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Negative-ion conversion of fluorine atoms in grazing scattering from a LiF„001… surface:
A coupled cluster approach
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The F2 ion formation from fluorine atoms in grazing scattering from a LiF~001! surface is studied. The
coupled cluster treatment of the LiF target allows one to take into account the possible effect of the finite width
of the valence band of the crystal on the negative-ion formation. The finite width of the valence band implies
that the hole created in the crystal by electron transfer to the projectile cana priori migrate out of the charge
transfer region thus promoting the negative-ion formation. We find that whilefor the perfect crystalthe hole
diffusion is rather fast,in the case of a collision, it is temporarily suppressed by the attractive Coulomb
interaction between the hole and the negative ion in the final state of the charge transfer reaction. As a result,
the charge transfer has a ‘‘localized’’ character and corresponds to binary-type electronic transitions between
the projectile and the closest lattice sites along the trajectory.
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I. INTRODUCTION

Recent experimental and theoretical studies on the in
action of charged and neutral projectiles with ionic crys
surfaces revealed the importance of the charge-transfer
cess between the projectile and the surface for various
nomena. The projectile-surface charge transfer not only
termines the charge fractions in the scattered beams,1–7 but it
also serves as a precursor for electron emission,8–11 popula-
tion of surface excitons,9,10 and sputtering of the target.12–15

Moreover, the recent observation of discrete structures in
projectile energy-loss spectra have been explained as b
due to successive electron capture-loss cycles.9,10,16 ~An ex-
tended review of the current status in the field can be fo
in Refs. 17 and 18.! It is thus important to understand th
mechanisms underlying the electron capture and loss for
projectile moving in front of the surfaces of the ionic cry
tals.

Several possible mechanisms for the process of elec
loss by the projectile have been proposed in the literat
taking into account the general suppression of the reso
electron loss by the broad band gap of the ionic crystal.17,18

However, a comprehensive theoretical description free of
justable parameters is still missing. The situation is qu
different for electron capture from the valence band~VB! of
ionic crystals where substantial progress in the descriptio
the negative-ion formation3,4,18–20 and neutralization of
multiple- and singly-charged projectiles14,15,20–22 has been
achieved. In their present status, the theoretical models
scribing electron capture rely on specific properties of io
crystals that we discuss in the example of the LiF crysta

The LiF crystal is characterized by a flat and narrow~3.6
eV width! valence band separated from the conduction b
by a broad band gap~14 eV!. The LiF crystal has a negativ
electron affinity where 11.4–12 eV is enough to eject a V
electron into the vacuum while 14 eV is needed to excite
0163-1829/2001/63~4!/045407~10!/$15.00 63 0454
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electron from the valence to the conduction band.23–26 The
negative~positive! charges are localized at the halogen~al-
kali! lattice sites. Owing to the localization of the VB ele
trons at the halogen sites, the process of electron captur
the projectile is usually described as being due to binary-t
charge-transfer events between the projectile and the halo
sites of the crystal.3,4,21,22Furthermore, it is assumed that
hole created at a given halogen site by the removal of
electron will not be transferred to the other crystal sites
the time scale of the binary interaction. Therefore, the fin
width of the VB is neglected. In recent work on the H1

neutralization and H2 formation in back scattering from th
LiF~001! surface, another kind of charge-transfer interact
was considered by studying electron capture from electro
states delocalized in a small six atom cluster embedded
point charge~PC! lattice.20

These different ‘‘hole localization’’ assumptions can b
challenged if one considers the typical decay time of a h
created at a surface F2 site as follows from the finite VB
width ~of the order of 50 a.u., see Sec. III A! and the typical
travel time of a projectile over an F2 site ~of the order of 50
a.u. for a velocity of 0.1 a.u.!. With this argument, one could
say that the hole created at the anion surface site by elec
transfer to the projectile would be able to move during t
collision, thereby leading to noticeable perturbations of
binary-interaction picture. The effect of hole diffusion out
the charge-transfer region is to increase the negative
fraction in the scattered beam since it decreases the prob
ity that the hole will be recaptured by the projectile. For ve
fast hole diffusion in the crystal~broad valence band!, one
should rather treat the charge transfer as the interaction
tween a state localized on the projectile and delocali
Bloch states of the crystal. For free-electron metals, t
leads to the well-known exponential decay of the hole po
lation on the projectile.27

It is the purpose of this paper to assess the validity of
©2001 The American Physical Society07-1
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‘‘localized hole’’ approximation in the case of negative-io
formation in grazing scattering from a LiF~001! surface. As
discussed in the conclusion, the results obtained here sh
be representative of any ionic crystal surface~alkali-halides,
oxides!. We have chosen the specific F/LiF~001! system for
several reasons:

~i! Detailed experimental data are available on the F2 ion
fractions in grazing atom-surface scattering.4,17

~ii ! A parameter-free study of the F2 formation has been
performed within the succession-of-binary-collisions mo
and ‘‘localized hole’’ approximation19 that provides a basis
for comparison.

~iii ! Owing to the large electron affinity of fluorine~3.4
eV! and wide band gap of the LiF crystal, the electron lo
from the F2 ion is strongly suppressed at least at lo
collision velocities. Therefore, the negative-ion fractions
the velocity region close to the negative-ion formati
threshold (v;0.1 a.u.) are mainly given by the electro
capture efficiency.

We use a time-dependent, coupled cluster approach b
on a tight-binding description of the LiF target. The fini
valence-band width, i.e., the hole diffusion in the crystal
explicitly included in the calculation.

The paper is organized as follows. In Sec. II, we descr
the coupled cluster model with particular emphasis on
model for the energies of the different configurations. In S
III, the results and their discussion are presented, and, fin
Sec. IV is devoted to concluding remarks.

II. THE COUPLED-CLUSTER MODEL

The coupled cluster approach, together with the tig
binding description of the target, has been intensively use
different levels of sophistication@from three-dimensiona
~3D! to linear chain model# to describe charge transfer i
scattering or sputtering events.28–32 In the present case, be
cause of the closed-shell structure of the F2 ion and of the
localization of the VB electrons at the F2 lattice sites of the
LiF crystal, the problem of F2 formation in grazing scatter
ing from an LiF~001! surface can be cast in simple terms
a hole transferfrom the fluorine projectile to the valenc
band of the LiF crystal. The problem is thus converted int
one-particle problem. To model the valence band of the
crystal, we consider the Li1 ions as structureless positiv
point charges and we use a large cluster comprisingN
5NxNyNz halogen lattice sites. A schematic presentation
the model is given in Fig. 1. The size of the cluster is cho
large enough so that it does not influence the final F2 frac-
tions.

The tight-binding description of the charge-transfer pro
lem between the projectile and the LiF cluster can be form
lated in the diabatic basis of functionsw j corresponding to
the hole location on thepX , pY , or pZ orbitals of the pro-
jectile or of the crystal F2 sites:

w j5cpX
~Rj 21!, j 51,...,N11,

w j5cpY
~Rj 2N22!, j 5N12,...,2N12,
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w j5cpZ
~Rj 22N23!, j 52N13,...,3N13, ~1!

where ~see Fig. 1! R05(X0 ,Y0 ,Z0) is the position of the
projectile andRi ( i 51,...,N) is the position of thei th halo-
gen lattice site. Below we also use the notationR( j ) ( j
51,..,3N13) where the relation betweenR( j ) and Ri can
be easily deduced from Eq.~1!. cpX ,pY ,pZ

(R) corresponds to
the wave function of the fluorine atom located atR and bear-
ing a hole in thepX , pY , or pZ orbital, respectively. The
initial states of the charge-transfer reaction~hole at the
projectile! correspond to cpX ,pY ,pZ

(R0), while the

cpX ,pY ,pZ
(Ri) states (i 51,...,N) correspond to the fina

state of the charge-transfer reaction with a hole located
crystal siteRi . The time-dependent wave function of th
hole is given by

C~ t !5 (
j 51

3N13

aj~ t !w j . ~2!

Substitution of Eq.~2! into the time-dependent Schro¨dinger
equation leads to a system of coupled equations for the
plitudesaj (t):

i
d

dt
A~ t!5H~ t!A~ t!, ~3!

whereA(t) is the vector of coefficientsaj and H(t) is the
Hamiltonian matrix in the basis given by Eq.~1!, its time
dependence arises from the projectile motion. In deriving
~3!, we have assumed that thew j basis is orthonormal. This
limits the applicability of the present approach to not t
small projectile surface separations where the tim
dependent overlap betweencpX ,pY ,pZ

states centered at th
projectile and at the lattice sites can be neglected.

Equations~1!–~3! form the basis of the coupled cluste
approach. It consists of modeling the collisional system b

FIG. 1. Sketch of the considered system. The dark circles
used for the F2 ions and the white circles are used for the Li1 ions.
The fluorine projectile is represented by the black circle. The up
shaded plane corresponds to the LiF~001! surface. TheR0 vector
gives the position of the projectile and theRi vector gives the
position of thei th F2 lattice site. TheX, Y, andZ axis coincide with
crystallographic directions as indicated in the figure.a57.59 a.u. is
the LiF lattice constant.
7-2
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NEGATIVE-ION CONVERSION OF FLUORINE ATOMS . . . PHYSICAL REVIEW B 63 045407
finite cluster of anion sites of the LiF crystal and the proje
tile, and in evaluating the way a hole initially located on t
projectile can jump on a surface site and further diffuse i
the crystal. The various sites are coupled via~i! the
projectile-anion sites charge-transfer interaction and~ii ! the
hopping integral between the crystal sites. We make the
lowing assumptions concerning the structure of the Ham
tonian matrix:

~i! As shown in our previous study on F2 formation in
grazing scattering from the LiF~001! surface~succession of
binary-collisions approach!, the mixing of the projectile
states by the field of the LiF crystal is small.19 This is be-
cause of the total neutrality of the ionic crystal in the init
state so that the Coulomb potentials of the individual ions
the lattice sites are efficiently screened.33 Therefore, we drop
the corresponding terms inH.

~ii ! Since the charge-transfer interaction between the p
jectile and thei th lattice site of the crystal decreases exp
nentially with the distance along the molecular axis:R
5uR02Ri u,

19 we only include the couplings between th
projectile and the lattice sites at the surface.

~iii ! Only the hopping terms between nearest neighb
~eight at the surface and 12 in the bulk! are considered for
the LiF crystal lattice sites. These hopping terms~coupled
cluster! ensure the hole diffusion in the crystal.

A. Energies of the states„diagonal elements…

In order to keep the discussion as simple as possible
concentrate on the basic physics underlying the relation
tween the hole diffusion and the charge-transfer process
use here a simple~polarizable! point-charge~PC! model to
determine the energies of thecpX ,pY ,pZ

(Ri) ( i 50,..,N)
states. We adjust the parameters of our model in such a
that it reproduces the results of the self-consistent fi
Hartree-Fock-Roothaan~SCF! study performed in Ref. 19.

First, let us consider the terms corresponding to the h
located at thepX , pY , or pZ orbital of the projectile in the
initial state of the charge-transfer reaction:Ej[H j j ~j 51,
N12, and 2N13!. The energy differences between the
terms mainly arise from the interaction of the nonspheri
charge density of the F-atom projectile with the fieldj of the
perfect LiF~001! crystal. Sincej quickly decreases with in
creasing projectile-surface distanceZ0 , the corresponding
energy differences are small19 and will be neglected so tha

Ej[E0~R0!, where j 51, N12, and 2N13. ~4!

The Ej[H j j ~j Þ1, N12, and 2N13! energies correspon
to the hole located at thepX , pY , or pZ orbital of the F atom
in the crystal in the final state of the charge-transfer react
Within the ~polarizable! PC approximation one obtains:18,19

DEj[Ej2E05DEb1VM1ULiF~R0!

2
1

uR02R~ j !u
1V„R0 ,R~ j !, j …, ~5!

where j Þ1, N12, 2N13. DEb5AF/LiF2AF is the differ-
ence between the affinity of the F atom imbedded in the
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crystal:AF/LiF ~the Madelung potential being subtracted! and
the affinity of the free F-projectile:AF53.4 eV. In the SCF
study,19 we obtained a small differenceDEb520.4 eV,
which basically reflects the fact that the F2 ion structure is
quite weakly perturbed when imbedded in the LiF lattice.34

VM stands for the Madelung potential created at the2

lattice site by the rest of the LiF crystal. The bulk value
the Madelung potential is 12.5 eV and it is reduced to 12
eV at the surface.

ULiF(R0) is the interaction energy between the F2 projec-
tile and a perfect LiF~001! crystal. This exponentially de
creases with increasingZ0 .33

The fourth term describes the attractive Coulomb inter
tion between the negatively charged projectile and the h
located at theR( j ) lattice site.

V„R0 ,R( j ), j … represents the polarization interactions.
consists of ‘‘atomic’’ and ‘‘collective’’ parts. The ‘‘atomic’’
part takes into account the polarization of the F2 ion projec-
tile by the field of the hole located in the crystal~final state!,
as well as the polarization of the F atom located at a giv
lattice site by the field of the F2 projectile ~final state! and
the polarization of the fluorine projectile by the field of th
LiF crystal ~initial state!. These interactions are explicitl
included in our treatment and serve to reproduce the S
results for the energy differences. The polarizabilitiesaF

53.76a0
3, andaF2510.8a0

3 are taken from the literature.35,36

The ‘‘collective’’ part corresponds to the response of the L
crystal to the dipole field of the projectile and hole in th
final state. The major consequences of the crystal respo
are the following:

~i! The attractive Coulomb interaction between the ne
tive ion and the hole is screened.

~ii ! The negatively charged projectile~final state of the
charge-transfer reaction! interacts with its own image create
by the polarization of the crystal.

For the projectile close to theR( j ) surface site, i.e., for
the range of distances where the charge transfer with this
is active, the negative charge merges with the hole as s
from the rest of the crystal. As explained in Refs. 15, 37, a
38, the effect of the crystal response vanishes forR( j )→0.
Therefore, we decided to neglect the ‘‘collective’’ part
V„R0 ,R( j ), j …. The consequences of this approximation w
be addressed in Sec. III.

The main contribution toDEj comes from the attractive
Coulomb interaction given by the fourth term in Eq.~5!. This
term leads to the energy level confluence between the in
and final states of the charge-transfer reaction reducingDEj
~see Fig. 2!. This explains the low-velocity thresholds for th
negative-ion formation in grazing scattering experiments
spite the large asymptotic energy difference between the
finity level of the projectile and VB states.3,19 There is one
more important consequence of the long-ranged Coulo
term in the Eq.~5!: the energy of the hole located at a give
lattice site depends on the distance from the negativ
charged projectile. This lifts the degeneracy of the F2 sites of
the crystal, introduces a local perturbation of the VB stat
and as shown in Sec. III, this strongly reduces the effec
the hole diffusion on the negative-ion formation.
7-3
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B. The charge-transfer interactions„nondiagonal elements…

First we discuss the charge-transfer interaction betw
the projectile and the halogen sites at the surface:

Vnm~R0 ,Ri !5^cpn
~R0!uHucpm

~Ri !&, ~6!

wheren, m5(X,Y,Z). The connection betweenVnm(R0 ,Ri)
and nondiagonal elements of the HamiltonianHk j ~k, j
51,...,3N13! can be deduced from Eq.~1!. We use earlier
SCF results for the charge-transfer couplings.19 For the range
of the projectile-surface distances relevant for our stu
these SCF data can be fitted with a simple analytical exp
sion in the coordinate system with theZ̃ axis parallel to the
molecular axisR02Ri and theX̃ andỸ axis perpendicular to
it ~atomic units!:

WZ̃Z̃523.5 e20.5R/R1.47,

WX̃X̃5VỸỸ50.902 e20.5R/R1.01,

Wkn50, kÞn, k,n5~X̃,Ỹ,Z̃!, ~7!

whereR5uR02Ri u is the interatomic distance and the sam
notations as in Eq.~6! are used. The transformation fromW
to V is straightforward:

Vnm5 (
k5X̃,Ỹ,Z̃

~enek!Wkk~ekem!, ~8!

FIG. 2. The energy differenceDE ~solid line and circles! and
hole transfer interactionWZ̃Z̃ ~dashed line and triangles! corre-
sponding to the charge transfer between the projectile and a g
F2 site at the surface. The F2 site is located at the coordinate orig
~see Fig. 1!. The data are presented as functions of the distancd
along the straight line trajectory in thê100& direction: R05(X0

5d/&,Y05d/&,Z053 a.u.). Lines: model results given by Eq
~7! and ~11!. Symbols: results of the SCF study of Ref. 19. F
symmetry reasons we show the SCF data only for positived.
04540
n

,
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where ek is the unit length vector ink direction and the
quantities between the parenthesis are the scalar vector p
ucts. In deriving Eq.~8! we used the property of thep orbit-
als: ^pkupf&5(ek ,ef).

To obtain the hopping integrals between the neare
neighbor F2 lattice sitesnk j[^wkuHuw j& we used a SCF
method to calculate the electronic states of a (Li10F2)81

cluster embedded in the PC lattice~see Fig. 3!. Then, as
follows from the Koopman’s theorem39,40 the hopping inte-
grals can be obtained from the energy differences of the
responding orbitals.19 We obtain the hopping integralsb5
20.4494 eV for thep orbitals lying along theR(k)2R( j )
molecular axis. The hopping integrals for the orbitals lyi
in the plane perpendicular to the molecular axis are m
than four times smaller and are neglected. Thenk j hoppings
can be obtained from

nk j5~ekn!b~ejn!, ~9!

wheren is the unit length vector along the line joining th
two fluorine sites andek is the unit length vector along theX,
Y, or Z direction depending upon thep orbital corresponding
to thewk basis state.

In Fig. 2 we present the energy differencesDEj and the
couplingsWZ̃Z̃ for the projectile passing a given surface s
at the fixed altitudeZ053 a.u.. The projectile moves abov
the¯F2Li1F2Li1F2

¯ row of ions in the^100& direction.
As one can see in the figure, model results obtained w
Eqs.~5! and~7! reproduce the corresponding SCF data of
Ref. 19.

C. The time propagation

With the definition of the energies and couplings given
Secs. II A and II B, the set of coupled equations~3! can be
written in the form

i
d

dt
B~ t !5H̃~ t !B~ t !, ~10!

where the components of theB vector are

bj~ t !5aj~ t !expF2 i E
0

t

E0„R0~t!…dtG . ~11!

en

FIG. 3. The model (Li10F2!
81 cluster used to calculate the hop

ping integrals between the F2 sites of the crystal. Dark circles: F2

ions; white circles: Li1 ions.
7-4
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NEGATIVE-ION CONVERSION OF FLUORINE ATOMS . . . PHYSICAL REVIEW B 63 045407
The H̃ matrix differs from theH matrix in Eq.~3! in that the
diagonal elements are equal toDEj5Ej2E0(R0) instead of
Ej .

For given initial conditions B05B(t50), the time-
dependent solution of the Eq.~10! can be obtained with
Lanczos propagation technique.41,42 Since the time propaga
tion is done for a finite cluster size, care should be taken
possible artificial reflections from the cluster boundari
Therefore, we have set the size of the clusterN5NXNYNZ
large enough so that the final F2 fraction in the scattered
beam does not depend onN.

III. RESULTS AND DISCUSSION

A. The valence-band structure of the model LiF cluster

First, we calculated the projected density of states~DOS!
of the valence band for the surface and bulk F2 sites in order
to test the tight-binding description of the LiF crystal. Th
typical cluster size in these calculations is 61361361 F2

sites. The terms corresponding to the projectile are se
zero so that the Hamiltonian matrixH̃ becomes independen
of time, and only contains the hopping terms betwe
nearest-neighbor sites as nondiagonal elements. The diag
elements are degenerate and given by (E050): DEj5Ej
5VM1AF/LiF . This amounts to 15.5 eV for the halogen s
in the bulk and 15.05 eV for the halogen site at the surfac
follows from our SCF results. The initial wave functio
B0(k) ~k5X, Y, or Z! corresponds to the hole occupying th
pX , pY , or pZ orbital of the F atom at the center of th
surface or in the middle of the cluster depending on whet
we are interested in the projected DOS at the surface o
the bulk. First, the autocorrelation functionf k(t) is obtained
as a result of the time propagation:

f k~ t !5B0~k!1B~ t !5B0~k!1e2 iH̃ tB0~k!. ~12!

Then the projected DOS@Nk(v)# can be extracted as

Nk~v!5
1

p
ReH E

0

`

f k~ t !ei ~v1 ih!tdtJ U
h→10

. ~13!

Because of the closed-shell structure of the F2 orbitals
forming the valence band of the LiF crystal, Koopman
theorem39,40can be used to relate the projected density of
hole states given by Eq.~13! and the projected density o
electronic statesNk

ē(v): Nk
ē(v)5Nk(2v). In Fig. 4~a! we

present the results for the projected DOS for the bulk and
surface:NX

ē(v)1NY
ē(v)1NZ

ē(v). In Fig. 4~b! we compare
our results for the projected DOS in the bulk with expe
mental data.24,25A Gaussian broadening of the discrete sta
arising from the finite-cluster size was introduced. T
broadening is 0.1 eV in Fig. 4~a!. It is equal to 0.6 eV in Fig.
4~b! to take into account experimental broadening effec
We have verified that the results do not change when incr
ing each cluster dimension by a factor of 2.

As seen in the figures, the agreement between calcul
and measured VB structures is good. The valence-b
width, corresponding to the present tight-binding descript
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is 3.8 eV that corresponds well to the availab
experimental23–26 and theoretical43–47 data. The top of the
valence band is located at214 eV with respect to the
vacuum level. This is by;2 eV larger than the experimen
tally measured ionization threshold. The difference primar
results from the neglect in the present model of the polar
tion interaction between the hole and the rest of the io
crystal, the so-called Mott-Littleton energy.48 Arguments for
not including this term in the present study aiming to d
scribe the negative-ion formation were given in the Sec. II
In agreement with Ref. 47, we obtain that the peak struct
at lower-binding energies is more pronounced for t
surface-projected DOS. The shift between the surface
the bulk-projected DOS@Fig. 4~a!# reflects the 0.5 eV differ-
ence in the Madelung potentials at the surface and in
bulk.

In the inset of Fig. 4~a!, we show the survival probability

FIG. 4. ~a! Projected DOS at the surface~dashed line! and in the
bulk ~solid line! obtained with the present tight-binding descriptio
of the LiF crystal. The inset shows the evolution of the hole pop
lation at the surface site as a function of time. Initially, the ho
occupies thepZ orbital at this site.~b! The DOS in the valence ban
as measured in photoemission experiments~dashed line!,24,25 com-
pared to the projected DOS in the bulk calculated from the pres
tight-binding model~solid line!. The calculated DOS is broadene
by 0.6 eV to account for experimental broadening.
7-5
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BORISOV, GAUYACQ, SIDIS, AND KAZANSKY PHYSICAL REVIEW B63 045407
of a hole initially occupying thepZ orbital at a surface F2

site as a function of time. After 50 a.u. of time, the popu
tion at this surface site is reduced by more than a factor o
due to the hole transfer to the rest of the crystal. So, for
unperturbedLiF crystal, the hole diffusion is not slow com
pared to the characteristic time of the projectile passage
a given fluorine site~also of the order of 50 a.u.!. Therefore
the finite valence band width may have an effect on
charge transfer and cannot be neglecteda priori. It is also
worth noting that the population of a hole does not dec
exponentially with time, thus forbidding the definition of
simple hole decay time.

B. The negative-ion conversion of the neutral projectile

We have studied the F2 formation from fluorine atoms for
the grazing collision geometry presented in Fig. 5. The fl
rine projectile is assumed to follow theR0(t)5@Xini
1v it cosa, Yini1v it sina,Z0(t)] classical trajectory, where
a is the angle of the trajectory with respect to the^110&
direction at the surface, andv i is the projectile velocity com-
ponent parallel to the surface. The grazing angle of incide
u51.4° used in this study corresponds to the experime
conditions of Ref. 4. We have found that an anglea54°
well represents an experimental azimuthal random direct
in the sense that the final negative-ion fraction does not
pend ona for a larger than 4°. TheZ0(t) trajectory is ob-
tained from the binary-interaction potentials between
projectile and the Li1 and F2 surface sites~for details see
Ref. 19!.

The time propagation of the wave functionB(t) was per-
formed with initial conditions corresponding to the hole l
cated at thepX ~pY or pZ! orbital of the projectile. The initial
distance from the surfaceZ0(t50) is chosen large enough s
that the projectile and the surface sites are decoupled~typi-
cally Z0>10 a.u.!. As a result, we obtain the probability o

FIG. 5. Sketch of the grazing scattering of the fluorine projec
from the LiF~001! surface. The gray plane represents the LiF~001!
surface with F2 ions ~black circles!, and Li1 ions ~white circles!.
The hatched plane represents the scattering plane, the bold
indicating the projectile trajectory.u is the incidence angle equal t
the exit angle~we consider specular reflection! measured from the
surface plane.a is the azimuthal angle with respect to the^110&
direction.g is the impact parameter at the surface measured a
distance of closest approach.
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F2 formation in the outgoing trajectory pathPpX ,pY ,pZ

2 (g).

Here,pX , pY , or pZ corresponds to the initial condition,g is
the impact parameter of the trajectory defined at the dista
of closest approach~see Fig. 5!. The final negative-ion frac-
tion P2 is obtained by averaging over all the initial cond
tions and impact parameters within the surface unit cell.

Final results for the F2 formation in grazing scattering
from the LiF~001! surface are presented in Fig. 6 togeth
with experimental data of Refs. 4 and 17. The experimen
negative-ion fractions close to the formation threshold
well reproduced by the present study. At large velocities,
theoretical results saturate at 100% while the measured n
tive ion fraction decreases as velocity increases. This sh
coming of the theory was already discussed in detail.18 It is
caused by the neglect of the electron loss by F2 ion in the
present calculations.

Now we turn to the discussion of the effect of the ho
diffusion on the negative-ion formation. As the most impo
tant feature seen in Fig. 6, the coupled cluster results are
close to the results obtained within the ‘‘succession of bin
collisions’’ model.19 In this model, one sums the probabil
ties of electron capture by the projectile in individual bina
collisions with F2 lattice sites along the projectile path
These binary probabilities are obtained under the approxi
tion that there is no hole diffusion in the crystal, i.e., t
density of states in the valence band is approximated by
d function. Therefore, it turns out that the hole diffusion h
a very little effect on the negative-ion formation. It is the
not surprising that convergence with the cluster size
reached withNX5351, NY515, NZ52 cluster. A largeNX
is necessary because of the long trajectory path of the
jectile close to the surface, whileNZ52 is certainly not
enough to develop a valence-band structure of the crys

ine

he

FIG. 6. Parallel velocity dependence of the negative ion form
tion probability in the outgoing beam for fluorine grazing scatteri
at LiF~001! surface. Dots with error bars represent experimen
data of Ref. 4. Dashed line: results of the calculation based on
‘‘succession of binary collisions’’ model with ‘‘localized hole’
approximation.19 Solid line: results of the full coupled cluster ca
culation. Triangles: results of the coupled cluster calculation wh
the hopping integrals between F2 sites of the LiF crystal were set to
zero.
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NEGATIVE-ION CONVERSION OF FLUORINE ATOMS . . . PHYSICAL REVIEW B 63 045407
This feature of the ‘‘hole localization’’ during the charg
transfer requires a more detailed discussion.

The question is then why are the coupled cluster result
close to those of the binary treatment neglecting the h
diffusion. In general, by introducing a coupled cluster,
done presently, several physical effects are included bey
the binary-type approximation:~i! The charge transfer ca
proceed simultaneously with several halogen sites at the
face. ~ii ! The hole diffusion may increase the negative-i
formation probability by removing a hole from the cryst
sites coupled to the projectile so that it cannot be recaptu
In a certain sense, the latter effect amounts to conferin
finite width to the states localized at the surface lattice si
Ej→Ej2 iG.

We have checked the importance of~i! by performing a
calculation with the hopping integrals between the crys
lattice sites set to zero, while the projectile states are
coupled to the states localized on the halogen surface s
As one can see in Fig. 6, the results of this calculation
identical to the ones obtained with a binary treatment.
deed, from the energy differences and couplings shown
Fig. 2, one can conclude that the charge transfer with a g
lattice site is active in a rather small region around this s
that barely overlaps with the charge-transfer region co
sponding to the neighboring sites at the surface. As it follo
from the comparison between the complete coupled clu
calculation and this model calculation, one can stress
introducing the finite valence-band width~hole diffusion! in-
deed increases the negative ion fraction, albeit this effec
very small.

Regarding ~ii !, the attractive Coulomb interaction be
tween the negative ion and the hole in the final state of
charge-transfer reaction@see Eq.~5!# locally and temporarily
perturbs the band structure and lifts the degeneracy betw
the crystal sites. Quantitative information can be obtain
from the projected DOS shown in Fig. 7. It corresponds
the model situation when the projectile~P! is at a fixed dis-
tance from the surfaceZ0 above a given ‘‘active’’ halogen
site ~HS!. We present the sum of the DOS projected on
cpZ

(P) and on thecpZ
~HS! states. Note that here we con

sider the DOS for the hole, in contrast to Fig. 4 where
electronic DOS has been plotted. Two calculations are p
formed. The adiabatic calculation is performed with the co
pleteH̃ matrix, while in the diabatic calculation, the couplin
terms between the projectile and the surface sites were s
zero. As an energy reference we use the energy of the in
state, so that at infinite projectile surface separations, a
jectile state is located at zero energy and the hole state
the VB are located at about 1561.8 eV. As soon as the pro
jectile approaches the surface, the VB is perturbed and
decreasing projectile surface distance, discrete states
from the VB. In particular, one state that corresponds to
hole located at the HS is much lower in energy than the
of the VB states. Close to the surface, the charge-tran
interaction between theP and HS orbitals sets in and it
effect is seen in the energy difference between the diab
and adiabatic states, the latter repelling each other. O
ously, the hole transitions from the projectile or from t
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state associated with the HS to the other VB states are e
getically unfavorable. Therefore, the charge transfer loca
proceeds in a binary form involving only the projectile an
the HS states. This information can be also inferred from
fact that a logarithmic scale for the projected DOS is nee
to be able to observe the VB states at small projectile surf
distances, which means that they are essentially decou
from the projectile and from the ‘‘active’’ HS. Note that th
situation could be different if one of the adiabatic sta
would enter the VB continuum. Then the hole loss from t
adiabatic state to the VB would be possible via an adiab
orbital promotion mechanism.49–51This is not the case in the
present situation even for the projectile-surface distan
Z052.8 a.u. corresponding to the turning point of the traje
tory in the considered velocity range. In fact, comparing
abatic and adiabatic projected DOS, one can see that w
Z0 decreases, the upper adiabatic state approaches the
states and the relative weight of the latter in the DOS~cor-
respondingly in the charge transfer! increases.

It is important to stress that our model, because of
neglect of the crystal polarization effects,overestimatesthe
effect of the Coulomb potential of the projectile on the d
tant sites. This means that the VBstatescorresponding to
lattice sites different from HSare actually less perturbed
than it appears in Fig. 7. This brings them higher in ene
~closer to the initial situation of largeZ0! and, correspond-
ingly, this reinforces our conclusions on the suppression
the hole diffusion.

IV. CONCLUSIONS

We have studied the F2 formation in grazing scattering o
fluorine atoms from an LiF~001! surface. The coupled cluste
treatment of the projectile-surface charge-transfer prob
allows us to take into account the finite valence-band wi
~hole mobility! of the target. The main purpose of this wo
is to elucidate the effect of hole diffusion in the LiF cryst
on the negative-ion formation and to test the validity of p
vious treatments3,4,19 based on the binary~projectile ‘‘active
site’’ at the surface! collision model. For theunperturbed
LiF crystal, the hole population left at the given anion su
face site by electron transfer to the projectile decays on a
a.u. time scale. Since this time scale is comparable with
time of the projectile-surface site binary interaction, o
could expecta priori that the hole migration out of the
charge-transfer region would promote the negative ion f
mation.

The present model calculations are in good agreem
with experimental data in the velocity range close to t
negative-ion formation threshold. As a main result, we fi
that owing to the attractive Coulomb interaction between
hole in the crystal and the negative projectile in the final st
of the charge-transfer reaction, the valence-band states
locally perturbed and the hole diffusion is temporarily inhi
ited during the collision. Basically, when the projectile
close to a given site at the surface~the ‘‘active site’’!, the
hole transfer proceeds between the projectile states and
‘‘active site’’ states with very little hole delocalization in th
7-7
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FIG. 7. Sum of the DOS projected on thepZ orbital of the projectile andpZ orbital of a given halogen site at the surface. The calculat
is performed for the projectile fixed above this site at different altitudesZ0 . Solid and dashed lines correspond to the adiabatic
diabatic-type calculations, respectively. For further details see the text of the paper.
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LiF crystal. Therefore, besides the slight increase of
negative-ion yield, the present results correspond well to
results of the earlier binary-collision treatments. We wou
like to emphasize that a local modification of the project
and target states at the moment of the collision is often
voked to explain various phenomena in projectile-surfa
interactions.20,49–51

Although the absolute value of the effect of taking t
hole diffusion into account might vary from one projectil
target combination to the other, the main conclusions
tained here should hold for the general case of the nega
ion formation at ionic crystal ~alkali-halides, oxydes!
surfaces. The mechanism of transient suppression of
diffusion by the projectile field in the final state of th
charge-transfer reaction is a robust consequence of the
partial screening of the time-dependent electric fields by
d
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ionic crystal. Moreover, locally strong perturbation of th
valence-band properties due to the Coulomb field of the p
jectile should play an important role in the case of mu
charged ion projectiles. The situation should be quite diff
ent in the case of resonant neutralization of singly char
ions or Auger deexcitation of metastable species.8,26 In this
case, the final state of the projectile is neutral and thereby
valence-band structure is basically unperturbed and the
diffusion out of the charge-transfer region is fast. Finally, t
situation considered here is very different from the case
the projectile-metal surface interaction. For a metal targ
the electron~hole! mobility is high and the long-range Cou
lomb fields are efficiently screened by the conduction el
trons. The charge transfer is then nicely described as b
due to the interaction with the continuum of the delocaliz
valence-band states~see e.g., Refs. 27, 52 and 53!.
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21L. Hägg, C. O. Reinhold, and J. Burgdo¨rfer, Phys. Rev. A55,
2097 ~1997!.

22J. J. Ducre´e, F. Casali, and U. Thumm, Phys. Rev. A57, 338
~1998!.

23M. Piacentini and J. Anderegg, Solid State Commun.38, 191
~1981!.

24F. J. Himpsel, L. J. Terminello, D. A. Lapiano-Smith, E. A. Ek
lund, and J. J. Barton, Phys. Rev. Lett.68, 3611~1992!.

25D. A. Lapiano-Smith, E. A. Eklund, and F. J. Himpsel, App
Phys. Lett.59, 2174~1991!.

26F. Wiegershaus, S. Krischok, D. Ochs, W. Maus-Friedrichs,
V. Kempter, Surf. Sci.345, 91 ~1996!.

27J. J. C. Geerlings and J. Los, Phys. Rep.190, 133 ~1990!.
28J. M. Feagin and K. H. Wanser, Phys. Rev. A44, 4228~1991!.
29K. L. Sebastian, Phys. Rev. B31, 6976~1985!.
30E. R. Gagliano, E. C. Goldberg, M. C. G. Passeggi, and J. Fer´n,

Phys. Rev. B31, 6988~1985!.
31Y. Muda and D. M. Newns, Phys. Rev. B37, 7048~1988!.
32J. Merino, N. Lorente, M. Yu. Gusev, F. Flores, M. Maazouz,

Guillemot, and V. A. Esaulov, Phys. Rev. B57, 1947~1998!.
33R. E. Watson, J. W. Davenport, M. L. Perlman, and T. K. Sha

Phys. Rev. B24, 1791~1981!.
34H. Tatewaki and E. Miyoshi, Surf. Sci.327, 129 ~1995!.
35S. H. Patil, Phys. Rev. A46, 3855~1992!.
36R. Medeiros, M. A. Castro, and O. A. V. Amaral, Phys. Rev.

54, 3661~1996!.
37W. B. Flower, Phys. Rev.151, 657 ~1966!.
38W. P. O’Brien, Jr. and J. P. Hernandez, Phys. Rev. B9, 3560

~1974!.
39C. C. J. Roothaan, Rev. Mod. Phys.23, 69 ~1951!.
40T. Koopmans, Physica’s Grav.1, 104 ~1933!.
41C. Leforestier, R. H. Bisseling, C. Cerjan, M. D. Feit, R. Friesn

A. Goldberg, A. Hammerich, G. Jolicard, W. Karrlein, H.-D
Meyer, N. Lipkin, O. Roncero, and R. Kosloff, J. Comput. Phy
94, 59 ~1991!.

42T. J. Park and J. C. Light, J. Chem. Phys.85, 5870~1986!.
43A. Zunger and A. J. Freeman, Phys. Rev. B16, 2901~1977!.
7-9



el

n

n
V

nd

F.
-

BORISOV, GAUYACQ, SIDIS, AND KAZANSKY PHYSICAL REVIEW B63 045407
44A. B. Kunz, Phys. Rev. B12, 5890~1975!.
45E. L. Shirley, Phys. Rev. B58, 9579~1998!.
46E. L. Shirley, L. J. Terminello, J. E. Klepeis, and F. J. Himps

Phys. Rev. B53, 10 296~1996!.
47P. Wirz, J. Sarnthein, W. Husinsky, G. Betz, P. Nordlander, a

Y. Wang, Phys. Rev. B43, 6729~1991!.
48G. D. Mahan, Phys. Rev. B21, 4791~1980!.
49L. Guillemot, S. Lacombe, V. A. Esaulov, E. Sanchez, N. Ma

darino, V. N. Tuan, Yu. Bandourine, A. Daschenko, and
Drobnich, Surf. Sci.365, 353 ~1996!.
04540
,

d

-
.

50F. Xu, R. A. Baragiola, A. Bonanno, P. Zoccali, M. Camarca, a
A. Oliva, Phys. Rev. Lett.72, 4041~1994!.

51K. Eder, D. Semrad, P. Bauer, R. Golser, P. Maier-Komor,
Aumayr, M. Pen˜alba, A. Arnau, J. M. Ugalde, and P. M. Ech
enique, Phys. Rev. Lett.79, 4112~1997!.

52H. Shao, D. C. Langreth, and P. Nordlander, inLow Energy Ion-
Surface Interactions, edited by J. W. Rabalais~Wiley, New
York, 1994!, p. 118.

53B. H. Cooper and E. R. Behringer, inLow Energy Ion-Surface
Interactions~Ref. 52!, p. 263.
7-10


