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ABSTRACT
Proton irradiation of both n-type and semi-insulating bulk samples of β-Ga2O3 leads to the formation of two paramagnetic
defects with spin S = 1/2 and monoclinic point symmetry. Their high introduction rates indicate them to be primary irradiation
induced defects. The first electron spin resonance (EPR1) has a g-tensor with principal values of gb = 2.0313, gc = 2.0079, and
ga∗ = 2.0025 and quasi-isotropic superhyperfine interaction of 13G with two equivalent Ga neighbors. Under low temperature
photoexcitation, this defect is quenched and replaced by a different metastable spin S = 1/2 center of comparable intensity. This
second defect (EPR2) has similar principal g-values of gb = 2.0064, gc = 2.0464, and ga∗ = 2.0024 and shows equally superhyperfine
interaction with two equivalent Ga atoms. This EPR2 defect is stable up to T = 100 K, whereas for T > 100 K the initial defect is
recovered. Density functional theory calculations of the spin Hamiltonian parameters of various intrinsic defects are carried out
using the gauge including projector augmented wave method in order to determine the microscopic structure of these defects.
The intuitive models of undistorted gallium monovacancies or self-trapped hole centers are not compatible with neither of these
two defects.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5053158

β-Ga2O3 is a wide bandgap (4.8 eV) semiconductor, which
has been studied in the past by electron spin resonance (EPR)
due to its interesting shallow donor properties. These early
measurements, which were performed on non-intentionally
doped n-type single crystals, concerned dynamic nuclear
polarization and bistability effects.1,2 At that time, the shallow
donor was believed to be related to oxygen vacancy defects
but recent theoretical predictions do exclude this model.3,4
The EPR spectra of some 3d transition metals (Fe3+, Mn2+,
Cr+, Ti3+) have equally been investigated.5–7 Recently β-Ga2O3
has attracted new interest due to its demonstrated applica-
tions in microelectronics and the availability of single crystals
and epitaxial layers with controlled electronic properties. For
a detailed review, see Ref. 8. Both bulk single crystals and

doped epitaxial layers can now be purchased commercially
from different suppliers.

Intrinsic point defects in β-Ga2O3 have not yet been
clearly identified. They are expected to occur as native defects
due to non-stoichiometric growth conditions but can also be
generated by irradiation with high energy particles. Very first
EPR results of neutron irradiated,9 bulk samples have been
published recently, and the model of an octahedral gallium
monovacancy defect has been proposed tentatively. Gallium
vacancy defects and oxygen vacancy defects have also been
evoked before in different optical and electrical studies10–13
of irradiated samples, but the assignment to a microscopic
model is in general not possible with those techniques. Very
recently we have undertaken a detailed theoretical study14
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of the electronic structure and spin properties of the main,
vacancy and interstitial related, intrinsic point defects in β-
Ga2O3. The results obtained in Ref. 14 can be used to iden-
tify from their spin Hamiltonian parameters the paramagnetic
defects observed by EPR. In this work, we present additional
experimental results on proton irradiation induced defects in
β-Ga2O3.

β-Ga2O3 has a monoclinic crystal structure with space
group C2/m described by the three lattice vectors a, b, c
and the angle β between a and c.15 This low symmetry struc-
ture gives rise to two nonequivalent gallium lattice sites and
three nonequivalent oxygen lattice sites. Due to the different
site symmetries, distorted octahedral and tetrahedral for the
Ga sites and lower symmetry 3-fold and 4-fold bonded oxy-
gen sites, a rather complicated situation can be expected for
the case of vacancy related centers. In addition, as vacancy
defects are expected to be deep centers, the Fermi level posi-
tion is another key parameter, which determines their charge
and spin states. In this wide bandgap material for most deep
centers, more than one charge transition level will occur in
the gap13 and thus their EPR signature will change with the
electrical compensation. To be more specific, the two gal-
lium vacancy defects (VGa(tetra) and VGa(octa)) can take charge
states from 0 to 3−; they are expected to be paramagnetic in
the 2−, 1−, and 0 charge states with a spin S = 1/2, S = 1, and
S = 3/2, respectively, and diamagnetic in the 3− charge state
(Fig. 1). Thus in n-type conductive samples, the VGa centers will
not be observable by EPR. In Fe doped semi-insulating Ga2O3,
the Fermi level is lowered and if pinned by the 2+/3+ level, the
tetrahedral VGa is expected to become EPR active, while the
octahedral VGa is still in the diamagnetic 3− charge state. The
charge transition levels of the VGa centers were obtained from
density functional theory (DFT) calculations,22 and the one for
Fe2+/3+ was obtained from deep level transient spectroscopy
(DLTS).17

In this work, we present further EPR results of the param-
agnetic defects introduced by high-energy proton irradiation

FIG. 1. Charge transition levels for the gallium vacancies and the Fe accep-
tor;14,17 the Fe 2+/3+ configurations correspond to the negatively charged and
neutral acceptor states.

and in n-type and Fe doped bulk Ga2O3 and analyze differ-
ent defect models based on their spin Hamiltonian parameters
obtained by first principle calculations.

Our study was performed with commercially purchased
(Tamura Corp.) (010) oriented β-Ga2O3 bulk samples of 400 µm
thickness and 10 × 15 mm2 dimensions. The samples had been
grown by the edge–defined film-fed (EFG) growth. Both non-
intentionally doped n-type samples with a carrier concentra-
tion of 2 × 1017 cm−3 and Fe doped semi-insulating samples
have been studied.

Both the initially n-type and the semi-insulating samples
have been irradiated at room temperature with 12 MV protons
to a fluence of 1016 cm−2. SRIM simulations of the irradiation
induced defect formation (Fig. 2) assuming displacement ener-
gies of 25 eV (Ga) and 28 eV (O) predict an introduction rate of
the order of 500 cm−1 for both Ga and O vacancies and place
the end of the range region outside the samples. Thus hydro-
gen related defects will not be considered in the following. As
SRIM does not take into account the crystal structure, the dis-
placement energies might also be different for the nonequiva-
lent Ga and O lattice sites; thus SRIM simulations are expected
to give order of magnitude values only.

The EPR measurements have been performed with a CW
X-band spectrometer in the temperature range from T = 4 K
to 300 K. The samples were measured under thermal equilib-
rium conditions and under in situ optical excitation with light
sources in the visible or ultraviolet region.

Absolute spin concentrations were determined with a cal-
ibrated spin standard sample (Al2O3: Cr) purchased from the
National Bureau of Standards.

The g-tensors and hyperfine interactions of the main
intrinsic defects have been obtained by first principle calcu-
lations. The calculations were performed with 160 and 240
atom supercells. The structures were relaxed within a hybrid
functional with 26% exact exchange and no screening of the

FIG. 2. Oxygen and gallium vacancy distribution as predicted by SRIM simulations
assuming displacement energies of 25 eV for Gallium and 28 eV for oxygen atoms.
Proton fluence: 1 × 1015 cm−2.
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Coulomb interaction which was previously optimized.22 The
EPR g-tensors were calculated using the Gauge Including Pro-
jector Augmented Wave Method (GIPAW) implemented as part
of the Quantum Espresso package,23 using the above relaxed
structures but the electronic structure evaluated in the
Perdew-Burke-Ernzerhof (PBE)-generalized gradient approx-
imation (GGA)24 because the GIPAW method does not yet
include the possibility to include hybrid functional terms. The
hyperfine tensors were calculated using the GGA+U method
with the on-site Coulomb energy U on oxygen p-orbitals to
increase the localization of the spin density on the oxygen and
reduce it on the Ga second nearest neighbors to the defect. A
reasonable value of U = 4 eV was chosen but appears to still
overestimate the spread of the wave functions to the Ga. For
more details of the calculation procedures, see Ref. 14.

We calculated, in particular, the gallium vacancy and oxy-
gen interstitial related defects, which were considered to be
the most probable candidates for the paramagnetic centers
observed in our study.

Before irradiation, the n-type samples displayed at
T = 300 K only the spin S = 1/2 EPR spectrum of a shallow
donor (Fig. 3). The EPR spectrum of the shallow donor has
been reported before.16 It is characterized by a spin S = 1/2
state, a monoclinic g-tensor, and a linewidth, which varies
drastically with the donor concentration. In these bulk sam-
ples, the shallow donor is related to a contamination with Si,
which is a substitutional defect on the tetrahedral gallium site.
In the semi-insulating Fe doped samples, we observe two spin
S = 5/2 spectra, which have already been attributed to Fe3+

impurities on the tetrahedral and octahedral gallium lattice
sites. Fe is a gallium substituted defect, occupying both tetra-
hedral and octahedral Ga lattice sites.6 The spin Hamiltonian
parameters of these centers have been reported before. Fe3+

on both lattice sites has a high spin S = 5/2 ground state and
gives rise in X-band to allowed and forbidden transitions as

FIG. 3. Large scale EPR spectrum of the n-type sample before irradiation showing
only the shallow donor resonance D◦.

FIG. 4. Large scale EPR spectrum of the n-type sample after irradiation; the inset
shows the EPR1 spectrum at higher resolution; B//b.

the zero-field splitting parameter is of comparable magnitude
to the Zeeman energy.

After the proton irradiation (Fig. 4), the initially n-type
samples show no longer the shallow donor resonance, but we
observe the multiline EPR spectrum of the Fe3+(octa) center
and an irradiation induced new spectrum with spin S = 1/2
(EPR1), which is the object of this study. As also previously
observed,16 the proton irradiation has electrically compen-
sated the n-type samples due to the introduction of deep
acceptor centers.11 This leads to a shift of the Fermi level
toward midgap and converts the initially Fe2+ centers, which
are EPR silent, into the 3+ charge state. The observation of
the Fe3+ spectrum is not unexpected as Fe is a common resid-
ual contamination of the bulk samples, introduced during the
high temperature growth. More interestingly, the observa-
tion of the Fe3+ spectrum gives us an indication about the
Fermi level position (Fig. 1) after the irradiation. It has recently
been shown by DLTS measurements17 that the deep center
E2 with an ionization energy of 0.78 eV, observed in bulk EFG
samples, is associated with a Fe contamination and has been
attributed to the −/0 level of the Fe acceptor. No distinc-
tion between Fe3+(octa) and Fe3+ (tetra) has been made in that
study. The proton irradiation has thus moved the Fermi level
from the shallow donor position at Ec − 0.04 eV to below Ec
− 0.78 eV.

In Fig. 5, we show a high-resolution spectrum of the
EPR1 center for B//b. The spectrum can be observed with-
out a change in the spin Hamiltonian parameters between
T = 300 K and 4 K. It is characterized by an electron spin
S = 1/2, a monoclinic point symmetry, and an anisotropic
g-tensor with principal axes parallel to the crystal b, c, and
a∗ axes (Table I). It displays also a resolved hyperfine inter-
action with Ga neighboring atoms, giving rise to a seven
line spectrum. The simulation of this very characteristic
hyperfine structure shows that it is due to a superhyperfine
interaction (SHF) with two equivalent Ga neighbors. It is the
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FIG. 5. Experimental EPR spectrum of the EPR1 center (red) and its simulation
(black) with the SHF interaction with two equivalent Ga atoms; B//b.

presence of two Ga isotopes (69Ga, 71Ga) with different nuclear
moments and different isotopic abundance, which gives rise
to this very characteristic HF pattern (Fig. 6). Models assum-
ing SHF interaction with 1, 3, or 4 equivalent Ga neighbors or
multiple nonequivalent Ga neighbors are not compatible with
the observed SHF structure. The HF interaction with oxygen—
if present—is in general not observable due to the very low
(0.038%) isotopic abundance of the isotope 17O, which is the
only oxygen isotope with a nuclear spin (I = 5/2); the main
isotope 16O has no nuclear spin. The principal values and prin-
cipal axes of the g-tensor of this EPR spectrum have been
determined from the angular variation of the EPR spectrum
for a rotation of the applied magnetic field in three differ-
ent lattice planes (Table I). The g-tensor is characterized by
one g-value with a large deviation from the free electron value
-gb = 2.0313− and two values close to the free electron ge-
value (Table I). Such a g-tensor is typical for hole centers on an
oxygen p-orbital. This configuration of a hole on an oxygen p-
orbital is the expected configuration of the Ga monovacancy
defect.

The g-tensor anisotropy and principal values are simi-
lar to the case of the cation vacancies in ZnO, another wide

bandgap semiconductor. In the case of wurzite ZnO, the zinc
vacancy in the 2− charge state, VZn

2−, is equally a spin S = 1/2
center with a hole localized on a first nearest neighbor oxy-
gen atom.18 Due to the wurzite structure of ZnO, the c-axis
aligned and the “in-plane” oxygen neighbors are not equiva-
lent, and depending on which oxygen the hole is localized, two
different centers have been observed. They are characterized
by g-values of g//c = 2.0024, gLc = 2.0193 and gxx = 2.0173, gyy
= 2.0183, gzz = 2.0028 for the axial and basal configurations,
respectively. These values are quite similar to those observed
for the EPR1 defect and point clearly to a gallium vacancy
related defect model. The situation in β-Ga2O3 is however
more complex than in ZnO due to the lower symmetry of the
Ga and O sites. In β-Ga2O3, even for an octahedral (tetrahe-
dral) gallium monovacancy, the spin properties will depend
on which of the nonequivalent first nearest neighbor oxygen
atoms the p-hole is localized.

When studying radiation-induced defects in semiconduc-
tors, it is important to know, whether we deal with primary
radiation induced centers or low intensity centers, which
might have formed due to the presence of low temperature
annealing stages. We have thus compared the concentration
of the EPR1 center with those predicted by the SRIM model-
ing for primary defects. The spin concentration of the EPR1
center can be obtained by comparison with an Al2O3: Cr spin
standard sample by a double integration of their EPR spectra.
We obtain for the EPR1 center a concentration of 1018 cm−3,
which is of the same order of magnitude as expected from the
SRIM modeling for a primary defect (Fig. 2). We conclude thus
that the EPR1 center is a primary defect.

After low temperature photoexcitation in the ultraviolet,
the EPR1 spectrum is completely quenched and a new spin
S = 1/2 EPR spectrum (EPR2) (Fig. 7) of comparable intensity
but with different Spin Hamiltonian parameters is observed.
The optical excitation has a threshold of 2.8 eV (Fig. 8). The
spin Hamiltonian parameters of the EPR2 center are given in
Table II. This center is equally characterized by an anisotropic
g-tensor and a resolved SHF structure with two equivalent Ga
neighbors. The principal values of the g-tensor and the SHF
interaction parameter are of comparable magnitude to those
of the EPR1 center. However, the principal axis of the highest
g-value is now shifted to the c-axis.

In the Fe doped semi-insulating samples, we observe after
proton irradiation the same EPR spectrum of the EPR1 center

TABLE I. Experimental and calculated EPR parameters for the EPR1 center and the undistorted 2− charged Ga monovacancies and the VGa-Gai-VGa complex; S is the electron
spin, O is the oxygen atom, on which the p-hole is localized, g is the principal g-value, N is the number of interacting Ga neighbors and their site symmetry, and A is the SHF
interaction parameter; the experimental and computational uncertainties for the g and A values are also given. The values in boldface are experimental.

Spin S O atom gb gc ga∗ SHF N (Ga) A (69Ga) (G)

Experiment EPR1 1/2 . . . 2.0313 ± 0.0010 2.0079 ± 0.0010 2.0025 ± 0.0010 2 13.8(±0.5)
14.6(±0.5)
12.8(±0.5)

Model VGa
2−(octa) 1/2 O(2) 2.0258 ± 0.005 2.0085 ± 0.001 2.0184 ± 0.001 2 Ga(tetra) −22 ± 5

Model VGa
2−(tetra) 1/2 O(1) 2.0242 2.0068 2.0198 2 Ga(octa) −22

VGa(tetra)-Gai-VGa(tetra) 1/2 0(1) 2.0251 2.0147 2.0048 2 −21
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FIG. 6. Simulation of the EPR spectrum due to the SHF interaction with two equiva-
lent Ga neighbors considering the presence of two Ga isotopes 69/71 with different
nuclear moments and isotopic abundances.

as in the n-type samples. In addition, we observe simultane-
ously the two spectra of Fe3+(octa) and Fe3+(tetra). Under UV
photoexcitation at temperatures below T < 100 K, the same
transformation from the EPR1 to the EPR2 center is observed.
The EPR2 center is metastable at low temperatures up to T =
100 K. For high temperatures, it is quenched and the original
EPR1 spectrum is recovered (Fig. 8).

To interpret the photo-induced transformation from
EPR1 to EPR 2, we have considered two models: (i) EPR2 is a
metastable configuration of the EPR1 center, with a metastable
state separated from the ground state by a barrier of the
order of 0.1 eV, and (ii) the optical excitation induces a charge
transfer from the EPR1 center to a second, different defect,

FIG. 7. EPR spectra before (a), under (b), and after (c) optical excitation with
2.8 eV; T = 50 K.

FIG. 8. Spectral dependence of the optically induced generation of the EPR2
spectrum and the quenching of the EPR1 spectrum.

EPR2. If EPR1 and EPR2 are two different defects, their micro-
scopic structure must be very similar as their spin Hamiltonian
parameters are rather similar.

To assign these two centers to specific defect configu-
rations, we have calculated the spin Hamiltonian parameters
of different defect models. The highly anisotropic g-values
of both centers EPR1 and EPR2 are characteristic for oxy-
gen hole centers.14,18,19 The principal axis associated with
the g-value close to 2.0023 indicates in the simple model
of a p-hole the p-orbital orientation;18,19 within this model,
the p-orbital is directed along the crystal a-axis; it is not
modified for the EPR2 center and stays parallel to the a-
axis for both centers. Only the principal axis associated with
the highest g-values is now switched from b to c-axis. The
SHF interaction of the EPR2 center is slightly reduced but is
still characterized by the interaction with two equivalent Ga
neighbors.

Whereas the configuration of a p-hole is the one expected
for Ga vacancies, a priori, an oxygen hole center configuration
might also occur for interstitial oxygen centers, another pri-
mary radiation induced defect. We have thus considered this
possibility also in our modeling. As has been shown in Ref. 14,
the oxygen interstitial is not stable and is predicted to form an
O2− center with an oxygen dumbbell structure.

Concerning the EPR1 center, in Table I, we compare the
g-tensor of the EPR 1 center with those of the two gallium
monovacancies, the most obvious defect models. Both vacan-
cies have a spin S = 1/2 ground state in the 2− charge state and
charge transition levels close to the Fe acceptor level (Fig. 1).
Furthermore, both defects present a SHF interaction with two
equivalent Ga neighbors (Figs. 9 and 10). The principal val-
ues gb, gc of the g-tensor for both VGa(tetra) and VGa(octa)
are also compatible with the experimental ones of the EPR1
center; however, the ga∗ value, which is close to 2.002 exper-
imentally, is considerably higher for both vacancies. Based on
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TABLE II. Experimental and calculated EPR parameters for the EPR2 center and the STH center, the O dumbbell, and a distorted octahedral Ga monovacancy; S is the electron
spin, O is the oxygen atom on which the p-hole is localized, g is the principal g-value, N is the number of interacting Ga neighbors and their site symmetry, and A is the SHF
interaction parameter; the experimental and computational uncertainties for the g and A values are also given. The values in boldface are experimental.

Spin S O atom gb gc ga∗ N (Ga) A (69Ga) (G)

Experiment 1/2 2.0064 ± 0.0010 2.0464 ± 0.0010 2.0024 ± 0.0010 2 9.8(±0.5)
9.4(±0.5)
9.0(±0.5)

Model STH 1/2 O(1) 2.0228 ± 0.005 2.0237 ± 0.001 2.0113 ± 0.001 2 −8
1 −16

± 5
VGa(oct) metastable 1/2 O(1)0(1) 2.0183 2.0372 2.0203 2 −16

2 −21
O2− dumbbell 1/2 O(1) +Oi 2.0060 2.0306 2.0034 2 −8

1 −19

this discrepancy, these models for the EPR1 center will be dis-
carded. Varley et al.20 have recently shown that the isolated
VGa(tetra) is not a stable configuration in β-Ga2O3 but trans-
forms by a displacement of a lattice Ga atom into a VGa(tetra)-
Gai-VGa(tetra) complex. We have thus equally calculated the
parameters for this defect. This defect (Fig. 11) has equally a
spin S = 1/2 ground state and a g-tensor with principal axes
aligned parallel to the crystal a∗, b, and c axes. The numerical
values differ not much from those of the monovacancies, but
this model predicts correctly a smallest principal g-value for
the a∗-axis component. It fulfills also the other constraints of
a SHF with two equivalent Ga neighbors. The absolute value
of the SHF is still a factor of 2 to high for this model, just
as for the vacancy models. It should be noted that this value
depends very critically in the DFT+U calculations on compu-
tational parameters such as the Hubbard U value and might
be thus overestimated. Another argument against the model
of the VGa(octa) is the fact that it is expected to be in the
3− charge state (Fig. 1) for a Fermi level position pinned by
the Fe acceptor. The tetrahedral vacancy and its lower energy
complex are expected however to be in the EPR active state

FIG. 9. VGa
2−(octa) local structure and spin density (yellow).

in this case. We consider thus the model of a VGa(tetra)-Gai-
VGa(tetra) complex as the most plausible one for the EPR1
center.

Concerning the EPR2 center, as our calculations show
no optically excited metastable state for the VGa(tetra)-Gai-
VGa(tetra) center, we conclude that the EPR2 center should
be a different defect. Thus, its observation after photoexci-
tation must be due to a charge transfer process from the
EPR1 center. As the EPR2 center is not observed in thermal
equilibrium, it must have been in a different and diamagnetic
charge state. The model of the VGa(octa) can be excluded as
its g-tensor values are not compatible. We have thus consid-
ered additional defect models for the EPR2 center, which must
reproduce the particular g-tensor properties. In particular, we
investigated the properties of a metastable configuration of
the octahedral Ga vacancy VGa (octa)’ (Fig. 12), a self trapped

FIG. 10. VGa
2−(tetra) local structure and spin density (yellow).
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FIG. 11. VGa(tetra)-Gai-VGa(tetra) local structure and spin density.

hole (STH) center, and an oxygen O2− dumbbell on an O(1) site.
It should be noted that the EPR2 center has previously been
observed and reported by Kananen et al.21 in neutron irra-
diated samples after low temperature X-ray excitation; these
authors attributed this defect to a self-trapped hole center
(STH) but without providing any modeling. Our calculations
do not support this assignment, as the calculated g-values
do not agree with the experimental findings (Table II), and
more importantly, it would have hyperfine interaction with
three Ga, which is incompatible with the observed SHF struc-
ture. Whereas the best agreement for the g-tensor is obtained
for the oxygen dumbbell model, which reproduces nicely the

FIG. 12. VGa
2−(octa) metastable local structure and spin density (yellow).

g-tensor properties, the SHF interaction with (2 + 1) Ga neigh-
bors seems to exclude this model. Indeed, the simulation of
the spectrum shape in the case of SHF interaction with three
(2 + 1) Ga neighbors changes the structure drastically and is not
compatible with the experimental results. The principal char-
acteristic of the g-tensor of the EPR2 center is the fact that
the highest g-value is obtained for the component parallel to
the c-axis. Such a configuration can be obtained for a tilted
VGa(octa) configuration (Fig. 12), in which the oxygen atom, on
which the hole is localized, is no longer in the mirror plane.
This metastable octahedral model, which has tilted spins,
still overestimates the smaller g-components and requires
a SHF interaction with (2 + 2) Ga neighbors. Nonetheless it
is considered at present as a plausible model for the EPR2
center.

Proton irradiation introduces two main paramagnetic
defects in β-Ga2O3, which are stable at room temperature.
The high introduction rate shows them to be primary defect
related. Their g-tensor properties are characteristic for oxy-
gen hole centers, but their g-tensor values are not com-
patible with the model of an undistorted gallium monova-
cancy on a tetrahedral or an octahedral site (EPR1 center)
or a self-trapped hole center (EPR2 center), as previously
proposed.9,21 The tetrahedral vacancy on the other hand
has a complex lowest energy VGa(tetra)-Gai-VGa(tetra) configu-
ration,20 for which the g-tensor and SHF interaction agree
well with the experimental ones for the EPR1 center. The
models of an oxygen dumbbell and the metastable VGa(octa)
configuration show only fair agreement with the EPR2 center
parameters.
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