8

PHYSICAL REVIEW

VOLUME 51, NUMBER 14

1

APRIL 1995-II

Calculations of the geometry and optical properties of FMI centers
and dimer (F&-type) centers in corundum crystals

E. A. Kotomin, * A. Stashans, L. N. Kantorovich, A. I. Lifshitz, A. I. Popov,
University

and

I. A. Tale

of Latvia, 19Rainis Blvd , R.iga, LV 1050-, Latvia

J.-L. Calais
Department

of Quantum

Chemistry,

Uppsala University,

Box 518, S-571 20, Uppsala, Sweden

(Received 19 July 1994)
Results of the defect calculations in u-A1&03 (corundum) crystals using the semiempirical method of
intermediate neglect of di8'erential overlap and large, 65-atom-stoichiometric quantum clusters are reported. The geometry and the electronic density distribution are simultaneously and self-consistently
optimized for both the ground and excited states of the electronic FMg FMg single centers and two kinds
of dimer (F2, F2+, F2+ ) centers where two oxygen vacancies belong to the same basic oxygen triangle
and are next nearest neighbors on adjacent basal planes, respectively. Their optical absorption and
luminescence energies are compared with available experimental data; absorption bands are predicted.
Positions of dimer-center local levels within the gap of the perfect crystal are calculated.

I.

INTRODUCTION

Corundum (a-A1203) is an important technological
material which is utilized as a host material for solidstate lasers, fusion reactors, ceramics, y dosimetry, '
etc. This is why the nature of point defects and how they
affect the optical properties of corundum have stimulated
large number of experimental studies. ' The basic electronic point defects in corundum are single-vacancy F+
and F centers (one and two electrons in an oxygen vacancy) and dimer F2+, F2+, and F2 centers [two nearestneighbor (NN) or next-NN (NNN) oxygen vacancies
trapping from 2 to 4 electrons; the superscript shows the
defect effective charge with respect to the perfect latticej. ' Only a few theoretical attempts have been
made up to now to understand the properties of F-type
centers; ' ' and there are no theoretical studies of dimer
centers so far to our knowledge. In our previous short
paper' a semiempirical quantum-chemical
method was
used for cluster calculations of F+ and F centers. We focused there on self-consistent calculations of singlevacancy-defect geometry and optical properties. Good
agreement with the experimental data on both absorption
and luminescence energies encouraged us to extend these
calculations now to a detailed study of impurity-related
centers, the so-called FM centers, and a family of intrinsic dimer centers. We are fully aware of the limitations
of our computational methods but would like to stress
that (i) they have yielded good results in defect studies in
both semiconductors'
and a series of wide-gap oxides'
(MgO, Li20, Si02); (ii) due to time-saving semiempirical
methods we are able to sift through the vast number of
possible models until one or two prospective models are
caught for more detailed study by first-principles
methods; (iii) we focus more on qualitative understanding
of the physical effects and underlying physical processes.
In particular, in Ref. 14 we have demonstrated in a very
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simple way that the considerable splitting of the absorption bands observed in the F+ center and the lack of
splitting in the F center come out directly from the localized and delocalized nature of their excited states, respectively. Section II of this paper contains a description of
the computational procedure, in Sec. III we give our
main results, whereas Sec. IV presents discussion and
conclusions.

II.

COMPUTATIONAL METHOD

The semiempirical quantum-chemical
method of the
intermediate neglect of differential overlap (INDO) was
used here
its modification for defect studies in ionic
and semi-ionic solids is described in detail in Refs. 16. A
large stoichiometric cluster of 65 atoms was used as
shown in Fig. 1. This cluster was embedded into the electrostatic field of a nonpoint-ion rigid lattice. The valence
basis set included 3s and 3p atomic orbitals (AO's) on Al
and 2s and 2p on
atoms. The INDO parameters were
first calibrated to reproduce correctly the basic properties
of 12 small Al- and 0-containing molecules (A10, A1C1,
A10z, AlzO, Alz, A1203, Oz, etc. ), as well as the band
structure and lattice parameters of a pure corundum
crystal. These parameters were used already successfully
in the INDO studies of small-radius hole polarons in
corundum crystals. ' For perfect corundum the effective
charges on the ions are: +2.34e (Al) and —1.56e (0),
which confirm previous experimental'
and theoretical
conclusions about the semi-ionic nature of its chemical
bonding. The upper valence band is mixed and formed
mainly by the
(2p) and Al (3p) AO's. We recall that
the structure of perfect corundum is hexagonal close
ions with Al ions occupying —, of the octapacking of
hedral interstices.
Each Al ion has0 three nearestions at a distance
1.86 A and three nextneighboring
0
NN
ions at a distance 1.97 A. Each
ion is surround-
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ed by four Al ions, two at each of these distances.
I owdin's population analysis shows that the O-O bonds
in our pure-corundum calculations are not populated but
the two kinds of Al-0 short and long bonds just mentioned are populated by 0.28e and 0. 17e, respectively.
Cfood illustrations of the corundum structure are given in
Refs. 6 and 20; its top view is shown in Fig. 1.
In F-center-type calculations we extended the basis set
vacancy additional AO's (ls and 2p
by centering at the
for the ground and excited states, respectively). Their parameters are given in Ref. 14; note here that the only
fitting used was done for the orbital exponents of the F+
wave function in order to reproduce the experimental energy of the central absorption band at 5.5 eV (1A
transition). The same basis set has been used successfully
in the same paper for F-center calculations and is used in
this paper for impurity-induced
FM and dimer centers.
The absorption and luminescence energies are obtained as

0
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~

C& symmetry
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0 atom
two Al atoms

the difference of total energies for the self-consistent-field
ground and excited states for optimized defect geometry
(hSCF method). That is, the potential-energy curves are
calculated for the ground and excited states of defects;
then according to the Frank-Condon principle the absorption energy is that for the vertical transition from the
minimum of the relaxed ground state to the SCF excited
state (i.e. , for a fixed atomic configuration). The luminescence energy is calculated as the vertical transition from
the minimum of the relaxed excited state to the groundstate curve. Note that these ASCF energies do not coincide. with the diff'erence of the relevant one-electron (orbital) energies, which usually give only rough estimates
for the absorption and luminescence energies. For simplicity we use notations for one-electron energies in tables
presenting results of SCF calculations.
For low-symmetric and complicated structures like
corundum crystals (Ii centers have only Cz symmetry) it
is important (i) to use as much as possible an automated
search for the optimal defect geometry, which is usually
far from self-evident, as in alkali halides, where F centers
have 0& symmetry; (ii) to use maximally the point symmetry of defects (as well as of the periodic crystal) in order to calculate quantum clusters as large as possible,
where defects in the center would not be affected by the
cluster boundary effects. Both these conditions are met
in the SYM-SYM INDO computer code used in. this paper 21s22
In calculations of the excited states of low-symmetry
defects there is a potential danger that SCF calculations
converge to the ground state due to the nonorthogonality
of the wave functions of the ground and excited states
(the effect called "the variational collapse" and observed
by us more than once). However, this was not observed
in the present calculations since (i) even in the worst case
of dimer (E2) NNN centers discussed below and having
no point symmetry at all, their ground-state and excitedstate wave functions are still well orthogonal, being of s
and p nature, respectively; (ii) the energy gap between the
relevant energy levels during the SCF procedure remains
4 eV) whereas the collapse usually occurs
considerable
when, after a certain number of SCF iterations, the oneelectron energy of the excited state critically approaches
that of the (virtual) ground state. Therefore the reliability of the excited-state energy calculations in our particular case is not affected by their low symmetry.
Although physically equivalent to our previous semiempirical INDO code cLUsTER described elsewhere, '
the SYM-SYM code has the advantage of being much more
efticient in both the electronic structure and geometry optimization calculations, because of the complete account
of the point symmetry built into the code. ' The
modified version of the INDO method used by us di5'ers
from the "standard" one by Pople and Beveridge' mainly in the facts that (i) atomic orbitals of different atomic
shells (s, p, and d types) may have different principal
quantum numbers which allows us to treat, for example,
d elements, such as Ag, Ti, and Zr and (ii) the interaction
of electrons with atomic cores is described by a special
kind of pseudopotential containing additional adjustable
parameters. The residual part of the crystal located out

()

FICx. 1. Top view of the stoichiometric quantum cluster used
in the calculations. It contains 13 structural elements (SE's);
each SE includes a five-ion oxygen triangle. and two Al atoms
situated symmetrically above and below the triangle, on the z
axis perpendicular to the triangle plane. The cluster consists of
three basal planes shown in white, dots (2. 17 A below the xy
plane), and gray (2. 17 A above the xy plane), respectively. In
F-type defect calculations the ion 03 was replaced by a vacancy.
Dimer centers contain two NN and NNN vacancies on adjacent
planes (see Figs. 2 and 3 below for more details).
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of the molecular

cluster (MC) is considered in the
the Coulomb interacnonpoint-charge
approximation:
tion of the MC electrons with adjacent boundary atoms is
considered in the same manner as that for the atoms lying inside the MC (i.e., using the density matrix of the
perfect crystal obtained in a separate calculation and taking into account explicitly the AO s of the outside atoms),
whereas atoms which are far away from the MC are considered as point-charge-like.
The contribution of the
in6nite number of the latter atoms is calculated exactly
The matrix elements
making use of the Ewald method.
of the total Coulomb field produced by the nonpointcharge outer region, as described above, are added to the
diagonal elements of the Fock matrix of the MC.
The self-consistent procedure (SCP) is performed in the
following way. Based on the point group 6 of the MC
specified in the input, the code constructs the symmetryadapted orbitals (SAO's) as corresponding linear combinations of AQ's of symmetry-related
atoms; the latter
will be called Orbits hereafter. Note that all MC atoms
can be unambiguously split into orbits with respect to the
matrix
adopted. Using the transformation
symmetry
AQ~SAQ, the corresponding similar transformation is
performed for the Fock matrix which in the SAQ representation is obtained for every irreducible representation
(IR) I of the group G. These Fock matrices are usually
Ilot of very large dimensions RIid Rlc diagoIlalizcd I'Rpidly. Making usc of thc cigcnvcctors thus obtalIlcd foI'
every IR, the density matrix (= bond-order matrix) of the
MC in the SAO representation is calculated, which (on
the next step) is transformed to the AO representation by
the same similarity transformation as described above.
Then the new portion of the Fock matrix is calculated
and the cycle is repeated unless convergency is achieved.
Several comments have to be made here. First of all,
we note that it was found to be less convenient and much
more expensive to use the expression for the Fock matrix
directly in the SAQ representation. Instead, it turned out
to be more C%cient to perform AQ ~SAQ and
SAQ~AQ transformations, as described above. This is
because of the fact that in the SAQ representation the
Pock matrix has in general a complicated expression in
spite of the INDQ method applied here. Another point
is that all matrices needed for the calculations and used
in the AO representation (the Fock, overlap, density matrices, and two-center Coulomb integrals) are stored in
portions which are related to the first atoms of orbits.
This allows us to save substantially in the required computer memory.
A special procedure was developed in the code in order
to make the geometry optimization process as fast and
CKcient as possible. First of all, the symmetry allows us
to reduce the optimizing space to that spanned by the
coordinates of the erst atoms of all orbits. Moreover, depending on the positions of these atoms with respect to
the symmetry elements, we have a limited number of degrees of freedom for every orbit: (i) 0 if the atom is located in the center of symmetry, i.e., when inversion takes
place; (ii) 1 if the atom is on an axis; (iii) 2 if it is on a
plane; (iv) 3, a general position. In order to develop an
automated algorithm combining all the cases mentioned

above, we have to construct the normal coordinates Agf
for every IR I of the group 6 for every orbit g ( distinguishes equivalent

(&)—

+gf

f

IR's):
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where the elements [ W&&'~ ) represent the corresponding transformation matrix, and the summation in Eq. (1)
is carried out over all atoms A from the orbit g and also
over all Cartesian components o.'=x, y, z of the atomic
displacement vectors u&A = R&A —
R&A. The coe%cients
8'gf'A. can easily be found by means of group theory for
every IR P. ' They can always be chosen in such a way
that the matrix 8'is orthogonal, i.e.,

(r)
(r)
~~~gy, ~'a
X
X II'jy,
r

&~~ &ca

u

In order to maintain the system symmetry unchanged
during the geometry optimization process, we must set all
normal coordinates A&f' to vanish except ones belonging
to the unique symmetrical IR 2 ..
&

The above-written formulas allow us to solve Eq. (1) with
respect to the displacement vector u&& of the first atom of
an arbitrary orbit g:

+flu

+ 0(la+

gf ~(f la+gf
1

(4)

The total number of A&f's gives the minimal possible
number of independent coordinates of the system. Equation (4) can be used as the desired link between the actual
optimization variables A&f and the real coordinates of the
atoms in the system, R &&, used in the input of the computer (all other atoms of every orbit are produced by the
group oper atlons).
Then we have found that the usual optimization strategy to minimize the system energy with respect to all
variables
turned
out to be
[ A&& J simultaneously
ineKcient for most of the cases considered here. Another, more efficient algorithm has been developed. The
code performs a loop over orbits g and carries out independent optimization for every orbit, which is never
At every
optimization.
larger than a three-dimensional
step (every calculation of the system energy) the bondorder matrix found on the previous step is used as the initial guess; in addition, only such integrals are actually recalculated which are connected with the current orbit g
under question. These two circumstances substantially
accelerate energy calculations. The loop is repeated until
convergency with respect to the system coordinates is
achieved. In addition, we have found that it is quite useful to specify di6'erent levels of optimization for every orbit in question. Indeed, let us consider an orbit g lying
far away from the defect (on the periphery of the MC).
Ions of this orbit are shifted only slightly and their
inhuence on the defect electronic density is not very
great. This means that we can ignore the SCP while ob-
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taining the cluster energy during the optimization procedure of the orbit g. Thus for these orbits we can limit
ourselves to the calculation of the system's energy based
on the bond-order matrix found on the previous selfconsistent step. In addition, all two-center integrals connected with this orbit must be recalculated (their number
is not very large). Therefore this energy calculation procedure can be performed very economically as an independent part of the code.
Then, if an orbit g is considered which is closer to the
defect region but still is out of it, the SCP can still be ignored during the individual orbit optimization as in the
previous case. However, after the end of the optimization the complete SCP is performed in order to renew the
density matrix.
Lastly, if an orbit lies directly in the defect region, the
complete SCP has to be done for every energy calculation
during the optimization since any (sometimes even small)
shift of ions may result in substantial electronic density
redistribution.
The optimization strategy described above leads to a
larger number of optimization steps and to a larger number of individual calculations of the cluster energy. However, every such calculation demands, on average, less
computer time than the complete SCP. That is why we
have considerable gain in computational time.

III.

RKSUI, TS

A. Mg-related

E centers

Several experimental studies ' ' were devoted to the
F-type centers in Mg-doped corundum. Since there are
two kinds of Al-0 bonds, two kinds of F(Mg) centers with
a Mg + ion substituting for an Al + ion near an oxygen
vacancy could also exist. However, since the difference in
their bond lengths is small, we calculated properties of
F(Mg) centers for the shortest Al-0 bonds which corre-

TABLE I. Relaxation of ions surrounding FMg and FMI
centers (in % of the interatomic distances) (Mg atom substitutes
for A17; see Fig. 1). FMg and FMg centers are F+ and F centers

having in their nearest vicinity the Mg + ion substituting for a
ion. The + sign denotes displacements of atoms
regular Al
towards and —away from a vacancy; the angles a& and a2 are
shown in Fig. 1. GS and ES denote the ground and excited
states, respectively.
FMg

O2

All, A1q
A17, A18

GS
ES
GS
ES
GS
ES
GS
ES
GS
ES

center

+4.3, a2= 14'
+4.7, ag= 16'
+2.5, al =23

+ 3.8,
—8.9
—10.8
—2.4
—3.2
+4. 1

+ 6.7

al =22

FMg center

+0.7, a2=25
+0.7, a2=25
—0.5, a(=12

—O. S,
—3.7
—5.4
+ 0.8
+ 0.3
+ 10.3
+ 12.5

al =12

..
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TABLE II. Absorption and luminescence energies (in eV) for
Mg-related centers and dimer centers in the case when the oxygen vacancies lie in different oxygen planes (in both cases the
point group symmetry is C& ). These energies are calculated using the hSCF procedure.
FMg

Absorption
1A ~2A

6.35
6.4
6.5

5. 1
5.3
5.9

1A~3A
1A ~4A
Expt. (Ref. 9)
Expt. (Refs. 26, 27)

5.0
5. 1
5.4
4. 1

4.5
4.6
4.7
3.5

4. 1
4.2
4.3
2.7

4.4
3.85

3.9
3.27

2.25

4. 95, 5. 7
Luminescence
4.2
3.5

Expt. (Ref. 9)
Expt. (Ref. 26)

3.5

4. 1

spond to the pair 03-A17 in Fig. l. Another problem is
what is the net charge of this defect, i.e., is it Mg + near
the F+ center (neutral pair) or near the F center (denoted
hereafter FMs and FMs, respectively).
Table I gives the optimized geometry for both centers,
FMg and FMg whereas Tab 1e I I summarizes calculated
absorption and luminescence energies. The atomic relaxations for these two defects are quite different, very likely
due to the negative net charge of the FMg center. In the
neutral FMg center the 0& and 02 ions are displaced
slightly more than in the F center (2.2%) but less than in
F+ (4.6%), ' and by quite different angles. Ali and A12
displacements are slightly larger due to the Coulomb
repulsion from the
ion itself is disvacancy. The Mg
placed towards the F+ center, since it is oppositely
charged with respect to the perfect crystal lattice.
Inspection of the calculated absorption energies shows
that definitely only the FM center fits the experimental
values. Thus we predict a third absorption band to exist.
In the FM absorption the transitions 1A
3A, and
4A occur between the electronic states predominantly
consisting of s AO's centered on a vacancy and
and p states [coefficients in the molecular orbitals
(Mo's) are 0.97 for the ground state and 0.72, 0.46, and
0.54 for the three excited states, respectively]. The

0

~23,

p„p,

TABLE III. Absorption and luminescence
F+and F centers (Ref. 14).

(ASCF) energies

(in eV) for

INDO
1A ~1B
1A ~2A
1A ~2B
+2A
1A —

+1 A
1B—

2A~1A

Expt. (Refs. 5,6)

Absorption
5.2

4.8

5.5
5.8
5.9

5.4
6.0
6. 1

Luminescence

4.0
2.8

3.8
3.0
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TABLE IV. EfFective charges of ions (in units of e) surrounding
centers (both oxygen vacancies lie in the same triangle) (see Fig. 2).
O), 02,03
Al), A12
A13,A14, A15, A16
A17, A18

Mg-related

F centers

and dimer

Fz+
2

F

Perfect crystal

FMg

—1.57

—1.54

—1.53

—1.54

—1.50

—1.51

—1.50

2.35
2.36
2.36

2.27
2.29

2.31
2.32

2.34
2.35

2.27
2.34

2.21
2.30

—0.94

—1.82

2.32
2.32
2. 16
—1.68

—1.75

1.37

—0.94

1.93

1.94

Number of trapped
electrons, in a
vacancy
Mg'

FM

'Mg substitutes for A17; see Fig. 1.

relevant absorption and luminescence energies for F+
and F centers are given in Table III. Here the states 1A,
1B, 2A, and 2B consist mainly of s AQ's centered on the
and p excited AQ's, respectively.
vacancy and of
The charge distribution analysis shown in Table IV indicates that in both centers the Mg ion has the effective
charge =1.9 eV, the oxygen vacancy trapped 0.9e and
1.8e, respectively, and the charges of the surrounding
ions are close to those in perfect corundum, i.e., we have
a purely Coulomb effect of Mg +-F+ interaction, shifting
the FMg ground-state level to 3.7 eV above the top of the
valence band (as compared to 3. 1 eV for the isolated F+
center). Since the ground state of the FM center lies considerably higher than that for the FM center, 4.8 eV
above the top of the valence band [similarly to the case of
the F center, 5.3 eV (Ref. 14)], the excited states of FM
fall into the conduction band and due to their delocalized
nature no longer reveal splitting into three bands as F+
or FM centers do; see Sec. IV and Ref. 14 for more de-

p„p,

are plotted in Table VI. One can see that an increase of
the dimer-center net charge from zero to +2 (in the
series F2 ~F@+ ~F&+ ) leads to a considerable increase of
the ionic displacements, due to the Coulomb interaction
between surrounding ions. These centers have not been
studied experimentally so far to our knowledge, but based
on calculations we predict the same trend in the absorp-

&h

tails.

B. Dimer

centers with oxygen vacancies lying
in the same oxygen triangle (NN case)

The relaxations of ions surrounding
dimer centers
when two oxygen vacancies are NN's and lie in the same
basic oxygen triangle (whose plane is perpendicular to the
z axis) are drawn schematically in Fig. 2 and given numerically in Table V whereas their absorption energies

TABLE V. Relaxation of surrounding ions (in % of the interatomic distances) for dimer centers, if two oxygen vacancies
are NN's, i.e., belong to the same oxygen triangle (see Fig. 2).
The + sign denotes displacements of atoms towards and thesign away from a vacancy; GS and ES are the ground and excited states, respectively.

O3

GS
ES

Ali, A12

CjrS

A13,A14, A15, A16

ES
GS
ES

F
+ 9.0
+ 11.2
—6.2
—8.8
—2.8

—3.5

F+

F2+
2

+ 14.4
+ 17.8
—9.2
—12.4

+ 19.6
+ 22.3
—12.8
—15.5
—7.7
—10.2

503

—7.9

1.8

1.86

Al4

FIG. 2. Calculated relaxations of ions surrounding a dimer
center where two vacancies are NN's within the basic oxygen
triangle.
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TABLE VI. Calculated absorption and luminescence ener'
e for dimer centers in the case when both oxygies ( hSCF , in eV)
'

metrry
gen vacancies be l ong t o thee same oxygen triangle (symme
C2). Optical transitions are allowed (in the dipole approximation) only for light polarized along the directions given in the
parentheses. The two vacancies lie on the y axis.

F2+
2
Absorption
4.6

+1B (x, z)
1A —
1A ~2A (y)
+2B (x, z)
1A —

3.8
3.9
4.3

5.4
5.5
Luminescence
4.2

+1A (x, z)
1B—

2.9
a

3.0

3.5

'No convergence achieved.

a)

E, eV

CONDUCTION BAND

28
-8.0—

28
2A

2A

28

18

18

18

k

1Au
1A k

lAs
') )(
4.3eV 3.0eV
J&

2.9 eV

-13.0-

8775
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tion and luminescence energies as is observe for
fo another
imer centers discussed in Sec. IIIC; namely,
type of dimer
their decrease in the series F2~F2
a e
2
The strong conformation e6ects in corundum are seen
d' lacements of the atoms surrounding
h 1
vacancies when they belong to the same oxygen triang e,
i
of the corresponding atoms in
in comparison t o s h'fts
similar centers w h en the vacancies lie in two adjacent
basal planes. In th e first case the structural element
Al
f the perfect corundum structure is destroye amost completely by removing two
atoms rom thee
isbasic oxygen t riang
ianglee, which leads to considerable
placements occurring due to the broken bonds. In contrast, in tthee NNN ccase only a few bonds within each of
he ox en triangles entering the SE were bro en
the SE's themselves have not been destroyed;
ed thus the relaxation of atoms within the two SE's is smaller.
'
A simple group-theoretical
analysis o t e se ec
rules for absorption and luminescence of these centers
without a center of symmetry) shows that
(C 2 symmetry
sym
in the dipole approximation only some optica
tical transitions
are allowed; the related light polarization is indicated in
Table VI in parentheses. This could be used for discrim-

~

0

0

1A

5.7 eV 4.2 eU

0
F

2+

F2

b)

E, eV

CONDUCTION BAND

=:—=3A
4A

4A

3A===

2A

2A

1A

"'.

k

3.7 eV

5.1eV

-13.0-

F2+
2

1A„
"
&„iA,
39

k

. .
16

4A
3A
2A
1A

6.0 eV 4.6 eV

F2

03
imer levels within
FIG. 3. Positions of the one-electron dim
corundum gap for t h e casess when the two vacancies are
ner ies or
nd NNN's (b). Dashed lines denote SCF energies
excited states with the geometry correspon ing
ground state. The bold arrow shows the M-type transition
served earlier for F2 centers in alkali halides (see text).

the
N's
tthee

ob-

FIG. 4. Ionic relaxation for the dimer ce
center where two vacancies are NNN's belonging to the nearest basal planes.

E. A. KOTOMIN et al.
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TABLE VII. Relaxation of surrounding ions (in % of interatomic distances) for dimer centers, if two
oxygen vacancies are NNN s, i.e., belong to different triangles and lie in two different oxygen planes
(see Fig. 3). Ions Al, and A15 are NN to both vacancies whereas A12 and A19 belong to the same
structural element as a vacancy and ions A16,A1» belong to another structural element.

F+

F
03,05

O„o,
Ali, A15
A12, A19

A16, A127

GS
ES
GS
ES
GS
ES
GS
ES
GS
ES

7
a2 —
7
a2 —

+ 1.7, a2= 11'

+ 5.5,

—0.8
—F 1
—1.4
—1.6
—0.6
—0.9

+ 3.4, a)=5
+4.0,
—3.2
—3.2
—3.2
—4.0
—2.0
—2.6

+2.2, a2= 11'
+ 1.3, a)=6
+ 1.8, a( =6'

ination of the symmetry of these excited states, as well as
identification of the NN dimer centers. Analysis of the
relevant wave functions for all three kinds of dimer
centers (F2, F z+, F2+ ) shows that l A states consist
predominantly of s AO's centered on vacancies, whereas
2A, 1B, and 2B states consist mainly of
p„and p
AO's (each of two vacancies contributes to the MO with
coeKcients close to 0.6 —0.7 thus indicating strong localization of both ground and excited states for all three dimer defects).
Positions of the (orbital) one-electron energy levels for
both the ground and unrelaxed excited states are plotted
in Fig. 3(a). The latter SCF states shown by the dashed
lines correspond to atomic configuration optimized for
the relaxed ground state and thus the distance between
the ground-state level and excited-state level characterizes the optical absorption. The procedure of placing defect levels with respect to the perfect crystal bands is described in Ref. 16. It is based on matching the midpoints
of the deep 2s bands obtained for the perfect crystal
and in a defect-cluster calculation. The effective charges
of ions given in Table IV show no appreciable charge
redistribution effects as compared to the perfect corundum crystal; the two vacancies have trapped almost entirely 4e, 3e, and 2e, respectively. The rest of the electron
density (0.5e) is spread out over the nearest ions.

p,

0

+6.1,

Perfect crystal
A12, A19
All, A15
A16

Number of trapped
electrons per vacancy

—1.57
2.35
2.35
2.36

+ 8.2, a2= 10
+9.4, a2= 10'

+4.7, a) =5'
+ 5.6, a) =5%

—4.7
—5.5
—6.6
7.4

—3.9
—4.5

C. Dimer centers with oxygen vacancies lying
in the two adjacent basal planes (NNN case)

This kind of dimer center has been studied experimentally; ' Table VII presents the calculated ionic displacements (visualized in Fig. 4). The calculated optical transitions are compared with the experimental data in Table

II.
The conclusion could be drawn from Table VIII that in
these dimer centers, as compared to their counterparts in
Sec. IIIB, charge density is more delocalized from the
two vacancies over the nearest cluster atoms. The positions of dimer-center local energy levels in the gap of perfect corundum [Fig. 3(b)] are higher in energy than for
NN dimers for both the ground and excited states.

IV. DISCUSSION AND CONCLUSIONS
In a series of calculations on various basic electronic
centers in corundum crystals presented in this and a previous paper, ' we have investigated systematically the inelectronic
trinsic F+, F, and Mg-impurity-related
centers. The semiempirical method used here combined

TABLE VIII. EfFective charges of atoms I,'in units of e) surrounding
vacancies are in different basal planes (see Fig. 3).
O), 03,05,06

F2+
2

dimer centers if the two oxygen

F
—1.51

F+

F2+
2

—1.52

—1.53

2.34
2.33
2.35
—1.75

2.30
2.28
2.30
—1.13

2.29
2. 16
2.51
—0.75

CALCULATIONS OF THE GEOMETRY AND OPTICAL.
with an automated search for the optimal geometry of defects turned out to be a very useful tool for defect simulations in corundum aimed to check theoretically their
models and optical properties. The absorption and emission energies for single-electron centers E+ and F were
found in Ref. 14 to be in very good agreement with the
experimental data, and the same is true for the activation
energy for thermal quenching of E+ luminescence.
We demonstrated there that the observation of the triple splitting of the excited state of the E+ center and its
absence for the E and hypothetical E~z centers are
directly related to the degree of spatial localization of the
excited state. It might be easily demonstrated that the
low-symmetry crystalline field V(r) has a much smaller
effect on the excited electronic states 4, when its matrix
elements (%'~ V~%) are smaller. This is the case when F
type excited wave functions centered on the anion vacancy start to extend over the region of the nearest cations
where V(r) changes its sign.
Along with F+ and F centers which are well studied
we have simulated in our previous paexperimentally,
per' the hypothetical F center
(an oxygen vacancy
with three trapped electrons) and concluded that it really
could exist; the third electron occupies a local state
roughly 1 eV below the conduction band. In this paper
we optimized its ground-state geometry and found that
the two ions 0& and 02 of the same basic
triangle shifted slightly towards the vacancy by ~2&o of the O-O distance in a perfect crystal (2 49 A) and at an angle of 30'
with respect to the O-O line (Fig. 1). The nearest cations
from the triangle
Al& and A12 are displaced outwards
plane by 4%%uo and A17 and A18 by 2%%uo of the initial Al-0
distances in these long and short pairs.
The analysis of the electron density distribution shows
that two electrons are well localized inside the
vacancy
and occupy a deep local level whereas the third one is
delocalized mainly over the nearest A17 and A18 ions and
occupies the above-mentioned level close to the conduction band. This level is split off from the band states
since the effective charges (and energy states) of A17 and
A18 cations are considerably altered by a third F electron. Qualitatively similar F centers (which are negatively charged with respect to the perfect lattice) are
known also in alkali halides. '
Using a simple relation between the energies of optical,
Eo, and thermal, Ez, ionizations, ED=@0/e„Er, where
static and high-frequency dielectric coneo and
stants, we arrive at Ez = 3. 1/9. 3 X 1 eV=0. 33 eV. In order to estimate roughly the delocalization temperature
simple relation:
T&, one could use the following
'=voexp(Er/kTd ), where vo is the F frequency factor and ~ is the lifetime of this electron center under
e@cient destruction. For Ez-=0.33 eV, v0=10' s ', and
r=10 s we estimate the value of Td-—125 K (unlike the
260 K suggested in Ref. 25). For comparison, in alkali
halides F centers are stable up to the temperatures of
140 K in KBr and 200 K in KCl.
We have tried to detect F centers experimentally usluminesing the stimulation spectra of recombination
cence. The two main candidates are low-temperature

0

0
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peaks at 60 and around 100 K. Samples were excited by
6 eV photons from a 250 W deuterium recharge lamp at
80 K during 1 h. However, no photostimulation was observed at 80 K using ir stimulating light with X & 0.9 pm.
At the same time, such photostimulation has indeed been
observed in the interval 3 —5 eV, which corresponds to
electron release after E-center excitation from the centers
responsible for the 260 and 430 K peaks. More detailed
studies are planned now, including investigation of defects destroyed at 60 K. (There are no electron and hole
centers between 100 and 200 K.)
Calculations of Mg-related F centers support the model
of a neutral F~ =F+(Mg ) defect rather than a negatively charged F(Mg
) defect. The effect of a Mg atom
substituting for an Al nearest to the E+ center is to lower
2 eV; a
the absorption and luminescence energies by
third absorption band is expected to be around 6 eV.
Up to now only one type of dimer center has been studied, having the two next-nearest-neighbor
oxygen vacancies on adjacent basal oxygen planes and thus revealing a
high optical anisotropy ( A =a~~/a~ =3). Another kind
of dimer center, with the two oxygen vacancies belonging
to the same oxygen triangle (i.e., nearest-neighbor vacancies) has not been studied experimentally
yet to our
knowledge. For both kinds of dimers we found the absorption and luminescence energies to decrease considerably in the series F2~F2+ +Fz+ (fou—r, three, and two
electrons in the two vacancies, respectively). We expect
E2 centers to have more than the one absorption band observed so far. The agreement of our calculations for the
NNN dimer centers with the relevant experimental
data, especially for absorption energies, is only qualitative, very likely due to the use of a cluster not big enough
for these simulations; even our relatively large 65-atom
cluster has three basal planes and thus one of two vacancies lies already at the cluster boundary. Moreover, the
effects of electronic polarization are known to be underestimated in the INDO approximation used. Nevertheless,
our calculations suggest several important qualitative
conclusions
on dimer
centers.
series
(i) In the
F2+ ~F2+ ~F2 the ground-state levels move monotonically up and their excited states are closer and closer to
the conduction band. However, for the F2+ and F2+ dimers the excited states are still well localized, whereas the
F2 excited state moves quite close to the conduction
band. (ii) Charge distribution analysis for the ground
state of NN dimer centers shows that only 0.5e of four
electrons is delocalized over atoms nearest to the F2
center, 0.3e for the Fz+ center, and
1e for the F2+
center. That is, the ground-state wave functions of all
three centers are well localized. For NNN dimers we
have larger values of delocalized electron density
0. 5e,
0.75e, and 0.5e, respectively. The corresponding values
for the excited states are 0.9e, 0.8e, and 0.3e for F2, F2+,
and F2+ NN dimer centers and 1.1e, 0.8e, and 0.6e for
F2, F2+, and F2+ NNN dimer centers, respectively. The
charge distribution analysis shows the increase of electron density delocalization for excited states in comparison to the ground states. (iii) Along with optical transitions in dimer centers whose energies are close to those of

-0.

-0.

—
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single-vacancy defects (ca. 5.6 eV for F+, F, and F2
centers), we expect also for F2+ the so-called "M-type"
transitions
observed
earlier in alkali halides and
' and corresponding to the transition between
MgO, *
the two molecular orbitals s (1)ks(2) which are even and
odd with respect to coordinate inversion at the midpoint
between vacancies. These energies fall into the ir energy
interval ( + 1 eV) and correspond to the transition shown
for F2+ centers in Fig. 3 by a bold arrow. In KC1, for ex+ 2 2„transition
ample, the absorption energy of the 2 &g —
is 1.5 eV, to be compared to the F-center absorption observed at 2.35 eV.
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