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A new model for the self-trapped exciton in alkali 
halides 
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D a y  Faraday Research Laboratory. The Royal Institution, 21 Albemarle Street, 
Londoo WlX4BS, UK 

Received 15 November 1990, in final form 18February 1991 

Abstract. We report a quantum mechanical study of the structural and spectroscopicproper- 
ties of the self-trapped exciton in LiCI. Our method interfaces the quantum cluster cab 
culations on a Li,& cluster with a Mott-Littleton treatment of the relaxation of the 
surrounding lattice. Calculations on the V, centre give structures that are in very good 
agreement with Mott-Littleton calculations, and yield optical absorption energies that 
compare well with experimental values. Our study of the triplet ground state of the self- 
trapped exciton reveals a minimum energy structure of C,, symmetry caused by a small ofl- 
centre displacement (of =0.07 A) of the CI; (V,) ions which comprise the hole component 
of the exciton. The electron is in a largely delocalized state around the hole with both 
components localized more on the CI ion that is displaced towards the perfect lattice site. 
The magnitudeofthe ofl-centre displacement ismuchless than in theearlierstudiesof Song 
er al. A key feature in the success of these calculations was the self-consistent polarization 
of the surrounding lattice to the quantum cluster. 

1. Introduction 

It is well known that irradiation of initially perfect alkali halide crystals results in the 
creation of self-trapped excitons. Experimentally, the most thoroughly investigated of 
such defects is the triplet ground state of the self-trapped exciton (TSTE). This is created 
after a cascade of non-radiative electronic transitions and/or vibrational relaxation. 
Further relaxation involves one of three processes: (i) the direa radiative transition to 
the crystal singlet ground state (excitonic luminescence), (ii) the relevant non-radiative 
transition; or (iii) the production of Frenkel defects [I, 21. 

In order to understand the mechanisms of exciton self-trapping and the subsequent 
conversion of this species into primary radiation defects a number of studies have 
been carried out. Kabler [3] demonstrated experimentally that the distinctive triplet 
luminescence generated by fundamental excitation also arises when free electrons 
recombine with the self-trapped holes (V, centre) [3]. The latter has been recognized as 
the hole component (core) of the BTE. In addition, the atomistic structure of the V, 
centre was uniquely established by electron nuclear double-resonance studies [4], as an 
X; molecular ion oriented along a (110) axis in such a manner that it exhibits DZh 
symmetry. 

t Permanent address: Latvian State University, 19 Ranis Boulevard, 206098, Riga, USSR. 
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If we consider the self-trapped exciton ion to be generated by the trapping of an 
additional electron by a Vk centre, it might seem reasonable to assume that it has the 
same D2,, symmetryand atomisticstructure asa Vkcentre. Thisis the so-calledon-centre 
or (V, + e) model 1.51. In previous investigations of this model, the wavefunction of the 
exciton electronic component was obtained by solving the Schrodmger equation for a 
single electron embedded in a pseudopotential of the X; molecular ion and the crys- 
talline field of the remaining crystal [6,7]. The electronic configuration of the ground 
state of the ~ T E  was considered to correspond to the B,, (Alg, b3J state. 

An alternative, off-centre TSTE model has been suggested by Block et al[8,9]. The 
impetus for this model comes from optically detected magnetic resonance experiments 
on the TSTE in KCl which suggested that the two anions constituting the exciton hole 
core were non-equivalent. The off-centring concept was also used inToyozawa’s model 
[lo] for the vibrational m~ instability (with respect to the centre-of-mass shift) of the 
hole core ( X i )  along a (110) axis. Further theoretical studies undertaken by Song et a1 
[Il-U] are based on the idea that the exciton off-centre structure is a consequence of 
the repulsion of the exciton electron by the electronic X; pseudopotential. According 
to Song et al the electron is bound to the X; molecular ion entirely as a result of the 
interaction with thecrystalline fieldfrom therest of thecrystalwhichiscreatedin regular 
sites from which two X i  anions are displaced. Thus, an electron tends to occupy one of 
the two empty sites created by its repulsion of the X; ion from its on-centre (DUI) 
configuration. The semi-empirical calculationsof Song etal[ll-15] yield very l a r g e ~ m  
centre-of-mass (110) displacements, reachmg2-6 au. In their model, t h e m  resembles 
more the F-H pair rather than V, + e-. Although this model can explain many of the 
experimentai data relating to the properties of the self-trapped exciton 1151, it cannot 
be verified directly by experiment. Moreover it is based on a rather simplified one- 
electronmodel. AnadvantageoftheapproachadoptedbySongetalistheuseofaEexible 
basis to describe the floating Gaussian functions for the exciton electron; however, their 
model did not permit the treatment of the electron and hole components of the exciton 
to the same level of accuracy. In particular, the approach used in their work does not 
allow an adequate calculation of the electron and V, polarization when the latter is 
displaced along the (110) axis away from its symmetric position. 

The first attempt at a many-electron calculation of the TSTE was undertaken by 
Stoneham (161. However, computational restrictions required the use of a narrow basis 
applied to only four atoms, i.e. an Na,Cl, cluster. Itoh et a/ [I71 used the semi-empirical 
complete neglect of differential overlap (CNDO) method to investigate properties of the 
TSE in KCI. They were able to demonstrate clearly the essential rBle that the Vk core 
electronic excitation had on permitting exciton barrierless translational motion. More 
recently, the modified INDO method has been used to study to the W E  ground state in 
KCI [IS]. Thismodel includeda self-consistent polarization treatment of the surrounding 
lattice. The calculation employed a basis of Slater-type atomic orbitals (AO) centred on 
crystalline ions and additional floating AOS necessary for a more flexible description of 
the delocalized wave function of the exciton electron. The intermediate neglect of 
differential overlap (INDO) calculations predict the adiabatic potential energy surface of 
t h e m  ground state to be flat with respect to a centre-of-mass displacement in (110) 
directions. Thus, within computational accuracy it was not possible todetermine whether 
the energy surface has a minimum and therefore to define its symmetry. However, the 
calculated optical absorption energies of both electron and hole components as well as 
themluminescence bandofthenrragree wellwithexperiment, since they are predicted 
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to be weakly dependent on centre-of-mass displacement. The problem encountered 
with the INDO calculations is typical of semi-empirical INDO-type calculations with non- 
variational character of the AOS basis. In the present work, we overcome such problems 
by carrying out ab initio variational calculations of both the electronic structure and 
geometry of the TSTE in a LiCl crystal. 

2. Method of calculation 

In our calculations, the unrestricted Hartree-Fock-Roothaan equations [ 191 are solved 
for a molecular cluster embedded in a crystalline lattice. The embedding lattice consists 
of a set of point ions whose positions are allowed to relax around the defect. This model 
is formulated within the ICECAP code [20,21]. 

An important consideration for anabiniriocalculationisthechoice of basissets from 
which the wavefunctions of the valence electrons of the cluster are constructed. We have 
used valence portions of standard Gaussian contracted basis sets {22]-(3) for Li and 
(3/3) for C1 atoms respectively. The core electrons of the cluster Lit and CI- ions are 
described by semi-local Bachelet-Hamann-Schluter (BHS) [23] pseudopotentials. When 
simulating an exciton, the basis set must be extended to including additional floating 
Gaussian functions centred at interstitial positions. The centre points and Gaussian 
exponents of these AOS were optimized for each adiabatic surface point. 

The response of the lattice outside the quantum cluster due to the incorporation of 
a defect within the quantum cluster is calculated using the Mott-Littleton methodology 
[24]. Thus, it is first necessary to replace the quantum cluster ions with conventional 
Born model ions. 

The Mott-Littleton procedure is based upon a description of the lattice in terms of 
effective potentials. The crystal lattice is partitioned into two regions: an inner region I 
that, in this case, includes at its centre the replaced quantum cluster ions, and an outer 
region I1 which extends to infinity. In region I ,  interactions are calculated explicitly and 
all ions are relaxed to zero force. We consider interactions due to long-range Coulombic 
effects (assuming formal charges on all ions) and also short-range forces that are mod- 
elled using parametrized pair potentials. The response of region I1 is treated using the 
Mott-Littleton approximation [24]. 

The relaxed positions of the ions in region I are determined using a Newton-Raphson 
minimization technique. To ensure a smooth transition between regions I and 11, we 
incorporate an interfacial region IIa in which the ion displacements are determined via 
the Mott-Littleton approximation but in which the interactions with the ions in region 
I are calculated by explicit summation. In the present calculations region I included 50 
ions and region IIa extends out to 5.0 lattice units. 

Long-range Coulombic interactions are summed using Ewald’s method [24]. Short- 
range interactions between the perfect lattice ions were taken from [E] and modified 
until the equilibrium lattice parameter fitted the experimental value (5.1295 A). The 
short-range parameters are reproduced in table 1. 

Ion polarization effects are described using the shell model of Dick and Overhauser 
[E] .  The model describes an ion in terms of a massless shell charge Y and a massive core 
of charge X .  The formal charge state of an ion is therefore equal to X + Y. The core and 
shell charges are coupled by means of an isotropic harmonic spring of force constant k,  
so Yz/k is the free-atom polarizability. Polarization of an ion can then occur through the 
displacement of the shell relative to the core. 
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Table 1. Mott-Littleton parameters. 

CI--Li+ 1576.6 0.274 0.0 
Li'&+ 1553.8 0.2164 0.0 
CI--c1- 1227.2 0.3214 10.34 
~ , l ~ ~ ~ - ~ ~ ~ o ~ l -  11956.7 0.3339 1913.7 

~ 

Shell parameters Y(unitso1e) k (elf.&-') 

cl- -2.685 26.14 
c p -  - 1.985 54.22 
Ll+ 0.0 - 

In addition to giving a relaxation energy for the surrounding lattice the Mott- 
Littleton calculation will return a set of relaxed ion coordinates which can be used to 
define the positions of the point ions that embed the quantum cluster. It is important to 
note that ions which in the Mott-Littleton calculations are treated as polarizable are 
represented in the embedding array by the two charges X and Y displaced with respect 
to each other by the distance determined in the Mott-Littleton calculation. In this 
manner ion polarization effects are accounted for in the embedding region. Once the 
embedding charges are defined, the quantum cluster calculation can proceed. This yields 
thetotalclusterenergyand, inaddition, thechargedensityof theelectronsin thecluster. 
Now, the charge density of this quantum cluster may deviate significantly from its 
representations by point ion charges that were previously used by the Mott-Littleton 
calculation. To correct for these inconsistencies, the difference in the electric field 
generated by the quantum cluster charge density and that produced by the point ion 
arrayisexpandedasamultipole series. By includingthe fieldgenerated by the multipoles 
in theMott-Littletoncalculation. wecaniterate betweenthequantumcluster andMott- 
Littleton calculations until we reach multipole consistency. In this study, we restricted 
ourselves to the dipole and quadrupole terms. 

The plan of our investigation was as follows: first we determined the equilibrium 
positionsoftheionsin thequantumcluster; thesearedisplacedslightlyfrom theirperfect 
lattice sites due to the approximate nature of the boundary interactions between ions 
inside the cluster and the surrounding point ion array. Next, we calculated the electronic 
structure and optical absorption energies for the V, centre which serves as the hole core 
of the exciton. Last we include an additional electron and study the adiabatic potential 
energy surface of the resulting TSTE. 

3. Simulation studies 

3.1. The perfect crystal 

Due to the high computational cost of Hartree-Fock calculations, we are restricted in 
the number of ions in the quantum-mechanically-treated cluster. As we wish to study 
DZh and C, exciton models (on-centre or off-centre, respectively), we have chosen to 
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use two clusters shown in figure l-[LilnC14] and [Li,,CI8]. Both clusters include the 
basis set AOS of the cations nearest to the central CIi-CI, quasimolecule (see figure 
1). This is important as it allows the extended (non-point) nature of these ions to be 
modelled. 

Since we are studying a strongly ionic material, the total number of valence electrons 
in the cluster [Li,nCl,] is 32. Only the AOS centred on the regular ions were included in 
the basis sets for the perfect crystal calculations. 

The equilibrium positions obtained for the perfect crystal cluster ions are given in 
table 2. We note that the cluster boundary ions were displaced whereas the two central 
C1- ions that are coordinated by six nearest-neighbour cluster ions are practically 
undisplaced. The small size of the central ion displacements suggests that our cluster 
model is appropriate. The same result is obtained when floating functions (as employed 
in later calculations which involve the exciton) are included into the basis set. 

3.2. Thesinglet-to-triplet excitation of the perfect crystal 

Toestimate theinitialexcitationenergynecessarytoformanexciton, wehavecalculated 
the difference between the total energies of the singlet (ground) and triplet (excited) 
states of the [Li,,CI4] perfect crystal cluster. In both cases, the ionic cores inside and 
outside the cluster were fixed in the lattice sites corresponding to the crystal equilibrated 
in the singlet state; that is, we are describing a Franck-Condon transition and allow only 
electronic polarization (modelled by shell displacements) in the crystal excited state. 
Using this model we calculated an excitation energy of 9.6 eV, which is close to the 
experimental value of 8.67 eV [27]. 

The influenceofthe cluster size on the calculated results must be carefully considered. 
Thus, we carriedout several calculations using the larger [LiloCIB] cluster (figure 1). The 
inclusion of four additional Cl- anions (C&: see figure 1) reduced displacements of the 
surround Li+ cations (Li,) but the electronic structure of the cluster and its excitation 
energy (9.7 eV) remain unchanged. 

3.3. The V, centre 

Since the V, centre (self-trapped hole) is positively charged with respect to the perfect 
crystal, calculations of its structure and properties require the self-consistent incor- 
poration of the crystal polarization. The ICECAP code is therefore an ideal tool to  
investigate such a defect as it integrates the effect of long-range polarization with a 
quantum mechanical description of the Cl; pseudo-molecule. To perform such cal- 
culations, it is necessary for the initial Mott-Littleton part of the calculation to rovide 
a short-range interaction that will describe the interaction between the two Cl$- ions 
(see figure 1) that constitute the CI; molecule. In this study we used the same CIA-CI, 
potential as has been used in previous studies of the V, centre [ZS]. This provides a good 
representation of the interatomic potential determined from Hartree-Fock calculations 
for the Cl; molecule [30]. We note that the same Hartree-Fock generated potential has 
been used as the basis for the derivation of other potential forms for the Cl; molecule 

In addition to a CIA-CIApotential it is also necessary to define short-range potentials 
between the CIA ions that have non-integral net charges and other ions of the crystal 
whose charges are ?1 (i.e. between CIA and Cl-; CIA and Li+). We followed the 
procedure in [28], and we used the same short-range interactions between the quantum 

[311. 
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cl- U,*- *I "a. I yid I ua. I cl"l/m 

c1- hcludrdull"161.I d"SW 

LI+ 

Figure 1. The cluster of atoms treated quantum 
mechanically in the ICECAP calculations 01 the 
m. 

On-Centre 

Dzh 

Figure 2. Schematic representation of the on- 
centre (D,)andtheoff-centre(Ch) modelsofthe 
TSE. The large circle represents the delocalized 
trapped electron; h" is the hole component. 

cluster ions and the rest of the crystal as between ions in the regular lattice sites. The 
validity of this approximation was investigated by comparing the V, centre geometries 
in LiCl calculated using a purely Mott-Littleton methodology employing the CASCADE 
code [29]. Two sets of parameters for the pair interaction of the CI(dF1- defect ions with 
regular lattice ions were used. The first parametrization is the same as was described 
above-that is. the CIA-CI- and CIA-Lic potentials are approximated by the CI--CI- 
and CI--Li+ perfect lattice potentials. In the second case the CIA-Cl- and CIA-Li* 
potentialswere those that had beendeterminedexplicity [3lJina previousinvestigation. 
In both cases the CIA-CIA potential was one that, as discussed above, had been deter- 
mined by fitting to the results of the ab inifio calculation [30]. 

Thedisplacementsofthe ionsin figure 1 awayfrom theirperfect latticesitescalculated 
using the purely Mott-Littleton approach (potential models A and B) are compared in 
table 2 with those positions determined using the quantum cluster ICECAP code. The 
closeness of the results of the two Mott-Littleton calculations suggests that our sim- 
plification regarding the equivalence of the CIA-Cl- and CIA-Li+ potentials with CI-- 
Cl- and CI--Li+ potentials is justified. 

The closeness of the results obtained using the Mott-Littleton methodology to the 
ICECAP values (see table 2) demonstrates the usefulness of the pair-potential method 
in investigating these types of defect centres in ionic crystals. However, a quantum 
mechanical approach allows us to obtain information about the spectroscopic charac- 
teristics of the Vk centre which are beyond the scope of the Mott-Littleton approach. 
This includes optical and magnetic resonance parameters [32]. In the present study we 
have calculated only the Vk centre optical transition energies. Our calculations predict 
the energies of the optical ug-+ U, and the ne+ U, transitions to be 3.6 eV and 1.8 eV, 
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Table 3. Coordinates and exponents of the three different sets of floating functions (Fos) 
used to calculafe the total energy of the on-centre TSTE. 

~~ ~~~ 
~~~~ ~~~~ ~~ ~~~ ~ 
~~~ 

Valuesof Total cnergi Total energy 
Number of Coordinates of GFS oplimized for on-centre for off-centre 

Basisset TypeofGF GFS for o n - c e n l r e m  exponents TSI'E (eV) TSTE (eV) 
, , _.I . . , , I , , ,  , , .,t/slY..il*w,*~.?l I,,. ,..' 

-1588.4 -1588.3 2 (21.00,21.00; 0.00) 0.08 
2 ( 0.00; 0.00; 20.50) 0.083 4 ~ 0 s  " m i  

. .  

-1588.81 -1588.96 @ I  2 (20.95;  20.95; 0.00) 0.08 
V1 8 (20 .95 ;  20.0.1; t0.50) 0.077 10 FOS 

m, 4 (20.95; C0.95; 20.50) 0.08 
14FOS m 2  a (20.95; 20.04; 10.50) 0.077 -1589.22 -1589.37 

m, 2 (20.00; A0.00; +0.50) 0.077 

respectively, the former of which compares well with the previous experimental values 
of 3.16eV (the ng+ U" transition is too weak to be observed experimentally) [4]. We 
alsocalculatedavalueof 1.9eVforthenU+ 0; transition whichisclose toexperimental 
value of 2.09 eV determined from electron paramagnetic resonance studies [4]. 

3.4. The ~ s ~ ~ g r o i i ~ l d  state 

The central purpose of the present paper is to study theoretically both on-centre and 
off-centremodelsofthe~sE(seefigure2). Weshall first study theelectronicandatomic 
structures of the on-centre excitons; then. using the same quantum cluster we will 
calculate the adiabatic surface with respect to a series of fixed displacements of one of 
the Cl, anion along the (110) axis but allowing complete relaxation of all other ion 
coordinates. All calculations are carried out for the triplet state of the (Li,&) cluster. 
Localizationofthe excitonelectron isguaranteed by the presenceofthe holecomponent; 
that is, of the V, centre. 

The results for the \', centre demonstrate that the basis set of AOS that we used, 
despite being rather restricted, allows us to reproduce the geometry and the optical 
absorption of the hole core of the exciton. However, the basis is too narrow to describe 
successfully the wave function of the excited electron component of the exciton. To 
increase the flexibility, additional Gaussian orbitals were included into the basis set, 
These so-called floating functions (FOS) were centred on interstitial positions. The 
advantages of using FOS was demonstrated earlier by Song et a1 [ll-151. In choosing the 
number and symmetry of the FOS we tried to ensure that the resulting basis set was able 
to describe the density distribution of the exciton electron in the Dlh symmetry and the 
polarization of the electron and hole components of the TSTE when the V, core is shifted 
and the exciton symmetry is reduced, 

3.4.1. The on-centre %E. Parameters of the three different FO basis sets used in model- 
ling the on-centre exciton are presented in table 3. The largest coefficients of the 
molecular orbitalexpansionofthe excitedelectronover the ~ o s o f t h e  basisset aregiven 
in tabte 4. We present such results only for the 10- and 1 4 - ~ 0  bases. For both of these 
on-centre calculations one can see that the one-electron wave function for the exciton 
electron is delocalized over the whole quantum cluster (this is represented in figure 2 by 
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the large circle). We found that splitting the single-Fo Gaussian, q ~ , ,  of the 10-FO basis 
set into two functions and thus extending the basis set up to 14 FOS did not change the 
totalconhibutionofthese orbitalstothe electron wave function. However, muchgreater 
quantitative changes in expansion coefficients of MOS arise when q,-orbitals are added. 
Nevertheless, the qualitative character of the wave function and the one-electron energy 
are not strongly affected (see table 4). 

As the basis set is extended, the total energy of the crystal containing the TSTE 
(including the crystal polarization energy) is reduced (see table 3). However, there is no 
indication of convergence to a constant value. As our calculations did not include the 
Kun-Klein localizing potential [33], further basis extension could lead to the complete 
exciton electron delocalization due to the absence of any Pauli repulsion from the 
electronicshellsof ions surroundingquantumcluster. Despite the fact that this produces 
an unspecified uncertainty in our calculations, because of the localized nature of FOS we 
expect the error to be small, and almost certainly it does not affect our qualitative 
conclusions. The optimized FO exponents that we found are close to those of the most 
occupied FOS in the wider basis set used by Song [34] in calculations of the TSTE carried 
out using an extended ion method [ll]. 

The basis set extension by FOS does not significantly affect the geometry of the cluster 
simulating the perfect crystal. We also found that the displacements of ions in the 
quantum cluster describing the on-centre TSTE do not depend on the number Of Fos. The 
magnitude of the ion displacements calculated using the ~O-FO basis set are shown in 
table 5 .  They are close to or coincide with analogous displacements of all Vk centre ions 
except for Li3. The distance between Cl, ions remains almost the same as in the Vk 
centre,and thisdictatesthedisplacementsoftheCl,,Li,andLi,ions. Apartialscreening 
of the Vk charge by the TSTE electron results in a reduced Li, displacement. 

The total Mulliken populations for the 10.~0 basis set, which are reported in table 
5, give us valuable information concerning the relative charge distribution for the DU, 
exciton. From this, it was realised that to calculate multipole moments in the defect 
region and the Coulomb interaction of Cl,, and C1, anions with ions outside the cluster, 
it is necessary to use charges of these two types of ion equal to -0.5e and -0.8e 
respectively. 

The main effect of the FO basis set on the on-centre TSTE electronic structure is to 
change the one-electron energy of the exciton electron and its density redistribution. 
For example, as the number of FOS increases from 4 to 10, the one-electron energy 
decreases by 1.4 eV. This is accompanied by exciton electron density delocalization. 
After increasing the FO basis to 14 functions, the energy level value decreases only by a 
further0.33 eV (see table 4). 

3.4.2. The off-centre TSTE. In order to simulate the reduction in the TSTE symmetry from 
on-centre (DU) to off-centre (C&) one of ClA anions was displaced along the (110) axis, 
with simultaneous total energy minimization with respect to all other ion positions and 
FO parameter optimization. The electronic density distribution and adiabatic surface 
obtained for the on-off-centre displacement depends essentially on the flexibility of the 
basis set used (in this case 4, 10 or 14 ~ 0 s ) .  For the extended bases of 10 and 14 FOS the 
results are essentially the same. When passing from the on-centre to the off-centre 
configuration the minimum in the energy in both cases occurs at a CI,-CI, centre-of- 
massdisplacement of =0.07 A. With thisdisplacement the totalenergy has been reduced. 
by =0.15 eV (see figure 3). In table 5 we report, for the ~O-FO basis set, both the 
displacements of the quantum cluster ions at the C, exciton adiabatic potential energy 
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Figure 3. An energy diagram of the TSTE relax- 
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surface minimum and the net electron populations. As with the on-centre examples, we 
find that the one-electron wave function is delocalized over the whole quantum cluster 
(see table 4). These results also clearly predict that both the electron and hole com- 
ponents of the exciton are localized more on the CIA ion which is closest to the perfect 
lattice site. The relevant exciton model is shown schematically in figure 2. 

A key component in these calculations is the polarization of the surrounding lattice 
as this tends to promote our localization model. However, since the polarization is self- 
wnsistentwith respect to theelectronicfieldof thequantumclusterionswecandiscount 
the notion that our model is simply a consequence of the lattice. polarization dictating 
the positions of the ions in the quantum cluster since the quantum cluster ions in their 
tum influence the lattice polarization. 

Calculations employing the inferior 4 - ~ 0  basis set predict that the total energy of the 
system will increase as the Cl, anion is displaced from the on-centre site. In addition, 
t h e m  electron and hole polarization are small and behave in the opposite way to that 
shown in figure 2. For example, if the CIA-CIA centre-of-mass is displaced by 0.07 A, 
the electron population of the Cl, anion, closest to its lattice site, increases by 0.06e 
while the population of the other CIA anion is reduced by the same amount. This 
displacement increases the total energy of the system by 0.1 eV. The electron redis- 
tribution calculated using this smaller FO basis correspond more closely to the model 
proposed by Song et a1 

It appears that as the exciton moves to the off-centre position, the change in total 
energy is very slight and the qualitative behaviour (i.e. increase/decrease) can depend 
on whether sufficient attention has been paid to the parameters used in the method of 
calculation. 

Figure 3 summarizes schematically our main results concerning the formation energy 
of the TSTE and its optical properties. We calculated the optical absorption energy 
corresponding to the A ,  --f B transition of the TSTE electronic component to be 1.3 eV. 
This is smaller than the experimental value of 2.1 eV 1351. Conversely, our calculated 
x-luminescence energy of 5.7 eV is larger than the experimental value of 4.18 eV [36]. 
This could result from an overestimated exciton excitation energy (9.6 eV compared 
with the experimental value of 8.67 eV [27]) which may itself be due to the fact that we 
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used an unoptimized cation basis set. We expected basis optimization to reduce the 
adiabatic surface as a whole and thus give a better agreement between calculated and 
experimented optical transition energies. 

Lastly, we note that the calculated net electron populations of Li: and Liz cations 
are close to those for Li: (see table 5). The same is also true for the spin populations of 
these ions. This is in good agreement with conclusions of ESR studies of the TSTE in KCI 
[S, 91, which indicate that the symmetry of the spin density distribution of the TSTE 
electron component is close to that of the F centre. 

4. Summary 

The results presented above indicate that the TSTE in the alkali halide LiCl is unstable in 
its ground state with respect to the centre-of-mass displacement from the on-centre to 
off-centre position. That is, we predict a reduction in exciton symmetry from D, to Czv. 
However, unlike in the calculationsof Song et a/ 111-15,371, our displacement and total 
energy gain are rather small. Our qualitative model of the polarization of the electron 
and hole components is also different from the models of Song et al. This difference 
results almost certainly from the self-consistent treatment of the mutual polarization of 
the electron and hole components of the exciton. However, another contributory factor 
could be the mixed character of the one-electron wave function of the TSTE electron 
predicted in the present study. Our work suggests that the cation AOS serve to stabilize 
the one-electron energy of the TSTE electron component, This point plays a decisive r61e 
in the small reduction of the total energy as the TSTE moves to the off-centre position. A 
comparison of the results obtained when making use of different FO basis set shows that 
the character of the exciton polarization is a consequence of FO basis set symmetry and 
flexibility. We note that the 10- and 14-FO basis sets reproduce some aspects of the 
symmetry of anion d-type atomic orbitals. The extension of the anion basis set by 
including d orbitals might therefore be important in future investigations. Lastly, we 
note that although the results of these calculations are specific to LEI,  the results of 
preliminary calculations suggest that a similar model will be appropriate for describing 
the behaviour of excitons in other alkali halides. 
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