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We find thata defectstatetreatmentof localizedexcitationsin LiF within the local density functional formalism

accountsremarkablywell for theobservedexperimental(core plus opticalgap) excitations-~ in contrastto thefailure
of the one-electronbandmodel.We show that whenelectronrelaxation,self-interactionand charge polarization effects

aretaken into accountby treatingtheexcitationasa localizedpointdefect, theimprovedbandmodelpredictsthe cor-
rectexcitationand interbandstates.

Despiteextensiveinvestigations,the natureof the using a simplified atomicmodel) arenecessaryto bring
fundamentaloptical gapandcore excitationsin ionic the resultsinto agreementwith experiment.It was fur-
solids— of which LiF is consideredtheprototype therstatedby theseauthors[I] that the local exchange
remainsasa challengeto experimentalistsand theorists model is inadequatefor describingexcitationsin these
alike. Theoretically,two basicmodelshavebeencx- materials.
tensively applied: the restrictedHartree-Fock(HF) We report resultswhich show that a propertreat-
model [1] andthe local density(LD) model 12— 3]. ment of localized excitationsin theLD model accounts
With the recentadvancesin linear combinationof remarkablywell for all the observedexperimentaldata
atomic orbitals (LCAO) techniques,themoreconven- in contrastto the failuresof the one-electronband
tionalnon-self-consistentmuffin-tin schemeswere model.Our methodgoesbeyondthe conventional
abandonedin favor of themore sophisticatedextended band modelby consideringexcitationprocessesas
basissetself-consistent(non-muffic-tin)LCAO methods transitionsinvolving point-defectstatesin a solid and
for bothmodels.Theirapplicationshave,however, usestotal (statistical) energydifferencesbetweensepa-
yieldedmixed results: (i) local exchangecalculations ratelycalculatedgroundand excitedstatesratherthan
[3] with an exchangecoefficienta closeto 1 .0 could one-electronenergydifferencesof a groundstatecal-
reproducetheoptical gap but an extendedGaussian culation to evaluatethe relevantexcitationenergies.
basis(a= 1) study[2] gavecalculatedone-electron Specifically,this is doneby our “small periodiccluster”
energiessubstantiallylower than experimentin the (SPC)model [91in which we performa fully self-
interbandregion [4]’ andyieldedthe suggestionthat consistentbandstructurecalculationbut with a large
the observedspectrabothin theoptical gap region crystallographicunit cell (8—-l6) atoms)containinga
(11—12 eV) andin theLi—K excitationregion (60— locally excitedatom at its centerinsteadof theusual
62 eV) be reinterpretedasBloch-type interbandtransi- (perfect crystal)primitive cell. The modelallows for
tions insteadof asboundexcitons— in markedcontra- explicit electron-relaxationeffects,self-interactioncor-
diction with recentexperiments[4—8].(ii) restricted rections(for thenon-existenceof Koopmans’theorem
HF calculations[1] revealeda pronounceddisagree- in the local densitymodel evenin theunrelaxedlimit).
ment of the one-electroneigenvaluedifferenceswith chargepolarizationcorrectionand correlation (treated
experimentaltransitionenergiesin thewhole spectral in the free-electronapproxiniation)effects.
region and indicatedthat electroncorrelation,electron- Our startingpoint is the self-consistent(SC) band
hole interactionsandrelaxationcorrections(calculated structureobtainedby solvingthe one-particleLD func-

tional Hamiltonianwith a free-electronexchangepo-
* Supportedby the NationalScienceFoundationandthe Air tential (usinga = 2/3) and theelectroncorrelationpo-

ForceOffice of ScientificResearch. tential of Singwi et al. [10]. Our LCAO basisset con-
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sistsof an extendednumericalset (i.e., exactsolutions citation in thecrystal.Comparisonbetweenthe results
of the LD one-particleequation,butfor thefree ions, obtainedfor the 8- and16-atomcells showsthat this
in the presenceof a localizing externalpotential)of posesno practicaldifficulty, since theperturbedstates
type ls, 2s,2p, and3sfor Li+ and Is,2s, 2p, 3s,and consideredhereare characterizedby rathershort-range
3p for F. Full self-consistency(i.e., all non-spherical wavefunctionsand narrow bandsso that the residual
componentsof the chargedensityareincludedin the defect.defectinteractionsare vanishinglysmall.
SC iterations)is obtainedand all non-muffin.tincon- The SPCmodel for localized excitationscompletely
tributionsto the potentialaswell asmulti-centerinter- avoids theunphysicalboundaryconditions(andresult-
action terms are includedusinga directthree-dimen- ing chargeinhomogenityand surfacestates)character-
sionalDiophantineintegrationtechnique[11]. The istic of simple clustermodels.Solid stateone-electron
modelyields goodagreementwith experimentalground effects (i.e., the influenceof theSC Coulomb,exchange,
stateobservables(e.g.,calculatedX-ray scatteringfac- andcorrelationpotentialexertedby all the particleson
tors agreeto 1% with experiment,a cohesiveenergyof a givenstate)arefully included,asare electronicrelaxa-
0.70 Ryd/Pairversusthemeasuredvalueof 0.79 Ryd/ tion and self-interactioneffects(not presentin the con-
Pair and anequilibrium latticeconstantof 4.09A ventionalbandmodelfor excitations).Themodel also
(versus4.02A). Thetransitionenergies,however,de- offers likewise a substantialimprovementoverthe con-
terminedasbandeigenvaluedifferences,are in gross ventionalSlater-Kosterone-bandone-sitedefectmodel
disagreementwithexperimentfor boththe coreexci- (previouslyusedfor the excitonmodel [1]) in that all
tation and the fundamentaloptical gapregion (table1). unit cells, aswell as an effectivelylargenumberof band
A calculationwith a= 1 (but with thecorrelationpo- levels areallowedto interactin forming a localized state.
tentialexcluded)yielded resultsthat agreevery closely In contrastwith simplefree-ionmodelspreviouslyused
to thoseobtainedunderthe sameconditionsby Menzel to correctthe HF bandmodel [1], our presenttreat-
et al. and Chaneyet al. [2] (with a completelyinde- mentdoesnotassumein advancethe degreeof localiza-
pendentcomputationalmodel)and disagreewith earlier tion of the electronor hole statesand properlyaccounts
results [3] ; by repeatingtheir calculations,we find the for the orthogonalityof thesestatesto all otherband
disagreementto arisefrom their muffin-tin approxima- states.The following calculationswereperformedwith
tion to theexchange. theresultsindicated:

To go beyondthebandmodel,we chosea unit cell The Li+ and F K-shell ionizationenergieswerecal-
containingeither8 atoms(simple cubic)or 16 atoms culatedas with a locally excitedspecies[i.e. Li
(face centeredcubic)with a locally excitedion in its U~(ls12sO2pO2pO3sO)or F0(1s12s22p63s03p0)].
centerand performeda SC bandstructurecalculation The closeagreementfound for the 8- and 16-atom
(SPC model).The totalkinetic andpotentialenergy SPC(63.6 and 63.5 eV for Li~’and 694.5and694.6eV
per cell werethen calculatedby the methodpreviously for F—) indicatestheadequacyof the superlatticerep-
developed[11] usingthe chargedensitysampledat the resentationused.A “transition state”model for these
4 (and2) spacialk-pointsin the Brillouin zone(BZ) ionization [i.e. placing Li1l3(ls~~2sO2pO3sO)or
[12] appropriatefor the8- (andl6-)atomcells. The F03ls~~2s22p63s03p0in theSPCandtaking the ap-
differencein totalenergies,SET,betweentheexcited propriateeigenvaluedifference]yieldsexcitationener-
andgroundstatecells (obtainedin independentcalcu- gies of 61.4 eV and 693.1 eVindicatingincomplete
lations)was identifiedwith the correspondingcrystal orbital relaxationin this limit. Interestingly,thechoice
transitionenergy.The errorsinvolved in computing of a= 1 which seemedto yield goodagreementwith
numericallythetotal energyaswell asthoseintro- opticaldatain thebandmodel [3] producesverypoor
ducedby the limited BZ samplingare estimatedfrom resultsin ~‘1~Tin the SPCmodel (e.g.720.1eV for F
convergenceteststo be ±0.7eV and±0.3eV, respec- K-ionization).
tively. WhereastheSPCmodeluseda superlatticerep- To estimatesolid stateeffectswe comparedour re-
resentationfor the locally exciteddefects[with defect- sultswith thoseobtainedby a simple free-ionmodel.
defectdistancesof a (and~.J~a)for the 8 (and 16) Here one computestheatomictotal energydifference
atom cells,wherea is the LiF nearest-neighbordistance], betweenthe Lf~(1s2)and Li’~(ls1)configurations
the actualphysicalsituationcorrespondsto a singleex- (76.24eV) andaddsthat to the ls eigenvalueof U~(ls2)
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Table 1
Excitation energiesin Lil’ calculatedin the one-electronhand-structuremodel (for exchangecoefficientso = 2/3 and I) and in the
SPCmodel,comparedwith experimentaldata. “Vac” indicatestIme vacuumstate.\‘aluesare given in eV,

Transition Type Band Model Sl’C Model I’ xp

n 1

‘isv —~li,- Interband 9.8 I 0.5 13.9 13.6 -- 14.2 a
Excilon —- 11.7 12.2 - 12.6 1

• Interband 47.2 57.2 63.3 64.4 1)
Lmls—~I’i~ Exciton -~ 61.3 60.8

- lnterhand 58,1 68.5 71.4 64 - 71 dLi ls L3c Exeiton - 62.2 61 .9

Li ls—* Vac Ionization 47.6 58.4 63.5 64 C

F Is —~ Vac Ionization 655.2 680.9 694.5 693.2 C

a Ref. [41.
b The separationbetweenthe Li Is and the top of thevalenceband is measuredfrom energydistribution curves171 to be 50.2 cV

and theopticalgap is 14,2 eV [4].
cRef [8].
dRef. [5].
C Ref. [15] (Fermireferencelevel: 7.07 eV).

(--57.72 eV). This energy correctionis then appliedto valueof 57 eV for the Li K-ionization, in pooragree-
the —-e~~properly correctedfor the crystalpoint-lou ment with experiment(64 eVE
Madellungfield (45.2 eV) to yield a net Is ionization Excitationfrom the Li’5K-shell or front the F’
energyof 63.7 eV. in good agreementwith the SPC valencehandedgeat l’l5\, into the delocalizedconduc-
value.We found that this agreenlentstemsin part (ruin tion’band states(e.g.the F

1~bandedgehaving a
afortuitous cancellationof effects: the negativeof the Li 2s characteror the maximumdensity of’ statesL3~
point-ion correctedIs elgenvalueis lower by some level having

93Y~Li 2p character)are modeledby plac-
2.4 eV than thecorrespondingbandresult(table I) ing a localizedhole in the initial state [e.g. ~ I/A’)

(dueto neglectof wavefunctionoverlap,effectsof short (Is1 2sI/N2pO3sO)for Li K —~ “Ic transitionsor
rangeCoulombandexchangepotentialsof other sites, F0( 1 s22s22p53s03p0)for the “ISv ‘~ ‘Ic tiansition I
lackof properorthogonalityconstraintsin the free- while theexcitedelectronis initially allowed to spread
ion limit andarbitraryassumptionof an ideal ionic equally amongall Li 2s or 2p stateswith a probability
chargeof +1) while theelectronicrelaxationandsell’- of 1/N (N beingthe nLimberof atomsin theSPC). In
energy correctionsin this limit areabout2 eV higher this limit ourmodel correctstheone-electronband
than in the crystallinecase(mainly dueto first order schemefor self-interactioneffects, initial stateelectron
polarizationof all bandstatesby the localizedhole), relaxationeffectsandchargeredistribution in the Va-
We note thatwhencorrelationandrelaxationcorrec- lencestatesdueto the presenceof a localizedhole.but
tions areappliedto theHF bands[1] in away that is not for electron-holeinteractions(whichvanishedin
consistentwith previoussuggestions~, oneobtainsa the limit of localized-to-delocalizedexcitations).The

+ exciton transition is modeledby allowing also final~ Taking the Li Is HI” ionization potentialat the Koopmans’ statelocalization(andhencealso relaxation)on a par-

limit as65 eV andusing thevalueof 3.5 eV for the polaron- . - + 1 1 1 0 (I -

• .. ticular site (e.g.on Li Is 2s 2p 2p 3s for the one-model long-rangecorrelationcorrection,3.0 eV for the first-
orderpolarizationin the Mott-Littleton modeland 1.0 eV site exciton progressionconvergingto the Li+ K ~ LIe
for theatomicrelaxationcorrection(valuesobtainedin ref. trailsition or on a nearest-neighborLi0 (Is22s12p°3s0)
111) onegets57 eV for the Li K-ionization, site for theanion-cationexciton statebelow the
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“iSv ~‘ic transition)and repeatingtheZ~ETcalcula- and relaxationcorrectionsare about2.1 eV lowerthan
tion. At this limit the shortrangeelectron-holeinter- thoseobtainedin a simplified free-ionmodel,in con-
actionis present(via Coulomband exchange-correla- flict with themodel of Kunzet al. [1].
tion interactions,the latter beingignoredin previous Our resultsfor the optical transitionsacrossthe
studies[1]) and actsto stabilizetheexcitonstaterela- fundamentalgapindicatean exciton transitionat
tive to theedgeof thecontinuum.The i~.ETresults 11.7 eV (bindingenergyof 2.2eV) followed by a ser-
obtainedare summarizedin table 1. ies limit at 13.9 eV. Theseresultsarein good agree-

The experimentalsoft X-ray absorption[5, 8, 14] ment with recentexperimentalstudies [4] indicating
and emission[6—8]spectraindicatesa kneeat 60.8eV a boundexcitonat 12.2—12.6eV and a serieslimit at
assignedto the forbiddenLi 2sexciton (calculatedval- 13.6—14.5eV. A simple free-ionmodel predictsan in-
ue 61.3 eV) followed by the Li 2p excitonat 61.9 eV creaseof 5.3 eV (and6.97 eV for a = 1) in thecalcu-
(calculatedvalue62.2eV), andthe interbandthreshold latedbandgap while theactualincreaseobtainedin
at 64.4eV (calculatedvalue63.3 eV). Sonntag[13] has the SPCmodel is significantly lower than this effect,
observeda longstructurelessabsorptiontail extending and is due to chargerearrangementeffectstendingto
down to 53.0eV and suggestedthat this might be a partially offsetthe wavefunctioncontractioncaused
Li 2sexcitonstate.We think that this tail is morelikely by the singlesite atomic relaxation.Similarly, the final
to be due to the F 2s absorptiontail: the observed state relaxationin the calculatedinterbandtransition
F2s ionizationis at 37.6eV [14] andour calculations of only 0.02eV while a “full” atomic relaxation(2.37
showthat the lowest F virtual stateslie about15 eV eV in the LD formalism and 1 eV in HF) waspostu-
abovethebottom of theconductionband.Moreover, latedin previousstudies [1].
thefree-ion Li’~ls —~2s excitationis at 60.8 eV [15] We concludethat theone-electronbandstructure
andit would seemimprobablethat theanalogousex- cannotpredict thecorrectexcitationspectrafor nar-
citation in the crystal is about8 eV lower(the multiple’~/ row-bandmaterialslike LiF wherethe partiallocaliza-
averagefree-ionLi+ ls-2p excitationis at 61.5 eV [15] tion of theelectronandhole statescausesevereone-
comparedwith the observed2p excitonat 61.9 eV). site relaxationand chargeredistributioneffects.In con-
This conclusionis alsoconsistentwith thecloserela- trast,our local exchange~SCF (totalenergydifference)
tion foundbetweentheexciton linesand theatomic modelbringsthe resultsfor both interbandandexciton
absorptionin rare-gascrystals [16]. Thecalculated transitionsinto excellentagreementwith experiment.
transitionprobability(using ournumericalbasis func- We notethat polarizationand relaxationcorrections
tions)indicatesa ratio of 4.1 betweenthestrengthof cannotbe simply superposedon thecalculatedband
thetransitions2p to 2s, in fair agreementwith the structureeigenvaluesobtainedin theLD formalism
experimentalratio of about3. Thesharp2p exciton andthat due to thenon-existenceof Koopmans’theo-
line is followed by a valley in the absorptionspectra rem evenfor unrelaxedorbitals,self-interactioncor-
at 64 eV which we assignto the seriesionization limit rectionsshouldbe appliedfirst. The apparentsuccesses
(calculatedvalue: 63.5 eV). The broadstructureob- of atomicmodelsto simulaterelaxationeffectsin the
servedat 64—72 eVwaspreviouslyassignedto elec- solid, astestedhereandin previousHF calculations,
tronic polaronexcitations[1] while our calculation maybe fortuitous.
suggestsa possibleinterpretationof theabsorptionin
this region asbeingdue to resonantinterbandtransi- We are indebtedto Drs. E. Lafon andA.B. Kunz for
tionspast the ionization threshold,havingno counter- clarifying discussionsof their results.We also thank
part in the free ion limit (calculatedlimit: 71.4 eV). Dr. T.C. Collins for helpful discussionson thesubject.
Our resultsfor the 58—64eV region are thusin direct
conflict with the suggestion[2] of a pureinterband R f
characterto this region. We found that theexciton e erences
binding energies(2.0 and9.2eV for theLi 2sand~ .
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