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Native and rare-earth-doped point-defectsg#PbF, are studied in the framework of the pair-potential
approximation coupled with the shell model description of the lattice ions. For the perfect lattice, a new set of
potential parameters are obtained which reproduce structure, elastic and dielectric constargs/efyPlEll.

The calculated formation energies for native defects suggest that the anion Frenkel disorder is preferred over
the cation Frenkel and Schottky-like disorder in PbFhe computed temperature behavior of the ionic
conductivity agrees very well with the available experimental data. In the rare-earth dopedaPbite
preference of the charge-compensating fluorine interstitial appears to change from nearest to next-nearest
neighbor with the increase in the rare-earth ionic radius.

[. INTRODUCTION cent emission by native defects in the lattice. Furthermore,
doping of rare-earth ions into PplFaises the issue of charge
There has been renewed interest in finding a candidateompensation involving native defects in the crystalline lat-
material for scintillating detectors to be used in the hightice.
energy physics experiments in which the particle energy ex- Although PbF; has been the subject of various experimen-
ceeds Ge\. For this application, it is expected that such atal and theoretical investigations to understand its superion-
candidate material should be of short radiation length, highcity, its defect chemistry is rather poorly understood. Gen-
light yield, short decay time, and a good radiation hardnes<erally. its defect structure has been taken to be that of an
along with the requirement of relatively inexpensive growthalkaline-earth fluoridge.g., Bak), in spite of the fact that
proces€:3 Conventional scintillating materials, e.g., Nal:TI, the Pb cation is much more polarizable than any alkaline-
do not satisfy these requirements due to long decay time arf rth cation. This difference in the polarizability is also re-

| ; houah th hiah liaht vield. ected in the static dielectric constant (_)f BbRvhich is
ow density, though they produce a very high light yield pauch larger than that of Cafer BaF. Previous attempts®

Currently, lead-based compounds, such as lead tungstat . . .
. o0 study native defects of the cubic BbWere partially suc-
(PbWQ;) and lead fluoride (Pbj, are the focus of research cessful due to a convergence failure of the shell-model cal-

%Ct'vl't'e? f’:ﬁe they tsa_tlslf_y ThOSth.o fhthe cnten:; fo_r being ANculations for the case of a fluorine vacancy. It was suggested
Id€al scintiffating matenial in the high energy physics experi-y, i 5 guasiharmonic form of the potential representing the

ments. o _ _core-shell interaction for Pb may be needed for a successful
PbF; is a fast ionic conductor at high temperatures and i, estigation of defect properties in PbFFollowing this

also found to exhibit scintillating properties. A faint scintil- suggestion, in this paper we have determined another set of
lation light in the orthorhombic phase of the polycrystalline harameters for the shell model description of the ionic inter-
PbF, was observed at room temperature, which was stimuactions in the crystalline lattice and have successfully ob-
lated by a synchronous radiation x-ray soutddote that tained the energetics of native point-defects including the
PbF, crystallizes from its molten form in thg8 (cubid  fluorine vacancy in PbE We have also calculated the acti-
phase, and is known to undergo a pressure-induced phaggtion energies for the migration of both F and Pb ions in the
transition at about 0.4 GP&to the « (orthorhombig phase. |attice and have considered the charge compensation mecha-
The experimental efforts have therefore been directed tonism in Pbk doped with rare earths. The calculated results
wards finding the scintillating phenomenon in the cubicare expected to shed light on similarities and differences be-

phase of Pbf: Recently, Shen and his co-workers have re-tween the defect chemistry of Pp&nd that of alkaline-earth
ported fast luminescent components at 277.5 and 312.4 nMyorides.

with a light yield >6.2 p.e./MeV, and decay time 30 ns in
Gd-dopedB-PbF, at room temperature® The observed light
output and decay is found to satisfy the requirements of a
scintillation detector working both with good energy resolu- The atomistic simulation model employed here in calcu-
tion and at high counting rate. While growing the single lations of both perfect lattices and lattices containing defects,
crystals of Pbk, degradation in the transmissivity of the is based on a fully ionic description of the crystalline
crystal has been reported due to absorption of the luminesstructure'! In the present case, cubic PhRvhose structure

IIl. METHOD
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consists of a cubic anion sublattice with cations occupying TABLE I. Short-range potential and shell model parameters for
every other(alternate body-centered interstitial sites, can be cubic Pbl. The charges on ions are taken to-bée and + 2e for
considered as consisting of Pband F ions. We note here F and Pb, respectively. For the definition of the, ry,, andr,
that the ionic model is often found to be a reasonable basi§terpolation parameters, see Ref. 15.

for interatomic potential models, as any effects of covalency - -
can be subsumed into the parametrization for closed sheff) Shell-shell interactions

ions. The force field in this work consists of a pairwise in- AeV)  pR) C(eVAS 1, 'm o
t_eraction energy which is composgd of a Buckingham pot(_anpbs_,:S 1121.6  0.3309

tial, to model_the short range Pauli repulsion and _the Iea(_lllng,bs_lz,Q 181479 0.1452

term of the dispersion energy, plus the Coulomb interaction;

Fs-Fg 1127.7 0.2753 15.83 3.031 2.726 2.000
_ b) Core-shell interactions
Eii=Aexp—r;/p)—Cr %+aqiq/ri, y
ij o} ij p) ij qi d; /1y N k,(eVA~?) Ky(eV A4 Y(e)
whereA, p, andC are empirically determined parameters. Ph-Ph 288.0 40000 —6.65
Because of the conditionally convergent nature of theFc-Fs 41.7 40000 —2.09

electrostatic interaction, an Ewald sum is used to calculate
the electrostatic energy and its derivativéghe partitioning
between reciprocal and real space is chosen so as to mirfhe second derivatives are also improved. Furthermore, this
mize the total number of terms to be evaluated. Other interallows all properties included in the fit to be properly deter-
actions are summed directly in real space up to a cutoff of 1ined about the energy minimum configuration rather than
A except for the exponential repulsion, which is truncatedat the unrelaxed experimental geometry. The final inter-
when it becomes less than the target accuracy for the Ewaldtomic potential parameters obtained are given in Table I. As
sum. The dipolar polarizability of the ions has also beencan be seen in Table I, the computed parameters reproduce
included through the use of the shell modeHere a mass- the crystalline properties of Pbivery well.

less shell of charg¥, on which all interatomic potentials act,
is coupled by a quasiharmonic spring to a core, i.e.,

B. Interatomic potentials: Rare earth/host lattice

1 In order to obtain lattice-adapted potentials, we will use
Ecore-sheII:E kpr?+ 24 kor* 2 ab initio perturbed ion ionic descriptions for the Pband
F~ ions to fed the electron gas machinery, following the
(k, andk, are again empirical parametgrirom which itis  lines of Ref. 20. We will restrict ourselves to the so called
Coulombically screened, yielding an environment dependenigid potentials, meaning with it that we will use a single
ion polarizability. All calculations have been performed us-ionic description to obtain the potential for every distance.
ing the program GULPB? which optimizes the structure with This is in fact the most appropriate approach when dealing
respect to the asymmetric unit fractional coordinates and ceWith defects, in which the perfect lattice structure is assumed
strains, using analytical symmetry-adapted first and seconi® vary only in the vicinity of the defect center. Thus, we will
derivatives within a Newton-Raphson procedure startingconsider theB-PbF, experimental geometry with ionic de-
from the exact Hessian matrix. scriptions of PB2 and F ions. For the rare-earth ions, we
have taken thé vacuoionic descriptions, since the trivalent
ions are not expected to change much when inserted into the
_ o lattice. We have used the multizeta Slater-type basis set of
For the host lattice, formal ionic charges o2 and—1  Koga et al?* for the F anion, and the neutral atom basis
are assigned to Pb and F, respectively, thereby consideringtg? for rare earths and Pb. We have eliminated the most

them as Pb? and F~ in PbF,. The short-range interaction giffusep functions and reoptimized the external exponents in
terms introduced by the model describe™P#~, F -F,

and PB ?-Pb’? interactions. The parameters for the-F~ TABLE II. Calculated bulk properties of cubic PpFThe ex-
interaction are assumed to be transferable among a series @frimental values are taken from Refs. 17-19.

fluorides, and are taken from the work of Catlawal®®
They were obtained from Hartree-Fock calculations of theproperty Experimental Calculated
interaction of two fluorine ions. Model parameters that in-——
clude the short-range interaction parameters for’P and  Lattice constant

A. Interatomic potentials: Host lattice

Pb*2-Pb"2 interactions, along with the shell charge anda A 5.939 5.947
spring constants of P and F, are then fitted to experi- Elastic constants

mentally measured lattice properties such as the structur€s:, GPa 88.8 102.0
elastic, and dielectric constants. The relaxed fitting algorithn,,, GPa 47.2 35.2
was used in all parameter determinatidhsiere an optimi-  Cu,, GPa 24.5 20.9
zation of the crystal structure is performed at every stage oBulk modulus

the least squares procedure. This has the benefit that the fi$;, GPa 61.07 57.48
ted quantities become the changes in structural parameteDselectric constants

rather than the forces calculated at the experimental strug, 29.30 29.30
ture. This is found to be a superior procedure, as minimizing: 3.08 3.09

the forces is not guaranteed to produce better results unless
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TABLE lll. Electron gas model short-range potential parameters 45 ¢
for rare-earth/host lattice interactions.
40 ©
Pair AjeV) pjA)  Pair  AjeV)  pA) -
Y3 3109.8 0.2945 Y3Pb'?2 161950 0.2399 .
La*3-F~ 32109 0.3108 L&-Pb'2 19750.2 0.2472 30
Ce'3-F~ 34554 0.3027 CE-Pb'? 17537.8 0.2560 .
Prr3-F~  3569.7 0.2990 Pr-Pb*?2 16006.4 0.2636 % 25 1%
Nd*3-F~ 37139 02971 N&-Pb'2 164653 0.2619 > 20 |
Sm*3-F~  4018.9 0.2932 SiP-Pb*? 172825 0.2588
Eut3-F~  4169.3 02914 Ei’-Pb*2 176604 0.2573 15 ¢
Gd"3-F~  4312.0 0.2898 Gt*-Pb"2 180125 0.2560
Tb*3-F~ 44926 0.2874 Tb®-Pb'2 182925 0.2549 10
Dy"3-F~ 46427 0.2857 Dy3-Pb’2 18592.3 0.2538 5|
Er*3-F~  4949.7 02823 FEr-Pb’2 19098.0 0.2518
Yb*3-F~ 52523 0.2791 Yb3-Pb'2 19511.3 0.2502 0
Lu*®-F~ 53323 0.2786 LuS-Pb'2 19794.2 0.2491
20 ¢
the description of the lead cation. In the electron gas formal- 3
ism, we have used the following functionals: Thomas-Fermi 18 1
for kinetic energy, Lee-Lee-P&frfor exchange, and Clem- 16 IF
enti’s new fitting” of the Wigner correlation functional. The
resulting electron gas potentials are presented in Table lll, 14 3
and selected potentials are depicted in Fig. 1. 12| L:+3:|E‘ R
< R T Sl
2 10 L
Ill. RESULTS AND DISCUSSION > 8
A. Native defects 6
The formation energies of native defects have been calcu-
lated using the Mott-Littleton methdd.Here the region of 4|
the crystal surrounding the defect is divided into three o |
spherical regions referred to as 1, 2a and 2b. In region 1, all o
interactions are treated directly at an atomistic level and the 0 .
ions are explicitly allowed to relax in response to the defect. 16 2 25 3 35
Except in the case of very short-ranged defects, it is not R (A)

generally possible to achieve the desired degree of conver-

gence by increasing region 1 before running out of computer FIG. 1. Interatomic potentials of yttrium, lanthanum, and lute-
resources. Consequently, in region 2a some allowance @Jm (a_II other rare earths fall between the last jwath the host
made for the relaxation of ions but in a way that is morelattice ions.

approximate. In region 2a the ions are assumed to be situated

in an harmonic well and they subsequently respond to the

electrostatic force of the defect species accordingly. This apdefects given in Table IV were obtained from defect energy
proximation is valid for small perturbations and thereforecalculations of vacancies and interstitials in the lattice. As
can be used when region 1 is sufficiently large. Beyond reshown in this table, the lowest formation energy per defect
gion 2a, in region 2b, the effect of the net charge of thecomes out to be that for the Frenkel pair in the anion sublat-
defect polarizing the remainder of the crystal is evaluated outice, which is followed by the Schottky trio and cation Fren-
to convergence by use of a partial transformation into recipkel pairs. We also include in Table IV the formation energy
rocal space, analogous to the Ewald method for the electref di- and trivacancies, formed by the electrostatic aggrega-
static energy. In the present work a region 1 containing aption of a Pb vacancy and one or two F vacancies. Their
proximately 250 atoms was found to be sufficient tovalues indicate a strong tendency to create these aggregates,
converge the absolute defect energy to approximately 0.0at least at room temperature.

eV, though relative energies will be far more converged than

this. TABLE IV. Formation energiesin eV) per defect in3-PbF,.
The Schottky defectsi.e., Vpy+2Ve) in the lattice are

formed by moving the constituent ions to the surface fromrrenkel Schottky Es=1.96

their bulk sites. On the other hand, the Frenkel defects arg Er=0.69 Divacancy Ep=-0.41

pairs of vacancies and interstitials of the same type of iorpp EL=4.25 Trivacancy Er=-0.74

(i.e., Vppt Ph andV+F). The formation energies of these
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B. Transport properties TABLE V. Concentration contributions to the activation ener-

. S ! i
The temperature dependence of the ionic conductivity;‘:]r'aet?oflr?r(j;?]\('j?tri‘;’;lngefeCt species;’, computed for different concen

or, Is experimentally known to assume several Arrhenius-

like steps, Defect (i) Vg excess (ii) Intrinsic regime (iii) F excess
or=0o/T exp{—E*/KT}, 3 v 0 Ec/2 Er
beingk Boltzmann'’s constant, in which the pseudoactivation':i Er Er/2 0
energyE? can also be written as Vep Es Es—Er Es—2E¢
Ph EL—Es Er—Es+Er Er—Eg+2Ef
a dInToy Divacancy Ep+Esg Ep+Es—E(/2 Ep+Es—Er
E'=- “oUT - (4) Trivacancy  Eq+Eg E;+Eg E;+Eg

In order to have a microscopic level interpretation, it is as-

sumed that mass-action layy and the aggregation energy for divacancies
(Vpyt+ V= divacancy, AH=Ep) and trivacancies \(py
+2V= trivacancy,AH=Ey). We will take into account
three different conditions(i) Vg excess due to extrinsic im-
purities, which will makex\,F constant and thereforES,F

UT=Ei X mi ©)

wherex;, ¢;, andu; are the concentration, charge, and mo-

bility of the different defects. The 1/T Nernst-Einstein de- =0; (ii) intrinsic pehavipr(pure materigl where fluorine
pendence in Eq(3) comes fromu;: the exponential behavior Frenkel defects will dominate and then we could could make
1

. e e -
can be attributed to similar exponential behaviorscond ~ Xv=Xg, and thusEy =Eg ; and (iii) F; extrinsic excess,
wi, and the different steps correspond to changes in thwith Xg constant ancEEi:O. Solving the set of equations on
dominant conducting species, owing to the overcoming okach of these three conditions, we obtain the concentration

the different exponential terms in E(p). Thus contributions to the activation energies listed in Table V.
In order to compute the migration energigS', we will
Ea— — dinx;  JIn(Tp) —EC+EM (6) take them to be equivalent to the energy barrier for the mi-
alT LT ' ' gration, that is, the difference between the minimum energy

will be the pseudoactivation energy for the step dominater%.Or the defect and the energy saddle point along the migra-

by i species conductivity, that can be split into concentration'ﬁn pﬁth(?m'mum In the_ﬁlrectlo_g of tr?e fp?lth’ minimum in
(EY) and mobility E]") dependent terms. The exponential all other directions We will consider the following migra-
behavior of the mobility is easily assigned to the activation
energy barrier for ionic migration in defecta kinetic term. )
On the other hands should be due to the equilibrium con- - i [111] o1
. : . . [110)——], [111] L
centration of defeci, a thermodynamic effect, for which we 5 @
areassuminghe exponential dependency with temperature. N
For each defect reaction=0%;v;A; between species; [100]
with signed stoichiometric coefficients, we can write the @ (b)
mass-action law aKzHixiVi, whereK is the equilibrium
constantK changes with temperature according to the van 't

Hoff equation, [110] 100] [110]

- [110]—L&. #5100l

*-——=F_

[110]

dInK
AH=—-k

aLT

- (7
P (© (d)
Substituting the mass-action law, and remembering the defi-
nition of E, we find that [100] [110]

lo 1o

AH=Y EF. ®) (o (O] "
I

<
Considering the reaction energies of several defect reactions © ®
and the external restrictions over the concentrations, we o o 5 o
could solve a set of linear equations to find the different Migration F Vi K
concentration contributions to the activation energis,in =~ °Pb Vo ® Pb,
the case of Pbf we will include the anion (& F + Vg, Exchange
AH=Eg) and cation (6=Ph+Vp,, AH=Eg) Frenkel de- FIG. 2. Migration paths within the crystallographic Bbénit
fect formation reactions, the Schottky defect formationcell: (a) Vi migration;(b) F; migration and exchangéc) Ve, mi-
(0=Vp,+2Ve, AH=Eg, where we have omitted the ions gration;(d) Ph migration and exchangée) Ve, andV divacancy
that go to the surface since they do not contribute to thenigration;(f) Vp, migration in a trivacancy.




PRB 62 THEORETICAL STUDY OF NATIVE AND RARE-EARTH . .. 807

TABLE VI. Migration (E™) and concentration-corrected activa- TABLE VII. Formation energy of isolated rare-earth dopants
tion energies [E?) for several ionic conductivity mechanisms with (Ey;), binding energies of the dopant-interstitial NN and NNN
different concentration conditionsi) Vg excess;(ii) intrinsic re-  complexes, and the difference in NN and NNN binding energies

gime; (i) F; excess. All energies in eV. (ABE). All energies in eV, and the formation energy of an isolated
F is —2.72 eV.
Mechanism EMOE%) ERi)  EAi)
System = BE(NN)  BE(NNN)  ABE
Ve (100 0.29 0.29 0.64 0.98
(110 1.05 1.05 1.40 1.74 PbF,:Y*3 —24.23 —0.67 —0.44 —-0.23
(111) 098 098 133 167 PbR:ila™® -2043 —0.76 -1.07 0.31
F (110 1.46 215 180 146  PbR:Ce'3 -2216  —0.37 ~0.55 0.18
(111) exch. 066 135 100 0.66 PbR:Pr'? —-2278  -0.34 -0.44 0.10
Vep, (100 277 474  4.05 336  PbR:Nd*3 —-2286  —0.21 —0.42 0.21
(110 1.40 3.37 2.68 1.99 PbF,:Sm*3 —23.08 —0.22 —0.45 0.23
Ph (110 231 460 528 598  PbR:Eu*3 —-2319 -042 —-0.54 0.12
(100) exch. 134 363 432 501 PbR:Gd"? —-2329  -0.38 -0.53 0.15
(110 exch. 125 353 422 491 PbR:Th*™® —-2349  -0.23 ~0.50 0.27
Divacancy F migration  0.25 1.80 1.45 1.11 PbR:Dy*? —23.62 —0.24 —0.63 0.39
Pb migration 098 253 218  1.84 PbR:Ert® —-2389  -1.10 -0.80 -0.30
Trivacancy ~ Pb migraton 150 2.72  2.72 2.72 PbR:Yb"? -2416  —0.56 -0.25 -0.31
PbF,:Lu*® —24.15 —0.84 —0.49 —-0.35

tion paths:Vg migration along the100), (110), and(111)

directions[Fig. 2@], F; migration along/110) and exchange sponds to our interstitial-excess value for ¢1el1) F ex-
(concerted path onjyalong(111) [Fig. 2Ab)], Vp, migration  change mechanism. The somewhat higher value might be
along(100 and(110 [Fig. 2(c)], Ph migration along(110  due to the concerted movement assumptietaxing the co-
and exchange alongl00) and(110) [Fig. 2d)], divacancy  ordinates of both F ions would lead to a lower energy
migration with Vp, along (110 or Ve along (100 [Fig.  saddlg, since the fluorine Frenkel defect energy is already
2(¢)], and trivacancWpy, (110 migration [Fig. 2f)]. The  yery small. At higher temperatures, both vacancy and inter-

resulting migration energies are listed in the second columayisia| excess samples have a transition to a new regime with

of Z?tble \(/jld th arati q rati tivati activation energy 0.780.02 eV. This agrees with a transi-
. er adding the migration and concentration activalion-y.,, 5 intrinsic defect conduction by means of fluorine va-
like energies, we obtain the results listed in the last three

L . tancies, although our value, 0.64 eV, is smaller. This leads
columns of Table VI. It is interesting to note that the con- : . ; )
centration change with temperature is dominant in ruling ou s to believe that calculations find a lower fluorine Frenkel
some mechanisms. For instance, the F migration within EgiefegtEF vaI.ue, although by a ?ma” amount. This is also
divacancy cluster has the smallest migration energy, but it onsistent with thle rgsults for higher temperatures. Samara
concentration increases very slowly with temperature. Over- as founld :m ahct|vat|onhenergy of r11:69.03 Qv’l vslgerf/as A
all, Vg and k will be the preferred carriers for vacancy- and our r_esut or_t € Fexc_ ange mecnanism 1s 1.09 €v.
interstitial-rich samples at low temperature, whergaswill ~ 0Wering of this mechanism barvier by means of relaxation,
be the preferred one for extremely pure samples or Wheﬁccompamed by a twice as great increase OT the F“?”"e' en-
temperature makes the intrinsic defect concentration impor€'dY: Would leave this activation energy as it is, while cor-

tant.

With respect to the cation migration, the preferred mecha- 0.40 — . . .
nism will be theVp,— Vg divacancy one, owing to its low 0.30 | DY La*
energy barrier. The traditionally assumed mecharfisthe .
(1100 Vp, migration, is still the preferred one among the 020 s
single-defect mechanisms, and even better than the triva- > 0.10 | ;
cancy mechanism. For fluorine vacancy excess conditions, ﬁ 0.00
the trivacancy mechanism can compete with the divacancy
and, for interstitial excess conditions, the single vacancy < —0.10 1
mechanism is also within the range of the divacancy mecha- -0.20 | ;‘Y+3
hism. 030 | WU

We can now compare our results with the experimental 0.40 L5 ‘Er*s

data of Samar& Accordingly, for low temperatures where 096 100 104 108 112 116

the extrinsic concentration of defects dominates, ' ' .R A ’ ' '
A(alkali)F-doped Pbk exhibits a pseudo-activation energy

E? of 0.26£0.02 eV, whileM (rare-earthF;-doped samples FIG. 3. Variation of the difference between binding energies of
have anE?® of 0.52-0.03 eV. The first one is in excellent NN and NNN complexes with the dopant size. Positive values in-
agreement with our vacancy-excd&ssfor the (100) Ve con-  dicate NNN preference, negative values NN preference. The turnout
duction mechanism, 0.29 eV, whereas the second one correecurs for ionic radii around 1.025 A.
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recting those of the previous stages. The overall agreement igighbors to minimize the separation of the charged defects,
good, and confirms the mechanism assignments proposed lbayd thus electrostatically stabilize the complex. When the
Samara. dopant-size is larger, short-range repulsive interactions be-
tween the shared fluorine ions and dopérttF) overcome
C. Rare-earth doped PbR the Coulombic interaction, leading to the stability of the
NNN complex over the NN complex.

har?czget-ﬁsrghus g;i:rl:i(cal'Cnoer']gigtgvﬂuOé'fdi?ea[]ec)sling\ljvgﬂé%:n' Our results can also be compared with a similar study on
P Y " rare-earth doped CaF SrF,, and Bak.?® Overall, the calcu-

This enhancement appears to be linked to a tendency of "Af&ted binding energies in PbRall perfectly within the trends

earths to form aggregates of different sizes with Ir‘trms'cshown by rare earths in the alkaline-earth fluoride family.

defects in the fluoride lattice. In alkaline-earth fluorides, de-.l.he NN complex is predicted to be the preferred one for a

fect aggregation has been thoroughly studied by Catlow angrystal with a small lattice parameter in this fluoride family.

. i 5,28-31,, ; . : .
his co worker§, with an aim to provide a microscopic Tpis is indeed the case in Cakvhere the NN complex is
description of the aggregation process. In the present case 0

. 3 B
PbF,, aggregation of intrinsic defects has been obséfied relatively more stable for all M cations. On the other hand,
. X = "=~ F in BaF, is predicted to prefer the NNN site for all
which also seems to play an important role in its

conductivity® cations. The calculated results on rare-earth dopeg &

In this section, we now present our results for the forma_however, intermediate between the results on .CaRd

tion of discrete cluster complexes containing a trivalentza':zt’ Taglllng nsomiﬁ t,;llNlat?id sqrr;]\e rNN'\Ilt coerIexiﬁ ?S the
dopant-ion substituting P and a fluorine interstitial (ff f oststa ??jtesb e 'Ia tce.th € efsu SE.O éﬂlthE | ?t.e'
which compensates the excess charge due to the dopant (ye expected to be similar to those of rBince the lattice

the lattice. The cluster complexes in the cubic Phdttice, parameterin bohn are reported to be 10.3232, 10.9303,

can generally be formed in two ways, namely nearest neigh11'6917' and 11.2126 for Caf Srk,, Bah, and Pbk,

: ) respectively®® This similarity is also reflected in the Shan-
EloerX(Nngpzr:g r;?ﬁ T:Z?geiteg?egs?bgggmb:[;;he c;\:JNpaCr:)tmat non ionic radii for cubic coordination, 1.26, 1.42, and 1.29 A
) 1 "y

+2 +2 2 ; 4 ;
(0,0,0) and Fat (1/2,0,0)] while dopant and; Fare next- Lor _Sr }E]a d, andtPﬁ b rﬁ_spectlvelf. _Thpe p_rectjrlwctedf be-
nearest neighborgi.e., dopant at (0,0,0) and; Fat avior of the(dopant-k) binding energy in Pbis therefore

(1/2,1/2,1/2)] in the lattice. The substitutional dopant haduStified in terms of the predicted stability of the NN com-
therefore a tetragonal and trigonal symmetry in the NN and:)lex for a fluoride lattice with a small lattice parameter.
NNN complexes, respectively.

It is well knowr?® that the ratio of tetragonal to trigonal IV. SUMMARY AND CONCLUSIONS
defects is very sensitive to the lattice parameter of the host _
(alkaline-earth fluoridecrystal. We can also expect, by anal- ~ We have obtained another set of shell-model parameters
ogy with divalent dopants in alkali halid®sand the previous for PbF, which reproduce its bulk properties very well. Due
work of Catlow and co-workers in similar crystdfsthat the  to the high polarizability of the Pif cation, a quartic term in
substitutional preference is strongly dependent on the size € core-shell interaction is required for a convergence of
a dopant-ion. calculations involving defects. The Frenkel defect-pair of

In Table VII we present the Computed association enerﬂuorine is prEdiCIEd to be the most stable defect and is ||ke|y
gies for the formation of the two types of dopant-interstitial to dominate the defect chemistry gtPbF,. We have also
pairs in the PbE Crysta' for Various rare_earth (M) ions_ Considered. the ionic COI’]leIC_tiVity in terms of m0b|l|ty and
We also list the difference between the binding energies ofoncentration effects, obtaining a good agreement with the
the NN and NNN complexes. Accordingly, rare-earth dop-available experimental results. Finally, we have derived in-
ants are predicted to be stable in both NN and NNN comleratomic potential parameters representing interactions of
p|exes' However’ a clear preference for the NNN Complex |§he host-lattice ions with rare-earth dOpantS, and have studied
seen with the increase in the size of the dopant in the latticéh€ stability of dopant-fluorine interstitial cluster complexes.
This fact is further evident from Fig. 3 where the differencelt is found that the dopant size is determinant in the preferred
in binding energies is plotted against the dopant-size giveRosition of the fluorine interstitial in PRF
by the Shannon ionic radff

The variation of binding energies of either NN or NNN
cluster complexes can be explained simply in electrostatic
terms. The dominant contribution to the binding energy of J.D.G. acknowledges the Royal Society for financial sup-
such complex is due to the Coulombic interaction betweemport. M.A.B. thanks the Spanish Ministerio de Educadior
dopant and F This interaction term varies with the inverse funding his stay at MTU. This work was partially supported
of the distance, so that small ™ ions prefer Fas nearest by DGICyT grant PB96-0559.
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