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lonization threshold of crystalline LiF
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The ionization threshold for crystalline LiF is calculated using a cluster embedded model. The experimental
ionization threshold is 9.8 eV; however, previous band and cluster model calculations gave 14-15 eV. These
earlier calculations used a crystal having a perfect lattice. In the present work, a crystal with lattice defects is
introduced. The calculated surface and bulk ionization thresholds are 8.1 and 8.7 eV, respectively, showing
good correspondence with experiment. The electron affinity and other band parameters are also studied.
[S0163-182609)03730-3

[. INTRODUCTION explained by theoretical calculations, and especially by the
embedded cluster model. Exceptions are the ionization

Many experimental*®and theoretical investigatiohis?®  threshold (;) and the total bandwidth of the fluorine ion
have been performed on crystalline LiF; these are summaband.
rized in Table I. Experimental band gaps between the va- We first discuss the ionization threshold. Poole and
lence and conduction bands are 13.6 @éfs. 4 and 5and  co-worker§® undertook ultraviolet-photoelectron-spectro-
14.2 eV® There are two types of theoretical calculation: ascopy(UPS observation. They obtaindd as
band calculation and a cluster model calculation in which a
large cluster is embedded in an ionic cage. The band calcu-
lation, with correction for electron correlation, gives the I, =Eg®F)—0.5E(F ), (1)
band gap as 13.9 eVRef. 24 and 14.0 e\?° while the
cluster model gives 13.9 e¥?. Agreement between these the-
oretical calculations and experiment is almost perfect. Ponyhere Eg™(F™) is the arithmetic midpoint of the valence
and Inouye(quoted in Ref. 2ftobserved exciton photoemis- fluorine ion band, an&,,(F~) is the total width of this band,;
sion at~12.6 eV relative to the ground state levde top of  the values found for these are 12.85 and 6.1 eV, solthat
the valence band while Gallor’ observed the exciton at =9.8eV*® Poole and co-workers stated that “Taylor and
~13.5 eV using electron-energy-loss spectroscigLS). Hartmart tentatively placed the valence band of LiF 13 eV
The bulk exciton states calculated by the band theory and thieelow the vacuum level on the basis of the edge in the pho-
cluster model with the electron correlation correction are lotoelectric yield curve. However, their yield curve continues
cated at 11.7 eYRef. 24, and 13.4 eMRef. 28 above the to fall rapidly at lower energies, and this may be interpreted
ground state, so that the result of the cluster model accordas a threshold of approximately 10 eV, which compares fa-
well with the EELS result. The surface exciton has also beeworably with present estimates of 9.8 eV for this quantity.”
observed by EELS;the excitation energy is 3 eV less than The calculated, values corrected for electron correlation are
that of the bulk exciton, and is accurately predicted by theup to 14.3—-14.6 eV irrespective of the calculational method,
cluster model. All the observations mentioned so far are welbnd are far from experimental valuégurthermore, if we

TABLE I. Summary of previous results for band structure of I in eV).

lonization Band Band Exciton

Method threshold Gap width 2 Bulk Surface
Band theory
LDF? 11.7 10.5 2.8
LDF with correlation(periodic clusterA SCPH? 14.3 13.9 2.8 11.7
LDF with correlatiof? 14.0 2.0
Embedded clustefsurface and bulk
ASCF 12.5-13.1 11.8 2.7 11.3 9.4
A SCF with correlation correction 14.6-15.2 13.9 2.7 13.4 115
Expt. 9.8-1F 136 6.1 13.9 10.¥

14.7 12.6'
:See Ref. 24. €See Refs. 1 and 2.
See Ref. 25. 'See Ref. 6.
‘See Ref. 28. 9See Ref. 9.
‘See Refs. 4 and 5. "W. Poing and C. S. Inouye, as quoted in Ref. 24.
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use the UPS spectra given by Poole and co-worirs 2),*
we obtain a smallet, of ~7.5 eV. This is only one half of
the calculated result.

We now discuss the total bandwidth of the fluorine ion
band,E,,(F"). Poole and co-workersexperimentally found
this to be 6.1 eV, while the band theory 2.0 &Ref. 25-2.8
eV 2*and the cluster model 2.7 € respectively. The value F
of Ey(F") given by Poole and co-workers is directly related ‘E\
to I, through Eq.(1). Therefore, if we can discern why the
experimental |, is small, we can also understand why
Ew(F7) is so large.

For the perfect lattice, the ionization thresholg) (should
fall between 14 and 15 eV and the total bandwidth of the  Li,
fluorine ion should be less than 6.1 eV, since the calculated @:
energetics agree well with experiment except for these two
guantities. The onset of the ionization threshold is very low
(~7.5 eV).% If a lattice defect is assumed to be at the position
of the Li cation, we expect that the neighboring 5 con-
siderably destabilized, reducifg. This paper investigates
the effect of lattice defe¢s) onl; and on the total bandwidth
of the fluorine ionE,(F7). In Sec. Il the method of calcu-

Fig Ly
(Def ()

lation is set out. The band structure of LiF, includihg is FIG. 1. Geometrical structure of Lj,F ;5. (a) With the perfect
given in Sec. Ill, and the results are discussed and concluattice, this cluster is embedded in the ionic ca@®.With an im-
sions set out in Sec. IV. perfect lattice, the cluster with a defect atLi{denoted Defy) is

embedded in the ionic cage.
Il. METHOD OF CALCULATION were added for consistency with our previous wotkn
A. Cluster model embedded in ionic cage which such functions were added to describe transitions cor-
responding to FR—F3s. The total set for F
is (42111/3). For Li*, we assembled421) from (43) and
added onep-type polarization function, and completed the
basis set for Li as(421/1). These are given in the top half of

As before?® we use a cluster model embedded in the ionic
cage composed of point charges in which land F ions
are modeled by+1 and —1 point charges. To calculate the
Madelung potential, Evjen’s meth&twas used. It was con- : . .
firmed that an ionic cage constituting of 3375 point charges-r‘?lble Il. Total energies of gaseo(_lfssee) lons and of ions
gives an accurate Madelung potential of 0.460 37 a.u. In ou ith other surroundmg.lons are given in the onv_er hglf of
previous work® we replaced the 27 central ions with the Table Il. The surrounding point charges destabilizé by

cluster Li*,,F 15 (see Fig. 1in order to treat the electronic 0i46 a.u. rr])er ele?tron and IStab'I'Zé FB?/ _0546Ma'3' Iper
band structure of the bulk material. A similar approximation €'€ctron; these values are almost equal to the Madelung po-

: : . : tentials for the respective atoms. In the next section it will be
is made in studying the surface band. The electronic struc- . .
ying hown that the sets for Liand F are well suited. We ob-

ture of the cluster of these 27 ions is solved by the open-sheﬁ . s R ST
self-consistent field SCH method proposed by Roothaan serve that the atoml_c charge distributions™ Y Fwith and_ .
and Bagus® in which multicenter Coulomb and exchange ithout the surrounding ions are almost the same as indi-
integrals, and also the interaction integrals between clustéfated from the coefficients given in Table Il. Although we
electrons and cage ions, are calculated exactly within thBave not shown the results, the same is true for. Li
accuracy of the basis sets.

C. Energetics

B. Basis sets We employASCF calculations, where ionization poten-
Tatewaki and Huzinadi 3 have developed minimal- tials (IP’s), electron affinitieEA’s), and excitation energies
type basis setdINL-i ) with contracted Gaussian-type func- (EX’s) for the excitons are calculated as differences of the
tions (CGTF’9 where the exponents and the expansion cofotal energies of the respective states:
efficients of the CGTF's are determined so as to give the

optimum total energy. Although the size of the sets is small, IP(ASCPH =TEgcg cluster”: ground state
they describe the valence orbitals well. A large number of
these basis sets are calculated and collected in Ref. 33. Since —TEsccluster: ground staje  (2)

the sets are minimal type, the valence orbitals should be split

in molecular applications. In this paper, part of the set for F EA(ASCH=TEg.(cluster: ground staje

is split; the set is the double-zeta-type of MIDI¢421/3])

(Refs. 31 and 3Rin which thes and p SCF orbitals are

expanded as three and two contracted Gaussian-type func- —TEgccluster: ground statg (©)
tions, and the respective CGTF's are described by 4, 2, 1, 3,

and 1 primitive GTF's. Here, two diffuse-type primitives and
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TABLE Il. Basis set for calculating LimF n with surrounding ions(Number of surounding ions is
3374. Madelung potentials per electron for Lland F are 0.460 37 and-0.460 37 a.u., respectively.

Exponents and expansion coefficients

EX(ASCBH=TEgc(cluster:

Li* coef F coef
exp. exp.
1s-CGTF 104.726 13 0.026 110 1040.662 5 0.019 234
15.662 25 0.137521 156.684 33 0.133321
3.399 55 0.457 142 35.11988 0.460 998
0.850 39 0.534 692 9.293 25 0.526 665
2s-CGTF1 0.75753 —0.091 659 13.989 20 —0.079 747
0.06590 0.647 001 1.162 29 0.583 900
2s-CGTF2 0.02529 1.0 0.32318 1.0
3s-CGTF1 0.068 31 1.0
3s-CGTF2 0.02555 1.0
2p-CGTF1 0.076 1.0 19.106 17 0.052 356
4.146 32 0.258 527
1.07209 0.508 261
2p-CGTF2 0.239 85 1.0

Total energies and orbital energigsu)
Free Li*® with surrounding ions

Free® with surrounding ion

Total energy  —7.223 86 —6.30317 —99.29435 —-103.89552
2e4 —2.78773 —2.32750 —25.774 97 —26.232 66
£ —1.05191 —-151111
€2p —0.157 14 —0.61613
Coefficients of SCF orbitals forF

Free F F~ with surrounding ions

1s 2s 2p 1s 2s 2p

Cls-CGTF 0.99342 —0.242 99 0.99341 —0.24300
C2s-CGTF1 0.316 38 0.574 50 0.03164 0.57402
C2s-CGTF2 —0.01138 0.506 38 -0.01137 0.507 54
C3sCGTF1 0.005 28 0.018 42 0.005 26 0.018 26
C3s-CGTF2 —0.002 31 0.00033 —0.002 30 —0.00156
C2p-CGTF1 0.71002 0.71031
C2p-CGTE2 0.462 65 0.462 30

&Total energy for the freégaseousLi atom calculated with this set is7.419 94 a.u., giving IP of 5.335 eV.
bTotal energy for the fre¢gaseousF atom calculated with this set i599.245 94 a.u., giving EA of 1.317

ev.

—TEgcHcluster:

excited staje

ground staje

(4)

Ill. ELECTRONIC BAND STRUCTURE OF LiF

A. Perfect lattice model

The symmetryD 4, was used to treat bulk solid artl,,,
for the surface states. The cluster LjF ;5 (see Fig. 1was
embedded in the ionic caffan order to treat the bulk states.
The total number of CGTF's is 227, and the formal dimen-

where Tscr is the SCF total energy. Next we discuss the ion of the Fock matrices is also 227, but these are separated

dimension of the Fock matrices. As an example we used 3

symmetry C, for the imperfect lattice model calculations.
The dimension of the Fock matrices @y for Li* ,F, is
the total number of CGTF's and is given by XB+3)
Xm+(1X5+3X2)xn: the dimension of the Fock matri-
ces is 221 for all the states inqi F;3~. The convergence
thresholds for the SCF calculations arx 50 ®a.u. and 5

X 10~ * for the total energy and density matrix, respectively;

into small matrices of the elements afy, ay, b1y, byg,
eg(x), eg(y)v Ay, Aoy blur b2uv eu(x), andeu(y) in D4h
andaq, a,, by, by, e(x), ande(y) in C4, . The dimensions

of these matrices are 34, 6, 16, 15, 21, 21, 3, 23, 9, 11, 34,
and 34 inDy, and 57, 9, 27, 24, 55, and 55 @y, . As seen

in Table I, the cluster model embedded in the ionic é&ge
provides almost perfect agreement with experiment except
for the total bandwidth of the fluorine ioB,,(F~) and the

these thresholds are used throughout. The calculation tim@nization thresholdl,. In those calculations a perfect,

for a single SCF cycle was about 20 min on an IBM

defect-free lattice was assumed. Here, we pick out and sum-

RS6000 3 AT, and up to 200 cycles were required for somenarize the exciton band. The wave functions of these states

states.

are expressed as
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FIG. 2. Shape of the hole in the bulk solid: difference in charge

density betweerfA,, and *A;4. (@) On the second layetb) On

FIG. 3. Shape of the particle in the bulk solid: difference in
the first(third) layer.

charge density betweelf,, and?A,, . (a) On the second layetb)
On the first(third) layer.

¢=CalpLi(A'B'C" ) pe(A™BC ") exc.F aa) s Li 26 using the small-periodic-clustefSPQ model in which a
. ’ large crystallographic unit cell with a locally excited state at
+Cpg|pLi(A'B'C"+ ) pe(AB™*C" ) hexc.F ax(B) + Li 25

its center is set up, and the associated Bloch Hamiltonian
e (A'B'C'--- ABC L. _ problem with periodicity |mp(_)sed_ via this large super c_eII is

clui( o ) bexeF a(c) iz solved. The cluster calculation involves the unrealistic as-
o (5)

sumption that the hole is perfectly screened by the surround-
. . ing electrons of the nearest 26 ions, while the band calcula-
where ¢; and ¢ symbolically represent all the Li and F g

. ions require that the locally exci r
electrons in the solid. The first line implies that fmelectron tions require that the locally excited state repeats

at the fluorine ion [g- is excited into the exciton band orbital ﬁserllc’dt':):agg' d'[lf;et(;lllvf:‘/(e)rriir;ce d?f?(tevrveer?:e;hierz tt\;lvg éi‘?’/lijrl(t)smﬁ’elrj]?'
Dexc,F 3(A) +Li2s,» Which is constructed mainly from the 53 y 9 '
of F5- and six adjacent Li g orbitals. Other components of

since the band gaps calculated by the two methods are al-
Eq. (5) have similar meanings. Only the first term in Ef) most the same; the_band calculations give 1RQf_ 24 and

is considered here, assumiy; (i#]) is small. The exci- 14.0 eV(Ref. 25 while the cluster calculation gives 13.9 eV.
tation energy calculated bYSCF[see Eq.(3)] is 11.3 eV,

The experimental result is 14.2 eV. The difference between
while the correlation correction, described at the end of thighe methods for the exciton states may arise from differences

subsection, yields 13.4 eV, which is close to the EELS valud" the calculations for the exchange integral, for which the
of 13.5 eV. In Figs. 2 and 3 we show the hole that is given a®and calculations assume local potentials while the cluster
the difference in the total densities between the ionic stat&ethod calculates them exactly. The local potential approxi-
with configuration¢;¢=(A 'BC:--) and the ground state mation may be inadequate for interband transition where the
with ¢,;¢(ABC --), and the particle that is the difference excited electron is localized.

between ¢ p(A 1BC---) bexc.F 3(A)+Li2s and the ionic Calculations for the negative ion are performed to treat
state with ¢ ;pp(A BC---). We see that the holgFig.  the electron affinity. The subgroup,, of O, is used as
2(a)] is covered by the particlg=ig. 3(a)]. Band theory with  stated before and the lattice is taken as perfect, with no de-
correlation corrections gives 11.7 dRef. 24 for this exci-

fects. The total numbers of electrons are 158 for the ground
tation, which is a little less than the EELS value of 13.5 eV.state and 159 for the two affinity states. The ground state

The band theoR? also employed the locally excited state, 1Alg has electron configuration
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TABLE lll. Electron affinity of bulk LiF calculated with the perfect lattice model.

Cluster embedded LiF 13
Number of cage ions 3348
Number of CGTF's 227
Symmetry Dan
Number(n) of electrons and total enerdye) (a.u)
Ground state First affinity state Second affinity state
n 158 159 159
te —1384.362 06 —1384.329 16 —1384.31577
Electron configuration --+(12afy)---(8a3,)---(12ey) (ground state}- (13ag) (ground state} (9aj,)
Electron affinity without correlation correctiaieV) -0.90 -1.26
Electron affinity with correlation correctioeV) -0.8 -1.2
Madelung potential and gross atomic orbital population
(GAOP)
Madelung GAOP GAOP of the added electron
Atom (a.u) Ground state First affinity state Second affinity state
First layers(and third layer
Li2(19 —0.4604 1.92 -0.32 0.38
Li3(20 —0.4604 1.95 0.34 0.41
Li4(21) —0.4604 1.95 0.34 0.41
Li5(22 —0.4604 1.95 0.34 0.41
Li6(23) —0.4604 1.95 0.34 0.41
F7(24) 0.4604 10.11 0.09 -0.38
F 8(25 0.4604 10.11 0.09 -0.38
F 9(26) 0.4604 10.11 0.09 -0.38
F 1027 0.4604 10.11 0.09 -0.38
Second layer
Li1l —0.4604 1.92 -0.33 —0.00
Lil2 —0.4604 1.92 —0.33 —0.00
Li13 —0.4604 1.92 —0.33 —0.00
Lil4 —0.4604 1.92 —0.33 —0.00
F1 0.4604 9.62 -0.83 —0.00
F 15 0.4604 10.11 0.09 0.00
F 16 0.4604 10.11 0.09 0.00
F17 0.4604 10.11 0.09 0.00
F 18 0.4604 10.11 0.09 0.00
2 2 2 2 4 2 regular hexahedron have lar itive GAOP’s, indicatin
(- 1200) (. 202 B (- ) (. Teg) (123, I:r%ueaele;rgn e(;jeﬁsitieas ?)natr?:sgoast(t)mes.GOr?thg othde(r:arzar?d,
X(...8a2,)(...302,)(...403,)(...12%%). (6)  six Li's that constitute an octahedron, angddE the center of

the octahedron, have large negative GAOP’s. This results

Calculated total energies, electron affinities ACF [see  from large overlaps between the orbitals of the octahedron
Eq. (3)] and gross atomic orbital populatidi$§GAOP’s) are  atoms and those of the corner Li atoms. The electron distri-
shown in Table lll. The electron configuration for butions at the eight hexahedron corners therefore penetrate
the two affinity states is of the form (ground- into the intermediate region spanned by the Li octahedron
state configuratiowaffinity orbital). Since GAOP’s for the and the central Fatom. Although an added electron is dis-
ground configurations are almost the same for the grounttibuted among the whole cluster, larger densities are found
state and two affinity states, GAOP’s are shown for thearound the corner Li& orbitals.
ground state, and for the affinity orbitals for negatively ion-  Since the added electron mainly occupies Li corner 2
ized states. The first affinity state ?ﬁlg, with one electron orbitals, we infer that the electron correlation between the
in 13a;4. By ASCF calculations, the electron affinity is added electron and Felectrons is negligible. The electron
—-0.9 eV. correlation between the Licores and this added electron

Turn now to the characteristics of thea,3 orbital, using  therefore stands. Since the added electron is distributed
the GAOP’s in Table IlI. All corner Li atoms placed in the around the entire cluster, and since thé tores in the clus-
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TABLE IV. lonization threshold of bulk LiF calculated with lattice defect model. With no lattice defects, the Madelung potentials at F
and Li are+0.4604 and—0.4604 a.u. The numbers in parentheses are gross atomic orbital populations without lattice defects.

Cluster embedded

Number of cage ions

Number of CGTF'’s

Symmetry

Number(n) of electrons and totdle) (a.u)

LisF 13
3348
221

Ci

Ground state

First ionized state

Second ionized state

n 156 155 155

te —1377.109 96 —1376.869 17 —1376.790 66

Electron configuration (78 (52 -(78) (528 -+(782)

lonization potential without correlation correctigeV) 6.55 8.69

lonization potential with correlation correctideV) 8.7 10.8
Madelung potential and total gross atomic orbital populat@AOP)

Madelung GAOP GAORP relative to ground state

Atom (a.u) Ground state First ion Second ion
First layer(and third layer
Li2(19 —0.6467 1.941.92 0.03 -0.01
Li 3(20) —0.6467 1.961.95 -0.01 0.01
Li4(21) —0.6467 1.961.95 -0.01 0.01
Li5(22) —0.5679 1.961.95 0.00 -0.01
Li6(23 —0.5679 1.961.95 0.00 -0.01
F 7(24) 0.1969 10.0810.1) 0.00 -0.23
F 8(25) 0.3426 10.1Q10.1) —0.02 0.00
F 9(26) 0.3083 10.0810.1) —0.01 0.00
F 1027) 0.3083 10.0810.1) —0.01 0.00
Second layer
Def. 11 —0.4604 (1.92
Li12 —0.5921 1.981.92 0.04 -0.01
Li13 —0.6467 1.941.92 0.03 -0.01
Li14 —0.6467 1.941.92 0.03 -0.01
F1 0.1969 9.81®.62 —1.00 —0.03
F 15 0.1969 10.030.1) 0.00 -0.23
F 16 0.1969 10.030.1) 0.00 -0.23
F17 0.3426 10.1@0.1) —0.02 0.00
F 18 0.3426 10.1@0.1) —0.02 0.00

ters are very close to an atomigaseousLi™, the correla-

tion energy between one Licore and the added electron
would be about 1 of the atomic 5-2s correlation energy

[ Ecor(1s-2s:Li) ], wheren is the number of corner Liions

in the crystal. It follows that the correlation correction for the
affinity state is approximatel.,(1s-2s:Li). This can be
estimated from the presenASCF (5.34 eV} and the
experimentaf (5.39 e} ionization potentials(IP) of the

gaseougfree) Li (see footnote b in Table)ll

Consider now the relation betwedh,,(1s-2s:Li) and

the experimental and SCF IP’s. The experimental atomic towe ignore the relativistic term, because the relativistic ener-
tal energy (TE,p) is expressed as the sum of the SCF totalgies for Li and Li" are small and almost equal. In reaching

energy (Tkcp, the correlation energyH,,), and the rela-

IPespf Li) = TEexpl Li *) — TEexpf Li)
=TEgcHLi ")+ Eco(Li T) +Eo(Li ™)
—{TEscH(Li) + Econ( Li) + Epe(Li)}
=IP(ASCF Li) + AE o Li *-Li) + AE,(Li *-Li)
~|P(ASCF:Li)+ AE o {Li " —Li)
~|P(ASCF:Li) — Eco{(15-2s:Li).

(7

the last line of Eq.(7), it has been assumed that the 1

tivistic energy €,.). Therefore, the experimental ionization intrashell correlation energies in Li and "Liare the same.
Using numerical Hartree-FodidF) calculations and pertur-

potential (IR,y) for the atomic Li is given by
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bation theory, Koga and co-workéfound that IPASCP'’s F,
with and without relativistic effects are, respectively, Fs i Erussl D). (Defe)
5.34192 and 5.34181 eV. The presentABCH is very =
close to that of the accurate calculation, and the correlation
correction, E,(1s-2s:Li), estimated here is quite reason-
able; its value is calculated to be0.05 eV. In Table I,
however, 0.1 eV is added instead of 0.05 eV because the
present cluster calculations do not have an accuracy of 0.01 Li
eV. The affinity state may be observed as a resonance state in
the continuum. The calculated second affinity state with cor-
relation correction lies 1.2 eV above the ground state.

We now consider the ionization threshdld Poole and
co-workers estimatet} to be 9.8 eV} Here two distinctl;
values are discussed, from the surface and in the bulk mate-
rial, which are, respectively, calculated as 12.5 and 13.1 eV g
by the ASCF method using the perfect lattice approximation.
The C,, symmetry is used in calculatifg's for the surface.
The wave function for the ionized states is expressed as

¢=Cpl ¢ (A'B'C'...) (A 1BCD...)|

+Cg| i (A'B'C'...)p(ABICD...)|
+Cclé (A'B'C'...)¢p(ABC ID...)|+ -, (8) FIG. 4. Geometrical structure of LjzF 14 (a) With the perfect

lattice, this cluster is placed at the surface of the ionic célgge.

1 . L With an imperfect lattice, the cluster with a defect ag (denoted
whereX ™~ implies that g electron at the ion & is ionized. Det,) is placed at the surface of the ionic cage.

Since the atomic ionization process (& F+e) dominates,
the atomic correlation correction, which is discussed below,
is needed in discussing the ionization threshold qualitatively.
In the (gaseous atomic case, the electron affinity  Since Li* ions provide the positive field that stabilizes

[ TEscHF)—TEscd{F )] calculated with the present basis is electrons at F, and since the experimental value lgfis
1.32 eV(see footnote c in Table)ll while the experimental much smaller than the calculated values, it is natural to sup-
value is 3.40 eV If relativistic differences between F and pose that there exist lattice defects at Eites that should be
F~ are ignored, an error of 2.08 elthe correlation correc- taken into account. In the present work a lattice defect is
tion AE.,(F—F")] results from the larger electronic corre- introduced at the position of Lj (see Fig. 1, and this cluster

B. Imperfect lattice model

lation in the gaseous negative ion: (Li*15F 19 is embedded in the same ionic cage as in the
perfect lattice model. The molecular symmetnCis, butC,
EAexpl F) = TEeypl F) — TEeyp F7) is now employed. The number of CGTF's is 221 and is equal

to the dimension of the Fock matrix. The number of elec-
=TEscH F) + EcorF) —{TEsce F ) + Ecorl F )} trons for the ground state is 156, instead of 158 in the perfect
B lattice. SCF calculations were performed for the neutral and
=EA(ASCF:R+AE(F—F). ©) ionized states. The total energies, the ionization threshold
(), and the electronic configurations for the ground state
Using numerical HF calculations, Koga and co-worRrs and two ionized states are listed in Table IV, together with
found that EAASCF:F’s with and without the relativistic the GAOP’s. The calculated value &f is now 6.6 eV by
effects are 1.36 and 1.33 eV. The present value of 1.32 eV iASCF, and 8.7 eV after correlation correction, which is close
close to the accurate EASCF:H of 1.36 eV, showing that to the experimental estimate of 9.8 eV and the onsetf
the set for F is well suited. ~7.5 eV. In this state the electron on the central F is re-
Since electrons in the ionic crystal are well localized atmoved. The state is not described by a hopping model as in
each ionic site in the ground state, and the ionization deEq. (8), but is approximately given by the first term of Eq.
scribed by Eq(8) is essentially a local process, the correla-(8). If another defect exists in a sphere of radigg5 a.u.,
tion effect for the present ionization proce$gutralization  this may lead to a smaller value Qf(<7.5 e\). The second
of the F ion) in the cluster should be similar to that for the ionized state lies 10.8 eV above the ground state. The elec-
electron affinity mentioned above. Therefore the value of 2.%ronic hole of this state is spread through the solid, as is
eV is used as the correlation correction for the ionizationsuggested by the GAOP’s.
process with a localized hole in the cluster. The correlation- To discuss lattice defects on the surface, a cluster with a
corrected surface and bulk values are, therefore 14.6 and defect at Lj of Li 3 F,4, (see Fig. 4is placed at the center
15.2 eV, and are far from the experimental value given byof the surface of a perfect ionic cage consisting of 2025 point
Poole and co-workers.Recall that the band calculati8h —charges; 27 point charges of the 2025 are replaced by the
also gives 14.3 eV fof,. Provided that LiF has a perfect cations, anions, and a lattice defect. The molecular symmetry
lattice structure, the bulk should lie between 14 and 15 eV. is C;, the number of CGTF's is 226, and the number of
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TABLE V. lonization threshold of surface LiF calculated with lattice defect model. With no lattice defects, the Madelung potentials at
F and Li of the first layer are-0.4429 and -0.4430 au. Madelung potentials of the second and third layers are almost the same as the those
of bulk values of£0.4604; the difference is at most0.0002 a.u. The numbers in parentheses are gross atomic orbital population without
lattice defect. The ground GAOP’s for the third layer are not listed where GAOP’s for the ground state and the affinity states are almost the
same. The difference was at mos0.02.

Cluster embedded FioF 14
Number of cage ions 1998
Number of CGTF's 226
Symmetry C1l
Number(n) of electrons and totale) (a.u)

Ground state First ionized state Second ionized state Third ionized state
n 164 163 163 163
te —1503.580 34 —1503.360 63 —1503.35347 —1503.34858
Electron configurations -++(82) - (410)---(82) - (412)---(82) - (422)---(82)
lonization potential without correlation correctigeV) 5.98 6.17 6.31
lonization potential with correlation correctigeV) 8.1 8.3 8.4

Madelung potential and total gross atomic orbital populat@AOP)

Atom Madelung GAOP GAOP relative to ground state

(a.u) Ground First ion Second ion Third ion
First layer
F1 0.1795 10.1®.29 —-0.86 0.00 0.03
F2 0.1795 9.99.97 0.00 0.01 0.00
F3 0.1795 9.9®.97 0.00 —-0.89 0.00
Fa 0.3251 10.0®.97) —-0.01 0.00 0.00
F5 0.3251 10.0®.97) -0.01 0.00 0.00
Def. 6 —0.4430 (2.27
Li7 —0.5748 2.0.27) —-0.01 —0.02 —0.03
Li8 —0.6293 2.0.27) 0.01 —0.01 —0.02
Li9 —0.6293 2.0.27) 0.01 —0.02 —0.02
Second layer
F10 0.1971 10.220.22 0.01 0.00 —0.89
F11 0.3427 10.280.22 —-0.01 0.00 —0.02
F12 0.384 10.280.22 0.00 0.00 0.01
F13 0.3084 10.280.22 0.00 0.01 0.01
Li1l4 —0.6469 0.7€0.721) —0.03 —0.01 —0.07
Li15 —0.6469 1.971.99 —0.02 —0.01 0.02
Li16 —0.6469 1.971.99 —-0.02 —0.02 0.02
Li17 —0.5682 1.961.99 —-0.01 0.00 —-0.01
Li18 —0.5682 1.961.99 —-0.01 —-0.01 —-0.01

electrons for the ground state is 164. The total energies, thably includes contributions from the effects discussed above;
ionization threshold I¢), and the electronic configurations the calculated,,(F~) corresponding to the value of 6.1 eV
for the ground state and two ionized states are shown iof Poole and co-workers is 9.8 eV. This is obtained as the
Table V, together with the GAOP’s. The electronic configu-difference between the maxim@f IP(ASCF:15.8¢eV)
rations for the ionized states are-(41a')---(82a%). The  +correlation correctiori2.1 eV) and the surfacg, (8.1 eV).
value of I, from the surface is 6.0 eV according &5CF,  Although the value of 9.8 eV is different from the val(&1
and 8.1 eV with correlation corrections. The correlation-eV) of Poole and co-workers, it is quite close to the band
corrected result is very close to the experimental value. It isvidth of 10.5 eV that can be directly read from their UPS
therefore possible that the observed smalirises from lat-  results? The two band calculations with a perfect lattice give
tice defects in the bulk solid and at the surface. 2.8 eV (Ref. 24 and 2.0 e\?® and the previous cluster cal-
Poole and co-workets used their UPS spectra to obtain culation with perfect lattice also gives 2.7 eV &g, (F")
the total width of the halide-ion band,,(F~). This prob- (evaluated from Table Il in Ref. 28 The calculated and
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TABLE VI. Summary of electronic band structure of LiF.

lonization ThresholdeV) Band(eV) Excition (eV)
surface bulk surface bulk  Gap  Band widfR2p) Bulk Surface Affinity
Method/lattice Imperfect Perfect Perfect Imperfect Perfect Perfect
Band theory
LDF? 11.7 10.5 2.8
LDF with correlation 14.3 13.9 2.8 11.7
(Periodic clustenSCPH?
LDF with correlatio®? 14.0 2.0
Embedded clustér
ASCF 6.0 6.6 125 13.1 11.8 2.7 11.3 9.4 -0.9
ASCF with correlation correction 8.1 8.7 146 152 13.9 9.8 2.7 13.4 11.5-0.8
Expt. ~7.5(9.8)¢ 13.0 13.¢ ~10.56.1)¢ 138 103 <00
14.2 358 126
“See Ref. 24. fSee Ref. 9.
See Ref. 25. 9See Ref. 6.
‘See Ref. 28. "See Ref. 38.
‘See Refs. 4 and 5. 'Pong and C. S. Inouye as quoted in Ref. 24.

‘See Refs. 1 and 2.

experimentalg,,(F~)s are so different that it would be in- F~ with the perfect lattice lie in the range 2.0-2.8 eV, and
teresting to remeasure thg,,(F~) and to discus&,,(F7)  compare favorably with the early vald.5 eV) of O'Bryan
from the perfect lattice. and Skinner® Modern UPS(Ref. 4 gave a band width of
6.1 or ~10.5 eV, the lower valug6.1 e\) was given by
Poole and co-workefsand the larger one is read from their
UPS results, and these incorporate contributions from lattice
The results discussed above are collected in Table Videfects in the bulk and the surface because of greater instru-
Four ionization thresholdé,'s) are given: the surface and Mmental sensitivity. Other energetics are well explained by the
bulk 1,’s are calculated with both imperfect and perfect lat- perfect lattice model, implying that contributions from lattice
tice models. The calculateld values with electron correla- defects are small.
tion corrections from the surface and bulk with a lattice de-
fect are 8.1 and 8.7 eV, respectively, which shows good ACKNOWLEDGMENT
agreement with the onset of UPS, 7.5 eV. The observed The SCF calculations were performed using th&oL3
valué' (9.8 eV) will include the defect contamination inevi- program written by Kashiwagi and co-work&tsnodified by
tably present in the solids. The valuelg& 13.0 eV given by  Tatewaki and MiyosiP to treat the Madelung potential. The
Taylor and Hartmahis close to the theoretical values calcu- present research is supported partly by a Grant-in-Aid from
lated for the perfect lattice with correlatioi$4.3 and 15.2 the Ministry of Education, Science, and Culture of Japan and
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1950s instruments used. The theoretical total band widths fafapan.
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