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Abstract

Semi-empirical quantum chemical simulations of 125-atom clusters have been undertaken to obtain the self-con-
sistent atomic and electronic structure of the two basic electron defects in MgO crystals — F* and F centers (one and
two electrons trapped by an O vacancy). The calculated absorption and luminescence energies agree well with the
experimental data, the excited states of both defects are found to be essentially delocalized over nearest-neighbour

cations. The mechanism of the F*— F photoconversion is discussed.

1. Introduction

Oxide materials in general, and MgO in partic-
ular, are important as catalysts, ceramics and for
their relevance to microelectronics and geophysi-
cal problems [1-3]. Point defects arise in oxides
naturally, under irradiation, and by design, con-
siderably affecting their optical properties. Sev-
eral kinds of point defect have been identified
and studied in the alkali-earth oxide materials
like MgQO; the two basic electronic defects are
called F* and F centers [1]. They are respectively
one and two electrons trapped by an O vacancy.
Especially great theoretical attention has been
paid to these centers in recent years, when a
number of careful first-principles calculations
have been performed [4-10]. However, such cal-
culations are unavoidably restricted to quite small
quantum clusters or supercells, so the study of
excited states of these centers is not possible. The

main unsolved problems of F*, F centers are

[4,11]:

(i) How close are their relaxed excited states to
the bottom of the conduction band?

(ii) What is the lowest in energy F-excited state:
singlet or triplet, and what are the relevant
luminescence energies (only one band has
been observed so far experimentally)?

(iii) What is the mechanism of the photostimu-
lated F*— F conversion?

(iv) Whether an O vacancy could trap the third
electron. '

If one could answer these questions, the logi-
cal continuation of theoretical studies will focus
on the H (hydrogen) impurities and related F-H
complexes, which seem to play a decisive role in
understanding the anomalously delayed lumines-
cence kinetics in MgO [4,11]. Another challeng-
ing problem is the optical properties of dimer,
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F,-type centers in MgO which have been little
studied theoretically (see a review article [12]).

All the above demonstrates that there is a
great need for a simpler theoretical approach,
allowing us to study large quantum clusters (about
100 atoms), complex defects, and it should also
be able to optimize the defect geometry (in both
the ground and excited states) through a mini-
mization of the total energy, and to calculate
reliably the excited states and the relevant ab-
sorption and luminescence energies.

Such an approach to defects in ionic solids has
been elaborated in recent years in terms of the
semi-empirical quantum chemical method of In-
termediate Neglect of the Differential Overlap
(INDO) [13,14], which has been since then ap-
plied very successfully to the defects in many
oxide materials, including MgO, SiO,, Li,0,
ZrO,, a-Al,0; [15-21]. A similar approach has
been used recently for defect studies in semicon-
ductors [22,23].

In this paper, we report INDO calculations of
F* and F centers in MgQ, in order to answer the
four questions formulated above.

2. Method

The INDO method is a simplified (semi-em-
pirical) version of the ab initio unrestricted
Hartree-Fock formalism based on the linear-
combination-of-atomic-orbitals (LCAQ) basis set
widely used in the quantum chemistry of large
molecules and the electronic structure of semi-
conductors [13]. Its considerable modification for
ionic solids is described in detail in Ref. [14].
Briefly speaking, it is a self-consistent field (SCF)
theory where the Fock matrix elements read:

A
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B
+8 2, | L(PyCkk I - V8],

B=A\ [

(2.1)
where k, k' are atomic orbitals (AOs) belonging
to the atom A, 8., is the delta symbol. In Eq.
(2.1) the symbol u denotes the electron spins («
or B), P& and Pf, are the populations on kth

AO for electrons with a with 8 spin, {- |- )
stands for two-electron integrals [13].

The first term in Eq. (2.1) describes the inter-
action of an electron occupying the kth valence
AO on atom A with its own core:

Ul?k = _Erlx\eg(k) - Z (Pr(nOrLA‘Ykm - O'SPr(nOrz-xAKkm)’
(2.2)

where PO# are the diagonal elements (initial
guess) of the density matrix (= mth AO popula-
tion), vy,,, and K,,, are one-centre Coulomb and
exchange integrals, respectively, which are calcu-
lated exactly. Finally, E/x (k) is the initial guess
of the kth AO energy (the ion’s calculated elec-
tronegativity). Thus, the effective potential U}
depends on the three atomic parameters: E .,
the orbital exponent ¢ and P°. An interaction of
an electron on the kth AO belonging to the atom
A with the core of another atom B entering Eq.
(2.1) reads:

VB =Zy{1/R g + [{kk |mm) ~ 1/R 3]

Xexp( —asgRap)}> (2.3)

where R,g is the distance between atoms A and
B, Zg is the core charge of atom B, and the
parameter a,p describes the non-point character
of this interaction.

Lastly, the so-called resonance-integral param-
eter B,, enters the off-diagonal Fock matrix ele-
ments:

Fiy = BiiSi — PKkk |1, (2.4)

where k belongs to atom A and / to atom B, §,,
is the overlap integral between electrons on kth
and /th AOs.

Our scheme of parametrization contains the
following set of parameters per atom: orbital
exponent £ (O 2s, 2p and Mg 3s in our case)
defining the radial part of Slater-type AQs, elec-
tronegativities, E_.(s), E . (p), ‘initial electron
populations’, P%s), P%p), bonding parameter S
and the parameter «. The parameters for Mg and
O atoms were fitted ecarlier [14] to the basic
experimentally-observed properties of pure MgO
crystal (the lattice spacing, the widths of the O
upper s,p valence bands, the forbidden gap, the
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Table 1

Optimized INDO parameters for the additional AO of the F center in MgQ; the matrix of bonding-parameters 8 corresponds to

the s and p AOs respectively; ag, =0

AO £(at. units) E . (cV) P%e) B matrix
F-Mg
1s 0.55 -21 0 —0.60E + 00— 0.05E + 00
~0.05E+00—0.05E+00
2p 0.49 -26 0 F-0

-0.20E+01—-0.20E+01
—0.20E+01-0.20E+01
F-F
—0.30E + 00— 0.30E+ 00
—0.30E + 00— 0.30E + 00

midpoint of the upper valence band, the effective
charges on atoms) and of a series of O- and
Mg-containing diatomic molecules (mainly, equi-
librium distances and the potential energy curves
in their vicinity were reproduced for 15
molecules). The large quantum cluster is embed-
ded into the electrostatic field of the non-point
infinite rigid lattice, whose effective charges are
taken from the INDOQO supercell calculations
[15,16]. In our cluster calculations before the de-
fect is introduced, the equilibrium positions of all
cluster ions are obtained by minimizing the total
energy of the ‘perfect’ cluster interacting with the
rest of the infinite crystal. We found displace-
ments of ions to be less than 0.5% of the lattice
constant, thus confirming that the use of the
boundary conditions in the form of the electro-
static field of the ions surrounding quantum clus-
ter is quite an adequate procedure in such ionic
solids 125-atom clusters of a cubic shape having
high (O, ) point symmetry and modelling 9 spheres
of atoms around the coordinate origin, were used
in defect calculations. In the F-type center simu-
lations, the O atom in its center has been re-
moved, and one or two electrons added to the

cluster, making no a priori assumptions about
their localization and the electron density distri-
bution. Then the ions surrounding the O vacancy
were allowed to relax in order to get a minimum
of the total energy, as well as the self-consistent
electronic and atomic structures of the defect. As
we found in previous calculations [17], use of the
3s Me AOQs in the basis set for the calculation of
the F-type centers gives only qualitative agree-
ment with the experimental data since an addi-
tional electron is not sufficiently strongly local-
ized by the anion vacancy. We suggest to extend
the basis set in such calculations by adding the
additional 1s,2p AOs centered at the vacancy
[17,18].

As earlier, the relevant parameters were fitted
to the experimentally observed optical absorption
energy of the F* center (5 €V) and the spin
density of its unpaired electron on the nearest
Mg ions. The optimized parameters are given in
Table 1. Note that we use the same parametrs for
both F* and F centers except for E,,; since the
F* center is charged with respect to the perfect
MgO crystal and polarizes the surrounding ions,
its E,., parameter has been reduced (compared

Table 2

Optimized displacements of atoms of the three spheres surrounding empty O vacancy (F2*), F* and F centers
Atom /Center F2+ F

Mg(1,0,0) (1.065, 0.000, 0.000) (1.047, 0.000, 0.000) (1.019, 0.000, 0.000)
0(1,1,0 (0.977, 0.977, 0.000) (0.983, 0.983, 0.000) (0.999, 0.999, 0.000)
Mg(l,1,1) (1.005, 1.005, 1.005) (1.003, 1.003, 1.003) (1.000, 1.000, 1.000)

Coordinates are presented in units of the Mg-O distance of 2.02 A obtained in the Mg 030 g supercell calculations. Clusters used

model 9 spheres of atoms around a defect.
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Table 3
Effective charges (in units of €) on atoms surrounding the F2*, F* and F centers in both their ground state (A) and excited state
(B)
Atom /Center F2+ F* F F~ Perfect crystal
(A) Ground state
Mg (1, 0,0) 1.808 1.823 1.838 1.721 1.831
01,1, —~1.835 - 1.826 -1.819 —1.802 —1.829
Mg(1,1,1 1.823 1.828 1.832 1.834 1.831
Vacancy -0.002 -1.002 —-2.002 —2.003 —
Atom/Center F* center F center

singlet triplet
(B) Excited state
Mg (1,0, 0) 1.715 1.701 1.674
0(1,1,0 —1.824 —-1.817 —1.816
Mg (1,1,1) 1.828 1.832 1.831
Vacancy —0.476 —1.268 -1.127

with that for the F center) by the value of the
electronic polarization potential induced at the O
vacancy by the surrounding ions (1.8 eV, e.g.
E . (1s)= —39 eV for F* center). Use of such a
polarization correction is necessary since in the
INDO approximation displacements of the elec-
tronic shells of ions induced by a charge defect

(like an F* center) are known to be almost negli-
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gibly small [13]. The ionic contribution to the
polarization energy is taken into account in our
calculations via displacements of the ionic cores
surrounding the defect. The phenomenological
procedure for the electronic polarization calcula-
tion and the relevant parameters are described in
detail in Ref. [20]. We would like to stress that
the defect parametrization plays an important
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Fig. 1. A, configuration coordinate curves for F* center in MgO (only the effect of the symmetric relaxation of NN atoms is
shown): 4 the ground state; M the excited state; O bottom of the conduction band. E,, E, are the absorption and luminescence

energies, respectively.
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role in such semi-empirical calculations as the
present study. In the light of this fact, we varied
F-type center parameters over a wide range of
magnitudes and found the only combinations de-
scribing well the mentioned-above experimental
properties. A good test of the quality of these
parametrs is a study of dimer (F,-type) centers
which is now in progress. The recently developed
INDO computer code SYM-SYM [24] is per-
fectly suited for our computer simulations, being
based on a complete treatment of the point sym-
metry and the automated defect geometry opti-
mization.

Since in the F* and F center calculations we
use quantum clusters of different net charges
(—2 e for the perfect cluster and that containing
the F center, and —1 e for the F* center), the
relevant patterns for one-electron energy spectra
are also shifted in energy — an effect well known
for the cluster model [9,10,25]. It is clear, how-
ever, that in the case of an isolated defect in-
serted into a crystal the deep valence band of the
latter (O 2s in MgO) must remain unperturbed.
This is why for the placing of defect levels with
respect to the perfect crystal bands we used the
procedure suggested in Refs. [25,26]; it is based
on the preliminary matching of the midpoints of

ENERGY (eV)
FS
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the deep O 2s bands in the perfect cluster and
that with a defect.

The absorption and Iuminescence energics
were calculated as the difference of total energies
for the ground and excited states, respectively
(ASCF method - see Section 3.1). For this pur-
pose the relevant potential energy curves were
calculated, then according to the Frank—Condon
principle the absorption energy was calculated as
that for a vertical transition from the minimum of
the relaxed ground state to the SCF excited state
(with fixed atomic coordinates). The lumines-
cence energy was found in a similar way.

3. Results and discussion
3.1. F* and F centers

The optimized geometry of a bare O vacancy
(F?* center), and of those with one and two
trapped electrons (F* and F centers respectively)
is presented in Table 2, whereas the relevant
charges on atoms are shown in Table 3. Natu-
rally, for the doubly-charged F?* defect the sur-
rounding atom relaxation is the largest — up to
6.5% outwards for the nearest Mg ions — but it is

F CENTER

0 1 2 3

4

5 6 7 8

RELAXATION PARAMETER (% of NN distance)

Fig. 2. Same as Fig. 1 for the F center; E] and El3 denote the luminescence singlet and triplet transitions.
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less than 2% for the neutral F center. Atoms of clearly that one (two) electrons are well-localized
three spheres surrounding an O vacancy are no- by an O vacancy in the ground state of F* (F)
ticeably relaxed even in the ground state of these center with a very moderate change of the effec-
F-type centers. tive charges on the atoms surrounding the O
The charge distribution analysis demonstrates vacancy.
A
Conduction band 04eV(*1)
0.2 eV (*3)
7.8
(*2) 0.2eV
7.0 _

s

A

>-

o

o

wi

& 35 L

F+ T F TL
2.96eV 3.0ev
0.0
Valence band
A

Fig. 3. Position of the one-electron defect levels with respect to the perfect MgO bands; *1, *2, *3 levels denote the singlet,
doublet and triplet excited states, respectively. A are two quasi-local state induced by F* on two spheres of nearest O ions.
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Table 4

Calculated absorption and luminescence energies (in eV); the
symbols S and T denote theory for the singlet and triplet
bands of the F center

Defect F* F

Absorption: theory 4,97 4982
expt [4,11] 4.95 5.02

Luminescence: theory 3.6 2.61(S); 2.76 (T)
expt [4,11] 3.2 23

? Fitted to the experimental value.

This is no longer true, however, for their ex-
cited states: 0.5 e is delocalized from the O
vacancy over the cations surrounding the F* cen-
ter, which results in a reduction of their effective
charges (by = 0.1 ¢ on each atom). For the
singlet state of the F center 0.7 ¢ is delocalized.
An analysis of the spin density distribution for
the ground state of the F* center shows that
> 90% of the unpaired electron lies inside the O
vacancy but only 44% in its excited state.

The potential energy curves as a function of
the full-symmetry, A, relaxation of atoms near-
est to the F* and F centers are shown in Figs. 1
and 2. They confirm that the excited states lie
very close to the conduction band, in agreement
with experimental data [27] placing the F excited
state only 0.06 eV below the bottom of the con-
duction band. The calculated absorption energies
of F* and F given in Table 4 practically coincide,
again in agreement with the experimental data;
the luminescence energy for F* exceeds by 0.4
eV the experimental one (3.2 eV).

Calculations of the excited F center predict
the singlet luminescence peak at 2.61 €V and the
triplet one, at 2,76 eV. The only band observed
experimentally so far is at 2.3 eV, probably the
singlet and triplet energies are too close to be
resolved (the width of the experimental emission
band is about 0.6 eV). The calculated minimum
energies for the relaxed singlet and triplet states
differ by only 0.04 eV; this probably explains why
the optically detected magnetic resonance
(ODMR) experiments [28] indicate that the emit-
ting state is not predominantly an orbital triplet.

Finally, Fig. 3 demonstrates the calculated po-
sitions of the defect levels with respect to the

perfect MgO bands which were found following
the procedure described above [25,26). There is
some uncertainty related to the magnitude of the
gap. The ASCF gap value is 10.2 eV, but it does
not incorporate the polarization effects due to
the electron at the bottom of the conduction
band and a hole in the valence band, which are
know to reduce the calculated gap additionally
[25]. Use of the restricted configuration interac-
tion (RCI) method gives the gap of 7.6 eV [21]; in
Fig. 3 we accepted the experimental gap value of
7.8 V.

Our calculations put both the ground levels —
of F* and F centers — at about 3 ¢V above the
top of the valence band - similarly to results
recently obtained using much more refined su-
per-cell multiple-scattering theory [5]. The re-
laxed excited states are almost degenerate in en-
ergy to the conduction band; their precise posi-
tions cannot be found keeping in mind our uncer-
tainty in the gap value.

3.2. F~ (three-electron) center

We also simulated a hypothetical three-elec-
tron F~ center negatively charged with respect to
the pure MgO crystal. Similar defects exist in
alkali halides (two electrons trapped by an anion
vacancy) [29] and were predicted theoretically in
a-Al,O, (see Ref. [17] and references therein).
We have found that the third electron being
added to the F center is not localized by an O
vacancy but is shared mainly by the nearest six
Mg atoms (having in total an extra charge of 0.7 ¢
as follows from Table 3). Its energy level is esti-
mated to be almost degenerate with the (experi-
mental) conduction band. More accurate calcula-
tions need a careful treatment of the polarization
effects due to its very diffused wave-function,
which is now in progress.

3.3. F *— F photoconversion

It has been observed experimentally [11] that
the optical excitation (photostimulation) in the
region of F* (one-electron) center absorption
results in their transformation into the F (two-
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Table 5

The coefficients of AOs in the molecular orbitals for the two
quasi-local states induced by the F* center in the valence
band (energy levels A in Fig. 3)

Atom Distance from the
top of the upper VB
1.17eV 2.01eV
0(1,1,0) P =-0.204 P, = -0.041
P,=0.204 ), = —0.044
P, =-0.137 P, =0.000
02, 0,0) P, =0.000 P, =0.307
P, =—-0.035 P, = 0.000
P, =0.000 P, =0.000

electron) centers and creation of hole (V) cen-
ters. A similar phenomenon is known also in
corundum crystals [1]. It is very likely that F
centers do not arise owing to the trivial thermal
release of the excited electrons to the conduction
band with further trapping by other F* centers
(thus transforming them into F centers) since in
this case no hole centers could be expressed to
arise.

We propose the following explanation of this
phenomenon. As follows from our calculations, a
charged F* center induces in the upper part of
the valence band two quasi-local states. Their
nature is shown in Table S — they consist mainly
of the AOs of O atoms of the two nearest spheres
around the F* center (Fig. 3, levels A). There-
fore, the reasonable idea suggests itself that the
optical transitions from these levels A to the
ground state of the F* center convert it into an F
center. Because of the quasi-local nature of the
induced states the transition probability is com-
parable with that for intra-center absorption. Si-
multaneously, a hole produced on a quasi-local
level. It escapes to the valence band and moves
until it is trapped by a cation vacancy in a form of
a V center (indeed it has been observed experi-
mentally [30]) or by an impurity, e.g. F** + Fe™*
— F + Fe?* [31].

From our calculations the photon energy
needed for the transition between quasi-local
states and the ground state of F* is close to that
used in the so-called photostimulated conversion

experiments (=35 eV). Recently, we have used
the same model successfully for interpreting ex-
perimental data for corundum and a number of
other ionic solids with charged defects [32].

4. Conclusion

Our calculations have demonstrated that the
semi-empirical INDO approach combined with
large quantum clusters allows us to treat success-
fully static and dynamic properties of the basic
electron (F* and F) centers in MgO. We found
that their ground states are well localized but
excited states are quite diffuse with the relevant
energy levels close to the bottom of the conduc-
tion band. This is in agreement with the experi-
mental arguments and earlier ab initio calcula-
tions [4,5]. We predict that both singlet and triplet
minima of the F excited states have very close
energies and result in overlapping luminescence
bands around 2.61 and 2.76 ¢V - hardly resolv-
able on the background of the 0.6 ¢V wide exper-
imental emission band. Lastly, we have analyzed
the mechanism of F*— F center photoconversion
and suggested a novel model. These findings give
us confidence in the reliability and flexibility of
the present INDO formalism; the study of other
types of defect in MgO crystal (H-related and
dimer centers) is now in progress.
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