that a pure planar XeO4
structure is also possible as a gas phase molecule with an Xe—
O bond of 1.898 A and O-Xe—O angles of 90°. This structure
is 1.43 eV higher in energy than the pure tetrahedral structure
and is metastable as a gas phase molecular conformer.

The local electronic structure of the Xe@Vy; defect is
detailed in table 9 along with the position of the LUMO, at
both P = 0 and 2 GPa. The localized nature of the defect
states is again visible in the 3D isosurface plot of the HOMO
and LUMO at P = 0 GPa as shown in figure 8. Comparison of

Y,

) /

Figure 7. Local structure of the relaxed Xe @ Vy; defect from the
3 x 3 x 3 supercell at 0 GPa.

Table 9. Local electronic structure of Xe@ V;.

M qM M M M LUMO
P (Xe) (01 (02) (03) (04) (eV)
0GPa +1.80 —-096 —1.0 -096 -1.0 0.672
2GPa +1.82 —-097 —1.0 -097 -1.0 0.810

the DOS for Xe@Vy; and Vg; in figure 4 shows the creation
of an additional (localized) defect state in the bandgap at
approximately Er + 0.7 eV, and changed weights for the other
localized defect states coming from Vg;. Whilst it is tempting
from the DOS to associate the new state at Eg + 0.7 eV with a
small shift in the localized state that was previously visible as
a small shoulder in the DOS at Ef for the Vg; system, this is
probably not valid as there has been significant local structural
relaxation due to the Xe atom.

3.2.4. Xenon at oxygen vacancy. Itis expected that there will
be a higher density of Vg sites than Vg; sites and hence even
though the two-stage energetics would favour the formation
of Xe@Vyg; there should still be an appreciable amount of
Xe@Vg present. The local relaxed structure of this defect at
P = 0 GPa is shown in figure 9. The detailed structure at both
P =0 and 2 GPa is given in table 10.

As before, a Mulliken population analysis was performed
at both pressures and the electronic DOS calculated; the results
are summarized in table 11. A 3D isosurface plot of the HOMO
and LUMO at P = 0 GPa (as shown in figure 10) again shows
the localized nature of the defect states. However, the DOS
plots in figure 4 show that this time there has been a significant
shift in the Fermi level as the bulk states are now shifted to
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Table 10. Local structure of Xe@Vy,.

P Sil-Xe  Si2-Xe = Ol-Xe 02-Xe 03-Xe Si-Xe-Si2  Xe-01-Si2  Xe-02-Si2  Xe-03-Si3
(GPa) (&) A) A A) A (deg) (deg) (deg) (deg)
0 2.484 3.338 2.999 3.015 2714 122.6 85.9 85.6 94.6
2 2.482 3.333 2.945 2.986 2.735 124.3 86.1 88.1 94.0
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Figure 8. 3D isosurface plot at p = 0.02 of (a) HOMO and (b)
LUMO for Xe@Vyg; from the 3 x 3 x 3 supercell at 0 GPa.

below Er — 3.0 eV and the Fermi level is now positioned
in a localized defect state. This significantly changes the
electronic properties of this defect state. Finally, the LUMO is
at Ep+ 2.2 eV and is clearly distinct from the bulk conduction
bands which start at £ + 3.0 eV.

3.2.5. Xenon at the interstitial site. If the Xe absorption is
a single-step process, then the interstitial site, Xe@]I, has the
lowest formation cost. The structure of this defect is shown in
figure 11 and detailed in table 12. As for the other defects, a
Mulliken population analysis was also performed, along with
an electronic DOS—these results are summarized in table 13.
A 3D isosurface plot of the HOMO and LUMO at P = 0 GPa
is shown in figure 12. Note that, whilst the HOMO is still
localized, the LUMO is now delocalized as in the case of the
Vo defect (hence the need to reduce the isosurface value in
this figure). This can be understood from the DOS plots in
figure 4 which show little weight of extra states in the bandgap

Figure 9. Local structure of the relaxed Xe@V defect from the
3 x 3 x 3 supercell at 0 GPa.

and hence the LUMO corresponds to a delocalized bulk-like
state. A detailed comparison of the DOS and integrated DOS
for Xe@I and pure «-quartz shows that the additional states
from the Xe atom have principally gone into the valence band
from Er — 4.0 eV to Eg. Indeed, there is a hint of this in the
appearance of a small shoulder in the DOS at Ef seen in both
Xe@I] and Xe@Vs;. The absence of this shoulder in Xe@Vg
is probably therefore the mechanism for the first defect state in
Xe@V appearing at a higher energy and therefore shifting Er
in that system onto the localized states.

4. Conclusion

It has recently been suggested [2] that a significant amount
of Xe can be absorbed in «-quartz and that this might be a
significant process in the recycling of Xe from the atmosphere
to the interior of the Earth. Ab initio calculations of Xe
absorption in «-quartz have been presented, and analysed in
terms of the local atomic and electronic structure. Three
distinct candidate sites for the Xe atom were found to be
mechanically stable upon lattice relaxation: substitutional
at the silicon vacancy (Xe@Vs;) or the oxygen vacancy
(Xe@Vy) and at an interstitial site (Xe@I). The energetics and
electronic properties of these defect structures are analysed and
itis shown that there is an energy barrier to the absorption at all
sites at T = 0. If the Xe absorption is a single-stage process
in a perfect crystal then the lowest formation energy barrier
(at both P = 0 and 2 GPa) is at the interstitial site. If it is
a two-stage process (as possible for both the vacancy sites if
the vacancies were already present as intrinsic point defects)
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Table 11. Local electronic structure of Xe@ V.

P (GPa) g™ (Xe) g™ (Sil) g™ (Si2) g™ (01) g™ (02) g™ (03) LUMO (eV)
0 +0.55 +2.12 +1.12 —1.16 —1.17 —1.16 2.220
2 +0.56 +2.11 +1.14 —1.16 —1.18 —1.16 2.336
Table 12. Local structure of Xe@]I.
P 0O1-Sil 02-Sil Sil-Xe Si2—Xe 03-Si2 04-Si2 01-Si1-02 03-Si2-04 Sil=Xe-Si2
(GPa)  (A) A) A) A) A) A) (deg) (deg) (deg)
0 1.625 1.626 2.937 2.945 1.623 1.626 121.5 121.7 148.9
2 1.614 1.616 2.983 2.985 1.613 1.615 120.3 120.4 147.4
Table 13. Local electronic structure of Xe@I.
P (GPa) g™ (Xe) g™ (Sil) g™ (Si2) g™ (01) g™ (02) g™ (03) g™ (04) LUMO (eV)
0 +0.39 +2.27 +2.28 —1.16 —1.17 —1.16 —1.17 5412
2 +0.39 +2.28 +2.28 —1.17 —1.17 —1.17 —1.17 5.575
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Figure 10. 3D isosurface plot at p = 0.02 of (a) HOMO and (b)
LUMO for Xe@Vg from the 3 x 3 x 3 supercell at 0 GPa.

then the subsequent barrier is much lower and Xe@ Vy; has the
lowest formation energy. However, the silicon vacancy has a
considerably higher formation energy than the oxygen vacancy

in a quartz-rich environment, as found inside the Earth, and
hence it should be expected that there will be a much higher
density of oxygen vacancies available for Xe absorption. A
comparison to the work of Richard et al [23] on vacancies in
amorphous SiO, structures shows that the results here should
be transferable to a wide range of similar SiO, structures.
Hence in a realistic, defective sample of «-quartz or other
similar SiO, polymorphs at high temperature and pressure it is
to be expected that all three candidate sites should be occupied.
In this paper, the structure and electronic properties of these
three distinct defect sites in e-quartz have been studied. As the
electronic properties of these sites have been shown to be quite
distinct, it is possible that these different possibilities could be
tested using EPR or some other local electronic spectroscopy.
This work therefore confirms the basic tenet of [2]:
a-quartz can absorb a high wt% of Xe under Earth core
conditions (high temperature and pressure), but there are three
possible candidate sites, not just the one previously suggested.
This offers an interesting possible answer to the question of
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Figure 12. 3D isosurface plot of (a) HOMO at p = 0.02 and (b)
LUMO at p = 0.0008 for Xe@I from the 3 x 3 x 3 supercell at
0 GPa.

e

‘where has all the missing Xe gone?” This work also shows
that none of these defects are stable at 7 = 0, which therefore
explains the degassing of Xe from magma at the surface of the
Earth as seen in [8].
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