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Several native point defects including vacancies, interstitials, and their complexes were studied in high-
pressure polymorphs of silica (stishovite, CaCl,, a-PbO,, and pyrite types) up to 200 GPa within density-
functional theory. The formation enthalpies of the individual defects strongly depend on atomic chemical
potentials and the Fermi level. Their values were shown to increase by a factor of 2 over the entire pressure
range studied with large differences in some cases between different phases. The Schottky defects are ener-
getically most favorable at zero pressure whereas O-Frenkel pairs become systematically more favorable at
pressures higher than 20 GPa. The activation enthalpies of ionic migrations obtained by the nudged-elastic-
band method suggest that the interstitial mechanisms are favored over the vacancy hoping mechanisms. The
geometric and electronic structures of defects and migrating ions vary largely among different types of defects.
In particular, the O defects introduce localized electronic states. These structures remain qualitatively un-

changed with compression showing similar trends among different polymorphs.
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I. INTRODUCTION

Silica is one of the most widely studied materials due to
its great technological and geological importance. Theoreti-
cal and experimental studies have shown that silica under-
goes a series of pressure-induced structural transformations
thereby adopting six polymorphs, namely, o quartz, coesite,
stishovite, CaCl, type, a-PbO, type, and pyrite type over the
pressure regime of a couple of hundreds of gigapascals.
These transformations are expected or shown to influence a
wide range of physical properties of silica including widely
studied structure, thermodynamics, and elasticity [e.g., Refs.
1-3]. However, our knowledge about point defects in silica is
still limited. Point defects related to silicon and oxygen va-
cancies and interstitials in « quartz have been previously
studied extensively.*"'® However, such studies are still lack-
ing for the high-pressure phases. In particular, some funda-
mental questions are yet to be answered: how do the proper-
ties of point defects vary with pressure in the case of silica?
What are the effects of the phase transformations on energet-
ics, geometric, and electronic structures associated with point
defects and ion migration? The answers to these questions
are critical to our understanding of rheological properties of
solid materials under compression. Point defects are respon-
sible for mediating self-diffusion. Minerals in mantle rocks
are known to deform by a diffusional creep mechanism'!-
and the creep rate is controlled by the slowest moving ionic
species.'? Tonic diffusion also controls electrical conductivity
in minerals.'* Information about dominant defects and their
migrations in silica, being an important component of Earth’s
crust and mantle, is expected to be useful in modeling of
rtheology and conductivity of Earth’s interior.!>!4

An accurate computational study of defects demands first-
principles simulations with relatively large supercells, which
have become feasible in recent years (e.g., Refs. 15-18).
These simulations make no assumptions to the nature of
bonding or the shape of the charge density and are thus in
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principles equally applicable in the study of a wide variety of
properties including defects, which are likely to be deter-
mined by local bonding. In this paper, we report first-
principles investigations of various point defects and their
migration in silica considering four polymorphs, stishovite (0
and 50 GPa), CaCl,-type (80 GPa), a-PbO,-type (150 GPa),
and finally pyrite-type (200 GPa). Individual defects (vacan-
cies and interstitials) in the neutral and charge states were
calculated to study their dependence on atomic and elec-
tronic chemical potentials. We also study charge-balanced
stoichiometry-preserving defects (Schottky triplets and Fren-
kel pairs), which have well-defined energies. For instance,
the Schottky defects require simulations of ionic vacancies
with charge states of 4— and 2+ on cationic (Si) and anionic
(O) sites, respectively. We present and discuss the results for
the enthalpies and volumes of defect formation and ionic
migration, and also analyze the defect-induced atomic and
electronic structures. By studying four polymorphs, we ex-
pect to provide important insight into how the defect prop-
erties vary with pressure and across the structural transfor-
mations in silica.

II. METHODOLOGY

Our calculations are based on density-functional theory
within the local-density approximation (LDA) as imple-
mented in QUANTUM-ESPRESSO code.!” The supercells consist
of 72 atoms for stishovite and CaCl,-type, and 96 atoms for
a-PbO,- and pyrite-type phases. The pseudopotentials for Si
and O, and the plane-wave cutoff of 70 Ry are the same as
those were used in our previous studies.!” The Brillouin zone
was sampled with 2 X 2 X 2 Monkhorst-Pack mesh.?’ The re-
sults were well converged with respect to the system size,
plane-wave cutoff, k-point sampling, and the choice of the
exchange-correlation function. For instance, the Schottky de-
fect formation enthalpies differ by less than 0.2 eV between
different supercell sizes used. Similarly, the differences be-
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tween LDA and GGA (Ref. 21) are within 0.5 eV even for «
quartz.’

In the past, first-principles calculations of defects were
mostly performed at the ambient pressure. How these calcu-
lations should be performed at a finite pressure is not well
documented in the literature. So we feel that it is useful to
describe the method in some details. We start with the case
of a single defect in an elemental system assuming that the
defect is a vacancy in the neutral state. The formation en-
thalpy of this vacancy defect at a pressure P is defined as®?

Hy(P) = E{P) + PQAP), (1)

where E; and (), are the defect formation energy and vol-
ume, respectively. We can express these quantities in terms
of the system internal energy and volume,

E{P)=E(N-1,P) - ]%IE(N,P)

=E(N—1,P)—E(N,P)+E(L’P), (2)
Q(P)=V(N-1,P) - NT_IV(N,P)
=V(N—1,P)—V(N,P)+M. 3)

Here, E(N,P) and V(N,P) are the internal energy and vol-
ume, respectively, of a perfect crystal containing N lattice
sites at pressure P whereas E(N—1,P) and V(N-1,P) are
the corresponding quantities of a defective system containing
one vacancy site (i.e., one atom missing) at the same pres-
sure. The expression for Hy can be rewritten as

Hf(P)=E(N— 1,P) — E(N,P) + PAV + u(P), (4)
where
AV=V(N-1,P)-V(N,P) (5)

is the volume difference between the defective and prefect
supercells, and

_ E(N,P) + PV(N,P) a H(N,P)

u(P) N N

(6)
is the atomic chemical potential that represents the enthalpy
of the reservoir with which the atoms are exchanged when
assembling the crystal in question. Thus, the value of w
which simply defines the reference state of the atom is a
well-defined quantity, i.e., the enthalpy of the crystal per
atom.

In the constant-volume approach used in this work, AV
=0 so that the defect formation enthalpy is given by

H{P)=EN-1,V) - E(N,V) + u(P), (7)

here w still represents the enthalpy of the reservoir at pres-
sure P corresponding to the perfect system volume V at
which the defect calculation is performed. Thus, we need to
calculate the relaxed total energy, E(N,V), of perfect super-
cell and that, E(N—1,V), of the defective supercell with one
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atom missing. In the constant-volume approach [e.g., Refs.
15, 17, and 23], the perfect crystal is first fully optimized
with respect to its internal and cell parameters as a function
of pressure. Defect calculations are then performed by keep-
ing the volume fixed, i.e., the cell parameters of the defect-
containing supercell are not allowed to relax but ionic posi-
tions are fully relaxed. Due to the finite-size supercell used,
the defect concentration of the simulated system turns out to
be relatively high, i.e., the system corresponds to an ordered
array of defects at a high concentration. For example, one
vacancy defect in a 72 atom system corresponds to a concen-
tration of ~1.4%. However, our calculations are meant for a
single defect in an infinite system for which the lattice con-
stants should correspond to those that are optimized for the
bulk of unit cell. The constant-volume method used here
avoids any spurious elastic interactions with defects in the
neighboring supercells, which otherwise result in a large vol-
ume change. A review by Nieminen?* has discussed various
issues with the supercell method for defect calculations. On
the other hand, a constant pressure approach would in fact
correspond to finding the lattice parameters (and volume) of
the system containing an ordered array of defects at a high
concentration.”?? It can be shown that the constant pressure
method with appropriate PAV term reproduces the results
from the constant-volume simulations.'”

Now, we define the formation enthalpy of a defect D of a
charge state g in a compound system (e.g., Refs. 24-26) as

Hf(Dq’P) = Etot(Dq) - Eltjaezrf'i- l’lX,LLX(P) +qpm.— AEDD(('I’P) .
(8)

Here, the first and second terms are, respectively, E(N
—1,V) and E(N,V). ux(P) is the atomic chemical potential
(i.e., the reference state) of the removed/added atom (ug; for
Si atom or ug for O atom in the case of silica) at pressure P.
The value of ny is 1 for a vacancy defect (i.e., an atom is
removed from the crystal) and —1 for an interstitial defect
(i.e., an atom is added to the crystal). Unlike a monoatomic
(i.e., elemental) system discussed earlier, the individual
atomic chemical potentials for a compound are not known
exactly. Only the chemical potential of the SiO, unit is well
defined, which is simply the enthalpy of the bulk compound
per formula unit, i.e., Msio,= Msi+2o. The single atom en-
ergies depend on the interactions of crystal and its environ-
ment. For instance, in the O-rich condition, O atoms may be
removed from the crystal and added to the reservoir. The
energy of O atoms in the reservoir is constant and in thermal
equilibrium with the crystal. The O energy now determines
the Si energy since these two energies also determine the
total energy of the bulk silica. Thus, the individual chemical
potentials (ug; and ug) vary between the Si-rich and O-rich
limits, which are determined by the chemical potentials of
stable bulk Si phase and bulk (or molecular at zero pressure)
O phase, denoted as uf, and uS. If AH=(uS+2ud) — Msio, 18
the heat of formation then the two types of atomic potentials
are related as, ,u,Si=,uSBi—)\AH and ,u,0=,u,g—(1 -N)AH/2,
where N\ varies between 0 and 1. Thus, the Si-rich limit (\
=0) corresponds to the upper limit of ug;= ,LLSBi and also to the
lower limit of Mo=(#Sioz—Ml§1)/2~ Similarly, the O-rich limit
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(A=1) corresponds to the upper limit of ,u,oz,ug and also to
the lower limit of ug= ,LLSiOZ—Z,LLg. The enthalpies of the
respective Si, O, and silica phases as a function of pressure
were used to determine ,uSBi, ,u,g, and Msi0,; respectively, at
each pressure.

The defect formation enthalpy for a charged defect also
depends on the Fermi level, which was used here as the
chemical potential (u,) of electrons. If ¢>0(¢<0), |q| elec-
trons are transferred from (to) an electron reservoir. The
Fermi level is measured relative to the valence-band maxi-
mum (VBM) for the bulk material. The energy of the top of
the valence band in a defective cell is different from that in a
perfect supercell because of the finite-size supercell used un-
der periodic boundary conditions. Therefore, it is necessary
to line up the VBM between the perfect and defective super-
cells. We overcome this problem by including the defect-
defect correction term given by?"?® AE;;(q,P)=
—aq?/2eL=—a*q*/ e, where a is the appropriately defined
Madelung constant for the supercell of the length L. We use
the direct Ewald sum method to compute the value of a* as
a function of P as in previous studies.'>!” The static values
of dielectric constant (g) taken from first-principles lattice
dynamics calculations of stishovite and CaCl, phase?® were
used and extrapolated for other phases.

As discussed above, the formation enthalpy of a charged
defect being dependent on the choice of the external reser-
voir and the Fermi level needs to be calculated as a function
of N and w,. There are situations that conserve the relative
number of charged defects and hence give well-defined en-
ergetics independent of the values of N\ and u,. They are the
charge-balanced  stoichiometry-preserving  defects  of
Schottky and Frenkel types, which can be unambiguously
defined since the Si and O atoms are not removed to infinity
from the solid. In the case of Schottky defects, the atoms
removed from crystal sites are used to create a formula unit
of the same phase on the surface whereas in the case of
Frenkel pairs, those atoms are placed at interstitial sites. Both
defect types are often considered among the most common
point defects in solid materials. We use the above defined
formation enthalpies for Si and O vacancies [Eq. (8)] to cal-
culate the Schottky triplet formation enthalpy (per defect) as
follows:

1
H}(P) = JTHAVS:, P) + 2HAVG', P)], 9)

which can be rewritten as

3H;§(P) = [Ezoz(vg;) - E; ] + Z[Etot(vé+) - Efzftrf] + MSiOz(P)

tot

—[AEpp(4 —,P) +2AEpp(2 +,P)]. (10)

Note that the second representation [Eq. (10)] contains the
enthalpy (chemical potential) of one formula (SiO,) unit,
which can be determined from the silica bulk calculation,
and only the charge dependent term is the defect-defect cor-
rection. Similarly, for a Frenkel pair, the formation enthalpy
per defect is
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H{(D".P) = %[Hf(vg(, P)+H{(X]",P)], (11)

which can be written as

2H[ (D9, P) = [E;o (V) = Eby/ "1+ [E o X]7) = Efyy]

tot tot
- AEpp(q,P) - AEpp(g—,P). (12)

The Frenkel pair formation enthalpy using Eq. (12) can be
also determined without the knowledge of the individual va-
cancy and interstitial formation enthalpies.

III. RESULTS AND DISCUSSION
A. Formation Enthalpies

We calculate the formation enthalpies of several defects
(vacancies and interstitials in different charge states) using
Eq. (8) as a function of the Fermi level and \ for four high-
pressure phases of silica (Fig. 1). As discussed below, the
defect formation enthalpies strongly depend on the electronic
chemical potential (u,—the Fermi level) and the atomic
chemical potentials (ug; and ug). We first discuss the results
for stishovite at 0 GPa (Fig. 1, top row) and then discuss how
they vary with pressure through structural phase transforma-
tions.

For each defect type (vacancy or interstitial), the energetic
favorability depends on the Fermi level. At zero pressure for
stishovite, the calculated band gap is 5.76 eV and the Fermi
level can change its position within the band gap. The ener-
getically most favorable charge state varies with w,, and the
Fermi level where the formation enthalpy for a charge state
equals to that for another charge state determines the defect
transition energy. Note that wu, is measured from the VBM.
For Si vacancies, the transition from 2— to 4— occurs at 1.1
eV from the VBM [dashed lines in Fig. 1(a), top] whereas for
O vacancies, two transitions occur; first from 2+ to 0 at 1.2
eV and then to 2— at 5.3 eV (dashed lines in Fig. 1(b), top).
The second transition energy is very close to the conduction-
band minimum (CBM). The Si-interstitial defect shows three
successive transitions; first 4+ to 2+ at 2.9 eV, then to 0 at
4.1 eV, and finally to 2— at 5.5 eV [solid lines Fig. 1(a), top].
On the other hand, the O interstitial defect is energetically
favorable in the 1+ state in a short energy range up to 0.2 eV
at which the neutral state (0) becomes the most favorable and
then finally beyond 3 eV the 2— state becomes the most
favorable [solid lines in Fig. 1(b), top]. The predicted defect
transition sequences and energies remain the same with re-
spect to the atomic chemical potentials; the lines showing the
defects of each type are shifted up or down relative to each
other between left (Si-rich limit) and right (O-rich limit) in
Fig. 1.

In the previous paragraph, we have identified the energeti-
cally most favorable charge states for each defect type (Si-
vacancies, Si-interstitials, O-vacancies, and O-interstitials).
When defects of all types are considered together, the ener-
getic favorability is also dependent on the values of atomic
chemical potentials (note that ug; and ug are interdependent
through \). This is because the formation enthalpies of de-
fects of different types are affected by different amounts de-
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FIG. 1. (Color online) Calculated formation enthalpies (Hy) of (a) Si and (b) O defects in silica as a function of electron chemical
potential. Vacancies (dashed lines) and interstitials (solid lines) are shown in the Si-rich (\=0) and O-rich (A=1) limits. The numbers
alongside the lines denote the charges associated with the defects. From the top to the bottom are stishovite (0 and 50 GPa), CaCl, phase (80
GPa), a-PbO, phase (150 GPa), and pyrite phase (200 GPa). The thin (red) lines represent the lowest energy vacancy (dashed lines) and

interstitial (solid lines) defects for O in (a) and Si in (b).

pending on the value of N\. Going from A=0 to A=1, the
Si-vacancy formation enthalpies are shifted down by 10.8 eV
whereas the Si-interstitial formation enthalpies are shifted up
by the same amount. Over the same range of A, the
O-vacancy and interstitial formation enthalpies show an op-
posite trend, i.e., their respective values are shifted upward
and downward by a half amount (5.4 ¢V). Among all the
defects studied, for A=0 (i.e., the Si-rich condition), the de-
fects having the lowest formation enthalpies are Si;Pr (for
=0 to 0.2 eV), V& (for u,=0.2 to 1.2 eV), V& (for u,
=1.2 to 3.6 eV) and Vg; (for u, above 3.6 eV) for the u,
values lying within the band gap. Note that the dominant
defects of other species are shown in Fig. 1 by thin lines.
When A=1 (i.e., the O-rich condition), Si-vacancies become
most favored with V& (for w,=0.0 to 1.2 eV) and Vg; (for w,
above 1.1 eV). Thus, it is the Si and O vacancies that are

likely the most dominant individual defects in stishovite at
the ambient pressure.

Our results show in most cases monotonic trends for the
pressure variations in individual defect formation enthalpies
with their values increasing as pressure increases up to 150
GPa (Fig. 1). This pressure range covers three phases, stisho-
vite (0 and 50 GPa), CaCl, type (80 GPa), and «@-PbO, type
(150 GPa). Moreover, the effects of pressure are more or less
uniform among the defects of a given type. The Si-vacancies
and interstitials show much larger pressure variations (by a
factor of 2) than the O vacancies and interstitials do. The
formation enthalpies of some defects (in particular, Si and O
vacancies) abruptly drop across the a-PbQO, to pyrite phase
transition. The predicted energetic favorability among de-
fects of a given type changes somewhat with pressure. For
instance, unlike a single Si-vacancy transition (from 2— to
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TABLE 1. Information about supercells used. The experimental data at the ambient conditions are from
Ref. 35. Also shown are the calculated band gaps, and the Fermi-level positions determined by the charge

neutrality condition at 2000 K.

Cell parameters (5\(})
P a, °b, c Band gap
(GPa) Phase (A) N (eV) Si-rich O-rich
0 Stishovite 8.328, 8.328, 8.019 72 5.76 2.89 0.88
Expt. 8.354, 8.354, 7.998
50 Stishovite 7.964, 7.964, 7.774 72 7.38 3.57 1.96
80 CaCl, 7.623, 7.976, 7.617 72 7.61 3.80 2.62
150 a-Pb0O, 7.338, 9.225, 8.239 96 8.60 4.29 3.24
200 Pyrite 8.001, 8.001, 8.001 96 9.72 4.75 3.14

4-) predicted for stishovite (at 0 and 50 GPa), two transi-
tions were found for CaCl, (80 GPa), a-PbO, (150 GPa) and
pyrite (200 GPa) phases. The neutral Si vacancy is favored
over the 2— and 4- states in the vicinity of the VBM (for
u,<~0.5 eV) for these phases. With increasing pressure,
the 2— to 4— transition systematically shifts away from the
VBM (occurring at 1.5, 2.2, 2.9, and 2.8 eV, respectively, at
50, 80, 150 and 200 GPa, compared to 1.1 eV at 0 GPa).
Also, the overall energetic favorability is sensitive to pres-
sure. In the Si-rich condition, as pressure increases, only VOO
and Vi, among four favorable defects at 0 GPa continue to
have the lowest energy depending on the value of the Fermi
level. On the other hand in the O-rich condition, at high
pressures the interstitial neutral O has the lowest energy in
the vicinity of the VBM whereas Si vacancies have the low-
est energies for u, values away from the VBM. Note that the
range of u, over which a given defect has the lowest energy
varies with pressure.

The negative formation enthalpies of the charged defects
are not feasible since the corresponding extreme values of
atomic and electron chemical potentials cannot be obtained
simultaneously by the charge neutrality requirements. The
charge neutrality equation represents a balance between the

1020

—_
(=]
[

—_
=
S

10°

Concentration (cm)

10°

100
Pressure (GPa)

150

concentrations of all charged defects through their influence
on the Fermi level (i.e., involving electron and hole concen-
trations),

2 apep—n+p=0. (13)
D

Here, cp=N exp[—H}) /kgT] represents the concentration of a
defect D (vacancy or interstitial) carrying the charge ¢,
which is proportional to the number (N) of sublattice sites
per unit volume. The electron concentration n and hole con-
centration p are approximated from the calculated density of
states using the Fermi-Dirac distributions. The Fermi level is
considered as a variable and its value at given temperature
(T) and external condition (\) is determined by the charged
neutrality [defined by Eq. (13)] between concentrations of
charged defects, electrons, and holes. Note that we have ne-
glected the vibrational entropy contributions and also as-
sumed that formation enthalpies are independent of tempera-
ture. The calculated Fermi energies (Table I) and three types
of concentrations (Fig. 2) for all silica polymorphs were cal-
culated at 2000 K. The choice of such a high temperature
represents the geophysically relevant temperatures of the
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FIG. 2. (Color online) Estimated defect concentrations of the Si (open symbols) and O defects (solid symbols) as a function of pressure
in the Si- (left) and O-rich (right) limits. The electron and hole concentrations are shown by thick and thin gray lines, respectively. The
vertical lines at 52.2, 102.3, and 197.6 GPa represent the calculated phase boundaries.
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FIG. 3. (Color online) Formation enthalpies (per defect) of the
Schottky triplet (gray line) and Frenkel pairs (lines with symbols) as
a function of pressure. For O defects (solid lines), the bottom
(black) line represents the neutral Frenkel defects. The middle (red)
line represents the O>*-Frenkel pair whereas the top (blue) line
represents the O”-Frenkel pair. Similarly, for Si defects (dashed
lines), the top (black) line represents the nuetral Frenkel pair
whereas the lower (red) line represents the Si**-Frenkel pair. The
SiO, pseduo-Schottky values derived for Mg,SiO, at zero pressure
(Ref. 15) and MgSiO; at high pressure (Ref. 17) are shown by
asterisks. Note that Schottky defects were calculated at more pres-
sures and up to 230 GPa.

Earth’s mantle (2000-3000 K). At zero pressure for stisho-
vite, the Fermi level is close to the mid band gap (u,
=2.89 eV) in the Si-rich limit and it is thus jointly deter-
mined by the defects carrying positive and negative charges
as well as holes and electrons. The major charged defects are
Ve, Vg, and V§ but the concentration of neutral oxygen
vacancies is the highest among all defects (Fig. 2, left). On
the other hand, in the O-rich limit, the major defects are
negatively charged Si vacancies and their concentrations
along with the hole concentration determine the Fermi level,
which is close to the VBM (u,=0.88 eV), (see Fig. 2, right).
The concentrations of electrons and other defects including
O defects and neutral defects are relatively low. The calcu-
lated position of the Fermi level changes with increasing
pressure (Table I). In the A=0 limit, the Fermi level remains
very close to the mid band gap. The neutral O defects con-
tinue to be dominant while the negatively charged O vacan-
cies become more abundant as pressure increases. When A
=1, the Fermi level moves away from VBM with increasing
pressure but still remaining in the lower half of the band gap.
Consistently, the concentrations of negatively charged de-
fects (i.e., Si vacancies) and holes remain relatively high on
compression.

Figure 3 shows the pressure variations of the calculated
formation enthalpies of the Schottky triplets [Egs. (9) and
(10)] and different types of Frenkel pairs [Eqgs. (11) and (12)]
in different polymorphs. The formation enthalpies of all
Frenkel defects increase with increasing pressure over the
entire pressure regime studied. However, the Schottky defect
formation enthalpy increases monotonically up to 150 GPa
and then drops abruptly across the a-PbO, to pyrite phase
transition by about 5 eV. Note that both Vg; and V3’ forma-
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tion enthalpies also drop across this transition. Since an over-
all trend is that the formation enthalpy in each case increases
with increasing pressure, the corresponding activation vol-
umes are positive. The values calculated by averaging over
the entire pressure range studied are around 3.5, 4.5, and
2.0 cm3/mol, respectively, for Schottky, Si-Frenkel and
O-Frenkel defects. Among the charge-balanced stoichio-
metric complexes of defects, the Schottky triplet and the
neutral O-Frenkel pair have the lowest enthalpies at 0 and 50
GPa, respectively, in stishovite. Neutral O-Frenkel defects
are energetically most favorable in other high-pressure
phases too. The formation enthalpies of these defect com-
plexes are, in general, higher than the formation enthalpies of
dominant individual defects (depending on the values of u,
and \). The concentrations of intrinsic defects of Schottky
and Frenkel types, which are formed in a homogenous way
in the close mode, are thus expected to be relatively low.
Assuming an average formation enthalpy of 10 eV at pres-
sures of the deep Earth’s mantle, the estimated concentra-
tions of the most favorable defects at 3000 K are in the order
of 10° defects per cm?®. Although direct contributions to the
electrical conductivity from ionic vacancies are too small,
these defects can serve as favorable sites for proton
incorporation® and can control the creep process.'!3

B. Migration enthalpies

The ion migration enthalpy was calculated using the
nudged-elastic-band method,?! which works by considering a
series of configurations (images) corresponding to a trajec-
tory of an ion migrating between two potential minima (cor-
responding two vacancy or interstitial sites). To find the
minimum-energy migration path, all configurations were
concurrently optimized to minimize their total energies by
constraining the ionic relaxations so as to reduce the total
force components that act in the directions perpendicular to
the hypertangent between the two neighboring configurations
until these force components become zero. We calculate the
migration enthalpies for Si and O ions for both the vacancy-
to-vacancy and interstitial-to-interstitial mechanisms (Fig. 4).
The vacancy and interstitial migration enthalpies at 0 GPa
are 4.45 and 0.92 eV, respectively, for Si** ions. The neutral
Si vacancy and interstitial migrations have similar values
(4.36 and 0.95 eV, respectively). The vacancy and interstitial
migration enthalpies are 0.81 and 0.34 eV, respectively, for
0% ions. Unlike the Si ions, the migration enthalpies for
neutral O vacancy and interstitial defects are much larger
(5.22 and 0.61 eV) than those for the charge state. Similar
comparisons hold at 200 GPa. Therefore, we calculate the
migration enthalpies of Si and O ions only in their charged
states as a function of pressure (Fig. 4). The calculated val-
ues correspond to the activation enthalpies in the extrinsic
diffusion regime in which defects are assumed to already be
present in the system. All migration enthalpies show the gen-
eral trend of increasing with pressure so the average activa-
tion volumes of Si and O diffusion are mostly positive expect
at very high pressures. In particular, the Si vacancy migration
enthalpy decreases at the CaCl, to a-PbO, phase transition
whereas other migration enthalpies drop abruptly at the
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FIG. 4. (Color online) Activation enthalpies of Si** (open sym-
bols) and O>~ (closed symbols) ions for the vacancy-to-vacancy
(dashed lines) and interstitial-to-interstitial (solid lines) migrations.
The experimental data measured in silicates at about 22 GPa are
shown for silicon (Ref. 33) and oxygen (Ref. 34) by upper and
lower asterisks, respectively.

a-PbO, to pyrite phase transition. Our results are comparable
with previous calculations'”3? and experimental®** data for
silicates at high pressure.

In a perfect crystal the defects can be created by two
ways. First, in a closed system, intrinsic defects are formed
in a homogenous way in the form of Schottky triplet and
Frenkel pairs. Second, in an open system, defects are formed
in a heterogeneous way through reactions with the external
environments. Diffusion may involve either the vacancy or
the interstitial or both mechanisms. The activation enthalpy
for self-diffusion of ion of type X (in the charge state ¢) is
determined by the sum of the formation and migration en-
thalpies of the corresponding defect. In the closed mode, the
diffusion activation enthalpy for vacancy mechanism involv-
ing the Schottky triplets is given by

HY(X%,P) = H}(P) + H),(X",P), (14)

where X is Si ion (¢=4+) or O ion (¢=2-). For the Frenkel
pairs, the activation enthalpies for vacancy and interstitial
mechanisms are, respectively, given by

Hy(X9,P) = H (X%, P) + H, (X%, P), (15)

H.(X9,P) = H{(X%,P) + H,,(X*,P). (16)

The activation enthalpies for Si diffusion at 0 GPa are 10.03
eV for vacancy migration from Schottky triplets, and 12.50
and 8.97 eV, respectively, for vacancy and interstitial migra-
tion from Frenkel pairs. Similarly, the activation enthalpies
for O diffusion are 6.39 eV for vacancy migration from
Schottky triplets, and 9.67 and 9.20 eV, respectively, for va-
cancy and interstitial migration from Frenkel pairs. But in
the open mode, the dominant mechanism depends on the
external environment. In the Si-rich condition, the activation
enthalpies for Si diffusion are 9.5 and 11.9 eV, respectively,
for vacancy and interstitial migration, and the corresponding
numbers are 5.8 and 11.85 eV for O diffusion. On the other
hand, in the O-rich condition the activation enthalpies for Si
diffusion are 5.5 and 15 eV, respectively, for vacancy and
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FIG. 5. (Color online) Lattice distortions due to Vgi" (upper row)
and V%; (lower row) defects for stishovite at 0 GPa, CaCl, phase at
80 GPa, a-PbO, phase at 150 GPa, and pyrite phase at 200 GPa
(from left to right). Blue and red spheres denote Si and O atoms,
respectively, whereas the black sphere at the center denotes the
defect site. The sphere size and line orientation encode atomic
displacements.

interstitial migration, and the corresponding numbers are 8.6
and 10.8 eV for O diffusion.

C. Structural distortions

To analyze lattice distortions around defects, atomic dis-
placement data of defective systems relative to the corre-
sponding perfect systems are visualized (see Fig. 5). Atoms
are shown as spheres whose size is proportional to the mag-
nitude of displacement and the orientation of lines originat-
ing from sphere surface indicates the direction of displace-
ment. Different phases show different patterns and degrees of
distortion. At zero pressure, the maximum displacements due
to Si and O vacancies are, respectively, 8% and 13% for
stishovite, and in high-pressure phases, most of the defect-
induced distortion is accommodated by the movement of the
nearest- and the next-nearest-neighbor atoms. In stishovite,
four out of six octahedral O atoms around Si vacancy site are
pushed away significantly and also the Si atoms that share
the octahedral edge with vacancy site see large displace-
ments. The distortion due to the O vacancy consists of large
displacements of three nearest-neighbor Si atoms as well as
their octahedral O atoms. Very similar structures (but with
much smaller atomic displacements) are shown by vacancies
in CaCl, phase. Defect-induced atomic structures in a-PbO,
and pyrite phases are quite different from those of stishovite.
For instance, the next-nearest Si neighbors of the Si vacancy
site move much more than the nearest O neighbors in both
phases. In pyrite-type phase, the next-nearest O neighbors of
the O vacancy site move more than the nearest Si neighbors;
16% of equilibrium bond lengths at 200 GPa. Atomic struc-
ture of a migrating ion represents to a great extent superpo-
sition of displacement patterns of two vacancy sites with the
ion placed at the saddle point between two sites. For ex-
ample, in stishovite two O atoms nearest to the migrating Si
ion are pushed away in a direction perpendicular to the mi-
gration direction by the largest amounts, and so are two Si
atoms nearest to the migrating O atom (Fig. 6). In both cases,
the displacement patterns on either side of the migrating ion
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FIG. 6. (Color online) Lattice distortions due to the migrating Si
(left) and O (right) ions for stishovite at 0 GPa. Blue and red
spheres denote Si and O atoms, respectively. The black sphere at the
center denotes the migrating ion and other black sphere represents
one of the vacancy sites whereas the vacancy site on the other side
of the ion is not shown.

positions resemble to a great extent the part (roughly one
half) of the structure of the corresponding vacancy defect.

D. Electronic structures

We study the electronic structures of defects by calculat-
ing the projected density of states (PDOS) and squared
eigenwave functions. First, for a perfect supercell of stisho-
vite at zero pressure, the lower and upper valence bands in
PDOS (Fig. 7, top) primarily represent the O 2s and O 2p
states, respectively, with minor contributions from Si states.
The contributions of Si 3s, 3p and 3d states are important,
respectively, at low-, mid- and high-energy regions of each

Perfect

PDOS

PDOS
PDOS

PDOS
PDOS

-25 20 -15  -10 -5 0 5 10 25 -20 -15  -10 -5 0 5 10
Energy (eV) Energy (eV)

FIG. 7. (Color online) Projected density of states of the perfect
and defective supercells of stishovite at 0 GPa. The 3s, 3p, and 3d
contributions from Si atoms and the 2s and 2p contributions from O
atoms are shown. The top of the valence band of each case is set
Zero.
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FIG. 8. (Color online) Squared eigenfunction of the defect level
at the gamma point of Brillouin zone for Vé*. The isosurfaces from
the left to the right are for high, mid, and small values of the
squared eigenfunctions. The blue (large) and red (small) spheres
denote Si and O atoms, respectively. The black sphere is the defect
site.

band. The predicted band gap of 5.76 eV is likely to be
underestimated significantly as generally expected. A very
similar value of 5.70 eV was previously calculated.?® The
conduction band toward its bottom comprises of hybridized
states with major contribution from the Si 3s state.

The PDOS shapes of the defective supercell containing
V‘S‘i_ differ considerably from those of the perfect crystal (Fig.
7, middle left). Both the valence bands tend to extend to
higher energy due to vacancy-induced distortion in potentials
seen by the neighboring atoms. For instance, the O 2s com-
ponent in the upper valence band shows two shoulder peaks
on high-energy side. The states spilling out from the VBM
represent acceptorlike shallow defect states. In the case of
V2+, the PDOS shapes of the valence bands are very similar
to those of perfect crystal but a defect band appears near the
mid band gap (Fig. 7, middle right). Note that the defect
band would correspond to a defect state in an infinite crystal
containing a single vacancy. It represents hybridization of
Si 3p and 3d, and O 2p orbitals. The state is above the Fermi
level (i.e., above the VBM) but it can serve as acceptorlike
shallow defect state. The integration of total DOS in this
energy region suggests that the defect state can accommodate
a pair of electrons. The localized character of the electrons,
which would be trapped in the vacancy, is confirmed by plot-
ting the squared eigenfunction of the defect level at gamma
point (Fig. 8). The squared eigenfunction shows two regions
of relatively large values near the vacancy site representing
most of the electron localization. Its values though small in
the regions away from the vacancy suggest that the corre-
sponding electron density tends to delocalize toward three
nearest Si atoms. However, the electronic structure does not
show a threefold symmetry, consistent with the atomic struc-
ture of the defect (Fig. 5). Note that these Si atoms share the
vacancy site as the polyhedral corner-sharing O atom. We
also study the electronic structure of the neutral oxygen va-
cancy. A defect state appears in the band gap and the state is
filled up with two electrons showing a strong localized char-
acter. Thus, V(Z; means the removal of an O atom along with
two electrons, which would otherwise occupy the mid gap
defect state and be localized in the vacancy site. The states
spill out from the CBM forming a bump and they comprise
of primarily Si3s and 3p states. The PDOS shapes are
strongly affected by the Si and O interstitials. For I‘S‘T, the
valence bands get widen and the conduction band extends
into the band gap with the appearance of well-defined peak
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at the CBM with dominance of 3s states (Fig. 7, bottom left).
On the other hand, the I3 defect introduces the states just
above the top of both the lower and upper valence bands
(Fig. 7, bottom right). The integration of the total DOS in the
corresponding energy regions gives two and four electrons
filling up these deep and shallow defect states, respectively.
Moreover, as in Vz‘;, these electrons show strong localized
character.

The effects of pressure on the calculated PDOS are sys-
tematic. The valence bands get widen and the gap between
them decreases with compression. However, the gap between
the valence and conduction bands increasingly opens with
compression. The PDOS shapes of all bands and relative
contributions from different states remain essentially unaf-
fected. For instance, the defect-induced state (band) for O
defects appear in the band gap or above the valence band at
all pressures (and in other polymorphs) with its position
somewhat shifted in one way or other.

IV. CONCLUSIONS

We have presented important results and discussion on
energetics, geometric, and electronic structures of a wide va-
riety of native point defects in the form of vacancies, inter-
stitials and their stoichiometric complexes in silica within
density-functional theory. Four polymorphs of silica, namely,
stishovite, CaCl,, a-PbO,, and pyrite types were simulated
in the pressure range of 0 to 200 GPa. The formation enthal-
pies of the isolated defects were shown to differ substantially
between the Si- and O-rich limits, for instance, the differ-
ences are as large as 10.8 and 5.4 eV, respectively, for Si and
O defects at zero pressure. For charged states, the enthalpies
also depend on the Fermi level, whose position itself is de-
termined by the charge neutrality between concentrations of
electrons, holes and charged defects at a given temperature.
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The defect complexes, in particular, the Schottky triplets and
various types of Frenkel pairs were studied. Unlike the indi-
vidual vacancies and interstitials, these complexes being in-
dependent of atomic chemical potentials and electron poten-
tial have well-defined energies. Our results show that the
formation enthalpies increase by a factor of 2 over the entire
pressure range. Most enthalpies increase across the phase
transitions but some vacancy and Schottky defect formation
enthalpies decrease across the a-PbO, to pyrite phase transi-
tion. The Schottky triplets are energetically most favorable at
zero pressure but O-Frenkel pairs become systematically
more favorable at higher pressures. The average activation
volume of Schottky defects lies between the activation vol-
umes of Si-Frenkel and O-Frenkel pairs. The nudged-elastic-
band method—a more efficient approach compared to the
simple midpoint method was used to calculate the migration
enthalpies. The results suggest that the interstitial mecha-
nisms are favored over the vacancy hoping mechanisms. The
defects and migrating ions were shown to induce substantial
structural distortions, which are absorbed mostly by the
nearest- and next-nearest-neighbor atoms. The atomic dis-
placement patterns show large differences between different
phases. Examination of projected density of states and the
squared eigenfunctions suggests that the electronic structures
vary largely among different defect types. In particular, O
defects induce defect state in the band gap, which causes
charge localization around the defect center. The electronic
structures remain qualitatively unchanged with compression
showing similar trends among different polymorphs.
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