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Lattice distortions around a TI* impurity in Nal:TI * and Csl:TI* scintillators:
An ab initio study involving large active clusters
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Ab initio perturbed ion cluster-in-the-lattice calculations of the impurity centers Nakfd Csl: Tl are
presented. We study several active clusters of increasing complexity and show that the lattice relaxation around
the TI" impurity implies the concerted movement of several shells of neighbors. The results also reveal the
importance of considering a set of ions that can respond to the geometrical displacements of the inner shells by
adapting self-consistently their wave functions. Comparison with other calculations involving comparatively
small active clusters serves to assert the significance of our conclusions. Contact with experiment is made by
calculating absorption energies. These are in excellent agreement with the experimental data for the most
realistic active clusters considerd®0163-18208)09741-(

I. INTRODUCTION bors can be expected. In fact, recent classical simulations
of solids?’~3® performed employing phenomenological
The interest in luminescent materials has increased in repotentials>®~#* have shown the importance of considering
cent years because of their numerous technologicappropriate large-scale lattice relaxations in the study of a
applications: Most of these materials involve the doping of a variety of intrinsic and extrinsic defects in ionic crystals.
pure ionic crystal, that is, substitution of some of the ions by In this paper we report theoretical calculations of the lat-
other ions with specific absorption-emission characteristic¢ice distortions induced by a Tlimpurity in two well-known
(TI*, C€e", etc). The presence of impurity ions in ionic ionic scintillators, namely, Nal:Tl and Csl:TF'. For this
crystals induces geometrical distortions in the host latticepurpose we use thab initio perturbed ion(Pl) model}?—4¢
Those distortions are an important ingredient in the scintillawhich circumvents the problems mentioned abadi&:The
tion process and thus it is important to establish a reliablective cluster is embedded in an environment represented by
description of them. the ab initio model potentials of Huzinagat al?® (b) The
A convenient way to calculate the lattice distortions is tocomputational simplicity of the Pl model allows for the geo-
model the doped crystal by a finite cluster centered on thenetrical relaxation of several coordination shells around the
impurity and embedded in a field representing the rest of thémpurity.**
host lattice. This cluster approach has been used to study the The remainder of this paper is organized as follows: In
geometrical and optical properties of doped crystatsThe  Sec. Il we describe the different clusters which have been
cluster (active space can be studied by using standard used in order to assert the influence of the embedding
guantum-mechanical methods. The rest of the cry&iavi- scheme and of the size of the active cluster on the results. In
ronmen} can be described in several ways. In the simplesSec. Il we present and discuss the results of the calculations,
and most frequently used approach, the environment is sim&nd Sec. IV summarizes the main conclusions.
lated by placing point charges on the lattice sites, but this
zroce_du_re hasfto bhe im?ro_ved ind_orde_r to obtain adrealﬁtic Il CALCULATIONAL STRATEGY: DESCRIPTION OF
mpurity.> 54124172052 24jodel potentials have been devel-
oped to represent the effects of the environment on the active The ab initio perturbed ion model is a particular applica-
cluster, which include attractive and repulsive quantum-+ion of the theory of electronic separability of Huzinaga and
mechanical terms aside from the classical Madelung &rm, co-workers*’8in which the basic building block is reduced
but a problem still remains: the large computational cost oto a single ion. The Pl model was first developed for perfect
conventional molecular orbitalMO) calculations prevents crystals? Its application to the study of impurity centers in
us from performing an exhaustive geometrical relaxation ofonic crystals has been described in Refs. 11 and 14, and we
the lattice around the impurity. In the most accurate MOrefer to those papers for a full account of the method. In this
calculation$2%222325qn]y the positions of the ions in the case, an active cluster containing the impurity is considered,
first shell around the impurity are allowed to relax. However,and the Hartree-Fock-Rootha&HFR) equation®’® of each
geometrical relaxations far beyond the first shell of neigh4on in the active cluster are solved in the field of the other
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ions. The Fock operator includes, apart from the usual intra33 ions of the 4 inner shells relax their positions; the 8 outer
atomic terms, an accurate, quantum-mechanical crystal pshells provide the interface between the inner ones and the
tential and a lattice projection operator which accounts forenvironment of frozen Pl ions.
the energy contribution due to the overlap between the wave Next, for CsL:TI", that is, a substitutional Tlimpurity in
functions of the ions® The atomiclike HFR solutions are a Csl crystal with the CsCl structure, we define 4 clusters in
used to describe the active cluster ions in an iterative step? similar way.
wise procedure. Also, as we shall see later in more detail, the (A*) (Tllg) ":PC. The active cluster is formed by the
positions of some ions in the active cluster are allowed tdmpurity plus its 8 nearest neighbors, and is embedded in an
relax. The wave functions of the lattice ions external to theenvironment of point charges.
active cluster are taken from a PI calculation for the perfect (B*) (Tllg) "":Csl. This cluster is similar to (#), but
crystal and kept fixed during the embedded-cluster calculathe environment is now simulated by frozen ions with wave
tion. Those wave functions are exp||c|'[|y considered up to ;,{unctions taken from a PI calculation for the pure Csl Crystal.
distanced from the center of the active cluster such that the (C*) (TllCs3p) ":Csl. The active cluster has 65 ions and
quantum contribution from the most distant frozen shell tois formed by the impurity plus 6 coordination shells. Only
the effective cluster energy is less tharm §hartree. In prac- the positions of the ions in the first shell around” Tare
tice, this means 25 shells for Nal:Tland 21 shells for allowed to relax. The environment is the same as ifi)(B
Csl:TI*. lons beyond contribute to the effective energy of  (D*) (TllgeCsyp) **:Csl. The active cluster has 181 ions:
the active cluster just through the long-range Madelung inthe impurity plus 12 coordination shells. The ions in the 6
teraction; so they are represented by point Charges_ At th'@nermost shells can relax their pOSitiOﬂS, and the environ-
end of the calculation, the ionic wave functions are self-mentis as in (B).
consistent within the active cluster and consistent with the The geometrical relaxations of the shells in the different
frozen description of the rest of the lattice. The intraatomiccluster models described above have been performed by al-
Coulomb correlation correction, which is neglected at thelowing for independent breathing displacements for each
Hartree-Fock level, is computed by using the Coulomb-shell of ions, and minimizing the total energy with respect to
Hartree-FocKCHF) model of Clementr*>?An effective en-  those displacements until the effective cluster energies are
ergy can be assigned to each ion that collects all the contronverged up to 1 meV. A downhill simplex algorithitwas
butions to the total crystal energy involving that ith. used. For the ions we have used large STO basis sets:
In this work we have employed several active clusters of5s4p) for Na*,** (11s9p5d) for 17, (11s9p5d) for
increasing complexity and with different embedding Cs",>® and (139p7d3f ) for TI*.%°
schemes. Now we describe each clussee Fig. ], first for
Nal:TI*, that is, a substitutional Tlimpurity in a Nal crys- lll. RESULTS AND DISCUSSION

tal with the rocksalt structure. . . . :
(A) (Tllg) 5—:PC. This active cluster is formed by the im- Before presenting the results for the lattice distortions

purity cation TI" and its 6 nearest neighbors, whose posi-2round the TI impurity we test the consistency of the em-

tions are allowed to relax. The rest of the crystal is simulatecphe.dding method for the casr:a of pL(deofped crystalsf. Folr |
by using point charge¢PC's). Notice that in this case, and TS Purpose we compare the results of two sets of calcula-

: ; ‘o aimnlifi tions for Nal. In the first one we study the clusters labeled
also in cluster (A) below, the environment is S|mpI|_f|ed c(A)’ (B), (C), and(D) in Sec. II, with the embedding scheme
indicated there for each case, but with a"Naation instead
of the TI" impurity. This is, of course, just the case of the
pure Nal crystal treated by the embedded-cluster method.
‘One can then compare the results with those of a standard Pl
calculation for the perfect crystéd.We can anticipate some
differences between the two methods since in the usual PI

tion, in the sense that the “frozen ions” are just point
charges.

(B) (Tllg) > :Nal. The active cluster is the same agA0,
but now the environment is represented by ions whose “fro
zen” wave functions are obtained from a PI calculation per-

formed for the pure Nal crystal. In the perfect crystal all the . : .
cations (or anion3 are equivalent, and there is a single calculation for a perfect crystal all the catiofm aniong are

nearest-neighbor Na-I distance. These characteristics are gquivalent, while in t_he emt_)edded-c_lus_t_er d(—;-scr|pt_|0n of the
around the substitutional impurity. same system the cation acting as a fictitious impurity and the

(C) (Tl uNayg 5*:Nal. The active cluster is formed by 33 other cations of the crystal are not described in the same

ions corresponding to the central impurity cation plus 4 co-Vay. This systematic error is, in fact, what we want to re-

ordination shells. The rest of the crystal is represented b{"0v€ in the analysis of the distortions around the trué, TI
frozen ions with Pl wave functions as (B). In the calcula- mpurities. If we callR, the distance between the Naation

tions performed on this cluster only the positions of ions in@Nd Its firstI” neighbors, Table | giveR, for the four cluster
the first shell around Tl are allowed to relax. The other 3 Models(A), (B), (C), a;lnd (D), together with the difference
shells in the cluster provide an interface between the firsf Ra=[Ra(cluster)-R; (crystal)] between the embedded-
shell and the frozen environment. The ions in this interfaceeluster result and that of the perfect crystal at equilibrium
respond to the distortion induced by the impurity by adapting?nd the relative deviatioAR; /Ry (crystal). The Pl model
self-consistently their wave functions to the new potential predicts for the crystal an equilibrium val®'(crystal) of
but not their positions. 3.237 A, in very good agreement with the experimental value
(D) (Tlig,Nage) ®:Nal. This is the largest active cluster R$*®=3.240 A. The first two cluster schemé#,) and (B),
used for this material. It has 179 ions which correspond tajive large distortionsAR;. In contrast, a contraction d®,
the central Tt cation plus 12 coordination shells. Only the smaller than 1% occurs for cluster modé® and (D). The
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FIG. 1. The different active clusters studied; small spheres represent cations and large spheres represe(d) 4fibgs>~, (b)
(Tl Nagg) 5%, () (TlgNage) 57, (d) (Tllg) 77, (&) (TlizCsp) T, and(f) (Tl geCsyp) **. These clusters are embedded in the crystal as
indicated in the text.

conclusions for Csl are similar. A good self-embedding iscluster. Comparison afC) and (D) establishes the necessity
only achieved for clusteréC) and (D) [(C*) and (D*)].  of allowing for relaxation of the radii of several shells around
Comparison of(B) and (C) shows the importance of a the impurity. The systematic error that the embedding-cluster
smooth interface between the inner cluster core, where ionscheme makes has to be taken into account in order to inter-
are allowed to move, and the frozen environment around thpret properly the distortions induced by the" Timpurity.
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TABLE I. Self-embedding test. Values &;, the radius of the linear combination of atomic orbitald CAO). Taking as a
first coordination shell around Nain Nal obtained from reference the experimental nearest-neighbof-Nadistance
embedded-cluster calculations, and their deviatiai from the i the pulk, Berrondet al. obtainedAR; =0.54 A, and tak-
e el e &7 clolaton o I peect S8lng the same refrence we obiak; ~0.50A. The good
the good self-embedd?ng 1achined i clugster moaj@)sand(b). agreement_between the two calculat_lons provides a cr_]eck of
our theoretical method. However, this large valueAd®; is

Nal:Na" Cluster R, (A) AR; (A) partly due to the fact that the calculatqu(NaI:Tl*). and thg
referenceRY*™(pure crystal) are not fully consistent with
(A) 3.540 +0.303 each other for the reasons discussed above. If we calculate
(+9.36%) R,(pure Nal) also by using modéh) (with Na* instead of
(B) 3.159 —0.078 TI*), that is, as in Eq(1), then a corrected “smaller” value
(—2.41%) AR;=0.20 A (or 5.6% results.
© 3.213 —0.024 Returning to model¢C) and(D) we predict, using Eq(1)
(—0.74%) a lower expansion oR;. In fact, AR, is equal to 0.039 A
(D) 3.234 —0.003 (1.2% expansionfor model (D). However, the distortions
(—0.09%) are not restricted to the first shell. The second and fourth

shells also expand a little, while the third shell suffers a
Now we present the results for the lattice distortions in-contraction. The expansion of the first and second shells is
duced by the Ti impurity in Nal and Csl. In this case we consistent with the fact that the ionic radius of Tlequal to

have calculated 1.40 A, is larger than the ionic radius of N&0.95 A). In
summary we find that the structural relaxation around the
AR;=R(Nal:TI*)—R;(Nal:Na"), () TI" impurity in Nal is small, although more complicated

whereR; (i=1,2,3, ..) refer to the radii of the first, sec- than that usually assumed by previous workers. In fact our
ond Ishells, a’rc’)und the impurity and both calcn’JIationscaIC“IationS suggest that the relaxation could even go beyond

have been performed in the embedded-cluster scheme. In tHia€ fourth shell. , ,

way the systematic errors of the cluster method analyzed in L€t us now turn to CsI:Tl. The calculation with model
Table | tend to cancel. As beforB, is the distance between (A*) would give a small expansioiR; of the first shell if
the central cluster cation, Tlor Na*, and the T anions inits ~ We take as referend®**{pure crystal), and our calculation
first-neighbor shell. For the reasons given above we onlwvould then be in agreement with that of Berroneoal **
trust the results from clustef€), (D) [or (C*), (D*)] and  However, the ionic radius of Tlis lower than that for C§
the results folR; andAR; are given in Table Il, which also so an expansion dR; is not to be expected. By using, in-
contains results for Tlin Csl. Although we discourage the stead, Eq. (1) we obtained a corrected resulAR,;
use of modelgA) and(B), just for the purposes of compari- =—0.062 A, that is, a contraction. Cluster model*(C in
son with Berrondcet al?* we have also calculatelR, for  which only the first shell around Tlis allowed to distort,
Nal:TI™ in model (A) and for Csl:TI" in model (A*). Ber-  gives a small expansion &; and finally model (D) recov-
rondo et al. used a similar embedded-cluster scheme, alers again the expected contraction. Beyond the first shell,
though their calculational method was different, based on thA R; oscillates(AR, andAR, are also negative, whilAR5,

TABLE 1. Distortion induced by a Ti impurity in Nal and Csl. DistanceR; (i=1,2,...) in Abetween the Tl and its successive
coordination shells are given, as well as the differenkBs with respect to the values obtained in calculations for the perfect criggtal
with the cluster modeland percent distortions. The last column gives absorption engiggestexk together with percent deviations from
the experimental value.

Nal:TI* Cluster R, R, R3 R, AR, AR, AR3 AR, Abs. (eV)
(A) 3.738 +0.198 3.91(¢-8.00%)
(+5.59%)
(© 3.274 +0.061 4.19¢1.41%)
(+1.87%)
(D) 3.273 4692 5510 6.612 +0.039 +0.075 —0.054 +0.043 4.23(-0.47%)
(+1.21%) (+1.62%) (—0.97%) (+0.64%)
Csl:TI* Cluster AR, AR, AR; AR, ARs ARg Abs. (eV)
(A%) —0.062 4.17(—2.34%)
(—1.62%)
(c*) +0.013 4.21(—1.40%)
(+0.30%)
(D*) —0.047 —0.008 +0.003 —0.016 +0.006 +0.001 4.26(-0.23%)

(—1.14%) (-0.15%) (+0.06%) (~0.21%) (+0.09%)  (+0.01%)
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AR5, andARg are positive, although the values dAR; are  tors. To that end, thab initio perturbed ion model has been
very small, in fact smaller than in Nal:Tl used. Large active clusters, embedded in accurate quantum
The conclusion from our calculations is that the distor-environments representing the rest of the crystal, have been
tions around the impurity affect ions in several coordinationstudied. The importance of performing parallel calculations
shells around the impurity, and that consideration of both theor pure systems in order to suppress systematic errors from
atomic and the electronic relaxation of ions in those shells i%a|cu|ated local distortions has been stressed. The self-
required. _ embedding performance of the method has been also ana-
For each active cluster we have also calculated the ally;eq with the result that it is necessary to include in the
sorption energy corresponding to the intra-atomic transitionyetive cluster some shells of ions with frozen positions but
from the singlet grcgulnd statelto tlh(;.\ triplet excited state of thehe 1 adapt self-consistently their wave functions to the
thallium ion [6s°(*S)—6s°6p"(*P)]. Following the  gispiacements of the inner shells. The local distortions ob-

Franck-Condon principle, this absorption has to be calcugyineq extend beyond the first shell of neighbors in Nal:T]
lated at the frozen ground state geometrical conﬁgurauonThus' the assumptions frequently employed in impurity-

Thus, to obtain the energy of the localized excitation, Wester calculations, which consider the active space as
solve the HFR equatiofifor that geometrical configuration fomeq by the central impurity plus its first shell of neigh-
of tr_]e active 1C|u§t§r’ with the Tlion in the exutgd elec- boring ions only, should be taken with some care. In
tronic state 8°6p>(°P), and evaluate the absorption energy cg.-Tj*  our results indicate that only the first shell suffers
as a difference of effective ionic energis: an appreciable displacement. Calculated absorption energies
_ +(3p\1_ +01 are in excellent agreement with the experimental values, and
Eaps=Eer T CP) 1= Eerd THCS)]. @ fhat agreement improves as the description of the cluster be-
To calculate the contribution of an electronic open shell tocomes more realistic.
the intra-atomic energy of BS electronic configuration, the Thus, the Pl model is able to give a realistic description of
Hartree-Fock-Roothaan formalism requires the coupling conthe geometrical distortion around a defect in an alkali-halide
stants of that specificS term as input. For the description of crystal. Of course, the advantages come with some draw-
the open shell ion we have used the coupling constants of theacks: The simplifying assumptions present in the actual ver-
3P term as given in Ref. 57 and the same basis set as fasion of the Pl model make it unsuitable for the study of
TI*(6s?). The absorption spectra of these doped crystals arexcited states involving interatomic charge transfer from the
more structuredthere are several absorption bandsir cal-  impurity. The method also has difficulties for accounting for
culated transitions should be identified with the b&Ag of  the crystal-field splitting of open shell excited states. These
the absorption spectrum of Nal:T{4.25 eV}, and with the  drawbacks concerning the treatment of excited states should
first absorption band of Csl:T1(4.27 V). Both in Nal:TI" not overlook the essential message of this paper, that is, that
and Csl:TI, the absorption energies we obtain come closethe PI method combined with an embedded cluster model
to experiment as we improve the description of the localallows one to obtain accurately the distortion of the lattice
geometry around the impurity, as Table Il shows. In particu-around impurity centers in ionic crystals. A combined strat-
lar the absorption energies obtained with mod@s and egy, namely, PI calculations to obtain the distortions, fol-
(D*) are remarkably accurate, and this can be ascribed to tHewed by a MO calculation on the optimized geometry, can
accurate representation achieved for the lattice distortiobbe a desirable option in the future.
around TI". Treatment of other absorption bands would re-
quire us to depart from some of the basic assumptions of the
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