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Abslraei Microscopic quantum chemical calculations and simulations based on atom- 
atom potentials have been undertaken for hole self-trapping in pure corundum (a-Ah03) 
crystals. A comparison of different m o d s  of ionic relaxation during hole trapping has 
shown that the inward Jahn-Teller 40% displacement of two 0 ions ammpanied by 
the 20% outward displacement of the two nearest Al ions is energetically the most 
favourable, Eighty per cent of the hole density is mncenlrated on these two 0 ions, 
Ihus confirming that a small-radius two-site polaron model, similar to that for alkali 
halides (the VK centre), is applicable here. The calculated absorplion energy of the STH 
(2.9 ev) is close to that obsemed experimentally. 

1. Intduct ion 

Carrier self-trapping in perfect ionic crystals, first predicted theoretically by Landau 
in 1933, was confirmed experimentally in 1955 by K2nzig [I] who established by 
means of EPR that self-trapped holes (STHs) in alkali halides have the structure of 
X; quasi-molecules (where X- denotes a halogen ion) oriented along the (110) axis 
in FCC crystals. In recognition of his discovery they were called V, centres. Since 
then SITE have been found in many ionic solids, including alkaline earth fluorides 
and crystals with KMgF, and PbFCl structures, as well as in rare-gas crystals [2-6]. 
The existence of a number of hole centres has also been established in oxide ciysfals 
[7J, including simple alkaline earth oxides (MgO, CaO, SrO) with the cubic rock-salt 
structure. However, in these crystals holes (known as V-, Vo, [Lilo centres etc.) are 
trapped at oxygen ions near a cation vacancy or impurity and there is no direct EPR or 
ENDOR evidence for their self-trapping in a regular oxide lattice. The only exceptions 
are recent EPR experiments [SI which have revealed 0;- molecular centres in fused 
silica (SiO,); however, hole trapping in a glassy network could be assisted by charge 
or density fluctuations. 

An experimental technique developed in the 1970s 191 may be used to detect re- 
actions controlled by small-polaron molion and subsequent tunnelling recombination 
with electron centres by monitoring the transient kinetics of the decay of rccombina- 
tion luminescence in irradiated insulating solids. This method indicated the existence 
of small polarons in a number of materials, including AIN, Ba,(PO,),, the Na salt of 
DNA and pure a-Al,O, (corundum) (see [lo, 111 for more details). The thermally 
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stimulated luminescence (TsL) peak at 220 K in crystals of the latter material were 
attributed to the sw motion characterized by a hopping activation energy of 0.7 eV 
and a tunnelling recombination with F centres with a photon energy of 4.3 eV. 

Howcver, this interpretation did not find universal acceptance [12]; therefore the 
problem of hole self-trapping in oxide crystals remains an open question. Moreover, 
several qualitative theoretical attempts [13, 141 undertaken in the 1970s in terms 
of a continuum formalism suggested the existence of large-radius hole polarons in 
corundum, in remarkable contrast with atomistic atom-atom potential calculations 
1151 which favoured the small single-site polaron (0-) model! 

Despite corundum’s technological, mineralogical, ceramic and catalytic impor- 
tance, its fusion and IR fibre applications and prospects as a laser material, electronic 
delccts in this material have not been well studied so far [12, 161, especially the- 
oretically. The obvious reasons for this are its quite complicated structure and the 
semi-covalent character of the chemical bonding [17]. The first ab initio periodical cal- 
culations even of a perfect corundum crystal were done only a few years ago [18-201 
and these confirmed the mixed character of the chemical bonding. Despite consider- 
able progress achieved over the last decade in the understanding of the mechanism 
of hole self-trapping in ionic materials [21-241, these studies are macroscopic in na- 
ture and ignore the actual electronic structure of the materials or use crude model 
Hamiltonians or aprion assumptions about the nature of the chemical bonding in the 
solid under investigation. This shortcoming could be overcome by means of quantum 
chemical methods. In recent years, these methods, making no a priori assumptions 
about the electronic density distribution in the pcrfcct solid or in the vicinity of the 
defect under study (and often not even about the ionic relaxation in the surrounding 
lattice), have been used many times for the investigation of spectroscopic properties 
of point defects in wide-gap insulating solids [24-35] and have demonstrated their 
high reliability. 

The main goal of this paper is to determine theoretically whether hole self- 
trapping can occur in corundum. With this in mind we have attempted to estimate, 
firstly, the energetic preference for this process, including the relaxation energy of a 
hole in pure a-Al,03. The second purpose of our investigation is to determine the 
nature of hole localization (if any): whether it occurs on a single ion (as in AgCI), 
on two oxygens (like the V, centre in alkali halide crystals) or in the three 0 ions 
which form a basic structural element in the corundum unit cell. 

We present below detailed results of calculations obtained by means of the modi- 
fied semi-empirical intermediate neglect of differential overlap (r”) method [2S, 
29, 34, 35, 361 which has previously been applied to point defects in a number of 
ionic crystals, including oxides [27, 28, 341. Due to its semi-empirical character, this 
method, as implemented in the CLUSTER code, allow one to construct defective clus- 
ters containing up to several tens of atoms (35 atoms in our case) and to model many 
possible ways of ionic relaxation, which are of primary importance in the simulation 
of defect processes in crystals [37]. 7b check our semi-empirical calculations, ab initio 
Hartrec-Fock calculations were also performed for a 5-atom cluster. And lastly, the 
simulations based on atom-atom potentials, as implemented in the CASCADE code 
1381, were used to find the equilibrium geometry around the defect and the polariza- 
tion energy. This technique permits the explicit automatic relaxation of several scores 
O f  the surrounding atoms (150 in our case) rather than just several atoms as in the 
semi-empirical calculation. 
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2. Semi-empirid INDO parametrization-perfect corundum 

The structure of a corundum crystal may be described as hexagonal close packing 
of 0 ions with AI ions occupying two-thirds of the octahedral interstices. (Thus 
the Al substructure is analogous to that of rhombohedral graphite.) Each Al ion in 
this stucture has three nearest-neighbour 0 ions at a distance of 1.84 A and three 
next-nearest 0 ions at a distance of 1.98 8, Each 0 ion is surrounded by four 
AI ions, two at each of these distances. The unit cell of ay-A120, contains two 
molecular units for a total of ten atoms [39]. Good illustrations of the corundum 
structure are given in [12, 391. Since chemical bonding in corundum has both ionic 
and covalent contributions [U], special attention has to be paid to the correct choice 
of the size of defect region and the interaction between this region and the rest of 
a crystal. The interaction of the defect region with the surrounding lattice is made 
most correctly in periodic models; for example, see exciton calculations in SO, [34]. 
However, since a hole is a charged intrinsic defect its simulation by periodic models 
is not possible without the inclusion of some compensating change [40, 411; we have 
therefore chosen to use the embedded molecular cluster model [42] with clusters large 
enough to incorporate the covalcnt nature of the chemical bonding around the self- 
trapped hole. The semi-empirical INDO method used allows a compromise between a 
large enough cluster and the accuracy of the results. Interaction of cluster ions with 
their surroundings was incorporated by embedding them in a rigid non-point lattice 
and the Coulomb interaction outside the cluster was dcscribed in the same way as 
inside it. The charge distribution in a crystal outside a defective cluster was obtained 
using the periodic large-unit-cell model [U, 26, 331 and then remained unchanged 
during defect calculations. 

In the modified INDO calculation scheme each atom has the following parameters: 
Slater's orbital exponent c, electro-negativity Eneg, resonant integral parameter p, 
and a parameter defining populations of atomic orbitals Po. In particular, the inter- 
action of an electron in the orbital f i  of atom A with the core of atom B, is described 
by 

V p B  = ZB { R i k  + [ ( P P l v v )  - e x p ( - o l p B R ~ ~ ) }  . (1) 

where 2, is the charge on the core of B, RA, is the distance between atoms A and 
B, v is an s-orbital centred on atom B and (pp lvv )  b a Coulomb integral. The 
parameter a thus incorporates the non-point-ion character of this interaction. 

To optimize the INDO parameter set, the electronic structure of a pure cr-Al,O, 
crystal was calculated using the embedded-cluster and LUC models. AI parameters 
were calculated through basic properties (equilibrium distance between the atoms in 
the molecule, and the dissociation energy) of nine Al and 0 related diatomic and 
triatomic molecules and the main features of the band structure of the perfect crystal 
(midpoint and width of the upper valence band, the forbidden gap, the effective 
charges of the ions) and the lattice constant. (Here we should mention that the 
calibration of parameters involves a reasonable compromise between fitting the band 
structure of the pure crystal and the main properties of the molecules.) The Al 
parameters thus obtained are shown in tables 1, 2; 0 parameters were taken from 
SiO, calculations 128, 341. a b l e  3 presents molecular properties and table 4 gives 
results of electronic structure calculations for perfect corundum. 

The correct symmetry and nature of the ground state for all molecules listed 
in table 3 are obtained. The equilibrium distances found in molccules are in good 
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Tabk 1. INW parameler set. 

Amm A 0  5 (au) EDeg ( e 9  -B (eV) 

AI 3s 1.6 17.15 1.5 

0 ZS 2.27 4.5 16.0 

F 2s 22 23.24 9.0 

3p 1.5 12.5 1.5 

2p 1.86 -12.6 16.0 

2p 1.9 4.1 9.0 
CI 3s 21 22.35 9.0 

3p 1.76 2.7 9.0 

pa(e) 
__. 

0.71 
0.39 
1.97 
1.96 
1.97 
1.97 
1.98 
1.97 

Tabk 2. The elcctron<ore interaclion parameler m m  (au-I). 

A B 

Tabk 3. Properlies of Small AI-containing molemla Re is the interalomie distance (in 
A), D. the dissociation energy (in eV), q the eiieclive chargc on the atom (in e). The 
point group symmetry obtained for A1203 and AlzO: molecules is D3h. 

~~ ~ 

Molecule A10 AlCl AIF A I 0 2  AI20 A 1 2 0 t  All A I 2 0 3  Ah0: 

INDO 
R. 31) 4.0 3.1 3.2 3.2 3.1 4.4 3.2 3.1 
D, 6.5 5.4 7.0 4.4 3.7 8.6 1.7 22.4 29.5 
q A l  0.7 0.34 0.7 0.79 0.48 0.95 
AI-O-AI 
angle 145' 157' 

Experiment [45] 
R. 3.1 4.0 3.1 3.2 3.3 3.19 4.6 
De 5.3 5.1 6.9 1.9 1.2 6.34 1 55 
AI-O-AI 
angle 144' 155' 

agreement with the experimental results. The same is true for dissociation energies, 
except for the molecules NO,, Al,O and AJ,O+. The behaviour of potential euwes 
near minima is in most cases very clme to the results of ab inilio calculations. 

We have used several different clusters, the sizes of which were chosen with the 
following principles in mind: the symmetry of a cluster has to be high enough and 
the cluster has to be stoichiometric 137, 441; in constructing clusters we adhered 
to opinions in modern quantum chemistry about localized groups of electrons (or 
structural elements), which had been used successfully earlier [26, 37, 441. The gist 
of this procedure is to construct a cluster having an integer number of structural 
elements (or molecular units as it is in our case for partly ionic compounds) which 
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Table 4. The Canesian coordinats (in A) of ions in the unrelaxed [Als0,,lo clusler. 

Atom z 31 

0 
0 

W 1 )  0 
.AJ(Z) 0 
Alp) -2.7395 0 
Al(4) 1.3697 23724 
Al(5) 13697 23724 
Al(6) 2.7395 0 
AI(7) 1.3697 -2.3724 
AI@) -1.3697 -23724 

0(1) -1.2451 0.7188 
O(2) 1.2451 0.7188 
O(3) 0 - 1.4377 ., 
O(4) 2.8641 -1.6536 
O(5) -28641 -1.6536 
o&j o 3.3072 
O(7) 0.1246 1.6536 
O(8) 1.3697 -0.9347 
0(9) -1,4944 -0.7188 
O(10) -0.1246 1.6536 
O(11) -1.3697 -0.9347 
O(12) 1.4944 -0.7188 

P - 
4.6105 

4.0478 
4.0478 
4.0478 
2.4459 
24459 
2.4459 

i . 8 m  

3.2469 
3.2469 
3.2469 
3.2469 
3.2469 
3.2469 
5.4114 
5.4114 
5.4114 
1.0823 
1.0823 
1.0823 

allows one to consider more correctly the interaction between such a cluster and its 
environment. This is feasible due to small correlation effects between the groups of 
electrons mentioned above. Thus the cluster [N406] just coincides with the unit cell 
(two molecular units) of corundum, the cluster [N,O,,] with four molecular units, 
and lastly the cluster [AI,,O,,] consists of seven molecular units--one of them is 
situated in the centre of a cluster with the others placed symmetrically around it. 
These six molecular units form the immediate neighbourhood to the first unit. This 
approach enables us to consider correctly the Coulomb interaction of cluster ions with 
their vicinity and also the partly covalent nature of chemical bonding in corundum. 
The [N,O,,] cluster is shown in figure 1 and Cartesian coordinates for the ions are 
given in table 4. This cluster is constructed around the three 0 ions forming the 
basic element of the unit cell-the oxygen triangle-and is the most compact of all 
the possible clusters. The compact shape of a molecular cluster reduces the effects 
of the cluster surface and this was indeed observed in our calculations on corundum. 

In the remaining part of this section we will consider results regarding the prop- 
erties of perfect corundum, which is a starting point for further defect studies. In 
LUC calculations, the optimized translational vectors retained unit-cell symmetry but 
were all 5% less than experimental values [39]. We have calculated two LUCS: Al,O, 
which is equal to the primitive unit cell and Al,,048 which enlarges the primitive 
unit cell by a factor of eight. When optimizing the lattice spacing the bulk modu- 
lus K = I’ a 2 E / 8 V 2  was found to be 3.52 x lo i3  dyn compared with the 
experimental value of 3.10 x l O I 3  dyn cm-’. 

In order to diminish the effects of the cluster boundary, surface ions therein were 
allowed to relax; this is an additional factor which helps to describe the interaction 
between ions more correctly. Thus a reduction in the relative inter-ion distances for 0 
ions by FZ 7% in the surface of the AI,O, cluster and by FZ 5% in the Al,,OZl cluster 
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Figure 1. The pmjeclion of atoms in lhe 
[&Ol?] cluster on to the z. y plane. Ions 
0(1), 0(2), Al(l), Alp) arc used in Iunher 
simulations of lhe hole trapping. Small circles 
are AI atoms, large circles, 0 atoms. 

was observed. (These figures are given with respect to the optimized LUC geomctry.) 
This alteration in ion positions is towards the centre of the corresponding molecular 
unit. Additionally, an inward displacement of Al ions ranging from 8 to 12% of the 
initial values was obtained and it demonstrates once more cluster-boundary effects 
and the covalent contribution to chemical bonding in corundum. All the following 
calculations of the band-structure properties were made on the relawed perfect clusters 
and were compared with corresponding LUC results: their overall good agreement 
is seen from table 5. Our effective charges from Ewdin population analysis are 
much larger numerically than the experimental values from x-ray refinement [17], but 
this is also a feature of ab initio Hartrec-Fock LCAO calculations [I91 which yield 
-1.37e for q ( 0 )  from Mulliken population data for a basis set with d functions 
on both Al and 0. The disagreement with experimental charges is mainly due to 
the one-exponential Slater basis set used in the INDO method, the effect of basis 
set expansion being well seen in Hanree-Fock calculations [18, 191. The optical 
energy gap is too wide due to the omission of long-range correlation effects; only the 
short-range correlation correction is accounted for in INDO calculations through the 
use of atomic parameters which conform with [U]. Long-range correlation (between 
valence electrons) is known to raise the upper valence band and lower the bottom of 
the conduction band and that is why one has to reduce the calculated optical gap for 
oxide crystals by 3-5 eV. The discrepancy between the upper valence band midpoint 
and the experimental result [46] is not important here, because for our purpose the 
band width and dispersion are the most significant features. Our results with regard 
to the upper valence band agree quite well with ob initio Hartree-Fock corundum 
calculations (see [18, 191 and references therein). The valence band is composed 
of 0 2p states with Al 3s (in the top of the band) and 0 2s and Al 3p (in the 
bottom) sbtes. The ample amount of Al in the upper valence band testifies to the 
considerable covalent contribution to bonding in the a-Al,O, crystal. AI-0 bond 
populations suggest essentially the same thing (in spite of the overestimated effective 
charges for the ions). We conclude that the above-mentioned neutral stoichiometric 
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clusters reproduce quite well the band structure properties and the partly covalent 
character of chemical bonding in corundum. 

Table 5. Calculated basic band structure features of perfect corundum. AE, is the 
optical gap, EYb and E: are the width and midpoint (measured fmm the middle of 
the band gap) of the upper valence band. All energies are in eV. q ( 0 )  is the effective 
charge on an 0 atom (in e). 

LUC Neutral c l u s t e ~ ~  B P 1  

Feature AI406 A k - 0 4 ~  (A4061 [ A h O d '  [ A I I ~ O N I ~  [17. 451 

AE, a 12.7 11.6 13.5 12.9 12.8 9.5 
EYb 10.2 11.1 7.3 7.6 8.6 8.5 
E.% -16.1 -16.2 -14.7 - 15.4 -15.7 - 20.0 
q(O)<  -1.59 -1.56 -1.73 -1.64 -1.66 -0.88 

a Wtlhout taking inla amount correlation eKects. 

is approximately 0 .1  e. 

q = 0.17 (R = 1.98 A), which are similar 10 Ha-Fock values 1181. 

Charges augment on ions situated funher from the geometric centre of system; the dispenion of charges 

kwdin's analysis yields the populalions of WO kinds of AI-0 bonds, q = 0.28 (R = 1.84 in,. 

To verify the Al parameters, we have carried out additional ab inifio Hartree-Fock 
E A 0  pseudopotential calculations for a small [Al,O,] cluster embedded in a point- 
ion crystalline field using the 2 . 1 ~  Gaussian basis set [47]. This basis set consisted 
of 3s, 3p Al atomic orbitals (Aos) and 2, 2p 0 AOS respectively. In using the 
pseudopotential method (481, we took recurrence formulae for the angular parts of 
the matrix elements of a pseudopotential [49] and calculated these matrix elements 
according to [SO]. 

In comparing the results observed by semi-empirical and non-empirical methods, 
principal attention was paid to the symmetry analysis of the ground state of the 
[AI,O,] cluster (D3h symmetry group [Sl]). This analysis was carried out for the 
clusters embedded in various surrounding electrostatic fields including for ab initio 
computations: q,, = Oe (isolated molecule); qAl = 1.32e (the experimental charges 
[17]); q,, = 2.4e (the charges obtained in our LUC calculation); and lastly pAI = 3.0e 
(the fully ionic situation). Only pAI = Oe and q,, = 2.4e were used in INDO 
calculations. The results obtained by different methods appear to match quite well 
(figure 2); the ground-state symmetry is the same with insignificant differences in the 
one-electron energy level sequence. 

The results of the electronic structure features obtained for the non-empirical 
[AI,O,] cluster method are summarized in table 6. Despite the variation of charges 
creating the electrostatic field in which the cluster is embedded, some properties 
(upper valence band width and its midpoint) vary only slightly. However, the ionicity 
of the chemical bond depends strongly on the value of the crystalline field. Therefore 
we conclude that even such a single molecular unit containing five atoms is able to 
describe bulk band-structure properties quite reasonably (this was observed in earlier 
calculations [37, 441 for SiO, in which the chemical bonding is also partly covalent). 

3. Simulation of the self-trapped hole 

When a hole is inserted into the perfectly relaxed cluster, it occupies in its ground 
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4 ab initio INDO ab initio INDO 

Figure 2. (a) One-electron energy levels for the [A12O3Io cluster calculated using ab 
inin'o and INDO methods and embedded into lallice with hvo differcnt charges on ions. 
(b) The absorption transition in the self-trapped hole. 

Table 6. The dependence of band-structure features on the laltice ion charges used in 
non-empidcal Calculations on the A1203 cluster (%e table 4 for notations). 

Charges of latlice ions oulside cluster 

qA, = 0 q A l  = 1.32 gAl = 2.4 8 A l  = 3 . 0  Feature 

5.1 4.1 3.8 3.8 
-12.0 -10.2 -10.8 -11.3 

a Evyb 
E% 

1.98 qAl  a (cluster) 1.2 1.5 1.84 

a Using Mullikcn analysis to calculaie effececiive charges on the ions, qo = $qai.  

state the twofold-degenerate orbital e" (see figure 2). One therefore expects a low- 
ering of symmetry due to the Jahn-Teller effect [52, 531 which will reduce the total 
energy of the system. We have simulated several relaxation modes (figure 3): (i) the 
displacement of a single 0 ion towards the centre of the basic structural 0 triangle, 
which has D,, symmetry; (ii) a linear inward relaxation of two 0 ions; (iii) the sym- 
metrical relaxation of all three 0 ions towards the centre of the triangle; and (iv) 
relaxation of two 0 ions with the bond bending expected in Jahn-Teller theory. Since 
e" is an antibonding orbital for 0 ions and slightly bonding for the two nearest AI 
ions on both sides of the 0 triangle, we expect that an inward relaxation of 0 ions 
will be accompanied by the outward relaxation of AI ions and therefore we simulated 
this mode, but also considered the other relaxation modes to test our conclusions. 

Results given in table 7 show the lattice relaxation obtained for various kinds of 
ion displacements and the relevant relaxation energies. For all three INDO clusters 
considered the symmetrical relaxation mode was found to be more favourable ener- 
getically than the single-atom displacement but, in its turn, less favourable than that 
of two 0 ions. Note that in all cases the hole density shared mainly by two 0 
ions, irrespective of the' relaxation mode. 

The role of the cation outward relaxation mode is demonstrated in figure 4 for the 
largest 35-atom Cluster: if it were absent, 0 inward relaxation would result in a ve'y 
flat and shallow energy minimum (G 0.6 ev) (curve A) whereas 20% AI relaxation 
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Figure 3. Different relaxation modes for simulation of hole self-trapping. (a) Displace- 
ment of a single 0 ion to the triangle cenlre; (6) symmetrical linear relaxation of two 0 
ions; (c) symmetrical relaxalion of three 0 ions; (d) as (6) but with the bond bending. 
Shaded dumb-tell indicate the hole density distribution. 

Table 7. Calculated INDO lattice relaxation energies E,,, due to hole self-trapping in 
different clusten. Displacements of AI and 0 ions are given as a percentage of bond 
lengths, energies are in eV. 

[Ah061+ [Al.sO*Zl+ [M14°211+ 

Cluster single ' two three single two three single two three 
property ion ions ions ion ions ions ion ions ions 

Er.i 1.2 3.8 2.7 1.4 3.9 23 1.9 5.5 4.1 
A ~ 1 , "  15 23 26 23 28 30 20 40 28 
A R ~ U ~ W  A I  16 19 19 16 19 13 16 20 23 

a Including -0.5 eV from 0-0 bond bending, and -1.5 eV from AI atom relaxation 

yields a much deeper minimum of 3.5 eV in the F O  potential-energy curve (curve 
- C). Further increase of AI relaxation makes the 0-0 minimum again shallower. 
The results of the other relaxation modes simulated are shown in figure 5, namely 
the 0-0 bond bending, which is the distinctive feature of the Jahn-Teller effect in 
triatomic systems 1531, and the outward displacement of the third 0 ion in the oxygen 
plane. We found the last mode not to be active but bond-bending at an angle of 20' 
indeed reduces the total energy by an additional 0.5 eV. 

The optimized geometry around the STH consists of a 40% relaxation of two 0 
ions in the basic structural 0 triangle towards each other, but at an angle of 20" 
to the straight line joining the 0 sites, leaving the third 0 ion undisplaced, and 
a 20% outward displacement of the two nearest AI ions on each side of this 0 
triangle (which contributes -1.5 eV to the total energy reduction). So the total 
lattice relaxation energy (with respect to the perfect cluster with an added hole) is 
(-3.5 - 0.5 - 1.5) e V  = -5.5 eV for the three types of displacement discussed. 

Non-empirical calculations for the 5-atom cluster have confirmed qualitatively 
these results, but underestimate the relaxation energy by 2.5 eV; obviously this is due 
to the small size of this fragment. Eighty per cent of the hole density is shared by 
the hvo relaxed 0 ions reducing their effective charges from -1.54e to -1.14e when 
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Relative anion disp lacement  

Figure 4. (a )  Two kinds of principal ionic displace- 
ments simulating hole self-trapping: oxygen inward 
melaxation along the z-axis and AI outward rclaxa- 
tion along the z-axis. Relative relaxations are given 
wilh respect to lhe perfect uyslal geomety, i.e. in 
unils of the 0-0 distance and the A I 4  plane dis- 
tances respectively. (b) The lattice relaxation en- 
ergy a s  a function of these WO kinds bf iefaxations 
(in relative units). For the zero point the energy 
is taken a s  that of the most slable mn6guration 
(i.e. rrlaxatioos of 40% of the 0-0 bond and 20% 
of the AI-0 plane dis(ance). No bond bending is 
allowed. 

Figure 5. Optimization o l  the gcometly of self- 
trapped hole with respect to the additional relaxa- 
tions: ( U )  the 0-0 bond bending, and (6) dir- 
placement of the third 0 ion in the basic oxygen 
triangle. 

the hole is trapped. The charge of the third 0 ion entering the basic structural 0 
triangle changes insignificantly, from -1.54e to - 1 . 4 8 ~  

To summarize this section, we have shown the existence of a stable STH which 
is similar to that in alkali halides (V, centre) and in fused silica [SI and which has 
the form of a considerably relaxed (with respect to perfect crystal geometry) diatomic 
quasi-molecule on which the hole is mainly localized; hole-trapping is associated 
with the essential outward relaxation of the two nearest-neighbour cations. After 
relaxation, the degenerate c" hole orbital splits into two non-degenerate ones. We 
have calculated the absorption energy of the STH corresponding to the transition 
e" - aj (figure 2(b)) of the hole (or electron transition aj i e"), where a; is a 
one-electron wavefunction consisting of the U 2p, and 2p, orbitals of the two 0 ions 
constituting the STH: its energy level lies within the valence band. Thc calculated 
absorption energy @y the ASCF method) is found to lie between 2.7 and 2.9 eV 
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(depending on cluster sue) which is in quite reasonable agreement with the observed 
experimental value of cz 3.0 eV [12]. 

4. Cascade calculations 

'RI check our sw eeometrv. we used the me d of calCl I ,, tion based on atom- 
atom potentials, as implemented in the CASCADE computer code 1381 for non-cubic 
lattices. In the last few years, this code has been used several times for defect and 
hole simulations in oxide crystals including the superconductor YBaCu,O, and x- 
ray phosphor LaOBr [6, 54-56]. However, this code has not been used before in 
calculations on a relaxed sm in corundum. Previous calculations on corundum have 
been done by Catlow et ol [I51 who used the HADES-III computer code [U] and a 
pure ionic model for corundum (AI3+, 0'-) with Buckingham short-range potentials 
of the form 

y j ( R )  = Aij  e x p ( - R / p i j )  - C i j / R 6 .  (2) 

Since these potentials fit the cohesive energy, lattice constant, elastic constants and 
permittivity of corundum rather well, we also used these short-range potentials to- 
gether with fully ionic charges in our CASCADE calculations. It is perhaps mildly 
unsatisfactory to use a fully ionic model here but it is a common feature of defect- 
energy calculations that this model generally works better than partially ionic models. 
We did make some attempts to develop a partially ionic model for corundum but 
failed to reproduce the basic properties of the perfect crystal, especially the cohesive 
energy. 

In our CASCADE calculations the explicitly relaxed region' I contained 150 ions. 
The potentials, for the short-range interaction between the two 0 ions that share a 
hole are given in table 8: they were determined from the potential energy curve 
obtained in INDO 35-atom calculations (see figure 4jb)) in the same way as was done 
earlier for V, centres in alkali halides [W, 571. Short-range interactions between the 
0 atoms constituting the sm and regular lattice ions were taken to be the same as 
for perfect lattice ions. (Again this is in line with'V, calculations.) Due to the strong 
interaction of the two 0 atoms sharing a hole, which is simulated by the high value 
for the van der Waals constant C, the potential V(r )  has a deep minimum of -4 e y  
compared with -1 eV for the 02--02- short-range interaction; both these minima 
occur at practically the same separation of 1.4 8, 

With these potentials, we found an SEI geometry in excellent agreement with the 
INDO calculations: 0-0 distance in the sm is reduced by 40%, the bond is. bent with 
respect to the straight line connecting sites by an angle of 15O; two nearest AI ions 
are displaced outward by 25% and third 0 atom in the basic triangle is practically 
undisplaced. Using the CASCADE code, we calculatcd also the electronic and ionic 
polarization energies which are 4.27 eV and 0.10 eV respectively. Such a great 
difference comes from the fact that the main contribution to the ionic polarization 
has already been included in the lattice relaxation energy; for example the 1.5 eV 
relaxation energy due to two Al ion outward displacements. 
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Table 8. Potential parameters Cor m - A h 0 3  and the m. 

interaction A (ev) P (A) c (ev A-6) Comment 
~ __._ 

22764.3 0.149 22879 a 02-42- 
0 2  - -01  - .~ 
0’--0l- 52852.9 0.156 80.065 b 

Shell model K (eV k2) Y (lel) 2 (lei)- 

0 2 -  103.07 -2.8106 -2a a 
0’ - 103.07 -1.95061 -1.14 e 
AI3+ 102.488 1.3830 f3.0 a 

a From Catlow et d 1151. 
b By fitting INDO resulls toor 35-atom cluster to lhe Buckingham potential. 
c Z Cmm INDO calculations. 

5. Discussion and conclusions 

The energy of self-trapping, E,,, consists of four terms [58, 591. These are the 
energy change as a free hole becomes localized on a single anion (Eloc); the loss in 
the polarization energy associated with the mobile hole (-E:!); the energy change 
(Erlx) associated with the five-atom cluster within which the hole is localized (namely, 
the basic 0 triangle and its hvo nearest-neighbour AI atoms) as they relax from perfect 
lattice sites; and the polarization energy E:; associated with the rest of the lattice 
outside the five-atom cluster 

Note that the reference state in calculating these terms is that of a hole localized 
on one 0 lattice site in an otherwise perfect crystal and that while E::] involves 
only electronic polarization (displaced shells), E$ includes both ionic and electronic 
polarization terms. 

E,,, may be estimated [M] as E 75% of half the width of the oxygcn 2p valence 
band, and so M 3.4 eV. The term -E:{ is the difference between initial and final 
defect energies in a CASCADE calculation with futed cores when the defeet k a hole 
on one lattice site, namely 3.7 CY The lattice E,,, relaxation energy for the largest 
35-atom cluster wc considered was found to be -5.5 eV (which by a factor of two 
exceeds the value for the V, centre in KCI). The polarization energy E::] is found 
as the difference between final and initial defect energies (-4.3 ev) in a CASCADE 
calculation in which both cores and shells relax when the defect is the five-atom 
cluster with the five atoms in their final positions given by the INDO calculation. The 
energy of the STH relative to the delocalized hole is, therefore: 

EST = (3.4 + 3.7 - 5.5 - 4.3)  eV = -2.7 eV. 

Since E,, is negative, self-trapping is favoured with respect to a free delocalized hole 
in the valence band. 

Therefore the embedded-molecular-cluster quantum chemical simulations of the 
sTH in corundum presented here give strong support to the existence of an sTH in 
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the form of a 0;- quasi-molecule (small-radius polaron). Additional support for 
this model comes from the simulation of sTH migralion 1611; the calculated activation 
energy by INDO for hopping % 0.9 eV is in good agreement with the experimental 
value of 0.7 eV Another important STH feature to be checked theoretically is the pho- 
ton energy for their tunnelling recombination with F centres [lo, 111. Alternatively, 
greater confidence in this theory could be achieved through ab initio calculations 
on larger clusters, e.g. by means of the ICECAP code used in recent years for quite 
similar computer simulations [2], as well as by more accurate estimates of the hole 
localization energy in partly covalent solids [60,62]. Direct experimental evidence for 
STH could bc obtained only from magnetic resonance experiments and we hope this 
study may stimulate such a search. 
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