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1'he hilnd ~ap of alkali ha lides. alkaline-carth oxides. AI'203 :md Si02 cryslals ha" heen cakulaled u"íng the pcrturbed-ion mude! supplc.
nll'ntcd wilh ,,0111(' assumptions for the treatment 01' excited states. Tbe gap is calculatcd in se\'eral ways: ,L" a diffcrcnce bclween one-clcctron
cncrgy cigl..'n\';lILlcSand as a difference hctwecll Ihe total encrgics of ,lpprnpriate electrollic "tatc" of the cryslal. both al Ihe HF level and with
inclu"itlll of Coulomh rorrclation effeets. The resulls compare \Vell with experimenlal band gap ellergies ami wilh other theorelical ca!cul<l-
ti(ln". "t1!!~l'"tín~ that the picturc of honding ami cxcíl;llion givcn hy the model can he useflll in iunic malcrials.

Kt'\'II'onls: Clustcr llIodel: <I!kalihalides: oxides; hand gap

El "allo de handa de cristales ha!uro alcalinos, óxidos alcalinotérreos. AbO} y Si02, sc ha calculado ulíli/ando el modelo del ion perturhado
l"1l1nplcmcntado con algunas <lproximaciones para el tralamiento de los est<ldos excitados_ El salto se calcula de varias maneras: corno una
difl'rl'ncia enlre au(ovalorcs de energía monoeleclr<Ínico.\ y (omo una diferencia entre la" ellcrgí;ls llltaks dl' e-.taliO', electrónicos crí"talinos
apropiado". tanto al nivel HF como incluyendo 1m efectm de correlaci6n de Coulolllh Lo" r('"ultado" e"l:ín en hucn acuerdo con la..•ener!!ía"
de salto dc h:mda experimentales y con otros c:ílCLllosleóricos. lo que sugiere que la visión que da el lTlodelo del enlace ~ las excitacione\
puede ser lítil para materiales iónicos.
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1. IlItroducti()1I

Thc incrcasing intcrest \vhich is prescntly onscrved in lumi-
ncsccnl malcria1s is due to their numerous lcchnological ap.
plicalions, namely. lumincsccnt Iighting and prcraration of
lamp phosphors. nuclear spectroscopy, laser scicnce. 01' the
CtHlstructi{)[l 01" l\\"o-dimensional detcclOrs ror usc in medical
screens and crystallography, to Illenlion a fe\\" [11. The cal-
culalion PI' the rrorerties of those materials rcqllires a model
ror Ihe material and a computational mode!. Thc !irst one con-
cerns the mmlelling of the crystal 01' intcrest. The {:omputa-
tiollal model concerns the level of theory lIsctl in thc calcu-
¡¡¡tions. The cakulation of the electronic propcrlics 01' dured
ionic nyslals (01' nystals cOlltaining vacancies) at an ah illitio
kvcl is stiJl ;[ challengc fOl"the computalional lllelllOds nor-
mal!y usctl for n)'stalline solids or molecules. The rcason in
lhe Iirsl ¡;:ISL'is the hrcaking of the translational sYlllllletry hy
thl' presenn.' of thl' defect. This enters in cnntlkl wilh Bloch's
thcorem. which is the hasis 01" the solid slate cakulalions. A
so!ulioll 10 Ihis prohlcm is to use a slIpcrccll geometry. in
which a ceJl simulaling a smaJl region of Ihe crystal contain-
ing Ihe dcket is rcpeated periodically [2]. Therc is the t1anger

nf internction belwcen Ihe ddccts if Ihe supercell is not large
enough. Tite use 01' molecular llIclhods in real space requin:s
also a large nUlllnL'r 01" <lloms lo be treated in a sclfconsislent
wa)' [:3J. so the <lvailahk tedllliqucs do nol handlc easily this
problem. Thosc Ilwlecular rncthods rcplace the whole LTystal
by' a cluster. out Ihe mIL' 01' the surl"at:e should not he over4
looked even rOl"Iargc c1ustcrs. An intermedime approach is
providcd hy cllloedded cluster Illodels. in which the impurily
is surrollnded hy a small fraction 01' the crystallinc cnviron4
ment, and the rest or the crystal is simply descrihed hy point
charges. This approach has heen alrcady applicd to thc proh4

Ic-m oflulTlinesecnl impurities 131. Evidently. the description
hy point chargcs only gives:ln approximate representation 01"
the bulk, In summary, a large numher 01' atoms is nccded for
simulating an ¡nnic crystal containing an impurity. ami evcn
in such a case lhe inhercnl prohlems of the clusler surface
and the descriplion 01' Ihl' ínfinile hulk should he faced, Thlls.
a model thal giVL'Sa hellL'["descriplioll of the impllritY4lauicc
and cluslel"-Iauice interactiolls is dcsiranlc. The iJeas of the
theory of electronic sep;¡rahilily (TES) Je\'eloped hy HU/i-
llaga and coworkcrs I-I-G] shollld he useful in this conlL'.\1.
Thc TES supplies a natural framcwork to Je\"elop accurate
schcmes rOl" tka!ing \vith the dusler-Ialticc intcraction. The
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and lhen (he IOtal energy of a systcm formcd hy {{groups 01'
type A, h grollPS of Iype H, etc, can he writlen

is lhe sllm 01"inlragroup, or !let energics, and intcrgrollp, or
interaction energies:
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In practicc, ror ionic cryslals Ihe 1000:algroups will he iJcnti-
lieo ",ilh thc c1osed-shell ions.

Grollp wavcfllnctions are ohlaincd hy minimizing Iheir
effeclive ellergies if strong orthogonality condiliolls are sat-
isfied aIllollg (he group wavefllllclions. This restrictcd varia.
lional proccdurc can he successive amI iteratively applied 10
alllhe dilfcrclll grollPS, in onler to determine 1"1I11yconsÍslent
grollp wtlvcfullctions and tht: hesl systel11 wavefunction com-
patihle \I,'ith (he initial assumptiull of scparahility. \\'hen (he
wavefllllclion of ti particular grollp is heing dclermined, lhe
w<lvefunctions uf all Ihe other grollps are considcrcd frozcn.

The elTective encrgies can he cxpressed as expectation
values of appropriale effective Hamiltonians. For group A

,VA

+L L [I';fr(i) + [,'(i)l. (6)
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The grollp-wavcfunction '1/'" is a Slalcr determinan!. The flrsl
lcrm in Eq. (5), namely (~I'..\III,~:fl'l¡'A). colleets the ellergy
associatcd lo the eleclronic c10ud 01' group A, and the sec-
ond lenn gives the interaction oetween lhe nuclcus A. oí"
chargl' ZA. amI the Hartrce potential 01' groups S(::j:. A).
R"s = lilA - ilsl indicates (he dislance helwecll (he l\Vo
ll11clei. The elTcctive Hamiltonian JI ;~T can he wrilten as a
sum 01' several terms

hut it should he noted thal Esystl'lIl is not a simple sum of
the effective ellcrgies since (he inleraclion encrgies are lhen
counted t\vicc. So the additive cnergy 01' a group A is deflned
as

where the f{ and S SUIllS run through local groups. AH the
conlrihutions lo Esyst.em due to ;¡ group A can he colleclcJ in
an elTcc(ive cnergy dellllcd as

perturhed ion (PI) model ti]. based on lhe TES. \vas devcl.
opcd 1"01'(he sludy nI" ionic crystals or. lIlore in general. for
crystals formed hy atoms with closcd shells, and has hel'n
la[er extended lo free c1usters 01"the salllc materials [8.~n

\Ve plan lo appl)' thc PI model to stuoy Illminesccnl ccn-
tt:rs in ionic cryslals. As a firsl step. we use the PI model
in this papel' lo ealculate the hand gap 01' pllre alkali halide,
alkaline-earlh oxide. AI103 and SiO:¿ erystals. AlIlhcse m<l.
[edals are important in Ihe flcld 01' lumincscellce and also
in olller lIclds ranging fmm catalysis lo magneto-optical dc-
\'ices. The calclliatioll of Ihe energy hand gap 01"these ll1ale-
rials is importanl rnr sevcral reasons: first 01' al1, lhe impll-
rity Icvels 01' the doped crystals are located in Ihe hand gap
01"the pure crystal. Furthcrmore, the gap is a very important
lIuantity in tlle tirst step of Ihe scintil1a(ion process, namely,
ahsorption nI" radialinn leading lo formation 01' eleclron.hole
pairs. This Slep inl1uences the glohal efflciency 01' the scinlil-
lator. Last hut not the Icast, jt is also importanl from Ihe lhe-
on:lical point nI" vicw. as jt givcs information on the qualily
01' the moJel. \Vell known are the Jifflclllties of density futlc-
[iona! themy In descrihe hand gaps. A large body of work
l~xists un the calculation 01' Ihe hand gaps in these maleri-
als lIsing the Iradjtionalmethods of band theory 1l()~2,11, and
wc compare our resulls to a reprcscntativc sel ol' hand calcu.
lalions. Although \ve ohlain a bctler glohal agreemcllt \vith
experimental gaps than many ah inilio hand structure calcu-
laliolls. our intcnlion he re is nol lo compele ",ith those \\'1..'11
cstahlishcd solid slale mcthods. Inslcao, we only intend (o
sllow Ihal (he PI model alTords an :lccurate dcscription of lhe
band gap ",ilhin Ihe framework nf ;¡ c1l1ster-like approach,
\\'hich is considered a cOIl\'eniel11 approach fOl"the stlldy of
doped cryslals.

The strllclure of Ihe papel' is as fol!ows: In Seet. 2 we
preselll the PI JIlodel for ionie crystals, showing how sev-
nal prohlellls concerning the cluster approximatioll are cir.
l"llllvenletl. Sincc the PI model is originally formulatcd in a
Ifartrec-Fock OfF) frame\ ••..ork, \Ve aiso discuss lhe introduc-
¡ion of Coulomh correlalioll. Sectioll 3 descrihes the calcula.
tion 01"the gap. ReslIlts are presented for the ahove mcntioned
cryslals and lhe [rends ohtained are JisclIssed in comparison
with experiment and othcr ca1cllialiolls. Finally, Ser!. 4 SUlII-
Illarizes our conclusiolls.

2. Thc pcrturhcd ion modcl

2,1, ThroQ'

The PI lIlodel has been developed rm sySICIllS (pure crystals,
cryslals \Vith defecls, 01" linitc clusters) formed hy \Veakly cor-
rclated one-centl'r cleclronic groups, the pro(olypical syslelTls
hein~ ionic crystals. like the alkali haliJes, formcd hy closed-
shcll ions. Thercfore, according lo lhe theory 01"elcelronic
..;cpar¡¡hilily [.¡-(jl, thl' wavefunction 01' the system can be cx-
pressed aS;1Il anlisYlllllletrized producl 01"Ihe local wavcfllnc-
lions descrihing ctlch grollp. Ir thcsc local wavefllnclions s;¡l-
isfy slrong-orthogonalily conJitions !2[,. 20J, lhe total encrgy
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wlwrc S and A.' are Ihe O\Trlap ¡¡nd Ihe cxchangc lIlalrice~ fur
Ihe ,'.; ion inlhe ~1(1/111. ,'1') l hasis. Full details can hl' I"ound in
lhe original papel' hy Lllalla and PUl'YO [il.

As indicaled ahoye. wllL'1l lile elTccliv(' fialllillonian 01'
an aClive ~rollP A is heing di¡¡gollali/cd. all Ihe olller groups
S are eOllsidered f¡-{)len. Selfcon"islelKY is achie\"l'd follo\\"-
ing an ileralive scheme. Al each iteralion alllhe ineqlli\'alclll
ions arc sllceessively trealed as ¡¡(tive grollpS. <I111llheorhilal
wa\'efunctiolls and eigeJl\'alues \Jf Ih(' frozen gnlups arc taken
fmlll the prcviolls ileration. TIll' ileralions are cOlltinllcd 1I1llil
convergence is achievl'd.

Sllllll' l"eallll'es orille 1)IIlHHlel are wnrth lllenlionillg here.
In lhe c!lI ...l('r approaclws llw 'inlid is partiliollCd inlO;¡ .\:llIs-
tcr I"l'ginll.' and '.Ihe rcsl 01' Ihe ny<.;lal". The physical ami
lllall1l'malieal d('scriplion 01 h0111(,IlIilies should ne aceurale
ellough. as wcll as Ihl'ir inlCrrl'lalions. Frecllently, Ihe chls-
ler has hCl'n snlveL! using prn'¡"l' qllantuJ1l-ll1l'chanil'allllclh~
OIls \\'hik' lhe cIl\"ironmell[ has hl'cll simlllated hy ll"ing ruin1
charges I:W[. hui lllorc aeclIralc dC'icriptions of lhe enviroll-
lllL'nt slJlToLlnding lhe ,ll'ti\"c cluster ar(' lleces"ary in order
to an:ollnl prnperly rnr cluslcl'-lallice inleraCli()flS 1:~II. Ik-
",idcs. lIJe I'leelion (lf the cluster "i/e is also a delicale proh-
km. twcause ",urface elTecl" al lhe cluqer h()undar~ may af-
fcel lhe rcslllts. In lhe PI mode!. th(' .'cluster .. is rl'dUlTd 10
ih Illinillllllll si/e. a singk ion, and clllsler-Iallice inlL'raC-
[ions are describcd selkon'iistcntly in lhe framework of thc
TES 1'1. ;11. The cluster appmximalion can he rigollrously for-
Illlllall'd wilhin lhe TES. as c!lhler-bttice orthogonalily is a
fu ndal!l(,llta I requirelll(,1l1 (Ir that IIJenry. Anolller rC~lture of
Ihc Pllllod('1 i...lhal il dn('s nol in\"oke Ihe LeAO aprro\ima~
lion. TllL' onl'-cl'nl('r characler or thc mode! kad" to a large
eompulalional sa\'ing wilh IT"PI..'CIlo :Iny mulli-ccnlcr Clllsll'r
approaeh, The PI lllode1 jusI dl'snihed has hccn forlllllla(ed
alllw I larlree-Fock lc\'cl. No\\' \\'l' tmn lO Ihe inlrodllclion 01
(\llrltI111h cmre!:tlinn.

(X)

(Y)

(7)

wllL'rc ¡/'(i7') is Ihe ekl'lron density oftlle iOIl. II is physically
;lnd C<llllpUlalionally C<lnvenicnt 10 separa te Ihis clcclnlsta1ic
POlclllial inlo classjcal and nonclassical (ne) lerms sllch tl1a(:

wlll're tillo.'Il1rl"C Inllls in \ ::~ are the elcclron-nuc!clIs. Ihe
cLi""ical eleelron-c!L'elroll and lhe cxchange parts 01"the po~
Il'lllial cnngy ((Ile Slllll of (1lL'tirsl 1\\'0 lerlns is lhe lIarlree
POlclllial '-ji). Second. Ihe slrong orthogonality helween the
orhilals uf (he aClive grollp i\ and Ihose of Ihe other groups S
is cnfrlH:ed in II,.H' hy 1l1CanS\)fthe projecli{ln ()pcrah)r flS(i).
For syslellls forllled hy closed sllcll iOlls. this operator takes
lhl' forlll 1:!7]

whnl' g runs ovcr a[1 occlIpied olle-clectron orhilals cPfl (willl
orhilal enngies (.;~.)uf group.',. .

\Ve no\\' deal \\"ith lile explicil fonn of \';:~ [i]. For the
closcd-,hell ion'i cOIl'iidered here the Har!rcc par! 01' this po-
lcnljal i, gi\en hy

\\'ilh I"¡._\ = ji-:"¡ - jt ..ti and I'ij = li-;'¡ - /~ l. Tl1e i and j-
"lllllrnalions run O\'l'r thc S.-\ electrons 01' group ,\. The l¡rSI
1hrl'c InlllS in 1he Ilam ilion ian rl'prcscnl Ihe eleel rllnk ki ne1ic
l'llL'r~y. lile intcraction helwccll the elcclwns and lIlL' 1I11cleus
:lIId Ihe intereleclrollic replllsioll (Ihose Ihrcx Icnns refer e.\-
l'IlI"i\'l'ly lo grollp;\ l. On lhe otiler hand. the terllls eOlllainillg
Ihe S-"lIllll11.uion a<'.Tollnl ror Ihe interaetion \\'ilh Ihe fro/en
grollps S. This inleraclion separatcs i¡self in t\\'o parls. first.
\ :.~ (1) represellls Ihe l'fkL'1in: pOlcnlial energy of an eleelron
({If ~nlllp 1\) in Ihe Illean field of Ihe grollp S:

I

\';(')~-L L LI"'","8)A(I""",8)("'",,SI" (11)

I "'= 111./'

Ikl'l' 11///1/. S') are Jll'OdUl'\S of spherical harlllollics )/" allll
Pl'illliliH' r;ldial fUlletions f(lr lile 8 iOIl, ti ami f¡ l"lIn over the
SI;I[L'l"-I~11,,'orbilah (STO) (lf / sYllIlIlclry, :lIId .-1(1. ti/¡. S') are
lllL' l'kllll'll\S of lhe Illall"i.x

\\IlL'rc Ir....i", lile ncl chargc 01' lhe ion, and \ ~;:: repfl.'sellls lile
dl'"ialion 01' -i~'fmlll a puinll.llarge pOlenlial dUl'lo Ihe linile
l'XIl'nsion of Ihe ekcll'Onie densi(y of lhe iOIl. Tllis opcrator
l';1II 1lL'c1lcclively cOlllputcd using the Silverslone expansioll
01' a fUllclion in a displacl'd center [2S. 20].

Thl' l'.xchallge upcrator \ .\~ call be writlell as the nondiag-
ollal ,,[lL'clral resolulion [:!71

2.2. Inlnuhu:tion 01"L'orrl'!ation in the PI mocil'!. The
Coulomh hule modl'l

The scminal idea of sepal"ahilily i" lo lind clcetronic ~rollp'i
suc[¡ Illal in1l'1'1:!roupcorrcialinlls playa minor mIL' I:Ln 111-
lra;¡tolllic l'orrelalioll. on IllL' (llill'l" hand. eontrihull'S signif-
iC:lIllly [o Il1l' h:lIld gap clll'rgy or iOllic cry"ta1" and has
lo 11'.'inc!udl'd. To lak(' inlo aú'ounl inlraalomie correbtioll
\\\' h:IVl' LI"cd Ihe COlllomh-1 brlrl'I..'-Fock (CHF) 1JlodL'l pro-
pnsed hy Ck'lllcllli [:n, :).11. inlhl' CIfF llloJe\. tlll' cIIlllolllb-
replllsion inlL'grals arc Illodilil'd hy inlrodllcing a ....pherical
hok~ ;¡round l';¡ch cleclron in wllkll lh\,.'oll1..-:relel'trons do llol
pL'Ill'lra[L'. TIlL' radius or l!lis coulomh holc 101"a partjnllar
inlegral lkpL'nds on the ovcrlaps hel\\"eell lhe funclions in-
Hllved. aside Irolll olhn faclor.s. T\\'o param~lers l'an sl'<lk
1l1l'hole, alld thcir \"alue ...•\\'1..'1'1..' chtl"l'n lo mateh Ihe elllpirk¡¡l
•...orrclali\lll cnergies 01' Ile amI 0:l'. Ikt<tils 01' Ihe Cfll= IIHldel
•...an he cOlIsultet! in ClclllL'nli.s pa¡1l'r, 1:~;3.31].

(10)

( 12)
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hU1Il lhe point 01"vic\\" 01' Ihe PI CalClIlaliollS, Ihe CIIF
modL'l b Con\'cllielll fOI"sC\"l.":ralfe<lSOns: (a) il is cOlllpulation-
aJly silllp!L': (11) il L'an he implemclllcd easil]' in ,he !{oOlha<lll-
Bagus sel" (self consiSlen! f1eld) rorlllalism I:rl]: (e) il repro-
duce.s ,,'ilhin a fe\\' parts per cent lile empirical corrclalion cn~
er~y for 11ll' ground slale of free aloms [3:1, :311: (ti) it is si/e
(Ollsistl'nl: amI (e) lhe CHf- corrclalion encr~y depcllds on
lhe radial densily of lhe ions. lhus incorporaling correlalion
dfcl"t,s uponlhe Imlllalion 01' lile slllid.

TIlL'rl' are t\\'o \\"¡¡ys lo implclIll'lll lhe CIIF mode!. \Vilh-
oul going inlo more delail. \\'e have llsed lhe unrl'l;I.\cd CIIF
appro\il1lalioll, in \dlich Ihe PI \\':\Vl,rUllClions cakulaled al
lhe IIF kn ..1 are kepl lixl'd and Ihe corn:laliulil'lll'rgy is silll-
ply added lo Ihe IIF enL'rgies. SirlL"e the coulomh n:pulsioll
illtl'grals are reduced hy Ihe elfecl of the holc. Ihe cOlTecled
energiL'" or Ihe ion" an.' smaller Ihan Iheir correspt lIHling orig-
inal 1'1 \';lIues. The good performance of Ihe CIIF lIlodel in
aeeoLJnling rol' inlraatolllic corrL'l<llioll can he apprl'l:iated in
lhe re\'iL'\\'s ofrel's. [:W, Til.

:!.J. Ba~i~sd

The Illcil ilL'd alt)¡llic~1 ¡h' orhilals used lo dcsnihe each ion i11
lhe cry"lal are c\pantkd in a IargL' hasis set 01"ST(Ys [:38, ;{!)[
hl..'GlUSl'nI' lheir supcrior rerl"orm,ull'e (I!leir prl'ci .•.ion heing
ne;lr 1111I1h.'ril'al-hartrL'l'~r(lck). t\n l'xll'nsíon 01"lhe hasis ,,'as
n:quil'ed rol' 111l'dL'SLTiplion 01' hrolllides. Frolll all anal)'sis
(Ir pl"l'lilllillary caklllalions \\'e llaH' reasons lo Ihink Ihal the
hasi ... sel IIsed for Br lIlay nol hc Ihe must "ppropriatc to
dl''''l'l'ilK' Ihi" anioll in 111l'LTyslallilll' Cfl\'iroIl111l'lIt. Itere \\'l'
Ilavc dl'l'ilkd lo clll;trg.l' thc hasis SL'I for Br hy adding. unL'
5¡I-pol;ll'IIali(l1l rllnclion, Thc exp(llll'lll uf Ihe 5¡!-STO \\';1"
;¡djusled h~ Illinimi/ing lile total l'llerg.y 01' lhe L'{llTcspond-
¡lit' LT),,1;11.\Ve Il;l\"l' I'ound that IIpon indusion of the 5jl-

STO, lhe ,l¡!-tlrhilal nI' Br- CXpl'ril'lll'CS a sm;t11 l'ontracliun
\\ill1 re "pL'L"I lo Ihe -ljl-orhilal in llll' ahscllcl' tlr lhe p(llari/<l-
[ion fUllclion. This \"ery "mall dkcI is r'2sponsihlL' ror Ihe illl-
prm'l'IllClll 01' Ihe I..Ty.,¡al energy, \\'ilhin the TES, Ihe rortitln
nI" tllL' Illlal L'nerg.y represenled hy lhe projcL"lioll energy i"
"CnSill\'l' lo Ibl' qualilY (JI' Illc basis Sl'1 in the lail rl'gioll. Fur-
Ihl'r di"l'lIs"io!l 011 lllL' inlllll'IlCL' of hasis SL'ls on Ihe resul\..; i"
prm itkd in Secl. 3.

.'. Caiclllatioll 01'ellerg~' gaps

Follo\\'ing lhe \\'01""-. or Poole ('1 (//. [:llJ], lhe gap is rig()rolhl~
dL'linl'd as Ihe ditlcrence hd\\'ecn lhe threshold ellergy El ;tlld
llll' eh.'L"lrtJnic artinily \ 01' thc crislal:
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Tl1e lhreshold encrgy i" lhe encrgy lleeded 10 relllO\"l' all elL'L'-
lron In 1m [he \<lP \ 1r II}L'vall'llL'l' h,UHI (Vil). WI1L'I'l';}S1hl' ell'c-
lronil' ;lllínily is dclilled as Ihe l'lK'rgy 01' an l'Il'L'I]"on al Ihl'
h(lll(l[lI \lllhe l'(llldlKli(lll hand (('I~). fefcITed 10 lhe \';¡ClllJlII
!l'\-l'I. II i" illlport;1I1110 hl' a\\'arl' nI' this dL'linitinn, hecause il

lhe hole in lhe VB amI lhe clel'1ron in lhe CB \\-'erc allowcd to
illler,ll,:t (elcclron-hok' pair), stríetl}' \\'e would hc dcscrihing
instead an l.'.\citollic 11'\'l'I.

The prohlem 1'(11'a L'llIsler lll\Hkl \\"hcn trying lo ohtain
hand gap L'lIergics lI"illg Eq, (1.1) is Ihe cakulatioll of Ihe
eleclronic ¡¡flinily \' as il is IlCL'cssary lo deal wilh an eleL:-
tron in a delncali/cd "lall.' al Ihe hottolll 01" the conduclion
haml [.10]. The PI Illndel is nol <In e.\L'C¡llioll in Ihis respect.
I)ue hllllL' tllle-Cenll'rch;lracler {Ir lile IIHldel. \\"1..' have- to ú'l1-
lcr Ihe l'k'clron \\"a\"l' fllllClion on a !allicc sile, Besides. Ihe
slrong iOIl-laltice urthogollalily I"equired hy lhe TES \\'tluld
force llll' eleclron lo hl' locali/ed on a gil/en ion, Icading lo an
inCOITl'L"lreprescl1lalion 01"ti conduclion hand stale, \Ve call,
IHl\\'Cvel', give an appm\illlale de.sniplion of Ihis slale hy re-
laxing lhc orthogonalilY ret)uíremenls (see helo\\"), Fnr iOllic
malerials Ihe e\perillll'nl:ll vallles 01' \ are .smal! (only a fL'\\
tcnllh uf eV I~(J .. 111) cUlIlpared lo I~'Iand Ollr appro.\íl1la-
lion giVL's values 1'01'\ wilhin Ihe L'(11Tl'clordcr 01' Illagnillldc.
Bcsidl's, Iypical errors in Ilwasllred gaps an: '" O,S cv.

\\'L' !l¡¡\'L' ca!CulalL'd Ihe hand gap cnergy in Iw() dille]"-
enl \\'ay". The tirst Olll' idenlilics Ihe gap \\'ith lhe dirrerence
hel\Vcl'n lhe cllergy L'igl'll\"alucs cmrespolluing lo Ihe 10\\'csl
unoccupil'd l11olccul;lr \lrhilal (LUi"v10) and thL' highcst OCCll-
pied 1ll0lL'cular orhilal (110,\10) ohlained ill IhL' PI moJel at
the IIF le\'cl. thal is. \vc appro\illlate Ihe threshold elll'l"gy
El hy Ihe 1I0i\10 and IIlL'elcclronic aninily \ hy the LUi\10
(wilh opposilC sigll"):

,:,C,,'" =, (IX'dO) -, (1I()~dO). Il~)

This L'nL'r~y ditlcrl'lll'L' overestilll;lles Ihc gap. as i.s lhe case
(JI' lypical !IF hand lhl'ory calclllalions [22]. Tlle sccond \vay
is a ~SCF calculalion.

.1,L LlJ~I()-II()'I() dilfen'I1l'"

'rllc orbilal cnergy 01' 111l'HO~I() Ie\'el is a t)uanlily rcadily
oblaíllcd in Ihe PI model. For a gi\"cll alkali halide cry~t;¡l il
CíllTl'.SpOIHh lo IhL' l'igl'fl\'alue of IllL' Ilulcrlllo"t oL\.'upied p-
orbilal tlf Ihl' allion. To ohlain lhe LUMO we can sillllllale a
ncutral alkali alOl1l, .1°, aS:ln illlJlLlrily in lhe lield crealed hy
the pure nysl<ll (.\11 .\ ~ X-). TIlL'Il, Ihe LUi\10 is idellli-
tiL'd \\ ilh lile oUlerlllo"l ol.'L'upied orhilal or IllL' IIculral alh.ali
impurily, A" slaled ahm'L'. \\"henlhe c<llculalioll i." pcrforllll'd
wilhinlhe sIriel trallll'\\'ork of lhe 1'1 lllode!' lhe locali/ed ha-
sb and llie cOlldilion 01 "lrong tlrlhogonalil,lIion belWL'ell 111l'
orbilal" in ncighhorill~ silcs \\'{lllld leal! lo an unphysicallo-
eali/;llioll 01' Ihis L'kelHln on Ihe alkali site. A hctlcr descrip-
lioll 01' IIlL' LUi\-10 is achievcd hy rn.'eling Ihe cryslal aroLlnd
Ihe .,\U impurily (Ihal is 11ll'""ave l"llllctions ortlle surrou:Hlillg
iOlh) amI rl'lllo\'ing Ihe picl'cs \ ',,,,"(i) and pS(i) oul orIlle d-
l"ccli\'l'ILII1Iillonian rOl IIlL' illlpurity, (1 has lo he slressed Ihat
Ollr c;l!clllalioll dc ..•.nibcs lhe LUi\IO as <In (lcellpied orbilal
L'eniL'll'd UlI ;}[}alh.;lIi alOIll. '1'0 ;lIlow for Ihe dl'lol'aliz;llion
(JI' Illis orhilal \IVl'!' a "uh"I;lIllial rq;ioll 01"lhe cry"lai. lhc ha-
.•.i" "l'l u .•.ed lo]" IllL' ílllpurit) (Iah.l'n !"mm Bungl' and Barri-
L'nlos ll:.![ lor Li. i'\a. K. Rh. and I¡-olll i\kLean I:{!l] ror eS)
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ha" hcell enlarged hy adding SOIllCdiffusc ...•-Iypl. STO 1"1Inc-
lions. assllnlin~ that Iheir exponenls forl11 a geolllelric pro-
~rc"sitlll 1,I:n For 11lL'ralio 01' Ihe geolllclric progression we
I'Hlk Ihe ralio hCI\veCn lhe exponenls 01"lhe Iwo oulermosl 8-
orni(;¡ls of Ihe original hasis sel, <tnJ we en largcd slleeessi\'ely
lhe hasis "et wilh one, 1\\'0 and three STO's. The calculated
I.U~10 eigellvaluc converge.s f;¡st as the hasis sel is elllargcd.
In racr. hy adding a fOllflh diffllse function. lhe LUMO en-
crgy changed hy ....., l()~:~ eV only. \Vith Ihe hasis choscn.
Ihe l'lú'lron in Ihe LlJ~10 orhital of alkali halides spreads
OVl'r ;¡ r;¡nge 01' ahoul 32 eoonlination cells rmm ils centrr.
By rellloving llll' rieces \ '.\~'(i)and pS'(i) fmlll lhe crfcclive
hallliltnni;¡n ror Ihe illlpurily, ollr ca!Culalion nI" Ihe LU~10
hecollles ralher similar lo Ihe Illethod used in sOl1le elllhed-
ded c1lhler Illodels. in which lhe lllel3.1 impurily, with <lnexlra
ck'l'lron added. is surrounded hy a sel 01' point charges cl1o-
Sl'll and oplimizcd lo represent Ihe Madelung pntenlial 14.1].
The ditlerence hel\\'Cen Ihe Iwo rrocedurcs is Ihal ill our cal-
culalinn \Ve cmploy Ihe t"lllllplele charge dislrihulioll 01' Ihe
í.:ryslal and nol ionie poinl chargcs.

Thc cakulalion is similar ror lhe oxide cryslals. (110:\10 is
Ihe l'igenvalue nI' the highesl oeeupied anionic orhilal in lhe
pllre nyslal. ami (Ll.~I() is ohtained hy sitlllllaling a melal (or
sil¡con) cal ion \Villl :ln l'lcetron added in its e.\h:rnal s s!lcll
<1"an impurily in thc pme crystal. Unlike Ihe case 01"alkali
ha lides. in Ihe o.\ides lhe metal (or Si) ealion remains charged
(Ik'. :-vl!.:+. Ca-+-. Sr+. ItI+. Al:!-+-, S?+) aflcr addilion of

" -
lhal ekctroll. The CICIIlCllli-Roetli 1:~81hasis 1'01'lhe cal ion s,
l'nl;¡l'ged hy sOlTledillllSl' l"ul1cliollS. \vcrc used to simulate (he
dl'ln(;ili/aliotl nI" lhe LUr.l0 orhilal.

Tlll' Illagnitudc of the LUr.l0 eigcnvaluc is ¡¡¡ways a small
qll;¡lItil~ !lhe largesl \'¡¡lllc is (lA e\' for Si:l+ :SiO:!). Ollr re-
"ult.... l'ollcl'rning the allinily k'vel agrec \"ilh 111O"eohtaincd
101 i\lg0 hy Baglls el tll. [,lO] in the SCllSCIhal l!lis Ievel bears
1111silllple cunneclioll \"ilb ca(ionie <<;-orhilals. In all cases
il \Va....ilrelc\'anl lo cenler Ihe electron wavc fUllclion on a
l'alitlllil' nr <In anionic "ill', Ihe only imporlanl isslle was lo
;dlo\\' lor lhe necessary delocali/<.uion 01' lhe elcctron, The
nlllllher 01"poinl-chargc shells includcd in our calclllation lo
l'(ln\'erge Ihe ~Iadelllng IL'rJ1lis ahOlll IYO, alllllhc picture lhal
;llisl'" i" Ihal the eleClrtln hectlllles as dclocalil.ed as possihle.
l!le same conelusion rcached hy Bagus el a/. [,101.

lü'sullS ror the ca1cll!aled hand gap" of l\Vcnly al-
h.ali halidl' cryslals are compared in Tahle I wilh experi-
llll'nl ['2'2 .. 11.,1.:;1 and ",ilh olller calculaliolls. In a similar
\\a\. Tahk 11 sho\\'s lhe results ror sevcn o.\itk n)'stals.
:ll....ol'tlmpared \\ilh cxpcrilllcllt 1.16-19] and othe!" theoreli-
cal ICSllltS 1'2--1..-)0]. Ty pic;¡ I errors in lhe experimenlal gaps
;U"L'0.2-0.5 eV [2:n ()ur l'alculalions were perfonned lIsing
lhl' l"xJll'riJllClllal ,gl'lll11l'lries ;¡nd laltiee eonstants 01' Ihe per-
Icel nyslals [.~:)l.;):2]. TIIL' calcu1aled (LU ~10-1I()l\-1(») gaps
(Ii....[llay Ihe c.\perillll'ntal lrcnds: a dccrcasc of lhe hand gap
hy IIH1\'ing dO\\'1l the pcriodic lahh: along lhe ealion eollllllll
\\hen 111l'anioll is li,ed (lhe experimcnlal gaps ror I\r and
I-cr~ "[;11,, "IHlW ....OI11el'\l'l'plions (o this Irend). ;¡nd also;¡ dc-
nl'a"l' hy lllO\'ing dowll the anion colullln whell Ihe c<llion is

T/\ 1\1.E l. Hand gaps 01"all.;ali halidl' crystals cZl!culatcd hy dillercnt
[hcorclical rnclhods. comparcd lo npnimcntZlI valucs 122, .11 , ,1:) l .
.:.\(m.(LlJ~10 - 1I0~vl0) i.~a difkrcllcc 01" onc-panidc mhilal CIl-
erg)' eigenvallll's. D-.SCF rcfers to a ditfcrcllcc hc[wccn [he encrgies
01" Ihe crystal in appropriale elcctronic stalcs (see text). Kll11l.1221
pt.'rl"oflllcd hand slruclure calcublions f{lr lhe ~olid and el repre-
scnts a cOllliguralion-intcr;lCtion dusll'r calculJlioll [;>:)1. AlIl'llcr-
gies are gin'll in cv.

~(HF :'SCF Others

II ,IJMO-I lOMO)

Cryslal This Rd. 111' CIIF ReL Kunl. CI Exp.

wml.; 153) [53) 1531

'-Ji' 1", l) 16.1 12.~ I~ 1 122 I~,O 1".2
;\'a¡: 13.6 I~ 7 101 12.(1 11,6 12.0 11.9 11.5

KF 12." 133 10,5 IIX m6 10.9 ll.() mx

Rh¡: 12.0 12.7 9.3 10,7 10,1 11.0 IU IIU.
('sI-' 11.6 X7 10,5 [).t)

LiCI 112 13.0 1(J. 1,) 9.15 lOA 9.7 [) ..
:-I"CI 10.K 12.2 9,6 S.5 9,8 100 S.') 9.0

KCI 1).9 11.2 X,7 76 9.2 10,0 xx X7

RhCI tJ,h 10.K S,2 n 9.0 HU X,7 S.5

esel tJ,{) 7,X h.7 X.J

I.iBr 1(l,9 12.0 10.5 S,2 9.6 KA 7,6

:\,;¡Br 1115 IIA [J.S 70 9.0 10.0 71) 7.1

K Br tJ.7 10.5 9. I 6.5 :\,6 S,7 7,1) 7.4

RhBe [J." 10.2 X.X 6,2 :-;,2 7,1 7.X 7,2

('~Bf X.IJ :-1.3 5." 7.3

'-ji 100 110 9.5 7~ SS 6"
N;lI 9.7 10.5 t), () (J.9 X.4 h.l) (),O

KI X,[) 9.7 XA !l,3 7.9 n) (J. 1

Khl X,7 9.4 R,O ."i.'J 77 (), l) ."i.S

("..1 X.3 7.7 5.6 6.2

Hxed. For lile alkali halides. \\:c ohl;¡in ;¡ general overcslillla-
li(lll (JI' Illl' gap. \vith errOLs which increase wilh Ihe sile 01'
lhe ions il\\'ol\'l~d. The salllc lrends are ohserved in a ca!l'lI-
lalioll by IkrronL!o and Ri\'as-Sih';¡ FJ:q using ;¡ motiel 01' a
cluster elllhedded in a haeh.ground (JI' poinl-like ions. BCITOIl-
do \ ca1culalion was perforlllcd al lhe HF Ievel and lhl' gap.
ohtained as lile differenee nf LU~IO and HOMO orhilal en-
ergies, is gi\'en in Tahle 1. Thl' error in Ihe rresl'nl approx-
illlílll' l'a1clllalioll is. howl'\'l'r. aholll I cV slllalll'r Ihan in
BernHldo \ cakulation. On Ihe olhl'r hand, for o.\ide cry."tals,
Ihe (LUl\-10-1l0MO¡ ealculalioll yields exccllenl agrel'lllcnt
wilh cXI1l'rilllcnt. At Ihi" 1c\'cl of lhcory. corrclalion amI or-
hilal rela\<.uion elfects are nol Yl't (akell inlo account. so thi"
L'\ceplional agrcelllellt has lo be considered as resulting I"rolll
ti slIhlll' GIIll'L'lIalion 01"errors.

R('l'. MI',I. ¡:ú, -1-"((i) (I[)I)H) ."i50-."i5::<
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TA\lLE 1I Band gaps of scvcn oxides calrubtl~d fmm sevcral th('-
orctical metllod". cnmparcd lo C'(perimclltal \'alues. ~(ltI- i" a
(LU\lO.IIO\l<») diffcn:lll'c of onc.partick (lrhital ene!g)' l'igCll-
\'<llues. ~SCF Idels to a dilTl'fcnce hel\ •...cen lhe cnergie.~ 01' lile
nystal in appIllpriate dcrlnlllic siates (sel' lnl j, AIso íncludcd alt'
111('ob /III/io h;1I1d~Iructurt' calculations uf I'dlllky ('/ ti/. [2,IJ ;ll1d
lhe l/h I/lil/o ulcnce bnnd chJ"lcl model rc,uli" of Lorda 1'/ a/. I:jO J

,'JI encrgic" arc given in cv.

Cry"tal ~IIII. ':>SCh 111') ':>SCF(CIIF) P;llldcy LonJa Exp.

IkO I (l. 2(J S.49 IO.K4 10.6"

~Ig() 7(JI S.XO 7.99 X21 10,9 7,(1'J1,

C;¡O 7.14 50K 7.01 7.73 K.O 7 () /,

SrO (l. 15 3.X6 5.77 7.1 6.2 5.7"

B.•O "¡.(J2 2.76 "¡.62 4.K ..¡.X 1,

SiO! 'J,17 6.76 S67 - ')
Al103 H,()h 6.93 9.23 > <),j

" Ref -lh. 1, Ref.47, ReL 4S. ,¡ ReL 49.

J.2. ~SCF l'akulatioll

ThL' enL'rgy gap 01"an N-l'll'clron systelll is rigorously dl'fitlL'd
\\'ilhin 111l'~SCF lTlelhod as

whL're L~:\, is lhe ground slale ene!"gy ISII. This is, evidL'Jllly,
equi\'alelll lo Eq. (1,)). For IhL' alkali halide crystals \\'l' t:all
\\Tite

El = 1::.\. I - L\.

\ 1.' \ - Es' 1

:= ¡.,'nvsl;d( •.r-l-S ) - J.:'.'('r.\'~t<tl(.to: l\+X-), (17)

assot:iall'd lo Ihl' 1\1,'0intiL'pen<.!cnt processes 01' relllo\'ing al1
L'lL'L'lron fmm a halogen anion and 01"placing all c-kclron in
;1 \talL' al 111l'hOIlOlll (JI' lhe conduclion hand, rC~J1I.'cli\'Cly,
L'(IVSldl{ .\(1 ..\T S-) rl'J1lesenls lhe L'llergy nf Ih~ crys-
lal ~dlh;¡ ~in~1e nculral halogcll impurily amI Env"tal(.'\O
.\+S-) Illal 01' a cryslal wilh a "1lL'lJlralizcd'. alkali ion
(although lhe llL'lIlraliling l'Icctron is in a fully deloealil.ed
:-.lalL'). Finally 1-:'~("["~'''lal(..\--t S-) is lhe 1'Ilergy of Ihe perfeel
el.ysla!. TI1l' ~l'Olllelry 01' ¡hese "doped" cryslals is Ihal (Jf lhe
pcrkcl crystal. acconling I() Ihe Franck-Condon principie.

Thl' elcelroniL' orhilals 01' Ihe ion s slllTounding Ihe nl'lIlral
impuriliL:.' \ in r:lL:t,01' all i\IIIS in Ihe LTyslal) \\'crc kcpt fnll.Cn
in thl' sallll' c1L'clronic slales as in 111l'pllrL' cryslal. This is
nol stricll)' 11l'L'Cssary rOl"lhl' case SO A+-S- hUI Vil' have
j"nund fmm lesl calcu1aliollS Ihat 111('eleclronic relaxalioll 01"

Ihc l'alions slllTounding Ihe neulral halogen atolll is indeed
negligihle. Por Ihe case 01"0_'\.0 : .'\+ S-, I"rcczing orIlle elec.
lfOnic clouds of Ihe surrnllnding shL'lls oí" ions is convenienl in
viL'w 01"lile IrL'allllelH (Ir Ihe impurity (see below). \Vith lhcsc
assllmplions Ihe l'ncrgics E, and \ reduce lo a dillerence 01'
c1lcrlive encrgies [;1;) 1

whl'rc Ihc clTeclivc cllergics of S- and ..1+ refcr, cvidenlly.
lo ions 01"lhe pcrkct cryslal. Again, as in lhL' tliscussion of
Ihl' HO;\IO-LUj\fO gap in Secl. J.I aho\'e, we have enlargctl
Ihe hasis sel lo he ;Ihle 10 descrihc an elec(ronic statc for4
maJly cClllcred on '-In alkali sile although dclocalil.cd ove!" a
region cOlTcsponding lo many shclls of neighhours. Applying
IhL' same arglllllenl lo alkalinc-carth oxides, Ihe equivalent of
Eqs. (IX) anu (19) are

El = 1;,'lr(O-: ,IH()"-) - E,.,,(()"-: AH()l-) (20)

and relatL'd exprl'ssions can he casily writlen fOl"the SiOl and
AI:!():¡ crystals.

Thl' rnain COlllrihutioll lo ~El!.ap comes fn)1ll E/, and
\ onl)' pro\'idcs a slllall correclion. The largesl value of \,
",hidl i" -...,O.,) L'V is found ror SiOl. This magnitllde is con-
siSlcnl with lhe ellcrgy ditTercncc hetween Ihe vaCllutn level
alld lile lowcs\ COllduclion hand slall' Illeasured hy phOIOL'-
Illissioll srCClroscopy [,11]. Tllal cnergy Jifference is gellC'r-
aJly smaller Ihan I ev' and in lllos1 cases tnllch lower.

The gaps ohlailled hy lhis ~SCF calcuiatioll are givcn ill
TahlL's I and 11.T\l,'o .sets of reslllls are includcd: lhe firs( olle
cnrresponds lo calclllalions al the 1.larlree-Fock leve!. and IhL'
sel'ond includes correlalioll via lhe CHF mode!. The gaps ob-
lainL'd rol' alkati halides are smaller lhan lhose calculated h)
suhslracling LUi\IO ami HOi\10 eigenvallles. a I"ael (hal im-
pro ves lhe agree-mcnl wilh cxpe-rime-nL in panicular I"orcases
in\'olving hcavy halogells. Thc improvelllenl ¡¡rises from or-
bital relaxalion in response lo Ihe rcmoval of onc elcclron
from tllL' anion. Thc rL'!axalioll nI" Ihe orhitals 01"(he halogcll
alom is included nm ••' in Ihe caklllation 01"Er• hUI nol in Ihe-
calculalion of Ihe HOl\10 level in Secl. J.I. This cffccI 01' a
highl'r sensilivily of Ihe anions (as comparcd lo calions) lo 01"-
hil<ll rclaxation efTel"ls \Vas also found in our previnus works
on duslers [S. nI. For oxides, improvell1cnt wilh rcspect lo
(he LU~IO-HO~IO difkrenee oll'q. (14) is only IOllnd after
including cOITL'Jalioll.

Thl' clcclron dellsily 01"the c<llions is very localized and
prilctically doL's 110\changc whell lhe delocalil.cd elcetron is
cL'llIcrcd on Ihose c¡¡tions. FunhL'rmorc, lhe dclocalil.ed elec-
tron tlllL'S not intcraL'1 \•...ith ilsclf. This mean s thall'orrc!ation
givcs a Ilegligiblc l"<lIllrihutioll lo \' so 011L'can cOllcenlrate-
un Ihe conlribulinll (JI' corrclalion lo El' Thc diffl'l'cncc hc-
!ween :'SCF(IIFl and ~SCF(CHF) in Tahb I and 11comes

Rel'. ,\/ •. \ rú, -u (6) (I()()H) 550---S5~
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rrOIll lhi .••.•.mlrce. \VI: L'an apprL'L'iatc in Tahk' I Ihal lIle ,:01"-
rL'lalion t"{HTeL.tioll illlpro\'L ..••lile gap ror 1l1lhl al~ali halidc..;,

wilh KE Ke!. RhCI alld C...Cl a.••the only c.\.cepliíllls. Fur-

lllL'rJlh)rL'. iL is \\'OI"lh Iloling lhal lhi" cOITl:elion changl',", Ihe

lIl:tgnillll!L' of IhL' gap" in lhc ,'tllTCcl direl'tion, nallldy. in-
LTL.;¡.••ing Ihe g;lp L'Ilerg) rol' t1LHlrides. whidl ha\'(' !Ir gap"

hclo\\ Ihe c\lwrilllL'nlal \'alLLL',".and deLTeasillg Ihc gap rOl'

Ihe rL'sl 01' II1L'ny..;lal..;. which sllow ((''\CL'pl KCI. RhCI and

(, ...CII IIF ~ap'" largl..'r Ihan 11l1..'1..'\periIllL'lltal 0111..'''.In "'U11l-
Ill<lr~. lIle gl(lhal Irend .••relll;lill Ihc SaJllL' ;IS in the 111;L';[I-

culaliolh. huI lIle qll:tl1lilalive agrcclllclIt illlpron:s ",ilh lIle
ilKlll ...inn 01"cOIT,'lalioll ctlecls. The salllL' can he said nr Ihc

o\ide LTy"lals. \\'hl..'re inclusion 01"cnrrelalion reinslale..; lile

inilial ;lgrL'I..'IllI..'nlfOllnd inlhe (LU~I()-IIO~10) calcuLlIion.

TllesL' re",lIlis k;ld 11"lo c(lllclude Ihal (,:mrelalioll correclinlls

are illlportanl ror a <juanlilalivc cOlllparison wilh e.\pL'rilllcnl.
althnugh lhe geflcrallrends are rcprodllced al Ihe f1F k\"('1.

TI1I..'hand gap ... ohlailll..'d hy Kllll/ [~~Irol' Iwcl\'l' al-

bli halitk' cryslals ;lnd hy Pandcy el 01. 12.11for Ihrec ox-

idl....••hOIll hand ",Irul'ture cakulalions are gi\'L'1l rOl' cOIll]1ar-

i';OIl in Tahles I and 11. Elll..'rgy hand c;lIcll1alion'" al Ihl..' IIr

11..'\1..'1tl\Cll, .••lilllalc lhe hal1d g<lp \\'ilh CITor'" 01 a k\\ L'V ("'l'e
Rd . .2.2): Ilolke thallhi.; iS.l l.lJf\-10-1I0r-.-l0-lype nI' l'"l i 111;[-

lioll, KUll/ l~~.:2,llll1l'n illlrodLKed coulomb corrl'lalioll by
upd<lllng;1 IIll'IIHld dc .••cribú\ by Pantclidl'''' /'f l/l. [.)(;1. CtIlTC-

I¡¡li(lll elkl'h J(\\\L'I'L'd Ihl' IlltlgllilUdc ollhl' ~ap. hrin~ing lhe

l"cslllh (includl'd in '1;lhlc:-; I antl 11) in good agrC'CllIL'1IIwill1

..:\11nillll'J11. COlllparing "'¡Ih 11lL'rcsulls ublaincd by "UIl/,
\\'1..' C;lll "'l'e Illal om CIIF re .••ults are ..••lighlly hCller, e\cC¡H

lúr :1 k\\ crysl;lI .••(i\aF. KF. RbBn. <\ml lhal KUlll cakula-

li(lll"" ;tn: less SUlTL'SSrul in rqmlLlucing 1I1L'gcneral IrL'llds.

\\'l' h;l\l' jU...l 1l1L:1l1io1lCdlhal 111,hand sllllclure cakul:tliuns

OH'l"l'"lilllale lhe gap h) J si/ahk' alllOunl. On Ihe olher hand
Ollr ~S( T L';i1nJltlliun" al IhL' IIF \c\'cl do llol Sl'l'lIl l() hl'

IlIlIdl :lIkCll'd hy Il1i.'"prohk'lll. \Ve ascribe lhis lo ekclronic

rL'l:I\:llioll dkus.

1n Tahk 1. \\ l' ;d..••o indude lhe 1"l.~";UItS01' fkrrondo ;¡nd

Ri\':I ...-Sil\:I[.j:q. ohlailled <1"Il1l' differelKe hel\\,'l'L'nllle 101a1

l'11L'r~ies01' lhe lowl"'IL.'leClrollic l'.\cited slall' and 1111..'ground
.;1:11L'(I! ;1dUSILT silllulaling a piL'ce 01' 11lL'iUllic cry"lal. l'llI-

hl'ddl'd in a sY"'L.'Ill 01'point dlargcs. ThL.'.;eca!culaliolh \\'crc

perfl1rtlll'd :11II1L'Jlr: IL'\'c1 alld, cviJL'ntly, include L.'kClrnllic

rc1a\illinll. so in Tahle 1 Il1l' l'orreSp()l1din~ resulls havc hl'cn

•....!a",.••illcd lIndcr lhl..' ~SCF category. Ikrrílndo's cakulaliolls
¡11L'l11dl'in addilioll rL'!ali\'isliL' elkclS, ¡\ (olllparison \\ilh 1111..'

11rc"'l'111~SCr:(IIF) rl ..••ulh "l1O\\"Srallll'!" similar gap"". ¡lllhl'

"alllL' p:l]1l'r Ikl'rondll and Ri\'as-Silvtl I1<1VL.'uhlaillcd 111L'gap

hy id"lllifying Ihis OIlL' \\'ilh 1111..'I:\Cilalioll cllcrgy ohtaillL'd in

:1 Cllnli~uralion InlL'ral'lioll « '1) L'a!L'ublioIL again wilhin :1

Cllhlcl' 1ll0til'!. illlhi" 1..':I",etl hare c1lhlcr willllllll sUITounding
poilll I..'hargcs. As ;¡ l'on",cqlll'lll"e 01' lhc illlrodll(lion 01' ctlr-
rl'lalillll. lile Cll.akubtion ....gi\'c an illll1l"p\'cIlICIlI 011111..'cal-

clllalL'd ~ap'" for I..'hlnridcs, hromides amI iodides. In Ihc l'a"'l'
nJ 1111orid•....••.Whl'I"L'SUIIICíllll1l' ~SCf(II¡:) ~ap,,,ohl;lillL'd h)

lkrrplldo :Ire hL'lO\\' lile eX[1l'rillwlllal \'tlIUL'S, Ihe el l..'a!L'ula-

lion k;HI" lo :In illLTCaSCnI' lhl' gaps. So lllrning rrolll ~SCF

In ('1 "l..•...lll .•.lo wor~ in 1111.'rigl11 dirl'dinll. :.dlhough rOl' lluo-

rilil'''' Il1i" rl ..••ulh in:l \\ol''''l'ning ur 1IlL'm:lgniludl' of Ihe g:'lp.
The l'ITOI"Sillllle el gaps are IHlI largl..'r Ihan 1 cV This is also
IIJCI..'~¡.;e1'01'(l~lr ~SCF clkul:ltilln .••indllding corrL'lalion, ex-

(CPI 1'01'0!aF. "el <l1ll1Rh( '1. r(lr \\'hidllhc error is 1.1 cv. and
fpr (\el and CsBr. \\"hl'rc Ihc CITor'" are 1.6cV and 1,1..) cV rl'-

..;pCCli\'l'1y. Thl' l'OIIlPllILT ,i me rcqllircd hy our I..'akulalioll ..••is,

1100\'L'\'cr.1\I1Il'h slllalkr.

Incl11dl'd in TahIL' 11;lrl' lIle lhl'url'lical rc"ul", tlhtained h~

I.orda C( (//[:,1 q ror ;1I~;t1inl'-carlll l1\idl''''. Tlle~ u"'l'd a modcl
01'a 1incar 1riah lI11il..'~l. ( )-,\ 11..'luslL'r ( ,\ 1= lllclal, ( ) = oxygL'n)

l'1I\hl'ddl'd in ;1 ;\ladl'llllI~ liL'ld rqnc"cllling Ihl' L"")'''lal. Thc
uf, ¡lIiTio \\'il\"L'lunClioll \\';1... \\ ritll..'lI a.••a lillc;lr l'lIl1lhination

01' S1atcr dClL'nninanh, l'acl1 (lne Cil1TC"ponding lo;¡ rcsollal-

ill~ \'a1c-ncL'bond slrul..'lurc. In Ihal \\'a)-' a \'akllcc hond wa\'c

fUIlL'I¡on i" obl;lined wllidl is l'\plil'ildy cOITcl:lIL'd frOlll lhe

ouhe!. in lile ";l'nSL.'Ihal il i" 1101:tll cigenfullctioll 01'a hamil-

11111i;1Il which l'an he \\I"illen as a ';1I11ltll JIIolltlekL'lnHlic oper-

ators (l"oriklails, con"ull chapter 7 01'Rcf. 3.2). In onler lo in.

clude cXIL.'l"I1alCOITl'lalioll L'llL.'cts IhL'y u';L.'ds\tllld~m\ secolld-

Ol'dl'r PCrlurh;llitlll IcdllliqllL'S. Thi"'I..'\lernal l'tll'rL'lalioll is dc-

¡il1L'd a.••111L'l'ncrg~ (ollll'ihulioll 01' lho"l' SI;Ill'l" dL'lerminanh

Ilot L'xplicilL'ly illc1udl'd illlhl' vak'llL'L' hond llhl(kl ..••pace. Tlle
~ap \\'a .••lllL'llc:lkllla1L'd a...:1lI l'nl'rg~ dillcrellL'l' IWI\\'CCIl ap-

propriale r""'llll:lIing \akIKL' bond CIlIllPOlll'llh, Our rc..;ulh

;11l' :tho in bl'llcr a~reelllCll\ \\'ilh l'\pnillll:l11 in Il1i .••Che. Ac-

lually. lhe lilsl C,\Cil;lliolll'nl'l"gic,'" cl1cllbled hy I.ortla eT al.
...hould IHlI Iw idellli!il'd \\'ilh Ihe ha1ld gap cnL'r~ics, hut wilh

Itlc:di/ed l.\Cilali(ln .... "l"l1i... ]1ilinl \\";h 1..'lIlpl1a'l/L'd "hen wc

g;l\c Ihe iklillilioll nI' lile h;lIld g;lp l'lll'lg: ahmc.

l)CllSily rlllll"li()l1;IIIII"ilr~ (DI:T) 1.-,7] has :11.••tl hcellu"úi

II1l'ak'ul:l1l' h:llld ~ap.; in ionil' cry"lak ThL.'DFT (lne-partick

cigen\"~t111l''''h;I\"I..'no forlllalju';lilicllion a" qlltl"i-partic!e ell-

n~i,'" ¡¡lthl'lI~h in [1r;lL'li"l' 111L'''l'l'i1!l'Il\:r1UL.'S11;1\','heen lJ..;ed
lo di .••C\l"" lile ",pL'l'lra 111:>.olids, The I)FT h;llld gaps (lISU-

ally l'akul;lll'd clllplil: ing Ihl' 101..':11dL'n..;il~ :lppIO\illlalioll

j'or c\l'hangc tlnd cOITL'I:¡li(ln clkl'hl gi\e \:t1Ul'''' typicall~
,O )() (JI le....••lh:lll 111L'gap'" Oh"'l']'\l'd in Ihe ílplil'~1I spcclr;l.

1\ ligurUlIs r()l'lIl1i1aliPIl Il'qllirl','" 111,'l'akublion 01' Ihe C)uasi-

P:II'lic1l' ba1ld "lrllL'lUre. Thi .••l1a" hl'l'll done b~ Ilyhcrtsen and

i"lllJiL'I:')"1 h~ lhing lile "o-L'allcd (i\\' ;Ippnnimati{ln to lhe

"'L',lf-cner~) 1,~,~JI.Thc"'l' ;Illlhur" 11:1\"l'uhlaíncd:1 gap 01'9,1 c\'

1m LiCI.

-l. Condllsions

1\ 11rL'lillli1líll"]' I'L'quirelllL'1I1 rOl" IlIl' Il'callllcnl olllllllinesCL'nl
illlpuritie", in ionil' l:r~ .••lab is :1Il accurale- liL'.;niplion 01' Il1l'

h:lnd gap. COl",cqllenll~, \\1..' ha\'c (arriL.'d oul a ..;erie" 01'

;IPI1l"oxim;11I..'c:t1CUI:tliolh tlllhc band gap rol' I\\l'nly' al~;tli
h.t1idL' :lIId Sl'\'C1l oxidc nystals. '1'\\'0 dillcrelll Pl"l'.;cr¡plinlls

11;1\'Chccll u"'l'd: Ihe tir.;1 \llIl' is a dilkrl..'llce hl'IWl'L'l1lhc cn-

ngic .••01' lile LU\10 ;llld 1I0~IO orhilal", 01' Il1l' ny"la!. and
Ihe "l'L'Olld i .••;1~SCF l."ku!dlioll h;¡.•.•..,d on suhlraclillg I(llal

l'lIL'rgics. Fm Ibis purpo.;l' lhl' I'cr!llrbl'd Ion (1'1) Illudcl ha...

hl'l'n llsl'd. "'1lI'pkllll..'1l1l'd \\ilh "OIIlL' addilion:t1 ;l""umpliolls
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lo dl...'al with 111l....slate corrcsponding lo olle clcclrnn al ¡hc
hollolll of thL' rondllClion hand. Corn:latioll clfcCIS have hl.'L'll
lah;cll infO aCi.:ollnt by a model illtrodUL'cd hy Clclllcnli.

(h"erall \H' haH' ohtaincd :t good descriptioll 01"lhe eJl-
ergy gaps wilh ;1 \'er)' Illodest complllalional ellorl. The g;lpS
shmv;l rC;lsonabk agrcemellt ",ilh experiJ1lell1. and abo L'Ol1l-
parL' well (in Illall)' Gises I"¡¡,.mahly) ",ith pn.'viollS tlk'metical
\\'orb. The !"eslIlts supp0r! the validity 01' the PI lIlodl.'l amI
lhe additional assumpliolls cmployed lo silllulatc lIle physi-
l':lI siluation. Fllrllln imrrovclllenl 01"SOI1H.'particular POillh
(as Ihe Illodl'lling of lhc dclocalilcd e!L'ctron al the hotlolll nI"
IhL' nlllductioll h:lI1d. Ihe trcallllenl 01' clcL'lronic cnrreblioll.
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