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FÀ formation via simultaneous two-electron capture during grazing scattering of F¿ ions
from a LiF „001… surface
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For slow F1 ions (v,0.05 a.u.) scattered from a clean and flat LiF~001! surface under a grazing angle of
incidence, large fractions of negative F2 ions have recently been observed in the reflected beam, while for
neutral F0 projectiles no negative F2 ions are produced in the same velocity range@P. Roncinet al., Phys. Rev.
Lett. 89, 043201~2002!#. From detailed studies on projectile energy loss and charge fractions, the conclusion
was drawn that the F2 ions are formed from F1 via a simultaneous capture of two electrons from adjacent F2

sites at the surface. We present a theoretical description of the double-electron-capture process leading to F2

formation from F1 projectiles grazingly scattered from the LiF~001! surface. We use quantum chemistry
calculations to determine the relevant Hamiltonian matrix and close-coupling solution of the time-dependent
Schrödinger equation. The theoretical results are in good agreement with experimental observations.

DOI: 10.1103/PhysRevB.67.115403 PACS number~s!: 79.20.Rf, 34.70.1e, 34.50.Dy
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I. INTRODUCTION

In the past decade, considerable experimental and the
ical work has been devoted to studies on various phenom
in the scattering of atomic projectiles from the surfaces
alkali halides and oxides.1–5 One motivation is the practica
importance of ionic crystals for catalysis and optical app
cations. Another reason is the completely different electro
structure of ionic crystals in comparison to that of meta
Therefore, basic approaches and models developed
charge transfer between projectiles and metal surfaces6 have
to be substantially revised for ionic crystal targets.

The specific features of ionic insulators such as th
point-charge lattices, wide band gaps, and narrow vale
bands have been evoked to explain a variety of interes
observations such as, e.g., high electron yields,5,7 discrete
structures in the energy-loss spectra,8–10 charge-transfer in-
duced sputtering,4,11–14 excitation of optical phonons,15,16

formation of excited states at the surface,9,10,17–19 and
negative-ion formation in the scattered beams.1–3,20–29 Of
particular relevance for the understanding of the microsco
interaction mechanisms was the observation of large f
tions of negative ions after the grazing scattering of fast p
jectiles from the surface of ionic crystals.1,2,22–27This finding
is quite surprising at first in view of the large energy defe
between the projectile affinity level~typically affinity is
about 1–4 eV! and the valence-band states~binding
energies.12 eV for LiF!. The efficient negative-ion forma
tion has been interpreted in terms of a sequence of bin
collisions of projectiles with anions occupying halogen si
at the surface.Only independent one-electron transition
have been considered. For positive ions, this implies first
neutralization, and then the negative-ion conversion of
neutral projectile. For the latter process, the key feature
drastic reduction of the energy defect of the charge-tran
0163-1829/2003/67~11!/115403~13!/$20.00 67 1154
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reaction due to the attractive Coulomb interaction betwe
the hole left at the surface and the negatively charged p
jectile in the final state of the charge transfer.22–24 In the
vicinity of halogen sites, the energy defect for electron ca
ture is thus reduced to some eV giving rise to low-veloc
thresholds for negative-ion formation. Furthermore, afte
negative ion is formed, its direct detachment back to tar
states is blocked by the wide band gap of the ionic crystal
that negative-ion populations get built up during the pass
of projectiles from site to site. A model developed alo
these lines successfully reproduces the kinetic threshold
havior for the negative-ion conversion of neutr
projectiles22–24 ~cf. Fig. 9!.

The transfer ofseveralelectrons between a projectile an
an ionic crystal surface has predominantly been studied
the neutralization of highly charged ions.30–35Traditional ap-
proaches developed for metal target surfaces are usually
plied. So far, apart from the Auger process, multielectr
transfer has been treated as a sequence of one-electron
sitions in independent capture events. In this latter view, o
the energy balance for a subsequent electron transfer dep
on the state of the projectile prepared by the preceding e
tron transfer event. The apparent lack of theoretical
proaches treating simultaneous transitions of several e
trons is related to the missing experimental evidence for s
processes. This is at variance with gas-phase collisio
where simultaneous multielectron transitions, such as t
electron transfer or excitation transfer, are well establish
and studied in detail with numerous examples involvi
highly charged ions.36–38

Recent experimental observations of the formation of2

ions in the grazing scattering of F1 projectiles from a
LiF~001! surface showed evidence for the importance of
multaneous two-electron-capture events.39 At low collision
velocities, where no negative ions are formed with neutral0
©2003 The American Physical Society03-1
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projectiles, large fractions of negative ions in the scatte
beam were observed for F1 projectiles. In this case, the F2

ions cannot be produced in sequences of two indepen
steps: F1→F0, then F0→F2, because the second step is i
efficient. From charge-transfer and energy-loss studies
was concluded that the F2 formation from F1 projectiles
proceeds via the simultaneous capture of two electrons f
adjacent F2 sites at the surface.

In this paper we present theoretical calculations of the2

formation from F1 projectiles and compare theoretical r
sults with experimental data. We demonstrate that the id
underlying the model of energy-level confluence—develop
for the F0→F2 conversion22–24—can be also applied in th
present case in order to explain the experimental results.
energy-level confluence occurs in the present case as a r
of the Coulomb interaction between the negative projec
and thetwo holesleft at the surface in the final state of th
charge-transfer reaction. It is shown here that the F1→F2

conversion of the projectile with simultaneous capture of t
electrons from adjacent F2 sites is a nearly resonant proces
Since the F1 ion has a 2p4 electronic shell structure, it ma
be produced in the ground3Pe and in the 1De and 1Se

excited metastable states. The implications of the presenc
the latter states in the incident beam are discussed.

The paper is organized as follows. Section II is devoted
the presentation of the model. A qualitative discussion ba
on the point-charge approximation is also given in Sec
and calculations are presented in Sec. III. Section IV is
voted to the discussion of the results, conclusions are dr
in Sec. V. In Appendixes A and B the details on quantu
chemistry calculations are presented.

II. OUTLINE OF THE MODEL: POINT-CHARGE
APPROXIMATION

A. General presentation of the model

The present theoretical treatment of F2 ion formation
from F1 projectiles is based on the general approach
charge-transfer processes at ionic crystal surfaces prop
in Ref. 24. This approach takes into account specific prop
ties of ionic alkali halide crystals. Namely, the crystal latti
consists of11 and21 ions at the lattice cation~here Li1)
and anion~here F2) sites. Valence-band~VB! electrons of
the LiF crystal are formed by F2 2p orbitals, which differ
only slightly from the 2p orbitals of the free F2 ion.40 The
binding energy of the VB electrons is essentially the elect
affinity of fluorine increased by the Madelung potential. T
VB of LiF is narrow ~width ;3.5 eV! and it is separated
from the conduction band by a 14-eV-wide band gap. LiF h
a negative electron affinity with the bottom of the conducti
band located at;2 eV above the vacuum level. Thus, 14 e
is needed to excite an electron from the valence to the c
duction band, and;12 eV is needed to detach the VB ele
tron from the surface.~For the electronic properties of th
LiF crystal, see Refs. 41–44!.

Owing to the localization of the VB electrons at F2 lattice
sites, it has been demonstrated24,45 that the one-electron
transfer can be treated as a sequence of binary-type ch
transfer events, where an electron is transferred between
11540
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projectile and a given F2 site at the surface~active site!. The
finite VB width is neglected. It is assumed that removal of
electron from an F2 surface site leaves the correspondi
hole localized at this site on the time scale of the bina
collision event. Because of the narrow VB width of the L
crystal, this approximation holds for the cases where the p
jectile is charged in the final state of the charge-trans
reaction.45 The reason is that the interaction between the h
and the charge of the projectile lifts the degeneracy of
different F2 sites with respect to the hole localization. Th
transiently blocks the hole migration and keeps the hole
the active site during the charge-transfer event.

Within the binary-type charge-transfer model for doub
electron capture (F1→F2), we consider the interaction be
tween the projectile andtwo active F2 sites at the surface
For energy reasons detailed below, the capture of two e
trons fromthe sameF2 site at the surface is inefficient. Al
other ions of the crystal lattice are considered as pas
spectators and treated as point charges. Since the relax
of the LiF surface is small,46 we consider for the surface
simple termination of the bulk lattice structure with lattic
constanta57.68a0 . The collision geometry considered i
our calculations is sketched in Fig. 1. The projectile is
cated atR, and the two active F2 sites at the surface ar
located at the originr05(0,0,0) andr1 . The two active F2

sites for the F1→F2 double-electron capture are adjace
Other geometrical arrangements of active sites will not c
tribute to the two-electron charge-transfer process for ene
reasons discussed below. We treat the negative-ion con
sion of positive ions as a two-electron capture from the e
bedded F2

22 ‘‘active molecule’’ formed by the two F2 ions
at adjacent sites at the surface. The assumption that the1

→F2 conversion proceeds with two holes left at adjacent2

sites at the surface is further supported by energy-l
measurements.39 It is worth mentioning that the inclusion o
the point charges is crucial for the correct description of
Madelung field of the crystal.

Concerning the effect of crystal polarization,at the instant
of charge transferthe local charge of the complex formed b
the projectile and active site~s! is left unchanged as see
from the rest of the crystal. Then, the screening effects by

FIG. 1. Sketch of the considered system. The black circles
used for the projectile and the two ‘‘active’’ F2 sites at the LiF~001!
surface constituting the active F2

22 molecule. TheR vector gives
the position of the projectile. One of the active sites is located at
coordinate origin, while the other lies at an adjacent site at
surface with position given by the vectorr1 . The arrow parallel to
the surface represents a segment of the grazing trajectory o
projectile.
3-2
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F2 FORMATION VIA SIMULTANEOUS TWO-ELECTRON . . . PHYSICAL REVIEW B67, 115403 ~2003!
rest of the crystal are not expected to bring sizable cor
tions to the energy difference between initial and fin
states.12,45,47,48When the projectile escapes from the charg
transfer region, the crystal polarization given by Mo
Littleton terms49,50 produces additional screening providin
correctasymptoticenergy differences.

B. Simple estimates for the energetics of electron transfer

The efficiency of any charge-transfer reaction strongly
pends on the energy difference between initial and fi
states at the instant of the transition. For charge transfer
LiF~001! surface, this energy difference can be estima
from the point-charge model which yields results in reas
able agreement with quantum chemistry studies. Since
F1→F2 conversion can be considered either as a one-
process or a two-independent-step process, we are inter
in the energetics of the following three charge-transfer re
tions: F1→F0 ~neutralization!, F0→F2 ~negative-ion con-
version of a neutral projectile!, and F1→F2 ~direct negative-
ion conversion of a positive projectile!.

1. Positive-ion neutralization

For the neutralization of a positive ion (F1→F0), we
consider electron capture from the active F2 site located at
the coordinate origin. The energy defect for the neutrali
tion is given by the difference between the energyEII of the
final state (F0 projectile1F0 at active site located at the or
gin! and the energyEI of the initial state (F1 projectile
1F2 at active site!: DE(R)5EII(R)2EI(R). As detailed in
Ref. 24, within the point-charge model,DE(R) is given by

DE~R!52I 1S A1(
iÞ0

qi

ur i u D 2(
i

qi

ur i2Ru
, ~1!

whereqi is the charge of an ion of the crystal lattice locat
at r i . Note that owing to the open-shell structure of the1

ion (1s22s22p4), the incident F1 beam consists, for ou
experimental conditions, of F1(3P) ground-state ions and
long-lived excited species F1(1D) and F1(1S). I is the ion-
ization potential of the F0 atom with respect to the ground o
excited states of the F1 ion involved in the electron transfe
It amounts to 17.42 eV with respect to the ground3P state,
20.01 eV with respect to the1D state, and 22.99 eV with
respect to the1S state.A is the electron affinity of the fluo-
rine atom ~3.4 eV!. In the point-charge approximation,
crystal with a neutralized F2 site at the surface is equivalen
to a perfect crystal plus one additional positive charge loc
ized at this site. The first sum in Eq.~1! gives the interaction
energy between this positive charge located at the origin
the rest of the crystal. This is the Madelung potential of L
for a surface site~12.05 eV!. Thus, the term in parenthese
gives the classical estimate for the electron binding energ
a F2 surface site~15.45 eV!. The last term in Eq.~1! results
from the electrostatic interaction between the positive pro
tile and a perfect LiF crystal in the initial state of the charg
transfer reaction. Due to the neutrality of the LiF crystal, it
small and amounts to about 1 eV only. Thus, the ene
defect for the neutralization of positive ions is almost co
11540
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stant and is given by the difference in binding energies
electrons in the valence band of the LiF crystal and in
free F0 atom.

2. Negative-ion conversion of a neutral projectile

Following the point-charge model and discussion in R
24 for the negative-ion conversion of the neutral projec
(F0→F2), the energy difference between the initial state (0

projectile1F2 at the active site located at the coordina
origin! and the final state (F2 projectile1F0 at the active
site! is given by

DE~R!52A1S A1(
iÞ0

qi

ur i u D 1(
i

~21!qi

ur i2Ru
2

1

uRu
. ~2!

The last term in Eq.~2! is the basis for the efficient negative
ion conversion of neutral projectiles by the energy-level co
fluence between initial and final states. This is the Coulo
interaction between the hole left at the surface and a nega
projectile in the final state of the charge-transfer reacti
which reducesDE from the asymptotic 12 eV range down t
5 eV in the charge-transfer region~see Fig. 2!.

3. Negative-ion conversion of a positive ion

Finally, we consider the energy difference between
initial and final states for negative-ion conversion of a po
tive ion (F1→F2), where two active F2 sites at the surface
provide two electrons. The energyEI of the initial state (F1

projectile and two F2 ions at the active sites located atr0 and
r1) is given by

FIG. 2. The energy differencesDE for the different charge-
transfer reactions calculated within the point-charge model@Eqs.
~1!–~3!#. The data are represented as functions of the distancX
along the straight-line trajectory in the^100& direction as schemati-
cally shown in the inset:R5(X,Y05a/4,Z053.5 a.u.).a57.59a0

is the LiF lattice constant. The reference frame is oriented as sh
in Fig. 1. The thin solid line gives the position of the energy ref
ence.
3-3
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A. G. BORISOVet al. PHYSICAL REVIEW B 67, 115403 ~2003!
EI~R!5E~F1!1E~F2!1E~F2!1
1

2 (
iÞ j

qiqj

r i j

1(
i

~11!qi

ur i2Ru
, ~3a!

whereE(F1(2)) is the total energy of the free F1(2) ion. The
first sum gives the interaction energy between the po
charges of the LiF lattice withr i j 5ur i2r j u, the last term
describes the interaction of the positive projectile with a p
fect LiF crystal. The energy of the final state (F2 projectile
and two F0 ions at the active sites! is given by

EII~R!5E~F2!1E~F0!1E~F0!1
1

2 (
iÞ j

qiqj

r i j
1(

iÞ0

~11!qi

r 0,i

1(
iÞ1

~11!qi

r 1i
1

1

ur02r1u
1(

i

~21!qi

ur i2Ru
1

~21!

ur02Ru

1
~21!

ur12Ru
. ~3b!

Here we use the fact that the field of the crystal with tw
neutralized sites can be represented as the field of a pe
crystal plus two additional positive charges localized at
sitions r0 and r1 . The energy defect for the two-electro
capture is given by

DE~r !52~ I 1A!1H A1(
iÞ0

qi

r 0i
J 1H A1(

iÞ1

qi

r 1i
J

22(
i

qi

ur i2Ru
1

1

ur02r1u
2F 1

ur02Ru
1

1

ur12RuG .
~3c!

The meaning of the terms in Eq.~3c! is straightforward. The
first three terms represent the binding-energy difference
tween the two valence-band electrons in LiF and the t
electrons in the F2 projectile. The fourth term originate
from the point-charge interactions with a perfect LiF surfa
and is small. The fifth term corrects the binding energy
two valence-band electrons in the LiF crystal for the~un-
screened! hole-hole interaction in the final state. For tw
holes located at adjacent F2 sites of the surface, we hav
r 015a/&. This gives for the unscreened hole-hole intera
tion energy a value of 5 eV. TheR dependence of the energ
defect for the two-electron transfer reaction is mainly giv
by the last term in square brackets in Eq.~3c!. Similarly to
the one-electron transfer for the F0→F2 case@Eq. ~2!# this
term describes the attractive Coulomb interaction betw
the two holes left at the surface and a negative projectile
the final state of the charge-transfer reaction. Owing to
term, the energy defect of the charge transfer can be bro
down to the sub-eV range~see Figs. 2 and 5!.

Finally, we consider the F2 conversion of the F1 projec-
tile with the two electrons captured fromthe sameF2 site at
the surface. Using the above approach, we get
11540
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iÞ0

qi
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qi

ur i2Ru
2

2

uRu
. ~4!

This is at least twice the energy defect for F2 ion formation
from F0 projectiles@compare with Eq.~2!#. The large value
of the energy defect makes the direct capture of the
electrons from the same F2 site at the surface very unlikely
at low projectile energies. This is confirmed by our expe
ments.

C. Qualitative discussion

The energy defects given by Eqs.~1!, ~2!, and ~3c! are
shown in Fig. 2 as functions of theX coordinate for a pro-
jectile trajectory parallel to the surface in the^100& direction
R5(X,Y0 ,Z0) with Z053.5a0 a typical distance of the turn
ing point for low-energy grazing scattering experiments, a
Y05a/4. For this trajectory, the oscillating field created b
the alternating rows of positive and negative charges is 0
that the figure displays the major trends of the energy def
DE(R).

As seen in Fig. 2, neutralization of F1 projectiles in a
binary-type charge transfer is an exothermic reaction with
energy defect of about22 eV for the ground-state ions an
24 eV and28 eV for the excited metastable species. For2

ion formation in the F0→F2 charge transfer, the energy de
fect is about 5 eV. As for the direct F1→F2 charge-transfer
reaction via double-electron capture from neighboring2

sites, it is seen to proceed with a much lower energy def
Thus, on the basis of the point-charge model, one can d
some conclusions on the efficiency of the different char
transfer reactions occurring in F1 grazing scattering from the
LiF~001! surface. Both, F1→F0 and F0→F2 single-
electron-capture processes correspond to charge-transfe
actions with finite energy defects above 2 eV, so that
electron transfer probability should exhibit a threshold b
havior as a function of projectile velocity. The doubl
electron-capture process F1→F2 with two electrons cap-
tured from adjacent F2 sites at the LiF~001! might be a
quasiresonant process, depending on the state of the F1 ion.
This should lead to very low velocity thresholds~if any! and
high efficiency of the direct F1→F2 conversion at low
energies.

III. CALCULATIONS OF THE DYNAMICS OF THE
CHARGE-TRANSFER PROCESS

A. Description of the binary charge transfer

As explained above, we consider the charge-transfer p
cess in grazing scattering of F1 projectiles from a LiF sur-
face as a succession of binary-type electron transfer ev
between the F1 projectile and an active molecule F2

22

formed by two F2 ions at adjacent sites of the LiF~001!
surface. All other ions of the LiF~001! surface are included
as point charges. This approach is thus close to theactive
cluster studies.20,45,51,52 The motion of the projectile is
treated classically and the electronic subsystem is descr
quantum mechanically. Since the total electronic spin is c
served in the transitions, the triplet and singlet symmetr
3-4
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are treated independently. The time-dependent electr
wave function is expanded over a~quasi-! diabatic basis rep-
resenting the states of the charge-transfer arrangement1

1F2
22, F01F2

2, and F21F2
0 of the projectile plus active

molecule system:

C~$r%,R,t !5(
j

Aj~ t !F j~$r%;R!, ~5!

where$r% denotes electronic coordinates. In this equation
dependence of the basis functions on the projectile coo
nates is weak. It arises from the orthogonalization of atom
orbitals of the projectile to molecular orbitals of the acti
molecule. For more details on the definition of the basis
Appendix A.

The functionsF j ($r%;R) are arranged in groups, each
which represents a charge-transfer arrangement of the c
sional system. For thesinglet symmetry, we have 1< j
<33. The six lowest states describe the incident chan
with j 51 corresponding to the F1(1S) ion in front of the
F2

22 molecule, andj 52,...,6 corresponding to five magnet
substates of the F1(1D) ion in front of the F2

22 molecule
~incident channels!. The F j ($r%;R) functions with higherj
describe the electron transfer from the surface to the pro
tile. Thus, 18 states withj 57,...,24 correspond to the neu
tralization of the F1 ion and describe the neutral F0 projectile
bearing a hole in the 2px , 2py , or 2pz orbital in front of the
F2

2 molecule with a hole in one of the six molecular orbita
formed by the mixture of the 2p orbitals of the F2 ions at the
surface. The nine states withj 525,...,33 correspond to th
negative-ion conversion of the F1 ion and describe the F2

projectile in front of the F2 molecule with two holes in the
valence shell. The latter nine F2 states are unambiguous
identified as those that are formed by two F0 atoms. Other F2
states are formed by configurations with two holes locate
the same F2 ion of the active molecule. These states ha
much higher energies and are therefore not included in
calculation. For the triplet symmetry we have 1< j <30,
where the first three states correspond to the incident cha
with a F1(3P) ion in front of the F2

22 molecule. The next 18
and then nine states correspond to the F01F2

2 and F2

1F2
0 arrangements, respectively. It is worth mentioning th

in order to keep the calculation size reasonable, we have
included in the treatment the basis functions correspond
to the electron transfer to surface exciton and tr
states9,10,17,18as well as to the conduction band.51,52 There-
fore, the processes of charge transfer resulting in the for
tion of excited states at the surface are inaccessible for
present treatment. In any case, at low projectile veloci
these processes are thought to be due to the interme
negative-ion formation.9,10,17–19

Inserting Eq. ~5! into the time-dependent Schro¨dinger
equation leads to the set of coupled equations for the am
tudes:

i
dAj~ t !

dt
1 i(

k
Ak~ t !^F j uv•“RFk&5(

k
Ak~ t !^F j uHuFk&,

~6!
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wherev is the velocity of the projectile and the integration
Eq. ~6! concerns the electronic coordinates. For the cons
ered basis and low projectile velocities, the gradient c
plings at the left-hand side of Eq.~6! can be neglected, so
that finally we obtain the set of coupled equations for t
amplitudesAj :

i
dAj~ t !

dt
5(

k
H jkAk~ t !. ~7!

We use the quantum chemistry code53 GAMESS to calculate
the matrix elementsH jk in the basis of statesF j . The details
are given in Appendix A. Given the Hamiltonian matrix, th
amplitudesAj are calculated from Eq.~7! via the Lanczos
time-propagation technique.54 The set of initial conditions
Aj (t50)5d jk corresponds to the different substates of t
incident F1 ion.

B. Population build up

For grazing scattering the trajectories of the projectile
well represented by a piecewise approximation with lo
paths traveled parallel to the surface at a fixed distan
Therefore, we first solve Eq.~7! for projectile trajectories
lying in the plane parallel to the surface at a distanceZ, and
spanning a two-dimensional~2D! surface cell containing the
F2

22 moleculeR(t)5(r2D1vit,Z) ~Figs. 1 and 3!. vi is the
projectile velocity component parallel to the surface andr2D
is the impact parameter. Since the calculations for rand
orientations of the projectile trajectory are very time co
suming, we study the charge transfer for projectile scatter
close to thê 100& and ^110& directions. The charge fraction
obtained in both cases are found to be very similar. T
supports,a posteriori, the validity of the comparison be
tween the present theoretical results and the experime
data39 taken at random azimuthal directions. As schema
cally shown in Fig. 3, for the projectile scattering close to t
^100& direction ~x axis!, we consider projectile trajectorie
R(t)5(v it,Y,Z) with impact parameters 0<Y<L5a/2.
For projectile trajectories close to the^110& direction, two
orientations of the active F2

22 molecules contribute to the
charge transfer. For both orientations, taking into acco
symmetry, we use projectile trajectories given byR(t)
5(v it/&,Y1v it/&,Z) with 0<Y<L5a/2.

For a given impact parameterY and initial condition
Aj (t50)5d jk , related to an incident F1 ion state (1S, 1D,
or 3P), the probabilities of neutralization,P0, and negative-
ion formation,P2, are given by

P1S
0~2 !

~Y,Z,k!5 (
j 57~25!

24~33!

uAj~ t→`!u2, k51,

P1D
0~2 !

~Y,Z,k!5 (
j 57~25!

24~33!

uAj~ t→`!u2, k52,...,6, ~8!

P3P
0~2 !

~Y,Z,k!5 (
j 54~22!

21~30!

uAj~ t→`!u2, k51,2,3.
3-5
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From the neutralization and negative-ion formation pro
abilities given by Eq.~8! we obtain the average probabilitie
for the neutralization and negative-ion formation in bina
collision with a F2

22 molecule. For example, for the F1(3P)
incident state of the positive ion, we have

P3P
0~2 !

~Z!5
1

3 (
k51

3
2

L E
0

L/2

P3P
0~2 !

~Y,Z,k!dY. ~9!

The projectile beam scattered from the surface in a gi
direction will cross the successive 2D cells containing
active F2

22 molecules at instantstm and at distancesZm .
The evolution of charge states along the trajectory can
expressed, e.g., for the3P channel, as

FIG. 3. Sketch of the directions of the projectile trajector
used to obtain the average neutralization and negative-ion forma
probabilities per active F2

22 molecule. Black circles, active F2 lat-
tice sites; gray circles, Li1 ions considered as point charges; shad
circles, F2 ions considered as a point charges. Note that two p
sible orientations of the projectile trajectories with respect to
active F2

22 molecule have to be taken into account for scattering
the ^110& direction.
11540
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nm
2~3P!5nm21

2 ~3P!1nm21
1 ~3P!P3P

2
~Zm!

1nm21
0 ~3P!P2~Zm!,

nm
0 ~3P!5nm21

0 ~3P!@12P2~Zm!#1nm21
1 ~3P!P3P

0
~Zm!,

~10!

nm
1~3P!512$nm

0 ~3P!1nm
2~3P!%,

wheren stands for the population of different charge stat
Equation ~10! incorporates the possibility of negative-io
formation from the neutral projectile by one-electron captu
from the F2 sites at the surface. The probabilities of th
processP2(Zk) have been calculated in Ref. 24. The
probabilities show a threshold behavior with projectile velo
ity (v th;0.06 a.u., see Fig. 9!. Finally, the resulting charge
fractions in the scattered beamN1,0,2 are obtained from the
statistical average over the different states of the incident1

ions. Provided that all substates of the F1 ion are present in
the incident beam, one obtains

N1,0,25@nm→`
1,0,2~1S!15nm→`

1,0,2~1D !19nm→`
1,0,2~3P!#/15.

~11!

C. Calculation of the trajectory

In the case of grazing scattering~surface channeling
conditions55! the trajectory of the projectile is determined b
the effective potentialU(Z), a function of projectile-surface
distance only. The effective scattering potential for F1 pro-
jectiles is given by

U~Z!5K (
F2

VF2/F1~R2rF2!1(
Li1

VLi/F1~R2rLi1!L
X,Y

1U im~Z!, ~12!

whereVF2/F1 and VLi1/F1 are binary interaction potential
between projectile and halide and alkali-metal sites, resp
tively. These binary interaction potentials are determin
from Hartree-Fock-Roothaan self-consistent-field~SCF! cal-
culations~see Ref. 24!. In Eq. ~12!, the summations run ove
the halogen~alkali-metal! surface sites; the averaging is pe
formed over all possible positions of the projectile in t
~x,y! plane parallel to the surface.U im(Z) is the image po-
tential created by the response of the crystal to the prese
of the moving charge.

The image potential is calculated on the basis of the s
face response formalism.56,57 For a particle with chargeQ
and velocity v moving parallel to the surface, the imag
potential is given by

U im~Z!52
Q

pv E0

`

dv K0S 2vZ

v DReS «~v!21

«~v!11D , ~13!

whereK0 is the modified Bessel function of order 0. We u
the surface response function@«(v)21#/@«(v)11# with
the dielectric constant«~v! deduced from optical data fo
LiF.58 The resulting image potentials are shown in Fig. 4
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F2 FORMATION VIA SIMULTANEOUS TWO-ELECTRON . . . PHYSICAL REVIEW B67, 115403 ~2003!
functions of the projectile surface distanceZ and for different
projectile velocities. Depending on the collision velocitie
both electrons and ions or only electrons of the crystal
spond to the field of the projectile. Correspondingly,U im(Z)
spans values between the static limit and the optical li
with dielectric constants«059.01 and«`51.96.58,59

FIG. 4. Image potentials obtained from Eq.~13! for different
collision velocities. The results are presented as functions of
distance from the surface. Black and gray long dashed lines g
respectively, the static and optical limits as indicated in the figu
11540
,
-

it

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 sta
given by the diagonal elementsH j j of the Hamiltonian ma-
trix as obtained from our quantum chemistry calculatio
described in Appendix A. They are compared with the poi
charge model prediction. Energies refer to the middle of
band formed by F2

21F0 states at infinite separation betwee
the projectile and the surface. The energies of these st
denoted by black circles describe final states forone-electron
transferwith neutralization of the positive projectile. At in
finite projectile distance from the surface, the manifold
nondegenerate states corresponds to the hole localizatio
different orbitals of the F2

22 molecule, it reflects the begin
ning of the formation of the valence band of the LiF cryst
Diamonds and crosses represent energies of the states c
sponding to the incident channel (F1 projectile1F2

22 mol-
ecule!. For singlet symmetry, crosses represent the state
the F1(1S) ion, and diamonds represent five nearly degen
ate states of the F1(1D) ion. For triplet symmetry, diamond
represent three nearly degenerate states of the F1(3P) ion.
The band of states given by open circles corresponds
states bearing two holes in the F2

22 molecular orbitals.
These states thus describe the (F2 projectile1F2 molecule!
arrangement and correspond to the negative-ion conver
of positive projectiles.

e
e,
.

d as
en
F

range-
FIG. 5. ~a! The relative energies of the different diabatic states involved in the F1 charge exchange with the active F2
22 molecule. The

two panels correspond to the triplet~upper panels! and singlet~lower panel! total electronic spin of the system. The data are represente
functions of the distanceX along a straight-line trajectory in the^100& direction:R5(X,Y05a/4,Z053.5 a.u.). The energy reference is tak
as the middle of the manifold of states corresponding to the one-electron transfer from the surface to the projectile, i.e., to the01F2

2

arrangement. Symbols, quantum chemistry results; solid lines, results of the point-charge model corrected for theI LiF514.11 eV position of
the middle of the valence band~see Appendix B!. The manifolds of the states are labeled according to the gross charge-transfer ar
ments. For more details see the text.~b! Same as~a! but for R5(X,Y05a/4,Z054.75 a.u.).
3-7
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A. G. BORISOVet al. PHYSICAL REVIEW B 67, 115403 ~2003!
As a first observation, the point-charge model, when c
rected to the self-consistent-field results for the elect
binding energy in the LiF crystal,I LiF514.11 eV ~see Ap-
pendix B!, reproduces the quantum chemistry calculatio
This supports the simple interpretation given in Sec. II
the efficiency of the different charge-transfer reactions.

For the impact parameterY chosen here, the energy defe
for the neutralizationof positive ions is essentially indepen
dent of theX coordinate of the projectile and its distan
from the surface. This energy defect is larger for the exci
states of the F1 ion, which should lead to higher collisio
velocity thresholds for the neutralization. The energy-le
confluence is observed for the two-electron capture w
negative-ion conversion of the positive projectiles. For p
jectile trajectories along thê100& direction at the distance
Z53.5a0 from the surface,negative-ion conversionof the
ground-state F1(3P) projectiles is a quasiresonant proce
As for the metastable F1(1S) and F1(1D) channels, a diaba
tic energy curve crossing is observed. At small separati
between the projectile and the F2

22 active molecule, where
the charge-transfer couplings are efficient, the F2 conversion
of the F1(1D) ions proceeds with an energy defect of;2 eV.
As for the F1(1S) projectiles, the energy defect is too larg
so that the negative-ion conversion should be inefficien
small projectile velocities as supported by our char
transfer studies.

When the distance between the projectile and the sur
is increased@see Fig. 5~b!#, the energy-level confluence i
less pronounced. Then during the scattering event, the
jectile will pass distances from the surface, hereZ0
;4.75a0 , where the negative-ion formation from F1(1D)
ions is a resonant process as shown in Fig. 5~b!. Note that in
this case the negative-ion conversion of the F1(3P) proceeds
with a finite-energy defect.A priori, for even larger distance
Z, the F1(1S) channel is moved to resonance with respec
the double-electron-capture process. However, as suppo
by our studies, the charge-transfer couplings get too smal
the negative-ion conversion of the F1(1S) ions to take place.

The velocity-dependent binary charge-transfer probab
ties are presented in Fig. 6 for F1(3P) and F1(1D) ions
incident at the surface close to the^100& direction, andZ0
53.5a0 and Z054.75a0 . As for the F1(1S) incident chan-
nel, we find that the scattering process is elastic and ch
transfer does not take place. From this finding we concl
that the fraction of the survived F1 ions in the experimen
should be at least of the order of1

15, i.e., the statistical weigh
of the 1S channel.

The results shown in Fig. 6 can be understood from
energies of the different states depicted in Fig. 5. ForZ0
53.5a0 and incident F1 ions in the1D and 3P state, double-
electron capture with F2 formation occurs at projectile ve
locities as low as 0.02 a.u. The fraction of negative ions
one binary collision event is of the order of 1% with incide
F1(1D) ions and reaches 40–50 % with incident F1(3P)
ions. This result reflects an almost perfect energy match
for the F21F2 and F1(3P)1F2

22 states and a finite-energ
defect for the F1(1D) channel. While the negative ions a
efficiently formed at low projectile velocities, the neutraliz
tion of F1 via one-electron capture is blocked because of
11540
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relatively large energy defect of the charge-transfer react
The velocity onset for neutralization is lower for F1(3P)
projectiles than for F1(1D) projectiles because of th
smaller energy defect for charge transfer. Note that for
double-electron capture, the neutralization of positive ion
a competing channel. This is manifested by a decrease o
negative-ion formation probability for increasing neutraliz
tion probability. With Z054.75a0 @Fig. 6~b!# the overall
charge-transfer probabilities are smaller because of
creased couplings. The negative-ion conversion of F1(3P)
projectiles gets suppressed because of the finite-energy
fect of the charge-transfer reaction. As for the reson
F1(1D) channel, the negative-ion conversion is of the ord
of 1% and exhibits the same velocity dependence as
served for the F1(3P) channel withZ053.5a0 @Fig. 6~a!#.

To analyze the driving force of the two-electron-captu
processes leading to direct negative-ion conversion of p
tive ions, we have performed time-dependent studies of
charge transfer with a modified Hamiltonian matrixH̃. H̃
differs from H in that all one-electron couplings (A1e ,B1e)
between the corresponding groups of states, F11F2

22 and
F01F2

2, F01F2
2, and F21F2, have been set to zero~see

Fig. 7!. We maintain only the dielectronic couplings (W2e)
between the F11F2

22 and F21F2 states. The binary

FIG. 6. ~a! ProbabilitiesP3P(1D)
0(2) (Z0), averaged over the impac

parametersY @see Eq.~9!# for negative-ion formation~solid lines!
and neutralization~dashed lines! in a binary collision with the ac-
tive F2

22 molecule. Distance from the surfaceZ053.5a0 . The pro-
jectile trajectories are oriented in the^100& direction. Black and
gray colors correspond to the different initial states of the incid
F1 ion: F1(3P) and F1(1D), respectively. The data are present
as functions of the projectile velocity.~b! Same as~a! but for Z0

54.75a0 .
3-8
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F2 FORMATION VIA SIMULTANEOUS TWO-ELECTRON . . . PHYSICAL REVIEW B67, 115403 ~2003!
charge-transfer probabilities for negative-ion formation o
tained in that case are at least two orders of magnit
smaller than those shown in Fig. 6. This result shows that
negative-ion conversion of the positive projectile is
second-order process induced by one-electron couplings
a general trend, similar conclusions on the nature of the
teractions responsible for the simultaneous double-elec
transfer in gas-phase collisions have been derived.38

B. Charge fractions of scattered beams

In Fig. 8 we show results for charge fractions of the o
going beam resolved with respect to the state of the incid
F1 ions. In both cases, negative ions are efficiently form
well below the neutralization threshold and the threshold
negative-ion formation from neutral atoms. If negative-i
formation from F0 projectiles is not included in the calcula
tions, negative-ion fractions decrease at higher velocit
This feature was already discussed for the binary cha
transfer probabilities plotted in Fig. 6. The reason for t
decrease of negative-ion formation at velocities above the1

neutralization threshold is that the competing channel~one-
electron capture from F2

22 molecules with F0 formation!
takes most of the flux. Indeed, since the single-electron c
ture (F1→F0) is a first-order process with respect to on
electron couplings, it is more probable than the doub
electron capture (F0→F2), being a second-order proces
When negative-ion conversion of F0 projectiles passing
above the LiF surface is taken into account, the decreas
the F2 formation in two-electron-capture events is compe
sated by F2 formation from fluorine atoms. In summary, w
have two velocity domains for negative-ion formation.
projectile velocities smaller than 0.12 a.u., negative ions
formed via simultaneous two-electron-capture events, w
two electrons captured from adjacent F2 sites at the surface
At high projectile velocities, negative ions are formed dom
nantly in two independent steps: F1→F0, then F0→F2.

In the low-velocity regime, the F2 formation from
F1(3P) projectiles is most efficient because of the best

FIG. 7. Schematic, 333, representation of the Hamiltonian ma
trix of the charge-transfer system.W2e stands for the direct two-
electron coupling terms between the F11F2

22 and F21F2 con-
figurations.A1e and B1e denote the one-electron coupling term
between the F11F2

22 and F1F2
2 and F1F2

2 and F21F2 con-
figurations, respectively.
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ergy matching. At higher velocities, when the negative-i
formation from neutral projectiles is taken into account, t
negative-ion fractions saturate. As it was already discus
for the negative-ion conversion of neutral projectiles, th
saturation effect arises because our approach does not
into account the electron detachment for the negative
flying above the crystal.1,2

Results averaged over all possible states of the incid
F1 ions are compared with experimental data of Ref. 39
Fig. 9. The calculated negative-ion formation probabiliti
saturate at the 0.933 level. This is because~i! the electron-
loss process is not taken into account, and~ii ! the F1(1S)
projectiles, constituting 1

15 of the beam, do not underg
charge transfers within the considered velocity range. As
lows from the calculated charge fractions, the sensitivity
the final results to a particular choice of the azimuthal dir
tion is small. Therefore a comparison between the pres
theoretical results and experimental data taken at a ran
direction is meaningful. Our model calculations are able
explain the efficient negative-ion conversion of positive p

FIG. 8. ~a! Calculated probabilities of negative-ion formatio
~black! and neutralization~gray! as functions of projectile velocity
for F1(3P) ions impinging on a LiF~001! surface close to thê100&
direction at a grazing angle of incidenceu51° from the surface
plane. Solid lines correspond to the results obtained when
negative-ion conversion of the F0 atoms in binary collisions with
F2 sites at the surface,P2(Z) @see Eq.~10!#, is taken into account.
Dashed lines represent the results obtained when this negativ
formation channel is neglected.~b! same as~a!, but for F1(1D)
projectiles.
3-9
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A. G. BORISOVet al. PHYSICAL REVIEW B 67, 115403 ~2003!
jectiles at low velocities, i.e., below the threshold for t
negative-ion conversion of neutral atoms.

While a qualitative agreement with the experiment
good, the present calculations overestimate negative
fractions. Indeed, the negative-ion fraction in the scatte
beams is a result of the competition between electron cap
and electron detachment. Although at low collision velocit
the electron-loss probability is small because of the w
band gap of the LiF crystal, it cannot be neglected fo
quantitative description of the negative-ion fractions.2,9,25,39

This is evident from experimental data for F2 projectiles in
Fig. 9. Since at low velocities the formation of F2 ions from
neutral projectiles is not possible, finite negative-ion fra
tions in the scattered beam directly reflect the probability
negative-ion survival over the entire trajectory. The mo
outlined above provides the basis for a theoretical treatm
of electroncapture, incorporation of electronloss is left to
future studies. Furthermore, the present calculations do
address the question of the population sharing betw
negative-ion and excited states at the surface when the n
formed F2 projectile recedes from the charge-trans
region.9,10,17 Thus our calculations explain why at low ve
locities negative ions are formed much more efficiently fro
F1 projectiles than from F0 projectiles, but they are not in
tended to reproduce experimental data on a quantita
level. The quantitative comparison is, however, feasible
the basis of information derived from the energy-lo
measurements.39

As discussed in Ref. 39, the negative ion formed in
binary-type collision process close to the surface gives ris
several final states of the projectile-LiF system. First,
negative ions are formed in the scattered beam (F1→F2

1LiF21). In addition, the F2 ion can play a role of an effi-
cient intermediate leading to the electron emission (1

FIG. 9. Negative-ion formation probabilities in the scatter
beam for grazing scattering (u51°) of fluorine projectiles in dif-
ferent charge states from a LiF~001! surface. Experimental data o
Ref. 39~symbols! and present theoretical results~lines! are plotted
as functions of the projectile velocity. All the experimental data
taken in random direction. Gray line represents the results for
negative-ion conversion of the neutral, F0, projectiles as obtained in
Refs. 24 and 45. Black solid and dashed lines represent the c
lated negative-ion conversion probabilities for the F1 projectiles
scattered close tô100& and ^110& directions, respectively.
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→F21LiF21→F01e21LiF21) or formation of the excited
state at the surface termed trion (F1→F21LiF21→F0

1LiF1* ). All these channels were resolved in energy-lo
measurements, in coincidence with electron emission.
key result of the data analysis is that, for 1 keV collisio
energy, almost 70% of the scattered products are conne
with an initial F2 formation ~see Table 1 of Ref. 39!. Since
negative-ion formation from neutral projectiles is not po
sible for slow collisions, the above result can directly
compared to a probability for F2 formation of 0.65 obtained
theoretically~see Fig. 9!. Thus, the inclusion of negative-io
destruction and trion formation in the present theoreti
treatment may lead to a quantitative description of negat
ion conversion of F1 projectiles.

V. CONCLUSIONS

We have reported on theoretical studies aimed to exp
recent experimental results on the simultaneous two-elec
capture in the negative-ion conversion of F1 projectiles graz-
ingly scattered from a LiF surface.39 We show that the theo
retical approach based on the model of energy-level con
ence developed for the F0→F2 conversion22–24 can be
successfully applied to the double-electron capture. It
demonstrated that the direct F1→F2 conversion of the pro-
jectile with simultaneous capture of two electrons from a
jacent F2 sites is a nearly resonant process. This is beca
the Coulomb interaction between the negative projectile
two holes in the final state of the charge-transfer react
gives rise to the energy-level confluence. Since the F1 ion
has a 2p4 electronic shell structure, it may be produced
the ground3Pe and in the1De and 1Se excited metastable
states. The model incorporates the presence of the la
states in the incident beam.

Our calculations are in good agreement with experimen
data. In particular, we show that at low collision velociti
~,0.1 a.u.!, the F2 ions are produced as a result of thesi-
multaneouscapture of two electrons from neighboring hal
gen surface sites. The simultaneous two-electron-cap
process by F1 projectiles leads to large negative-ion fra
tions in the scattered beam well below the energy thresh
for F0→F2 conversion. For higher projectile velocities, th
negative ions are formed dominantly in two consecut
steps: F1→F0, then F0→F2. Since electron loss and th
formation of excited states of the surface are not included
the present calculations, absolute negative-ion fractions
overestimated. On the other hand, the theoretical results
in close agreement with experimental probabilities summ
over the three channels which are believed to have the2

ion as a precursor: scattered F2 ion, scattered F0 atom
1emitted electron, scattered F0 atom1surface excitation
~trion!. This gives confidence in the theoretical model a
provides clear hints for its improvement.
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APPENDIX A

This appendix describes the procedure used to cons
the electronic basis statesF j ($r%;R) involved in the model
described in Sec. II A@Eq. ~5!# and the determination of th
corresponding Hamiltonian matrix@Eq. ~7!#.

We follow ideas proposed earlier in gas-phase collis
studies to build so-called~quasi-! diabatic states for charge
transfer processes which~except for Coriolis coupling! have
the property of making the passage from Eq.~6! to Eq. ~7!
legitimate. The procedure resembles the projected vale
bond method,60,61 which emphasizes the charge-transfer
rangements by specifying the distribution of holes in the
tive molecule and the projectile, namely, F11F2

22, F0

1F2
2, and F21F2

0.
We start from a set of molecular orbitals for the F2

22

active molecule~in the absence of the projectile! and a set of
atomic orbitals for the isolated projectile. Then, taking t
F2

22-F2 closed-shell system as a reference, we generat
configuration state functions~CSF’s! with singlet or triplet
spin multiplicity that arises by distributing two holes b
tween the six outer orbitals of the molecule and the threep
orbitals of the projectile. At infinite separation of the acti
molecule and projectile, the Hamiltonian matrix in the s
glet or triplet CSF basis is constructed and then diagonaliz
thereby yielding the actual asymptotic statesF j ($r%;R
→`) of the problem; the corresponding unitary transform
tion between theF j ($r%;R→`) states and the CSF’s is de
noted byC` . For finite separations between the active m
ecule and the projectile, the orbitals are first orthonormali
by the Gram-Schmidt procedure in the following order:~in-
ner shells of the molecule, inner shells of the projectile,
lence shell of the molecule, valence shell of the projecti!.
Then, for each spin multiplicity, the Hamiltonian matrix
built in the CSF basis and then transformed to theF j ($r%;R)
basis using theC` matrix. Thus theF j ($r%;R→`) func-
tions consist of constant linear combinations of CSF’s b
from orthonormalized asymptotic orbitals. Aside from
weak variation withR due to the orthogonalization of th
orbitals, these states preserve at finite distances the dom
characters of the asymptotic charge-transfer states they
relate with.

All calculations have been carried out using theGAMESS

quantum chemistry program.53 The active diatomic molecule
is embedded in a lattice of four layers made of alternat
11 and 21 point charges~Fig. 1!. A total of 782 point
charges has been used; this was found sufficient to accur
reproduce the Madelung potential of the LiF crystal. The
of molecular and atomic orbitals was obtained from Hartr
Fock-Roothaan SCF calculations on the F2-$embedded
F2

22% closed-shell system at infinite atom-molecule sepa
tion. The calculations were performed using the SBKJC-3
effective core potential~see Ref. 62 for definition! and cor-
responding CGTO~contracted Gaussian-type orbital! expan-
sion basis set.62 The Hamiltonian matrices for 45 single
states and 36 triplet states were obtained by distributing
holes in the relevant outer shells of the system as descr
above. The detailed analysis of the wave functions sho
that the 12 upper states in the singlet case and the six u
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states in the triplet case correspond to F21F2
0 charge-

transfer arrangements, with the two holes essentially lo
ized on the same F2 site of the active molecule. These stat
are so high in energy relative to the initial F11F2

22 chan-
nels that they have not been retained in the dynamics ca
lation.

It may rightfully be objected that the use of the single s
of F2

22 and F2 orbitals introduces errors in the calculate
energy levels of charge-transfer states involving the F2

2,
F2

0, F0, and F1 species: The shell relaxation subsequent
the creation of one or two holes in the reference system is
taken into account. While this relaxation can, in principle,
taken into account by configuration-interaction~CI! calcula-
tions, the actual CI would require all possible rearrangeme
of 16 electrons among the considered nine outer orbitals
the reference system. The sizes of theC` matrices in this
latter case would have been larger than the considered
by several orders of magnitude. This would make imposs
the required systematic calculations. Therefore the error
the energies~diagonal elements of the Hamiltonian matrice!
have been corrected by adjusting the computed energy-l
differences to experimental values known for infinite proje
tile surface separations.

It is also worth noting that the CGTO expansion ba
does not include diffuse orbitals for the description of pol
ization or excited ~low-lying Rydberg-like or excitonic!
states. The main reason for that is essentially the same as
put forward above: the dramatic increase in size of theC`

matrices that would have arisen from excitations to the d
fuse orbitals. The lack of the polarization effects should le
to a slight overestimation of the energy defects of the1

1F2
22→F21F2

0 charge-transfer reaction. Indeed, in the
nal state of the charge transfer, the F2 ion is polarized in the
field of the two holes at the surface.

APPENDIX B

Here we discuss in greater detail the definition of the L
ionization potentialI LiF ~binding energy of valence-ban
electrons to F2 ions at the LiF surface!. As follows from
Eqs.~1!, ~2!, and~3c!, this is an important quantity control
ling the energy balance of the charge-transfer reaction. T
is especially the case for the F1→F2 charge-transfer reac
tion, whereI LiF enters with a factor 2. Since in our treatme

FIG. 10. The model (Li5F)41 cluster imbedded in the point
charge lattice used to calculate the energy of the middle of
valence band of LiF. Dark circle, F2 ion; gray circles, Li1 ions.
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we neglect the hole migration in the crystal~finite valence-
band width!, I LiF corresponds to the position of the VB ce
ter. The experimental information, available on the energ
of the VB electrons in LiF reflects the situation where t
hole left in the VB polarizes the crystal~infinite time limit!.
At the instant of charge transfer, the crystal polarization
fects do not set in as explained in Sec. II A. Therefore
should seek a definition ofI LiF free of crystal polarization
effects. For the simple point-charge model,I LiF is given by
the sum of the Madelung potential at an F2 site of the sur-
face and the electron affinity of a free F2 ion. This yields
hy

v.

e

nd

s.

n-

n-

s.

A

B

11540
s

f-
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I LiF515.45 eV. This is the value used to plot the results
Fig. 2. This estimate does not take into account the diff
ence between the Madelung potential at the center of
lattice site and that averaged over the 2p orbitals of the F2

ion. Moreover, the orthogonality constraint of the F2(2p)
orbitals with respect to the 1s orbitals of the surrounding Li1

ions may result in sizable corrections. We have performed
ab initio calculation of an (FLi5)41 cluster embedded in the
point-charge environment, as shown in Fig. 10. This res
in the I LiF514.11 eV value used in our charge-transfer c
culations.
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