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A first-principles investigation of E′ centers in vitreous silica (v-SiO2) based on calculations of the electron
paramagnetic resonance (EPR) parameters is presented. The EPR parameters are obtained by exploiting the
gauge including projector augmented wave method as implemented in the QUANTUM-ESPRESSO package. First,
we analyze the EPR parameters of a large number of Si2 dimers. The g tensor of the Si2 dimers is shown to
possess an average rhombic symmetry and larger g principal values with respect to those observed, e.g., for the
E′

γ center in silica. Furthermore, the g principal values clearly show a linear trend with the Si-Si dimer length. Our
results suggest that the Si2 dimers could correspond to an unidentified paramagnetic center, though occasionally
the calculated g principal values of the Si2 dimer might be compatible with those found experimentally for
the E′

δ center. Next, we generate nondimer configurations by a procedure involving structural relaxations in the
subsequent positively charged states. In particular, puckered, unpuckered, doubly puckered, and forward-oriented
configurations are generated. The distributions of the calculated EPR parameters of the puckered and unpuckered
configurations further support the assignment of the E′

γ center to an unpaired spin localized at a threefold
coordinated silicon dangling bond. Moreover, by analyzing Fermi contacts and g tensors of the puckered and
forward-oriented configurations, we suggest the assignment of the E′

α center to the latter type of configurations.
This work also suggests that the differences in the EPR parameters of E′

α and E′
γ centers mainly arise from

the strained geometry of the silicon dangling bond. In the forward-oriented configurations, one Si-O bond is
about 0.2 Å longer than the remaining two, whereas in the silicon dangling bond of the puckered and unpuckered
configurations, all three bonds have a length of ∼1.6 Å each.
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I. INTRODUCTION

The discovery of paramagnetic pointlike defects in irra-
diated quartz and vitreous silica (v-SiO2) dates back to the
early electron paramagnetic resonance (EPR) investigations
done by Weeks in the 1950s on a particular class of defects,
the E′ centers [1,2]. These defects not only constitute a major
class of intrinsic defects in silicon dioxide, but they also deeply
affect the performances of electronic and optical devices, espe-
cially in radiation environments that lead to an increase in their
concentration. For instance, E′ centers are responsible for the
appearance of an absorption band at 5.8 eV in the UV range [3].
Despite its long history, research on radiation-induced color
centers, such as the E′ centers in silica, is still of paramount
importance for the production of improved materials and
devices needed for applications in harsh environments such as
nuclear power plants and space missions [4,5]. Furthermore,
the aim of designing radiation-tolerant optical fibers for the
development of facilities devoted to fusion, such as the
International Thermonuclear Experimental Reactor (ITER),
the Laser Megajoule (LMJ), or the National Ignition Facility
(NIF) [6–8], constitutes a common effort of both the industrial
and scientific communities. One of the essential conditions for
the success of these projects is a better understanding of the
physical properties of defects [9,10].

Despite the fact that about 15 varieties of E′ centers [11]
are known to exist in silica-based glasses, only a few of them
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pertain to the pure v-SiO2 network. The most studied one,
known as E′

γ (analogous to the E′
1 center in α quartz [12,13]),

is experimentally characterized by a strong (Aiso ∼ 42 mT)
hyperfine splittings (hfs) on a 29Si nucleus. The E′

γ is
commonly attributed to a localized unpaired electron of a
Si sp3 dangling bond (DB) in a ·Si ≡ O unit (where ≡
represents bonds to three distinct O atoms, and · is an unpaired
electron) [14–21].

Besides the E′
γ center, two other paramagnetic point

defects, E′
α and E′

δ , are known in pure v-SiO2 [22–24]. E′
α is

characterized by very strong hyperfine splittings (49 mT) and
by an orthorhombic g tensor. Moreover, the 49 mT doublet
is characterized by a slightly larger FWHM with respect to
that observed for the 42 mT doublet of the E′

γ [25]. About a
decade ago, Mukhopadhyay et al. [26] studied the structure and
properties of neutral and positively charged oxygen vacancies
in v-SiO2 by using an embedded cluster method and found
out that the majority of dangling bond centers are unpuckered.
Reference [26] quite remarkably predicted the existence of a
back-projected dangling bond with high hyperfine splittings
(48.9 mT) that was later regarded as a possible candidate
to explain the origin of the E′

α center [25,27]. However,
Ref. [26] did not calculate the g-tensor principal values of
the investigated configurations, leaving open the possibility of
other explanations of the E′

α center. More recently, g-tensor
calculations of a few oxygen vacancy configurations (forward-
oriented and puckered configurations) in v-SiO2 were carried
out by Uchino et al. [28]. Quite interestingly, in Ref. [28]
the Aiso(29Si) parameter calculated for the forward-oriented
configurations appears to differ by a few mT with respect to
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the Fermi contact of puckered configurations. Furthermore,
g principal values of the forward-oriented configurations are
strongly orthorhombic as compared to puckered and bridged
hole-trapping oxygen-deficiency center (BHODC) configura-
tions. In contrast to the most accepted models [26,29], the
latter configuration type was suggested to be responsible for
the E′

γ center [28]. The E′
δ center has an almost isotropic EPR

resonance line (g ∼ 2.002) together with hyperfine splittings
of ∼10 mT [24,30]. The origin of the E′

δ center is even
more controversial [31]. It is supposed to arise either from
an interaction of an unpaired electron in a sp3-like orbital
delocalized over four or five nearby 29Si, or from an ionized
single oxygen vacancy with the unpaired electron shared nearly
equally by the two neighboring Si atoms (Si2 dimer center).
Though several theoretical works [17,26,32,33] support the
Si2 dimer hypothesis, they do not explain the intensity ratio
between the main EPR resonance line and the 10 mT hyperfine
doublet that seems to be better explained by assuming an
E′ center involving at least four Si atoms [31,34]. Richard
et al. [35] have shown that for a positively charged oxygen
vacancy, the dimer configuration appears to be the lowest-
energy configuration with an 80% probability, in agreement
with previous theoretical investigations [29]. The results
obtained by Refs. [35] and [29] contrast with the apparent
absence of any EPR signal arising from positively charged Si2
dimers [31].

By accurate first-principles calculations of the g tensors and
Fermi contacts of a large number of positively charged oxygen
vacancy configurations, we provide here a detailed analysis of
the EPR hyperfine parameters and g-tensor principal values
of Si2 dimer, puckered, and forward-oriented configurations.
The present work does not address the issues related to the
existence of precursors of the E′ centers prior to irradiation
and focuses only on the assignment of the known E′ EPR
signals to specific electronic structure models. We emphasize
that oxygen vacancies are employed here not as a precursor
model of the E′ centers, but just as a technical expedient
to obtain a sufficiently large statistical set of paramagnetic
centers. We take advantage of a 108-atom model of v-SiO2

that has previously been adopted to study the optical absorption
of neutral defects in silica [36]. By applying a procedure in-
volving subsequent relaxations with different charging states,
as outlined in the next section, we generate a total of 72
independent dimer configurations, as well as 47 puckered,
11 unpuckered, 5 forward-oriented, and a thermodynamically
irrelevant double-puckered configurations. This large set of
configurations allows us to well describe the distributions of
EPR parameters of each type of configuration in terms of local
structural parameters. In particular, we show that g principal
values of the Si2 dimer configurations feature a linear trend
with Si-Si dimer length. EPR parameters of puckered and
unpuckered configurations are discussed in terms of their
Si-Si distance (i.e., the distance between the Si dangling
bond carrying the unpaired electron and the silicon atom
carrying the hole) [35]. Furthermore, it is shown that the
distribution of Fermi contacts of puckered and unpuckered
configurations displays a linear trend when crossed with the g2

or g3 principal values. Forward-oriented (FO) configurations
show a rather different behavior because of their large g2

values. This suggests that FO configurations could give rise to

EPR signals not overlapping with those pertaining to the E′
γ

center, shown here to be originated by an unpaired electron of
a Si dangling bond as found, e.g., in puckered and unpuckered
configurations. In particular, the average g values and Fermi
contacts (and their spreads) calculated for FO configurations
support an assignment of the E′

α center as mainly originating
from these configurations.

The paper is organized as follows: in Sec. I, we introduce
the main issues concerning the E′ centers in silica; in
Sec. II, we give the technical details of the theoretical
methodology and modeling of the E′ centers. In Sec. III,
for each defect configuration type, we first describe the
structure and then show the results of our calculations of g

tensors and hyperfine parameters. In particular, we discuss
Si2 dimers (Sec. III A), puckered and unpuckered (Sec. III B),
forward-oriented (Sec. III C), and doubly puckered (Sec. III D)
configurations. We provide distributions showing how the g

tensors and Fermi contacts vary with Si-Si length. Results are
also discussed by considering quantities helpful for describing
the examined configurations such as dangling bond angles and
distances between the silicon dangling bond and atoms in two-
membered rings. Section III E is dedicated to the discussion of
the results and a comparison of them with available experimen-
tal data of E′ centers in vitreous silica. Finally, in Sec. IV, we
draw the conclusions of our work, and in the Appendix
we discuss the relative stability (by considering energy
differences) of the investigated configurations of positively
charged oxygen vacancies.

II. THEORETICAL METHODOLOGY AND
MODELING DETAILS

The calculations carried out in this work are based on den-
sity functional theory (DFT). In particular, the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional has been
adopted for the present calculations [37]. Norm-conserving
Trouiller-Martins pseudopotentials are used and Kohn-Sham
wave functions are expanded in a basis of plane waves
up to a kinetic cutoff of 80 Ry [38]. The wave functions
were expanded at the sole � point of the Brillouin zone,
as justified by the large size and the large band gap of our
system [36]. Geometry optimizations and EPR parameters
have been obtained by means of spin-polarized calculations,
unless otherwise specified. Occupations of states are fixed to
be either 1 or 0. The codes used for the present calculations
are freely available with the QUANTUM-ESPRESSO (QE) package
v5.0.1 [39].

The defect-free v-SiO2 model consists of a periodic
supercell containing 108 atoms and 576 electrons [35]. We
generated oxygen-deficient center (ODC) configurations by
considering each oxygen site in the silica model. Every
ODC configuration was generated by removing a bridging
oxygen and an electron from the original defect-free silica
model and by subsequently relaxing the structure by using
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm as
implemented in the pw.x code [39]. A force threshold of
0.000 75 Ryd/bohr has been adopted. Due to the presence
of an energy barrier between the dimer configuration and
the puckered ones, the outcome of this first relaxation is
always a positively charged Si2 dimer. In order to generate
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other configurations of the positively charged oxygen vacancy
(e.g., puckered), we further relaxed each Si2 configuration in
the following way. First we further charged the system by
removing a second electron and then performed a relaxation.
Since the relaxation in a +2 charged state is done with the
sole purpose of obtaining nondimer configurations, non-spin-
polarized calculations were performed. The configurations so
obtained in the +2 charged state were then used as the starting
point for a new relaxation in the +1 charged state. For all
of the defect models in this work, the final relaxation in the
+1 charged state was performed with the BFGS algorithm
and with the same PBE gauge including projector augmented
wave (GIPAW) pseudopotentials used later for the EPR
calculations [39]. EPR hyperfine couplings and g tensors can
be calculated with a good accuracy by employing DFT-based
methods such as the GIPAW method. Such method enables
the calculation of nuclear magnetic resonance (NMR) and
EPR parameters in solids using periodic boundary conditions.
In particular, for the present work, we used the QE-GIPAW

code from the QE package [39] for the calculation of the EPR
parameters of our set of charged oxygen vacancy models.

To ensure that the size of our silica model is sufficient
to provide reasonably well-converged g principal values, we
first tested the convergence versus k-points mesh of the g

principal values of a positively charged oxygen vacancy in
α quartz. Converged values are identical to those reported in
Ref. [38] for the E′

1 center, where four inequivalent k points
and a 71-atom supercell were used. By comparing between the
converged g-tensor values of the E′

1 center in α quartz and of
equivalent (puckered) configurations in v-SiO2, we estimate a
size error corresponding to a systematic overestimation of up
to ∼150 ppm for the calculated g principal values in v-SiO2.
The aforementioned error is smaller than fluctuations caused
by the structural disorder and does not affect assignments and
conclusions based on the presented results.

III. RESULTS

By following the procedure outlined in Sec. II, we obtained
several different types of positively charged oxygen vacancies
(Table I). In this section, for each configuration type (Si2 dimer,
puckered, unpuckered, doubly puckered, and forward-oriented
configurations), we give a description of the atomic structure

TABLE I. Configuration type, number of configurations N ,
average relative energy �E (eV), and average Si-Si distance 〈dSiSi〉
between the two Si atoms originally neighboring the positively
charged oxygen vacancy as after ab initio relaxation, together with
their standard deviations (in parentheses). Relative energies are given
with respect to the lowest-energy configuration.

Configuration type Figure N �E (eV) 〈dSiSi〉
Si2 dimer 1(a) 72 0.7(0.3) 2.94(0.24)
Puckered 1(d)–1(g) 47 1.0(0.4) 4.78(0.75)
4× 1(d)–1(f) 13 0.7(0.4) 5.07(0.66)
5× 1(f), 1(g) 34 1.1(0.3) 4.66(0.76)
Unpuckered 1(b), 1(c) 11 1.3(0.1) 4.56(0.57)
FO 1(h) 5 0.4(0.3) 3.07(0.11)
DP 1(i) 1 1.9 5.37
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SiA

SiB
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(h) (i)

(a)

FIG. 1. Summary of the configuration types of positively charged
oxygen vacancies generated by following the procedure out-
lined in Sec. II: (a) Si2 dimer, (b) back-projected unpuckered,
(c) forward-projected unpuckered, (d) back-projected puckered 4×,
(e) forward-projected puckered 4×, (f) back-projected puckered 5×,
(g) forward-projected puckered 5×, (h) forward-oriented, and (i)
doubly puckered configurations. Oxygen (filled disk) and silicon
(empty disk) atoms and the unpaired electron (dot) are shown.
The shaded area indicates the relevant local environment of the
paramagnetic center. Si-Si distances discussed in the text (dSiSi) are
taken between silicon atoms labeled with SiDB and SiP in (b)–(g) and
between SiA and SiB in (a) and (h).

of the defect together with an analysis of the EPR parameters
(Fermi contacts and g tensors). In particular, we discuss how
EPR parameters vary with local structural parameters, such
as the Si-Si separation (dSiSi) and dangling bond angle of the
first-principles relaxed structures.

A. Si2 dimers

1. Structure

First, a large set of Si2 dimers [Fig. 1(a)] is found
(72 configurations). We obtain Si2 dimer configurations with
Si-Si dimer lengths (dSiSi) varying from ∼2.6 to ∼3.8 Å. The
spin density is localized mainly in the region between the two
Si atoms [Fig. 2(a)]. In the Si2 dimers, the average Si-O bond
length is 1.60 Å with a standard deviation (std) of 0.01 Å,
while the average bond angle 〈O-Si-O〉 is 114.7◦ with a std
of 0.7◦, indicating that silicon atoms lie in an intermediate
position between an ideal flat geometry (120◦) and a lone-pair
sp3 geometry (∼108◦).

In Table I, we also give the average Si-Si distance between
the two Si atoms of the oxygen vacancy and average relative
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FIG. 2. (Color online) Ball and stick models and spin densities of
(a) Si2 dimer, (b) puckered, (c) forward-oriented (FO), and (d) doubly
puckered (DP) configurations in v-SiO2 [40]. Red spheres correspond
to oxygen atoms, light brown spheres correspond to silicon atoms,
and spin density is shown with a transparent gray color. The same
axis scales are used in (a)–(c), while (d) is plotted by using a scale
factor of 0.5 with respect to (a).

energy with respect to the lowest-energy configuration. Si2
dimers have a rather long average Si-Si dimer length with
respect to the one previously calculated with a local density
approximation (LDA) functional (2.8 Å) [35]. The effect is
partly explained by the use of a PBE functional that leads to a
Si-Si elongation of ∼0.07 Å with respect to LDA calculations.
On the other hand, here we considered a different and larger
set of dimer configurations with respect to those of Ref. [35].

2. Fermi contacts and g tensors

In Fig. 3(a), we show the g-tensor principal values versus
dSiSi as calculated for the Si2 dimer configurations [Fig. 1(a)].
On average, the three g principal values appear to differ by
about 500 ppm and all of them show an average decrease
of 180 ppm each 0.1 Å. We note a rather large variability
of the g values vs Si-Si dimer length that might make Si2
dimers rather difficult to be detected. For dSiSi around 3.0 Å,
the g-tensor principal values are quite close to the free electron
value ge = 2.002 32. Moreover, a few of the Si2 dimers show
EPR parameters that are nearly identical to those observed
for the E′

δ center, but with the cost of a rather high energy
[∼1 eV larger than the lowest-energy dimers of Fig. 10(a)]. In
Table II, we give the g principal values averaged over all of the
investigated Si2 dimers. These values are rather different from
those typical of the E′ centers in pure silica [21–24]. For large
enough Si-Si lengths, the g principal values start to show some
similarity with those of the E′

γ center [22] as it should be since
we expect the unpaired electron to become more localized on
one of the two Si atoms surrounding the oxygen vacancy.
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FIG. 3. Calculated (a) g-tensor principal values g1 (circles), g2

(squares), g3 (triangles) and (b) Fermi contact of 29Si atoms in
positively charged Si2 dimers vs Si-Si dimer length. The shaded area
shows the range of experimental g values [24].

Indeed, for a dSiSi � 3.5 Å, we register g principal values:
g1 ∼ 2.0010, g2 ∼ 2.0015, and g3 ∼ 2.0020. Furthermore, if
we consider that the lower-energy configurations are those
with lower dimer Si-Si lengths, we might expect Si2 dimers
to give rise to an EPR signal with g principal values close
to ∼2.003. Indeed, for dSiSi � 2.9 Å, the average g principal
values are g1 = 2.0023, g2 = 2.0027, and g3 = 2.0033 with a
standard deviation (std) of 400 ppm.

In Fig. 3(b), we show the Fermi contacts distribution of 29Si
atoms in our Si2 dimers. We found a large spread of values
(−8 to −16 mT) and a small decrease with increasing Si-
Si dimer length, indicating a tendency of the spin density to
become more localized on the dimer Si atoms.

B. Puckered and unpuckered configurations

1. Structure: Unpuckered configuration

Second, another type of configuration is given by well-
separated (about 4.6 Å) threefold Si atoms, of which one is
the Si dangling bond (SiDB) while the other is a “puckered”
positive Si atom (SiP). This configuration cannot relax into
a puckered one because the oxygens of the background are
too far to allow the formation of a new SiP-O bond. On the
other hand, threefold silicon atoms are too separated to form
a dimer as in Fig. 1(a). We refer to this type of configuration
as unpuckered DB [Figs. 1(b) and 1(c)] for which we register
a total of 11 structures.

For the unpuckered configuration type, the calculated
average 〈O-SiDB-O〉 is 107.5◦ with a std of 1.1◦ as expected
for a sp3 hybridized dangling bond orbital, while 〈O-SiP-O〉
is 119.9◦ indicating that the SiP lies in the plane of its three
oxygen neighbors. The O-SiDB bond length is, on average,
1.65 Å, while the average O-SiP is much shorter, 1.57 Å. Both
lengths have a std of 0.01 Å.
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TABLE II. Configuration type, g principal values g1, g2, g3, and Fermi contact Aiso(29Si) (mT) of Si2 dimer, puckered, unpuckered, DP, and
FO configurations together with their standard deviations (in parentheses). Energies are given with respect to the lowest-energy configuration.
For comparison, experimental g principal values together with their experimental error (in parentheses) and experimental hyperfine splittings
together with their FWHM (in parentheses) are given for E′

γ , E′
α , and E′

δ centers.

Configuration type Figure g1 g2 g3 Aiso(29Si)

Theory

Si2 dimer 1(a) 2.002 00 (52) 2.002 41(44) 2.002 87(55) − 10.7(1.7)
Unpuckered 1(b),1(c) 2.001 90(6) 2.000 57(19) 2.000 17(10) − 40.3(2.1)
Puckered 1(d)–1(g) 2.001 86(9) 2.000 55(18) 2.000 17(16) − 41.1(2.6)
4× 1(d),1(e) 2.001 84(7) 2.000 53(17) 2.000 15(14) − 41.4(2.3)
5× 1(f),1(g) 2.001 87(10) 2.000 56(19) 2.000 18(17) − 41.0(2.7)
DP 1(i) 2.009 95 2.009 25 2.009 25 − 5.0(1.7)
FO 1(h) 2.001 89(18) 2.001 03(15) 1.999 37(28) − 47.8(0.8)

Experiments

E′
γ 2.001 75(4)a 2.000 56(4)a 2.000 30(4)a 42(3)b

E′
α 2.0018(1)b 2.0009(1)b 1.9997(1)b 49(4)b

E′
δ 2.0018(1)c 2.0020(1)c 2.0020(1)c 10(1.5)d

aReference [49].
bReference [25].
cReference [31].
dReference [50].

For the dangling bond in puckered and unpuckered con-
figurations, a further distinction can be made between back-
projected (BP) and forward-projected (FP) configurations. In
the BP configurations, the threefold Si on which the unpaired
electron is localized moves backward over the plane of its
three oxygen neighbors, pointing away from the center of the
vacancy [Figs. 1(b), 1(d), and 1(f)]. By contrast, in the FP
configurations, the Si dangling bond points towards the center
of the vacancy [Figs. 1(c), 1(e), and 1(g)]. Figs. 1(b)–1(g)
correspond to the microscopic structures of the E′

γ center
as proposed by several theoretical and experimental inves-
tigations [15,19,26,27]. A modified version of the structure
shown in Fig. 1(b), where the unpaired spin is perturbed by
the presence of a close background oxygen, has been regarded
as a possible explanation of the E′

α center [25–27].
The unpuckered configurations are almost always back

projected [Fig. 1(b)]. Only one configuration with dSiSi ∼
4.2 Å is found forward projected as in Fig. 1(c), consistent with
the fact that a FP configuration with a short dSiSi could easily
relax into a dimer configuration, i.e., no significant energy
barrier should exist between unpuckered forward-projected
and dimer configurations. Thus, in the following, we do not
distinguish between FP and BP orientation for unpuckered
configurations.

2. Structure: Puckered configuration

Next, a large number (47) of puckered configurations is
found. At variance with the unpuckered DB, in the puckered
configuration the SiP atom relaxes back over the plane of its
three ligand oxygens in a puckered position and forms a new
bond with an oxygen of the background that becomes threefold
coordinated [15,35]. Puckered configurations can be further
subdivided into two subgroups, here named as 4× [Figs. 1(d)
and 1(e)] and 5× [Figs. 1(f) and 1(g)] following Ref. [35]. The
puckered configurations of the 5× group differ from the 4×

group by the presence of a two-membered ring with a threefold
oxygen atom [35].

The spin density of a puckered configuration is shown
in Fig. 2(b), where the unpaired electron appears strongly
localized on the lone pair of the threefold silicon atom and
around its three oxygen neighbors. In puckered configurations,
the calculated average silicon dangling bond angle 〈O-SiDB-O〉
is 108.6◦ with std of 0.7◦, consistent with the tetrahedral
geometry given by sp3 hybridization. We found a O-SiDB bond
length of 1.65 Å, only slightly larger than the average Si-O
bond length in our v-SiO2 models (1.63 Å). All three of the
Si-O bonds formed by the threefold oxygen (O[3]) are quite
long [15]. In particular, the one formed with the puckered
silicon atom (SiP) has a bond length of 1.84 Å, while the
remaining two bonds have lengths of 1.77 Å, considerably
larger (8–12%) than the average length.

Puckered 4× configurations show a rather long Si-Si
distance dSiSi (Table I), i.e., the two Si atoms that originally
surround the oxygen vacancy after the first-principles relax-
ation of the atomic structure become largely separated. This
is because the majority of the puckered 4× configurations
are back projected and have a dSiSi � 5 Å [see Figs. 10(b)
and 10(c) in the Appendix ]. In contrast, the puckered 5×
configurations show a rather low Si-Si distance due to the large
number of FP puckered 5× configurations with dSiSi � 4.5 Å.

3. Fermi contacts and g tensors

In Fig. 4, we show the calculated g principal values
and Fermi contacts of puckered, unpuckered, and forward-
oriented configurations (Sec. III C) obtained as described in
Sec. II. Average g principal values and Fermi contacts of the
investigated configurations are given in Table II.

Puckered configurations show dSiSi ranging from ∼3.5 to
∼7 Å (the maximum allowed distance within the cell is 10 Å).
We note that g values in the range 3.5–4.0 Å, most of which
correspond to the FP puckered 5× configurations, appear to
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FIG. 4. (Color online) Calculated (a) g principal values: g1 (cir-
cles), g2 (squares), g3 (triangles), and (b) Fermi contacts of FO (red
discs), back-projected puckered (green squares), forward-projected
puckered (blue circles), and unpuckered (black triangles) configura-
tions vs Si-Si distance.

show large fluctuations resembling a decreasing trend with
increasing dSiSi. For dSiSi � 4.0 Å, the calculated g values do
not show any particular dependence on dSiSi.

The average Fermi contact of all puckered and unpuckered
configurations is −41.0 mT with a std of 2.5 mT [41]. Dangling
bonds in amorphous silicon are known to show a linear
relation between the Fermi contact and the mean bond angle
between the DB atom and its back-bonded neighbors [42]. In
Fig. 5, we show the calculated Fermi contact of all Si DB
configurations plotted vs the DB bond angle. We consider
all of our puckered and unpuckered configurations [43]. At
variance with amorphous silicon [42], here no linear trend is
found and the data is rather scattered, suggesting that the local
environment of the SiDB heavily affects the spin density and
thus the Aiso(29Si) value.
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FIG. 5. (Color online) Fermi contacts of back-projected (green
squares), forward-projected (blue circles), and puckered and unpuck-
ered (black triangles) configurations plotted vs average dangling bond
angle 〈O-SiDB-O〉.
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FIG. 6. (Color online) Fermi contacts of forward-projected puck-
ered 5× configurations plotted vs SiDB-OR distance, where OR is the
nearest oxygen of the two-membered ring.

The Aiso(29Si) Fermi contact of the FP puckered 5×
configurations could correlate with the distance of the Si
dangling bond from the two-membered ring taken as distance
Si-OR, where OR is the nearest oxygen of the two-membered
ring, as might be suggested by Fig. 6. Data beyond ∼3.5 Å do
not show any particular correlation with Si-OR distance and
thus are not included in Fig. 6. Moreover, the few data points
in Fig. 6 are still rather scattered as a consequence of different
local environment and of different orientation of the SiDB with
respect to the two-membered ring.

C. Forward-oriented configurations

1. Structure

Among the generated oxygen vacancies, we found five
configurations of the forward-oriented (FO) type [28]. The
FO configuration type [Fig. 1(h)] is similar to the geometry
of the transition state of the interconversion path between
ODCs found by Donadio et al. [44]. In the forward-oriented
configurations, a SiDB and a threefold oxygen (O[3]) become
nearest neighbors. The average bond length between the
SiDB and the threefold oxygen is 1.83 Å with a std of
0.03 Å, considerably longer then the other two remaining
O-SiDB bonds which have identical lengths of 1.62 Å with
a std of 0.01 Å. The spin density resembles the one given
by the unpaired electron in the puckered and unpuckered
configurations [Figs. 2(c) and 2(b)]. Consistently with their
geometry [Fig. 1(h)], FO configurations have dSiSi ∼ 3.1 Å,
i.e., the Si-Si nearest-neighbors distance in v-SiO2. The
average dangling bond 〈O-SiDB-O〉 angle is 108.0◦ with a std of
0.6◦, very similar to unpuckered and puckered configurations.
The average 〈Si-O[3]-Si〉 angle in FO configurations is ∼119.1◦
with a std of 7.8◦, but in the highest-energy FO configuration
[Fig. 10(a) in the Appendix], we found a lower angle (118.8◦)
with a much larger spread (17.4◦), indicating a markedly
strained configuration.

2. Fermi contacts and g tensors

The g values in Fig. 4(a) corresponding to short Si-Si
distances (dSiSi � 3.2 Å) between the two Si atoms originally
surrounding the oxygen vacancies belong to the forward-
oriented configurations [28]. These are rather low-energy
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FIG. 7. (Color online) Calculated (a) relative energy and
(b) g3 principal values plotted vs bond length (dSiDBO[3] ) between the
threefold silicon and the threefold oxygen atom in forward-oriented
(FO) configurations [Fig. 1(g)]. Shaded area shows the experimental
range of g3 values of the E′

α [25]. The dotted line and empty symbols
show the decreasing of g3 vs dSiDBO[3] calculated as explained in the
text.

configurations [see Fig. 10(b) in the Appendix] with respect
to those typical of the puckered or unpuckered configurations.
Figure 4(a) suggests that g values pertaining to the forward-
oriented configurations should not correspond to the same
paramagnetic defect given by puckered or unpuckered config-
urations. The average g values of FO configuration are g1 =
2.001 89(18), g2 = 2.001 03(15), and g3 = 1.999 37(28). The
rather large spread found for the g3 value (0.000 28) might
signal the existence of a correlation with some structural
parameter, as, for example, the dependence on Si-Si distance
of the g values of the Si2 dimer configurations that explains
the large spreads of the first row of Table II. We note that the
relative energies of the FO configurations seem to increase
with increasing bond length (dSiDBO[3] ) between the threefold
silicon and the threefold oxygen atom [Fig. 7(a)]. Moreover,
the rather high-energy configuration with dSiDBO[3] ∼ 1.88 Å
shows low g3 values (∼1.9990), while the three configu-
rations at dSiDBO[3] � 1.82 Å correspond to the following
average g values: g1 ∼ 2.001 99(10), g2 ∼ 2.001 01(20), g3 ∼
1.999 45(27) [Fig. 7(b)]. We explicitly checked the effect of
an increase of dSiDBO[3] first by displacing the threefold oxygen
by 0.02, 0.04, and 0.06 Å along the direction O[3]-SiDB for the
FO configuration shown at g3 = 1.999 76 in Fig. 7(b). Next
we performed a structural relaxation of the atomic positions,
except for the O[3] and SiDB atoms, and finally we calculated
the g-tensor principal values as explained in Sec. II. The
g3 so calculated shows a linear decrease with a slope of
−2.5 × 10−3 Å−1 as shown in Fig. 7(b) [45].

The spreads of the FO g values reported in Table II
are similar to those found for the puckered and unpuckered
distributions. We note also that g2, g3 differ by at least
three std with respect to the g2, g3 found for the puckered

0.0
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FIG. 8. (Color online) (a) Relative energy, (b) g2, and (c) g3 prin-
cipal values of forward-projected (blue circles) and back-projected
(green squares), puckered, unpuckered (black filled triangles), and
FO (red discs) configurations plotted versus the corresponding Fermi
contacts. Shaded area shows the experimental range of g2 and g3

values of the E′
α [25].

and unpuckered configurations, further suggesting that the
FO configurations give rise to a distinguishable EPR signal
not overlapping with the one corresponding to the puckered
configurations. FO configurations show a larger (in magnitude)
Fermi contact (−47.8 mT) with a rather smaller std (0.8 mT)
as compared to puckered configurations. The small value of
the spread of the Fermi contacts is likely to be biased by the
small number (five) of FO configurations considered here and
is expected to increase for larger statistical samples of FO
configurations.

In Fig. 8(a), we plot the relative energy of puckered,
unpuckered, and forward-oriented configurations versus their
Fermi contact values. Below ∼−45 mT, forward-oriented
configurations show the lowest energies, while unpuckered,
forward-projected, and back-projected puckered configura-
tions have larger energies by ∼0.5 eV [46]. In Figs. 8(b)
and 8(c), we plot the g2 and g3 principal values of puck-
ered, unpuckered, and forward-oriented configurations against
their Fermi contacts (g1 is not shown since for all of the
configurations, we found rather constant values at ∼2.0019).
The g2 values of the puckered and unpuckered configurations
are broadly distributed around a kind of increasing linear
trend with increasing Fermi contacts. We note that we found
configurations at g2 ∼ 2.0010 for Fermi contacts at ∼−48 mT
(FO configurations) or larger than ∼−40 mT (puckered and
unpuckered). Similarly, in Fig. 8(c), we show the existence
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of an increasing trend of g3 versus Fermi contact for the
puckered and unpuckered configurations going from 1.9998
at −49 mT up to 2.0006 at −37 mT. The g3 values of
forward-oriented configurations do not display any particular
trend with Fermi contacts, though they are more vertically
spread (from 1.9990 to 1.9997) with respect to the g2 values
of the FO configurations in Fig. 8(b).

D. Doubly puckered configuration

The last type of configuration analyzed in this work is a
doubly puckered (DP) configuration [Fig. 1(i)] of which we
have only a single configuration. At variance with puckered
configurations, here both of the silicon atoms are back
projected over the plane of the oxygen neighbors and form
a new bond with an oxygen of the background that becomes
threefold coordinated. Consequently, the DP configuration has
a dSiSi ∼ 5.4 Å comparable to those registered for the BP
puckered 4× and 5× configurations. We note that the spin
density is not localized in a Si dangling bond, as in puckered
configurations, but appears mainly delocalized over the silicon
neighbors of threefold coordinated oxygen atoms [Fig. 2(d)].
Both of the threefold oxygen atoms show rather long Si-O
bond lengths (1.76–1.86 Å) as previously seen for the threefold
oxygen in puckered configurations.

The DP configuration is very different from all of the other
E′ related defects. The unpaired electron occupies a defect
state just below (∼1 eV) the bottom of the conduction band.
This type of defect thus corresponds to a thermodynamically
unstable state and could be stabilized only if the Fermi level
was kept as high as almost the whole silica band gap, a
condition which is unlikely to occur even in an extremely
harsh environment.

The DP configuration has a rather high relative energy
(Table I) and gives rise to a quite isotropic g tensor not
belonging to the usual list of E′ centers. As the spin density
of this paramagnetic defect is delocalized over several (at least
four) Si atoms, this multicenter defect has a rather small Fermi
contact, Aiso(29Si) ≈ −5 mT, and its g principal values are
around 2.009, which, as far as we know, does not correspond
to any observed EPR signal in pure v-SiO2.

E. Discussion

1. Si DB configurations originating the E′
γ

The puckered and unpuckered configurations show similar
average g principal values, Fermi contacts, and energies.
Consequently, both types of configurations should be regarded
as sources of the E′

γ center in v-SiO2. As shown in Table II,
we register, for these configurations, an exceptionally good
agreement with the experimental EPR data available for the
E′

γ so that it seems quite unlikely that other explanations
may exist for this defect, in contrast to the conclusions of
Uchino et al. [28]. It should also be noted that our analysis of
a large number of silicon dangling bond configurations shows
that only a minor fraction of them is of the (back-projected)
unpuckered type, whereas this was previously claimed to
constitute the majority of dangling bond centers [26]. More-
over, among the puckered (FP, BP, 4×, 5×) and unpuckered
configurations considered herein, we do not see any particular

group of configurations that could correspond to any other
kind of EPR signal, except for the E′

γ center. A way
to distinguish between such types of configurations could
be, e.g., by analyzing irradiated silica samples both with
EPR and Raman spectroscopies. Indeed, localized vibrational
modes of two-membered rings, such as those in puckered 5×
configurations, are likely to explain the origin of a feature
at 900 cm−1 in the Raman spectrum of irradiated silica, as
recently seen by Leon et al. [47].

We do not a priori exclude the possibility that other
configurations may contribute to the E′

γ center besides the
puckered and unpuckered configurations as, e.g., the BHODC
configuration [28]. However, with the adopted procedure for
generating positively charged oxygen vacancies, we did not
find any BHODC configuration. The latter is more likely
related to the E′

γ center, although by inspecting Table I of
Ref. [28], one cannot exclude that the BHODC, if present, may
also contribute to the broadening of the hyperfine splittings
doublet of the E′

α .

2. E′
α vs forward-oriented configurations

By inspecting a short list of the experimentally detected
paramagnetic defects in v-SiO2 (Table II) and also by taking
into account the calculated g principal values of Table II,
we infer that E′

α should be associated with forward-oriented
configurations [48]. These might not be the only ones related
to the E′

α center. Indeed, Ref. [26] has shown that back-
projected puckered configurations can give rise to strong
hyperfine couplings if the silicon carrying the unpaired spin
“interacts” with a nearby background oxygen [25,26]. Among
our back-projected puckered configurations, we could find
one with a rather large Fermi contact (−45 mT) and g

tensor (g2 = 2.000 74 and g3 = 1.9998) resembling the E′
α

one [Figs. 8(b) and 8(c)]. Though the spin density of this
configuration is mostly localized at the silicon dangling bond,
as in the usual E′

γ picture, we note that a nearby oxygen [at a
distance of 3.05 Å from the silicon dangling bond in a front
position; see Fig. 9(a)] also shows spin localization. The close
proximity of this background oxygen (OB) results in a more

A

(a)

A

(b)

3.05

2.78

FIG. 9. (Color online) Ball and stick models and spin densities of
(a) a back-projected configuration in which the silicon dangling bond
points towards a background oxygen placed at 3.05 Å distance, and
(b) a forward-projected configuration in which the silicon dangling
bond points towards an oxygen atom belonging to a twofold ring
and placed at 2.78 Å from the silicon atom. This spin density in
(a) corresponds to the −45 mT point (square) of Fig. 8, while the spin
density in (b) corresponds to the −49 mT point (disc) of Fig. 8.
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orthorhombic g tensor and a larger Fermi contact value [25,26].
However, given the small number of configurations showing
a distance dSiDBOB of less than ∼3.2 Å between the silicon
dangling bond and a background oxygen in a front position
as in Fig. 9(a), we cannot study in detail how the g tensor of
a back-projected configuration can vary with such a distance
OB-SiDB. We remark that by comparing with Fig. 6, for dSiDBOB

distances beyond ∼3.2 Å, the 29Si Fermi contact should
not be affected by the presence of a OB. Furthermore, we
note that when considering as precursor of the E′

α only the
oxygen vacancy type, the relative energy of a configuration
like the one in Fig. 9(a) is rather large (by ∼1 eV), indicating
a lower stability as compared to the lowest puckered and
forward-oriented configurations [Fig. 8(a)]. Moreover, we also
found one forward-projected puckered 5× configuration with
a large relative energy (∼1 eV) and a very large Fermi contact
(−49 mT) as shown in Fig. 8(a). In this configuration, the
threefold silicon atom carrying the unpaired spin is quite close
(2.78 Å) to one oxygen of the two-membered ring formed
by the puckered silicon [Fig. 9(b)]. The latter oxygen atom
shows spin localization that results in a more orthorhombic
g tensor and a larger Fermi contact value [25,26]. We note
that due to the trend shown in Figs. 8(b) and 8(c) followed by
the large majority of Si DB configurations, it seems rather
unlikely that a puckered or unpuckered configuration will
show the right symmetry of the g tensor of E′

α . Indeed,
for forward-projected puckered configurations (most of which
have dSiSi in the range 3.5–4.0 Å), the aforementioned trend
implies that for |Aiso| ∼ 49 mT, g2 ∼ 2.0001 is evidently
too low with respect to the g2 ∼ 2.0010 observed in the
experiments for the E′

α center. For puckered BP configura-
tions, one can find g2 ∼ 2.0010, but at the same time this
implies a rather small Fermi contact (|Aiso| � 42 mT). Again
this does not exclude the possibility to find a puckered BP
configuration with a g tensor and Fermi contact in agreement
with those observed for the E′

α , but, from Figs. 8(a)–8(c),
this would be just the consequence of a “tail behavior”
of the wide puckered configuration distribution giving rise
to the E′

γ .

3. E′
δ vs Si2 dimers

Despite the fact that the average Fermi contact calculated
for 29Si atoms in the Si2 dimers is rather close to the one
reported for the E′

δ , the dimer g-tensor symmetry does not,
in general, correspond to the E′

δ one. The average g-tensor
principal values obtained by taking into account all of the data
of Fig. 3(a) are g1 = 2.0020, g2 = 2.0024, and g3 = 2.0029,
all with a std of ∼500 ppm. Moreover, if we restrict the average
to the lowest-energy configurations, i.e., dSiSi � 2.9 Å, the
g principal values will be ∼400 ppm larger: g1 = 2.0023,
g2 = 2.0027, and g3 = 2.0033, with a std of 400 ppm. The
former average g values are compatible with the results of pre-
vious investigations where a hybrid functional (Becke three-
parameter Lee-Yang-Parr) and localized basis sets were used
but only a few dimer configurations were analyzed [28,32].
It is also worth noting that simply averaging g values over
the investigated configurations, as done in Table II, does not
properly convey the most relevant information of Fig. 3(a),

i.e., the strong variation of the dimer g-tensor principal values
with the Si-Si dimer distance.

Thus, the calculated g-tensor symmetry of positively
charged Si2 dimers does not fulfill the isotropic symmetry
shown by the E′

δ g tensor, and also average g2 and g3 values
overestimate the experimental values. However, this does not
prevent the fact that for a dimer length dSiSi around 3 Å, it
may happen that some dimers have EPR parameters similar to
those known from the experiments for the E′

δ . Yet this would
be a rather minor effect and dimer contribution to E′

δ would
be rather difficult to detect.

IV. CONCLUSIONS

In this paper, we performed a first-principles analysis of the
EPR parameters of a large statistical set of positively charged
oxygen vacancies. The analysis concerned not only distribu-
tions of Fermi contacts, but also the more computationally
demanding g principal values distributions. The EPR parame-
ters of Si2 dimers, puckered and unpuckered Si dangling bond
configurations, and forward-oriented and doubly-puckered
configurations were discussed here in terms of structural
parameters describing the local environment of the defect.

The present analysis of positively charged Si2 dimers does
not allow for an assignment of the E′

δ to such a defect type or
for a rejection of this hypothesis. The variation of g principal
values with Si-Si may result in both the Fermi contact and g

tensor falling close to the experimental EPR parameters of the
E′

δ . On the other hand, our analysis of the g principal values
distribution of Si2 dimers indicates that Si2 dimers should
possess a g tensor with an average rhombic symmetry, in
contrast to the almost isotropic g tensor obtained from the EPR
experiments for the E′

δ center. In any case, new investigations
are required to clearly establish whether or not a relation exists
between Si2 dimers and the E′

δ center.
The calculations further confirm that the E′

γ center should
be attributed to an unpaired electron in a sp3 state at a
threefold coordinated silicon atom, in agreement with previous
theoretical and experimental investigations. In particular, in
this paper, we demonstrated that the distributions of both
puckered and unpuckered Si dangling bond configurations
give rise to the same paramagnetic defect. Furthermore, the
unpuckered configurations show a larger average relative
energy with respect to puckered 5× and 4× configurations.
Using this energy criterion, our work suggests that among the
E′

γ -like configurations, the puckered 4× one is the most stable
variant under thermodynamic equilibrium. Yet, under irradi-
ation, the relative concentration of charged defects becomes
a nonequilibrium dynamical quantity, the estimation of which
is far beyond the scope of the present paper. Moreover, it
is shown that the local environment can strongly affect the
EPR parameters of the Si dangling bond by considerably
varying the Fermi contact (up to 15%) and the g2 and g3

principal values (up to ∼500 ppm) with respect to their average
values.

The comparison of the Fermi contacts and g principal value
distributions calculated for puckered and forward-oriented
configurations suggests that the dominant paramagnetic defect
giving rise to the E′

α is not a puckered (or an unpuckered) Si
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FIG. 10. (Color online) Relative energy (�E) with respect to the
lowest-energy dimer configuration. (a) Relative energy (�E) with
respect to the lowest-energy configuration of positively charged
Si2 dimers vs Si-Si dimer length (dSiSi). (b) Puckered 4× (green
filled rhombs), 5× (blue rhombs), forward-oriented FO (red discs),
unpuckered (black filled triangles), and doubly puckered DP (triangle)
configurations. (c) Relative energy of forward-projected (blue circles)
and back-projected (green squares) puckered configurations. For
each configuration type, vertical and horizontal lines are used,
respectively, to indicate the average dSiSi and the average relative
energy.

dangling bond configuration, but rather is the forward-oriented
configuration, where a threefold coordinated oxygen and a
threefold coordinated silicon carrying the unpaired spin are
nearest neighbors.

Besides the above-mentioned configurations, here we dis-
cussed the EPR parameters of a doubly puckered configu-
ration. Being localized just below the conduction band, this
is an unstable defect with a clear non-E′ character and,
as far as we know, does not correspond to any observed
EPR signal in pure v-SiO2. Finally, the present work has
shown the reliability of the first-principles approach for
calculating the EPR parameters for some of the main defects
known to have an effect on the transmission of silica-based
glasses.
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APPENDIX: RELATIVE ENERGIES

In Fig. 10(a), we give the relative energy of the Si2
dimers vs dSiSi, illustrating the relative stability of our dimer
configurations. A trend is discernible so that the shorter the Si-
Si dimer length is, the lower is the energy of the configuration.
Since the formation energy should show a similar trend as the
one in Fig. 10(a), this implies that the most frequent dimers in
v-SiO2 should be those with a short Si-Si length. In particular,
it seems quite unlikely to find Si2 dimers with dSiSi ∼ 3 Å, i.e.,
having ∼1 eV higher formation energies than Si2 dimers with
dSiSi ∼ 2.6 Å.

In Fig. 10(b), we show the relative energies of puckered, un-
puckered, FO, and doubly puckered configurations to illustrate
their relative stability with respect to our lowest-energy config-
uration (a dimer). FO configurations have rather low relative
energies, suggesting a high stability as found for Si2 dimers.
Puckered 4× configurations have slightly larger relative ener-
gies, though comparable to the average energy of dimers, as
shown in Table I (0.7 eV). The relative energy of puckered 5×
configurations is larger with respect to puckered 4× by 0.4 eV,
as a consequence of the presence of the two-membered ring,
and in fair agreement with the difference (0.57 eV) in formation
energies reported in Ref. [35]. Unpuckered configurations
have an even larger relative energy, indicating a rather low
stability of this kind of defect (that probably should easily relax
into another configuration type). Moreover, in Fig. 10(b), the
thermodynamically unstable doubly puckered configuration is
shown to have the largest relative energy (1.9 eV). In Fig. 10(c),
we show the relative stability of FP and BP puckered configu-
rations. Both types show a similar spread of values so that FP or
BP orientation allows for a similar stability range. Quite inter-
estingly we note that only FP configurations occur for dSiSi �
4.5 Å, while BP configurations dominate for dSiSi � 5 Å.

By comparing the relative energies of each oxygen vacancy
site between the Si2 dimer configuration and the corresponding
nondimer configuration (FO, puckered, unpuckered, DP), we
found that for the large majority of the vacancy sites, the
Si2 dimer configuration has the lowest energy (73.6%). The
puckered and FO configurations result in the lowest-energy
configuration for 20.8% and 5.6% of the analyzed oxygen
vacancy sites, while unpuckered configurations are never
the minimum-energy configuration. These findings are in
agreement with the LDA results of Ref. [35], but for the
occurrence of the FO configurations that have a large relative
stability as compared to the other configuration types. This
suggests that the FO configurations are likely to have formation
energies as low as (or even lower than) the Si2 dimers and
puckered DB configurations.

014108-10



EPR PARAMETERS OF E′ CENTERS IN v-SiO . . . PHYSICAL REVIEW B 90, 014108 (2014)

[1] R. A. Weeks, J. Appl. Phys. 27, 1376 (1956).
[2] R. A. Weeks and C. M. Nelson, J. Am. Ceram. Soc. 43, 399

(1960).
[3] L. Skuja, J. Non-Cryst. Solids 239, 16 (1998).
[4] S. J. Mihailov, Sensors 12, 1898 (2012).
[5] J. R. Schwank, M. R. Shaneyfelt, D. M. Fleetwood, J. A. Felix,

P. E. Dodd, P. Paillet, and V. Ferlet-Cavrois, IEEE Trans. Nucl.
Sci. 55, 1833 (2008); H. L. Hughes and J. M. Benedetto, ibid.
50, 500 (2003).

[6] W. J. Hogan et al., Nucl. Fusion 41, 567 (2001).
[7] T. Kakuta et al., J. Nucl. Mater. 307, 1277 (2002).
[8] S. Girard et al., IEEE Trans. Nucl. Sci. 52, 1497 (2005).
[9] J. L. Bourgade et al., Rev. Sci. Instrum. 79, 10F304 (2008).

[10] S. Girard et al., IEEE Trans. Nucl. Sci. 60, 2015 (2013).
[11] R. A. Weeks, R. H. Magruder III, and A. Stesman, J. Non-Cryst.

Solids 354, 208 (2008).
[12] M. Boero, A. Oshiyama, and P. L. Silvestrelli, Phys. Rev. Lett.

91, 206401 (2003).
[13] M. Boero, A. Oshiyama, and P. L. Silvestrelli, Mod. Phys. Lett.

B 18, 707 (2004).
[14] J. K. Rudra and W. B. Fowler, Phys. Rev. B 35, 8223 (1987).
[15] M. Boero, A. Pasquarello, J. Sarnthein, and R. Car, Phys. Rev.

Lett. 78, 887 (1997).
[16] A. Stirling and A. Pasquarello, Phys. Rev. B 66, 245201

(2002).
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polarization corrections [52,54], which can be calculated with
an experimental feature available with QE v5.0.1. We found
that such corrections account for ∼10% of the absolute value of

Fermi contacts of puckered, unpuckered, and FO configurations,
while in dimers the corrections account for ∼15%.
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