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'fhe formatioll cnergy of small c1u!'>lcr!'>hn!'>hecn calculateu in NaCI:f\ln, Ph .mo KCI:f\1n. Pb by means of n static simulation of ionic crystals;
Ihe results are lIsed lo sludy quantitativcly Ihc structure of the c4uilihrium state of cryslals in the lempcrature range 600 ~-425 K. In these
s)'stcms (he equilibrium state at high temperature is characterizcd hy isolateu im~urilie.s a~lu ~ipoles. In N.ICi:.f\.1n,~~ dllners are found lo
llucleate un {1l0}, {lOO}ano {lll} planes. al 475 K the cluster POPlIlalion conslsls 013/,", dlOlers <lnd 1/.' t~mers, .lboul .3?~ of c1usle~s
tnvc a rnixetl character. In Ihe system KCI:Mn. Ph, Ihe nucleation planes are {lOO} anu {lID}. At ahoul 4/[) K the eqlllhhnum stale .1!'>
c;larac(eril.etl by a high concenlration of dipoles and the formatioll of dimers. Only 1"'9t) of dimers llave a mixed characlcr. Thi!'>~iffcrence I.n
mixed c1usters concentralion hctween the two !'>yst~msagree qualilati\"c1y well with the rcsll!ts ohtained from l1uoresccncc cxpcnrnents. Thls
t1ilTerence can he underMood hy considering Ihe relalive solubilily of impurüies.

Kl'.\'\wml.\.: Ddcct struClUrc; defecl energy; mass aclion law

Sc calcula la encr~ía de formación de pcqucí'los agregmJos cn los sistemas NaCI:f\.1n. Ph y KCI:~1n. Ph utilizando una simulación estálica de
cristales i6nÍl'os; ;e utilizan los resultados para estudiar cuantitativamente la estructura del estado de cqui librio tle los cristales en el intervalo
de temperatura 600 K-425 K. En estos sistemas el estado de eqllilihrio a alta temperatura es caracterizado por impurezas aisladas y dipolos.
En NaCl:f\ln. Pb se encuentra que los dimcros se fOfl1KlIlsobre planos {llO}, {IDO} )' {lU}; ti 475 K la población de agregados consta
de 75% d~ dimeros y 2[)% de trimeros; ••Irededor de 300/(' de agregados tienen un car:ícter mixto. En el sistema KCI:Mn, Ph los planos
dc nuclcación son {lOO} Y {l1O}. A 47~ K el estado d~ equilihrio se caracteriza por una alta roncentración tle dipolos y la formación de
dimeros. Solamente 14% tle tlimeros lienen un car;ícler ll1i~to. Esta diferem:ia en la cOlKentración de agregados mixtos enlre los dos sistema!'>
est,í en buen acuerdo cualitativo con los resultados de los cxpclirnenlos dc l1uorescencia. Esla diferencia en la concentración de agregados
mixtos entre los dos sistemJs est¡í en huen al:ueruo cualitativo con los resultados de los experimentos de l1uOfesccncia. Esta diferencia se
pucdc entender considerando la solubilidad relativa de las impurczas.

/)cscri¡Jlol"C'S: E!'>tructurade defectos: energía de defecto; ley de acción d~ masa

PAes: 61.72.1i

1. IlItrodllctioll

Co-doped insulalors have hecn devclopped for several deca4
des in orL1er lo design rnalerials suitahle for solid slalc Iasers
and phosphors 11,21. Two types ol" impurily. gellerally me-
lal transition or rare earth ions are inlroduced in an insulaling
matrix; olle acts as a sensilizer (or donor) il absorhs incoming
radialioll, Iransfcrs lhe absorbed energy lo the sccond impu-
rity. Ihe aclivator (or acceptor) which cmits Iighl \l,Iith a wavc
Icngth djffl-rent fmm that of Ihe incoming radiation.

In order lo study experimelllally lhe Iransfcr mechanisms
hel\\'een Ihe impurilies in simple silualions whcre the impll-
rjly sites are casily idenlified, alkali halide single crystals
were used as host crystals, The acceplor is very onen lhe
dOllhly charged manganese ion whercas, as scnsitizcr ion ..•1i-
ke EIl2+, Ph2+, Cu ~. and Ag+ are fnlllld. The efliciency of
energy Iransfer mechanisms has heell rccognized for a long
time as heing slrongly dependent on impurity pairs (m di-
mers) fOl"lnalion [~I and Ihis rrohlcm has hccn studicd re-
cenlly in delails and intensivcly (4-171. The depcndencc (lf

cllergy Iranslcr helween sensilizer ami activator upon jmpu4
rjly dislrihulioll has hecn studied al so thcorelically 118-:2llj.

In douhly doped cryslals Ihree types nf tEmer are possi4
hle, two types are hOlllogcneous, they contain Iike impuritics.
Ihe o{her one is hetcrogcllOUS. A criterion hascd on a compa-
rison hetween the ionic radii 01' the impurilies and the host
cal ion radills has hecll proposed to predict Ihe type 01' dimcr
which is Iikely going lo form al the heginning of lhe aggre-
gation process [7, 11, 1il If,.) ami 1'"2are the radii of impu4
r¡tics, lhe dimer whosc formatioll is more likcly is lhal whcrc
{he ralio (1'1 + 1'2)/21'(' is c10scst lo unity, re is Ihe host catioll
radius.

On Ihe other hand. the aggregalion state of douhly char-
ged impurites in alkali halidc crystals has hecn studied the-
oretically in the pas~cd "'hen only one type of impurity is
prcscnl in Ihe crystal. The energy 01"impurity cIusters, is cal.
culaled hy means 01' an atomistic calculation, lhe musl stahlc
aggregatcs are dClerrnincd and an aggrcgation path is pro-
pllSeti 121-2:11 (ReL 22 will he c¡leti later as ReL 1). More
rccently. the aggregatioll 01' 1\lg in UF has hccn studied hy a
comhinalion of ;¡ c1assic<l1 atomistic simu!,ltion and a quan-
tUIllll\cchanical calculation !2,11, The airn orthe prescnt work
is (o cxtend Ihis type of study (when a classical simulation is
uscd) to the ca~c wherc Iwo Iypes oí impurily are present al
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lhe same lime in lhe hos! crystal. Our choice has oeen di-
recled lo Ihe syslems NaCI:Mn, Ph ami KCI:Mn, Ph which
optic.al pro~erties have oeen studied experimentally j4--ó

j
101

and 101"wt1Jch lhe nccessary inlerionic po(entials are availa.
hle [251.

For these syslclIls. the ionic radius criterion prcdicIs thal
lhe fonnation 01"mixed clusfcrs is more propitious in NaCI
Ihan in KCI. \Vhcn fhe dcfccl energies are known. Ihe.:reac-
tion encrgies for aggrcgalion are determined and the conccn-
¡ralion 01'dcfccIs is given oy Ihe rnass aClion law. This caku-
lalioll allows one lo determine lhe dominant defects ilnd lhe
rcsulls can he compared to Ihe prediclions of lhe ¡onie radius
crilcrioll. A quantitalive description 01'the defect struclure 01'
the cquilihriulTl state al a given temperalure is also hclpful in
delermining lhe aggregalion palh 01' impurilies in lhese sys-
Icms. Ihis dclerlllination is another outcome 01'lhis work.

3. Defect structure
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In crystals doped with two Iypcs 01' impurity. lhe diversity
nf defects is increased hy the presence 01'heterogenous c1us-
tcrs composed hy unlike impuritics and owing to the faet Ihut
a particular cluster has several possihle configuralions. The
morphology 01"small c1ustcrs 01"divalcnt impuritics in alkali
halides has heen descrihcd essentially in Ref. I and is given
in Fig. l.

Configurations a and b represenl dimcrs in {IDO} planes
formed hy n.l1. dipoles ilnd n.n.n, dipolcs, respectively. Thc
dcfect has only two dilTerenl conl1guratiolls whethcr lhe im-

FIGURE 1. Dimcr anu trimer confIguralions.

Ihe defeel energy [311. The impurity-iun host-ion pOlenlials
are 01'Born Iype, they are calculaled independel1l1y from Ihe
model pOlential by using electron gas melhods and were ta-
ken from ReL 1. The conlrihulion 01' lite repulsion hetween
10 like impurities .lo the defect energy is negligihle and the
rcpulsion Mn-Ph was not (aken into accoun!.

Thc dcl"ect energies in the systems NaCI:Mn. Ph and
KCI:t\.ln. Pb werc calculated hy using the statie simulation 01"
ionie lalliee PDINT [26, 271. The energy 01'a defeel is defined
as the energy difference between Ihe defective and the perfect
crystal. To calculale Ihese energies. Ihe pOlential function hel-
\\.'cen 1\\'0 ions is summed up o\'er alllattice points. hut in rhe
CJse of a dcfective crystal lhe equilihrium posilion of ions has
lo he delermincd. This is achieved after dividing the cryslal
inlO 1\\/0 regions. In lhe inncr region (of radius RI). lhe rc-
laxation 10 equilihrium is ohtained hy rncans of numerical
Illcthods. The relaxalion of the mUer region (of radius R:z) is
desc:rihed in a continuum approxirnation. In the prcscnl cal-
culation R1 ami n} \vere laken equal to 4.1 ro and 6.1 "0
respeclivcly (1'0 ;;; hall' latlice parameter). This procetlurc to
calculalc the defect cnergy is known as rhe generali/.ed Molt-
Lilllelon melhod [28J.

The cryslal oonding is assumed to be fully ionic and Ihe
potcnlial function is the sum 01'a long range Coulomh poten-
lial and 01'a shorl-range potential. which ~Iescrihes Ihe ove-
rlap of lhe electronic wavc I"unctions nctwcell two ions. The
cUI-off radius to ealculale the shorl-range repulsion cncrgy is
laken equal lo 1.8 "0' The quality of Ihe results depends 011
the potentialmodel chosen to represenl the short-range inle-
raction. Por the hosl cryslals. Ihe pOlcntial model known as
CDN-sell developed hy Callow el al. is used [251. These po-
tcnlials have non-integral ion chargcs and the impurily char-
ges were taken equal 10 twicc the hosl ion charges in order
lo cnsure Ihe elcclrical ncutralilY of clustcrs [21]. The short
rangc potcntial parameters were considered independenl 01'
the ion charge and taken equal lo those derived with integral
charges on the ions. This simplifieation ol' Ihe potclltialmodcl
has also heen uscd lo sludy the aggrcgation process 01"diva-
lenl ions in alkali halides [211 as well as in sludics rclative lo
oxides where the eation presenls several chargc states 129, 30]
and in hOlh cases this approximation has been proved lo be
approprialc. Thc impurity ions were assumed unpolarizable.
this assumplion was shown 10have an insignificant cffecl on
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A THEORETlCAL STUDY OF THE A(iGREGATlON OF D1VALENT 1t\'1PURITlES IN NaCl:t-.ln.Pb AND KCI:Mn,Pb

TARLE 1. Encrgy of basic dcfccts and hinding cncrgy of dipolcs (in eV).

Systclll Cation Divalcnt lUlo n.n,n. Binding cncrgy

dipolc dipoic n.n. n.n.n.
vacancy impurity

NaCl:~tn2+ 5.1572 -1O.12Jcl -5.5832 -5.4863 -0.619 0.522

NaCI:Ph2+ 5.1572 -7.8724 -3.4182 -3.1799 -0.703 -0.465

KCI:Mn2+ 4.9301 -11.8735 -7.5770 -7.5731 -0634 -0.63

KCI:Pb2+ 4.9301 -9.8632 -5,6218 --5.5082 -0.689 -0.575
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purities are similar or not. The dimer with conflguration al
proposed hy Gavartin et al. [24\ is a variatioll 01'configuration
o. The dimer with contiguration e nucleates in {l10} planes
and has three diffcrcnt configurarions. JI prcsents a particular
interesling feature, it can he formed eilher by two n.n. di-
poles or hy two n.n.n. oipoles. The {UD} oimer cl124¡ can
only be formed from n.n. dipolcs. Two n.n. dipoles can hind
together in a {111} plane to form a dimer of conflguration
d, Ihis defect has two distinct conflgurations with like impu-
rilies and thrce different conflgllrations when the impurities
are unlike.

In Ihe systems NaCI:Mn. Ph ano KCI: Mn. pb four Iypes
01' Irimer C<Inform; lhose where manganese impurities only
are presenl (TI!!), those cOlllposed with lead impuritics onl)'
(T222), those fonned with two Illangancse impurities (T!21)
or with two ¡ead illlpurities (T2!2). There are three ways to
add a dipole to a dilllcr in order to fonn a trimer, the third
dipole can be locatcd in the dilllcr planc, in aplane parallel
lo the dimer plane or perpendicular to that plane. In Ihe last
Iwo cases, trimer contigurations resulting fmm the addition
nf an impurily pair or a vacancy pair to aplanar dcfecl whe-
re threc vacancies oc three impurities respectively are prescnt
are avoided hecause these conflgurations are not energetically
favored.

The {111} trimer e has two possible configurations hut
the mosl stahle one is achieved when the two types of defect
alternate. Thc trimers f, g, 11, i, anJ l are formed from a dimer
in a {lOO} plane. In Ihe configurations f ano [J. the thiro oipo-
le is localcd in Ihe dirner plane, 8 distinct configurations were
studieJ for irregular trimers ami 3 distinct configuratiolls we-
re found in the case 01'regular trimers. Jn configuration i the
Ihiro oipole is perpenoieular lo the oimer plane. 2 ano 4 con-
tiguralions were studied foe the homogeneolls and hCleroge-
nous trirncrs rcspcctivcly. The trimers h and l are fonned by
addition of a dipole parallel to the dimer plane, Ihe number
01'distincl configurations studied for the regular and irregular
cornplexcs are 4 and 12 rcspectivcly for Ihe configuration 11;
in the case of trimer l one and two contlgurations were siu-
dicd respectively. The configuratioos of trimers j and k are
haseo on lhe {liD} oimer. In Ihe firsl case Ihe Ihree n.n.n.
dipoles are in lhe sarne planc (3 homogcneous and X helc-
rogeneous configurations were studied), in contiguration J.:. a
n.n. oipole is aodeo perpenoieular lo Ihe {¡lO} oimer pla-
nc, 2 hornogeneous antl 4 heterogeneous conf1gllralions \Verc

studied. In Ihe case 01'dimers antl trimers. a given conflgura-
tion can he reali7.cd in various ways. In Ihe next section, the
configuralion which is reported is that 01'minimum cnergy.

4. Dcrcct cncrgics

".1. Dipoles
The calculatetl dipole energies as well as the encrgies 01'iso-
lated deferts and thc corresponJing binding energies are gi-
ven in Table L The results show thal the n.n, configuration is
!llore slahle than Ihe n.n.n. one. Thc energy difference betwe-
en the two conflgurations depends on the host crystal and on
Ihe impurity size. 11 is smaller in KCI Ihan in NaCl ano for
impurities 01'smaller radius.

These rcsults are similar to those obtained in Ref. I
though the number 01' ions in region 1 in the present simula.
lion (257) is grealer Ihan in lhe previous work and Ihough Ihe
interionic repulsive potentials are slightly diffcrent. Thc agre-
ement wilh experimcnts is fair, an improvcment of the Mn2+-
CI-potential is oesirahle [231. When Ihe hinoing energy of di-
poles is calculateJ in Ihe frame 01'a point ion model the same
trentls are ohserved hut, in this case the theoretical hinding
energy is higher 1321.

4.2. Oimcrs

Divalent impurities in doped alkali halide cryslals are known
to aggregate lo form small c1usters callcd dimers and trimers.
00 Ih~ other hant!, Ihese divalent impurilics are charged de-
fects which are neutralized hy a cation vacancy which can be
found c10se lO the impurity or not depending on the tempe-
rature. Whcn the impurity aggregation is studied. lwo cases
have to be distinguished. 11'lhe tempcrature is high enough so
that Ihe t1ivalent impurily-cation vacancy dipoles can disso-
ciate, Ihe encounter 01'a dipole with a defect (which can he
an other dipole or a clusler) occurs when both defects are in
an excilet! slate, the dipole does nol have a particular confi.
guration, the new defect is also in an excitcd state and will
reach its configuration of minimum energy (reponed latcr in
Ihis work) after some rearrangemcnts. Thc binding energy is
givell by Ihe dilTerellre between Ihe encrgy 01'the new defect
¿¡ntlthe SUIll of energies of isoJated defects. The binding ener-
gics are given in Table 11,second ro\\' for each dirner type. Al
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TABLE 11.,Encrgy ,nI' dimers in NaCl ano KCI (in eV, firsl row), bindin encr '¡es with r . '. .' . ..
ano rcactloll cncrglcs with respectlo iso/ated dipoles ene J e v h,gd g. c~pcct (o Isol.lIco ddc« energlcs (m eV, sccond row)

. rgy In e • t Ir row) tor cilch thmcr typc.

NaCI

Dirncr a al b
Configufation

e el d

Typc 11 11.3477 11.3072 -11.4114 -11.5268 -11.4028 -11.4080
-1.419 -1.379 -1.483 -1.598 -1.474 -1.480
-0.181 -0141 -0.439 -0.360.-0.554 -0.236 -0.242

Typc 22 -7.0999 -7.1750 -66678 -7.0751 -7.0536 -7.1254
-1.669 -1.745 -1.237 -1.645 -1.623 -1.695
-0.263 -0.339 -0.308 -0.239,-0.715 -0.217 -0.289

Typc 12 -9.2789 -9.2994 -9.0473 -9.2918 -9.2425 -9.2978
-1.600 -1.620 -1.368 -1.612 -1.563 -1.618
-0.277 -0.298 -0.381 -0.290,-0.626 -0.241 -0.296

KCI

Dimcr a ,,1 b c el d
Conllgllration

Typc 1I -15.0627 -15.2893 -15.7105 -1!J.6451 -15.3921 -15.36

-1.176 -1.402 -1.824 -1.758 -1.505 -1.473

-0.091 -0.135 -0.564 -0.491.-0.499 -0238 -0.206

Typc 22 -11.4769 -11.4024 -11.4757 -11.6094 -11.5257 -11.4967

-1.611 -1.536 -1.609 -1.743 -1.659 -1.630

-0.233 -0,159 -0.459 -0.366,-0.593 -0.282 -0.253

Typc 12 -13.3043 -13.3659 -13.5977 -13.6254 -13.4756 -13.4551

-1.428 -1.489 -1.721 -1.749 -1.599 -1.579

-0.105 -0.167 -0:,16 -0..127.-0.544 -0,277 -0.256

low tcmpcraturc, Ihe dipolcs do not dissocialc, they kccp thcir
idcntity (n.n. typc or n.n.n typc) during lhe cncountcrdipole-
dcfcet. lhe rcaclion cncrgy is cqual to the difference he(ween
the cncrgy 01' (he ne\Vly formcd cluster and lhe sum 01' (he
dipole cncrgy amilhat of the cluster which ahsorhs it. Thc re-
aclion cnergics are given in Tahle 11, third row for caeh dimcr
type.

When the Icmpcraturc is grealcr than lhe dissllcia(ion
tcmperaturc 01" dipoles. the calculated hinding cncrgies of di-
mcrs repor!ed in Tahle 11 for (he systcm NaCI:Mn, Ph show
Ihat nuclea(ion in lhe {lID} plane (configuration e) for Ihe
Mn impuritics is favored, whereas lead impurilies nuclcate
preferenlially in lhe {lOO} plane (configuralion al) however,
Iluc!ealioll 01' Ph impurities on {111 } plnnes can also he con-
sidered occause lhe hinding encrgy 01'dimer d is close lo that
01' dimer n 1. Nucleation 01' Mn impurities on {110} planes is
consistent with the formation of a Suzuki phase in NaCI:Mn;
Raman speclroscopy and X ray ditTraclion methods have pro-
vided 5trong evidcnccs of the formation 01' Ihis phase in Ihis
syslem 133].

Our result ror !Cad nucleation is consislenl with the analy-
sis of lumincsencc rolarization experiments ohtained wilh lc-

ad doped NaCI single crystals indced. thesc experimenls ex-
hihit the prcsence of lwo typcs 01' aggrcgale in silmples anne-
aled at 300 K 101' 1000 h alter quenching [3~J. Onc has a C3
symmetry and corresponds lo aggregales forrn from {11l}
dimers. Thc sccond one has a D-th symmetry and can resull
fmm Ihe growlh 01' {IDO} Jimers with configuration al. For
NaCI crystals singly Joped wi(h Mn or Ph our Iheoritical pre~
dictiol1S are in agrecment with the overall experimental facls.
The rcsults presentcd in Tahlc 11 for homogenous dimers re-
produce those ohtained in R.eL 1 (CXCCpl for configurations
al. e, el which ,",ere nol studicd). Thc prcdicted nuclcation
planes ¡()f mixed dimers are {JI!}, {JIO) and {J OO} Ihe bin-
t1ing encrgics uf dimcrs d, e, al ami a heing very closc.

For Ihe syslelll KCI:Mn, Ph (Table 11), there is a prcferen-
tial aggregalion uf Mo impurities on {lOO} and {llO} planes
to form dimcrs b and dimers (' rcspeclively.lheir hinding ener-
gies hcing close. In the case 01' Pb impurities, lhe {lID} nu~
clc3tion plane only is CXpCCICt!,the hinding cncrgy uf dimer
e and el are grealer than Ihe hinding energy 01' olher dimcrs,
Thc prcsellcc 01' this dimcr is consistent with the dcvelop-
ment. in Ihe systcl11 NaCl:Ph, 01' a Suzuki phase as proposed
by Bellci, Chiari and Fermi 1:~51or 01' a phase wilh a "Suzu-
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5.2. Dcfl'ct l110del

5.1. General

5, Defcct concentration

Thc oefect moJel inc1udes Ihe dcfects and c1usters which
concentralion is delincd helow:

4 :S s ~ v,

.r(8),1'(9) = [(2F~,2"\.) x lo

.r(IO),.r(lI) = [(2F~,2V.,,)xJo

.r(12),:r(13) = [(F~,Fi,21~\1)Xlo

.r(14) = [(3F~,3VM)xJ

.r(15) = [(3Fi,3VM)XI

.T(lG) = [(2F~,F~13VM)X]

.r(17) = [(F~t2Fi,3v.\1n

.r(l) = [F~,]

.r(2) = [F~,]

:r(3) = ¡v~,]

r(l) = [(F~,v"n
1'(5) = [(F~I - 1~\1n
.r(G) = [(F~l V\l) x I
.r(7) = [(Fi, -l~\I)X]

.1'(1)".1:(2)".r(3)" = .I'(s) ('xp( -t)"G./ RT),

wherc 1'+ q + r' is Ihe nUl1lber01'dcfccts in Ihe cluster 8. !:1Gs
is the cnergy Jifference bctween (he cluster energy and that

wherc M = Na or K. F~\f = Mn2+. F1, = Ph2+ ami O' = 1,2.
rcprcscnts lhe 2 configurations 01'a Jcfeel or a cluster.

In the nOI:lIion o( Kriiger [:lG), :r(l) and 1'(2) represenl
Ihe concentralion 01'substilutional douhly charged mangane-
se and leao impurilies wilh an elTeelivc charge +1 whereas
.1'(3) is the cOllcentralion 01"Ilcgntively charged calian va-
cancies. Thc concenlralioll 01' manganese and leaL!dipoles
in Iheir n.l1. and l1.n.n. conllguralions are givcn hy x(i) I'or
,1 ::; i ::;7.

In KCI:Mn, Ph Ihe concentraLions ,,(8),1:(9) and .r( 10),
;1'(11) are associateJ lo Ihe two configuralions nf lowest
cncrgy I"or the rnangancsc dirncr (b ano e) and Icad dilllcr
Ce ami d) rcspcclively; the cOllcentrations 01' rnixeo di-
mers [¡ and r: are .r(12) and :1'(13), respeclively. The man-
ganeso Irimers TI 11 (J), Ihe Iead trimers T222 (e) a",1 the
mixed Irimers TI21 (f) "nd T212 (e) have eoncentralions
.1:(14),.1'(15) "",1 .1'(1G),.1:(17) respeclively. The syslem 01'
cquations indude 14 non-linear cquations 01'type

In Ihis section Ihe equilibriulll slale of crystals containing two
Iypcs 01' impurity is descrihed quantilatively. Thc coneentra-
tion 01"each defecl Iype is ealculatcd in Ihe quasi-chemical
approach whcn the long-mnge interaction betwcen charged
defects is nol laken inlo aceoun!. The Jefect concentrations
<lrethcn givcll hy the ideal mass action law valiL! for sIllall
impurity concentration.

{lOO} planes lo fmm lrimers J. The lead and mixed dimers
which nucleale in {l10} planes develop in lhese planes lO
form trimcrs wilh configuralion j. Thc n.n, dipoles aggregatc
10 form trimer c.

11.I1.1\. +o-+i. n.n. + a -+ !J;

11.11.11. +1,-+", Il.B.U. + b -+ J, 11.11.11. + /)-+ l;

u.lI.n. + e -+ j, U.U. + e -+ k;

n.n. + d ---t r.

From Ihe previous re5ults rclativc to Ihe formal ion 01'di-
mer fmm dipole aggregation, we concIude Ihal the dimcr e is
expeetcd to grow in {lID} planes lo fonn a trimer j l'or Ihe
four trimcr typcs. Lcao and mixco trimers are also cxpected
lO fonn by Ihe aggrcgation of n.n, Jipoles in {111} planes.
When two reactions are possihlc lo fonn a Irimcr (al ---t i
and a -+ i or ¡, -+ h and e -+ h) Ihe 1Il0st fovornhle olle
,from an encrgclic point of view is only reporteo,

In KCJ cryslals ooped with Mn ami Pb impurilies. Ihe
l110st slahle Irimcr configuralions at high Icmpcraturc are f
I"r TI I I and T 121 and e for T222 and T212 (Tahle 11I).

In Ihe low tcmperaturc range (T :S 425 K) the reactiolls
sluJieo previoLlsly in Ihe case of NaCI crystals were also
I"ound lo oecur in KCI crystals. their cncrgics are reponed
in Tahle 111.The manganese dirncrs b are found to grow in

\Vhcn Ihe NaCI:J\.1n, Pb syslcm is considcrcd. lhe mosl stablc
Irimer has the configuration e whalcver Ihe type is (Tahle 111).
This is the dirncr configuration which is expcctcd to form at
high Icmpcralure.

In Ihe low lemperalure case (T :s. ..t25 K). Ihe cnergies
corrcspondillg to lhe following reaclions are reporled in Ta-
hle 111:

4.3. Tril11crs

ki phase like slruclure"[33]. A model 01' lhis phase has heen
suggcslcd rcccntly by Gavartin el al. in LiF:Mg 124]. Thc rc-
sults prcscntcd in Table 11for homogcnous dimcrs reproduce
¡hose oblaincJ in Rcf. 1 (exccpt fm conflguration al,e,el).
In Ihe syslem KCI:Mn, Ph, lhe mixed dimers adopl mainly
(he configuratían e and b.

Al low lcmpcrature (T :S. 425 K), the Tcaction cncrgics
are givcn in Table 11,ror lhe dimer e two Tcacrion cnergics are
possihlc. t!ley corrcspond 10 lhe association of two n.n. dipo.
les or two n.n.n dipoles.

In NaCI:Mn, Ph, a dimcr e is cxpcctcd to form by asso-
cialion 0.-2 n.n.n. dipolcs in lhe thrcc cases. The n.n. dipolcs
are found lo associatc lo [orm a dimcr wilh cOllllguralion e
in lhe case 01'mangancsc; in lhe case 01' lead and mixcd di-
rners. lhe 11105tfavorable configuralions are al and d. The
inlroduction of {lID} plane as nucleation plane wherc both
Iypcs of dipoles can cluster, avoid lhe necd lo inlroduce an
inlerconversion Illechanism to cxplain the aggregation of the
dipole typc which does 110tcorrespond to lhe dirner of lowcst
encrgy.

In the systcl11 KCI:Mn, Ph, the n.n. rnanganese dipoles
1"0rl11a dimcr e whcrcas. a dimer b results from lhe associa-
tion of two n.n.n. manganese dipoles. Lead dimers and mi-
xed dirners with conflguration e result from Ihe association
of hoth typcs of dipolcs.

Re'l'.M{,x. FÚo 45 (4) (1999) 379-3X7
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Tr\ULE 11,1.EllCrg:~ oC Ir~mers in NaC!. and KCI (in eVo firsl row), hinding cncrgies with rcspecllO isolatcd defect cnergics (in eVo second row)
aml rcacUon cner~Z1cs wllh respcCI lo ISlllated dipolcs cncrgy ano dimcr cncrgy (in eV, lhird row) for caeh trimcr !ypc.

NaCl

Trimcr e f g h k
Contiguration

Typc 111 -17.4647 -17.2067 -16.9714 -17.09.59 -16.8913 -17.3590 -17.1300 -17.1362
-2.572 -2.314 -2.079 -2.203 -1.999 -2.466 -2.237 -2.244
-0.473 -0.309 -0.040 -0.198 -0.0,)7 -0.3.16 -0.02 -0.238

Typc 222 -11.0889 -10.0002 -10.6810 -10.,1002 -10.3999 -10.7311 -10.5481 -99394
-2.943 -1.855 -2.!j35 -2.305 -2.25,1 -2.585 -2.395 -1. 794
-0.545 -0.152 -0163 -0.602 -012 -0.476 -0.055 -0.092

Type 121 -15.3398 -14 8288 -H.9858 -149033 - 14.9066 -15.1812 -15.0557 -14.7676
-2.696 -2.185 -2.342 -2.26 -2.263 -2.538 -2.412 -2.124
-0.459 -0.295 -0.124 -0.37 -U.I.I -0.403 -0.181 -0.234

-')'pc 212 -13.2150 -12.446.1 -12.9U28 -12.7108 -12.7795 -12.9567 -12.8031 -12.3852
-2.820 -2.052 -2.008 -2.316 -2 ..38,) -2.562 -2.408 -1.991
-0.499 -0.219 -0.2U6 -0..I8.1 -0.32 -0.485 -0.093 -0.158

KCI

Trimcr e g h k
Conligurali(lIl

Typc 111 -23.3411 -23.7077 -22.-1530 -23.1022 -22.G~)G3 -234998 -23.0976 -23.6347
-2.511 -2.877 -1.623 -2.272 -1.8G6 -2.67 -2.267 -2.804
-U.404 -0.424 -0.187 -0.181 -O.OfiO -0282 -o 12.1 -0.3511

Typc 222 -17.6156 -17.3019 -17.1690 -17.2306 -17.1027 -17.5022 -17.2967 -17.2358

-2.816 -2.503 -2.37 -2.431 -2.303 -2.703 -2.497 -2.436

-0.497 -0.318 -0.07 -0.2.17 -0.118 -1l.38~ -0.065 -0.2519

Typc 121 -21.4321 -21.,,964 -20.7808 -21.1779 -20.9989 -21.5267 -21.3333 -21.5297

-2.612 -2.776 -1961 -2.;}:}8 -2.179 -2.707 -2.[;13 -2.71

-0.4 -U.426 -0.1 -0007 -0.121 -0.328 -0135 -0.359

Typc212 -19.5241 -19.4811 -18.9806 -19.2221 -19 2080 -19.515.1 -19.2101 -19 ..1151

-2.7H -2671 -2.171 -2 ..112 -2.398 -2.706 -2.-1 -2.60"

-0.447 -0.375 -().O54 -0.116 -0.395 -0.382 -0.037 -0.309

L H~;r(i) = ;T¡ + X2.

i=l

ni allllll~ are the nurnher 01"mangancse and lead impurilies
in the dcfccI or cluster i whcrcas n~is the Ilumbcr 01' cxtrinsic

nI' thc JI + ()+ r isolatcd basic defects. Thc rcaelion Cll-
lropy is not taken inlo accounl. Thc systclll is complctcJ hy
.3 equatiolls whieh cxpress the conservation 01' lhe total num-
hcr nI' cach hasic dcfect, the total number 01' equations being
11 = 17:

LlI;.r(i) = ,tI
i=/

v

¿n~J'(i) = )'2

i=/

vacancies. Tht.: inilial eonccnlralions of rnangancsc and Icad
impurities are .1"1 aml'''"2_ rcspeelively.

In Ihe case of NaCI:l\1n. Ph syslem. a slighl1y different
1Il0del has bcen dcvclopcd in order to give a correet aceount
01' lhe dimer population. It eonsists in one rnangancse dimer
(e). two lead dimers (,d, d) and four mixed dimers (a, al, e
and el). Preliminary eakulalions which did nol inelude tri-
lTlers have shown thal the Mn dirner population is wcll re-
prcsentcd by only one dirner whereas in the case 01' mixcd
dimers, Ihe four eonligurations have lo be taken into aceounl
hecausc Iheir hinding cllcrgics are vcry c1ose. The nurnher 01'
cquations in fhat case is /1 = 18. Thc four Irimers have the
configuration (p).
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FIGURE 3. (a) Mang.mesc conccnlration in (he various defecls as a
function of tcmperalure in KCI:Mn. Pb. (b) Lead conccnlralion in
the variolls dcfects as a function of tempcralurc in KCI:Mn. Pb.

FIGURE 2. (a) t\.-langanese conccntralion in the various defccts as a
function of tcmperaturc in NaC1:Mn. Pb. (b) Lcad conccntralion in
thc various defects as a function of tcmpcrature in NaC1:Mn. Pb.

This model applies when lhe diffusion 01'divalent impu-
rities is suffkienl to produce associations 01'two or three im-
puritics which fonn wilh the correspondi~g number ~)fca-
tion vacancics the neulral c1usters called duners ¡lOtIlnmers.
A high mohility or Ihe divalent impurity is achieved ir the
charge compensaling cation vacanc)' spends a relatively lar-
Ile fraction of its time c10se to Ihe impurity (generally in
~.n. 01' n.n.n. position), Ihis mean s that lhe dipole concen-
tration is signillcanl or Ihallhe dcgree of association (detlncd
as Ihe ralio hctween the dipole concentration and the impu-
Tityconccntration) is nol too srnal!. A quanlitativc estimale al'
lhe impurity diffusion is ohtained hy considering for instan-
ce lhe dil'fusion coeffkient al saturation which correspond lo
a degree 01'association equal to unity (Nowick 137]). In.that
model, the equilibrium concentration 01"dipoles results Imm
lhe compelilion between lhe association and dissociation rc-
actions 01'divalent impurity-cation vacancy pairs, the diffu-
sion 01' impurities heing sufficicnl to reach lhe lhcrmodyna.
mical equilibrium state. The samc mcthod is used 10calculate
the ddeet concenlr¡¡tions in metal oxides at high tcmperature
ami to study the thermodynamic properties of these material s
(TOllllillson, Callow and lIarding (38]; Soullanl [30]). This
molle! presenls two limilalions. at high temperaturc and low
temperaturc respeclively.

Al high telllperalure (1' ~ 1000 K), the degree 01' asso-
cialion is too srnall and c1usters do not forrn; intrinsic dcfects
(Sehottky pairs ami vacancy pairs) have lo he takcn inlo ac-
eount: Ihis is dornain whcre the ionic conductivity is studied
(Fuller (39]).

At lemperature lower Ihan the tempcraturc where lhe di-
role conccnlralion is maxirnum the dissocialioll of t1ipoles
uoes not takc place. the dipoles are captured hy small c1us-
lers (Ihe)' can he grealcr than dirners and lrimcrs) which are
flxed and which cannot dissolvc. The dipole concenlration re-
sults in thal case fmm lhe inleraelion of I110hilcdipoles wilh
fixed ohstacles and lhe concentralion of various defects is gi-
ven by a sel 01' chemical rate equations (Cook ¡¡Ild Dryden
1962 HO, ~1]; Unger and Perlman H2]).

5.3. Results uf calculations

\\'hen the alomic concentration is the sal1le for hoth types 01'
impurity (.fl = J':! = 4.2 X lO-ji [G]), Ihe variation of de-
fecl concentrations in the tcmperalure range 600 K-425 K is
given in Figs. 2a, 2h. 3a, antl 3b. In hulh cases, a decrea4
se in Ihe conccnlration of isolatcd defects and an increasc 01'
the dipole concentrtion are ohserved; dilllers anJ trimers also
formo

For NaCI cryslals, the maxilllurn dipoie concenlralion is
oblained at 450 K and 500 K for Ihe rv1nand Pb impuritics,
respectively (Figs. 2a and 2h). At equilihriulll. the proportion
of n.n. ami n.n.n. Jipoles is difTerent for each impurily: al
SOO K, 10% 01'Ihe dipolc population is uf n.n.n. Iypc in lhe
case of 1\10impurities whcreas. for Pb illlpurities the cuncen4
Iraliull of n.n.n. dipoles call he neglected (Iess than 1%).

foor KCI erystals. manganese is fountl to he Icss solu-
hle lhall lead (a silualion Opposile lo thal found for NaCI);
Ihe maximum dipole concentration is ohtained at 550 K ami
500 K fm lhe Mn alld Ph impurilies, respeelively (Figs. 3a
and 3h). Tho equilihrium state al 500 K is characlcrized hy
50% 01' eaeh dipole lype wilh Mn illlpurilies, only 10% 01' Ph
form dipoles wherc derects are in next nearest neighbouring
positions.

As Illentioncd in Secl.3, various cluster types are in prin4
ciple present in the samples, to charaeterizc Ihe equilibriulll
slate lhe clusler dislrihution musl be considered, it is given in
Tahle IV al ~75 K. Fm the syslem NaCI:Mn, Ph, the dimers
eonstilule 3/4 of Ihe cluster population while Ihe trimers re-
presenl 1/4 01' this poplllation and 29% 01' c1l1sters show a
mixcd charclcr. In the case of KCl:Mn, Ph. the dirners is the
dominant cluster, unly 14% of dil1lers have a Illixcd charactcr.
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TABLE IV. C1ustcrdistrilmtion (in pcrcclll) al 475 K in NaCI: Mn.
Ph ano KCl:~ln, Ph,

System NaCI:Mn, Ph KCI:Mn, Pb

Dimcrs 11 23 76

Dimcrs 22 28 8

Dimcrs 12 22 14

Tlimcrs ti J 2

Trimcrs 222 19

Trimcrs 212 2

Trimcrs 121 5

Thc rcsults sho\V1l in Figs. 2a, 2h, 3;¡. and 3h allow lo im-
provc our knowlcdgc rclativc 10 lhe soluoility 01"Mn and Ph in
lhe (wo host crystals. By considcring lhe (cmpcraturc al whi-
eh Ihe maXillllJlll conccntralion of dipolcs is ohlaincd, Man-
gancsc is found lo he Icss soluble in KCllhan in NaCI whcrc-
as lhe Icad soluhility is similar in both cryslals conscquclllly.
¡he soluhility difTcrcncc hctwccn Mn ami Ph is grcatcr in KCI
Ihan in NaCI. As a conscqucncc of this differcllce in l\.1n 50-
tuhilily in bolh crystals, a strong prccipitation ol' mangancsc
¡¡]one is ohserved in KCI which prevcnts the fonnation of mi-
xco clustcrs.

tí. Cnuclllsinll

In hoth syslcms, al cquilibriulll al high ICmpCra!urc. only iso-
lateo dcfeC1S (douhly chargcd suhstitutional impurities, ca-
lion vacancies :lnd dipolcs) are present in the crystals. 'fhe
Illangancs(' dipoles are generally found in Lwo configuralions
(n.n. and n.n.n.), lhe ratio 01' Lheir concenlrations heing de-
penden! on the host matrix ami on the impurity radius. For
lhe Icad dipoles the n.n. configuratio!l is dominanl in ooth

1. V. Lupci l'lal .. Solid ..•S/ate [.ÁHa .••IV, cditcd hy G.J. Quarlcs
ami MA. \Voodwall, SPIE Pmc. IXM (t993) p.168.

2. R.G. PappalarJo, S¡wc/rcJscoPY o/ Solid-Stat/.' ULSl'r.TYPl' Ma-
tcrials. (plcnum Prcss, Ncw York, 19S7) p. 397.

3_ Th.P.J. Botgcn anJ F.A. Krogcr. Physica 14 (194g) 553.

-l. F. Jaque. C. Zaldó. F. Cussó. ano F. Agulló-Lllpcl.. Solid.\. S(tl/e

COIl1I11I/JI. .H (1982) 123.

5. P. Aceiluno, e. Z:.lIdo, F. Cussó, anJ r:. Jaquc. 1. Phy.\.. C/u'm.
Solitl.\. 45 (1984) 637.

G. R. Capcllctti. M. t\hnfrcdi, amI M. Sol/.i. PhYJ. S/tltus Solidi l!
119 (1985) 789.

7. J. Rubio, H. Murricta, R.e. Powcll, anJ W.A. Sihlcy. Phys. Re\'.
¡¡.H (1985)59,

8. R. Capellctti l't al., Phys. Rev. 1136 (1987) 5124.

systclllS.

In lhe syslem NaCI:Mn, Ph, lhe Mn dimers nucleate in
{l1O} planes, lhe lead dimers in {lOO} ami {ll1} planes
whereas lhe mixed oimers nucleale on {l1O}, {lOO} and
{111} planes, In lhe system KCI:Mn, Ph the manganese oi-
mers nllcleale on { lOO} planes, those 01' lead on {l1O} planes
ami the mixed dimers !lUCleale in the two previous planes.

The aggrcgalion proccsses in lhe lwo systems differ in
three ways. The nucleation planes for lhe dimers are diffe-
renl. The main characterislic of Lhe cluster distrihution al a
given lemperalure is not the same, al 475K in NaCI:Mn, Pb
trimers represent 1/4 of lhe clusler populalion. al lhe same
lemperaluredimers are only rouno in KCI:Mn, Pb, Finally. in
NaCI:Mn, Pb, the concenlralion nI' mixcd c1usters (29%) is
more imporlanllhan in lhe syslel1l KCI:Mn. Pb (14%), This
rcsull is in agrcemenl with the prediclion of the ¡unic radius
criterion í.Illdwith the results 01' fluorescence cxperiments: lhe
syslcm wherc lhe concentralion 01' c10se Mn-Po pairs is the
highcsl is the lllos1 effkienl lo trallsfer cnergy frum PO lo
Mn consequenlly, fOl"the same doping Ihe syslem NaCI:Mn,
Pb exhibits a tluorescence illlensity greater lhan the syslcm
KCI:Mn, I'h [6, 101,

The formalion 01"mixed c1ustcrs is rclatcd to the solubi~
lity differencc 01' impurities in eaeh hos[ matrix. The matrix
where Ihe solubility is smallcr is Icss favorahle to form mixed
c1uslers; KCI is lhus less favorable Ihan NaCI to fonn mixed
cluslers, as ohscrved experilllentally. In KCI, lhe mangancse
dilllers nucleale at a Icmpcrature (550 K) highcr than lhe tem.
pcralure where lcad dilllers fOrJn (500 K) ami Lhis prevcnls the
formation of Illixed clusters; in NaCI 011 Lhe contrary, lhe con-
densalion 01' hoth impuritics occurs al Ihe same lcmperature
(500 K) ano Ihe fonnalion of Illixed dilllcrs is favored.
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