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We find that a defect state treatment of localized excitations in LiFF within the local density functional formalism
accounts remarkably well for the observed experimental (core plus optical gap) excitations -« in comtrastto the failure
of the oneeidenisarbandl model. We sihow that when eleatisin rellaxation saitiiniatactionand charge polarizatizm effects
aretakeminto actounby treating the excitatiiom as a localizat point deffedt, the improved bandl modiel prediictsthe oor-

reatexditaimnand interbandstates.

Despitcextensivdnvesiigaiionsthe naiueeof the
fundameendhoptical grpaind core exditiionsin ionic
suliidis— of which LiFF is consitfereldthe prototype—
remainsasa chalengeto expaiimeanitilisiand theatists
diike. Thewrdiiedly two basicmodidishanebesnex-
tendiay appliiet: the restiictelHartreeHook(HF)
modél [1] antlthe local density(LD) moddl {2— 3].
With the regentadvaneedn linear conthinationof
attemic orbitals (LCAO) tedimiigiussthe more comusn-
tionall non-sffecanBisienmuffin-tin sdhentewere
abaniderddn favor of the more sgjitiisiiaatddexantied
basiissetsdffcmbistentnonmudfiictin) LCAO methalis
for boti modidis. Their apylicaiiomshawe, howewar,
yielded mixed resiilts: (i) local exdrangecdloulations
[3] with an exsthangeodfiicianta closeto 1.0 could
rgpiahbliveethe optical gap butt an extentlelGaussian
basis(a= 1) stturtly [2] gawe caloultatedoneeddentsaon
enegjisssuisstatiiiilylower tham exgeiinentn the
intertvanidregiion [4] andl yieldedithe suggestiarthat
the obsaweedgeciabatnin the optical gap regjian
(1112 eV) amdlin the Li—K exditaiion regjion (60—

62 eV) be reintepretddis Blodh-type interbantitransi-
tions insteatiof asboumdl ex@iiors= in marketcontra-
diction with recentexpeimeantg4—g]. (i) restiigteld
HF cdloiiiations[1] rewadddc pronowneddisageee-
mattt of the oneeidettsoraigamiblivadiifferemeaswith
expaineanihtramsiionenengjiadn the whole specidl
‘regjiom andl indicattetithatt dlettroncanrgiation elecien-
hole interagimnsandl relaxationcerreginnycaloulated
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using a simlified atomic model) are necsssaryo bring
the resulisinto sgreemmenith experineent it was fur-
ther statestiby theseautivans|i] | that the local exchargge
modidlis inadiepuatdor deseitbinpexditationsin these
maitenies.

We repart resultswhich dhow that a propertreat-
memt of localized exditaiiansin the LD model acaounts
ramarabiywell for all the obseneddexpeiimenibdata
in comtrastto the failuresof the oneedtettrorband
modigl. Our methatigoesbeyanilthe comuentional
band modidlby consittetingexditation processeas
tramsitiondnvolving point-dfettstatessin a sdiid and
usestotal (statistical) emegy differencadetwesnsepa-
raigly calaulateldgrouind andl exditet statesrathar than
one-dlectronenaigy difierencesof a ground statecal-
cuilation to exdluatethe relevantexditation eneaigias.
Spetificdlly, this is doneby our “small patiediic cluster”
(SPO)model [ In which we petionma fully sff-
consistenbant siuctiurecalodlaiionbut with a large
crystdllegrabhiainit cell (8—116) atoms)contaiminga
locally exciited atom att its cariterinsteatiof the usuall
(pexfect crysta))primitive celll. The model allows for
explicit disstonreblaxttorffedss, sdifinermttioncor-
rediioms(for the nonesidtencef Koopmans'thearam
in the locall dansiyymodel exanin the unrdiaxeddimit)).
chargie pdlatizationcerratiionand corrdtetion (treatked
in the free-atectoonapproninidiion effects.

Our starting point is the sdffeconsisten(SC) band
stirugirecobisiingidby solving the oneaariittelD fume-
tionall Hawiltoniam with a freecdéecttonexchangpe
tential éHs?'Hg@ 2/3) s the @1@%&08@!{8@&9{1&9
tential of Singwi et &l. [10]. Our LCAO basis sat &an-
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sists of an extended numerical set (i.e., exact solutions
of the LD one-particle equation, but for the free ions,
in the presence of a localizing external potential) of
type 1s, 2s, 2p, and 3s for Li* and 1s, 2s, 2p, 3s, and
3p for F~. Full self-consistency (i.e., all non-spherical
components of the charge density are included in the
SC iterations) is obtained and all non-muffin-tin con-
tributions to the potential as well as multi-center inter-
action terms are included using a direct three-dimen-
sional Diophantine integration technique {11]. The
model yields good agreement with experimental ground
state observables (e.g., calculated X-ray scattering fac-
tors agree to 1% with experiment, a cohesive energy of
0.70 Ryd/Pair versus the measured value of 0.79 Ryd/
Pair and an equilibrium lattice constant of 4.09A
(versus 4.02A). The transition energies, however, de-
termined as band eigenvalue differences, are in gross
disagreement with experiment for both the core exci-
tation and the fundamental optical gap region (table 1).
A calculation with o = 1 (but with the correlation po-
tential excluded) yielded results that agree very closely
to those obtained under the same conditions by Menzel
et al. and Chaney et al. [2] (with a completely inde-
pendent computational model) and disagree with earlier
results [3]; by repeating their calculations, we find the
disagreement to arise from their muffin-tin approxima-
tion to the exchange.

To go beyond the band model, we chose a unit cell
containing either 8 atoms (simple cubic) or 16 atoms
(face centered cubic) with a locally excited ion in its
center and performed a SC band structure calculation
(SPC model). The total kinetic and potential energy
per cell were then calculated by the method previously
developed [11] using the charge density sampled at the
4 (and 2) spacial k-points in the Brillouin zone (BZ)
[12] appropriate for the 8- (and 16-)atom cells. The
difference in total energies, AE', between the excited
and ground state cells (obtained in independent calcu-
lations) was identified with the corresponding crystal
transition energy. The errors involved in computing
numerically the total energy as well as those intro-
duced by the limited BZ sampling are estimated from
convergence tests to be + 0.7 eV and * 0.3 eV, respec-
tively. Whereas the SPC model used a superlattice rep-
resentation for the locally excited defects [with defect-
defect distances of a (and v/2 @) for the 8 (and 16)
atom cells, where ¢ is the LiF nearest-neighbor distance],
the actual physical situation corresponds to a single ex-
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citation in the crystal. Comparison between the results
obtained for the 8- and 16-atom cells shows that this
poses no practical difficulty, since the perturbed states
considered here are characterized by rather short-range
wavefunctions and narrow bands so that the residual
defect-defect interactions are vanishingly small.

The SPC model for localized excitations completely
avoids the unphysical boundary conditions (and result-
ing charge inhomogenity and surface states) character-
istic of simple cluster models. Solid state one-electron
effects (i.e., the influence of the SC Coulomb, exchange,
and correlation potential exerted by all the particles on
a given state) are fully included, as are electronic relaxa-
tion and self-interaction effects (not present in the con-
ventional band model for excitations). The model also
offers likewise a substantial improvement over the con-
ventional Slater-Koster one-band one-site defect model
(previously used for the exciton model [1]) in that all
unit cells, as well as an effectively large number of band
levels are allowed to interact in forming a localized state.
In contrast with simple free-ion models previously used
to correct the HF band model [1], our present treat-
ment does not assume in advance the degree of localiza-
tion of the electron or hole states and properly accounts
for the orthogonality of these states to all other band
states. The following calculations were performed with
the results indicated:

The Li* and F~ K-shell ionization energies were cal-
culated as AE.. with a locally excited species [i.e. Li
Li++(lsl2s02p02p03so) or Fo(lsl2522p63s03p0)].
The close agreement found for the 8- and 16-atom
SPC (63.6 and 63.5 eV for Li* and 694.5 and 694.6 eV
for F7) indicates the adequacy of the superlattice rep-
resentation used. A “transition state” model for these
ionization [i.e. placing Lit1s (1s15 2so2p03so) or
F_051s1'52s22p63503p0 in the SPC and taking the ap-
propriate eigenvalue difference] yields excitation ener-
gies of 61.4 eV and 693.1 eV indicating incomplete
orbital relaxation in this limit. Interestingly, the choice
of & = 1 which seemed to yield good agreement with
optical data in the band model [3] produces very poor
results in AET in the SPC model (e.g. 720.1 eV for F~
K-ionization).

To estimate solid state effects we compared our re-
sults with those obtained by a simple free-ion model.
Here one computes the atomic total energy difference
between the Li+(1s2) and Li++(lsl) configurations
(76.24 eV) and adds that to the Is eigenvalue of Li+(1s2)
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Table 1
Excitation energies in Lil* calculated in the one-electron band-structure model (for exchange coefticients o = 2/3 and 1) and in the
SPC model, compared with experimental data. “Vac™ indicates the vacuum state. Values are given in V.

Transition Type Band Model
a=2/3 «a=1
IM'isy— Tye Interband 9.8 10.5
Exciton -

S Interband 47.2 57.2
Lils=Tye Exciton

Lo Interband 58.1 68.5
Lils=Lac Exciton
Lils— Vac lonization 47.6 58.4
Fls— Vac Tonization 655.2 680.9
a Ref. [4].

SPC Model Ixp
a=2/3

13.9 13.6 - 1420
1.7 122 1264
63.3 64.4 b

61.3 60.8 ¢

714 64 719
62.2 6194

63.5 64 ©
694.5 693.2¢

b The separation between the Lils and the top of the valence band is measured from energy distribution curves {7] to be 50,2 ¢V

and the optical gap is 14.2 ¢V [4].
¢ Ref. [8].
d Ref. [5].
¢ Ref. [15] (Fermi reference level: 7.07 eV).

(--57.72 eV). This energy correction is then applied to
the —-¢; properly corrected for the crystal point-ion
Madellung field (45.2 eV) to yield a net 1s ionization
energy of 63.7 eV, in good agreement with the SPC
value. We found that this agreement stems in part from
a fortuitous cancellation of effects: the negative ot the
point-ion corrected Is eigenvalue is lower by some

2.4 eV than the corresponding band result (table 1)
(due to neglect of wavefunction overlap, effects of short
range Coulomb and exchange potentials of other sites,
lack of proper orthogonality constraints in the free-
ion limit and arbitrary assumption of an ideal ionic
charge of +1) while the electronic relaxation and self-
energy corrections in this limit are about 2 eV higher
than in the crystalline case (mainly due to first order
polarization of all band states by the localized hole).
We note that when correlation and relaxation correc-
tions are applied to the HF bands [1] in a way that is
consistent with previous suggestions ¥, one obtains a

* Taking the Li" Is HI' ionization potential at the Koopmans’
limit as 65 eV and using the value of 3.5 eV for the polaron-
model long-range correlation correction, 3.0 eV for the first-
order polarization in the Mott-Littleton model and 1.0 eV
for the atomic relaxation correction (values obtained in ref.
[1]) one gets 57 eV for the Li K-ionization.
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value of 57 eV for the Li K-ionization, in poor agree-
ment with experiment (64 eV).

Excitation from the Li*K-shell or from the F
valence band edge at I'y 5, into the delocalized conduc-
tion'band states (e.g. the I',. band edge having a 97%
Li 2s character or the maximum density of states L3,
level having 93% Li 2p character) are modeled by plac-
ing a localized hotle in the initial state [e.g. ita-1
(Is! 251/N2p0350) for Li K= I'}. transitions or
FO(1522522p° 3s93p") for the I'|5, = I'} . transition|
while the excited electron is initially allowed to spread
equally among all Li 2s or 2p states with a probability
of 1/N (N being the number of atoms in the SPC). In
this limit our mode] corrects the one-electron band
scheme for self-interaction effects, initial state electron
relaxation effects and charge redistribution in the va-
lence states due to the presence of a localized hole. but
not for electron-hole interactions (which vanished in
the limit of localized-to-delocalized excitations). The
exciton transition is modeled by allowing also final
state localization (and hence also relaxation) on a par-
ticular site (e.g. on Li*ls!2s72p!2 035 for the one-
site exciton progression converging to the Li¥ K - I\
transition or on a nearest-neighbor LiO(ISZQS1 2p0350)
site for the anion-cation exciton state below the
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I';5, = I transition) and repeating the AE'} calcula-
tion. At this limit the short range electron-hole inter-
action is present (via Coulomb and exchange-correla-
tion interactions, the latter being ignored in previous
studies [1]) and acts to stabilize the exciton state rela-
tive to the edge of the continuum. The AE} results
obtained are summarized in table 1.

The experimental soft X-ray absorption [5, 8, 14]
and emission [6—8] spectra indicates a knee at 60.8 eV
assigned to the forbidden Li 2s exciton (calculated val-
ue 61.3 eV) followed by the Li 2p exciton at 61.9 eV
(calculated value 62.2 ¢V), and the interband threshold
at 64.4 eV (calculated value 63.3 eV). Sonntag [13] has
observed a long structureless absorption tail extending
down to 53.0 eV and suggested that this might be a
Li 2s exciton state. We think that this tail is more likely
to be due to the F 2s absorption tail: the observed
F~2s ionization is at 37.6 eV [14] and our calculations
show that the lowest F~ virtual states lie about 15 eV
above the bottom of the conduction band. Moreover,
the free-ion Li* Is - 2s excitation is at 60.8 eV [15]
and it would seem improbable that the analogous ex-

citation in the crystal is about 8 eV lower (the multiple®/

average free-ion Li* 1s-2p excitation is at 61.5 eV [15]
compared with the observed 2p exciton at 61.9 eV).
This conclusion is also consistent with the close rela-
tion found between the exciton lines and the atomic
absorption in rare-gas crystals [16]. The calculated
transition probability (using our numerical basis func-
tions) indicates a ratio of 4.1 between the strength of
the transitions 2p to 2s, in fair agreement with the
experimental ratio of about 3. The sharp 2p exciton
line is followed by a valley in the absorption spectra
at 64 eV which we assign to the series ionization limit
(calculated value: 63.5 eV). The broad structure ob-
served at 64—72 eV was previously assigned to elec-
tronic polaron excitations [1] while our calculation
suggests a possible interpretation of the absorption in
this region as being due to resonant interband transi-
tions past the ionization threshold, having no counter-
part in the free ion limit (calculated limit: 71.4 V).
Our results for the 5864 eV region are thus in direct
conflict with the suggestion [2] of a pure interband
character to this region. We found that the exciton
binding energies (2.0 and 9.2 eV for the Li 25 and 2p
excitons, respectively) contain considerable contribu-
tions from the electron-hole exchange and correla-
tion interaction (some 20%) and that the self-energy
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and relaxation corrections are about 2.1 eV lower than
those obtained in a simplified free-ion model, in con-
flict with the model of Kunz et al. [1].

Our results for the optical transitions across the
fundamental gap indicate an exciton transition at
11.7 eV (binding energy of 2.2 eV) followed by a ser-
ies limit at 13.9 eV. These results are in good agree-
ment with recent experimental studies [4] indicating
abound exciton at 12.2—12.6 eV and a series limit at
13.6—14.5 eV. A simple free-ion model predicts an in-
crease of 5.3 eV (and 6.97 eV for & = 1) in the calcu-
lated band gap while the actual increase obtained in
the SPC model is significantly lower than this effect,
and is due to charge rearrangement effects tending to
partially offset the wavefunction contraction caused
by the single site atomic relaxation. Similarly, the final
state relaxation in the calculated interband transition
of only 0.02 eV while a “full” atomic relaxation (2.37
eV in the LD formalism and 1 eV in HF) was postu-
lated in previous studies [1].

We conclude that the one-electron band structure
cannot predict the correct excitation spectra for nar-
row-band materials like LiF where the partial localiza-
tion of the electron and hole states cause severe one-
site relaxation and charge redistribution effects. In con-
trast, our local exchange ASCF (rotal energy difference)
model brings the results for both interband and exciton
transitions into excellent agreement with experiment.
We note that polarization and relaxation corrections
cannot be simply superposed on the calculated band
structure eigenvalues obtained in the LD formalism
and that due to the non-existence of Koopmans’ theo-
rem even for unrelaxed orbitals, self-interaction cor-
rections should be applied first. The apparent successes
of atomic models to simulate relaxation effects in the
solid, as tested here and in previous HF calculations,
may be fortuitous.

We are indebted to Drs. E. Lafon and A.B. Kunz for
clarifying discussions of their results. We also thank
Dr. T.C. Collins for helpful discussions on the subject.

References

[1] A.B. Kunz, D.J. Mickish and T.C. Collins, Phys. Rev. Lett.
31 (1973) 756.
D.J. Mickish, A.B. Kunz and T.C. Collins, Phys. Rev. B9
(1974) 4461,

459



Volume 60A, number 5

[2] R.C. Chaney, E.E. Lafon and C.C. Lin, Phys. Rev. B4
(1971) 2734;
W.P. Menzel et al., Phys. Rev. Lett. 30 (1973) 1313.

[3] D.M. Drost and J.L. Fry, Phys. Rev. BS (1972) 684;
N.E. Brener, Phys. Rev. B7 (1973) 1721.

[4] M. Piacentini, D.W. Lynch and C.G. Olson, Phys. Rev.
B13 (1976) 5530.

[5] R. Haensel, C. Kunz and B. Sonntag, Phys. Rev. Lett. 20
(1968) 262;
F.C. Brown et al., Phys. Rev. Lett. 25 (1970) 927.

[6] E.T. Arakawa and M.W. Williams, Phys. Rev. Lett. 36
(1976) 333.

[7] W. Gudat, C. Kunz and H. Petersen, Phys. Rev. Lett. 32
(1974) 1370.

460

PHYSICS LETTERS

21 March 1977

[8] A.A. Maiste, AM. Saar and M.A. Elgano, Fiz. Tverd. Tela
16 (1970) 1720; English translation: Sov. Phys. Sotid
State 16 (1974) 1118.

{9] A. Zunger }. Chem. Phys. 62 (1975) 1811;

A. Zunger and A. Katzir, Phys. Rev. B11 (1975) 2378.

[10] K.S. Singwi, A. Sjolander, P.M. Tosi and R.H. Land, Phys.
Rev. B1 (1970) 1044.

[11] A. Zunger and A.J. Freeman, Int. J. of Quant. Chem.
Symp. 10 (1976) 383.

{12] D.J. Chadi and M.L. Cohen, Phys. Rev. B8 (1973) 5747.

{13] B.F. Sonntag, Phys. Rev. B9 (1974) 3601.

[14] K. Hamrin et al., Phys. Scri. 1 (1970) 277.

{15] C.E. Moore, Atomic Energy Levels 1, Circ. NBS 467
(1949).

[16] G. Baldini, Phys. Rev. 128 (1962) 1562.



