PHYSICAL REVIEW B VOLUME 57, NUMBER 2 1 JANUARY 1998-11

Simulation of point defects in high-density luminescent crystals: Oxygen in barium fluoride
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Barium fluoride is an example of a high-density scintillator for detecting high-energy radiation. In use, its
luminescent transmission is seriously degraded by radiation damage. This effect is associated with oxygen,
among other impurities. At one time it was suspected that oxygenh@ving been dissociated from a defect
complex by radiation damage, absorbed some of the luminescent energy of the crystal. This explanation has
now been abandoned, and the present work shows quantitatively that it is not correct. Specifically, a detailed
study of the optical absorption of Oshows that its excitation energy, split by spin polarization;-iS0%
higher than the luminescent frequencies of the crystal. Instead, color centers, $ucemters, have come to
be suspected. One origin of the color center is shown here to be the dissociation of a defect complex made up
of an & ion bound to a fluoride vacancy, accompanied by electron transfer from oxygen to vacancy, forming
an F center. The study of the optical excitation of Gs used to assess the qualitative and quantitative
importance of the main elements of the physical model and computational method in such a simulation. These
elements include the ion-size effect ofBdons, spin-polarization effects in ground and excited states, electric
guadrupole moment consistency between thei@ and the embedding BaErystal, basis set augmentation
and optimization in the treatment of a quantum molecular cluster that includes the impurity for both ground and
excited states, correlation correction, and projection of excited states onto spin eigenstates.
[S0163-182608)04202-1

[. INTRODUCTION affect the basic luminescent mechanism, but the lumines-
cence recovers only very slowly at room temperaftré

Barium fluoride, Bak; is an important representative of a variety of damage processes that produce color centers are of
class of high-density luminescent materials usedfiamy  interest, involving rare-earth and oxygen impurifids. the
and elementary particle detectibrin practical terms, an- present work we concentrate on oxygen.
other crystal, PbWg is of more immediate interest, so our ~ There is a number of damage processes in which the pro-
Manitoba-Shanghai-Michigan Tech collaboration includes aluction of color centers is associated with the production of
detailed study of its defect propertitgThe densities of Mmonovalent oxygen, Q One class of such processes in-
BaF, and PbWQ are 4.88 and 8.28 g/cinrespectively.The  Volves electron loss by impurity metal iof$ Another pro-
present study of BaFis intended to be primarily method- cess involves dissociation of an hydroxyl molecular ion
ological, providing the experience and technical backgroundOH)fi6
upon which to pursue detailed results for Pbyw@nd ulti- B o
mately for other similar ionic crystals. Our choice of defect hv+(OH)" =0 +H;. (1)
and processes reflects this objective, and is not focused
:ir::ilg:ln\?\;gacljofer?girzn(;flytfghtﬂga;plgfztzrleztb;grrp%zﬁnol?afge shall not analyze these_ processes i_n the present work.

" ! ; A further process is dissociation of oxygen-vacancy
center in Bak. Furthermore, we do not examine the excita- omplexed:?
tion from the valence band of the crystal to the unoccupie(f '
p, level of the O impurity, for which we show that there is hv+(0? -vp) >0 +vp—0 +F,. )
reason to consider it.

Barium fluoride has fast luminescent components at 19%n Eq. (2), vg is a fluoride-site vacancy with net positive
and 220 nnt. A cross-luminescence process has been idencharge relative to the host crystal. It is bound to & @n,
tified, involving a transition from the first valence band forming an electric dipole defect complex in the crystal. In
(F -2p-like) into a hole, arising from irradiation, in the the radiation damage process, enehgyis absorbed by the
Ba®" core band'. The luminescence is degraded by color defect complex, the vacancy separates from the oxygen ion
centers that arise in irradiation damagEhese color centers by step diffusion, and energy is minimized by electron trans-
reduce the crystal's transmissivity by absorbing the luminesfer from oxygen to vacancy, resulting in &xcenter, denoted
cent emission. The damage is not intrinsic; that is, it does ndE.. In the present work, rudimentary calculations will esti-

9A Eq. (1), H? is a neutral interstitial hydrogen atom. We
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mate the activation energy for €O vg) dissociation, and —
will compare the energies of separateti @nduv ¢ defects on
one hand, and of separated @ndF . defects on the other.

The electronic structure of pure BakRas been analyzed
theoretically by Ermakov and co-workérand by Andries-
sen and co-worker®. The former used the continued frac- f
tion method applied to a Green'’s function derived for a clus- F-
ter of 21 atoms. The latter studied clusters embedded in a @ » @
point-ion crystal at the Hartree-Fock self-consistent-field \.
level of approximation, based largely on gaussian basis sets ©-
from Huzinaga! in a standard linear combination of atomic
orbitals-molecular orbital§LCAO-MO) analysis. Cross lu-
minescence was discussed for both pure and"@eped
BaF,. The theoretical approach of the present work is similar @
to that of Andriessen and co-workers in using a cluster of
ions embedded in a classical crystal, with gaussian basis sets
for the Hartree-Fock self-consistent-figlf8CPH analysis. It
differs, however, by including self-consistent relaxation an

olarization of the classical embedding crystal in the case of
Sefects, by using systematically optigﬂzgd basis functions V(r)={B exp(—r/p)~Cr °}. )
for eaqh state (_)f. the defect, and by including correlationy,q parametersg,p,C) in Eq. (3) are determined, for each
corrections explicitly. , _ . pair of ionic species, along with shell charyeand shell-

The present work arises from an interest in the radiationy e coupling constart, for each ionic species, by fitting to
damage process represented in Eg). Originally, optical 1 properties of the crystal. Values of these parameters,
excitation of either of the products, Qor F., were consid- o Catlow and co-workers are given in Table I. For the
ered as candidates for the absorption of the Bafines- - - interaction, B,p,C) were fitted to the form given in
cence. Experimental analysis has now eliminated &3 a Ref. 12.
c_and_idate. Here we present a detailed analy_sisb&fiﬁorp— The quantum cluster surrounding the” @npurity, and
tion in Bak,. The results bear out the experimental conclu-the shell-model crystal that embeds it, are used together in
sion, showing that absorption by Gccurs at a higher fre-  cacylations that we describe as thecap method. Thacke-
quency than Bajluminescence. The absorption splitting by cap progrant®*4 determines the ground state of a point de-
the spin polarization of O'is an interesting feature of this fect in an ionic crystal by relaxing atomic positions in the
system, and is studied in detail. _cluster, and ionic cores and shells in the embedding crystal,

In Sec. Il we describe our physical model, our theoreticakg equilibrium in the sense that the shell-model ions see the
method, and details of our computational approach. In SeGjectric monopole moments of ions in the cluster, and the
IIl, quantitative results for the ground and excited states Ofjectrons in the cluster see the shell-model ions. In the case
substitutional O in BaF, are given, and the optical excita- of O~, we shall find that it has a quadrupole moment. In that
tion process is described. A brief critique of the method iscase, the shell-model ions are made to see a symmetrical
given at this point. In Sec. IV, less polished calculations thaninear array of three charges to represent both monopole and
those of Sec. Ill are used to analyze the energetics of&0.  prolate quadrupole moments of Othe latter being progres-
the radiation damage process in which free @Ons andF  sjyely adjusted to achieve total energy minimization. Specifi-
centers are produced. The results show that electron transfggly a central point chargeQ—2q), whereQ=—1 is the
from O°~ to v is energetically favored upon dissociation of monopole moment of O, and two symmetrically placed
the (G "vg) defect complex. In Sec. V our results are sum-charges+q, induce a polarization field in the embedding
marized. crystal. This produces a particular quantum cluster solution.

g is then varied, with a new cluster solution for each value,
until total energy of the quantum cluster and the embedding
IIl. MODEL AND METHOD crystal is @ minimum.

Now consider the quantum cluster, Fig. 1. @as 9 elec-

yons, F has 10, and B4 has 54, for a total of 285. This is

FIG. 1. Oxygen O substitutional impurity in Baj crystal,
dshowing its four nearest B& and six second F neighbors.

BaF, has the fluorite structure, and we consider €ub-
stitutional at a fluoride site. It then has four nearest-neighbo
F~ ions: see Fig. 1. We anticipate that first- and/or second-

. . . - . s TABLE I. Shell-model ters for BaFf Ref. 12.
neighbor ions may be involved in the optical excitation pro- elrmodel parameters for Bgrirom Re

cess. We therefore base our quantgm-mechanif:al gnalysis of B (eV) o (R) C (eV A®)
the system on the cluster of eleven ions shown in Fig. 1. Th F 51933 0.2795

rest of the crystal will be represented by the shell model, ir]:_F 1482'61 0'29329 5317
which each ion is represented by two point charges, har- : : '
monically coupled, one of which is called the core, the other Y (lel) K (evA~?)

the shell. Interionic interactions consist of Coulomb andpz?* —16.99 1709.1

short-range forces, the latter, of the Buckingham tyige), E- —1.59 435

acting between shells, being given by
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too many for the kind of detailed optical excitation analysiswhere »;(s) is a spin eigenstate. The position space part,
that we have in mind. Our approach will be based on they;(r), is expanded as a LCAQy(r)}:
unrestricted Hartree-FodkJHF) SCF method. This will be
followed by second-order Rayleigh-ScHinger many-body
perturbation theoryMBPT) correlation correction. The pre- wi(r)zik: a; (k) xi(r). (7)
cise method is given by Thoule§sand details of its appli-
cation to the Hartree-Fock method are given by VaWe  The AO, x(r), are each localized about a single sig,in
can easily deal with all the electrons of Gnd of six F the cluster. In the present work, these are all ionic sites.
ions. We consider two levels of compromise in the treatmenSpecifically,
of the four B&" ions, namely as point charges and as full-
core pseudopotentials. For the latter we adopt Kunz-Klein
localizing potential§KKLP).1**Preliminary estimates were
made of the excitation energies, giving 7.26 and 6.86 eV in
the case of point charge Baions, and 12.44 and 10.76 eV In Eq.(8) we see that the angular dependence of each AO is
with KKLP. These calculations were performed at thegiven by a spherical harmoni¥[{y)(Q2), where Q are
Hartree-Fock level, with quadrupole consistency, spin prospherical polar angular variables, and that the radial depen-
jection, optimization of the O3s orbital, and omitting dence relative to sitR, is a linear combination of gaussians,
F~ 3p and 3, and O 3d orbitals. Not only is there a large with exponential coefficientsy;(k). The linear coefficients
difference in these excitation energies between the two treatt; (k) are called contraction coefficients. For givgrthe sets
ments of BA", but the nature of the excitation processes arepf coefficients{d;(k),a;(k)} are fixed during the solution of
fundamentally different. Specifically, with the point charge the Fock equation. The AO basis $&4(r)} are taken to be
Ba’*, the excitations are both from R2p to O~ 3s orbitals,  the nonorthogonal basis for a matrix representation of the
while for KKLP Ba?* they are both from O2p to B&" 6s  Fock equatior(4). To haveN eigenstates, it requires that the
orbitals. Since the KKLP gives a more accurate physical picdimensionality of y,} be=N. In the present work it is>N.
ture of the B&" core, we use it in all calculations reported For the ground state of the system, f@igenstates with the
below. lowest values of; are referred to as occupied, and are used
In order to perform the analysis with point-charge’Ba in the SCF, and in determining tHé-electron total energy
ions, it was necessary to have a short-rang& B2 Buck-  and Slater determinant wave function. The remaining Fock
ingham potential. We therefore considered the linear quareigenstates, called virtual states, are used to construct excited
tum cluster F Ba?" O, in all-electron treatment, embedded states of theN-electron system, both for the description of
in a relaxed shell-model BaFcrystal, using thelCECAP  optically excited states, and for evaluating the MBPT corre-
method. By varying the Bd ion’s position, we fit the en- lation correction.
ergy variation of the embedded cluster to that of its shell- Compilations exist for exponentidky;(k)} and contrac-
model representation. Keeping the-Ba?" interaction from  tion {d;(k)} coefficients that have been optimized in calcu-
BaF,, the parameters of the ®Ba?* Buckingham potential lations for free atoms and ions: see, for example, Huzinaga
were determined from the fitting to bB=7479.39eV,p  (1985.!! We generally use these as a starting point for our
=0.3192 A, andC=997.456 eV R. calculations, but we then proceed to reoptimize them in their
We now give necessary details of the UHF-SCFcrystalline environment as represented inittiecAp method.
method*®1*1t is governed by the Fock equation for a cluster Here, reoptimization means minimization of the total energy

X0 = 25 di(kyexp(— ai(K)[r =Ry VI(Q). - ®)

containingN electrons: of the crystal, consisting of quantum cluster and embedding
shell-model regions, neglecting correlation and spin projec-
F|j>=sj|j>, i=1,2,.N, (4) tion. These minimizations are very time consuming, since
the manifold of variableg«;(k),d;(k)} is multidimensional
where, in Bohr-Hartree atomic units: and the dependence éa;(k)} is nonlinear. For each choice

of values of{ «;(k),d;(k)}, the full SCF solution of the Fock
1 N equation must be carried out. In general, the reoptimization
F(N=1—=V2+ > (l(lr=r'|"H@-P)[j)+V(r)}. process consists of varying a given parameter until the near-
2 j=1 est energy minimum is located, repeating with the next vari-
) able, through the full range of variables, and then iterating to
) ) convergence to an accuracy-60.01 eV in total energy. We
The SCF term involves (3 P) where P=P(r,r’) is the  ghall see that this process is essential to get physically accu-
pairwise interchange operator. In the present case, the singlggte results.
electron potentiaV(r) arises from three sourcefl) bare There is an important constraint that we have applied to
nuclei of 0" and F" ions in the cluster(2) KKLP cores of  these reoptimization processes. It has to do with the bound-
B&’" ions in the cluster(3) point-charge shell-model cores ary conditions for the quantum cluster. For a free molecule,
and shells of the embedding crystal. one can vary the localization parametégponential coeffi-
The Fock equatiorid) is solved variationally. The eigen- cientg «;(k) freely, using the minimum-energy principle to
states|j) are taken to be MO, represented in position andoptimize them. For a molecular cluster embedded in a crys-
spin space by tal, the nature of the boundary condition is complicated, hav-
ing to do, first, with the localization o orbitals from the
o;i(r,8)=i;(r) n;(s), (6) crystal into the small cluster region, and second, with overlap
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effects between ions in the cluster and embedding regions. IR~ neighbors, or from both(We cannot include B4 as a
the present work, the classical shell-model representation Gfource of excitation because it is not represented by
the embedding region does not provide any of the Pauli reguantum-mechanical electrons, but by a pseudopotential
pulsion that quantum-mechanical electrons in the clustecore) The excitation may be to Q B&", or F~ orbitals, or
would experience from electrons in the embedding regiona combination of them, that are unoccupied in the ground
Under the variational principle, the cluster electrons tend tastate. In fact, we shall find that the highest-enelrgy, Eq.
spread out into the embedding region in an unphysical way(4)] occupied Fock eigenstate in the ground state is predomi-
This effect not only leads to incorrect total-energy valuesnantly O 2p, ,-like, in both spin-up and spin-down mani-
but to unphysical electronic configurations, and incorrectolds. That being so, the electric dipole excitation may in-
pictures of electronic defect processes. We believe that nerolve the following: F 3s, 3p, and 3 levels, O 3s and
glect of this effect may already have produced some incor3d levels, and B4 6s and & levels. Although higher lev-
rect interpretations of simulation studies. For a free mol-els may also participate, we cannot include them because of
ecule, one can decontract an atomic orbital, E¢sand(8),  computational practicalities. For the same reason, we include
treating the producta;(k)d;(k) as independent linear vari- Bzt 6s and 5 orbitals only in separate calculations, not
ables. For an embedded cluster, this procedure results in thggether.
linear coefficients of the smallest;(k), the longest-range  For mathematical consistency, the basis sets in both
gaussians, becoming too dominant in the AO. We combaground and all excited states need to be comparable. All of
this tendency by keeping the AO contractiitie di(k)'s  the above orbital types are includéeicept for BA" 6s or
fixed], during the variation of an;(k). In most cases we 5d) in all calculations that are used to estimate transition
find that we can successively vary oagk), then the cor-  energies. This means that, with respect to angular variables
respondinglargesj d;(k), proceeding to the next value of (), Eq. (8), the same functional manifold is used in all such
and so on, iterating to convergence without producing runcalculations. Because the contraction and exponential coeffi-
away delocalization. When this is not achievable, we elimi-cients{d;(k),«;(k)} are separately optimized in each many-
nate the dominand;(k) from the variational procedure, not body state, ground and excited, different functional mani-
allowing it to grow relative to the others. The exception tofolds for the radial variable are used for different states.
these methods is when we are establishing a reoptimizedowever, the number of primitive AO, i.e., the number of
basis set for F. In that case, we consider the perfect crystal,distinct «;(k), is the same throughout. The variational pro-
and the F ion at the center of an embedded clustercedure then amounts to optimizing the radial manifold for
(F),(Bat), is decontracted and recontracted, an orbital at @ach state separately, where all such manifolds have the
time, with the outer six F ions frozen in free-ion contrac- same dimensionality, and also optimizing within each such
tions. The new set of contractions from the central ion aremanifold. Optimizing the radial manifolds separately for
then transferred to the outer six, and the process is iterated &ach state has the effect of reducing the calculated excitation
convergence. In this case, the central ion is always subject tenergies(at Hartree-Fock level, without spin projection or
Pauli repulsion from its six neighbors, so it does not need ta@orrelation correction by 25-30% ¢3.4-3.9eV). It is
be artificially constrained. While the artificial constraint of therefore certainly of quantitative significance for the simu-
outer-ion orbitals is clearly aad hocprocedure, it is physi- lation. One might feel that using different manifolds varia-
cally reasonable and demonstrably necessary. Ultimatelftionally for different states is mathematically inconsistent.
within this methodology, one will include the electronic However, that it is nevertheless appropriate may be seen
structure of the embedding crystal in some realistic but manfrom the following argument. If one were to use the union of
ageable way. Much formal work has been done on this probmanifolds obtained here frorall states, the effect say, of
lem, and a significant body of explicit simulation has alsoadditional basis functions from an excited state on the
been done with such an approach, including the optical propground state would be small due to the fact that it comes
erties of impurities. A recent review of one such body offrom a function whose angular manifold contributes only
work is the paper by Seijo and BarandiafdrSince our ex- weakly to the ground state.
cited states involve both nearest-neighbor’Baons and We next consider some specifics about the excited states.
second-neighbor Fions, the set of their nearest neighbors in The ICECAP program allows us to analyze an excited state in
the embedding crystal, numbering thirty-eight, would need tahe presence of the equilibrium ionic configuration of the
be included, at a minimum. Presently, even to describe thesground state: the product of a Franck-Condon transition.
ions by Kunz-Klein localizing potentials would be prohibi- The Hartree-Fock part of the program includes the unre-
tive in terms of computer time, with the present method.  stricted form, in which spin-up and spin-down manifolds are
We now consider the AO basis set specifically for thesolved separately using, of course, a common SCF. This

present problem. For the ground state, free-atom consideleads to spin polarization in the case where the numbers of
ations suggest that the following atomiclike orbitals would spin-up and spin-down electrons are different, as here. This
be required. For F, 1s22s?2p®, and for oxygen, taking ac- means that spin-up and spin-down Fock eigenstates do not
count of the fact that spin polarization arising from the oddoccur in identical pairs.
number of electrons renders one coordinate directionzsay = Our quantum cluster contains 69 electrons, which in the
distinct from the other x,y directions, we have ground state are 35 spin up and 34 spin down. We represent
1s?2s72p; ,2p;. At this point we can see why Ohas a this as follows:

uadrupole moment: it has like hole in an otherwise
?illed-sr?ell configurationA pri(?:i%the nature of the excita- ground: up (11111000
tion process is unknown. It may come from the ©n, or its down (11110000.
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Such a picture omits the first thirty occupied Fock eigen-sents an oblate quadrupolar moment induced in the embed-
states, of both up and down spins, showing an excess of oniing crystal. This tendency of the crystal to screen the mo-
spin up, and the first few of an infinite number of virtual, ment of the impurity is well known. The point-charge
unoccupied states, the zeros. There are four excited statgfmulatorq is positive, as if it were representing the-fike
that can be considered, denoted, (b), (c), and(d) as fol-  |obes of the electron hole. This is what is required to produce
lows: the energy-minimizing screening effect. The energy gain by
relaxing nearest-(Ba) and second-(F) neighbor ions,

excited: (@ up (11111100 without quadrupole consistency, is 1.28 eV. Quadrupole con-

down (11100000, sistency adds a further 0.55 eV. The final relaxation of
() up (11110100 second-neighbor Fions in thexy plane is (-0.07), and of
down (11110000, those on the axis is (—0.13). We therefore see that substi-
(©0 up (11111000 tutional O induces a local contraction of the embedding
down (11101000, host crystal. Here, all distances are in units of anion sublat-
(d up (11110000 tice spacing. The contraction of the crystal about the impu-
down (11111000 rity, noted above, may not be accurate, for two reasons. First,

the KKLP for B&" ions may not accurately represent the

Cases(a) and (d) represent forbidden transitions, in dipole true interionic potentials in the quantum cluster. Second, in-
approximation. Case&), (b), (c), and (d) are in order of terionic potentials within the quantum cluster may not be
increasing energy. Caséls) and (c) are allowed, represent- fully compatible with the Buckingham potentials by which
ing excitations in the spin-up and spin-down manifolds re-the cluster is coupled to the embedding shell-model crystal.
spectively, relative to the ground state as represented above. We believe that it is instructive to see the effect on the F
Because the total spin is not zero, these excitations are n@n as it goes from free space into a perfect Bafystal. In
equal: the optical absorption line is split due to the quadSec. Il we described an iterative procedure for determining
rupole moment of O in the ground state. the optimized F basis set in Baf It turns out that the
The SCF Hartree-Fock solutions for cas@$ and (d)  contraction coefficients;(k), Eq.(8), in a (43/4) basis skt

have total spins of 1.5 and 0.5, respectively, in unitsiof = change only by about 1%. Nevertheless, the total cluster en-
Similarly the ground state is given as a spistate to rea- ergy drops by about 2 eV,

sonable accuracy<(2%). However, at the same level, the e have estimated the basis set superposition Erfor
calculated total spins of caséls) and(c) are not 0.5; rather e ground state of Oin BaF; at the level where the basis
they are given by 0.918 and 0.853, respectively. The reasoget was minimal but optimized, and found it to be 0.9 eV, for
is that the corresponding solutions are linear combinations of - ster of 69 electrons.

cases(b) and(a), and of(c) and (a), respectively. Our pro- The effect on the ground-state energy of orbitals beyond

cedure has been to evaluate the correlation corrections fQﬁe minimal set can be estimated from our work. Addirg 3
the mixed-spin states, and then to project out dasérom  ohitais to F and O, and 6 orbitals to BA", and optimiz-

the resultant many—_electror_l eigenstates _and eigenya_lues. ng them, reduces the Hartree-Fock energy by 2.4 eV, even
Ep ands’ are the mixed-spin state energies and sfifliS  though these orbitals have quite small occupancies as mea-
the pure spirg excited state energy, arie, the pure spin-  syred by Mulliken populations. The additional orbitals,

5 forbidden excited states energy, then one finds namely, 3, 3p, and 3 for F~, 3s, and 3 for O~ and 6
and & for B&®", are not available from the literatutéeven
|E’— E s'(s'+1)— E E ] for free atoms. Our starting point in each case was to scale
b 13 4|78 the radial part of a given orbital from that which is known
Ep= 5 1 © " for a filled-shell atom, using a scaling factor that is deter-
[Z— 3s(s'+1) mined from an orbital type that is occupied in both species.

For example, consider thed3orbital for O". The nearest
The same equation, with replacingb, applies for casé¢c).  rare gas with an occupiedd3orbital is Kr. Both Kr and O
We shall see that projection onto spin eigenstates producd®gve occupied & orbitals. The ratios of each of the three
significant corrections to the excitation energies and theigaussian exponential coefficients, of their 2s contractions
splitting. are evaluated, and these scaling factors are applied to the
correspondingy's of the Kr 3d orbital, keeping its & con-
IIl. RESULTS: OPTICAL EXCITATION traction coefficients fixed._ln this way, we obtained_ pI_ausjbIe
starting orbitals from which to carry out the optimization
In Sec. Il we explained that substitutional @mpurity in ~ process. Similarly, having optimized orbitals in the ground
BaF, has a prolate electric quadrupole moment due to atate, their reoptimization in an excited state can have a large
2p-like electron hole. The explicit value of the point-charge effect on the estimate of the excitation energy. For example,
simulatorq, displaced along the axis by +0.2 times the reoptimizing O -3s, B&*-6s, and O -3d orbitals in ex-
interionic spacing of the anion sublattice, was found to becited state(b) lowers the excitation by 0.08, 3.13, and 0.05
7.360 78 in units ofe|, at equilibrium between the quantum eV, respectively, for a total of 3.26 eV. Reoptimizing
cluster and the embedding shell-model crystal. The nearesBa®"-6s and O -3d orbitals in excited statéc) lowers the
neighbor B&" ions come to equilibrium at position®.47,  excitation by 0.30 and 5.33 eV, respectively, for a total of
0.47, 0.44, having relaxed from{0.5, 0.5, 0.5. This repre- 5.63 eV. Note then that such reoptimization also materially
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TABLE II. Energies of O in BaF, (eV): ground state, excited stat@s) and (c); Hartree-Fock level
(Enp); correlation correction, second-order MBPEdyrR); Spin projection correctionH); total energies
(E); transition energiesXE); absorption splitting AE.,J. For Eye, E, add (—18 200 eV). Based on
B&?*-6s orbitals.

Enr Ecorr Es E AE AEqps
Ground —-50.62 —14.15 0 —-64.77
(b) —41.80 —14.18 0.16 —55.82 8.95
(c) —40.35 —15.02 0.35 —55.02 9.74 0.80

affects the estimate of absorption splitting. All these numbersmpurity, we conclude that the latter is not a candidate for

are at the Hartree-Fock level. explaining why the luminescent efficiency is degraded by
Once an adequate basis set has been optimized in thadiation damage.
ground state and in excited staté, (b), and (c), as de- We can learn more about the ptical excitation pro-

scribed in Sec. Il, there remain two more steps to determingess from the Fock eigenstates at the top of the occupied
the optical excitation process. First we must evaluate thenanifolds in ground and excited statds and (c). In the
correlation correction, by second order MBPT in the presenground state, the top of both spin-up and spin-down occupied
work. Then we must project excited statés and () or-  manifold are dominated by 02p,, orbitals. Below them,

cigensiates, We reterte that the full basis set used 1Q)e valence-band edge of the crystal is dominated by
; : bitals. | ited statéb) the last ied spin- bital
the final results corresponds to™ Hs,2s,2p,3s,3p,3d; rbitals. In excited statéh) the last occupied spin-up orbita

= ) X ! is predominately of F 3d character, while in staté) the
0™-1s,2s,2p,3s,3d; Ba?*-6s. A study was carried out using . : N .
Ba2*-5d in place of 6. The optimized ground-state energy last occupied spin-down orbital is predominately ofB&s

at Hartree-Fock level was 0.08 eV higher wittl fhan with character. The Mulliken populations, that give some indica-

6s. Excited state levelgb) and (c) were 0.10 and 1.07 eV 23” z];tttr;l?sn?::l?rir IS;regggg)oTﬁeagsogﬁtfda\r'lvét?B%i(;h on,
higher, respectively, but the qualitative nature of the transi- PP P ' ' ' 6 4

tion was the same. We have therefore not carried th(Q/Iulliken populations are 8.14, 60.62, and 0.24, respectively,

5d-based calculations through correlation and spin projec'—‘e" approximately 8, 61, and zero, indicating an excitation in

! ; which about one electron is transferred from @ electron$
tion stages. Complete results for the-Based calculations 0 the second-neighborFons. For caséc), the corresponds-

are given in Table Il. We note that the correlation correction,, ;
~15 eV, is substantial, reflecting the fact that the basis set i 9 number_s are .8'31' 59'85' "’.‘”d 0'84L or app+rOX|mater 8,
0, and 1, indicating an excitation from Qo B&" nearest

quite rich. We shall see shortly that this richness is essentia eighbors. The strong deviation of the above Mulliken popu-

to a correct understanding of the excitation process. Whil ations from integers indicates how limited it is to talk about

the correlation correction does not significantly affect thethiS manv-electron svstem in terms of sinale-electron states
excitation in the spin-up manifold, cagb), it does affect y y 9

case(c), and therefore the absorption splitting, substantially.and processes. We note from the above analysis that there

The contribution of spin projection is smaller, but neverthe-2€ N0 localized excited states of M t_he band gap. On the
less significant. other hand, the nature of the Fock eigenstates in the ground

It is worthwhile to extract data from Table I, to see the state, and the fact that the excitation, 8.95 and 9.74 eV, is

separate contributions to the excitation energies and to th%ignificantly less than the band gap of Baft 10.48 eV,

absorption splitting from Hartree-Fock, correlation correc—"ﬁld'c""tl;as t(;]atf E{?\e OZth'?’ level is localized above the va-
tion, and spin projection stages of the analysis. These resul[gnce and ot ine crystal. .
The picture of the excitation that emerges from this analy-

are given in Table lll. We see that correlation reduces the. L ) . o . ;
absorption line splitting by more than half, and that spins's is quite interesting. Spin polarization associated with the

projection works in the opposite direction, with a contribu- prolate quadrupole moment_of the substitutionaliBipurity
tion of 0.2 eV. At this stage we recall that the fast Iumines-loca_IIy deforms the conduction band of the aaﬁystgl, ex
cence of Bakis at 195 and 220 nrhcorresponding to 6.36 posing a F 3d-_based state at the bottom of the spin-up part
and 5.64 eV, respectively. Comparing with calculated ab2f the conduction band, and a Babs-based state at the

sorption energies from Table Il of 8.95 and 9.74 eV for O bottom of the spin—.dowr) part, upon exciEation. The two com-
ponents of the split optical excitation of Qepresent corre-

o N ) sponding transitions to the conduction band.

TABLE I Contributions (eV) to transition energiesAE(b) A possible alternative mechanism for optical absorption
andAE(c), apd to absorption SpllttanEaps, from Hartree-Fock in the presence of oxygen impurity has been brought to our
(HPF), correlation(CORR, and spin projections). attention. It is an excitation from the valence band of the
crystal to the unoccupietspin down 2p, level of the O

HF CORR S Total impurity. This may, in fact, be the lowest excitation. A rough
AE(b) 8.82 —0.04 0.16 8.95 assessment is based on the single-electron Fock eigenvalues,
AE(c) 10.27 -0.88 0.35 9.74 while acknowledging that these are quite inaccurate, quanti-
AE g6 1.44 —0.84 0.19 0.80 tatively. For the ground state, the energy difference between

the virtual B&" 6s-like orbital and the occupied O
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FIG. 2. Dissociation of (& -vg) oxygen-fluoride vacancy dipole defect complex in Baffystal. Initial configuration on the left,
activated configuration on the right.

2py -like orbital is ~25 eV, while the difference between curred. Throughout this section, the standard of treatment,

the virtual O 2p,-like orbital and the highest even-parity both in terms of basis sets and of cluster atom positions, is
valence orbital, F 2p-like, is ~21 eV. The former figure, not comparable with that of Sec. Ill. Correspondingly, only
25 eV, translates into a many-body excitation energy of 9.@ualitative, or roughly quantitative results are presented.
eV, indicating the hazard of using Fock eigenvalues. On the In Fig. 2, we show the activated and initial configurations
other hand, the difference between 25 and 21 eV supports tHer (0% -vg) dissociation, in which the vacancy moves from
idea that the valence band-to-impurity excitation deservea nearest to a second-neighbor site on the fluoride sublattice.
analysis, in addition té&-center excitation, in studying radia- In each configuration, the ions shown, and fouf Béons,
tion damage effects in this material. constitute the quantum cluster. As in Sec. Ill, this cluster is
It is worthwhile to summarize at this point some of the embedded in an infinite shell-model Batystal whose de-
things that we have learned about the method as we havgrmation and polarization are consistent with the cluster.
built up accuracy of the physical model and the computasome details of this calculation are in order. First the basis
tional approach. For each of the following features, qualitaset, unlike that developed in Sec. IlI, is minimal except for
tive results obtained from the rougher levels of approximasine addition of F 3s and B&" 6s orbitals. The & and F
tion differ from those of the more accurate final calculations.orbitals used here were free neutral oxygen and free
(1) The ion-size effect of B&, contrasting point-ion with F~ (4 3/4) orbitals taken from Ref. 11. Furthermore, Ep
KKLP pseudopotentials(2) The quadrupole moments in- orbitals are decontracted from one contraction of four primi-
duced first in the O ion, and second through total-energy tive atomic orbitals, to two of two each, increasing their po-
minimization into the embedding crystal, by spin polariza-|arizability. For the initial configuration, we need to include
tion. (3) The use of an adequate nonminimal basis set, optidisplacement of & from the perfect-crystal F site, and
mized with respect to contraction and exponential compodipole consistency between the {0v) complex and the
nents, while being constrained from excessive diffusenessmbedding crystal. We have felt that these effects would be
(4) Correlation(second-order MBPJT (5) Projection of ex-  more accurately represented in a cluster that is centered on
cited states orthogonal to the low-lying forbidden spin eigenthe &~ ion, with one F site vacant, so that the?0 sees all
state. Careful treatment of all of the above features togethqbur of its nearest-neighbor B‘é ions and its five second-
represents a new standard in our own simulation work, a”ﬁeighbor F ions. Accordingly, results from such a calcula-
we suspect with respect to the work of other authors also. Wgon were transferred to the initial-state calculation for Fig. 2.
have demonstrated that without this level of care, not only ign calculations for Fig. 2, & -Ba* and & -F~ Bucking-

quantitative prediction unreliable, but so even is qualitativeham potentials are needed. For this we have used the

understanding. O~ -B&* potential described in Sec. II, and the-F~ po-
tential, respectively. For the activated configuration, the dif-
IV. O~ PRODUCTION BY RADIATION DAMAGE fusing F ion was placed halfway between lattice sites. In

this configuration, the dipole moment of the defect is not
dominant, and therefore dipole consistency in terms of point
charge simulators was not maintained. Rather, the point
charge simulators for ions of the cluster determined consis-

In Sec. | we described the radiation damage proces
whereby a (& -vg) defect complex is dissociated upon ab-
sorption of energyhv, and the dissociated components are

lstab_lhzeg In the_ crystal dby electron transfer:_frorﬁ*Qo UF tency with the embedding crystal’s polarization. In both ini-
eaving free O ions andF centers,F;. In this section we a1 5ng activated configurations, & Yacancy-centered or-
report two calculations relating to this process. First, we calbital was included. taken from the isolateB-center
culate the activation energy for dissociation: calculation in which it was optimized. In the initial state, F
e o .
(02 -vp)— 0% +up. (10) and Bé. ion posmpns were taken at pgrfect crystal sites. In
the activated configuration, the two Baions were relaxed
Second, we compare the final state total energy of(E@. in the direction radially from the diffusing Fion, and the
when G~ andv are well separated, with the total energy of 0>~ ion’s displacement on the original defect dipole axis
well-separated O and F., after electron transfer has oc- was reoptimized. The corresponding lowerings of total en-
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TABLE IV. Calculated Hartree-Fock total energiésV) of

point defects at F sites in Ba: O~, F center £.), 0", fluo-

ride vacancy ¢g). All energies have been increased by 18 200 eV.

are an unstable combination, as in E2): O’ has a strong
tendency to lose one electron to tmeostly B&™" part of the
conduction band. Finally, we note the Mulliken populations
of the defect complex (© -vg) in the stable configuration,

Defect Total energy Sums Fig. 2. They are as follows: vy 0.1567, G~ 9.4560, 4 B&"
o —46.28 0.3400, 5 F 50.0472. Again we see the spreading of a good
Fe —12.11 —58.39 fraction of one electron onto the neighbors of the oxygen ion,
o> —4511 nominally (2—), and into the adjacent vacancy.
vE -11.86 —56.96

V. SUMMARY

ergy were 0.08 and 0.48 eV, respectively. We have gone into We have studied the radiation damage process in, BaF
this detail so that the reader will know that, although therelation to oxygen impurity and loss of luminescent trans-
calculations are somewhat rudimentary, nevertheless most @jissivity. The optical absorption of the free Gon, at 8.95
the significant physical effects have been included with somend 9.74 eV, has been found to occur from a localized oxy-
accuracy. gen -like state in the band gap to the conduction manifold
The calculated activation energy for {Ovg) dissocia-  of the host crystal. This manifold is locally spin polarized, so
tion, Fig. 2, is 0.93 eV at the Hartree-Fock level. First, notthat the transitions involve fluoride d3like and barium
surprisingly, this is positive; that is, the bound complex ofgs-like parts of the conduction band, respectively. Since
the initial state, Flg 2, is stable, Compared to dispersé‘d O these absorption energies are about 3(50(%)) above the
andvg point defects. Second, the calculated value is reasorfast [uminescence of Baferystal, one concludes that Qs
able, comparable with vacancy activation energies in typicahot involved in the degradation of luminescent transmissiv-
oxides and halides: a confirmation of the qualitative valid-jty.
ity of the rudimentary method used. We note that this is our = Qur calculations show that oxygen in BaE stable in an
first calculation of an activation energy for ionic diffusion (OZ‘UF) defect Comp|ex whose activation energy for disso-
based entirely on an embedded quantum cluster, rather thafation is~1 eV: calculated at 0.93 eV. However, a dilute
on the more usual use of the shell model, whose impurity.ompination of free & ions and fluoride vacancies is un-
parameters may be based on subsidiary quantum clustgfaple against the electron transfer process that results in O
calculations’’ (Our analysis of the quantum diffusion of jons andF centers, the energy difference being calculated at
muoniunf#2is not comparable, where not only the electronsy 4 ey per oxygen ion. From the above results we conclude
but also theu™ nucleus are treated quantum-mechanichlly. that, to the extent that oxygen is involved, it must Be
We now consider the stability of highly dilute Oions  centers that absorb the intrinsic luminescence of BaF, fol-
andF centers E), compared to highly dilute © ions and  |owing radiation damage. While these conclusions have been
fluoride vacanciesug), see Eq.(2). For this, we do four noted in the literature for some time, this work provides the
calculations, with the cluster of Fig. 1, in whichGs suc-  first quantitative verification. If it were of sufficient impor-
cessively replaced bf., O°~, andve. In all these calcula- tance, one could carry out an analysis of the optical excita-
tions, the basis set that was used for thé {@¢) complex tion of theF center, along the lines used here for,CSecs.
above is augmented with™F3s orbitals, and the F and || and III.
Ba’* ion positions are relaxed to equilibrium. TRecenter We believe that this work contributes significantly to the
basis, consisting of a singlesbrbital, was optimized. In the methodology of simulating the optical properties of impuri-
present work our analysis of tife center is clearly incom- ties in insulating crystals, by demonstrating the importance
plete and so we have not calculated any of its properties suchr the ion-size effect for heavy cations, of basis set optimi-
as, for example, isotropic hyperfine constants. The results &ation in all electronic states, and of correlation correction
Hartree-Fock level are given in Table IV. We see that theand spin projection. Other essential features of the simulation
stabilization energy is calculated to be 1.4 eV. This supportgre spin polarization of the electronic distribution, and dis-

the idea that radiation damage dissociate$ (@) defect
complexes, ultimately producing free Qons, Sec. Ill, and
F centers.

The electronic distributions for some of these point de-

fects, as indicated by Mulliken populations, are interesting
For theF-center cluster, they are as followsF . 0.9476, 4
Ba’™ 0.2208, 6 F 59.8320. Thus there is slight charge trans-
fer fromF; and F to B&* around the defect. Farg:  vg
0.0288, 4 B&" 0.0784, 6 F 59.8926. Thus there is slight
charge transfer from Fto v and B&" around the defect.
These results are reasonable, given what we know about

tortion and polarization of the host crystal. Analyses that fail
to include the above features accurately and with mutual
consistency may well arrive at conclusions that are not
merely quantitatively incorrect, but also qualitatively incor-

rect.

ACKNOWLEDGMENTS

The authors thank M. Bromirski for assistance with some
calculations. We acknowledge financial support as
follows: J.M.V.-NSERC of Canada, Winnipeg Institute of

centers and vacancies in other ionic crystals. Finally, weTheoretical Physics, and Manitoba Education and Training;

have for 3—: 0% 9.3857, 4 BA™ 0.3856, 6 F 60.2286.

T.L.-Faculty of Science, University of Manitoba; M.G.-

We conclude that ® in BaF, has a good fraction of one Department of Physics at Michigan Technological Univer-
electron distributed on its first and second neighbors. This isity, and National Natural Science Foundation of China
in agreement with our determination that diluté Gandve ~ Grant No. 19117531.



772

1scintillator and Phosphor Materialsedited by M. J. Weber, P.
Lecoq, R. C. Ruchti, C. Woody, W. M. Yen, and R. Y. Zhu,
MRS Symposia Proceedings No. 3@8aterials Research Soci-
ety, Pittsburgh, 1994

2K. H. Xiang, R. Pandey, and J. M. Vailinpublishedl

SR. Y. Zhu, Nucl. Instrum. Methods Phys. Res. 340 442
(19949.

4For example, L. K. Ermakov, P. A. Rodnyi, and N. V. Starostin,
Fiz. Tverd. Tela33, 2542(199)) [ Sov. Phys. Solid Stat83,
1435(1991)].

SFor example, D. A. Ma, R. Y. Zhu, and H. Newman, Nucl. In-
strum. Methods Phys. Res. 266, 309 (1995.

6S. Ron, G. Chen, F. Zhang, and Y. Zheng,Snintillator and
Phosphor MaterialgRef. 1), p. 435.

L. M. Wang, L. Y. Chen, and X. Wu, itScintillator and Phos-
phor Materials(Ref. 1), p. 399.

8L.Y.Chen, M. Gu, L. M. Wang, and K. H. Xiang, iBcintillator
and Phosphor Material$Ref. 1), p. 447.

9E. Radzhabov and P. Figura, Phys. Status Solidlds, K37
(19949.

103, Andriessen, P. Dorenbos, and C. W. E. van Eijk, Mol. PAgs.
535(1991).

J. M. VAIL, E. EMBERLY, T. LU, M. GU, AND R. PANDEY

57

g, HuzinagaHandbook of Gaussian Basis SéEsevier, New
York, 1985.

12C. R. A. Catlow, M. J. Norgett, and A. Ross, J. Physl@ 1627
(1977).

133, H. Harker, A. H. Harding, P. B. Keegstra, R. Pandey, J. M.
Vail, and C. Woodward, Physica B31, 151(1985.

143. M. Vail, R. Pandey, and A. B. Kunz, Rev. Solid State Sci.
241(1991).

15D, J. ThoulessThe Quantum Mechanics of Many-Body Systems
2nd ed.(Academic, New York, 1972 Ch. IV, Sec. 1.

163, M. vail, J. Phys. Chem. Solidsl, 589(1990.

7A. B. Kunz and D. L. Klein, Phys. Rev. B7, 4614(1978.

1835ee, for example, A. Szabo and N. S. Ostludddern Quantum
Chemistry(McGraw-Hill, New York, 1989.

19, Seijo and z. Barandiaran, Int. J. Quantum Chesf, 617
(1996.

203, Meng, R. Pandey, J. M. Vail, and A. B. Kunz, J. Phys.: Con-
dens. Matterl, 6049(1989.

213. M. Valil, T. McMullen, and J. Meng, Phys. Rev. 49, 193
(1994

22T McMullen, J. Meng, J. M. Vail, and P. Jena, Phys. Re\61B
15 879(1995.



