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Negative-ion conversion of fluorine atoms in grazing scattering from a Li001) surface:
A coupled cluster approach
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The F ion formation from fluorine atoms in grazing scattering from a (D) 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 projectila paiori migrate out of the charge
transfer region thus promoting the negative-ion formation. We find that Vidiilehe perfect crystathe hole
diffusion is rather fastjn the case of a collisionit 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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. INTRODUCTION electron from the valence to the conduction b&hd® The
negative(positive charges are localized at the halogai

Recent experimental and theoretical studies on the inteikali) lattice sites. Owing to the localization of the VB elec-
action of charged and neutral projectiles with ionic crystaltrons at the halogen sites, the process of electron capture by
surfaces revealed the importance of the charge-transfer prthe projectile is usually described as being due to binary-type
cess between the projectile and the surface for various pheharge-transfer events between the projectile and the halogen
nomena. The projectile-surface charge transfer not only desites of the crystal:*?*??Furthermore, it is assumed that a
termines the charge fractions in the scattered béaftsytit  hole created at a given halogen site by the removal of an
also serves as a precursor for electron emis$iGhpopula-  electron will not be transferred to the other crystal sites on
tion of surface exciton$2?and sputtering of the targ&t:*®  the time scale of the binary interaction. Therefore, the finite
Moreover, the recent observation of discrete structures in theidth of the VB is neglected. In recent work on the"H
projectile energy-loss spectra have been explained as beimgeutralization and H formation in back scattering from the
due to successive electron capture-loss cytt®s®(An ex-  LiF(001) surface, another kind of charge-transfer interaction
tended review of the current status in the field can be foundvas considered by studying electron capture from electronic
in Refs. 17 and 18.It is thus important to understand the states delocalized in a small six atom cluster embedded in a
mechanisms underlying the electron capture and loss for theoint charge(PC) lattice ?°
projectile moving in front of the surfaces of the ionic crys- These different “hole localization” assumptions can be
tals. challenged if one considers the typical decay time of a hole

Several possible mechanisms for the process of electrocreated at a surface Fsite as follows from the finite VB
loss by the projectile have been proposed in the literatureyidth (of the order of 50 a.u., see Sec. Il And the typical
taking into account the general suppression of the resonamtavel time of a projectile over an"Fsite (of the order of 50
electron loss by the broad band gap of the ionic crysStdl.  a.u. for a velocity of 0.1 a.u. With this argument, one could
However, a comprehensive theoretical description free of adsay that the hole created at the anion surface site by electron
justable parameters is still missing. The situation is quiteransfer to the projectile would be able to move during the
different for electron capture from the valence b&w@&) of  collision, thereby leading to noticeable perturbations of the
ionic crystals where substantial progress in the description dbinary-interaction picture. The effect of hole diffusion out of
the negative-ion formatiof'8-2° and neutralization of the charge-transfer region is to increase the negative-ion
multiple- and singly-charged projectifég®2°-2has been fraction in the scattered beam since it decreases the probabil-
achieved. In their present status, the theoretical models déy that the hole will be recaptured by the projectile. For very
scribing electron capture rely on specific properties of ionicfast hole diffusion in the crystabroad valence bandone
crystals that we discuss in the example of the LiF crystal. should rather treat the charge transfer as the interaction be-

The LiF crystal is characterized by a flat and nar @6  tween a state localized on the projectile and delocalized
eV width) valence band separated from the conduction ban@loch states of the crystal. For free-electron metals, this
by a broad band gafi4 eV). The LiF crystal has a negative leads to the well-known exponential decay of the hole popu-
electron affinity where 11.4—-12 eV is enough to eject a VBIation on the projectilé’
electron into the vacuum while 14 eV is needed to excite the It is the purpose of this paper to assess the validity of the
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“localized hole” approximation in the case of negative-ion Z, <001>
formation in grazing scattering from a L{B01) surface. As
discussed in the conclusion, the results obtained here should
be representative of any ionic crystal surféatali-halides,
oxides. We have chosen the specific F/[iP1) system for
several reasons:

(i) Detailed experimental data are available on theidn : ‘
fractions in grazing atom-surface scatterfrig. T

(i) A parameter-free study of the"Hormation has been )
performed within the succession-of-binary-collisions model
and “localized hole” approximatiolY that provides a basis
for comparison.

(iii) Owing to the large electron affinity of fluoring.4
eV) and wide band gap of the LiF crystal, the electron loss
from the F ion is strongly suppressed at least at low- FIG. 1. Sketch of the considered system. The dark circles are
collision velocities. Therefore, the negative-ion fractions inused for the F ions and the white circles are used for thé igns.
the velocity region close to the negative-ion formationThe fluorine projectile is represented by the black circle. The upper
threshold ¢~0.1a.u.) are mainly given by the electron- shaded plane corresponds to the (0F) surface. TheR, vector
capture efficiency. gives the position of the projectile and th& vector gives the

We use a time-dependent, coupled cluster approach basedsition of theith F~ lattice site. TheX, Y, andZ axis coincide with
on a tight-binding description of the LiF target. The finite crystallographic directions as indicated in the figure.7.59 a.u. is
valence-band width, i.e., the hole diffusion in the crystal isthe LiF lattice constant.
explicitly included in the calculation.

The paper is organized as follows. In Sec. Il, we describe @;=¥p,(Rj—2n-3), [J=2N+3,.. . AN+3, (1)
the coupled cluster model with particular emphasis on the ) i .
model for the energies of the different configurations. In SecVhere (see Fig. 1 Ro=(Xo,Yo,Zo) is the position of the

Ill, the results and their discussion are presented, and, finallprojectile andR; (i =1,...N) is the position of theth halo-
Sec. IV is devoted to concluding remarks. gen lattice site. Below we also use the notatiR(j) (j
=1,..,.3\N+3) where the relation betwedR(j) andR; can

be easily deduced from EL). ‘/’Px'pvxpz(R) corresponds to
the wave function of the fluorine atom locatedratind bear-
The coupled cluster approach, together with the tighting a hole in thepy, py, or p; orbital, respectively. The
binding description of the target, has been intensively used anitial states of the charge-transfer reactidiole at the
different levels of sophisticatiorfifrom three-dimensional projectile correspond to ¢ . p.(Ro), while the
(3D) to linear chain modélto describe charge transfer in o, py.p,(Ri) states (=1,...N) correspond to the final

: - 32
scattering or sputtering everffs.*? In the present case, be- gate of the charge-transfer reaction with a hole located at a

cause of the closed-shell structure of the ibn and of the gt siteR;. The time-dependent wave function of the
localization of the VB electrons at the Hattice sites of the hole is given by

LiF crystal, the problem of F formation in grazing scatter-

ing from an LiF001) surface can be cast in simple terms as SN+3

a hole transferfrom the fluorine projectile to the valence T(t)= 2 aj(t) e . (2)
band of the LiF crystal. The problem is thus converted into a =1

one-particle problem. To model the valence band of the LiFsypstitution of Eq(2) into the time-dependent Schtinger

crystal, we consider the Liions as structureless positive equation leads to a system of coupled equations for the am-
point charges and we use a large cluster comprigihg plitudesa; (t):

=N,NyN, halogen lattice sites. A schematic presentation of

the model is given in Fig. 1. The size of the cluster is chosen i

large enough so that it does not influence the finalfiac- A =HDA(), ()
tions.

The tight-binding description of the charge-transfer prob-whereA(t) is the vector of coefficients; and H(t) is the
lem between the projectile and the LiF cluster can be formuHamiltonian matrix in the basis given by E(f), its time
lated in the diabatic basis of functions corresponding to ~dependence arises from the projectile motion. In deriving Eq.
the hole location on they, py, or p; orbitals of the pro- (3), we have assumed that tige basis is orthonormal. This

Y, <110>

Il. THE COUPLED-CLUSTER MODEL

jectile or of the crystal F sites: limits the applicability of the present approach to not too
small projectile surface separations where the time-
e=vp(Ri-1), j=1,..N+1 dependent overlap betweefy , . states centered at the
(Ri-1), ,

projectile and at the lattice sites can be neglected.
_ . Equations(1)—(3) form the basis of the coupled cluster
¢i=¥p(Rj-n-2), J=N+2,..N+2, approach. It consists of modeling the collisional system by a
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finite cluster of anion sites of the LiF crystal and the projec-crystal: Ar, i (the Madelung potential being subtractead
tile, and in evaluating the way a hole initially located on thethe affinity of the free F-projectileAr=3.4eV. In the SCF
projectile can jump on a surface site and further diffuse imostudy,lg we obtained a small differencAE,=—0.4eV,
the crystal. The various sites are coupled Via the \hich pasically reflects the fact that the Fon structure is

Eroje_ctile_-anion Islltes charghe-transfelr iptera\(/:\;ion éEﬁthhe 1ouite weakly perturbed when imbedded in the LiF latfite.
opping Integral between the crystal sites. We make the Tol- \/m gianqs for the Madelung potential created at the F

Lg\gilgr? ri:x)r(‘r.]ptmns conceming the structure of the Hamll'Iattice site by the rest of the LiF crystal. The bulk value of

(i) As shown in our previous study on Formation in the Madelung potential is 12.5 eV and it is reduced to 12.05

. . . eV at the surface.
grazing scattering from the L{B01) surface(succession of . . . I
binary-collisions approagh the mixing of the projectile ULir(Ro) is the interaction energy between the projec-

states by the field of the LiF crystal is sm&liThis is be- e @nd & perfect LiF00D) crystal. This exponentially de-

cause of the total neutrality of the ionic crystal in the initial Cré@ses with mcreasmgo..“ . _

state so that the Coulomb potentials of the individual ions at The fourth term describes the attractive Coulomb interac-
the lattice sites are efficiently screeriédherefore, we drop tion between the negatively charged projectile and the hole
the corresponding terms i. located at theR(j) lattice site.

(i) Since the charge-transfer interaction between the pro- Q(Rg,R(j),]) represents the polarization interactions. It
jectile and theith lattice site of the crystal decreases expo-consists of “atomic” and “collective” parts. The “atomic”
nentially with the distance along the molecular axi®: part takes into account the polarization of theibn projec-
=|Ro—R;[,*° we only include the couplings between the tile by the field of the hole located in the crystéihal statg,
projectile and the lattice sites at the surface. as well as the polarization of the F atom located at a given

(i) Only the hopping terms between nearest neighborsattice site by the field of the F projectile (final stat¢ and
(eight at the surface and 12 in the bubkre considered for the polarization of the fluorine projectile by the field of the
the LiF crystal lattice sites. These hopping tertosupled  LiF crystal (initial statg. These interactions are explicitly

clustey ensure the hole diffusion in the crystal. included in our treatment and serve to reproduce the SCF
results for the energy differences. The polarizabilities
A. Energies of the statediagonal element$ =3.763, andap- = 10.8a3 are taken from the literaturg:>®

. . . . he “collective” part corresponds to the response of the LiF
In order to keep the discussion as simple as possible an-(!:_;rystal to the dipole field of the projectile and hole in the

concentrate on the basic physics underlying the relation b%inal state. The maior consequences of the crvstal response
tween the hole diffusion and the charge-transfer process, we ' J q y b

. . . are the following:
use here a SImpIq:)oIa}rlzablé point charge(PC)_rEodel to (i) The attractive Coulomb interaction between the nega-
determine the energies of th¢vapyrpz(Ri) (i=0,..N)

- ] tive ion and the hole is screened.
states. We adjust the parameters of our model in such a way (i) The negatively charged projectiléinal state of the

that it reproduces the results of the self-consistent fielqtarge-transfer reactipinteracts with its own image created
Hartree-Fock-RoothaaSCH study performed in Ref. 19. by the polarization of the crystal.

First, let us consider the terms correspon@ing to. the hole” Fqor the projectile close to thR(j) surface site, i.e., for
located at thepy, py, or pz orbital of the projectile in the  {he range of distances where the charge transfer with this site
initial state of the charge-transfer reactidg;=H;; (j=1, s active, the negative charge merges with the hole as seen
N+2, and N+3). The energy differences between thesefrom the rest of the crystal. As explained in Refs. 15, 37, and
terms mamly arise from the interaction (_)f the n_(_)nsphencab& the effect of the crystal response vanishesRior) — 0.
charge density of the F-atom projectile with the figlof the  Therefore, we decided to neglect the “collective” part in
perfect LIHO0D) crystal. Sincej quickly decreases with in- (R R(j),j). The consequences of this approximation will
creasing projectile-surface distangg, the corresponding pe addressed in Sec. III.
energy differences are smidliand will be neglected so that ~ The main contribution ta\E; comes from the attractive

- o Coulomb interaction given by the fourth term in Ef). This
Ej=Eo(Ro), where j=1, N+2, and N+3. (4) o Jeads to the energy level confluence between the initial

The Ej=H;; (j#1, N+2, and N+ 3) energies correspond ?nd f'i:n.al ;t"i‘lfﬁ,s of tr:e_ ch?rr]gel-transﬁer 't[ezaéﬁtionhr(elguﬁfiﬁgth
to the hole located at they, py, or p, orbital of the F atom ~ 'S€€ 9. £ IS €xpiains the low-veloCity thresholds Tor the
in the crystal in the final state of the charge-transfer reaction/€9ative-ion formation in grazing scattering experiments de-

Within the (polarizablé PC approximation one obtair&° spite the large asymptotic energy difference between the af-
finity level of the projectile and VB statés?® There is one

AEjEEj—E0=AEb+VM+ULiF(R0) more important ?onsequence of the long-ranged Coqlomb
term in the Eq(5): the energy of the hole located at a given
1 . lattice site depends on the distance from the negatively
- W +Q(Ro,R()),]), (5) charged projectile. This lifts the degeneracy of thesies of
the crystal, introduces a local perturbation of the VB states,
wherej#1, N+2, 2N+ 3. AE,=Ag=— Ar is the differ- and as shown in Sec. lll, this strongly reduces the effect of
ence between the affinity of the F atom imbedded in the LiRhe hole diffusion on the negative-ion formation.
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where g, is the unit length vector irk direction and the
quantities between the parenthesis are the scalar vector prod-

ucts. In deriving Eq(8) we used the property of theorbit-
FIG. 2. The energy differencAE (solid line and circlesand g Ea®) property e

hole transfer interactiotV; (dashed line and trianglesorre- als'.l'ijpki)gt[;in(et'ﬁeef)h.opping integrals between the nearest-
sponding to the charge transfer between the projectile and a giveHei hbor F lattice sites vy =( |H| ) we used a SCF

F~ site at the surface. The Fsite is located at the coordinate origin 9 Vij =\ PLITT @] 8

(see Fig. 1 The data are presented as functions of the distdnce method to CaICUIat? the eIeCtror!lc State.s of a, )

along the straight line trajectory in thd00 direction: Ry=(Xq cluster embedded in the FC latt"tseﬁ) Fig. 3 T_hen_, as
=d/v2,Yo=d/v2,Z,=3 a.u.). Lines: model results given by Egs. follows from the I_(oopman s theoreth t_he hopping inte-

(7) and (11). Symbols: results of the SCF study of Ref. 19. For grals can be obtained from the energy differences of the cor-

symmetry reasons we show the SCF data only for positive responding orbitals? We obtain the hopping integrajs=
—0.4494 eV for thep orbitals lying along theR(k) —R(j)
B. The charge-transfer interactions(nondiagonal elementy molecular axis. The hopping integrals for the orbitals lying

in the plane perpendicular to the molecular axis are more

First we discuss the charge-transfer interaction betweefan, four times smaller and are neglected. Thehoppings
the projectile and the halogen sites at the surface: can be obtained from

Var(Ro R =, (Ro)[HI ¥, (R)), () ni=(anAlen), )

wheren, m=(X,Y,Z). The connection betwea?, Ry ,R;) ¥vhe;|en is thgt unit Iengtr:hvectqtrlalor:g thetlineljoini?g the
and nondiagonal elements of the Hamiltonigky; (k, j wo fluorine sites ané is the unit length vector along thé

—1,..,3+3) can be deduced from E€l). We use earlier Y, or Z direction depending upon ttgeorbital corresponding

; to the ¢ basis state.
SCF results for the charge-transfer couplihgBor the range K .
of the projectile-surface distances relevant for our study, In Fig. 2 we present the energy differenckg; and the

these SCF data can be fitted with a simple analytical expre<£CUPIiNgsWz7 for the projectile passing a given surface site

ion in th dinat ‘ ith tBeaxi el to th at the fixed altitudeZy= 3 a.u.. The projectile moves above
sion in the coordinate system wi axis parallel to e ype ...~ *FLi*F--- row of ions in the(100) direction.

molecular axifR,— R; and theX andY axis perpendicularto  As one can see in the figure, model results obtained with
it (atomic unitg: Egs.(5) and(7) reproduce the corresponding SCF data of the
Ref. 19.
Wiiz —-35 e*O.SR/R1.47,

C. The time propagation

Wix=V7y=0.902 & *F/RM, With the definition of the energies and couplings given in
Secs. Il A and 11 B, the set of coupled equatidi3s can be
W, =0, k#n, k,n=(X¥,2), @) written in the form
whereR=|R,—R| is the interatomic distance and the same i iB(t)=ﬁ(t)B(t), (10)
notations as in Eq6) are used. The transformation frovd dt

to V'is straightforward: where the components of thig vector are

Vnm:k > (@) Wiulaen), (8 bj(t)zaj(t)exr{—iJ’;EO(RO(T))dT _ (11)

=X,z
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The H matrix differs from theH matrix in Eq.(3) in that the
diagonal elements are equalAdc; = E;— Ey(Ry) instead of
E;. L
l For given initial conditionsBy=B(t=0), the time-

dependent solution of the Eql0) can be obtained with
Lanczos propagation technigfie?? Since the time propaga-
tion is done for a finite cluster size, care should be taken for
possible artificial reflections from the cluster boundaries.
Therefore, we have set the size of the cluster NyNyN,
large enough so that the final Hraction in the scattered

beam does not depend dh

. \ n
50 100 150 200
time (a.u.)

DOS (arb. units)
T

Ill. RESULTS AND DISCUSSION

A. The valence-band structure of the model LiF cluster -20

First, we calculated the projected density of stdi2®S)
of the valence band for the surface and bulkdites in order L B R R B B B
to test the tight-binding description of the LiF crystal. The B
typical cluster size in these calculations is>631X61 F
sites. The terms corresponding to the projectile are set to L

zero so that the Hamiltonian matri becomes independent
of time, and only contains the hopping terms between
nearest-neighbor sites as nondiagonal elements. The diagonal
elements are degenerate and given By=£0): AE;=E;
=VM+ Ag e. This amounts to 15.5 eV for the halogen site
in the bulk and 15.05 eV for the halogen site at the surface as
follows from our SCF results. The initial wave function L
Bo(k) (k=X, Y, or Z) corresponds to the hole occupying the
Px, Py, or pz orbital of the F atom at the center of the ,
surface or in the middle of the cluster depending on whether 20 -
we are interested in the projected DOS at the surface or in energy (eV)
the bulk. First, the autocorrelation functidp(t) is obtained
as a result of the time propagation: FIG. 4. (a) Projected DOS at the surfa¢dashed lingand in the
B bulk (solid line) obtained with the present tight-binding description
fi(t)=Bo(k) TB(t)= Bo(k)*e*thBo(k). (12 of the LiF crystal. The inset shows the evolution of the hole popu-
lation at the surface site as a function of time. Initially, the hole
Then the projected DOBN,(w)] can be extracted as occupies the orbital at this site(b) The DOS in the valence band
as measured in photoemission experimédeshed ling?*2® com-
pared to the projected DOS in the bulk calculated from the present
(13 tight-binding model(solid line). The calculated DOS is broadened
7—+0 by 0.6 eV to account for experimental broadening.

DOS (arb. units)

1 “ _—
Nk(w)=;Re{ JO fk(t)e'(‘”'”"dt]

Because of the closed-shell structure of the dtbitals 3.8 eV that corresponds well to the available
forming gtrlg valence band of the LiF crystal, Koo_pmawsexperimentéﬁ‘% and theoretic&f*" data. The top of the
theoreni™ can be used to relate the propcted densny of thQ/alence band is located at14 eV with respect to the
hole states given by Eq13) and the projected density of |0, ,m level. This is by-2 eV larger than the experimen-
electronic stated\i(w): Ni(w) =Ni(— o). In Fig. 48) we  ta)ly measured ionization threshold. The difference primarily
present the results for the projected DOS for the bulk and thgesyits from the neglect in the present model of the polariza-
surface:Ny(w) + Ny(w) + N3(w). In Fig. 4b) we compare tion interaction between the hole and the rest of the ionic
our results for the projected DOS in the bulk with experi- crystal, the so-called Mott-Littleton enerd§Arguments for
mental datg*?> A Gaussian broadening of the discrete stateshot including this term in the present study aiming to de-
arising from the finite-cluster size was introduced. Thescribe the negative-ion formation were given in the Sec. Il A.
broadening is 0.1 eV in Fig.(4). It is equal to 0.6 eV in Fig. In agreement with Ref. 47, we obtain that the peak structure
4(b) to take into account experimental broadening effectsat lower-binding energies is more pronounced for the
We have verified that the results do not change when increasurface-projected DOS. The shift between the surface and
ing each cluster dimension by a factor of 2. the bulk-projected DO$Fig. 4(a)] reflects the 0.5 eV differ-

As seen in the figures, the agreement between calculatashce in the Madelung potentials at the surface and in the
and measured VB structures is good. The valence-banbulk.
width, corresponding to the present tight-binding description In the inset of Fig. 4a), we show the survival probability
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FIG. 5. Sketch of the grazing scattering of the fluorine projectile 0 0.00 0.05 0.10 0.15 0.20 0.25 0.30
from the LiIH001) surface. The gray plane represents the(Q@d)
surface with F ions (black circleg, and Li* ions (white circles.
The hatched plane represents the scattering plane, the bold line FIG. 6. Parallel velocity dependence of the negative ion forma-
indicating the projectile trajectoryl is the incidence angle equal to tion probability in the outgoing beam for fluorine grazing scattering
the exit angle(we consider specular reflectiomeasured from the at LiF(001) surface. Dots with error bars represent experimental
surface planea is the azimuthal angle with respect to tfiElQ)  data of Ref. 4. Dashed line: results of the calculation based on the
direction.g is the impact parameter at the surface measured at thesuyccession of binary collisions” model with “localized hole”
distance of closest approach. approximation'® Solid line: results of the full coupled cluster cal-
culation. Triangles: results of the coupled cluster calculation where
the hopping integrals between Bites of the LiF crystal were set to

velocity (a.u.)

of a hole initially occupying thep, orbital at a surface F
site as a function of time. After 50 a.u. of time, the popula-
tion at this surface site is reduced by more than a factor of 2
due to the hole transfer to the rest of the crystal. So, for thé&~ formation in the outgoing trajectory pamgX’pY’pz(g).
unperturbedLiF crystal, the hole diffusion is not slow com- Here p, | py, or p, corresponds to the initial conditiog,is
pared to the characteristic time of the projectile passage 0vgfe impact parameter of the trajectory defined at the distance
a given fluorine sitdalso of_the order of 50 a.u.Therefore ¢ cosest approactsee Fig. 5. The final negative-ion frac-
the finite valence band width may have an effect on thgjon p- is obtained by averaging over all the initial condi-
charge transfer and cannot be neglecteqriori. It is also  ions and impact parameters within the surface unit cell.
worth noting that the population of a hole does not decay fjna) results for the F formation in grazing scattering
e_xponentially with ti_me, thus forbidding the definition of a .o the LiR00Y) surface are presented in Fig. 6 together
simple hole decay time. with experimental data of Refs. 4 and 17. The experimental
negative-ion fractions close to the formation threshold are
well reproduced by the present study. At large velocities, the
theoretical results saturate at 100% while the measured nega-
We have studied the Hormation from fluorine atoms for tive ion fraction decreases as velocity increases. This short-
the grazing collision geometry presented in Fig. 5. The fluo-coming of the theory was already discussed in détal.is
rine projectile is assumed to follow th&Ry(t)=[Xj,;  caused by the neglect of the electron loss byifn in the
+uvtcose, Yi,t+uvtsina,Zyt)] classical trajectory, where present calculations.
a is the angle of the trajectory with respect to t{el0 Now we turn to the discussion of the effect of the hole
direction at the surface, ang is the projectile velocity com- diffusion on the negative-ion formation. As the most impor-
ponent parallel to the surface. The grazing angle of incidenceant feature seen in Fig. 6, the coupled cluster results are very
0=1.4° used in this study corresponds to the experimentatiose to the results obtained within the “succession of binary
conditions of Ref. 4. We have found that an angle4° collisions” model®® In this model, one sums the probabili-
well represents an experimental azimuthal random directiortjes of electron capture by the projectile in individual binary
in the sense that the final negative-ion fraction does not decollisions with F lattice sites along the projectile path.
pend one for « larger than 4°. Th&y(t) trajectory is ob-  These binary probabilities are obtained under the approxima-
tained from the binary-interaction potentials between theion that there is no hole diffusion in the crystal, i.e., the
projectile and the Li and F surface sitegfor details see density of states in the valence band is approximated by the
Ref. 19. o function. Therefore, it turns out that the hole diffusion has
The time propagation of the wave functi@&(t) was per- a very little effect on the negative-ion formation. It is then
formed with initial conditions corresponding to the hole lo- not surprising that convergence with the cluster size is
cated at they (py or pz) orbital of the projectile. The initial reached withNyx=351, Ny=15, N,=2 cluster. A largeNy
distance from the surfacg,(t=0) is chosen large enough so is necessary because of the long trajectory path of the pro-
that the projectile and the surface sites are decouftigr-  jectile close to the surface, whilbl;=2 is certainly not
cally Zo=10a.u). As a result, we obtain the probability of enough to develop a valence-band structure of the crystal.

B. The negative-ion conversion of the neutral projectile
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This feature of the “hole localization” during the charge state associated with the HS to the other VB states are ener-
transfer requires a more detailed discussion. getically unfavorable. Therefore, the charge transfer locally

The question is then why are the coupled cluster results sproceeds in a binary form involving only the projectile and
close to those of the binary treatment neglecting the hol¢he HS states. This information can be also inferred from the
diffusion. In general, by introducing a coupled cluster, asfact that a logarithmic scale for the projected DOS is needed
done presently, several physical effects are included beyont be able to observe the VB states at small projectile surface
the binary-type approximation(i) The charge transfer can distances, which means that they are essentially decoupled
proceed simultaneously with several halogen sites at the sufrom the projectile and from the “active” HS. Note that the
face. (i) The hole diffusion may increase the negative-ionsituation could be different if one of the adiabatic states
formation probability by removing a hole from the crystal would enter the VB continuum. Then the hole loss from the
sites coupled to the projectile so that it cannot be recaptureddiabatic state to the VB would be possible via an adiabatic
In a certain sense, the latter effect amounts to confering arbital promotion mechanisf?~>!This is not the case in the
finite width to the states localized at the surface lattice sitespresent situation even for the projectile-surface distances
E,—E;—il. Zy=2.8 a.u. corresponding to the turning point of the trajec-

We have checked the importance (f by performing a  tory in the considered velocity range. In fact, comparing di-
calculation with the hopping integrals between the crystapbatic and adiabatic projected DOS, one can see that when
lattice sites set to zero, while the projectile states are stilfo decreases, the upper adiabatic state approaches the VB
coupled to the states localized on the halogen surface sitegtates and the relative weight of the latter in the D@&-
As one can see in Fig. 6, the results of this calculation aréespondingly in the charge transfencreases.
identical to the ones obtained with a binary treatment. In- 't iS important to stress that our model, because of the
deed, from the energy differences and couplings shown iffeglect of the crystal polarlzgtlon effec'ewgre;ﬂmatesthe '
Fig. 2, one can conclude that the charge transfer with a givefifect of the Coulomb potential of the projectile on the dis-
lattice site is active in a rather small region around this sit ant sites. Th|_s means that the Vilatescorresponding to
that barely overlaps with the charge-transfer region corre-att'C‘? sites d|ff<_aren.t from I—!S\re_ actually Ie§s perturbed
sponding to the neighboring sites at the surface. As it followdhan it appears in Fig. 7. This brings them higher in energy
from the comparison between the complete coupled clustdC!OSer to the initial situation of largg,) and, correspond-
calculation and this model calculation, one can stress thdﬂgly' this _relnforces our conclusions on the suppression of
introducing the finite valence-band widthole diffusion in-  the hole diffusion.
deed increases the negative ion fraction, albeit this effect is
very small.

Regarding (i), the attractive Coulomb interaction be- IV. CONCLUSIONS
tween the negative ion and the hole in the final state of the
charge-transfer reactidsee Eq(5)] locally and temporarily
Fhe;tlérrbztg?esgzgd Sggﬁmra?i\?;?nlgjtrsnfg(tai‘odne%Z?]etr)aecﬁtt))givr\:g atment of the projectile-surface charge-transfer problem
from t%e projecté d'DOS shown in Fig. 7. It corresponds o llows us to take into account the f|.n|te valence—ba_nd width
the model situation when the projectné) ié at a fixed dis- (hole molyhty) of the target. The main purpose of .th|s work

. TR is to elucidate the effect of hole diffusion in the LiF crystal

tance from the surfacg, above a given “active” halogen

. : on the negative-ion formation and to test the validity of pre-
site (HS). We present the sum of the DOS projected on the\/ious trea?menf*sf‘*19 based on the binarfprojectile “a)(/:tivep
‘/’pz(P) and on the¢pZ(HS) states. Note that here we con-

site” at the surfacg collision model. For theunperturbed
sider the DOS for the hole, in contrast to Flg 4 where thq_”: CrystaL the hole popu|ation left at the given anion sur-
electronic DOS has been plotted. Two calculations are peface site by electron transfer to the projectile decays on a 50
formed. The adiabatic calculation is performed with the com-a u. time scale. Since this time scale is comparable with the
pleteﬁ matrix, while in the diabatic calculation, the coupling time of the projectile-surface site binary interaction, one
terms between the projectile and the surface sites were set tmuld expecta priori that the hole migration out of the
zero. As an energy reference we use the energy of the initialharge-transfer region would promote the negative ion for-
state, so that at infinite projectile surface separations, a pranation.

jectile state is located at zero energy and the hole states of The present model calculations are in good agreement
the VB are located at about 35L.8 eV. As soon as the pro- with experimental data in the velocity range close to the
jectile approaches the surface, the VB is perturbed and fonegative-ion formation threshold. As a main result, we find
decreasing projectile surface distance, discrete states splhiat owing to the attractive Coulomb interaction between the
from the VB. In particular, one state that corresponds to théiole in the crystal and the negative projectile in the final state
hole located at the HS is much lower in energy than the resdf the charge-transfer reaction, the valence-band states are
of the VB states. Close to the surface, the charge-transfdocally perturbed and the hole diffusion is temporarily inhib-
interaction between th® and HS orbitals sets in and its ited during the collision. Basically, when the projectile is
effect is seen in the energy difference between the diabaticlose to a given site at the surfa@he “active site”), the

and adiabatic states, the latter repelling each other. Obviole transfer proceeds between the projectile states and the
ously, the hole transitions from the projectile or from the “active site” states with very little hole delocalization in the

We have studied the Fformation in grazing scattering of
fluorine atoms from an Lif@021) surface. The coupled cluster
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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 thdonic crystal. Moreover, locally strong perturbation of the
negative-ion yield, the present results correspond well to thealence-band properties due to the Coulomb field of the pro-
results of the earlier binary-collision treatments. We wouldjectile should play an important role in the case of multi-
like to emphasize that a local modification of the projectilecharged ion projectiles. The situation should be quite differ-
and target states at the moment of the collision is often inent in the case of resonant neutralization of singly charged
voked to explain various phenomena in projectile-surfacdons or Auger deexcitation of metastable speéigsin this
interactions?%49-51 case, the final state of the projectile is neutral and thereby the
Although the absolute value of the effect of taking thevalence-band structure is basically unperturbed and the hole
hole diffusion into account might vary from one projectile/ diffusion out of the charge-transfer region is fast. Finally, the
target combination to the other, the main conclusions obsituation considered here is very different from the case of
tained here should hold for the general case of the negativéhe projectile-metal surface interaction. For a metal target,
ion formation at ionic crystal(alkali-halides, oxydes the electronhole) mobility is high and the long-range Cou-
surfaces. The mechanism of transient suppression of holemb fields are efficiently screened by the conduction elec-
diffusion by the projectile field in the final state of the trons. The charge transfer is then nicely described as being
charge-transfer reaction is a robust consequence of the onfjue to the interaction with the continuum of the delocalized
partial screening of the time-dependent electric fields by thealence-band statdsee e.g., Refs. 27, 52 and)53
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