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We have performed the density functional calculations (DFT) on the hole-type defects (V-
centres) in magnesium aluminate spinel (MgAl,O,) following the results of recent paramagnetic
resonance measurements (EPR) in Nucl. Inst. Methods Phys. Res. B 435 (2018) 31-37. The
hybrid B3LYP functional calculations using large supercells of 448 atoms have demonstrated
excellent results not only for bulk properties but also properties of the V-centres in MgAl,0,.
Three types of V-centres have been considered and confirmed, namely V1, V2 and V. The DFT
calculations have revealed the atomic relaxation pattern and spin density distribution around the
hole-type defects that is suggested as an important complement to the experiments. Moreover,
the calculated hyperfine coupling constants (HCCs) have been analyzed and compared with
those from the measured EPR spectra. A good agreement between the calculated and measured

HCC values is observed and discussed.
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Magnesium aluminate spinel MgAl,O, exhibits a ver)gz
high tolerance to irradiation with fast neutrons due to the efficiengg
recombination of primary radiation-induced Frenkel defects gq
vacancies and interstitials, which makes it a promising materia37
for optical/diagnostics windows in the environment of future
fusion reactors. It is generally accepted that the accumulation o8
radiation-induced structural defects determines the radiatio
damage and strongly affects the functionality of various optica
materials/components. In this connection, thétl
investigation/understanding of the atomic and electronic structurét2
of defects as well as their thermal annealing plays a crucial role.

1. Introduction

Recently, it was discussed what happens with thgjg
defects formation in neutron-irradiated single crystals ofjg
MgAI,O, [1]. The EPR measurements at room temperature)7
helped to identify the intrinsic structural defects induced by theg
fast fission neutrons. The obtained values of g-tensor parametergg
allowed to conclude that the paramagnetic nature of the hole-typeg(
centers (called, for simplicity, V-centers in [1]) is supposed to beq
an O ion (i.e. a single hole trapped at a regular oxygen ionj2
located near some negatively charged structural defect. Based o
the experimentally measured angular dependencies for differeng
V-centers and their comparison with the calculated ones in thesg
“Easy Spin” program [2], the orientation of paramagnetic centersyg
was determined and the following microstructures of holegz
containing centers were proposed [1, 3]. 58

This study showed three different hole-type defect®?
labeled as V3, V,, and V,,. In the case of V;-centre a negativel
charged defect is situated at the AI**-site which is the Al vacanc;ﬁl
in the formal charge state -2, i.e. V;-centre is a comlex V,;f +0.
Similarly, the Mg vacancy in the formal charge state -1 is

associated with the V,-centre = V,(,,lg + O". Also, the anti-site
defect, when Mg?" occupies the AI** position, showed up in the
EPR spectra leading to a complex Vy, = MQLOAI + O'. It can easily
be understood that all the three V-centres are compensated by the
formation of holes on oxygens to maintain the eletroneutrality
condition.

The DFT calculations of EPR parameters for crystals is
still rare in the literature [4, 5]. Previous calculations concerned
mainly complex molecules in the cluster model, see, for example,
[6, 7]. In the present study we rely on the implementation as
suggested in the CRYSTALL7 computer code [8]. Notice that the
calculation of g-tensor is not possible in CRYSTAL at the present
stage but the HCCs can be calculated as demonstrated in careful
study of defects in diamond [5]. Moreover, the DFT calculations
could be used to deeper analyze the properties of such defects at
atomistic level that is an important complement to experimental
data. In previous study of Paudel et al. [9] the anti-site defects and
of Jiang et al. [10] the oxygen vacancies in MgAl,O, were
calculated within the so-called DFT+U and GoW, approach,
respectively. Borges et al. [11] studied combinations of oxygen
vacancy and anti-sites in different charge states by means of DFT
and meta-GGA Becke-Johnson exchange potential. So, all these
advanced DFT studies were focused on optical properties of
defective MgAl,O,. Recently, the atomic and electronic structure
of oxygen interstitial defects in MgAl,O, was calculated by us
using the hybrid DFT calculations [12, 13]. In the present study
we decided to extend our hybrid DFT calculations to the V-
centres and calculate, for the first time, the HCCs for a
comparison with the those obtained from the measured EPR
spectra.
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The formalism of linear combination of atomic orbital§Q
(LCAO) combined with the hybrid B3LYP exchange-correlatior%3
functional was used in the present study of defects in MgAl,O, 1
The all-electron basis set of atomic Gaussian type functions in th 2
form 8s-411sp, 8s-511sp and 8s-511sp-1d for O, Mg and Al 3
respectively, were taken from the CRYSTAL web site (please6
see [14] and references therein). The primitive unit cell o
MgAl,O, consists of 14 atoms whereas its conventional unit cel
consists of 56 atoms. We rely on the so-called supercell approac
[15] and apply the transformation matrix (200,020, 0 0 2) fo
the lattice translational vectors of the conventional unit cell. |
leads to the supercell comprising 448 atoms. We choose
massively parallel version (MPP) of the CRYSTAL code base
on a distributed-data approach [14]. Accordingly, the lo
symmetrical calculations due to the presence of defects in th
supercell were performed with the one k-point mesh only in th
Brillouin zone. The tolerances for the Coulomb and exchang
integrals 6, 6, 6, 6, 12 and the SCF convergence threshold on th
total energy 107 a.u. were used throughout all the spin-polarize
calculations in the supercell. The primitive unit cell wa
calculated with the same tolerances but the k-point mesh 8x8x8.

2. Computational details
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The formation energy of a defect with a charge g wag8]
calculated in accordance with the following expression [16, 17] 82

AE? = E* —EPK L EY ‘Z”i“i +q(ep +Eygy +AV), (1??’1
5

where E9 and E™* represent the total electronic energies o
supercells with a defect with a charge q and without a defect 6
respectively, EJ . the finite-size supercell correction due to 7
first-order Makov-Payne scheme. The calculation of formatio )
energy requires consideration of the chemical potential y; of ng 9
species and the chemical potential of electrons (term in th
parentheses) removed or added. Therefore, & and &ygy Stem for
the Fermi energy and valence band maximum of perfect crystal,
respectively. In our study, we use the chemical potential of O po
equal half the O, molecule total energy, p, found from the total
energy of a-Al,O; phase, and [ from the total energy of MgO.
Notice that the bond length and binding energy of O, are
accurately calculated with the LCAO approach and hybrid
functionals [18]. AV is a correction for the average electrostatic
potential alignment between the supercells with and without a
defect. As was shown in [17] AV decreases rapidly with the
supercell sizes in wide bandgap materials. In our present
calculations, AV is very small (of the order of 0.01 V) due to a
large supercell size of 448 atoms. Charged supercells were
calculated with a homogenous neutralizing charge background.

The hyperfine coupling tensor can be calculated througr90
the spin Hamiltonian as discussed in detail in [5]. Below w
present the isotropic contribution A (the Fermi contact term) t
the tensor and the anisotrpic dipole-dipole interaction of theg3
electron with the nuclear spin B (or its components B,, By, BZ)94
The hyperfine coupling tensor (A, A, A,) is given by theig5
combination through the identity matrix and is calculated for
comparison with experimental data in [1]. Therefore, theg7
combination can be given by the following expression [19] 98

99
100

(2101
B, 102
103
104
105
106

o o

3. Results and discussion

3.1. Basic bulk properties of MgAl,O,

Magnesium aluminate MgAl,O, crystallizes in the spinel
structure (space group 227, Fd3m) which is a face-centered
cubic lattice. Its primitive unit cell contains the Mg atoms
occupying Wyckoff position 2a (1/8, 1/8, 1/8), Al atoms
occupying Wyckoff position 4d (1/2, 1/2, 1/2), and O atoms
occupying Wyckoff position 8e (x, X, X) with one free parameter.
The calculated lattice constant a of 8.15 A using the B3LYP
functional for the primitice unit cell is little larger than the
experimental value of 8.06 A [19] whereas the free parameter x
agrees very well with the experimental value. It should be
mentioned that the conventional DFT functional suffers from the
error of underestimated bandgap value (A). Recently, Jiang et al.
[10] included man-body effects within the GoW, approximation
whereas Borges et al. [11] applied meta-GGA Becke-Johnson
exchange functional to reproduce the A-value. Alternatively, the
hybrid density functionals (like those B3LYP and range-separated
HSEO06) accounting for the exact exchange could be used to solve
the problem of bandgap. Even though a calculated with the
HSEO6 functional is closer to the experimental value in
comparison with the B3LYP functional, A does the opposite
effect [12]. Notice that the A-value as obtained with the HSE06
functional is almost by 1 eV larger than the experimental value of
7.80 eV and the GoW,-value of 7.88 eV [10].

Tablel. Basic bulk properties of MgAl,O, as calculated with the
B3LYP functional in the present study and compared with the
experiments in the literature. a the lattice constant, x the free
parameter, A the electronic band gap and Q the effective atomic
charge.

Property Present study Experiment
alA 8.15 8.06°
X 0.26 0.26°
Al eV 7.68 7.80°, 8.20°°
Bond length / A AI0:192-1.94
Mg-O: 1.96
Mg: +1.83
Qle Al: +2.29 -
0:-161

aRef. 20 ? Ref. 21 ° Ref. 22 Y Ref. 23

Unfortunately, the effective atomic charges (Q) are rarely
discussed in the literature. Nevertheless, the Q-values give us
important information on bonding in a compound. So, Q’s
calculated in the present study with the Mulliken analysis and
B3LYP functional being different from the formal ones (2+ for
Mg and 3+ for Al) suggest quite covalent picture for the Al-O
bond and more ionic picture for the Mg-O bond. These atomic
charges for both the bonds, however, are more ionic in
comparison with those calculated with the HSEO6 functional [13].

3.2. Calculations of V-centres in MgAl,O,

In table 2 we collected the basic properties of defective
MgAl,O, containing one of the three V-centres: V,(= V;|2 +0),
V,(= V,\",,}J +0), and V(=M ,%d +0’). Therefore, the basic
properties were calculated in the supercell comprising 447 atoms.
In particular, we emphasize the atomic charge Q and magnetic
moment M of oxygen with the localized (trapped) hole (O") due to
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1 missing electron in the system. The magnetic moment M of 060
is larger for the cation vacancies case than the anti-site defect, bubl
Q of O is larger for the anti-site defect than for the catiorb2
vacancies. If we compare the two cation vacancies, then th®3
larger Q of O for V; than for V, could be understood from th&4
formal charge state: the Al vacancy charge state -2 for V,; mean65
more electrons left in the system in comparison with the Md6
vacancy charge state -1. Consequently, the more oxidized catiof67
has slightly smaller value of M. Interestingly, calculations of th©8
defective supercells of different sizes did not reveal an¥9
significant changes in their properties. 9

Table 2. The poperties of calculated V-centres in MgAl,O,. Q and/2
M the affective atomic charge and magnetic moment of oxyger/3
ion with the localized (trapped) hole (O). 74

75

76
77
78
79
80
81
82
-
) 85
86
87
88
89
90
01
92
93

Defect
Vl
V,
V22

Qle
-0.92
-0.78
-1.05

M/ pg
0.78
0.80
0.72

: " 2,
-1.464
2.27 2.19
o a Qo-""-yu =

\
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99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

Fig. 1. (Color online) 2D spin density maps (left) for V- (a),
V,- (b), V- () centres and corresponding atomic relaxation
patterns (right) around O defects. On right: red balls O ions,
gray balls Al ions, green balls Mg ions and anti-site, dark red
ball O, light gray ball Al vacancy (a), dark green ball Mg
vacancy (b). There is an effective atomic charge in e for each
ion on right whereas the numbers marked in bold show inter-
atomic distances in A.
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One could understand from the values of M that there is some part
of the hole donated to other ions in the system. The formal
magnetic moment M of O would be 1 pg. In order to better
analyze this effect we plotted the spin density distribution around
O for each V-center (fig. 1). As expected the maximum spin
density is observed at the O ion in all the three cases. It is
reflected in the highest intensity of the isolines around O". But,
there is also a non-zero spin density localized at oxygens which
are neighbours of O". In addition, we found small magnetic
moments for such oxygens. The analysis of oxygen neighbors for
each V-center, their magnetic moments and the atomic charges
suggests the following picture. The case of V,: the larger M(Q) of
0.06 pg (-1.42 ) for two oxygens which are neighbours for both
the Al vacancy and O (4" and 5" oxygen neighbour for O", not
the nearest oxygen neighbours) and the smaller M(Q)’s of 0.01(-
1.59 e), 0.02 pg (-1.46 €) and 0.03 pg (-1.54 €). The case of V,:
the larger M(Q) of 0.05 pg (-1.54 e) for three oxygens which are
nearest oxygen neighbours for O’, and the smaller M(Q)’s of 0.01
ps (-1.28 e) which are nearest oxygen neighbors for the Mg
vacancy. The case of V,,. the larger M(Q) of 0.06 pg (-1.51 €) for
two oxygens which are second nearest oxygen neighbours for O,
the smaller M(Q)’s of 0.022 (-1.598 e), 0.039 p; (-1.574 €), 0.000
(-1.627 €) which are nearest oxygen neighbors for the anti-site
defect, M(Q)’s of 0.015 (-1.548 ¢), 0.039 (-1.573 €) which are 3"
and 4™ oxygen neighbors for O". The obtained atomic charges are
much different from the values in the perfect bulk material and
should, therefore, be carefully analyzed. Different values of M’s
for oxygens are reflected in the intensity of isolines in fig. 1 as
well.

The inter-atomic distances between the cation vacancy
and neighbouring oxygen ions (fig. 2) are close for both the Al
and Mg vacancy, i.e. the relaxation pattern is quite symmetric.
The difference in relaxation patterns for the two cation vacancies
is reflected in larger inter-atomic distances in case of the Al
vacancy including the distance between that vacancy and O (2.09
A vs 2.19 A'in fig. 1 on right). As expected, all these inter-atomic
distances are larger than in perfect bulk material (table 1) as the
oxygens move apart from each other upon the formation of cation
vacancy. The anti-site defect experiences more complex changes
reflected in a quite asymmetric relaxation pattern. The distance
between the anti-site defect and O is even larger than that in the
case of cation vacancies.

As can be seen in the spin density maps, oxygens on
larger distances do not contain the holes. So, this part of the hole
seen on the oxygen neighbours of O is not delocalized over a
whole supercell but rather localize on them. In table 3 we present
calculated HCCs and experimental values from [1] for a
comparison. Almost equal components of the hyperfine coupling
tensor were discussed in [1] and are confirmed here for all the
three cases of V-centres despite the low-symmetric supercells. It
indicated independence of the direction of the applied magnetic
field. Notice that the V; and V,,-centres were calculated in the
supercells without imposing the symmetry constraints. The
isotropic contribution A should be larger than the anisotropic
dipole-dipole interaction B [19]. However, we emphasize one
order of magnitude difference between A® and B (A™ = -0.60
mT vs B, = - 0.03 mT, B, = -0.05 mT, B, = -0.08 mT, for
example). We suggest a good agreement between the measured
and calculated HCCs. It should be noticed that determination of
HCCs from the measured EPR spectra is a rather complicated
procedure. The complicity is caused by the overlap of the spectra.
The V-centres are differently oriented with respect to the applied
magnetic field, and there is a mixture of the overlapping spectra.
Only certain amount of lines belonging to the concrete orientation
of a certain V-center with respect to applied magnetic field can be
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used for the determination of EPR parameters. Thus, the DF160
calculations help to not only calculate the properties of defectg]
but also confirm their existence. 62

Table 3. The calculated HCCs of Al ion for three V-centres an 2
their comparison with experimental values (in parentheses) fro 5
[1]. Ax Ay, A, were calculated using Eq. 2. We give the HCCc fo 6
Al ion being the nearest neighbour of O'.

Defect | A®/mT | A/ mT A,/ mT A,/ mT gg
V; -0.60 -0.63 -0.65 -0.68 69
(0.86) (0.86) (0.93) 70

V, -0.71 -0.72 -0.71 -0.60 71
V -0.58 -0.62 -0.60 -0.63 72
(0.45) (0.45) (0.46) 73

74

3.3. Calculations of formation energy of V-centres in MgAl,O, ;g
We calculated the formation energy AEY (Eq. 1) off7
cation vacancies and anti-site in different charge states as showryg
in fig. 1. In fig. 1 the charge state -2 for the Al vacancy means
formation of the V,-centre, the charge state -1 for the Mg vacanc
means formation of the V,-centre, and the charge state 0 for theg
Mg anti-site  means formation of the Vy-centre. As
expected AEY ’s of cations are lowest in the highest charge states81
And, it is enérgetically most unfavourable to consider the neutraB2
cation vacancies when the largest number of localized holes i83
formed in the supercell. The overall picture suggests that AEY -84
of both the cations are close in corresponding charge states. OEI)85
appearance of the charge state -3 for the Al vacancy makes thi
vacancy more energetically favourable in comparison with thé
Mg vacancy with the charge state -2. However, our main interes
lies in the O ion (i.e. a single hole trapped at a regular oxyge 8
ion). Correspondingly, the Al vacancy with the charge state -2 i89
little easier to form than the Mg vacancy with g = -1 e. But, bottP
the cation vacancies concede this formation energies competitio
the anti-site defect independently of their charge state. We shoul
mention that AEY of V= M| + O is by almost a factor of D3
smaller than AE% of V, = V,(,,lg + O and by almost 1 eV smaller,
than AEYof Vv, éV;|2+ O". As discussed in Ref. 4, it could b ‘51
explaineor by the fact the two cations have close ionic radii i 6
spinels, and it is easier to replace one by the other than to brea 7
the bond. Notice that there is energetic preference of the “+1’
charge state for the anti-site defect at the --values smaller than
eV and, as a result, a very tiny region for the energetic preferenc®9
of the “0” charge state of V. The “+1” charge state stable 100
smaller e was earlier seen in other spinels as well [21]. 101
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Fig. 2. Formation energy of V), Vg and Mgy, in different
charge states a function of Fermi energy e (Eq. 1) |Q
calculated with the B3LYP functional.

AE eV

g /eV

4, Conclusions

The hybrid DFT B3LYP calculations were performed in order to
calculate and analyze properties of hole-type defects in MgAl,O,.
The hybrid B3LYP functional reproduced not only the lattice
parameters but also the bandgap of MgAl,O,. The main focus was
placed on the calculation of V-centres with the single hole
trapped on a regular oxygen ion (O") in accordance with the
previous experimental observations. We confirmed that such
defects could be present in MgAl,O,. Moreover, the calculated
hypefine coupling constants (HCCs), the atomic and electronic
structure of calculated defects are consistent with the measured
ones [1]. In accordance with the calculated spin density maps we
showed that the hole is only partly localized at O" whereas, and
there is its insignificant part donated to neighboring oxygen ions.
The latter fact is important for understanding the values of
calculated HCCs. The calculated HCCc confirm existence of
calculated V-centres as their identification from the measured
EPR is rather complicated.
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