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For slow F' ions (v<0.05 a.u.) scattered from a clean and flat(Di%) surface under a grazing angle of
incidence, large fractions of negative kons have recently been observed in the reflected beam, while for
neutral E projectiles no negative Fions are produced in the same velocity rafigeRoncinet al, Phys. Rev.

Lett. 89, 043201(2002]. From detailed studies on projectile energy loss and charge fractions, the conclusion
was drawn that the Fions are formed from F via a simultaneous capture of two electrons from adjacent F
sites at the surface. We present a theoretical description of the double-electron-capture process leading to F
formation from F projectiles grazingly scattered from the (@®1) surface. We use quantum chemistry
calculations to determine the relevant Hamiltonian matrix and close-coupling solution of the time-dependent
Schralinger equation. The theoretical results are in good agreement with experimental observations.
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[. INTRODUCTION reaction due to the attractive Coulomb interaction between
the hole left at the surface and the negatively charged pro-
In the past decade, considerable experimental and theorgectile in the final state of the charge transfer* In the
ical work has been devoted to studies on various phenomenacinity of halogen sites, the energy defect for electron cap-
in the scattering of atomic projectiles from the surfaces ofture is thus reduced to some eV giving rise to low-velocity
alkali halides and oxides.®> One motivation is the practical thresholds for negative-ion formation. Furthermore, after a
importance of ionic crystals for catalysis and optical appli-negative ion is formed, its direct detachment back to target
cations. Another reason is the completely different electronistates is blocked by the wide band gap of the ionic crystal, so
structure of ionic crystals in comparison to that of metals.that negative-ion populations get built up during the passage
Therefore, basic approaches and models developed faf projectiles from site to site. A model developed along
charge transfer between projectiles and metal surfdwmse  these lines successfully reproduces the kinetic threshold be-
to be substantially revised for ionic crystal targets. havior for the negative-ion conversion of neutral
The specific features of ionic insulators such as theiprojectile$?2*(cf. Fig. 9.
point-charge lattices, wide band gaps, and narrow valence The transfer okeveralelectrons between a projectile and
bands have been evoked to explain a variety of interestingn ionic crystal surface has predominantly been studied for
observations such as, e.g., high electron yieidsiscrete the neutralization of highly charged ioff§.**Traditional ap-
structures in the energy-loss sped&r& charge-transfer in- proaches developed for metal target surfaces are usually ap-
duced sputterin§1~1* excitation of optical phonons:®  plied. So far, apart from the Auger process, multielectron
formation of excited states at the surfdc8’~1° and transfer has been treated as a sequence of one-electron tran-
negative-ion formation in the scattered bedms°~2°0Of  sitions in independent capture events. In this latter view, only
particular relevance for the understanding of the microscopithe energy balance for a subsequent electron transfer depends
interaction mechanisms was the observation of large fracen the state of the projectile prepared by the preceding elec-
tions of negative ions after the grazing scattering of fast protron transfer event. The apparent lack of theoretical ap-
jectiles from the surface of ionic crystdié:??~?"This finding  proaches treating simultaneous transitions of several elec-
is quite surprising at first in view of the large energy defecttrons is related to the missing experimental evidence for such
between the projectile affinity leveltypically affinity is  processes. This is at variance with gas-phase collisions,
about 1-4 eV and the valence-band statebinding where simultaneous multielectron transitions, such as two-
energies 12 eV for LiF). The efficient negative-ion forma- electron transfer or excitation transfer, are well established
tion has been interpreted in terms of a sequence of binargnd studied in detail with numerous examples involving
collisions of projectiles with anions occupying halogen siteshighly charged iong®~3#
at the surfaceOnly independent one-electron transitions Recent experimental observations of the formation of F
have been consideredFor positive ions, this implies first, ions in the grazing scattering of Fprojectiles from a
neutralization, and then the negative-ion conversion of thé&.iF(001) surface showed evidence for the importance of si-
neutral projectile. For the latter process, the key feature is aultaneous two-electron-capture evefitét low collision
drastic reduction of the energy defect of the charge-transfevelocities, where no negative ions are formed with neutfal F
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projectiles, large fractions of negative ions in the scattered z R
beam were observed for'Fprojectiles. In this case, the F
ions cannot be produced in sequences of two independent
steps: F—F°, then P—F, because the second step is in-
efficient. From charge-transfer and energy-loss studies, it
was concluded that the Fformation from F projectiles
proceeds via the simultaneous capture of two electrons from
adjacent F sites at the surface.

In this paper we present theoretical calculations of the F
formation from F projectiles and compare theoretical re- FIG. 1. Sketch of the considered system. The black circles are
sults with experimental data. We demonstrate that the ideassed for the projectile and the two “active”Fsites at the LiF001)
underlying the model of energy-level confluence—developedurface constituting the active,¥ molecule. TheR vector gives
for the P—F~ conversioA?~?4—can be also applied in the the position of the projectile. One of the active sites is located at the
present case in order to exp|ain the experimenta| results. Tr@ordinate Origin, while the other lies at an adjacent site at the
energy-level confluence occurs in the present case as a resgitface with position given by the vectoy. The arrow parallel to
of the Coulomb interaction between the negative projectilén® surface represents a segment of the grazing trajectory of the
and thetwo holesleft at the surface in the final state of the Prolectile.
charge-transfer reaction. It is shown here that tHe-fF~
conversion of the projectile with simultaneous capture of twoprojectile and a given F site at the surfacéactive sit¢. The
electrons from adjacent Fsites is a nearly resonant process. finite VB width is neglected. It is assumed that removal of an
Since the F ion has a d* electronic shell structure, it may electron from an F surface site leaves the corresponding
be produced in the groundP® and in the 'D® and 'S*  hole localized at this site on the time scale of the binary
excited metastable states. The implications of the presence obllision event. Because of the narrow VB width of the LiF
the latter states in the incident beam are discussed. crystal, this approximation holds for the cases where the pro-

The paper is organized as follows. Section Il is devoted tgectile is charged in the final state of the charge-transfer
the presentation of the model. A qualitative discussion basetkeaction?® The reason is that the interaction between the hole
on the point-charge approximation is also given in Sec. lland the charge of the projectile lifts the degeneracy of the
and calculations are presented in Sec. Ill. Section IV is dedifferent F sites with respect to the hole localization. This
voted to the discussion of the results, conclusions are drawmmansiently blocks the hole migration and keeps the hole at
in Sec. V. In Appendixes A and B the details on quantumthe active site during the charge-transfer event.

chemistry calculations are presented. Within the binary-type charge-transfer model for double-
electron capture (F—F~), we consider the interaction be-
Il. OUTLINE OF THE MODEL: POINT-CHARGE tween the projectile antlvo active F sites at the surface.
APPROXIMATION For energy reasons detailed below, the capture of two elec-

trons fromthe sameF" site at the surface is inefficient. All
other ions of the crystal lattice are considered as passive

The present theoretical treatment of Fon formation  spectators and treated as point charges. Since the relaxation
from F* projectiles is based on the general approach twf the LiF surface is smafft we consider for the surface a
charge-transfer processes at ionic crystal surfaces proposstmple termination of the bulk lattice structure with lattice
in Ref. 24. This approach takes into account specific properconstanta=7.68,. The collision geometry considered in
ties of ionic alkali halide crystals. Namely, the crystal lattice our calculations is sketched in Fig. 1. The projectile is lo-
consists of+1 and—1 ions at the lattice catiothere Li") cated atR, and the two active F sites at the surface are
and anion(here F) sites. Valence-ban@VvB) electrons of located at the origimg=(0,0,0) andr,. The two active F
the LiF crystal are formed by F2p orbitals, which differ sites for the F—F~ double-electron capture are adjacent.
only slightly from the 2 orbitals of the free F ion*° The  Other geometrical arrangements of active sites will not con-
binding energy of the VB electrons is essentially the electroriribute to the two-electron charge-transfer process for energy
affinity of fluorine increased by the Madelung potential. Thereasons discussed below. We treat the negative-ion conver-
VB of LiF is narrow (width ~3.5 eV) and it is separated sion of positive ions as a two-electron capture from the em-
from the conduction band by a 14-eV-wide band gap. LiF hapedded B*~ “active molecule” formed by the two F ions
a negative electron affinity with the bottom of the conductionat adjacent sites at the surface. The assumption thatthe F
band located at-2 eV above the vacuum level. Thus, 14 eV —F~ conversion proceeds with two holes left at adjacent F
is needed to excite an electron from the valence to the corsites at the surface is further supported by energy-loss
duction band, and-12 eV is needed to detach the VB elec- measurement¥. It is worth mentioning that the inclusion of
tron from the surface(For the electronic properties of the the point charges is crucial for the correct description of the
LiF crystal, see Refs. 41-44 Madelung field of the crystal.

Owing to the localization of the VB electrons at Fattice Concerning the effect of crystal polarizatiat,the instant
sites, it has been demonstrate® that the one-electron of charge transfethe local charge of the complex formed by
transfer can be treated as a sequence of binary-type chargée projectile and active si® is left unchanged as seen
transfer events, where an electron is transferred between tlieom the rest of the crystal. Then, the screening effects by the

A. General presentation of the model
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rest of the crystal are not expected to bring sizable correc- ®r

tions to the energy difference between initial and final 7 =353y, ——————> <100>
states:24>474&when the projectile escapes from the charge- ° o Li
transfer region, the crystal polarization given by Mott- 12 A AL AR AN AR AL AL
Littleton term$®°° produces additional screening providing 10
correctasymptoticenergy differences.

B. Simple estimates for the energetics of electron transfer

The efficiency of any charge-transfer reaction strongly de-
pends on the energy difference between initial and final
states at the instant of the transition. For charge transfer at a
LiF(001 surface, this energy difference can be estimated
from the point-charge model which yields results in reason-
able agreement with quantum chemistry studies. Since the
F"—F~ conversion can be considered either as a one-step
process or a two-independent-step process, we are interested Pl Ear(s)
in the energetics of the following three charge-transfer reac- glesranasra sttt ARt
tions: F"—F° (neutralization, F°—F~ (negative-ion con- 108 6 4 2 0 2 4 6 8 10
version of a neutral projectileand F —F~ (direct negative- distance X (a.u.)
ion conversion of a positive projectjle

o NN~ O @

energy defect (eV)

& A

FIG. 2. The energy differenceAE for the different charge-
transfer reactions calculated within the point-charge maoéefs.
(1)—(3)]. The data are represented as functions of the distXnce

For the neutralization of a positive ion {F-F°), we  along the straight-line trajectory in t{&00 direction as schemati-
consider electron capture from the active Bite located at cally shown in the insetR=(X,Yo=al4,Z,=3.5a.u.).a=7.5%,
the coordinate origin. The energy defect for the neutralizais the LiF lattice constant. The reference frame is oriented as shown
tion is given by the difference between the enefgyof the in Fig. 1. The thin solid line gives the position of the energy refer-
final state (B projectile+ F° at active site located at the ori- ence.
gin) and the energ)E, of the initial state (F projectile o ) o _
+F at active sitg AE(R)=E,(R)—E,(R). As detailed in stant and is given by the difference in binding energies of

Ref. 24, within the point-charge mod@\E(R) is given by ]?Iectlt_gn? in the valence band of the LiF crystal and in the
ree F atom.

1. Positive-ion neutralization

AE(R)=—-1+

A+E |?—'|> —Z |rq—lR| (1) 2. Negative-ion conversion of a neutral projectile

o S Following the point-charge model and discussion in Ref.
whereq; is the charge of an ion of the crystal lattice located24 for the negative-ion conversion of the neutral projectile
atr;. Note that owing to the open-shell structure of the F (F°—F"), the energy difference between the initial stat (F
ion (1s?2s?2p”), the incident F beam consists, for our projectilet F~ at the active site located at the coordinate
experimental conditions, of 'H3P) ground-state ions and origin) and the final state (F projectilet F° at the active
long-lived excited species’®!D) and F'(1S). | is the ion-  site) is given by
ization potential of the Fatom with respect to the ground or
excited states of the'Fion involved in the electron transfer.
It amounts to 17.42 eV with respect to the grout® state,

20.01 eV with respect to théD state, and 22.99 eV with ) , . - .
respect to the'S state.A is the electron affinity of the fluo- 1 Ne last term in Eq(2) is the basis for the efficient negative-

rine atom (3.4 e\V). In the point-charge approximation, a ion conversion of neutral projectiles by the energy-level con-

crystal with a neutralized Fsite at the surface is equivalent fluence_between initial and final states. This is the Coulomb
to a perfect crystal plus one additional positive charge localinteraction between the hole left at the surface and a negative

ized at this site. The first sum in E€L) gives the interaction projectile in the final state of the charge-transfer reaction,

energy between this positive charge located at the origin an@fnich reduces\E from the asymptotic 12 eV range down to
the rest of the crystal. This is the Madelung potential of LiF° €V in the charge-transfer regidsee Fig. 2

for a surface sitd12.05 e\). Thus, the term in parentheses
gives the classical estimate for the electron binding energy at
a F surface sitg15.45 eV). The last term in Eq(1) results Finally, we consider the energy difference between the
from the electrostatic interaction between the positive projechitial and final states for negative-ion conversion of a posi-
tile and a perfect LiF crystal in the initial state of the charge-tive ion (F"—F~), where two active F sites at the surface
transfer reaction. Due to the neutrality of the LiF crystal, it isprovide two electrons. The ener@y of the initial state (F
small and amounts to about 1 eV only. Thus, the energyrojectile and two F ions at the active sites locatedrgtand
defect for the neutralization of positive ions is almost con-r,) is given by

di (=g 1
A+E —)+z W_W (2)

AE(R)=—-A+
i#0 |I’i| i

3. Negative-ion conversion of a positive ion
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a of 2

1o 49
E(R)=E(F")+E(F)+EF)+z2, — AE(R)=2 -2 - =. 4
(R)=E(F")+E(F)TE(F)+5 2, — (R)=22 T1-22 g @
(+1)q; This is at least twice the energy defect for fon formation
Ei: Iri—R[’ Ba  from P projectiles[compare with Eq(2)]. The large value

of the energy defect makes the direct capture of the two

electrons from the same Fsite at the surface very unlikely

at low projectile energies. This is confirmed by our experi-
ents.

whereE(F" (7)) is the total energy of the free'®) ion. The
first sum gives the interaction energy between the poin
charges of the LiF lattice with;;=|r;—r;|, the last term
describes the interaction of the positive projectile with a per-

fect LiF crystal. The energy of the final state (projectile C. Qualitative discussion

shown in Fig. 2 as functions of th¥ coordinate for a pro-
+1)q; jectile trajectory parallel to the surface in thiH0) direction
o

R=(X,Y,Zy) with Zo=3.5a, a typical distance of the turn-
ing point for low-energy grazing scattering experiments, and

E\(R)=E(F)+E(F%) + E(F%) + %2 %9, 5

i T i#0 i

(+1)q; 1 (-L)ag; (-1 Yo=al4. For this trajectory, the oscillating field created by
+;l I [fo—r4| + Z Ii—=R[ " [ro—R] the alternating rows of positive and negative charges is 0, so
that the figure displays the major trends of the energy defects
(—1) AE(R).
+m- (3b) As seen in Fig. 2, neutralization of "Fprojectiles in a

binary-type charge transfer is an exothermic reaction with an
Here we use the fact that the field of the crystal with two€nerdy defect of about2 eV for the ground-state ions and

neutralized sites can be represented as the field of a perfect* €V and—8 eV for the excited metastable species. For F

crystal plus two additional positive charges localized at poion formation in the P—F" charge transfer, the energy de-
sitions r, andr;. The energy defect for the two-electron fect is about 5 eV. As for the direct’F" charge-transfer

capture is given by reaction via double-electron capture from neighboring F
sites, it is seen to proceed with a much lower energy defect.
Thus, on the basis of the point-charge model, one can draw
] some conclusions on the efficiency of the different charge-
transfer reactions occurring in"Fgrazing scattering from the
1 1 1 LiF(001) surface. Both, F—F° and P—F single-
_[ + } electron-capture processes correspond to charge-transfer re-
Iro—r1l [Iro—Rl  [r1—R| actions with finite energy defects above 2 eV, so that the
(30 electron transfer probability should exhibit a threshold be-
havior as a function of projectile velocity. The double-
The meaning of the terms in E¢8¢) is straightforward. The ~€lectron-capture process'F-F~ with two electrons cap-
first three terms represent the binding-energy difference betred from adjacent F sites at the LiFO01) might be a
tween the two valence-band electrons in LiF and the twdluasiresonant process, depending on the state of therf:
electrons in the F projectile. The fourth term originates This should lead to very low velocity threshol@any) and
from the point-charge interactions with a perfect LiF surfacehigh efficiency of the direct F—F~ conversion at low
and is small. The fifth term corrects the binding energy of€nergies.
two valence-band electrons in the LiF crystal for ttum-
screened hole-hole interaction in the final state. For two Ill. CALCULATIONS OF THE DYNAMICS OF THE
holes located at adjacent Fsites of the surface, we have CHARGE-TRANSFER PROCESS
roa=al/v2. This gives for the unscreened hole-hole interac-
tion energy a value of 5 eV. THe dependence of the energy
defect for the two-electron transfer reaction is mainly given As explained above, we consider the charge-transfer pro-
by the last term in square brackets in Egc). Similarly to  cess in grazing scattering of" Fprojectiles from a LiF sur-
the one-electron transfer for thé-FF~ case[Eq. (2)] this  face as a succession of binary-type electron transfer events
term describes the attractive Coulomb interaction betweebetween the F projectile and an active molecule,¥
the two holes left at the surface and a negative projectile ifiormed by two F ions at adjacent sites of the Li{#DJ)
the final state of the charge-transfer reaction. Owing to thisurface. All other ions of the Li01) surface are included
term, the energy defect of the charge transfer can be broughs point charges. This approach is thus close toaittere
down to the sub-eV rangeee Figs. 2 and)5 cluster studies?®#>°152 The motion of the projectile is
Finally, we consider the F conversion of the F projec- treated classically and the electronic subsystem is described
tile with the two electrons captured frothe samd-" site at  quantum mechanically. Since the total electronic spin is con-
the surface. Using the above approach, we get served in the transitions, the triplet and singlet symmetries

AE(N=—(1+A)+ A+21&
17

i

-

i#0 loj

A+ &]+

di
_22 Iri—R| "

A. Description of the binary charge transfer
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are treated independently. The time-dependent electroniwherev is the velocity of the projectile and the integration in
wave function is expanded over(@uasi) diabatic basis rep- Eq. (6) concerns the electronic coordinates. For the consid-
resenting the states of the charge-transfer arrangeménts Fered basis and low projectile velocities, the gradient cou-
+F,2", F°+F,, and F +F,° of the projectile plus active plings at the left-hand side of E¢6) can be neglected, so

molecule system: that finally we obtain the set of coupled equations for the
amplitudesA, :
v({ph R D=2 ADP({p}R), (5) CdA()
' |3 = 2 HieAdD. v

where{p} denotes electronic coordinates. In this equation the
dependence of the basis functions on the projectile coordiWe use the quantum chemistry cotieAmESS to calculate
nates is weak. It arises from the orthogonalization of atomi¢he matrix elementsi;, in the basis of state®; . The details
orbitals of the projectile to molecular orbitals of the active are given in Appendix A. Given the Hamiltonian matrix, the
molecule. For more details on the definition of the basis se@mplitudesA; are calculated from Eq(7) via the Lanczos
Appendix A. time-propagation techniqué.The set of initial conditions
The functions(l)j({p};R) are arranged in groups, each of Aj(t=0)= §j, corresponds to the different substates of the
which represents a charge-transfer arrangement of the collincident F* ion.
sional system. For theinglet symmetry, we have %j
<33. The six lowest states describe the incident channel, B. Population build up
with j=1 corresponding to the 'RS) ion in front of the
F,2~ molecule, and =2,...,6 corresponding to five magnetic
substates of the 'RD) ion in front of the B2~ molecule
(incident channe)s The ®;({p};R) functions with highey
describe the electron transfer from the surface to the proje
tile. Thus, 18 states with=7,...,24 corresponac?i to the neu-
tralization of the F ion and describe the neutral projectile P n ; .
bearing a hole in the 2, 2p,, or 2p, orbital in front of the o m_?leculleR(t)—(r2D+v”t,Z) (Ilzllgls. 1r?nd ;va” Is the
F,~ molecule with a hole in one of the six molecular orbitals projectile velocity component parallel to the surface aggl
formed by the mixture of the @ orbitals of the F ions at the is the impact parameter. Since the calculations for random

. . orientations of the projectile trajectory are very time con-
surface. The nine states wijl25,...,33 correspond to the , S .
negative-ion conversion of the'Fion and describe the F suming, we study the charge transfer for projectile scattering

projectile in front of the i molecule with two holes in the close to the100 and(110 directions. The charge fractions

valence shell. The latter nine, Btates are unambiguously obtained in both cases are found to be very similar. This
. o : 2 r riori the validity of th mparison be-
identified as those that are formed by twbdfoms. Other § supports,a posteriori the validity of the comparison be

tat f db i i ith two holes located ween the present theoretical results and the experimental
states are formed by configurations wi 0 holes locate ata® taken at random azimuthal directions. As schemati-
the same F ion of the active molecule. These states have

h hiah . d theref tincluded i thcally shown in Fig. 3, for the projectile scattering close to the
much higher energies and are theretore not inciuded in ?lOO) direction (x axig), we consider projectile trajectories
calculation. For the triplet symmetry we have<=]=30,

where the first three states correspond to the incident channg(t):(v”t’Y’z) with impact parameters QY=L =al/2.
: L r projectile trajectories close to tH@10 direction, two
with a F*(3P) ion in front of the B2~ molecule. The next 18 project! J ! @10 direction, tw

. orientations of the active £~ molecules contribute to the
and then nine states correspond to tHe+F,” and F z

0 . . S charge transfer. For both orientations, taking into account

_+F2 arrangements, respect_wely._ It is worth mentioning thatS mmetry, we use projectile trajectories given Bt)
in order to keep the calculation size reasonable, we have nozly(v t1v2 ’Y+v t/v2,Z) with 0<Y<L=a/2
included in the treatment the basis functions corresponding Fl‘)r a,giver! im[;act parameter and iﬁitial condition
to the electron transfer to surface exciton and trionA (t=0)= 6y, related to an incident Fion state ¢S, D

,10,17,18 . 2 i j(t= = Ok : ,
state$ as well as to the conduction b"’.‘w. There or 3P), the probabilities of neutralizatio®°, and negative-
fore, the processes of charge transfer resulting in the forme}-On formation,P~, are given by

tion of excited states at the surface are inaccessible for the

For grazing scattering the trajectories of the projectile are
well represented by a piecewise approximation with long
paths traveled parallel to the surface at a fixed distance.
Therefore, we first solve Eq.7) for projectile trajectories
(iying in the plane parallel to the surface at a distadcand
spanning a two-dimension&D) surface cell containing the

present treatment. In any case, at low projectile velocities 24(33)

these processes are thought to be due to the intermediate 0(-) _ ' 2 _

negative-ion formatiof}1+7-19 Pis (Y.2.k) j:7z(25) A=)l k=1,

Inserting Eg.(5) into the time-dependent Sclinger
equation leads to the set of coupled equations for the ampli- 24(33)
tudes: P (Y.Zk= 2 |A(t—=)? k=2..6, (8
j=7(29
CdA(Y)
| — T2 AP V- VePi =2 At)(®)[H|Dy), o 21(30)
K k P3 (Y,Zk)= X |A(t—=)% k=123

(6) j=4(22)
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Scattering in <100> direction Nm(CP)=ny_1CP)+n/_1(3P)P3n(Z1)
F Y + -1 CPT(Zy),
‘ o N (CP)=n0_ 1 CP)[ 1T (Z) ]+ g1 (3P)P3a(Zy),
5 (10)
X
e >» Nn(CP) =1 {n5P)+ N P,
Li*

wheren stands for the population of different charge states.
Equation (10) incorporates the possibility of negative-ion
L . formation from the neutral projectile by one-electron capture

Scattering in <110> direction from the F sites at the surface. The probabilities of this
processll™(Z,) have been calculated in Ref. 24. These
probabilities show a threshold behavior with projectile veloc-
ity (vy,~0.06 a.u., see Fig.)9Finally, the resulting charge
fractions in the scattered beax™ % are obtained from the
statistical average over the different states of the incidént F
ions. Provided that all substates of thé in are present in
the incident beam, one obtains

N* O~ =[n; 07 (*9)+5n; % (*D)+9n; % (°P)]/15.
1)

C. Calculation of the trajectory

In the case of grazing scatterin@urface channeling
conditions®) the trajectory of the projectile is determined by
the effective potential (Z), a function of projectile-surface
distance only. The effective scattering potential for [pro-
jectiles is given by

U(Z)=( 2 Ve e (R=Te )+ 2 Viges (R=1y+)
F- Lit <y

FIG. 3. Sketch of the directions of the projectile trajectories
used to obtain the average neutralization and negative-ion formation

probabilties per active £ molecule. Black circles, active Flat-  \yhere\/. . andV,,++ are binary interaction potentials
tice sites; gray circles, Liions considered as point charges; Shadedbetween projectile and halide and alkali-metal sites, respec-

circles, I ions considered as a point charges. Note that two IDOS'Eiver. These binary interaction potentials are determined
sible orientations of the projectile trajectories with respect to the,

active B2~ molecule have to be taken into account for scattering inrom Hartree-Fock-Roothaan self-consistent-fitd€h cal-
the (110) direction. culations(see Ref. 24 In Eq.(12), the summations run over

the halogen(alkali-meta) surface sites; the averaging is per-
formed over all possible positions of the projectile in the
From the neutralization and negative-ion formation prob—(x’y) plane parallel to the surfacél;,(Z) is the image po-
abilities given by Eq(8) we obtain the average probabilities tentjal created by the response of the crystal to the presence
for the neutralization and negative-ion formation in binary of the moving charge.
collision with a >~ molecule. For example, for the £°P) The image potential is calculated on the basis of the sur-
incident state of the positive ion, we have face response formalisfi>’ For a particle with charg®
and velocityv moving parallel to the surface, the image
potential is given by

Q (~ 2wZ e(w)—1
Uim(z):_ﬂ'—v OdwKo< 5 )R%s(w)-l—l

+Uin(2), (12

3
_ 1S 2 (L2 4
P )(Z)=§k21tfo PI (Y. ZkdY. (9

, (13

The projectile beam scattered from the surface in a given

direction will cross the successive 2D cells containing thewhereKj is the modified Bessel function of order 0. We use
active K2~ molecules at instants, and at distance&,, . the surface response functige(w)—1]/[e(w)+1] with
The evolution of charge states along the trajectory can béhe dielectric constant(w) deduced from optical data for
expressed, e.g., for théP channel, as LiF.%® The resulting image potentials are shown in Fig. 4 as
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0.0 . . . . . x . IV. RESULTS AND DISCUSSION

A. Structure of the Hamiltonian matrix and theoretical binary
charge-transfer probabilities

Figure 5 shows the diabatic energies of the different states
given by the diagonal elemenks;; of the Hamiltonian ma-
trix as obtained from our quantum chemistry calculations
described in Appendix A. They are compared with the point-
charge model prediction. Energies refer to the middle of the
g omticaliimit ] band formed by § -+ F° states at infinite separation between
20 ! \ ~—v=0lau ] the projectile and the surface. The energies of these states
! static limit denoted by black circles describe final statesdfioe-electron
25l ' . ' s transferwith neutralization of the positive projectile. At in-

2 4 6 8 10 12 14 16 18 finite projectile distance from the surface, the manifold of
distarics from the:sutface. (2.0.) nondegenerate states corresponds to the hole localization at
. . . different orbitals of the ¥~ molecule, it reflects the begin-
FIG. 4. Image potentials obtained from EQ3) for different ning of the formation ofEthe valence band of the LiF crystal.

llision velocities. The resul re presen functions of the.. .
colision velocities. The results are presented as functions of theyi 4o and crosses represent energies of the states corre-
distance from the surface. Black and gray long dashed lines give

. L A 5 i
respectively, the static and optical limits as indicated in the figure.Spondlng to .the incident Channel*(l-'prOJectlle+ Fp°  mol
ecule. For singlet symmetry, crosses represent the state of

the F"(1S) ion, and diamonds represent five nearly degener-

ate states of the §'D) ion. For triplet symmetry, diamonds
functions of the projectile surface distariéand for different  represent three nearly degenerate states of tHéF ion.
projectile velocities. Depending on the collision velocities, The band of states given by open circles corresponds to
both electrons and ions or only electrons of the crystal restates bearing two holes in the,”F molecular orbitals.
spond to the field of the projectile. Correspondindly,(Z)  These states thus describe thé (frojectile+ F, molecule
spans values between the static limit and the optical limitarrangement and correspond to the negative-ion conversion
with dielectric constants,=9.01 ande.,=1.96%°° of positive projectiles.

image potential (eV)

14

14

T T T
triplet triplet

12 BEs 12 P8

10 10

energy (eV)
(o>}

energy (eV)
(2]

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

2 =

F ]
o iiliiiitintininsiiang

singlet

energy (eV)
energy (eV)
o

(a) N
distance X (a.u.)

distance X (a.u.)

FIG. 5. (a) The relative energies of the different diabatic states involved in thelfarge exchange with the activg?’F molecule. The
two panels correspond to the tripleipper panelsand singletlower panel total electronic spin of the system. The data are represented as
functions of the distanck along a straight-line trajectory in tf@00) direction:R=(X,Y,=a/4,Z,=3.5 a.u.). The energy reference is taken
as the middle of the manifold of states corresponding to the one-electron transfer from the surface to the projectile, i.e%+6,the F
arrangement. Symbols, quantum chemistry results; solid lines, results of the point-charge model correctdg,fortlell eV position of
the middle of the valence bar{dee Appendix B The manifolds of the states are labeled according to the gross charge-transfer arrange-
ments. For more details see the tdki. Same aga) but for R=(X,Y,=a/4,Z,=4.75 a.u.).
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As a first observation, the point-charge model, when cor-
rected to the self-consistent-field results for the electron
binding energy in the LiF crystal, ;z=14.11 eV (see Ap-
pendix B, reproduces the quantum chemistry calculations.
This supports the simple interpretation given in Sec. Il for
the efficiency of the different charge-transfer reactions.

For the impact parameta&tchosen here, the energy defect
for the neutralizationof positive ions is essentially indepen-
dent of theX coordinate of the projectile and its distance
from the surface. This energy defect is larger for the excited
states of the F ion, which should lead to higher collision
velocity thresholds for the neutralization. The energy-level
confluence is observed for the two-electron capture with
negative-ion conversion of the positive projectiles. For pro-
jectile trajectories along thé100) direction at the distance 0015
Z=3.59, from the surfacenegative-ion conversioof the
ground-state F(®P) projectiles is a quasiresonant process.
As for the metastable’®'S) and F' (D) channels, a diaba-
tic energy curve crossing is observed. At small separations
between the projectile and the¥ active molecule, where 0.005 |
the charge-transfer couplings are efficient, thedenversion

of the F"(*D) ions proceeds with an energy defecte? eV. . e
As for the F (1S) projectiles, the energy defect is too large, 0.000; St o 0 w02 s
so that the negative-ion conversion should be inefficient at veledity: ()
small projectile velocities as supported by our charge-
transfer studies. o FIG. 6. (a) Probabilitiengé;fD)(ZO), averaged over the impact

When the distance between the projectile and the surfacgarametersy [see Eq.(9)] for negative-ion formatiorisolid lines

is increasedsee Fig. #)], the energy-level confluence is and neutralizatioridashed linesin a binary collision with the ac-
less pronounced. Then during the scattering event, the praive F,>~ molecule. Distance from the surfaZg=3.5a,. The pro-
jectile will pass distances from the surface, hefg jectile trajectories are oriented in tH@00 direction. Black and
~4.7%,, where the negative-ion formation from'&D) gray colors correspond to the different initial states of the incident
ions is a resonant process as shown in Fig).3Note thatin  F* ion: F*(*P) and F ('D), respectively. The data are presented
this case the negative-ion conversion of thg#P) proceeds as functions of the projectile velocityp) Same ag@a) but for Z,

with a finite-energy defecf priori, for even larger distances =4.7%o.

Z, the F (1S) channel is moved to resonance with respect to

the double-electron-capture process. However, as supportéglatively large energy defect of the charge-transfer reaction.
by our studies, the charge-transfer couplings get too small fofhe Vvelocity onset for neutralization is lower for"€P)

the negative-ion conversion of thé £S) ions to take place. Projectiles than for F(*D) projectiles because of the

The velocity-dependent binary charge-transfer probabilismaller energy defect for charge transfer. Note that for the
double-electron capture, the neutralization of positive ions is

ties are presented in Fig. 6 for' ’P) and F (D) ions _ the .
incident at the surface close to ti&00) direction, andz, @ competing channel. This is manifested by a decrease of the
=3.58, and Z,=4.75%,. As for the F (1S) incident chan- Nnegative-ion _forma'Flon probability fo_r increasing neutraliza-
nel, we find that the scattering process is elastic and chargéon probability. With Z,=4.7%, [Fig. &b)] the overall
transfer does not take place. From this finding we concludéharge-transfer probabilities are smaller bepauses of de-
that the fraction of the survived'Fions in the experiment creased couplings. The negative-ion conversion of*P)
should be at least of the order &f i.e., the statistical weight Projectiles gets suppressed because of the finite-energy de-
of the 1S channel. fect of the charge-transfer reaction. As for the resonant
The results shown in Fig. 6 can be understood from thé (‘D) channel, the negative-ion conversion is of the order
of 1% and exhibits the same velocity dependence as ob-

probability

0.0

b) F+(3P) > FO

probability
o
£
o
T
AN -
g
v
=

C

h
H
;
': F+(1D) > FU "1 i

i

H

/

!

energies of the different states depicted in Fig. 5. Egr A ) !
=3.58, and incident F ions in the'D and 3P state, double- Served for the F(°P) channel withZ,=3.5a, [Fig. 6a)].

electron capture with F formation occurs at projectile ve- 10 analyze the driving force of the two-electron-capture
locities as low as 0.02 a.u. The fraction of negative ions inProcesses leading to direct negative-ion conversion of posi-
one binary collision event is of the order of 1% with incident tive ions, we have performed time-dependent studies of the
F*(*D) ions and reaches 40-50% with incident(BP)  charge transfer with a modified Hamiltonian matkx H
ions. This result reflects an almost perfect energy matchingiffers from H in that all one-electron coupling$Age,B1e)

for the F +F, and F (3P) + F,?~ states and a finite-energy between the corresponding groups of state€syF,>~ and
defect for the F(*D) channel. While the negative ions are F°+F,”, F°+F,”, and F +F,, have been set to zefsee
efficiently formed at low projectile velocities, the neutraliza- Fig. 7). We maintain only the dielectronic couplinggVge)

tion of F" via one-electron capture is blocked because of thdéetween the F+F,>~ and F +F, states. The binary
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1.0
0.9 ®p channel
E(F* + F,%) Age W, channel
0.8 .
0.7 ]
z 06 including
. 2 0. 0 - E
A E(F + Fy) By g 08 FebF
o 0.4 conversion
o
0.3 .
0.2 .
» : - 0.1 / -
W Bie E(F +F,) /
0.0 Let” ! LT
0.05 0.1 0.15 0.2 0.25
velocity (a.u.)

FIG. 7. Schematic, & 3, representation of the Hamiltonian ma- 1.0 ; ' ' ' i
trix of the charge-transfer syster,, stands for the direct two- 0.9 f D channel ]
electron coupling terms between thé £F,>~ and F +F, con- 08 F ]
figurations. A, and B;. denote the one-electron coupling terms 07k ]
between the F+F,?>~ and F+F,” and F+F,” and F +F, con- ]
: : ; z 06¢ including
figurations, respectively. =

g 05¢ FO>F"
Qo Y .
apegpt . . . [<] )
charge-transfer probabilities for negative-ion formation ob- & 04p § %, conversion 4
tained in that case are at least two orders of magnitude 0.3} ]
smaller than those shown in Fig. 6. This result shows that the 02F ]
negative-ion conversion of the positive projectile is a 0.1F FO S ]
second-order process induced by one-electron couplings. As 0.0 = i S B

0.05 0.1 0.15 0.2 0.25

a general trend, similar conclusions on the nature of the in-
velocity (a.u.)

teractions responsible for the simultaneous double-electron

transfer In gas-phase collisions have been derffed. FIG. 8. (a) Calculated probabilities of negative-ion formation

(black and neutralizatiorigray) as functions of projectile velocity
for F*(3P) ions impinging on a Li01) surface close to th&l00)

In Fig. 8 we show results for charge fractions of the out-direction at a grazing angle of incidenge=1° from the surface
going beam resolved with respect to the state of the inciderftlane. Solid lines correspond to the results obtained when the
F* ions. In both cases, negative ions are efficiently formedﬁeggtlve-lon conversion of the’atoms in plnary cqlhsmns with
well below the neutralization threshold and the threshold for~  Sites at the surfacé]~(Z) [see Eq(10)], is taken into account.
negative-ion formation from neutral atoms. If negative-ion Dashed lines represent the results obtained when this negative-ion

; ; 1
formation from P projectiles is not included in the calcula- formation channel is neglected) same as(a), but for F(*D)

tions, negative-ion fractions decrease at higher velocitiefrojecmes'

This feature was already discussed for the binary charge-
transfer probabilities plotted in Fig. 6. The reason for theergy matching. At higher velocities, when the negative-ion
decrease of negative-ion formation at velocities above the Fformation from neutral projectiles is taken into account, the
neutralization threshold is that the competing charfoake-  negative-ion fractions saturate. As it was already discussed
electron capture from £~ molecules with B formation  for the negative-ion conversion of neutral projectiles, this
takes most of the flux. Indeed, since the single-electron cagsaturation effect arises because our approach does not take
ture (F"—F°) is a first-order process with respect to one-into account the electron detachment for the negative ion
electron couplings, it is more probable than the doubleflying above the crystat?
electron capture (F+F~), being a second-order process. Results averaged over all possible states of the incident
When negative-ion conversion of® Fprojectiles passing F* ions are compared with experimental data of Ref. 39 in
above the LiF surface is taken into account, the decrease ¢fig. 9. The calculated negative-ion formation probabilities
the F~ formation in two-electron-capture events is compen-saturate at the 0.933 level. This is beca(isehe electron-
sated by F formation from fluorine atoms. In summary, we loss process is not taken into account, d&iylthe F"(1S)
have two velocity domains for negative-ion formation. At projectiles, constitutingsz of the beam, do not undergo
projectile velocities smaller than 0.12 a.u., negative ions areharge transfers within the considered velocity range. As fol-
formed via simultaneous two-electron-capture events, withows from the calculated charge fractions, the sensitivity of
two electrons captured from adjacent Bites at the surface. the final results to a particular choice of the azimuthal direc-
At high projectile velocities, negative ions are formed domi-tion is small. Therefore a comparison between the present
nantly in two independent steps? FF°, then P—F. theoretical results and experimental data taken at a random
In the low-velocity regime, the F formation from direction is meaningful. Our model calculations are able to
F"(®P) projectiles is most efficient because of the best enexplain the efficient negative-ion conversion of positive pro-

B. Charge fractions of scattered beams
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1.0 w T v —F +LiF?"—=F°+ e +LiF2") or formation of the excited
> 09+ / | state at the surface termed trion ‘(FF +LiF?"—F°
% 08 - +LiF**). All these channels were resolved in energy-loss
2 o7l measurements, in coincidence with electron emission. The
& sl key result of the data analysis is that, for 1 keV collision
2 7 energy, almost 70% of the scattered products are connected
E O°r with an initial F~ formation (see Table 1 of Ref. 39Since
= e &/ ‘ F°->F" (Orsay) negative-ion formation from neutral projectiles is not pos-
o 037 " ’ F°_'>Fi (Berlin) - sible for slow collisions, the above result can directly be
§ 02 o/ s Ef FF (003:?':’1)) compared to a probability for Fformation of 0.65 obtained
e g9l o/ el , theoretically(see Fig. 9. Thus, the inclusion of negative-ion
/ ~ F"->F (Orsay) . k . . .
00 -4 1 . l destruction and trion formation in the present theoretical
000 004 008 012 0.16 020 treatment may lead to a quantitative description of negative-
velocity (a.u.) ion conversion of E projectiles.
FIG. 9. Negative-ion formation probabilities in the scattered
beam for grazing scatteringg&1°) of fluorine projectiles in dif- V. CONCLUSIONS
ferent charge states from a L1 surface. Experimental data of
Ref. 39(symbolg and present theoretical resuitimes) are plotted We have reported on theoretical studies aimed to explain

as functions of the projectile velocity. All the experimental data arerecent experimental results on the simultaneous two-electron
taken in random direction. Gray line represents the results for th%apture in the negative-ion conversion of projectiles graz-
negative-ion conversion of the neutra?, Brojectiles as obtained in ingly scattered from a LiF surfac@ We show that the theo-
Refs. 24 and 45. Black solid and dashed lines represent the calcyetical approach based on the model of energy-level conflu-
lated negative-ion conversion probabilities for thé Projectiles ence developed for the OF,F~ conversio”?24 can be
scattered close t(00) and(110 directions, respectively. successfully applied to the double-electron capture. It is
demonstrated that the direct F+F~ conversion of the pro-
jectile with simultaneous capture of two electrons from ad-
jacent F sites is a nearly resonant process. This is because
the Coulomb interaction between the negative projectile and
wo holes in the final state of the charge-transfer reaction

jectiles at low velocities, i.e., below the threshold for the
negative-ion conversion of neutral atoms.

While a qualitative agreement with the experiment is
good, the present calculations overestimate negative-io
actions e, he Tegalveon Facton 1 e sealEfehives ris t the energyevel confuence. Since theian
and electron detachment. Although at low collision velocities asad es!ectromc_ shell lstructurel, I may be produced in
the electron-loss probab.ility is small because of the Widethe ground*P® and n the "D and 'S° excited metastable

. . states. The model incorporates the presence of the latter
band gap of the LiF crystal, it cannot be neglected for &

quantitative description of the negative-ion fractirig>° states in Ehellnpldent beam. q h . |
This is evident from experimental data for Fprojectiles in Our calculations are in good agreement with experimenta

. : - : ta. In particular, we show that at low collision velociti
Fig. 9. Since at low velocities the formation of kons from data particuiar, We sho ar ar ‘ow cotision Velocities

neutral projectiles is not possible, finite negative-ion frac—( 0.1 a.u), the F ions are produced as a result of thie

. ; . . ultaneouscapture of two electrons from neighboring halo-
tions in the scattered beam directly reflect the probability O]Jg;qen surface sites. The simultaneous two-electron-capture
negative-ion survival over the entire trajectory. The model

. . . ; rocess by F projectiles leads to large negative-ion frac-
outined above proyldes the ba5|s for a theoretl_c al reatme ions in the scattered beam well below the energy threshold
of electroncapture incorporation of electrotossis left to

) . f?r F°—F~ conversion. For higher projectile velocities, the
future studies. Furthermore, the present calculations do ng L ) . .
Nnegative ions are formed dominantly in two consecutive

address the question of the population sharing between . 0 o
negative-ion and excited states at the surface when the new eps.'l'—*—>F ' then F—F". Since electron Ioss.and the'
rmation of excited states of the surface are not included in

formed F projectile recedes from the charge-transfer : T )
the present calculations, absolute negative-ion fractions are

H 9,10,17 . . }
region. T.hus. our calculations explain why_a_t low ve overestimated. On the other hand, the theoretical results are
locities negative ions are formed much more efficiently from.

F* projectiles than from Eprojectiles, but they are not in- in close agreement with experimental probabilities summed

tended to reproduce experimental data on a quantitativgver the three channels which are believed to have the F

level. The quantitative comparison is, however, feasible orﬁgn?ifte?j zzzg'tjri)sr?r:S(S:.sclgtet?erggF;(O)?r,}-l—z%?};egsdefcﬁ;irgn
the basis of information derived from the energy-loss ’

measurement (trion). This gives confidence in the theoretical model and

As discussed in Ref. 39, the negative ion formed in theorowdes clear hints for its improvement,
binary-type collision process close to the surface gives rise to
several final states of the projectile-LiF system. First, the
negative ions are formed in the scattered beam ¢
+LiF2"). In addition, the F ion can play a role of an effi- This work was supported by the Deutsche Forschungsge-
cient intermediate leading to the electron emission” (F meinschaftDFG, Grant No. Wi 1335
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APPENDIX A states in the triplet case correspond to4F,° charge-
&rlansfer arrangements, with the two holes essentially local-
1Ized on the sameFsite of the active molecule. These states
are so high in energy relative to the initial F F,?~ chan-

This appendix describes the procedure used to constru
the electronic basis statds;({p};R) involved in the model

described n Sec. |l _/EEq_. (5] and the determination of the nels that they have not been retained in the dynamics calcu-
corresponding Hamiltonian matrpEq. (7)]. lation

\(/j\(e follok\)/v _Ilgeas prli)posed_ ez_rllgr n gas-phfase SOII'S'OH It may rightfully be objected that the use of the single set
studies to build so-calletjuasiy diabatic states for charge- o £ 2~ "3nq F orbitals introduces errors in the calculated

transfer processes vyhi((bxcept for Coriolis couplinghave energy levels of charge-transfer states involving the,F
the property of making the passage from E8).to Eq.(7) £ 0 P and F species: The shell relaxation subsequent to
legitimate. Th& procedure resembles the projected valenGge creation of one or two holes in the reference system is not
bond method®* which emphasizes the charge-transfer artaken into account. While this relaxation can, in principle, be
rangements by specifying the distribution of holes in the actaken into account by configuration-interactig®l) calcula-
tive molecule and the projectile, namely,” FF,%~, F® tions, the actual Cl would require all possible rearrangements
+F,7, and F +F,°. of 16 electrons among the considered nine outer orbitals of
We start from a set of molecular orbitals for thg?F  the reference system. The sizes of e matrices in this
active moleculdin the absence of the projectiland a set of latter case would have been larger than the considered ones
atomic orbitals for the isolated projectile. Then, taking theby several orders of magnitude. This would make impossible
F,2"-F closed-shell system as a reference, we generate alhe required systematic calculations. Therefore the errors in
configuration state function€CSF’9 with singlet or triplet  the energiesdiagonal elements of the Hamiltonian matrices
spin multiplicity that arises by distributing two holes be- have been corrected by adjusting the computed energy-level
tween the six outer orbitals of the molecule and the thnee 2 differences to experimental values known for infinite projec-
orbitals of the projectile. At infinite separation of the active tile surface separations.
molecule and projectile, the Hamiltonian matrix in the sin- It is also worth noting that the CGTO expansion basis
glet or triplet CSF basis is constructed and then diagonalizedjoes not include diffuse orbitals for the description of polar-
thereby yielding the actual asymptotic statds({p};R ization or excited (low-lying Rydberg-like or excitonic
—o0) of the problem; the corresponding unitary transforma-states. The main reason for that is essentially the same as that
tion between theb;({p};R— ) states and the CSF’s is de- put forward above: the dramatic increase in size of @e
noted byC,.. For finite separations between the active mol-matrices that would have arisen from excitations to the dif-
ecule and the projectile, the orbitals are first orthonormalizeduse orbitals. The lack of the polarization effects should lead
by the Gram-Schmidt procedure in the following ord@n-  to a slight overestimation of the energy defects of the F
ner shells of the molecule, inner shells of the projectile, va—+F,2~ —F~ +F,° charge-transfer reaction. Indeed, in the fi-
lence shell of the molecule, valence shell of the projectile nal state of the charge transfer, the #n is polarized in the
Then, for each spin multiplicity, the Hamiltonian matrix is field of the two holes at the surface.
built in the CSF basis and then transformed todhé{ p};R)
basis using theC.. matrix. Thus the®;({p};R—) func-
tions consist of constant linear combinations of CSF’s built
from orthonormalized asymptotic orbitals. Aside from a  Here we discuss in greater detail the definition of the LiF
weak variation withR due to the orthogonalization of the jgnization potentiall = (binding energy of valence-band
orbitals, these states preserve at finite distances the dominaglkctrons to F ions at the LiF surfade As follows from
characters of the asymptotic charge-transfer states they coeqys. (1), (2), and(3c), this is an important quantity control-
relate with. _ _ ling the energy balance of the charge-transfer reaction. This
All calculations have been carried out using theMESS  ig especially the case for the"FsF~ charge-transfer reac-

quantum chemistry pr(_)graf’ﬁ.The active diatomic molecule {jon \wherel - enters with a factor 2. Since in our treatment
is embedded in a lattice of four layers made of alternating

+1 and —1 point chargesFig. 1). A total of 782 point
charges has been used; this was found sufficient to accurately
reproduce the Madelung potential of the LiF crystal. The set
of molecular and atomic orbitals was obtained from Hartree- Q
Fock-Roothaan SCF calculations on the -fembedded i

F,?"} closed-shell system at infinite atom-molecule separa- & Q/

APPENDIX B

tion. The calculations were performed using the SBKJC-31G

\,
X---

effective core potentialsee Ref. 62 for definitionand cor-

responding CGTdcontracted Gaussian-type orbjtakpan-

sion basis séf? The Hamiltonian matrices for 45 singlet GB ____________ &
states and 36 triplet states were obtained by distributing two

holes in the relevant outer shells of the system as described FIG. 10. The model (IdF)** cluster imbedded in the point-
above. The detailed analysis of the wave functions showsharge lattice used to calculate the energy of the middle of the
that the 12 upper states in the singlet case and the six uppeslence band of LiF. Dark circle, Fion; gray circles, Li ions.

\,
\
\.
—mcadaad
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we neglect the hole migration in the crystéihite valence- | .=15.45eV. This is the value used to plot the results in
band width, Iz corresponds to the position of the VB cen- Fig. 2. This estimate does not take into account the differ-
ter. The experimental information, available on the energiegnce between the Madelung potential at the center of the
of the VB electrons in LiF reflects the situation where thelattice site and that averaged over the @rbitals of the F

hole left in the VB polarizes the crystéhfinite time limit). ion. Moreover, the orthogonality constraint of the (2p)

At the instant of charge transfer, the crystal polarization ef-orbitals with respect to theslorbitals of the surrounding L
fects do not set in as explained in Sec. Il A. Therefore weons may result in sizable corrections. We have performed an

should seek a definition dfj;z free of crystal polarization
effects. For the simple point-charge modelg is given by
the sum of the Madelung potential at an Bite of the sur-
face and the electron affinity of a free Hon. This yields

ab initio calculation of an (FLj)** cluster embedded in the
point-charge environment, as shown in Fig. 10. This results
in the | ;s=14.11 eV value used in our charge-transfer cal-
culations.
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