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ABSTRACT

A variatíonal calculation is car¡ied out to esti¡rate ùhe enission

energies of F (II) centres in alke1i haLides. The F (II) centre is treated"ÂA
as a htrpothetical noJ.ecule i¡¡nrersed in a dielectric contl-nur¡m. The

h¿oothetical moLecule consists of a singl-e electron rnoving in the field of

tÌro uni¿ positive charçs and a central ani-on of effective eharge Z

dífferont fron unity. The ground and first excited states of such a

nolecule are evaluated. as a firnction of interíonic separation and effective

charge from which the emission energies of F.(fi) centreg are deduced
A

throu!¡ a senri-er,pirical scheme.

I¡,ttice reLaxation is treated in the poi:rt-ion model with Coulo¡nb and

nearest neíghbor:r BornJ"layer interaction. 0nþ the zeroth o¡der displacemeni

of the seddLe poi-nt ion and its two nearest neighbouifs are considered. The

excese electronts charge is represented by point charges of -|e at the

centre of each potential r'¡eLL in deter¡ltri&Íng these ôisplacem.ents. Tl¡e set

of displacenents then dele¡nine Z, ntrich fo¡ms a si-ngIe-paraneter

characteriz¿tion of each i¡rdividiral centre. Surveying the list of these

values of Z reveals thet there are three outs¿anding cand:Ldates as new

type II centres beside the four oçeri-nental-lJ lmofln ones.These potential

F (II) centres are irÏaP: Li, RbF: Ll and RbF:Na. Tt¡ei¡ e¡ni-ssion energies
A

are esti:nated by using the molecu.l-e to be O.plJ, O.5I3 and 0.591 eV.

respectively.



t

LI ST OF ÐJ'!"TN Di) SYI"IBOLS

a : lattice sPac ing.

ào : Bohr radlus.

(DrP) : Borzr-l-íayer rcpulsíwe pi-r;lnete:rs.

c : constant dete¡;ri-necl fron'r c = t".6/p a

Cgr. : eoefficient of cr'lntral orbj-ta1 of tlre elcctronic

wavefrrnc tl- on.

(41 ,ct2rd3) : dis¡rl-acements of Sadclle-Point anionr nearest

hosù cation and impuritY cation'

(a /a-) : misfit Parameter..

e : electronic claarge.

eV : electron wo1t.

It ¡ ener6'y of Inodel molecule imrlcrsed in dl-el-ectric

medium.

Er 3 energy of model nolecul-e in free space'

h ! Pl-anckt s constarrt.

k : Boltzmann constant.

ko : hígh frequency dielectric co¡rstant'

Ngrr : norm;rlization constants '
ll : lnterjonic separation cf model molecul-e i¡r

free space.

rar rb : distances of electron from positiwe charges at

sites A and B resr:ectively.

r : distânce of electron fro¡r central charge'

rab : effectjve senaration of tr"o-r'¡':Ll potentlal'
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V" : Irotenti.al frorn a cation vacíìncy afong (tfo)

dlrection in Nacl_tyÞe l at tic e.

Vp s frotential due to.a perfect ÌjaOl_type lattice.
Z 2 effective cl..arge of Saclclle_point anion.
O( : localization parar:reter of electron.
CXM : ¡;ade lung r s constant.
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CHÀPTER 1

F - CEI'ÍTRES N.I ÀIJ{ÄI,I HAIJD:SI
A.

1.1. Introductign

Colou¡Centre¡hasbeenoneofthenajorreseachthe¡oesi¡rSolidStale

Physics dr:ring this centulitr. Tt¡e ter¡cinologr ts derived fron the earþ

ôbse¡.v.ation that certaln ionic c4rstalg become coloured uhen eryosed to

cathode re,ys, each with its brm colou:ration' Subsequent i'nvestigations

hai,,e revealed. that the phenonenon is due to selective absorption of

li r.hi by defects present within the crlystal l¿ttices' A thorougþ review

of the earþ work is the t$o articles written uy stitø(l)' 0f the

nunerousdefectcentresthathavebeenidentified'theF-centrejlla].}€.Ii

halides, which consists of an electron trapped in an anion vacancy' has

attracted parLicular attention because of the si:np1i'city of the structures

of both the defeet and the host lattice'

ltre standerd roethods of creatÍng F - centresl¡n the J"aboratory i"s by

irradiating the ionic crystê1 rrtith x-rays, or heati¡g ít in an excess of

allali vapou¡. þe i-ray frees el-ectrons from the ionic cores i:ri;o the

conductíon band, which are Èhen trapped by the anion vacanciès aLready

present in the l-attice at tenpel€tures hígher lban absolute zero' Application

of allcali vå,pour ceuseÉt alls'li ions Èo adhere to the surface of the

crTstal, Í¡hich then draw halide ions from the ínteríor of the crysta]-'

cre¿tinq anion vacancies to trap electrons' Ttre optical absorlption

bands, l<flol¡-n cornonþ as the F-bands, are invariably bell-shaped and

lie in the visible part of the specirr::n' l'fith increasing tenperatule'

the haLf-w,id¿h of the band is increased' and its peak is shiJted to the
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l-ow enerpy side. The ercission band, trhich is due to the ra¿iativ e trar¡sition

of the excited F-electron to the grou.:rd state, has sj¡¿ilar characieristics,

and. is on the low energr side of the absorption ba¡rd. Ihe shift betvteen

absorption and enússion energies is lcrown as the Stokels Shift.

Fov¡ler and. Dexber\'/ showed thai the coüìnon Einsteinr s coefficients

eoverÂinq the r,arious optical àransition probabíIities of the electrons in

íree ato s do not appþ to e:tcess electrons i¡r a host lattice, such ag

F-cenires. The quali_tative p:Lcture is that the configuration of the host

lattíce ís s ensitive to the state of the excess electron. Aften opti.cal-

er.citation, the l¿ttice around the defect wÍla rel¡x to a nen configuration

in such a uay ths,t the èotal eners¡ of the systern is a rrÌnìm¡¡rn. This is

commonþ i¡nolrm as the Rel¡xed Exciteit State (F¿ES). &n:ission takes place

bettreen the RËS and the €round state for l'&ich the l¿ttj-ce is i¡¡ the sane

confi_gSrotion as in the REs, i-rì acco¡dance r*'ith the Franck-condon Principle.

Fi¡al-ly, the electron goes back to the ground state through a raèLati.onl-ess

t¡ansition. Thus, the grnission enerSr is less then the absorption enersr,

øiviag rìse to the Stskers Shift. Both the energr leve1 diagran and

confisuration co-ordinate diagrarûs are ghovm schomticalþ in fig'I'

1.2. The Optical Tbansitiong and Reorientation Energíes j-n F{- Centres.

Because of the perfect cubic syonetry of the F-centre, the p-ttrpe

excj.ted state is tripþ degeneIaterand accordiag the the Jahn-TelLer Theorem,

this degeneracy is unsàabIe to l¿ttice distortion. one ua¡r of breaking the

sy¡nnetrT is to substitute one of tl¡e eix nearest neigþbour catior¡s of the
o.

F-centre by,^ cation of another species' rn alkari halides, iJ this substituted

irLpurity is another al-lcali ion of srnaller ionic size, then, the centre is

called an F4-centre. The model- of tlris ceDtre in licl:¡la (fCl doped with l,Ia)
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is shol¡tn in fíg. 2. A thorough review on the plysics of F¡-centres is

given in ref. J.

The presence of the fuopurity ion perturbs the F-centre i¡ the

(1OO) direction and as a consequence, the excited state is split into

tt¡o. One is non-degenerate (10O) oriented and the other is doubþ

d.e tenera.t e, oriented perpendicular t'o (100). the absorption pealc is

thus dl-ch¡oic, u'ith the componenù parall-eI to the (100) perLur'oation

ceì-led the F¡1 band, and the other call-ed the F¡2 ba,nd. Howeuer, the

enissi-on peak rernains a single one, shornring that there is no spJ-iíting

of energ-y l-evels in the RES. The absorption specàr'um and enerry level

dia 1rå,ns of the F¡ ce4Ères are shown in fie. 3.

The size of the splttinQ in KCJ.: l'Ia lras treated quantitative\y

ì:y Kojínn, Nishin¡ki arrO fo¡iroa(4), rrho urote the r¡avefi¡nction of the

excess electron as a Linear Cor¡bination of Átonic orbitals (L.C.A.O.)

localized on the six nearesÈ cations, asourai-ng each orbital ùo be a

nril<bure of s and p-type..in the ratio bf 3:l-. After naki¡g cerlaj-n

approlci.Eations on the sLzes of various mat4j:c eJ.ementE of the opectation

values of their model lla.rnaltonian, they found f,hat the perburbation due

to the substii:uted J:npur:ity caused the ground staie energr level- to

drop by a snall- a¡:.ou¡rt. the spLitting of the êxcited state is 0.2J ev.,

which agrees very welJ- with the experi-nental resuJ.t of O.22 ev.

iJI the FA- centres that have been i:rvestigated erçer5-nentalþ..

can be classified inio t¡¡o distinct catagories according to their

e¡rission oroperties which, fron now on,wilJ- 'oe referred to as tJæe I

F¡-centre ( FA(I)) and trpe II FÂ-centre ( ¡'l(fr)).
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1.2.1. TYPe I F¡-Centres

Up to now, there are seven eqleri¡nenialþ }<norun FO centres

that have !¡¡pe I behaviour. they are Kci-:Na(3) , rc"t li(3), Iettutt 
(3) 

,

R¡ct:ita(3), 9¡9",6(5), Rbtsr'K(3), Rbr:É( 5). The e¡rission characteris-

ticeofthese.centresarequiteg.imif4¡tothoseofordilazyF-cent¡es

and are sr.¡rmarlzed below.

(a) Tre sin61e e-rnission band hÊs a ha}f-width si¡-il¿r to that of the F-

centre.InK0l:lfaat].owtenperatule,ítaso,'2Tev.rrithenergr
(6)

peaked at l-.12 ev. lhe half-rddth broadens with temperatu¡e and

rcu,,'jrþ obeys the equation:

#=côth(#) (1.1)

where I¡(T) = half{'Édth at temperature 1

k =Boltaarar¡¡rConstant

))c = effective couPling frequencY

the effective frequency V¿ here is to represent the overall coupJ'i-ng

between the eLcess electron and a]-]- possible lattice vibration

frequencies. In KCI:Na, it j.s found to be around 
'+'7 

xIO P 
"""-1'

(¡) the llfetj¡re of the e:ccited stai;e of F-centre ¡Ías first mea'surec

t?) *,to for¡nd that it is of the order of 10é sec'
by Svanlr and Bronn 

t

This is sur.orisin¡; o¡ the basis that it j-s tlvo orders of nagn:it'ude

I-oager than that predieted by i'íott "t'd 
Go"'tr"y( 

8), *o"" theoretical-

ar{r:.nent ga're the order of IO-t sec' Spinolo ""¿ 
3¡oç'(9) ]å¿t"

nadeifeesurenentontheLifeti¡reofthenEsofFA.centres,and

o'5tained soner,¡hai sr¡a11er values than for the unperturbed F-centres'

(8.3. the lifeti¡ne in KC]. is found to be O'58 x LOá sec' u?ril-e that

in I(C1:Na Ls O.53 x 1O{ sec')
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(c) Spe I F4-centren can be ionized at relai:ive1y high ¿eroperature or

i:y appþi-ng an electric fie1d. In both cases, electrons are excited

into the conduciion band and quantitative me¿surement of the conduction

cu¡rent elucidates the size of the energr gap between the EES a¡rd

the conduciion band, l¡tlich is fou¡d to be arotmd O.f 
"o. 

([) 
The

existence of such an el-ectror:-ic state just bêlow the conduction

band is al.so consisíenì: r'¡ith the presr:med diffuse nÂture of the

electronic ¡ravefunction.

The presence of the substituted cation adJacent to a¡ F-centre reduceg

the $ s¡rrmetry of the defect centre to C4v. trus, the F¡-centres

are sensitive to directions i¡i ¡:rar¡y respects. If the ar<i s of the

centre ( i.e. the direction fron the anion vacarÌcy to the cati-on

inpurity) ls (too), then, the centre is capeble of reorientating

itse:jinto one of the fo-,r¡ directions equivalent to (1oO), correspond-

ing to the nigration of one of the anions at (ffo), (úo), (fof) ana

(fO-f) i.rt" the origlnal vacancy. If the recrientation Ls to occur,

the r¡i írati-n{ anion must ha¡¡e sufficient ener6¡ to overco¡re the

potential barrier on its path and thus the probability of reorientation

is a function of terrperature. Ib-is is found to be so for tire f¿(I)

centres and in fact a-t 1or"¡ t emret:ature t we can Irtri te :

1^ = "1, r.xP.(- e" /+r ) Q.z)

r,¡here nle = effi-cLency of reorientation

En = activation energ¡

\o = e&pirical constant of the o¡der of ld

The reorientation prccess ccmes to satu¡ation \ríLt, 7þlæ 2h af

(a)
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higþ lerrperature ar¡d is frozen out at fow tenperature. ExperÍnentir'J..\y, it

isobser'vedthattheactivationenerg¡6Ri.smuchlrlghertlhentheexcess

electron is in the ground state than r'¡hen it is in the excited state'

( t.Z5 er¡. ar¡d O.O9 ev. respectiveþ in I(C}: Na )

l-.2.2. lvoe II F¡;-Centres

T?rere are four FA-centres that e:rtllbít cor'rplèteþ different 
- 

enj'ssíon

properLl-es fron ihat described above' They are KC1:I¿(3)' RbCl:Lj'(5)'

I$:ïi.(U) an¿ lo:tta(P). IÌre pecu-liar behavíour of thls group of centres

uas first observed by Spinolo 
"r,¿ 

s"olm( 9) ffho ere cam¡rj-ng out elq)eri'ments

to detofltrir¡e the life'i;j:oes of the RJS of KCl:Na, KBr:Na ar¡d K0L:fi' and

reporLedthelattertobeanrj¡terestingand.arrornalouscaser.Tt¡edetails

of the enission properties of FA(II) cenires'a¡e given in ref' 3 ar¡d are

sun¡narized belor'¡.

(a) unlike rA(I) centres, the FA(II) centres show exceptional-ly

Large Stokeis ShiJts ar¡d very rurnrow haü-ulitths of their

øission peaks ( e'e. irr KCJ-: Li, the h¿l-f-r¡idth ls O'O45 ev'

a.¡¡d the energr pealc ís at O ' 46 ev ' ) '

(u) 1?re Lifeti-ne of the RES of K0l:Iirc¿s neasured uy crae'n'(l3) ¡6

be I x 10-8 sec. T?¡ig is about seven ti¡nes shorter tha¡r tl¡at

of an unpertr:rbed F-centre in KCI-' ll¡is is an unexpected

resulù si-nce t'he i-ntroduction of the Li ion lowered the e¡aission

energlr. fronr L.2t+ ev. to 0.46 ev' and accordi'ag to the rel¿tíon :

Az, = +
3

d" ),"



I
. 

l¡here q, = enì ssion ProbabilitY

T = l-if etime of the excited state fronr r'¡hich er¿ris sion

takes place

l,z= frequencY of erLitted energr

r¡e should expect the fifetj¡ne of the RES in KCI:Li to be

(t,ztn/o.lrÐ3 Èl 20 tínes longer than that iin F-centre i^rl Kct'

(") Ex¡rerÍments performed. by Link and Luty(]4) have shown that FA(u)

centres cannot be ionised then'nally or by app\rÍng electric

fie1d. Tl,is is an indication that the RES} of t¡rye fI centres are

separated fron the conduetion band by a relativeþ large enerry

gao, a faet lthich is also consisient r'riì;h the obse¡wation of

large Stokers Shiit. Á-ssuni-ng

\;o, ã -E V ¿xP'(- oe/&'r ) (t'¡)
triLere \ìoa = efficiency of ionization

'L = JJ-r' elLne oI' ttåJ

V = effective coupl5¡g frequeneY

AE = energr gap betueen RES arìd conduci;ion ba¡rd

using neasr:red val-ues for T and y rdth the Íact thair tf iá h is

1-ess than # at tqaperature 200oKrÁF is for:¡d to be a'r' least

O.2l ev., a value r¡rore than tr¡ice as J-arge as it is in the F-or

F¡(I)- centres.

(¿) Reorientation of ihe centrers axis also occurs i¡ ì;ype ÏI centres

after optical excilation. llhereas il t¡pe I centres, the

reo¡ien',,ation efficiency depends on 'r,eÍi!Ðeratlrf'e due to the

fi.rrite potential barrier, ihe ¡eo¡ienta-,,ion effici-ency of F¡( II.)

cen"r,res is conpleteþ Í-ndependent of te.:eperaiure, hei ng O'52+ a5l
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ítt all te pr:ratures. Thrrs, atf tcr optical absorl)tl.ont

t¡re ¿¡nion tras roughLy a JOf. probability of jrrmplng

into the va.cancy whe.r'e the F-ccntre originated.

Since an activation energy of arcuncl O.1 eV. is

required for reorientation to occur in F4(I) centres, the

process is frozcn out at temperature belorv loo0K, rvhereas

ln Flr(II) centres, the reorientation efficiency, being

independent of terrperature, sti11 (ontinues to be roughly

5o1". Thus, measurer ent o{ ttr" temperature dependence of

the reorientation pr'ocess for¡r¡s an rrnambiguous experimental

criterion in distin¡¡rishLng n4(f ) and F.A(ïI) cent?es.
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l-.3. the Saddle Poj:rt Configuration (SPC) of l'4(II) Centres.

Following the òiscovery of the anoroalous properbies of KC1:Li,

fütyG ) pboposed the Saddle Point Confiãuration (spC) mod.el- to explain the

anornality. lhe SPC is such that, in the lattice relaxation followi-ng

optical absozption, one of the four (ttO) anions is drawa into the inters-

titial- position (!r|rO) so that the excess electron sees a tl"¡o-l¡ell

potential r*ith a high barz"ier in the raiddle. (see fie. ,L) The fol-l-owing

¡nechanism for the stabilization of the SPC is proposed by tuty :

Nornalþ, Èhe SPC of the RES Ls not the ¡nini¡nr¡r energr conf,igurati.on

due to the tr-igþ repulsive pot'ential bei''¡esn the Saddle Point (SP) ion ar¡d

the various host ions, and actually, in the F¿(I) and F-centres, this is a

¡na¡ci-nu¡n enerry configwetion, giving i the heÍgbt of t,Ìre potential bamier

in the reorientation process. Thus, j¡¡ order to have reorientati.on to ta.lce

pJace, the anion rnust have sufficient energr to overcone this barrier.

Horrever, as uas pointed out by Guccione and Tosi(l'), the nl:bility of the

anLon acrosg the barrier is a sensitive fr¡nction of the form of the :'.

repuJ-sive potential- used, and thus we eqcect the ir¿purity catioÐ in the

FÂ-centres to play a det'enrj¡l in9 roLe in the fo¡mation of the SPC.

In particullar, since substitu¿ion of a snall i:aptrity uil-l- reduce the

repulsive. energr, tlie SPC should be more f¿rvou¡ed in centres with snal"l sub

titutional impurities ( f.g. fCt:l,i) t¡an in those Ì¿ith larger| ones ( e"g.

KCl:Ifa, KCJ.:Rb).
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Beside the energr economJr eunongst the ione, there is al.so the role

of the excess el-ectron. As was néntioned before, ìl the SPC, the excess

electron sees essentially a twod{ell poteniial }¡hereas in the Vacancy

Configr.rration (VC), it sees a single potential well. Now, the si.rnplest

state for an electron moving ín a silgle potential well are-the 2p and 1s
apfFoxihab.¿4 by

typo of rrravefirnction, r¡Ì¡il-e i¡ a ir¡o-lteLL potenti"al, they are^arrtisysmetnic

and s¡mrnetric conbi¡ration of Is orbitals centred on the well-s. However, in

the aLlcalj- halide låttj.ce, the two-weJJ- potential provides a stronger binding

for an electron i¡r the antisymnetric L.C.4.0. state than does the sÍngIe

weLL potential for a 2p electron. Thus, if the fo¡rûer is lower þing ùr

enerry, rela:catLon frcm the sj:rgIe welJ- potential and 2p electron-ic state

into the tr,¡o-+¡ell potential SPC ÌÉll- result in the loweri-ag of the energr

of the systen. Therefore, ¡.¡hether the SPC lrilL be stabilized depends on

the two conpeting enerry considerations- the positive repulsive energr

arnongst the ions and the negative contribution due to the lower lying

electronic st¿te. In the type I FA-cenùres, the repulsive parL stilJ-

donrinates, and the YC results. However, èhe:potential barrier is lo¡rered

to a l¿rge exuent because of the caricells,tion of the tuo energies, and the

reorientation energr becoroes verx' smal]. (O.O9 ev. j¡r KC1:Na). Iir the type II

F¡-céntresr the snaller eize of the substitutional cation impurity reduces

the repulsive parL of the énergr bal¿nce considerabþ and the overall resu.It

is that the SPC is f ovour.e d energeticaLly.

The ebove øcpLa.nation due üo Liity is qua1itative. ong and vaiJ. (ov)(21)

have car¡ied out a fi:-Ll- scale calculation on the various contributions to

the overall- energetics in the VC a¡rd SPC. They used a point-íon ¡oode1 uith

ion-size co¡rection due to BarLra¡¡., stonehan.na cu,"t 
(29), 

ar¡d l¿ttice
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rel¿xation up to the fourih nearest neighbours a¡e treated seLf-consistently

with the excess electron r¡¡avefunction. l'Jhat they found is different frorL

the picture described by Luty, ín thai the elecùronic potential energr in the

SPC is higher than that in the VC, but the contrÍbution due to the ions i:r

the lattice i.s ¡rore ín favour of the SPG than the VC. the ]-atter, ho¡revert

caraot counterbal¿nce the for¡er and Ìrhat actualþ stabilizes ihe SPC is the

el-ectronic lcinetíc enerry which is lower i¡r the SPC thar¡ in the VC.

lhe p?grsicaì- intrepretation that can cone 'ith t'he rosult of this

cal-cul-ation is tlrat, although a trùo-well- potential- provides a tight biniLing

for an antis¡nøaetric L.C.4.0. r,ravefirnction, the depth of both ¡¡s]'l s is shall-or¡er

thaa the single r,rell Í.n the VC, itue to the presence of the SP ion. Thus,

the electronic potential energr in the SPC is higþer. As fa¡ a's the lattice

energ'y is concerned, if the various ions in the nelghboalr-

trood of the defect aFe a]-lowed to ref.axed s eLf-c ons is tently

rvj- ttr the excess electron wavefunction, the SPc is actuaLly

a l-ower enereîy config'uration relatlve to the VC. On the

ottrer hand, the kinetic energy of the excess el-ectron in

the SPC is considerabJ-1' lower than thât in t.he VC due to

j.ts rnore diffused wavefunction. This, tog:ether rtith the

lorùel. lattlce energ'y, counterbaLances th.e hí8h electronic

potential energ'y and stabilizêS the SPC in KC1 :Li.

Thus, we See that the argaùnents of Lüty and OV

for ttre stat¡itization of ttre SPC are ba-eed on different

mechaniscls. lfe cannot claim with certainty which one has

a ¡nore reliab].e ínsight, since tlae for¡ne!" s reasonlng is

str.retìy intuitiver wh1le the latterrs calculations are

based on a specífic model . Butr Lütyrs reasoning is

s eerl to fail in the context of OVrs model.
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Quantitativeþ, tütyo ) has íntroduced the concept of f¡risfit paranetert
to ex.oJ-a,Ín the occurrencq of F4(II) centres. I?re ¡lLisfi-t paraneter is a

function of the host LaL1..Lce spacing and ionic radii. lhis wilL be

described in s ection 5.1.

Becaus e elec',,ric dipole transition requires the j¡ritial and

final el-eclronic states to be of opposite parity, and the Franclt-Condon

Principl_e requires that the sa¡tre lattice configuration occu¡s before and

after the transition, we shoul"d ecpect the fi:ral- el-ecironic siate of the

SPC ernission to be a s¡rurcetric cor¡bination of oriritals centred on the

tuo l,¡e]-ls. lfow, a tuo-welJ- potential- can onl-lr bi¡rd. a wavefunction r¡ade

up of s¡nnmetric cornbi¡ation of orbitals rather looseþr arrd a s5lgle weLL

poten'r,ial provides a rela,tiveþ deeper bi-nding for a 1s wavefunction,

therefore, the saddle-point gror-rnd state becones w¡sÈable and eventualþ

rel¡*.ces to the VC growtd state.

As inùicated. above, ani.ssion in F4(II) centres is between

antisyrnetric and s¡rnmetric two-lobed r'¡avefunction in the SPC, because

these tlnro states overlapped r¡ith each other rnore strongþ than the 1õ ar¡d

2p states. rhe higher transLtíon probabilLty aad shorter lifetime tha¿

for the type I centres can readi\r be understood since :

At* =
I

T{,'n

$here Akn = transition proba'þility

A&n = lifeti.¡oe of state frorn which t¡:ansition takes place

Y+l : initiaL and final electroni'c ¡¡avefunction

The SP ion retreats back to one of the tldo vacancy sites to

restore the ordirrary vacancy configirationr end the one to uhioh it I¡[i1I

go is essentiafÀy i.andon. Thus, we shorl-ld erc-oect tbe reorientaùion

4 f*of \P^a'Ê
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efficiency to be e*actþ 50ß and. that it should be corrpleteþ temperature

independent. IÌris ís i-n çgreement rçith ercperinents.

l.l¿. Apolication to Infra-Red Laser.

T?re optical processes of F-centres in all<ali hatides fom ê

four-1evel systern which is appropri-ato for l-aser action, but the broadneSs

of thej-r er¡ission bands ( typicalþ o.f the order of 0.2 ev. ) have

prevented th@ froüû beìrrg of argr practical value. The type TI FScentres,

because of the ver¡r nar¡ow half-rqidth and short liJetj:ne, hoÌrever, is a

prcrrising l¿ser medirln. I¿ser action in KCl:Li uas first reported by

Fritz and u"o¡"(16), w1¡o obs erved. l¿ser enissio n al 2.7 /,4 (a¿0.46 ev. )

after purnping a crTstaL containing 1016 F¡-centres per c.c. rrith lntensive

fl¿shes ot 2O-5O j oules of IO - 20 l. sec. duration. Followi.ng Fritz and

Ilenke, trIollenauer and 0l-son\tti 
"Í"ru 

recently successful- j-n building a

continous uave Jaser, operating on the sa¡se principÌe, arrd turÌêbIe over

the ranse ot 2.6¿.8 þm. ltreir crysta]. contaj.ns 1-€ x 1017 F¡-centres per

c.c. at ??'K, for ari output of lrU at 2.7 |n^ A 3OO n¡f pr¡npirlg i.nput is

reguired, the th¡eshold for the laser action betng 50 nff.

Iasers in the inf¡ared and nea¡ ínfrared region car¡ hêve a

variety of practical advantages, especialþ in the field of molecu.l¡r

spectroscopy, me F¡(II) centres, beside providing the appropriate er.ission,

ca¡r be obtai¡red relativeþ inerçensiveþ and thus fas ers based on such a

¡nedfu¡m can be nanufacti¡red econon^icalJ¡r. One disadva¡rtage is that the

operating temperature has to be rather loIf ( ??'f ). Âlthough ¡Íollenauer

and olson also reported that the sa.¡re laser can be nade to operate up to

a tenrperature of 2OO"K, the tirreshold purping por+er had to be tripJ.ed

and the aci:uaI puping power Ís considerably higher than that at Lo¡ü tenp-

eratr¡re. The r:raj or difficulty that prevents higþ tenperature operation
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is that the]'rnal agitation causes lealça8e through the conduction bbJrd ard

thw depopulate the RES to a polnt u?rere popul-ation i-nversion cannot be

naintained. In view of this, therefore, it is of both theoretical a¡rd

practical interest to iavestigate the fol-lowj¡¡g questions :

(") of al-L the xnowr F¡(II) centres, which one has the Jargest energ¡ gap

between the ABS and. conduction band? Tl¡at ls, vth:ich one is most

stabl-e thenna$r to enabJ-e operaiion with relativeþ low power and

higþ temperatur e?

(¡) Are there occited states between the first IES and the conduction ba¡rd?

(c) Beside the foux F4-centres uhich are ls¡o¡rn to have type II behaviours,

are there other u¡rdiscovered ones l¿hich hêve the sa¡re ernissíon char-

acteristics ?

(¿) What are the emission energies of Èhese u¡rdiscovered type II centres ?

To ênswer the fi¡st question tre need to lqror'¡ ihe position of the

conduction band rel¿tive to the RES of the *cess electron' No eqrerj:ne¡rtal

wo¡k had been done so far to give a conclwive a¡rswer. Furthen'lore, although,

for the unperturbed F-centres, sufficient evidence has been gathered to

indicatÊ the existence of higher excited states beyond the first one,

si_niLar to those of the hydrogen atcûo., no serÍous effort had been direeted

on the sa¡ne l-ine for the FA(II) centres. lhese topico by thenselves deserve

thorough investigation and we rrake no atteqDt to tackle then in the present

project. l{e are here concerned with the l¡,s! two quest'ions, f,or uhich l¡e

try to sj-@tâte ihe emission process by a molecuJ-ar nodel j-unersed in

a dielectric medi¡m a¡rd the SPC êñi ssion energies åre aalcuJ-¿ùed, without

regard to $hether the SPC is actiralþ stabilized energeticalþ.

lfith the four al]cali cations ( Li, Na, K, nb )'a¡d four halogen
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anions ( F, C1-, Br, I ) we can construct d8 different crystals fron the

different conbi-n¿tionE of the various host cationg, ar¡d anions and impurity

cations. DÍscounting i.lne 24 in which the 5.npurity cation is J.arger tha.n

the host cations, we are left with 24 F4-centres, of l¡hich nost wiJJ- IÌJreJy

have type I behaviours, ar¡d sone have type II. Ia princ!.ple, the 5P

er¡:-íssion energies. of al-I these 24 crTstal-s can be calcuLated fui the frame-

r¡ork of our mode1, but those for rdrich the SP is not stabiLized r¡ould not be

of i-¡nneùiate interesü. In the course of our work, .houever, rre shall see

that we are J-ed futo a fairly tenptfng criterion to identify unòiscovered

F¡(II) centres, and their emission energ'íes u'ilL be worked out.

i. corrplete lLst of F¡-centres that have type II e'nì ssion character-

istics and their enission energies is of practical i.nterest in the develop-

ment of i¡frared lasers, as thi.g can exLend the range through which the

laser can -be tuned by selecting the appropriate meùir.rm. ÎÌre folJorci:rg

calcul¿tíons are ari attempt to t¿ck1e this problem.
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CFAPER 2

THE i,rorEcuraB I':O.ÐEL IOR ITIE U'IISS]oN

PROCBSS OF FA(rr) ærITrES.

Iledílgl.

ltre optical. absorption of Fr+ centres, uhich consist of an electron

trapped :¡r a (UO) anion vacanrcy pai.r, was fi¡st treated by Herinan, lrrb'l I i s

ârld 1,tra','r.i 6 
(16) theoreticaLly as a H2+ ion i.rutersed in a dielectric continuum'

gr" %* iöù¡ is nade up of an eì.ectron novi:rg in the field of two positive

charged nuclei separated at an equilibriura dista¡rce ' Thr:s, each azrion

vacancy is si¡nul¿ted as a positive poirrt charge and thê l¿ttice as a

dielectricmedir¡rcharacterizedbytheopticalfrequencydl.electricco¡starrt

of the crystal. Tt¡e cal.cuJ¿'vion was greatly simplified because the varlous

energr J-eve1s of the þ+ ion 3e¡ a J-arge range of i¡rter<rucLear separation

$as already well tabul¿ted by Bates, Ledsham arld stenad(I9) ' Ïre

calcul¿têd enission energl, abs orption coeffícient and oscill¿tor strength

i¡¡ KCl based on lihis nodel 4re in ver¡r good agreanent rnith sçerj¡ents.

Folì-ou'5ng the success of the above authors, Àegerter arld. Iüty(2O) '

r,rhile stil-l using the same node1, Ínproved the ealcuJ'ation by a1J-ou'ing art

effective dielectric constant i:: the place of the high frequency dielectric

constant of the crystal, and a,n effective two-r+ell s eparation 5¡ the pJace

of simpþ the nearest neighbour distance between two anrions used by the

e¿r]-ier authors. Further, by assr:ruing the effective diel-ec'"ric constant

and the effective t¡¡o-.well s eparation to be rel¿lted to t.he two rrni¡odifir:d

crTstalpara,netersbycorrstarrtstrlli-chareirrdependentofthehostJattice,
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they uere able to obtain transition onergies in close agreement with

e¡lperi¡rental resulls for the six crystals that had been i:rvestigated then,

and predicted those tha'r, bad not.

Tt¡e RES of F" (II) centres di-ffe¡ fro¡n tfre f2+ ce¿tres in that there
]l

is the SP a¡-ion situated in between the (]-1O) a,nion vacancy paÍr. In view

of the success of the cal-cul¿tions on the Fa+ centres, it is suggested ìn

ref. 12 to appþ si:¡l-l¡r treaùnent to the F¿(II) eniesion prôcess using a'

moLecul¡r model consistiryof an el-ectron noving i¡ the fi.eld of trro positive

char8es and a negative one situated nridr,ray along the lj¡¡e j oinÍ¡g them. For

reåsons to be clani_fied in the nocb sectÍ"on, the charge of the negative ion

in the niddle is necessarily different frour rmity.

lüeglecting ion-ion ilteraction, rre can calculste the energr J-evels

of the electron moving in the polential of these three ions as a function

of the interionic separation.. Then, Ì¡e nal<e appropriate ¡rodification to

incorporate the effeci of the dielectri-c ¡aedirmr j¡lto ulrich the molecule

is supposed to be imprsed.

2.2. Effective GharEe Z Of Ttre Saddle Poj+t An-ion.

So far i¡r the discussion on the HEÍi of type II Fgcentres, we have

neglected the rel¡¡ration of the l¿ttíce aror:nd the SP ion. Ihe presence of

of ì:he SP ion and the vacancy pair rrouJ-d cêuse the ions in the i-rsnedLate

enviror¡¡rent to shift fro,n theil perfect l-attice equilibri-un positions.

Because of the presence of the impurity cation, the ionic dispJacernents lri1l

not be s¡nnnetrical about ti¡e (ffO) a-'clsrand consequeatly the SP ion itsetf

aJso displaced.

L ri-gorous treatnent of tne lattice rel¡.xation would j¡rvolve a

sel.J-consistent energr nÍlin.ization bet¡¡¡een i:he sei of ioaic displ:,canie.nts

a^nd the occess electron lravefulction. 11És has been done, for -,,he ceses of

l-s
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of, KCl:Li and l(Cl:¡,tra, by Ong and V"i1(21). Such sophistication, however, is

not required ín our contecL. Befert'ing to fig. 5, the above authêrs had sholor

that it is energetical-ly favou¡able for the various ions to renain in the

y-z plane. For the three iÕns that we are considerÍ¡g, the displacments

along the z+-xis are taken to be zero. lfe rvi1l generalize this conclusion
!

to :ì11 F4-centres fcr the T)urpose of our calculation.
The d:ispl-acanent of SP ion along the y-direction means th¿t the

¡¡o1ecu].e. we are i¡rterested in is not a li¡ear one but the central anion is

off-centred by an a,raormt d1 to be deterrni¡red. calculatSng the electronic

energr levels of such a bent molecuLe r,¡ould irwolve a l-ot of tedious Sntegrals

ntrich are òiffi,-cult Èo eva}rate. Íhus, øe choose a¡r alternative approach by

asserti.]lg thai our model ¡nolecule ís stíl-L li¡rea¡r but now the central- arrion

wilL be carrTing an effective charge of, -Ze. The value or z íe deüe¡rnined

in such a lfar that the potential seen at the vacancy site due to. tJ¡e three

displaced ions would be the sane as that due tc the unèispìa,ced ions but

with the central anion carrying a charg! of 'Ze. Iå ís easy to derive the

equation connecting z a.nai thë set of di-sp1acæ.ents, r,¡ith the various synbols

as shonn in fig. 5. The potenti¿i at the vacancy site due t'o the three

undisplaced ions is given bY :

v(z) =+( z-Jã u )

rt'r¡ere a = l¡,ttice para.neter

e = el-ectronic charge

he potential due to the diopJaeed ions are given by :
z .'Yz

V(¿,,dz,dr)= ål-tå.+)

(z't)

4>-Yz*(r*n+."+!terÙLr-1r(t-"fãot.r\r-!.
Ov 4' 4
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t^bitinq d1, d2, d, in uaits of l¿ttice parameters,

we obtain :

v(dr,d2, ur)= * [-a,+zaf )-h*(z-zpa,^*zo2jr'

+(zo zf.dz*zal)-% ( e,z)
)

= iga ( -, * Dz+ Ð3)A' \ r 4 r'

vrhere D, =(r+zar2)*
Dz =forr+(F-az )'J+
D^ =F^2 +1[î+ar r,] -"'-3 -L"¡'\'¿'q3'J

and the des are in units of lattic e paraæeler.

For V (Z) = V (ar, dr, ar), rre get :

(z-pz) = tT t -r, + r, + n3 )

z =-;p+:rr-Ðz-D3 (z.S)
lle are going to evaluate the dts for i;he various erystals and

dopings ín chapter ). Then we wiLL nake use of equati on (2.3) to calculate

th: effecbive charge of the SP ion.

2.3- +þ emp-l-Íical schejLe f-or SFg-j$aj.igq-.the-e+i€sign*egerpåes oL-a11.cotential

type ïf !'¿-centres fron the molecuJ,ar nodel

the Schrodinger eqiration for our molecr:_le in space can be r¡-¡i-r,ten

a3: v'W *(å+3- ' 27' )V" E'CR,z)V=6 (z'+)qvv.,
i"rhere \P = electronic -r¡avefu¡ciion

ra, T,o, r = distance of electron from the iwo positive ions at

sites A and. B and the cent¡al aaion respectiveþdsee fíg. 6)



21
R = separation between the tr¿o positíve ions.

gt (RrZ ) = free space electronic energr as a function of R and Z'

.å.1J- lengths in equation (Z.lo) are measu¡ed in rurits of Boh¡ radii ao

and energr measured in $rrCbergs.

l ao = t'h¿ : o.5ze o (z.s)
1 Rydberg = 'hoo = 13.605 ev.

and f is the Pl¿nckt s consta,nt òivided by 2.r and m and e are the electronic

mass and charge respectiveþ.

If the same molecule is i¡uers ed i¡to a òielectric ¡neòir::n characterized

by dielectric constant kor the correspondi-ng Schroèinger equation will t'alce

ihe f orn :

vnv * ä.(+- i' å lv * e(ta ,&o,7)'P =o (z'6)

where r"5 = effective separation between the posítive charges inside

the diel-ectric medir.æ.

E( r"5rko¡Z ) = electronic energr insj-de diel-ectric medit¡m.

It is shovra in ,\ppenclix 3 that equations (2.4) ancl (2.6)
become equivalent if Lte make the fol].olting scalings:

r^u = k_R4u ' - -', (e'l )n( r"r,ru*z ¡ = ¡o-anr(R,z)

Tlith equation (2.?) altor,ci¡rg us to convert the energ¡ and separation freeþ

fron free space to dielectríc mediun, the follou'ing approach was suggested

by Vail, by analogr with the approach of Aegerter and Lüty(zo) for the

rr+ c"ntre.

AssrxLing for the no¡¡ent that the enerry curves of the grouad and

first e:<cíted states of our þpothetical moJ.ecul.e i¡r free space ( El vs. R )

are napped. out, choose a fo(ff) centre uhose qnission energr E is lcrom

experimentþ, fit the quantity ko2n ( lrhictr is equal t,o El(R) from equation

(z.Z)) :¡¡to the energr eurves to detemi-ne R. Then, r.5 = koB dete¡ni¡res
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a¡ effective tlvo-welL separation of '"he centre j¡r the l¿ttÍce. By ].etti-ng

rab = "F " (z,g)
we deterrlines a constant c vlhich rel¿tes the effective tûo-rúeJ-l separation

a¡d the actual- separatíon bet¡¡een the vacancy pair'in the defect, ce¡rtre.

The value of c is characteristic of the particular centre conce¡ned

and thus can be thought of as a function of Z :

c: r (z) (2.1)
So far, thef¿ are four type ïI centres whose emission energies are iqlorú¡¡.

Tlrese give four pairs of (crZ) values fro¡n nhìch the fo¡n of f Jn equation

(2.9) can hopeful-\y be deduced empiricalþ. $:is r{il[ be discussed. again in
Chapter f. ÍIe wiIL proceed he¡e as if c is a lmoun fr¡nction of Z.

For a nelrr clîrstal ¡rith ner¡ parameters 4 V, É", { lce first dete¡.nine.

t by equatÍon (Z.g) and then its effective tr¡o-wel-l- separation ?"0 by

eqnation {Z.t). í"o/í" then deternjmes ian¿ fron the energr curees úre

4 ¡,4. ry _õ
can ¡ead out Er(BrZ). Àccordi.ng to equation (2.?), ¿ividir¡g Ét uy 

-4¿ gives

E(r.¡rlio)¡ the e'nì ssion energr of tfre f¡(II) centre in the new oryetal.

Il¡e above theor.¡r has the disadvantage that iü contai¡rs no criterioa

to judge ulrether . SPC in a given F¡-centre is stabilized

- ii sinpþ calculates the en¡.ission energies sf ell g4-ssn¿res as j-f they

are all type II. &rus, a suppleraentary criterion ùo give a guideline as to

rhÍch F4-centres a,¡e Jikeþ to be type II would be desirable. lle shall see

later that this can actualJy be accornplished by exaninirrg the values of Z.
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CHÀP'¡ìR 3

GROUÌ'TD AIID FIRST ÐtgI3T! STAES EÌ{FÀGIES

OF qÐ HrPgrmTltct]. USLECULE- 
-*A{âIALYIICAL

RESIJLTS.

3.1. 1?re Variationerl rigthod*

lfe rer,mite equation (2.4) for the Halraltonian of our mol-ecul-e, wilh the

nearri-rÌg of ùhe various synbols as sholln il fig. 6.

v'V + (+- ** .-+-)\P = EVäq,F-+ *+ #¡zra = ¡+ï/2 (:.t)À,r[ = f 'tu/z

": = t2a¡2/4+rncose

,-2 = ,2 + */+ -rncose-b

and ê is the polar angle.measured f¡on the z-axlo.

To sol-ve equation ß.f) go¡rra:fy for the eigenvector V ..td eigenvaÌue Ê

rqould be a fortidable task. We therefore take the variational approach. À

concise review of the va¡iational nethod ca¡ be found in ref. 2J.

To solve the expectation value of a certâìn ltanaltonian S by the

variational method, we ess entialþ start by r¡aking an jrrte'l'l i gent guess on

the fonn of the r¡avefi¡action $ and. nake it to be function of so¡ne va¡'ialional

param.eters t1 ......... Crr). frren r¡e calcul-ate the quanüii;y :

E(or,...,o(o) = (3'2)

and we rnininize this quantity rr.r.t. the l,¡hole set of variational parameters.

this is equival.ent to solv:ing the set of si¡rulianeous equations:
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e E ("(, .... . ol- )
ào¿;

ë

j = trZr. . . . r..¡rì

=o

On substituting tho values of the o(!, baek to equation (3.2), we get the

opti.nized value for the energr E.

The reliability of the calcul¿ted result depends cri.ùical.J-y on

the forvn oÍ the trial wavefrmction ( *¡f ) that we choose to sta¡t ¡'rith.

The e:<act eigenvalue to the original Ila¡nalto¡¡-ian can be reproduced if

the tv¡f corresponds ocactþ to the true eigenvector. Deviation of the

tu"f from the correct one causes the calcul¿ted. enerðr to takeffrigirer

vaiue.

?.2. the Iþial T{avefunctiôn

In treati:rgfone-electron moleculan: problem, the L.C.A.O. fo¡rr

of tl¡f is usualþ adopted and has proved to be saüisfactory in rna^rgr cases.

ft is especialþ suitabJ.e for problens ui'¡en the overlap of the electronic

w¿vefunction betrveen nei.ghbourS:rg centres is srnall. stater(æ) r¡as

calcu-l¿ted the ground state enerry oiþ ,oo usÌ.:og twf of L.C.Â.O. of

t'uo 1s þdrogenic orbitals centred on each positive charge. ( tt" g+ i"o
consists of an electron moving j¡r the field of trm positive charges. )

The results he obtained agreed ve4¡ well- u:ith the exact c¿lcul-at5.ons

by Bates .t .t(f9). I:a view og ¿¡s sìmi lÂr.ity betueen ttte Ul probl@ and the

present one, it seerqed reasonable for us to ly¡ite dom the ground and

first erccíted states twf in the s¿une wer:

Y. = * C t--n"" .r. .-"? )t I *, (s.s)

\J, =tr)¿ +(o-oo - o-*t*)
'lN-
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'where Yl ,u - ground and fi:rst excited states tlrf

Når* = no¡malization constants

ô¿ = variational Para'meters

However, closer eca.nination revealed that equation (3.3) ltiúch is L.0.4.0.

Õf two S1aler orbitals coul'd be unsatisfactory in trro respects :

(") For the even parity ground state, l'¡e r'¡oul-d e¡cpect the amplitude of

r¡avefunction at the vacinity of the arrion to be very srû¿ll- since

cou-lonrb interaction betr¡een the electron a.nd irhe ar¡ion is repulsive.

The onþ wayY.of eqiration 0ô) ."r, accourplish this is to have verxr
6

localized orbitaLs centred on the tr¡o positive j-onic sites. the

requireraent, of localj-zation rnay p1:,ce Ìümecess:tr]r constra'int' to the

energetics of the systan, since l-ocalization is usr¡auy acconparried

¡rith i¡rcrease in ki¡letic elergr.

(¡) As the s eparation between the ions approach zero, lfe would ocpect

our ¡rclecuJ.e to become a þdrogen aio¡c if Z = 1. Thr:s, iù is

reason¿b1e to require ¿¡at Vt anO Y¿¿ shouta go to the l-s and 2p

lgrdrogenic orbitals i¡¡ this 1j¡it. I:r equation (2.ÐrYt does go over

to the ls orbital as B goes to zero, but it is obvious that V.¿
Ãdt

would.ob econe the 2p state.
objection!

To overcone theier,rwe i¡troduce a third orbital to our trrf,

centred on the anion in both the ground a¡rd eccited states :

\rq =+(*-*t" +t-*le *c¡-"n)
/ lNå

t - (r-4?' - .-n" + c¿.r ,o,âè z' )y* =FL

(3.4)

and G are variational parãneters.

ltre presence of the thj¡d orbital 7un'
' V¡ to help
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reduce the v¡avefunction arnplitude arol:rrd the a¡lion ' 'The value of CB þ¡oui¿ irave

to turn out to be negative. The ter:n corcosee-4 r itt t'l- is the 2p

hydrogen orbital weighte¿ by the factor Crr' rts presence assures the correct

behlviow of the tl¡'f in the Lirnit of s¡¡al-I ionic separation'

Itisnotabsoluteþcorrecttoassumea]l-thethreeorbitalsto

have the same localjzation ( i.e' sa¡ne value of Q( )' The localizatíon

ofthecentra]-orbitäIisactiralþdíffererri;fromtheolhertwo.-I'lehave

mad.e such approxi.rnation i:l order to reduce the conplerity of the conputation'

?.?. .444¡rticg;1 Res.uft-s.

lhe ground' and excited' state energies, E* and \ respectively'

are the ocpectation vaLues of the lla¡naltoni*t JS 6ioto:'n equat'ion (3'1)

r¡ith r.¡avefunctÍons given in eqìr¿tion (3.4) ' Tl'*,

E¿(o,R,Cr,Z) _1Yel J+lVt)
aYl lv¡>.

<Y*l þlY">
E-(or,Rrc*,Z) = <1p.. I Lp" )
the calcul¿tions leading to the final- results of Eø ar¡d \ involve

very messy aþebra, and in the cor'¡rs e of r'rhich, n:arqr tr+o- a¡rd three- cen¿?e

M"sf ¿Ç

intepgats are come across. '..:. {he two-centre i-ntegrals can be.evalu.ated

inc]-osedforr:¡j¡reithersphericalorspheroida]-co-ordinates.Tlreth¡ee-

centre irrtegrals, hotuever, carmot be obtained i-n cl-osed form a¡rd have to be

solved nrrteri-ca$r.

lrle mereþ present the final analybic forxa of E" a:rd fu here:
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Er(n,Q,cr,z) =t l*[,**-nR 
( r+*ß-fl

*irr.-"R/' (t**-s.$l.SJ
- #t,* *. - z-ZnR c,* * ¡n 2.tc.(t+*!

-#(t-z)z-nRrzcr*$)
- t C, I, (a,R) + 4Z Is (o<,ßJ

+ -þ: <z-cilIr-
2r.c! 2TJ

,4ND

,-*t c t*ltlJ
(t.r¡

(l+*,?"$¡

o(¿Rt+-, I
t2 .'

G.G)

2zr
= o(, It -.¿'1

+ 2C.t
C

sl-u
r 

--

2

+2

-<alz 
,

I

t*lR
2
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E*(",R,c*,2)= 
" l*f-o-n* (r*<--#t

- ACn ("r.' ¿? +z) Tu|et.,R)

+ ry*.-oR/a(t*ï _#),.$'
#[," * - .''no <, * fr. ) _ 2r-*^( r+<n{

+ 4c* R r, (a.* ) _ {r*rU_ r-"n/" (, * +)
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3.1¿. The lj:¡its as_igte:rionic aeÐaratlon R goes to zero and infinity.

3.¿.1. R:-Ð0

As our þpothetical molecuLe consists of an eLectron rnoving in the

field of two cation and one anion, re wouJ-d oçect that as the i.nteríonic

separation goes to zero, the mol-ecuLo u:iLL be reduced to a h¡nirogen aton if

Z = l. fn thig section, ue wa¡t to derive the energiea of the ground and

first excited state in the li¡n"it of R -) O, and shoi,t thaù by putting Z = It

the energr expressj.ons (3.5) and (3.?) t{i1l give the appropriate energies

of lgrdrogen aton. 1l¡is will- serve the purpose of checking the correctness

of the energr equations, which is desirable since the derivation leading to

the lêtter j.nvolved courpllcated algebra fron which analyLical errors are

Iikeþ to arise.

(a) Grouryl state

I{e want of l-ook at:

åTo E"( ot ,R,c",z) = å3oL u*"a o(,R,cs,z)/NJ

where Errr( d, ,B.rC C,Z) is identical lrÍth equation (3.5) apa¡t fron the

norrnali zati on factor Ng.

It is easy to see froro equation (3.6) tirat :

l:.' Na -(1 /at)(++4c+&)R+o è' \
To ev¿luate E,"lt iJr the limit of R, goes to zero, we fi-rst note that:

Ho 11( o( ,R) = T/at
rin Ic( ot .n) = 0
Ê¡o
H" 13(o<,8) = o

Iijtr Ir.( ¿.n) = o
R+o
]jjn I<( e,R) : 'lr/ez
R{o

(¡.ç)

(¡.¿o)

lhe various j-ndetendnate tenns arising fron equation (3.5) in this
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l-inÉt can be worked out easj-hr by HopÍtall s Rule. Ttre resul-ts are asifollo"vs:

¡ 4r z-zn0 4r r 8r
R..; \ â¿¡R a¿lR I az

li,.¡lr¡cî-z-'<a - s-r9)= -ry
¡-ro \ ottR otlR I

llith these, we cant urite down the value of B*lt j-r¡ '1,þi3 lirnil¡

âEe
ð¿

li ¡a
R+o

( 3.tt )

(e. r e)

(3.r¡)

ft$e*"{ 
æ,R,cu,z) = } U, + +%+ Ê¡ * 4 çz - Ð($+ L%+ h)

Then,

ltu Ë"( C ,R,C.,Z) = Ii¡r (n-tr7¡.¡ = o¿1+ zq (Z - 2)
R+ô R+¿ ö è

Equation (3.I-) eives the ground state energy at B = 0 as a function of d

and Z. For a given value of Z, àtre stable configuraüon Ís of minimu¡n

enerry, which r¿e obtain by ninimiz!:rg (3.1t) r.¡.r.t. O( :

=ê =eo+f -z
o\o(z) : z.; z

Substituting this into equation ß.ff), we have

lin E-(z) = -Y.? + ttz - tn

It+. o

lfe see fror¿ equation (3.Ú) that íf Z = It Eg = -1 Rydberg and o(o = 1,

This corresponds to a free hydrogen aton, as it should be. lt Z - 2t

Co:0 and E" = o which corcesponds to a completely dislocalized eleetron

seeing no potential. r,his is agai-n consistent with i;he physical structure

of the model.

(b) Fi¡st occited state.

Inspecting equation (3.6) and using equation (3.f0)r we eet

:ljim Ìüu = -r<l/¿' (s't+¡
the vafue of ! in the l'init of R -¡ O ca¡ be found by wÌ-ng lrHopitalts ruLe

after e!çpandjJ¡g the expoaents in power series. Tllis has worked out to be:
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lim (
R+o 5

1t-
3---

2¿+
Agail, uriting Eu = Ur/Nu !¡here Eurr is the sane as \ aparb

the Norr¡alization factor Nu, we can show that :

fl E- Cd, R. c*,2) = ï+ - J{P

li f* (or,R,c,.,? )
(r.rs)

Co disappears fron the final oçression and' the energr j¡¡ this lìnìt

i.sonþafunctionofCforagivenvalueofZ'l'ti:rì:aizingtheenergr
e:cpressíon w.r.t. d , $e have :

r¡,n@=o=2,e,-À+L
R+o ?ot
dQL) =-t + z/2 (¡'I g )
r-i¡, ¡,,(z) : -(-z + z )2/tr (3'tr)
R+c *
FJt:, = 1, equatton (3.13) sivesco: å, and (3.V) e¡tt"" Eo:4

ffiberg. Tl¡ese are ercactþ the localization a¡rd energy respectivel*y

of the 2p state of t.tre trydroeen atom'

a.¿.2. n -+oô

T{e noru j:rvestigate the cotlvergence of the energ¡ equati'ons

at the other ecctrerae, i.e., wiren the i:rterionlc separati'on becones

inJinite. Intuitiveþ, r'¡e would e*.pecl the elect'ron to localize:

on either one of the posiùive iorls at t€ r¿Lth equal probability, the

central a¡rion should have no effeci; on the energr of the systan at

alL i¡r this linit. Thus, we should find C€rrt 0 as R ¿ rê,

li,' / E"1 \n'" \iÇ /
orr - <N-z)a
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and that our energy equations (3.¡) 
""t¿ 

(3.7) should both give -I þdberg

wt¡-ich is the 6ror:nd state hydrogen aton ener8]r. Fr:rther, both O( and E*, r¡

should not be a function of Z ín this U¡rit.

(a) Ground state.
't"Ie first noi;e that

Ii,o Nø = {tz*&¡
ß+6 o *'

ffi, "-" =ftþ<tzc; - e) + or¡ {c*2 + z{

r:- . _ 2n<2.î-2) * ""Crâ*r)lrrh ,-^ = 

-

te,+.o Et - err + 2

þ = (c+?a)cï * Na''2 =o

Eçation (3.f9) is a firnction oî Cg, 4 t Z. t{e first nrinj.¡n-ize the energr

û.r.-r,. the rrarlables O( and Cgr assünil€ Z lo be a. fixed constant.

(r.te)

(3.rc )

( 3.2ø)?E? = ?o¿c.CZ+t)òc, Í =ê

The values of o( and C, that sotve (3.19) and (3.2O) si.nultaneousþ

are:

(i) ot :l- ; ce=o
(l.i)o¿ =o ¡ ce=F

lhe fi¡st solui:ion indicates bindilg of the eleci:ron to either

of the posii:ive ions at toÒ and there is no ¡¡ave ampli'bude at the origin.

Substituting o( = 1 and C,, = O into (3.18) yÍelds an energr of -1 Rydberg,

as e¡çpected.

The second solution is one oî a free el-ectæon inùicating a state

i-n r,¡trich there is no binding at all-. Substituti-ng O( = 0 and Cg :lft

into (3.1-8) yield.s zero eners/-. ThLo solutíon, arisiq ineritabþ tbrough
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the quadratic form of ihe equations .- , is not

inconsistent with the physics of our model, for the ions now are infiniteþ

apart and the Coul-ornt' energr between tl^¡o charged particles of i¡finite
thereÇore

separation is ze¡o. It,.becómes possible for the electron t'o see the

ions sitr:ato¡ at infiniiy and therefore feel no effect of then.

Houever, sÕlution (i) gives a l-ower enerð¡ and should be taken to reore-

senÈ the pþeical situation.

The fi¡¡¿l. energr does not depend on Z, a's Long as Z rernain

intrinsica$r posilive. he situation chalges, hoï¡eve!', lrhen Z¡( -1

( Z = -L corresponds to replacing the central anion with a cation, the

three ionic centres then beconin¡ equivaJ.ent). At Z = -1¡ equation (3.1S)

becomes independeni of C, and lþs ninirîì¿sd enerry 5.s ¡gai¡ -l Ryd'oerg.

Ptrysicalþ, this corresponds io the situatioo rthen the electron is eq:a\y

Iikely to locaU.ze on one of the th¡ee ionic celtres.

Iù ca¡r also be sho¡'¡n tb¿t at Z : -2(doubly positiveþ charged

cer¡tral ion), the electron would Localize on the central ion uith

at = 2,, Ee : 4 Ardberg and C* = oð . The systero becomes a Hei ion.

(¡) r:-rst e¡<cited state

Si:irilarþ, we can show that

fî* E.(x'R,c*, z) = (r'z¡

Ifinimizi-ng w.r.t. C and cu

.À t-oJ* = go¿t - g*+ * ?cj"ct - zef,a' ( ? +G)
ão¿

+ 2cla + c: ?. = o (s..Ð



ãE..
?Cn

4c-n' (Z + z) = o

4o

(3.23)

Soking for o( and C' simultaneousþ, rte get two solutions, one of

r,rhich corresponds to the \ydrogen aton ground state a¡rd the other a

free electron.

(i) o¿ =1; C'r=0i \=-r-þdberg
(ii) ê( =oi %:o¡ Eu:o

These can also be intrepreted by i;he reasorrilg given in the

prevÍous section. vle again assert that the first solution, being l-ower

5-n energ' and corresponding_ to a bound state, is the pþsical one.

ile also note that, in this case, changi¡rg the sígn of the

chârge of the central ion does not alter the enerry nor ùhe loealizaLion

of the electron, sÍnce by nature of the type of evefìÐctioar the

a.rnplitude at the origin has to vanish.
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ryAü14ÍI0{_ ag- qrE_g,"rygrstE lil4tscE z

/¡..1. the Sag]ritu5le of Z Íg Lerg'F oå the .då!¡.Ðlacs¡nenls*of th,e. sa*lle:

, ¡-oi¡!, .ag!_on. aJLd i-r¡osuitT agl !gs! galiogs.

Irt the l¿st chapter, we have considered Z, the effective

char¿Jg of the SP ion, as a gi'i'en constanlr, characte¡istic of the

indir-j-dual crystal and substii;uticnal inprxity. L*e ha'¡e said in
Seciior¡ 2.2. t'hat 'Lhe concept of j¡¡troducing Z is to sj¡rul-ate lattice
relaxaii-on around ihe e:ccess electron of ihe defect centre. I.Ie ha,l,e

also indicaled that previous catcu]-âtion b¡r Ov(21) fras .'

shor.¡n that, the ions i;hat are significantþ ùispl¿ced are the Ëp ion

its el-f and its nearest neigÌ:bour i-rcpurity a:rd hcst cations, and

that they ¿r::e a-ssunreC to be clispl:rced orrJ-y along th.e y-e-xis 
I

il
(f ¡ C.S). An e.luaiion w¿rs d.et'i.vecl iri section 2.2. relating i

the effective cllarge 3 and the set';cf displace$'rnts, vhic!:r, ;

i
for conveniencer '"rr: are p-;oing to rel,rrite i

z=F+Ðt-02_Dj
Ìt'lere l

Dr=(t+zdf)-¿
ry= [uf +(ÍT-dz)2fl'
,s= lof + (f?+% )rJ-å

(4.D

anrÌ d1, d2 and d3 are displac erlents of the $P a"eion, irost a¡rd irnpwity

cations respectiveþ ín uni'¿s of hosi: lattice spacitg.

To ¡rake use of the ener¡ry equations derived. in ühe 1a.st

Cìraoter, 'r,¡e require the val-ue cf Z rrhich in tr¡rn rr4u irc5, the values

of i;,he d?s .
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Â . 2--llctj:.:Trination of t-he ionlc d i s r:Jiic-a,re¡ts .

Eaehiotrinthepoint-íon]¿tticeroi]l.betreatedtoinieractrrith

the resi of the ions through cou'l cÍ¡bic force aÃd ¡tith its oearesi neiEhbours

through Born-Ì"íayer repu.lsion. T?¡e coulonrb energr inside the unit celL of

a perfect f .c.c. lati;ice had been cal-cul¡ted and tabulai;ed by SJ,lter(2&)

and Ìhe result can be adapted for or¡r purpose. ],tre l[ill also use the Born-

l.ia;rer rep*lsi-,re pararneters calculated by Furni *r¿ '¡o"i(e5). lfith this, the

displacernents of the three ions åre uniquely d.etenained by nininizing the

defoct energr r,¡.r.t. the set of displace"le¡rt co-ordi¡rates.

In order to avoid the cornplication of self-consistency betrveen

the e;-,cess electron rravefirnci;ion and l-attice reJ-anation, r're are going 'bo

¡:ake one further assr:::rption- that the effect of the presenee of the

excess electron ie to contribute a charge of -$e to each of the two anion

vacancies. Physical-]y, this refers to a situa'"ion r¡here the excess

elcciron is localized conplei:eþ i.l.r the a¡ri-on vacancies rritr\ equal probe-bi-

Iity, and the assi::n"ption lfo'ril-d be .¡aËd if the rvavefri¡ction of the excess

eleci:'on is distributed s;anetricalþ aboul the vacaacies.

Starting r*ith a perÍect J-attice, the eners¡ of r¡ldch r¡e label-l-ed

zero, we are going to calculate ì;he defect energy by establisi::ing thê SPC

systen,aticalJ;r. Referring to fig. 5 for the meaaings of the various

s;anbols, we proceed as follcr^¡s:

(a) It-novíne anion at site (2) frôù. the perfeei latiice, i:he r.¡ork required is

va = 
*ko' - 6gu'o/€

rvhere 4M : liadel',¡:rgl s Cons Lant

- - r -ti;ice spacing r:f i;he host lai;tice

B, e : BornJ'iayer Repul-sive para'neters of host lattice
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Ttre factor of 6 in the second term ín the above equa'r,ion refers to the

mr¡nber of nearest neighbours adjacent to the ion being fgnoved.

(¡) Renoving ion at site (3)

v3 = (+ *l EB.-o/€
(c) RenovS:rg ion at site ([)

v+ =(a"" + -å)_rl;ole
(¿) Røaovi:rg ion at site (J)

. / duez 2e/ e¡ l- + B *-a/evt =\ã -T'Fq l'-'-
I'Ie then irì.serb the varior¡s ions back to the appropriate positíons:

(e)' zuttine the SP anion at siùe (1)

\, t"' ' ?aç. "'':-frffi
where R**= lattice vector tõ the k-th ion in the f-th uni-t celL.

9¡ç = charge of the L-th ion j-n the l-th urrit ceIL.

dl = cliepl¿cøerrt of the SP ion from the SP position.

-'t0f'' : 
".,r-"tion 

over all íons i¡r the l-attice HGEPT the ones

at sLtes (z), 3), (4) and (5)

(f) Putting a ch4rge of -$e i-nto site (3)

u, = * t-€(M+.-È*
(e) Putting a charge of -$e into síte (5)

I

[e r'r/ J \

vJ = ji[-*,*.-å-çfuqz-1
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Ins ertJ-ng the impurity ion at site

= f,, ?rft "'
L+., I Rir - atil *- +et3 - 4,

+ B* [ , 
-cfr+a, -4,)/ç* 

+ zz çe¡+af -¡2aar>v'/e*

+ Z e-te¡+af )vt/ç* 
1
)

r+here E" = ",ort"tion 
over aLL ions j¡r the l¿ttice except the

ones at sites (2) a¡r¿ (4). The variorrs vectors

u¡rder tl¡-is sr¡snation are designated. i;o have site(e)

as origi-n.

d3 = displaceurent of the irrpurity ion.

B*, f* : BornJ,Iayer pararneiers betneen Smpr:rity cation and

(zt)
g¿

(i)
host halogen ion.

Inserting host caiion a¿ site (4)

\r' ç' tz&e''+ - ftlR;d.il
e¡

* B [r-- 
(å + c'r - a')/e +' * Z e--cal+ a! ¡t'7ç

+41 -à2

/r-(ø'+a!+,[îa¿,r{7e

f

e,
J¿

-twhere Z : sr:nnation over all- lattice sites except (4), ti,.

va¡iow vectors have origin at síte (4).

d'2 : displ¡.cenent of host caiion.
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The energ¡ of for^rption of the defect centre j:L the SPC ráll- be given by

the sum of the terms fron (a) to (í)' It is given as a ír¡nction of the

BornJtayerparanetersandthesetofionicdispJ-acernents.Ïeco]l-ectaLLthe

energr terms and after si.:npliíication, r.¡e can v¡¡ite :

E, ( a, e, 91 P*, 4, ,à",àr)
e¿ ( ^ s^tì-? z= T lu*""-,- *¡ry¡1r

ji.e)-(+)
21

F.(+) -(+) J

* Z'i Taa e'

lil.r-¿ril

ts *-4e

tlt

I' r-le e' + ?o2A lÇo- o,,t

"'(#i¿,-ar)/€ + Z¿+BT

+B*

+ Z z-1ae+ 
a! )Y'/e 

1

[.-(å*.,'a,)/ç** Z,^
(

- c.t*c.' *E"arf/e

-(e¿+4r1 -ß.¿)Y'/e*

-(ø2+ ¿1 >Y'/e*+ 2z
(4.¿)
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I'Ie now have to evaluate the three lattice suns in the above equation.

Both the Evj en and Er¡aldr s nethod are not applicable in or¡¡ case because

we have an imperfect lattice r¿iÌ;h no s¡ara:leì:ry.

' Sl-ater in ref. 2d had calcuJated the potenliaI al a ùhousand

points inside_ the urrit cell- of a f.c.c. lattice nade up of posiÌ;ive charges.

In Appendix 1, lue short how we ca¡r adapt thi-s infonnation to give an ernpi-ricaì-

equation for the potential along the ([O) dbection ìn the v icirrity of a

catÍon vacancy in a Na0l-t¡r¡pe lattice. It 5-s g:iven as :

o.(*)= - dr¡ + c* (fi)+ ' co (å )o (4'r¡

r^¡here r : displ¡,cenLerrt along (11O) direction from a cation vecancy.

C4 and C5 are enpi.rical- constanis deter¡úned by least, square fít into

Sl¿terrs daia, ard are .iol:nd lo be 35.A3887 a d 62.65809 respectiveþ.

lle can rake use of eqiration (4.3) to evaluate the l¿tèice suros, taking ca¡e to

add or subtract ocLra teros corresponking to the nissing or exbra Íons jr¡

our letiiice. Thus, .f,or exanple, Ín calcrrlatilg E", r" note that, the SP

anion r+ould feel the potential due to a¡r otherr¡¡ise perf,ect lattice with

a cati.on vacancy at site (Z) an¿ nissing ions gt sj-tes (3)r (4) an¿ (¡).

ïtrerefore :

z"' -7"&?t =-f v( ¿'" I

,e ffiil- = - [ v. ( -lå-J - 
E * "\.f,

| - 1 <+'+>-F*, *1ç."q¡E-¡ ''

rvhere dl-t = a/!Z - dt

and V" is as given j:r equation (4.3)
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I R*r - "$l

ah 
I ãro - o,1l

f" .od f'""o be written down in simiJ-arþ nanner :

tt ldt \ .- |

"c\zo./ ' [,* **H),]r"

Æ* (+)

' lnt e'

I
-æ

The R.H.s. of equatLons (4.4), (4.5) ênd (4.6) a¡e energr terus in Hartree

units ( 1 }lartree rurit = 2 nydbergs)

Equ^ations (lr.tt), (lo.t) and (4.6) ¿lre noú substituted into (4.2)

to obtain the overaLl defect energr in te¡:rns of the set of drs. In doing

so, the r¡nit of lengths are e¡æressed i¡r host l-attice spacings and

enerry in Rydberg.

z"
R.&
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(4'5)

(4.6)
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E¡ is then nrinimized w.r.t. the set of dts for given pairs of tsorn-
l^/\

líayer para:net"r" (Brf) ana (a* rgË). Ha.rTvel-L subroutine VAl3AD\zo / i5

used for the ¡d¡ri:aization. The results retusned by the conputer a¡e lisÌ:ed

in .,he next section. Tt¡e values of the three partial deriva¿ives ¡¡.r.t"

the drs at the conpletion of the search are al]- of the order of 1O-5 or

1ess, so, the¡e shouì-d be no doubt about the valiùity of the returned

resu-lts .

l¡.. ? . Resul-ts

l{e tabul¿te in Tabl-e I the ioni.c displaceients (d1, d2, cl3) in

the [6 possible crystals forned by the co¡¡binations of ( !i, Na, K, nb )

and ( F, C1, Br, I ). A l-ot of these are superfluous since FA-centres

are not êeneral-lJl thought to fors in crystals rdth dopi-ng cation larger in

ionic ¡adius than the host cation ( There are 2d belongl-ng to t¡is catagory).

For the rest, sone are ls¡owr¡ to ' be type I in which the SPC r'¡'ilL not

fo¡m a stable state. lrlevertheless, we are üabulati:lg then ¡11 f6¡ {'þs

sal(e of conpletness. Alongside with each crystal, the effecùive charge

Z is also calcul¿ted by equation (4.t) ¡ase¿ on the values of (dþ d2, d3).

The column of Ilisfit Pâremeter ( D/d-) Ì¡if-f- be expJairred i-rr the nei<L

Chapi;er.

Iatlic e rel¡xation i¡r the cases of IíC1:Li a¡rd KCI:Na had ¡lso

been cor:puted by OV(21). Trej-r resuJ.is sre g'iven in Table Iï along with

ours for conDa¡ison.

there is a qualitative difference in the <lirection of the dís-

ol¿cement of 'r,he hcs'b cation j¡r IíCI:Iå, the -Ðreseni calcul-ation i¡rdicales

thai the hosi cai;ion.r¡cu.]-d nove tol.rards the Saddle-Point shereas the

cal-cul¿iion of OV indicates. i;hat it would nove ar.¡ây froa i-i;. Besides, the

displ-a.ceraents obiained. presentþ are general-l¡r Jarger i-n colparison.
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raEI.E L
Displace.nent o.f Èhe SP i.on (d1), nearest hos-¡,

cation (dr) and 5-npruit¡ir cation (-d3) along the

y-clirectíon (fie. ¡) i¡r the SPC oÍ F¿(II) centres

in al:kali halides in u¡its of hosir ]-atti-ce

spacing. Z arLd (D/d-) are effective charge and

nisfit paraneter calculå,ted fron equations (4.1)

arìd (5.1) respectiveþ j¡r text.
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crystal-s d1 d3% (Ð/d_)

RbF:Li

BbF:Na

RbF:K

RbCl:ti

RbCI:IIa

BbCl:K

BbBr:Li

RbB¡ ¡ Ì{a

RbBr:K

RbI:Li

RbI: Itra

RbI:K

KF:Li.

Iff:ltra

IG:Rb

KCI-:Li

KCI: Na

KCl:Rb

KEr: Li

KBr: lüa

KB¡':Rb

KI:Li

Kï: ]ia

i'J:Rb

o.393

o.257

o.o75

o.2gl

o.9ro

o.067

o.267

o.1.80

o.o57

o.254

0.f71

o.056

o.355

o.203

-o.24o

o.247

o.133

4.J25

o.222

o.127

{.096

o.220

o.124

--a.o?3

o.2rg

o.o?5

â.o54

o.o97

o.0r-5

-o.081

o.ù19

o.006

-o.o89

o.058

-o.009

4.096

o.208

o.071

â.278

o.o8l

-.o.013

â.219

o.05r_

4.O27

-o.195

0.o43

_o.o33

-o.196

o.237

0.190

0.134

o.220

o.2o4

o.L53

o.223

o.199

o.r54

o.202

0.194

0.r_58

o.229

o.169

-o.063

o.208

o.L76

0.050

o.206

o.L74

o.o71

o.19f

0.17r

o.o?9

o.865t+

4.979L

1.0836

o.9769

L.0519

r..1067

o.9963

r.o572

1.rx6

1.o04o

L.O(,56

1.1f?r-

o.8e76

r_.0034

1.0381

o.9n6

r.o715

1.1054

l.o22l+

1.0754

1.1155

1.O2f0

1.0609

1.1 1 20

r.2o3

o.772

o.43r

1.o27

o.7tú

o.5o9

o.996

o.745

o.525

o.95)

o.740

o.5l+L

I.O23

o.6ht+

o.174

o.9f8

o.660

o.326

o.896

o.663

o"356

o.sl5

o.667

o.393
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CrystaJ.s d1 d2 do (n/d)

lfaF: I-i

I,traF: K

ItraF:Rb

NaCj-:T,i.

ItIaC].:K

I'fa0]-:R-tr

irlaBr:I-¡i

lüaBr:K

NaF¡:Rb

I'iaI: Li

NaT:K

Naï:Rb

Li¡-:lda

LiF:K

l,i-F:Rb

LiC].:Na

LiC].:ïí

låCI:Bb

l,iBr: Ì.la

LiBr: li

L¡iBr:Rb

Liï:i'la

LiI:ií

LiI:Rb

o.2o3

-o.3r*8

4.369

o.128

4.23r

4.305

o.108

4.237

4.299

o.115

-A.21+e

--o.305

-o.348

-o.388

-o.413

â.291+

4.355

{.390

â.25L

-o.340

4.372

-o.304

.-o.355

-Ð.382

o.110

'Ð.334

4.350

-o.o13

4.287

'..o.31+5

4.o27

-4.290

4.339

-o.ou
e.295

{.340

4,327

.-Ð.35è

.4.377

4.3L7

4.366

-o.394

â.2?2

--aJ63

Ã.389

4.3L6

.-¿J. J>Þ

Ã.37)

o.164

-o.r4a

-o.130

0.160

-o.o30

-o.06r_

o.L53

-o.o29

4.O5?

o.w
4.o37

-o.o59

â.L92

-o.158

.4.L53

4.493

-Ð.Ltt

-o.1't 5

..Ð.063

4.O93

{.1O4

-o.115

-o.104

-o.10ó

0.9805 0.772

o.?61t8 0.o9f

0.)6?4 -0.046

r.o63t+ o.7r5

l-.0621 0.265

r.o359 0.166

1.0736 o.1w

1.06q 0.300

r.o373 o.2o9

l_.0620 o.7J3

1.0548 0.343

t.o353 0.262

0.9392 0.16É

o.9w6 -0"121

o.9U¿+ 4.253

r.or4o o.32O

0.9927 0.rrl

0.9926 0"016

r.o3)z o.35o

1.0085 0.158

0,9957 0.0?o

0.)973 0.388

o.v933 0.2l:6

o.98óo o.J37
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r4år,E rr
Displacements of SP ion, hosi cation and impurity

cation (d1, d2, d3) j¡¡ the SPC of I(Cl:Irla a.nd KCJ-:Li,

the displ-acements are along the y-ùirection (tig. f)
and are expressed j¡r u¡i-ts of host l-aitice spacing.

ons and vail(zl) 0.076 4.ot4 0.160

0.133 -o.ol3 0.L76
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CHAPÎER 5

THE INTREPRE-TAJIgI'I- 4[D DI!' CUSS]ON-O¿

r,¡'¡EcTqlE cH4glEiünjf BER-Z'

5.1. Lhe I'lisfit Parameters.

Ïfe recalL that type I or type TI behaviours of F4-centres is a

consequence of the d.etaile¿ energ¡r baiance between the Lattice configuration

and electronic states, in uhich the size of i;he substitutional cation

plays a crrrcial role. In older to avoid the colhplexlty of a selJ-consistent

cal-cuJ.a,Lion, i,üty in ref ..3 has suggested a riruch si-npMied i-dea based on

ionic sizes to deternine FA-centre RES configurations, The criterion is

tl¡at, if there is sufficient space r'rithìn the ini;ersÈiti.aI for the sP ion

to squeeze i:r, t¡oe II behavior¡¡ 1'¡il-1 resuft. Ttris can be measured
wheie

quantitatively_ by the ratio (D/d-) 
'vÌ¡-ich 

he called I'tisfit Pararneter, 
^d- 

Ís

the dia¡reter of the SP erli-on and D is the naxiltru![ space avall¡'ble to

the sP anion when the host and irpurity ions are pushed to touch thei¡

respective r¡.earesi neighbours. ltrese quantities are shown in fig' 7'

lfe can derj-ve a,n equation rel¿ting the nisfit pa¡ameter to the

various radü based;.on this georaetric pictr:re. Refe*ing to fig' f for

the neanings of the various syrrbols, it can be seen that, !l the substi-

tutior¡al Í.nrpurity re¡ains at the perfect l¿ttice site, the qr:antily D

would -oe g.iven by lãa - r+ - rf nhêbe r4 att¿ "f are the raitü of the

host and substítutional- cations respectiveþ. Non, if the substitutional

cation does retreat ufrtiJ- it touches its nearest neighbour tangentialþ,

the ectra space ihat is nade avail¿ble is g:iven by the quanäi;y s labe1led

in the figure, and
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FIG. 7. THË M]SFIT PARAMETER ( E/A.)

ç¿- I DIAME"TËR

6p fiNtoN

D ¡ f¡{A¡(lMuM
INTER'lITIAL
SPaetxç

4../s,.
t\'

4, ¡ LAlllCE
SPAeINç

$ : ÞISPLACEMENT ôF
SUBST'IUTIÔNAL
eA'T¡oï., FROM T+{E

PÊRFFêÍ LATTICË

PatNa,
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s = å-[,{.
r¡here ¡ = radius of hogt anion

D = Fq

)'- + 1"

+S

r

Ir

(å) = å [f-c'

noti-ng that r+ * r_ = a, we ca¡. wrÍte :

+R)-(R*R*)

- [(, * ,q*J' - fcr +R ,'f" I ts.,l

where R = r+/r-
¡a 'tË .

R" = r-. /r

AlJ- lengths :-r¡ (¡.f) are e:çressed in units of l¡'ttice spacing ' Usi-ng

the ionic radii calcu-l¡,ted. by Fuai 
"rr¿ 

loui(25), the uisfit Para¡aeters

for al]. the l¡8 crSrsÙals are tabulåted i-n lab].e I i¡r the last Chapter '
Based on thís geonetrícal picture, one would' øc-oect Ùhat F¡(II)

cen'r,res are tikely to be those lfitb Ð Þd-r or (D/d-) à 1. Lity pl-otted

the reorientation ener€y ( which aeaBures the rel¿tive easj¡ress of fo¡Eêtion

of the SpC ) as a iunction of' the ].Íisfits ( D/d-) in the varj-ous Fd-centres

IES, aJrd actualþ Íor¡nd i:hat for (o/0-)à0.9, the reoientation energr is

e:cbrapol¿ted. to the negative region, neaning that the sPC is autonatica4y

stabilized. TSis had led tüty 5-nto proposing the I'¿sfJ-t Pa.raneter as a

criterion to deterr:line the enission behaviour of F¿-ssnt¡e5, namety, ihaì:

those ¡rith ( ¡/O-) sreater than O.9 are type II, drile thos e uith I'üsfits
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Iess than 0.9 are type I. Inspecting the Table in the last Chapt€r shou

that there are si:c crystals that have llisfits greater tharr 0'9t they are

KF:Ij-, Kcl:fii, RbF:Li, RbCl:Li, Bb&:Li and RbI:Li, aIL of than being

lithi-urLdoped large host cation cr¡¡stal.s '
Lätyg crLterion has noù proved to be totalþ successful' Faqper!-nentþ,

it r¡as found that KF:Li(P), narrr:.(5) rRbcr! fi-(5) are t¡Þe rr, but RbBr: Li

and BbI:Li werc, shov¡n to be tJrpe 1(5). Uro""orrer, KF:ìla was fou¡rd to be

type rr """uot¡y(P), 
whj-re 

'nder 
the 1üsfit paraneter criteria, it belongs

to type I. 
!

Thus, we are Led to believe t'hat the Misfiü is noÙ a
!

valid cI:iterion' nor a pa¡ticul-arl-y good guidel-ine'

q,2- Z as e new criterion for the tvpe II beheviour of S.

'!le have derived the effecti-ve ckøtge Z of the SP a¡rioo based-

on the ionic displaceurents at the vicinity of the Saddle-Point. In effectt

whiLe the concept of }lisfit Para¡neter dv¡elJ¡ on the actuaf geometrical- space

that is available to the SP anion, the effective charge approxi:aately

me¿rsures òhe size of the potential baffier that is betlÙeen the t$¡o-nells '

The size of the barrier d eterrnines the rel¿tive easiness with }¡hich the eü{'cess

electron can localize in the tr*o-¡¡eff pcterrf,iai.

Therefore, r,¡e can ].ook into the rnagnitudes

of Z of the crystals and hope to discover a new criterion, whi'ch is less

c ontxaðictory with ec-oerimental evidence'

IrIe pick out crSrstals that are of potential interrest froml Tabfe I

and plot the values of their [risfits (n/a-) agaj-rìst the cogesponding values

of effective charge Z. this is shown in fig. 8. I'Je al-so take j-t that F6

centres r¡ill not f,o¡sr in crystals in riirich the substiiutj-ona1 cation is
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Jarger than the host cation and therefore have o¡nitLccl theru fTotrL the

f o1J-owing discus sion.

'Ihe horízontal fine in fig. I is d¡avn at (o/a-) = 0.9 wÌúch is

Lütyt s di¡riding line for the type I and type II centre. lfe see that

RbBr:Li and RbI:Li are þing above ühe ü¡re a¡rd KF:Na is þing below, in

constrast to erqrer5-ments. However, in glancinß at the distributlon
of the¡ points in the (Ð/d-) vs. Z plot, we disco-.,er that íf a

vertical- lr¡¡.e is drarr'n at Z = L.OO35I alf ttre known na(ff )

anA f'o(I) centres are resolved to the left and right of ttre

líne respectively except ltbBr:Li (z = o.99øl), which is a

type I centre but fal-ls ínto the type TI region. accordir¡g

to this classiflcation. There are t-hree other crystalst

besid e the f orrr experiÍentally knor*n ones r t.frat ll-e in this

smaLL Z (type II) region. The¡r are RbI¡'3Lír ItbF:l{a a¡d NaF:Li.

ALL the other known t].pe I centres lie to the right of the

vêI'tica]. ].ine r¡ith the addition of KI:Li, on rdhicl'r no

experimental work tìas been done.

5.j. T?¡e predicted nel tvpe l[ cgLtres.

ble caru¡ot cl-aim here that our crÍterion is a ver¡r conclusive one,

since, beside RbBr: I¡i that overlâFs the type II reglon, there are na,r:¡'

othe¡s i¡r the lithiun series tht have snalJ- Z vafues but which we had

d5-sregarded because of their large substitutional catíons. 1?¡e fact i;hat

aIL 'r,he elçerimentalþ lcrown Èype ÏI centres have Z( 1.0031 is encouraging,

the case of RbBr: l-.i is peculiar as it is predicted to be type II both by

i,ütyÍ ana the pres enir schenre.

Ar¡yway, the three crystals RbF:Li, RbF:l{a a¡rd NaF:Li:that f¡lI
j-nto the type ïï region deserve particuLar attention. Pi¡ysicaqy, they ¡ll
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have the châracireristics of iype II centres, naneþ, large host cation,

sreil host anion and slull- input'it)r catioil. Fürther, the discovery ì:irat

KF:L1 a¡Ld ¡Grlla are 'r,ype ïI nakes RbF:Li and RbF: lJa }ikeþ i;o be ì;¡ae II
as r.¡eIL. Tne case oÍ l{aF: Ii is Eriòe wÉque since it is the on\r merrber

v'ith l.Ja as host cation. Of tìre three above, only lìbP: Iii is i;ype Iï aceorùì-ng

to iutyr s cJ-èssiÍicaticno both RbF: Ìrla a¡td XJa¡-: I¡i have ÌüsÍii;s sr,ie.l-l-er fhârr

0;9.

. i,¡ith the above consideraiion, we can -r,irinli of RbF:Iå, RbF:Na

ancl liaF: ti as the far¡or:rite canðiciaÈes for n¡(II)-cent.res. i{e l^,ill proceêd

freai; these as tl¡e ng'.¡ t¿oe II centres, and we are going to appþ o.rr

r¿ol-ecu-lar ¡rode1 to esij.rnête their emission energies.

toj
I
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C APTIÕNS OF F IG, &

THE MlSFlT FARAMETERs vs. FFFEcrrvE
eHARcrËs óF tãl-ENItsEL

Q rxeretMgNrALty Kuowhr -rypE g çËNTRE

S e"rcre!Ë NEw rype E, çENrrqE

Q rxeenrMËNTALLy KNowN TypE g cENTRÉ

@ eosslBLE, NËw TYPË l' CENTRE.

- ¡"ürv's cRlrERlôN FbR tA(e) CËNî¡RF6.

TYPE ü CE}JTREs ARF TÔ LIE, ABðVF

THE LINE (å'o.go)

EFFScrlvr cHARçË As A eRrrERrôN

FoR FA(e) CËNTRÉS.
-IYPr E eFr{TRFg ARF To LIË To
"TF{ã LFFT ÔF -TÞ{F LtNË. ( * "I.OOSS)
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l]]]@é
GROUIüD- At{D rIRST-Ð(CJ,mD S',r.ATr EIEnGIES OF

TIIE HIPOTTIEJI:-CJIL-Ì'IoI,E9ULE--"NL1IIERICÁI nEslI'Si3

6.1. The numerical orocelþqe.

I'fith the list of values of Z available, we are now ready to pick

up eqr.rations (3.¡) an¿ (3.?) for optir:rization w'r'it' the variation¿l

para,r+ei;ers. l'Íe first renarlc on the nrmerical procedure'

î1'Ìe five multicentre i-ntegrals Listed on P.3f , except 15( 4 ,R),

can¡rot be sofved in closed fona, and are evahrated nrrrßericaq¡l-' They

aIL have azl-¡nuthal symtetry and therefore, a,re reduced to tr¡o di¡Lensional

ones. Integral 15 was evaluated anaþticaIþ by Vail¡ v¡e onlJ give the

result here i

TR (1R) = f ¡t -cq -4?4L"L

wherc hr = o.R

Qc"'l= [-* *,][*lf sc*)

êO

z
hel

= fri [*'4c*) - 2,--*<,**rl

+ L ln (Zæ2s;"f. t'lJ

.i I +.t
a

S Car) =
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Tiris analyiical forn, however, is not used duri-ng the final calculafion

because for w) 3, the convergence of -r,he series S(w) becones sì-ow,and this

eaì:s ed. a coraputatíonal problan ¡.¡hen the nrany-digil m¡nber n l. lot n)a 20

is being stored.

the integrals are evafira-r,ed by IIa^r'weIL Subroutines QlOlpAn and

aÂ05Ð(26) in successíon. Boih subroutines are uritten to perfoi.'n'i one-

di;rens ional inlegration.

trfe then wa¡rt to rnirrijrize equ¿tiôns ß.5) and (J.?) r¡.r.t. o(

and C si¡ru1-taneousþ. Again because of the cornplocities of the equations,

the rÉ:rimization has Èo be done nu'leracalJ¡r. In pri:rciple, a mrftiòimen-

sional rii¡ri¡crization subroutj¡¡e could be used and a straighÍ: forward progra¡!ße

could be r.¡ritten io conpui;e the sct of integrals as 1¡e11 as carrying oui

the ¡ninì¡riz¿tio at. the sa¡,re tj¡re. However, the fact i:hat these integrals

are firnc'Lions of O(, r*rich is also the rri¡rjmization vari-ab1e, would render

iì; necessary to compute the ûìþ1e set of integrals once per iteration

during the aini-rrization process. This woul-d bring the cornputing time

requ:ired beyond justification for the present work.

lfe then tal<e an alternative aporoach. To the energy equations,

we suppl,y a series of values of ô( ¡ a¡rd for each value of ô( , r+e rq.j¡j-nize

the equations w.r.t. C*ru. lhen v¡e spot i:he ¡rini¡n¡¡¡ energr through the

range of O( , rvlúch is then tal{en as the required resuf.i;. iIarweJ-l- Subroutine

Voon,to(2ó) is used for the ¡rini¡.Lization w.r.t. ihe si-ngJ-e variabl" Cgr.,

d is accurate to two places after decj¡al.

ó-2- Ccrir¡arison betr.¡een resulls'o¡¡ usin¡ tt¡f of L.C.Á.O. oÍ tÏ¡o orbital-s

and tiree orbii;aIs .

lJe are going to Ìrresent i;he resul-i;s afi;er ihe ¡rini¡¿ization. Firsi;,

we woul-d like to eccani¡re the vali¿it]' of the sta-r,enenirs thåt we Ðade
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earlier j.n section J.2., vd.rether the inclusion of the thì-rd cenì;ral o¡bital

to the twf r,rould give a'r¡y substantial j¡mrover'rent to the energr. Iile give

j¡ Table III ùhe grould. state energies as a fi:netion of R for turf of L.C.A.O.

of three orbitals and the correspondi-ng energies uith C* = O ( truo orbitak ).

Z 5-s set to eqr:al. to one in both cases for clarity. Table ÏV give the serne

for the fi.:est e:<cited state. Both data are plotted in fig. !.
lIe fírst note from the data that they have the correct asyratoptic

tirLits as described in secüon 3.4. For the ground staÈe eners¡ cllrve,

inclusion of the tbird orbit¿l does improve the energ/ quite substantial"\y

betneen R = 2 ar¡d R = 6, r¡?rich is the range of interionic distance r¡e are

i nt,erested i n . There is no such clearcut i r,rFrove.rirent to the energr cr:rves
w here

ín the srcited stater^the energr of the three o¡bital tnf is a feu tenths

of an ev. Ior,¡er in the region of interest and i.t converges fasÙer to the

R = oô ji¡it. AJ-so, the for:ner sta¡òs at the correct energ¡ at R = Or

( -3.401 ev.) whereas the lå.tter starts at a somev¡i'rat hlgher value.

Thus, as a whole, the three orbitaL t¡ùf Sives a more realistic

result.

6 .4 . P,esuatsg

The energy cr¡rves of the gror:nd and first errcited state as a

function of Ê a¡e plotted in fig. 10 ì;o fig.16 for seven èiffereni; values

of Z, correspondi-r4¡ to the seven esi;ablished. and predici;ed F¿(II) centres.

Tables of calcul¿ted nulxbers are given in Àppendi;< 2.

lile note that variation in Z shifts ihe cr¡¡ves up or dolm by a

non-negligible arrount but the general shape of the crrrves are preserved,

and that the gan betl¡een the curves, uhich gives the ernission enerry, is

J.ess affected since the curves are shifted up or down by roughly the sao.e

anount. As oçected, curves l¡iùh ¡r¡'l'l er Z t end to Lie Lower öha¡¡ . those

of larger Z



6r

rAtsrEJ¿r_qip rv

G¡ou¡rd and firsi: øccited state energ:ies of nodel

rrolecu].e calcul¡,i;ed from ir.¡f of 1,. C.A.O. of tr¡<¡.

a-ncì i;ìrree orbü;als as functions of B. Disì;a¡ces

ere iaeasured in r¡nits of tsohr radius ao and

energy in rr¡-its of eleciron vol-t. B is ihe

inlerionic s eparation oí the nolecu}e, C- ,,. t3t v

is the lreight aitached to ihe central orbital,

C{ is i;he localization para¡teter *d Egr, *=
the grorurd and first excited state energ¡

respectivelr.
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TABI,g _ TT-1.

GRCXJÌ{D STA'¡J

or

o

c

1

o

Arbitra¡xr

0

-r3.605

-r3.605

-10.goo

-11.14o

-8.8?0

-9.\47

-7.8>ì8

-8.77t+

-7.)54

-8.706

-8.5tp

-8.969

-9.190

-r.r'J9

-9.756

-/".ÓJv

-]É."lr5

1.00

l-.o0

0.69

0.8ór 4"754

20
2 4.6l,t2

3o
3 'o'5o'¡

40
4 ...0.365

5o
5 .Ð.235

óo
6 4.1Jt4

7o
7 -Ð.osl

o.77

o.Tri

o.75

o.7i

o.9J

o.83

o.y9

o.8?

1.00

o.94

1.00

0.96

1.OC

20 0 l-.oo -)2.245
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TÁ3IIT TV

rD(CTT]]Ð STÀß

o(.. t:u

o

Arbitrary

0

1.616

o

o.oo5

o

-Ð.136

o

4.257

o

4.228

o

-o.l-60

c

o

o.50

o.50

o.30

o.53

o.45

O,l+5

o.63

o.53

o.83

o.67

o.90

o.95

o.8â

t-.00

-2.988

-3.tÐL

-3.t'30

-3.5r3

4.12

-ó.138

-7 "tt3

-:l .6Ot

-s.36

iJ.cuo

-9.r5

-9.3Y+

-12.238

-12.238
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Fi4. f0 _ Fie. 16

Gror¡nd staùe (Ior¡er) a-nd first excited state

(upper) enerry plotted vs. interionic s eparation

R for seven values of effective Z corresponding

to seven F4(II) centres. Ro is Èhe j¡¡terio¡ric

separation that will give an ernission energr

ko'E r.rhere ko is the Ìrigh frequency dielectric

constant and E is the e:cperi¡rrental errission

enerry.
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C¡{APER 7

ESTn:fAÏr! -Ð.frss.IoN Ei'IEBCüS 9F TIIE

NfiI- ryPgII CEilm¿s:

?.-1. Infornation avail-able Ê:om tLe ocistj-nq gçegj¡nengll data '

The errj-ssion energies of nbF:Iii, RbF:Na and ìIaF: Li are no¡r

calcuJ.ai;ed according i:o the schene outli¡ed. in Section 2.3. We picg F4(II)

cenöres whose e¡rission energies, E , are kßol4rn e!Ëperj&entalþ and fit the

quantíty t<.28 (t-.o is the high frequency diel-ectric constaIl¿ of the crystal)

into the energ¡ curves to deter¡r.ine B, the nolecuì-ar sÍ-ze, then, a consta'nt

c is deternri¡¡ed i;hrough the the rel-ation c = (koR/Jã a) r'¡tricn rel¡,tes R

to the l¿tti.ce defect.

ftrere are four F4(II) centres !¡i1os e e&ission energies are lcrom

at 'þhe tiåe when this work is 1:erforued. T'ìlus, ue c€ur c¿rrr1¡ through the

priscription for each of these . TLre resulis are listed in Ta.ble V. The

quantity R ld'rich is the inÌ;erionic separation of irhe model molecule i¡r free

space that wil-l- give the moI-ecuJ.e an emission enerry t<o2f , is marked in

figure 10 to figure 13.

?.2. Variation of the effective üro-well separaliog gs a fungtion

of offective ct¡¡îse Z.

1?¡e ði¡rensionJ.ess constant c in TabLe V, given by

c = r6o/(p, a)

where r¿¡ : effective t¡¡o-rrelL separation 5n crystal

a - host laùtice spacing

essentia\y neasures the relat5.ve separation of the potentì.al ¡¡ell-s amongst

the cr.¡rstal-s, and is châraci:eristic of the particular host and doping. lde

lç
have seen that Z 

^derived 
fror the ionic dispJacements, which are j¡r tr¡¡n

(z't )
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Effective tr¡o-r'¡eIl- s eparation ru¡, in the SPC oí the four ls,oun

F¡(II) centres. a is the host lat'bice spacing, t(o is the high

frequency dielectric constant, Z is the effective charge, ð is

the e¡qÐeririenital anaission eneïÉg¡, Il is the interionic s eparai;ion

of the nodel molecuì-e i:r free space and c is cal-culaòed fro¡il

equation (?.1). LenEihs are in units of ls,tiice spacing and

enerry in r.l¡rits oÍ ev.

KF:Id- KF:iüa KC].:Li BlrC].:Li

ko

5.o55

1.85

o.8sl6

o.553

1.693

3.4'

o.4)o>

o.,-)o33

5.o55

1.85

l-.0034

o.578

1.97ô

3.r&

6.364c

o .8 r;93

5.94i

2.yJ

o.9?76

o.t4ß

2.206

ztt

7.O5l.i

c.83'ò3

6.zzr

2.!,)

o.?76)

o.l+3

2.062

3.35

7.3365

0.8340

,- 2-
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dete¡r¡j¡red by Born-*Iayer paraneters characteristic of the crystal species,

also characterlzes the partículars of each centre. Thus, rve car¡ thi-nk of

c as a frÐction of Z. The values of c for the four lcrown type II centres

are pl-otted vs. Z i¡¡ fig. 1?.

Because of the limited a¡rount of experi¡rental data, it is difficult

to guess fron fig. 1? the functionå,l fo¡"rÂ beineen c and Z. A simple and

possible form r¡ou1d be :

c(z) : cr - czZ+ ca/( z - zo )

where Zo = 1.0035 is the value of Z Ltø1., divides the type I and type II

FO-centres, and Cp lZ ana C, are to be deternined by least squåre fit

mei:hod. The fittjlg, hor+ever, is not very good due to the rapid divergence

of c as Z apy:roaches Zo.

O¡¡ the other hand, sínce Z roughly para¡'ietrizes the various cenires,

v¡e would e:pect tilat cenires having sì ni J-ar values of Z !øve 5i rnì l¿¡'

characteristics. In calculating the eraission energies of the new t¿oe ÏI

centres, therefore, we can, as an altern¿tive, use the value of c of the

e<_perimentalþ lmown centre that has the cl-osest value of Z. Thus, we

use the value of c of BbCl:Li ( c = O.834o ) for RbF:Na and Na¡':Li a¡rd

that of P:f¿i (o.9o3o) for RbF:Li. In fig. If, vre a].so show the Z Yafues

of RbF:Li, RbF:lia and Na.F:Li. 1!ris approxi:aation should be a reasonå.b1e

one if the variation beÈween c a¡rd Z ís smooth, for i;hen the va1ue6 of

c of RbF:Na a¡d Na^I':Li ca¡rrot ùiffer significantlï fro¡r that of RbCJ-:Li.

?.3. The e¡eission enerries of RbF:l-i!. nbF: i,[a and ]daF:Li

the SPC e¡rission energies of the three preèicted. F¡(It) centres

are nolr cal-culåted in the conte.xL of or:¡ model. Ih.e ¡rocedures T{ere

described in Section 2.3. ard wLIL be sketched here again for conve¡rienc e.

the effective two-well- separaùLon of an j^ndividual. crystal is
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first dete¡nrined by r"6 = cJã a l¡hich then fi:c the interionic separation

of the raodel molecule j-n free space through r¿5 = koB. Frorn the appropriate

enerry cur'r¡es we detezni¡re the enrission enerry of the r¡olecu-Ie in free

space, Er ana nt/k& g'ives the correspondi-ng emission enerry of the lsttice

defect. l{e tabul-ate ühe cal-cuJ.ation systanaticaqy in Table VI.

Accorùilg the present calculatíon, Na.F:Li is found to have the

?righest enÉssion energ¡ 0.91-5 ev., foll-owed by EbF:NarO.J9l- ev., åno.

RbF:Li, 0.513 ev.



Pz

TABI,E-_ VT

llmission enerry E of l{aF: Li, RbF:ti and RbF:i'tra in the SPC.

Et is the snission enerry of tbe model molecu]-e at l¡rter{onic

separation R. I?ie meanings of the other synbols are the

ssne as those in Table V. Iengt'hs are j-n unü;s of Bobr

radius a.nd energr in r¡r¡-ii;s of ev.

lia.I': Li Rbl':ti lbP:Na

a

Áo

4.380

I.7)+

o.6340

o.9805

5.]:65

2.97

o.9L5

5,32L

l-. yo

o.9033

o.8654

6.794

) ¡41

r,97 .

o.5J3

5.32r

r.yo

o.8:40

o.9794

6.27s

3.20

2"27

o-59L

r.

R

E1
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rrû ll D/ir-D (-t

o**rñl-.n .rur.o*

Tne above conside¡ation has l-ed us into postuJ-atj-ng ihat i\iaI': Li,

RbF:Li and RbF:Na ai:e Fu(rr) centres and we h¿ve r¡orked out .bheir res;oecùive

emission energ!-es. '[fe point out sole factors pertain-ing to ihe valiùi"ty

of ihe calculabicn.

(.a) fh-e cr.rgi;al" Iai;tice_.-

I'Ie have used an very sirnple model. The continuu¡r nodel ís

inherentþ an oversimplification of a crystal lattice, and is mosi applicable

in cases where the electron is not h-ighþ localized. A more rigorous

treatment woufd be to describe the ions at and near the Saddle-Point in
the contexi of the Shel-L },Iodel, wh:ich allo¡ys for the polarizability of the

ionts outer electrons.

þ) Brg .forrn of the ,trlal r¡aIefu,rgþion.

lhe trr,f that $e ,r" 
"d 

ray nct have sufficient flexibility. The

rajor deficiency is that r^¡e haj/e requtre<l the eentral orbital to have the

sa¡ne localization as the oüher two. self-eonsistent treatnenì; betr'¡een the

elec'r,ro¡ric uavefu¡ction and lattice refaxation i.n the energ¡ rLi:ri:¡-iøation

is noi included.

'rÍe could have avoided a lot of teclrlica]. difficul_ties if we had

us ed. tr.¡f of I,.C.A.O. of Gaussian orbitals, 
"*p(-4er2), since integraLs

involvíng Gaussian orbitals can usualJ;r be evalirated anal¡.bicalþ in cl_osed

io"xil. Alternatì-veþ, we can reduee i;he probleia to one of single-variable

ni:ri:dzation by r'rri bing the tr,¡f as :

v = S" "Q{, +Ö

-dL?o,?,.*
-&,-Qo,q" s Ttt

(8.r)
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Qo , Q* *u Q t=" orbiì;als cenired. on the ion sites, c(¿ is a set of

supplied values and Ci are the varíatio¡ral_ set. Since we can have a good

intuition of the localizabion of each orbital, three or fow terrns (rÉth

three or four corresponding guesses on the Q(. ts) in ihe sunnalion series

in (6,1) for each orbital- are usuagr sufficient i:r briaging the result

very close to bhe òwo-para¡re¿er raluir¡.izai;ion ( Ct a-n¿ C). By d.oing this,
lte can avoid the tediou.s procedures of opi;iuizing Èhe exponentials, and

at the same time, allor"rs the eenire orbi-'ual to have diffe¡ent l-ocalization

fronL the othe¡ tryo.

( c l 'Ihe -dielegtríc con*stgrt descritrina the*continuum crysial.:

'Ihe success of .{egert,er and l,üty in appl¡ing a sinril ar t¡eat¡nenù
-{-to the Fa' problan is partly due tc the avail"abiJJty of ;orevious deta on

the enerry level-s of þ+ ion, and the einplici.by of not having an assoeiated

ì:np'.irity. This enabl-es theln to derive an efÍective dieLectrii consta¡¡b

diffcrent Íroln the usr.ral high frequency oneo i.'Je rlo not h¿ve sufficient

infor¡nation here '¡,o do the sane.

G!)_ Ef{ective _chg{e:e ,A:

'Ihe idea of assig¡ing an e.ffective charge Z to the Sp ion to

sjmul¿te its displac ernent is but an approxi.:iraèion. ¡1 ¡iore realistj-c

approach would be iaÌcì-nEç èhe displaceroent into accot¡rt expllcitly by using

a bent molecul,er nodel in l,¡hich the central a¡rion is shifted fro¡l the

origin perpendicul¿¡ 'uo bhe Li.ne j oirring the two positive ions.

ïhe nodel- of a bent molecul_e is actualþ r^¡hat ¡.¡e tooh wheir r¡e

siarted i;Ìre cal-cuLabion bui l¡aõ gradualþ yi-elded to r:he effec¿ive charge

apprcach due to the grea tfc cinplexì-iy involved. There are far ¡ircre difficurt
three-c entr e in'Legrals to be evaluatecl, and there is also the problal of
introdu-cin¡j bhe orbital- centred on the ùisp]aced arrion because r.c.A.o.
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c entred on these íons would. not produce tuf of definite even and odd parities

and the orthogonality condition of the ground and first erccited state

l{avefuilcti.on would noi be satisfied.

(e) Ion-size effect.

our criterion based on the nagnitude or z lo differentiate between

iype I and IT FA-centres is wiolated by numerous crystals wii;h dopings

Jerger than host cati-ons, all- of r.¡hich we had òisregarded j-n Section 5'2

on the basís thaì; F¡-centres will- not forned r*ith such co¡,rbi¡rations. It

nay be worthwhile here to re-e-'<ar¡ri¡re the jusèification.

In d eriving the ¡@gnitude ol Z, we have not taken arly ion-size

effect into accou¡t, we have sirap\r treated eaoh ioo as a point charge

and ccurpleteþ negfected. the presence of the ouirer electrons. In crystals

lcith large substiì;utj.onal cation and/or Jarge host arrion, tl¡.ls ca¡r play ari

important role in increasing the effective height of the potential barrier

in the electronlc potential ihrough Pau-lir s repulsion, ar¡d therefore increases

the nragnitude of Z. It nay be that by incluùing proper.'treatr4ent of the ion-

size effect, the values or z oî those crx¡stals rdth l-arge substitutior¡al

cation, and also ÊbBr:Ï,í will- be shifted to the type I region. The ion-

size correctíon of Bartra.n, Stoneha¡a and Gash(29) rnìqht provide a

convenieni starting point to i.:rtroduce this effect loto tft" present problern.

TÌ¡ere is no s erious theoretical justification for the wa;r we

assigned the values oí c to nbF:Li, RbF:l'ia and IÙa'I': Li. Therefore, the

calcul¿ted enission energies will- be sonel¡haii uncertain. Ttris is ineri-tab]e,

hor¡ever, j¡¡ the fra'r.rev¡cric of our nodel and approach.

A reliable thecretical ¡rethod to deiierui-r¡e ¡,¡hether a gi-ven FA-

ceni,re is tnoe I or II is by no neanÉt easify attainable. Ï,ì¡en the deiai.l-

consj-deration on the energetics o.f the defect systen i.n ref. 21 have not



îc

been completefy successful due to the very delicate self-consistent balances

of the various contributíons to the total energz. Thus, our criterion

based on the effective c!ørge Z uust not be taken verSr seriousþ. Nevertheless,

the resul-ts obtained in the present work have definiteþ render€d N"F:Lir
ÊbF:Li and BbF: Iia outstanòing for future investigation j:rto ne¡r F^(II) centres.

lf snalL s¡rission enerry is taken as a criterion for stabS-lity relative

to ihe vaca¡rcy configuration a¡d a'lso rel-ative i:o the conduction band, then,

RbF:ti ¡,¡ould be the rrost stable of our proposed new F*(II) cenires.

I{e believe that l.follenaus¡ r r ( l2) origlnal sugges'r,ion lras reasonab}e,

but feeJ. that the approach cannot ¡rleld reliable results wlthout further

refineneni.
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pE'ERl'1INlr!:9-N_ 0F, TrlE PoTENTIAL ALO¡IG _T-HE 
(l-rc)

DIRECIIOIII !'R01,i A cATJoN VICANSY IN J Nacl-TTPE

LJ,rrIcE.

In this Section, we r,¡ish to show how equation (+.¡) i" Chapter d

r.ras obtained, based on the resuLt published by Sl-ater(24).

In ref. 2lç, L}:e potential at a thougand points inside the unit

cel-l- of ê f.c.c. l-attice of positive charges plus a uniforraþ ùistributed

negative charge sufficient to neutralize the positive poilt charges are

calculated by EwaJdr s }Íethod. lle extract fron it the potential ¿t soùre

points of such a lattice in ?abl-e VII.

To get the potential of a NaCl-Iattice, we superpose to our

positive l¿tiice an identicat negative l-attice (nade up of f.c.c. amay of

point negative charges plus urrifornrly òistributed positive charges), rtith

each lattíce point ùispJaced f¡om the fo¡:rner one by ¿rn anount (y'2) r¡he¡e

a is tl¡e lattice spacing. T?re potential of the points of the superposed

l-attice are then given by the sum of the two. Thus, for exa,nple, in order

-ùo get the ootential Vo at the poi¡t (.2Or.20rO) of a lrÏacl-].attice, t¡e

add the poi:ential at (.2Or.2OrO) to the negative of the potential at

(.3or.zoro), both of these are read from Table IIII.
1'ie did this to five points in the (110) òirection. r,hese ¡¡.ilI be

VP
the potentials^for a oerfect ÌrlaCl--lattice. To obtain the potentj.al in the

.r icinity of a cation vacancy, we sinpþ subtract fron VO the appropriate

Coul-onrb energies (r/Za)-i. these a^re tabuLated in,j-able VIII.as V".

V" is plotted w. (1/2a) i¡ fig. 1-8, \rê want an exFlicit functional-

reJ-a,tionship betrreen Èhe t¡¡o. At r = Or ít is obvious that the poientjål_

is just the }rradulung r s energrc( . For r)0, ue can urite V" in terns of, a

pol^¡er series j-n r,
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TÂRLìì VIT

Potential of a f .c.c. lattíce of positive charges

phrs an equal amount of rrnifornly distributed

nefiative charges. (x/Za, y/za, z/Za) are ttre

Cartesj-an components of spatial points rfithin

the l-attice, using orthogonal, non-primitive
basi:r vector of l-ength 2a. The last colurrñ is

the Dotential expressed in dimensionless unit

The factor of 2 appears becarrse of the different

clefination of rar Lrsed bv Slate1'.

x/za v/2a z/2a t'0

0.05

0.10

0.15

o.20

o.25

0.30

o.35

0.40

o.tÍ5

o.o5

o.fo

0.15

o.20

o.25

0.20

0.15

o.10

o.05

0

o

o

o

o

0

o

o

o

9.599

2.655

o.53J+

4.343

-â.583

..4.63t

4.778

4.934

-L.049
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laBr.1r*_vru.

Poi,srtiaf V" along (ttO) ¿irection frorn a cation vaqancy in a l{a0f-

type lati;l-ce. VO is the potential dlre,to a pe"fect l¿,iti ce and

1, /za)-l is_the nl-ssing Coulonb enerð¡ due 'bo the nissing cation.

(x-JZa, y/Za, z/Za) az" the Cariesiaa Com:conents of ihe s¡aïiaÌ

point, poiential is i¿ di¡Lensionl-ess rinit 2a$.

(r/za)-L vc = vp - þ'/zù-t

o,o5 o.o5 o 10,ó84 J:4'w 4.4jÌ+

o.l-0 o.1o o 3"5s9 7.o7L -3.4SS

a.!5 o.I5 O L,292 4.71t+ -3.t32

0.20 o.20 0 0.296 3.536 4.2W

o.25 o.25 o O.o 2."&.8 -2.8?t
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(Ar. r )

odd power te¡¡as i¡r the above series carx¡oi exist because of symmet'25r. I¿

is also pointed out by Slater LføL t2 terus also vanish v¡hen the two

lattices of different signs are superposed. Tttus, the loest order terrr.,

is r4. Taking two terr¡s in the series should be sufficient for or¡r pr¡rpose:

v.(ã) = -d¡¡ +.*(åf . c.(å)o Cn,.rl

the constants C4 and C5 are. then deternined by J-east squares .fit

nethod rrith the data in Table 8.. Ìfe can derive ana\rLical oqrressioris for

thst :

: *t¿"¿¡ tarE:! - E.Ï f- 
E-ltt - ""I-t t., 1 ¿_: j

-6
ï -.1¿

2*l'>ii

h

v (u;) = - o(M + 
"1,":^ 

(å)

c4
Z{7¿ï*o*, I*T -co2*i

z*T
(ar.Ð

2-T



q4

yi ..d 
t 

ín the l¿st eguation are the values of Vc arrd, (î/2a) in Table VIII

and the sr¡¡nation is from i = 1 to i = !, corresponding to the five

availablo data. The results are

c4= 35.03881

c6 : 62.65so6

substituting lrhese vafues into eqr:ation (Â1.2) rep¡oduces equation (l¡.J)

exactþ.
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APFEi\IDDT -?

Tn this section, we tabulate the ground and first excited

state energies as functions of rnolecular size R f"r the predicted

and ø<perirnentalJ.y lorolm F4(II) centres, as calcuJ-ated fron equations

þ.5) and (¡.?) rqitir optimiøed values of o( and C. Ttrey are given in

Tabl-e ß to Table XV. R is in u¡its of Bohr radius, energ¡ in ev.

the FA(II) centres are characùerize according the their effective

charges Z.
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'f.A¡I,E . ]X

lG:_Li-.- _z = 0.8976

u
c-o& o{ 4.

o

l-

2

a

4

6

O.9lþ

o.84

o.83

0.86

o.91

o.95

-0.64.0

4.5tó

4.1+35

4.3U

4.2o4

-o.128

-L6.834

-13.544

-r-.29r-

-IO.2?6

-10.0o1

-10.11?

-10.39i

o.58

o.39

o.57

o.69

o.83

o.90

r.454

4.O54

.o.161

-o'.259

4.l99

-o. I /, 't

-l+.2O9

-4.552

-5.788

'7.1+39

4.w6

-9.65v

-to.24)
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T@IE ¿
Iß:_l'la, Z = tO035

0

t

2

)

4

5

6

0.85

o.78

o.?9

o.63

0.88

o.94

4.770

.4.652

--o.50i

4.366

r).2h2

-o.144

-J3.5J)

-11.064

-9.392

-8.806

-8.667

Å.953

-o.389

o.52

o.3lþ

o.53

o.66

o.7ç

0.88

L.373

..ô.ot$

4.J35

4.259

4.228

-o.160

-3.378

-3.62?

-h.6t$

-6.o9)

-7.565

4,575

-9.285
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TABI,E XT

K3L:IU z 
=9'I)76

0

1

2

)

4

5

o

o.8ó

o.7,

o.79

o.83

o.8t

O.)l+

4.762

-4.641

-o.509

4.365

4.234

-A.y+3

-J3.67o

-11.r85

-9.4ß5

-Õ.Ö\JO

å.733

-9.Ot2

-9.U.Ð

o.53

o.34

o.53

o.67

o.80

o.8Ê

_3.4r8

r.577 -3.1¿8

-o"oè7 -4.648

4.J37 -6.1:65

4.267 -7.627

4.?22 -8.629

-Ð.160 -9.333
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TABJ.,E lirr
tuCl-:l;¿" Z 

=9:9262

o

1

2

t,

5

6

o.87

o.80

o.80

0.84

o.89

o.94

4.740

..Ð.623

4.tn')Z

'.o.35r

4.23r

4.W

-J4.2tù

-r1.614

-9.8U

-9.O92

-8.9?L

-9.249

4¿6zo-

o.54

o.35

o.5l+

o.67

o.60

o.63

-3.560

t.566 -3.560

4.Otng -4.è54

-o.r41 -ó.4oo

â.259 -7.Êt+6

4.222 -&.922

-Ð.L58 -9.505
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I'Ia.F:Irt -Z=0.jr90å

\E- O( 
^l '\_r

Þ(o
I
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5

/-

o.87

0.80

o.80

o.É4

o.89

0.94

4.7t$

4.625

4.4911

4.352

4.232

4.)À2

-r4.141

-11.540

-9.75'

-9.O31+

-8.?30

-9.1ßl+

-).58,"

o.5t,

o"35

o.54

o.67

o;80

o.6å

r.623-

-o"o49

-o.140

4.258

-Ð.222

-o.159

-J.2J)

-3.8o2

-4"8t8

4.360

-7.8o8

-8.769

-).1*77
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RbF:ü-. Z : O.865L

or c ê¿

ô

1

2

3

4

5

6

o.95

o.84

o.83

o.g7

o.9r

o. 15

4.617

4"531+

4.t28

-o.301

-o.200

4.J25

-r7.534

-u.a45

-JJ-.667

-10.604

-1.o.27L

-1þ.3rê

-1o.5i¿

v¡ )ó

o.3)

o.58

o.6.j

o.8l!

0.90

-4.37)

L.224 -A..379

-0.063 J.o3r

-0.165 -7.7ot+

-{,.260 -9.034

.-o.riz _9.t70

{.139 -]r9.t+3t+
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Rlr:iþ..__z = o.9lÅ
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t d'þt ql

0

1

4

6

o.ùl

0.60

o.60

0.6Y+

o.Bi

o. ?,!

Ã.7A

4.624

4.4]3

4.352

4,23l'

4.W

-14.711:t

-1r_.568

-9.76L

-9.O52

-¿J. tlrÒ

-').r97

-9 -öU_L

o.54

o.35

o.54

o.67

o.50

L.600

4.Othj

-o.140

4.258

4.222

-û"L5?

-3.5h,5

4.ev

-h.832

-6.37 5

4"8t+6

-8.801_
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.\Pt,llNr)rx 3

molecu1e in free sÌ)ace a.nd i-n a dielectric

medium.

If e Ì{ant to deliionstrate trer-e th,¡ t the Schrodinger equa-

tion of the moclel molecule in f ree spaco. ( ecirraùion 2.,|1 )

is equãvalent to that in a dielectric medium (equation 2.'5)

íf rve m¿rke the transformation given in eguation 2.J. 
.,

Fir,st, Íte rer'¡rj.tr-. thc f ree space ecuation ( 2.4 ) :

v2VCÊ: - 2 ({- *t- *l'+(i) + E'c R,Z)VIÊ) =o 'i"

This wiJ.l not ctr.an¡3e If we mrrltiply the L.TI.S. try k,r-z wfrere

ho 1s a constant later tal<en to be the di.jlectric constant

of the medium:

T: "' vcÊr - +ï(+-t- *) v.?r* WvcÊ) =o

or v'¿vct¡-å(+.ti -$lY<ïr -{ffn:r,=: :

(er.t¡ ,,,

'vr'"r' g'¿ t:ilt - +*ãD
rr = Ilor .'

xarrr'rt = liorarb

ff all- Lengths in eqrlation (f,':.f ) âre nor\r scrled by a factor

ol r'ô;
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-a{|-r_àrr=k()r

IÌ _-.' kojt

r!¡e laave 3

and this is ex¿rctLy the Schro<lingcr eouation of ttre molecule

in a dielectric mediu¡l if rrre identify:

. rr¡ = kolì
È - r- -Zu't"-'-o


