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Theory of negative-ion conversion of neutral atoms in grazing scattering
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The theoretical approach proposed by Borispwal.[Phys. Rev. Lett77, 1893(1996] to treat negative-ion
conversion of neutral atoms at ionic crystal surfaces is described in detail. Due to the localization of the
valence-band electrons at the anionic sites of the crystal, the conversion process is viewed as a result of
successive binary collisions between the projectile and the negatively charged sites at the surface. Parameter-
free calculations of F formation in grazing scattering from L{EOQ) and KI(100) are performed using a model
in which all sites of the crystal lattice but one, the active site, are represented by eventually polarizable point
charges. Parallel velocity thresholds for negative-ion formation, relative efficiency of the negative-ion forma-
tion for LiF and KI crystals, and dependences of this efficiency on the scattering angle correspond well to the
experimental result§S0163-182807)08635-9

I. INTRODUCTION scattering, the parallel velocity may also help to bridge the
gap between the Fermi level and the affinity level of the
Charged particle-surface interactions have been a subjebggative ion. This leads to the so-callkthematically as-

of intensive research over the past decades. Considering ifisted negative-ion formatiof*2-23
sulating surfaces of ionic compounds the most thorough It follows from the preceding discussion that the basic
studies have mainly focused on electron- and ion-stimulateglectron transfer mechanisms for metal surfaces depend cru-
desorption and sputteriig® and on ion-induced electron Cially on the position of the affinity level of the atom relative
emissior®” The evolution of the charge state of the projec-t0 the Fermi level of the solid. Based on these mechanisms,
tile during its interaction with ionic crystal surfaces has re-the finding of very high fractions of negative ions in grazing

ceived attention only recentf7!® In experiments on the
grazing scattering of positively charged and neutral H, O, F vacuum level

projectiles from alkali-halide surfaces very high fractions of 0
negative ions were unexpectedly observed in the scattered 2 0sS F
beams&)_,l3,15 -4 |

Until now the concepts for electron transfer from a sur- s ® capture Fermi level
face to an atom essentially descend from atom/metal surface L -8,
interaction studie$”*8In this case, the formation of negative w10,
ions is qualitatively well understood. Basically, when a neu- 12
tral projectile approaches a metal surface its affinity level is -14 a)
shifted down due to themage potential At small projectile- -16
surface separations the affinity level is thus brought into Al
resonance with occupied electronic states of the metal below 4
the Fermi level. It can thereby be populated vésonant ol vacuum level
electron capturefrom the metal. As soon as the projectile ] -
moves away from the surface the populated level rises in ~ iuvssEpcaetue
energy and, at large atom-surface separations, it can be 3
brought in resonance with unoccupied electronic states of the w 8
metal above the Fermi level. An electron transfer from the 12]
negative ion back to the metal becomes possible and may ]
lead to the neutralization of the ion. These processes are -16 4 b)
presented schematically in Fig(al The final negative-ion OF K

population after the collision process is determined by the

probability of the negative-ion formation by the electron cap- |G 1. Energy-level diagram for aFion in front of a metal
ture close to the surface and its survival against electron los@\) surface[part () of the figurd and in front of insulating
when moving away from the surface. The rates of the electirF(100) and KI(100) surfacegpart(b) of the figurd. VB and CB

tron loss/capture depend on the coupling between the elegtand, respectively, for the valence and conduction bands of the
tronic states of the negative ion and metal and can be calcuenic crystal. SS indicates the position of surface states conjectured
lated nowadays nonperturbativéf?°In the case of grazing in Ref. 15 to invoke a resonant electron-capture mechanism.
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scattering of F, O, H atoms on alkali-halide surfaces ap-
peared at first sight very surprising. Indeed, alkali-halide sur-
faces are characterized byhsioad band gap Taking, for
example, a LiF crystdlFig. 1(b)], this gap extends from the
binding energies of the valence-band electrorf&,|(
>12 eV) to vacuum energié&:?® Moreover, image potential
effects for a moving charge in front of an alkali-halide sur-
face can be estimated not to exceed 1-Z%Mence, over a
broad energy range no electrons of the solid would be avail-
able for resonant electronic transitions to the affinity level of FIG. 2. Sketch of the binary interaction model for Afh atomic
the atom. Consequently, one could conclude that negativesrojectile scattering from an ionic crystal. The shaded plane repre-
ion formation is hardly possible in this case which is in con-sents the portion of the ionic surface surrounding the active Hal
tradiction with the experiments. site (dark central circlg The bold curve indicates the trajectory of

It has been suggested’ that the observed high negative- the impingingA? projectile (dark upper circlg The vectorR lo-
ion fractions could result from resonant electron capturecates theA? projectile relative to the Hal active site taken as the
from occupied alkali-halide surface stateBhe existence of origin of the coordinates.
such states in the right energy range and with a sufficient
density had thus to be postulated. This explanation is actutansfer process in one binary collision, Sec. Ill C determines
ally at variance with experiments on Naneutralization at the inputs to the model using adaptations of quantum chem-
alkali-halide surfaces. Indeed if the conjectured states existel§itry techniques, finally, Sec. Il D copes with the problem of
the neutralization efficiency of Nashould have been com- the trajectory. The results are presented and discussed in Sec.
parable with F formation from F in similar conditions. This
is so because the recombination energies of Na its
ground staté€5.139 eV} and first excited stat€8.037 eV} are Il. THE BASIC APPROACH

comparable with the electron affinity of .45 eV. In ad- The proposed electron-transfer mechanism is based on the

dition, the energy difference between the Effinity level : . .

and the Na ground state level is attenuated close to the SUQ_roperty of the considered ionic .cry_sta(l_sF, Kl) to have_:
. ; } aflternatlng+1 and —1 charge distributions at the lattice

face due to the image potential effect: the ground-state IevesiteS' Al (alkali) and Hal (halogen, respectively. The

of Na experiences an upward shift close to the surface whilg_ "™ gen, P Y-

the F level moves downwards. Actually, the experimental;’ea::izCgaﬁfg{%?iaﬁfﬁ;ﬁgslgegt:rst?sefsrzﬂgj zg(rjnt?hee\ﬁél
dat&® show that positively charged alkali ions are not neu- Y

in1e30-33 ; ; i
tralized at alkali-halide surfaces in the low velocity regimenvay'Z orbitals. These orbitals differ little from the free

where F ions were found to be efficiently produced from F. Hal™ ones The d_lfference |s_mz_;unly due to polarization by
the surrounding ion¥ The binding energy of the valence-

In fact, the experiments of Ref. 28 show that not only the and electrons is essentially the electron affinity of a free

density of occupied surface states but also that of the uno{-| - ion i d by the Madel tential: th tential
cupied ones is negligible in the few eV energy range. Addi- al lon increased by the Madellung potential. the potentia

tional information comes from the observation that Augerc[]za:teedsbgntgeh;elzt Z];wtz'?elOgihlgrt(r:fn(t:rr')k/)s'{?cl),ntftit?r? a; r:j(_)mt
neutralization is suppressed in the scattering of noble ga ges, f ?h II ' band riou IVf L.F§4Y2'5':' ng
ions from alkali-halide surface€$. The latter phenomenon €nergy come from the valence band widheV for Li

o ; 34
can be well understood as being due to the large band gap 81{1(2:fromdpoIalnz?tlor(Mof[t—Lntkl)eton) ?ff;ffés- f ch
ionic crystals; it would not exist in the case of an important onsider electron capture by a projeckie, of chargeq,

population of the surface states conjectured in Refs. 15, 2fcattered at the surface of an ionic crystal. The valence-band

Finally, let us also mention that no evidence of such Stategl_ectrons _belng localized at the Hatrystal sites, one deqals
was found in metastable helium atom deexcitationw'th localized electron capturevhereby the projectileA

spectroscopy! :ntlj_ergoets Ia ;tequence of binary interactions with successive
The absence of occupied surface states in the few evidl crystal sites,
energy range has led us to propose a mechanism which could Hal™ + Ad— Hal’+ Ad—1 1)

shift the energy leveadf the negative iorand bring it to near

resonancewith the valence band of the crystal for the dura- In each of these binary interactions we haveaative site
tion of the atom-surface interaction. Our approach takes intthe site actually participating in the charge-transfer process.
account specifics of the electronic structure of ionic crystalsPwing to the flat and narrow valence bands of alkali-halide
namely: the localization of the valence-band electrons at ancrystals, the hole mobility is low: i.e., the removal of an
ionic sites. It considers the build up of the negative-ion frac-electron from a Hal site leaves the corresponding hole lo-
tion in the scattered beam as a resultsofcessive binary calized at that sif€ on the time scale of the collision. Other
collisions with negative halogen sites at the surf&é&The  arguments supporting the idea of negligible hole diffusion
present paper describes the details of this approach. It @uring the collision event are given in Appendix A.
organized as follows. Section Il presents the basic mecha- Figure 2 displays schematically the binary collision event
nism which governs the electron transfer process. Section IIEqg. (1). The active site is taken at the origin of a reference
describes the actual calculations: Sec. Il A introduces thdrame in which theR vector locates centek. Other ions of
successive binary collision approach characterizing théhe crystal arespectatorsand will be considered as point
model, Sec. Il B is devoted to the treatment of the chargecharges.
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A. Energy-level confluence Let us consider the cade>a, wherea is the lattice con-

A key feature of the electron-transfer mechanism is thestant. Fora distant charge, a hole created on the neutral crys-
difference between the energies of the initial-like (Hal tal by the removal of a negative charge at the active site is

+A9) and final-like (Hal+ A9 1) states: seen as at1 charge. SoEy,qR)~1/R and Eq.(6) trans-
forms to
AE(R)=E(Hal’+ A% %) —E(Hal™ +A9). 2
- -1
For simplicity we will first neglect polarization effects, in- for R>a:AE(R)~Ae”Mng+ g+ QT (7)

cluding image potentials. Exploiting the characteristics of
alkali-halide surfaces dwelt on in the introductory part of thisntytively, the meaning of Eq(7) is quite clear. Initially we

section, we have had an electron at the Hakrystal site and thé9 projectile
in front of the neutral crystal. So, except for polarization
E(Hal™+ A% =Epy-+Epat >, % -> i effec’Fs, the relevant energy is givebn dby the energy of the
i Ari—rl T il mentioned electronE pija = — Evad— € . The final state
a9 q corresponds to the eIectron !ocated at@k?él projectile in
+ 2 R=T] R (3) presence of a hol@at the origin of coordinateon the crys-
1

tal; the latter is equivalent to a positive chargeRat0. The

In Eq. (3) the summations run over the point charges, i.e.corresponding energy i&gina=(q—1)/R— €ne 1. Equa-
excluding the active sitdR=|R|; Ey,- andEaq are, respec- tion (7) is just theEgjna— Ejnia difference.

tively, the energies of the free Halion and A% projectile; Let us illustrate our approach with two examplés)
qi(==*1) are the values of the point charges at the crystanegative-ion formation via electron capture by a neutral pro-
sites. The third term is the interaction energy between th¢ectile, q=0, and(ii) neutralization of a singly charged posi-
point charges. The fourth term is the interaction energy betive ion, q=+1.

tween the active sitéhaving a charge- 1) and all other sites In case(i) Eq. (7) becomes

of the crystal. The fifth term is the interaction energy be-
tween the projectile and the point charges. Finally, the last
term is the interaction energy between the charge of the pro-
jectile and that of the active site. Similarly,

binding 1
AE(R)~A &M%+ Eyyg— . )

The attractive— 1/R term in Eq.(8) initiates theconfluence

0 . qid; of the energy levelsf the initial-like and final-like states.
E(Hal’+A% ) =Epgot Epa-1+ X, - In case(ii) Eq. (7) becomes
1#] |I’, I’]| q
D qi(q—1) @ AE(R)~ A€M+ By, 9

IR Thus except for polarization effects, which are likely to be
Eq. (4) takes into account the fact that the removal of theSignificant for largeq, no confluence of energy levels occurs
electron from the active site leaves a null charge at this sitd©r Singly charged positive ions

From Egs.(3) and (4) we have Figure 3a) displaysAE(R) [Eqg. (6)] for the case of F
formation at a LiF100) surface(Ae”™"9=0, a=7.592,).
AE(R)=(Eya0— Epar-) — (Epa—Epa-1) Figure 3b) shows the same for Naneutralization at the
same surfaceX e®?"9= —1.689 eV). The scattered particle
> Qi S di 4 q ®) is assumed to follow a straight-line trajectory in ttk00)
Il 9 IR-n|| R’ direction with a turning point located at 25above the F

) ) i o active site and forming an angle=2° with respect to the
The first and second terms in brackets gg}{]ginthe binding engrface plane. Dashed lines represent the asymptotic behav-
ergy of the electron to théree Hal™ ion (e5~ ) and free  jors given by Eqs.(8) and (9). Oscillations in the actual
A% projectile (ef\'gi*'{‘%, respectively. The term in the curly AE(R) curves correspond to the successive passage of the
brackets is the energy required to bring an electron initiallyprojectile over positive/negative crystal sites. One nicely
located atR=0 on the surface to the poirR in the gas seesin Fig. @) how the energy levels come together thereby
phase. This is the difference between the Madelung poterfacilitating the electron transfer: close to the active site
tials created by the point charges at the Haite [Ey,(0)  AE(R) is reduced to-3 eV as compared to 12 eV at infinite
=Epadl and at the poinR [Ey.(R)]. The last term is the separation. On the other hand, for the'Nw@eutralization the

energy required to neutralize the Habn in the field of the ~energy defect of the reaction remains large. This qualita-

Al projectile. Finally, Eq(5) can be rewritten as tively explains the experimental results of Ref. 28, namely,
in the range of projectile velocities where F atoms grazingly
_ + _binding q scattered from a Li00 surface are efficiently transformed
AE(R) =A™ Epag— Evad R) + ®)  into F ions N& projectiles remain un-neutralized.
Note that in the case of‘Fand H projectiles complete

with neutralization at the alkali-halide surfaces is obseR?ekhis

A ebinding_ inding_ _binding. ©) is.so because the F and H energy levels lie in close resonance

Hal Ad with the valence band of the tardefq. (9)].
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4t 5 ] FIG. 4. Sketch of the considered binary interaction model. The
20 2.5a.u. R ] shaded plane represents the portion on the last layer of the ionic
o . surface surrounding a Halactive site(dark central circlg Circled
10 100 + symbols represents mere point charges. The straight line at a
R (a.u.) distanceZ from the surface shows the trajectory of the impinging

Fyasatom(dark upper circlgas it passes by. THe vector coincides
FIG. 3. Behavior of the energy differendeE betweerfinal-like with the z axis of a(direct Cartesianreference frame accompany-
andinitial-like levels inA%/LiF(100) point-charge interactionfre- ~ ing the Fy,satom motion. They axis of this rotating frame is de-
action Eq.(1) of text]. The full and dotted lines are determined from fined to lie in the shaded plane. Theaxis definition ensues.
Egs.(6) and(7) respectively. Two cases are illustratédr F~ ion
formation from a neutral F projectilg& 0), and(b) neutralization A. The model

ofa pfositi\{ely C]t‘arrlgeig I\Laplr?jj_ectile (%:Jlrl)' AhE is C‘:]"C“r']atedd We will consider the F projectile grazingly scattered
asha urt1_ct|(|)|n g tth N ta_ 'Stani’e aﬂong t e_fhat Sbozv‘c’,e along the(100) direction. Grazing scattering collisions are
schematically by The Insels. specuiar refiexion with ang characterized by the small angle the trajectory has relative to
and turning pointR,=2.53,. The oscillations are due to the pas- L .

- ) the surface plane. At small projectile-surface separations
sage of the produced Fon or reactant N&ion above the succes- h t of the ch ¢ fer tak | th ectil
sive =1 point charges of the ionic crystal. where most of the charge transter ag es piace, he projectile

movesalmost parallelto the surfacé® One can then con-
sider thatduring its binary encounter with an active sitee

Ill. PARAMETER-FREE METHOD TO DESCRIBE particle moves along a trajectory parallel to the surfdgg.
ELECTRON CAPTURE BY F ATOMS GRAZINGLY 4).
SCATTERED FROM LiF (100 AND KI (100 SURFACES To obtain the probability of the electron-transfer process

[Eg. (1)] during the binary collision with an active site the

As already stated in Sec. |, when treating negative-iorfollowing procedure is applied. First, one calculates electron-
formation one should cope with two issuéB: the produc-  transfer probabilitie$(Y,Z) along a set of straight-line tra-
tion of negative ions by electron transfer from the targetjectories(Fig. 4 R(t)=(vt,Y,Z), wherev is the projectile
surface to the projectile, an@) the survival of the negative  velocity. Then, the final transition probability**%(Z) in a
ion in front of the surface. The present work concerns thédinary collisions with an active site is obtained by averaging
first part of the problem. The second part is still open thougtP(Y,Z) over trajectories in the/ range[ —a/2,a/2] span-
it was already discuss&&>*" that, owing to the large band Ning a region of impact parameters per active site in the
gap in insulators, the destruction of negative ions, if at all010 direction:
possible, proceeds via kinematic effects, e.g., via kinematic
tuning into resonance with conduction-band states. There- PSite(Z)=fa/2 P(Y.2) ay (10
fore, we do not pretend to reproduce the complete shape of ' a’
the parallel velocity dependence of the negative-ion produc-

tion. Rather, we will concentrate on the low parallel velocity |t js noteworthy thaPs'§(Z) gives as well the probability
part of the experimental data, especially the parallel velocityyf conversion into negative ions of a beam of neutral projec-
thresholds and relative efficiency of the negative-ion productiles lying in anXY plane, at a distancg from the surface,
tion when changing the target or the scattering conditionsind traveling along thX direction ((100)), when crossing a
(angle from the surface of the outgoing/incoming bgam row of surface atoms oriented along tiedirection ((010))
Still, it will be seen below that the comparison of the com- perpendicular to the beam. IndeedNif, is the total number
puted and measured data enables one to draw some concbf-projectiles and_ is the size of the beam, then there are
sions as to the electron logsegative-ion destructiorpro- (N a)/L projectiles per active site afitN . aPs'§(z)]/L
cess. negative ions formed per active site. Since there lat@

—al2



10 632 A. G. BORISOV AND V. SIDIS 56

active sites in the direction normal to the beam direction the=x, y, or z) orbitals actually refers to the quantization of
total number of negative iond™ is these orbitals in theotating (x,y,z) reference frame.
The evolution of the wave functioW during the collision

Nproj aP°"4(2) L is given by the time-dependent Schrodinger equation,

= L a = NprojPSIte( Z). (11
A4
Thus, the probability of conversion of neutral projectiles into T Hetectronic? (16)
negative ions when crossing a row of surface atoms is . - _ _
N /N pro= psity(Z). whereH gecironiciS the Hamiltonian governing the motion of

Projectiles scattered in th@ 00 direction cross succes- the considered electrons. The dependence on time of the
sive rows of surface atoms oriented in %240 direction at problem arises througR(t). Assuming that thep, basis
X; points separated bg/2. So the final negative-ion yield states in Eq(14) are orthonormal, Eq.16) becomes
can be evaluated as

_dA .
N i a={7—t—|T}A. (17
plotal— 1 _ H {1_ PSite(Zi)}, (12
i=1 A is the column vector of, coefficients in Eq(14), H is

_ . : the matrix of theH gjecrronicOperator in thep, diabatic basis;
whereZ; =Z(X;) whenZ(X) is the trajectory of the scattered thereforeit is not diagonalin general. In particular, off-

beam(see Sec. Il D. Here we made the usual assumption _ £0 Hald
for grazing scattering experimefitshat the trajectory lies in  diagonal matrix elements ot between ¢ 9 and ¢pj

. . IL .
the plane normal to the surface. functions induce gas/surface electron transfer transitions.

. . FO FO
- Off-diagonal matrix elements oF{ betweeng %sand ¢ 9
B. Description of the charge-transfer process 9 ¢pﬂ d)PV

0 0. .
Here we deal with the calculation of the charge-transfef©" between¢;'z" and ;") u# v functions are related to
probability in the binary collision polarization-type distortions and share the population of the
p states around theyk (or the Ha) center. T is a Coriolis-
FO +Hal™—F_ +Hal, (13 couplingmatrix that arises from the above-mentioned quan-

gas gas

tization of the basis states in the rotating reference frame
where F,s is the projectiie moving along theR(t) (X,¥,2): Ta=—Ty={pld/dt| &) (see end of Appendix B
=(vt,Y,Z) trajectory and HalF or ) is the active site on Diabatic states are defined to have no other contribution to
the alkali-halidgLiF (100 or KI(100] surface. Owing to the the ( #,|d/dt| ¢} matrix element than the one related to the
openp-shell structure of an actual halide atom, three level§yst mentioned rotation; radial coupling matrix elements of

emerge in each of the £'+Hal™ and R, +Hal’ cases. the form(e|d/dR| ) that would arise from the variation of
These levels correspond to permutations of a hole amongR(t)| vanish or are negligibl&®

three Q-type (respectively, p-type) orbitals in the case of F
(respectively ). The wave function of théprojectile/active

site} system can be expanded over a six-stigbatic’® basis
(to be defined beloyw The calculations described in this section concern the

{Fgas— € —Hal} binary systen{Hal=F or |) in the field of a

C. Computation of the Hamiltonian matrix

6 point charge alkali-halide surfad&iF or Kl, respectively.
V= E a by, (14 The calculations involve 783 point charges organized in four
k=1 parallel layers. This number was arrived at by requiring the
where calculated Madelung potential on the active site to be better

than 510" * eV in both cases. For thiFg.s— €™ —F} sys-
Py 0 =y 0 0 0 temall the 19 electrons of the system were explicitely con-
¢'<E{¢pias’¢p3as’¢pjas’ ‘75;'5' "ﬁgfl ' gfl ;- 19 sidered. For thdFg.s—e™ — 1} system we used aab initio
o0 |-dependent pseudopotentfalto represent the 46 inner-
b 9% basis states correspond itttial-like situations where glectrons Of. . Except fpr the poin§ Charges_, the computa-
the hole is located at the, (u=x, y, orz) orbital of the F fuonal vyork is very similar to that involved in atom-atom
o Hal® ) ] ) i interactions and molecular structure calculations. Accord-
projectile. d’PM basis states correspond fimal-like situa- ingly, it has been performed using a quantum chemistry
tions where the hole is located at tipg (w=x, y, or z)  computer codé
orbital of the Hal active site. For simplicity, all the reported calculations concsingle
Our decision to single out the electron transfer in a binaryconfiguration state function&SP built from a single ortho-
collision introduces anatural choiceof coordinate system, normal set oflatomic or moleculagrorbitals. The orbitals are
namely, the one whose axis lies along themolecular axis determined from Hartree-Fock-Rooth4arself-consistent-
R, see Fig. 4. The other two axes are arbitrary and are chosdield (SCH schemes described below. This is achieved using
in such a way that theg axis lies in (or parallel t9 the  expansions of the orbitals over contracted Gaussian basis
surface plane. Thex(y,z) reference frame is obtained by an sets: for F we used the double zeta basis of Ref. 43 while for
orthogonal rotation matrix¥R from the fixed ¥,Y,Z) one | we used a (83p)/[2s2p] contraction of the basis given in
attached to the surface. The above indexing of phe(u Ref. 44. Diffuse and polarization basis functions are added to
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these bases to allow, respectively, for the description of the Our use of SCF eigenstates Bfjosed-sheil EQ- (22)]

relevant negative ions and the distortion of tmeutral or

negatively chargedatomic species in the field of the various F closed-shef?i = € ] (24
point charges of the problem. The exponents of the addi-

tional basis functions argg(F)=0.11038, {,(F)=0.069, entails that the energy difference of two CSF’s, sgyand
{4(F)=0.8 and{ (1) =0.03, £4(1) =0.29. n;, is simply expressed in terms of the difference of the

corresponding orbital energies:
1. Adiabatic calculations

Standard electronic structure calculations of molecular 57,j—<‘3m=6i—6j (25)
physics or quantum chemistry are oriented towards the de-
termination ofadiabatic states which are eigenstates of the (Koopman theoren*>*® Equation(25) comes in particularly
electronic HamiltonianH ecironic fOr fixed positions of the handy since the dynamics of electron transitions actually de-
nuclei. Our decision to treat the problem in terms of CSF'spend onenergy differencesather than absolute total ener-
imposes that the adiabatic states correlated with the initialgies; this turns out to be fortunate because the errors com-
like and final-like states of Eq(13) have to be described by mon to the considered CSKeamely, correlation error and
creating a hole in the closed-shell configuratimf the use of a unique set of orbitalare canceled to a large extent.
{(F—Hal)> —point-charge surfageeference systenThe rel- To go further, and proceed to the determination of the
evant adiabatic states, notegl (i =1,6) are obtained by per- diabatic states in Sec. lll C 2, it is useful to note first that, at
muting the hole among the corresponding six outer orbitalsmallR where the electron transfer is likely to take place, the
w;, ordered by increasing binding energy, in the reference:; energiegand consequently thé,7i ones are split intotwo

closed-shell system. The requirement that well separated sets of three levelBhis splitting actually
. reflects the effect of the electron transfer: the sefi
(| Hetectronid ;) =0 (i#]) 1y 1,2,3) corresponds to antibonding orbitals while thel set
entails that the orbitals constituting the adiabatic CSF’s havéi =4,5,6) corresponds to bonding orbitals. The resemblance
to obey the condition of the present problem, in the mentioned conditions, with an
atom-atom problem singles out the internuclear a@jsas
(wi|Fij|wJ>=0 (i#]), (19 already pointed out above. This makes it enticing to trans-
form the w; orbitals in each set independently so that they
where X . .
have preferential orientations along one of the three axes
N y, orz. This is actually achieved using a slight adaptation of
Fij =hC+ E {23,— K|}+Ji+Jj . (20 the procedure described in Appendix B. The transformed or-
1#1.] bitals, in each ses (=1,I1), may then be viewed agli-

hC contains the kinetic energy of an electron and its interac@tomiclike) 5, arj, ando* orbitals perturbed by the rest of
tions with all nuclei of the systertthose of F,sand Hal as the_ crystal._Aft(_ar this trgnsfqrmatlon, the diagonal Hamil-
well as all point charges describing the surfact’ is the  tonian matrix€ in the adiabatic CSF basj&gs. (18), (24),
total number of occupied orbitald, andK, are the Coulomb  (25)] becomes the block-diagon&lmatrix: £ ;=0 (Vu,v).
and exchange operators, The nonzerof f‘j (m#v) matrix elements correspond to
. , 05—y o y OF my—r, couplings due to the crystal field
3 f(r):f g @) £(r) which breaks the diatomic molecule symmetries in each set.
[r—r’| ' The subscriptg. and v have the same meaning here as those
defined at the beginning of Sec. lll Bu([or v]=X,y,Z2).
of (r')f(r’) From the preceding discussion one may interpret the di-
Ki f(r)=f dr’ W @)(r). (21) agonal energy differences between corresponding states in
the two blocks,
Equations(18), (19) can actually be satisfied fany pair
(i,j) of orbitals by performing, as has actually been done in A =Fll (26)
the present work, an SCF calculation on tblesed-shell L
{(F—Hal)> —point-charge surfag¢esystem. Though in this
case the Fock-operatbiyyseqd.sheiiS different from the one in ) F_Hal®
Eq. (20), =Hii—Hiszi+s and couplingsH % =H;;,3=H;,3;
between electron transfer states in the diabatic basis, that is,

iabatic

as being directly related to the energy differenA&Eﬁ

N
F closed-shef™ hC"’Z {2.]|—K|}, (22 o .0 1
=1 H;gaé"m — 5 \/Ai_(AEzlabat|c)2_ (27)
it is actually consistent with Eqg19), (20) owing to the
property This amounts to make the approximation that the off-
Jio=K diagonal matrix elements of the diaba®¢ matrix related to
10=K o). (23

electron transfer preserve the symmetry labels would be
The above properties are extensions of the well-known Brilthe case for a puréFy,s—Hal)~ system. We will see in Sec.
louin theorend® [l C 2 how we assess the quality of this approximation.
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2. Diabatic states (** —="/Hal?%, and (ii) one for anactual Fy,; atom in the

The diabatic states for the present problem are obtainegresence of the point-charge surface embedding a null charge
while keeping in mind the view, already put forward above,at the Hall site (Fj,d**0").
of an atom-atom system perturbed by the crystal field. Di- Again, for the *‘—"/Hal® calculation we have made use
abatic states for electron transfer processes are required o the properties of closed-shell CSF presented Sec. IlI C 1,
preserve the dominant characters the wave functions have famely, & —"IHal® _ = Hal T € “UHalT (1=1,2,3). We
the initial and final stages of reactions of an Ef. or (13)  thereby get the final-like energies,
type. Stated differently, they should avoid mixings of these
characters that may take place on the time scale of the col-
lision. This is the way(¢,|d/IR|¢) matrix elements are
kept the smallest possibfé According to this prescription, a
first step in our construction of diabatic states consists o
hindering F,s—Hal two-center mixings related to electron

transfer; the latters are taken care of in the dynarhias. . o
(17)] by off-diagonal elements of et matrix [Eq. 27 I8 P le | SHEOR S e B BN T8 O er
The mentioned constraint is imposed by preventing an elec- Similarly to what has been done in Sec. Ill C 1, it is en-

tron that belongs to a given center to be describable in term cing to isolate in the results of the above caggsand (b)

of wave functions centered around the other center and vic .
effects of the molecular (fs—Hal) axis,R, from effects of

versa. To |IIust'rate. how this is achieved, in practice, let UShe rest of the crystal. As mentioned there, this is done by
consider two situations. . : .
transforming the open-shell orbitals or equivalently the cor-

—pf)?lt-clr?zlatrlgle-ll(jrfac}vg\ge functions:  the {Fgas—HaI responding hole stateg” [a= Fgasor HaP for casega) and

Clearly, if in this case one replaces th&d@tom by anull (b), respectively, so that they have preferential orientations

. o ) . along thex, y, andz axes of the frame accompanying the
point charge(no_ted 0 ),'and describes explicitly the_ Hal motion of theR axis. Details of the procedure are given in
ion embedded in the point-charge surface, there will be n

i ® N%ppendix B.
tendency whatsoever of Halwave functions to change in p'lla'his procedure applied independently to the caaeand
any way.

. . . . )

On another other hand, if one replaces the'Hah by a (_b) tl;anséormszéhe géagonal H?mllltoruaf[n émua;tr|<|;§§f UI
mere— 1 charggnoted “—") while describing explicitly the —a _)’ as. ( ”)og ), respectively, _|n 0 ) |aggn_al_
FO__atom in front of the resulting point-charge surface, theMalrix elementss 3, of the latter matrices represent initial-
Fgasp wave functions will change albeit byixing with wave like (respectlvely,. fma}l-hkbe-energles modified by the privi-
functions belonging to the same centefere, distortion of leged F,s—Hal axial distortions. These are the sought diaba-

; Diabatic ;

the F, atomic functions by the crystal field has been al-tic energy levels and thus theE, ™™™ energy difference
lowed for but not electron transfer. In as much as the lattef"t€"N9 Eq(27) reads
mixings can influence dynamically the electron-transfer pro- — -
cess the diabatization procedure will have to go through a AEDRPe=g (D) g (@) (30
subsequent step described below. -

At this stage of the procedure, the energy levels for theOff-diagonal £ ,% (u#v) matrix elements correspond to
considered case have been obtained from two independecbuplings to atomic gas (or HaP) p-like states, in the mo-
SCF calculations: one for aactual Hal™ ion embedded in lecular frame, due to the crystal field.

EM=EFRl0" 1 ¢ ~"IHal®_ gt o 29)

F‘he last term in Eq(29) removes a Madelkgng‘pqntribution
which would otherwise be counted twi¢g ~/"°" (R)=
—Ewmad(R)]. Here too, distortion of the Halatomic func-

the point-charge surfaggé'0’’/Hal ~) and one for aractual With the above, all ingredients are available to construct
Fgas0 atom in the presence of the point-charge surfacdghe diabaticH matrix as

(Fgaso/“ —"). By actual FgasO or Hal™ it is meant that this

atom or ion is de_scr|beelxpl|0|tly as a CSF bu.|lt from orbit- HFgangaE £@ HFgag-ialo

als centered on it. For theg{—SO/“ —"" calculation we have H= 0.0 o~ , (31)
made use of the properties of closed-shell CSF dwelt on in HHFgas  pHAHA = g0

0 i
Sec. IC1 [see Egs. (22-(25], namely, £ o

B o where, using Eq(27), we have
=EFga4“‘”—eiF934 - (i=1,2,3). We thereby get the

initial-like energies, Higaé*a'o 0 0
I (28) Hede=| 0 Wt o
y
0
(b) Finallike wave functions: the {FysHal 0 0 et
—point-charge surfadecase .
Following the same ideas as in the preceding paragraph, — F¢Ha%ga (32

the energy levels for the considered case have been obtained
from two independent SCF calculatiorig: one for anactual . . . Fo_ Hal Lo
; . . The min ign mpanyin ga ling is re-
Hal® atom embedded in the point-charge surface and in the € us sign accompanying the; cougo gisre
presence of a *” charge in place of the E. ion lated to the orientations of the, orbitals in the¢>p935and the
z
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FIG. 5. ComputedAED™"{R) diabatic energy difference FIG. 6. Diabatico energy differenceAE,(R) and electron-
(dashed ling and electron-transfer interactiod igaé* alo(R) (full  transfer interaCtiO""'Zgayal (R) for the F/LIH100 case. Same cap-
line) in the considered binary interaction model for FAiB0). The  tion and labeling as in Fig. 5, except thaj=3.53,.
results shown are obtained as a functionXoélong a straight-line
trajectoryR=(X, Y=0, Z=2.5a;,). Panels(a) and (b) show the The binary interaction potentials in E¢33) have been
results obtained for the=z andx states. The estimat®EPY(R), determined from Hartree-Fock-Roothaan-SCF calculations
from Eq.(6), for a mere point-charge surface is shown for compari-similar to those described in the previous section. Likewise,
son (dotted ling. BeyondR=12a, the AE curves keep oscillating the two relevant partners were treated explicitely while the
aboutEy,— 1/R as seen in Fig. (8), owing to the passage above rest of the crystal was modeled by point charges. In each
consecutive* 1 charges of the ionic crystal. Modifications of the case three binary potentials emerge. This corresponds to the
A-Ezlabat"‘(R) curves introduced by taking into account the Mott- permutation of the hole among the2, 2p,, and 2, or-
Littleton contribution €y,) are shown by the dashed-dotted lines. pita(s of the %aso atom. The binary potentials in E¢33)

. were taken to be the average of the latter three.
¢EZ"’" states; when oriented in the same direction, as is the Knowing a potentialU(Z), the trajectory is determined
case here, the positive lobe of theorbital of HaP faces the ~PY Newton's equations of motion. In particular, the turning
negativep, lobe on ,gas point of the trajectoryZy, is given by

The consistency of the whole procedure ending up in Eq. 2
(?_,1) is finally check_ed by the dlagon_ahzafuon of thé ma- U(Zy)=E. =M —. (34)
trix and the comparison of the resulting eigenvalues with the
adiabatic ones of Sec. Ill C 1. The excellent comparison es-

tablishes the equivalence of the adiabatic and diabatic reprd- IS the normal component of the velocity of the projectile
sentations discussed above. andM its mass. It is noteworthy that, for the small values of

the normal energ¥, actually involved in grazing collision
experiments, the potentidl (Z) calculated from Hartree-
Fock-SCF binary interactions is less repulsive than the one
In the case of grazing scattering experimefdsrface which can be obtained from the universal Ziegler-Biersack-
channeling conditionsthe effective scattering potential seen Littmark (ZBL) pair potential$2 This leads to smaller values
by the approaching F atom is givenfy’ of Zy, with our choice of potential than those obtained from
the ZBL pair interactions. As will be seen later dg, is an
important parameter controlling the negative-ion production.

D. Calculation of the trajectory of the projectile

U(2)= g VHaWF(R_ri_H% Var+r(R=1.)) Our rejection of the ZBL-based potentials is due to their
XY known failure to reproduce the experimental data for low
(33 E, 49-51
Viua-e (Vak+e) is the binary interaction potential between
the projectile and the halideespectively, alkalisites. In Eq. - IV. RESULTS
(33), the summation runs only over the surface sites with o _
respective positions; (r; ); the averaging is performed A. Hamiltonian matrix
over all possible positions of the projectile in thX,{) Figures 5-10 show samples of results obtained from the

plane parallel to the surface. diabaticH matrix computations of Sec. Il C. Energy differ-
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FIG. 9. Perspective view of the computed diabatic energy dif-
ferenceA ED@P*'{R) for the F/LiF100) case for trajectories of the
Fgas Projectile in the planeZ=2.5a,. The confluence of energy
levels for X—0 andY—0 is clearly seen. Th&¢=0 cut of the

0 2 4 6 8 10 12 displayed surface is the curve shown in Figa)5 The undulations
R (a.u.) of the surface are due to the passage above consecufiveharges
of the ionic crystal.
FIG. 7. ComputedAED®{(R) diabatic energy difference

0 0

(dashed ling and electron-transfer interactiod o= (R) (full Diabati . F_Hal®
line) in the considered binary interaction model ?Lor RK0. The ences AEM 9 and couplings Hugay ) for electron
results shown are obtained as a functiorXoélong a straight-line  transfer in the F/LiELOO) (Figs. 5, § and F/KK100) (Figs. 7,
trajectoryR= (X, Y=0, Z=3.53,). Panels(a) and (b) show the  8) systems are displayed for two straight-line trajectories in
results obtained for the =z andx states. The estimat®EPY(R), the plane perpendicular to the surface and passing through
from Eq.(6), for a mere point-charge surface is shown for compari-the Hal active site at two characteristic distanZefsom the
son (dotted ling. BeyondR=12a, the AE curves keep oscillating surface p|ane_ Comparison of Corresponding pa®|$nd
aboutEy,q— 1/R as seen in Fig. @) owing to the passage above (b) in these figures shows that among théype states, those
consecutivet+ 1 charges of the ionic crystal. £0 Hal® .

ga couplings for comparable

0

having the largestH

AEPabatic energy differences actually lie alorig) (d)ggas and
z

¢,§'Z""'0) as is the case in atom-atom systems. Thedgpe

6
; it ‘::‘:::s:s“::‘\“ /’;;l////
Sgesiasiasss Z
SRR
L: ot % ““‘"’:""‘3"'3;322'
«‘0"{‘;"""‘3‘9’00‘0‘&‘ X '0" o Il
o‘tmz%&???‘zs‘\‘\‘\\ S5 E ( V)
\‘u“z:z:i::::.:,:v‘”“:‘ o “ & “ 0"' e
ey
R
S
o)
w
< .-
b - FIG. 10. Perspective view of the computed diabatic energy dif-
\ by ] ferenceAED?P{R) for the F/KI(100) case for trajectories of the
0 ! . . s Fgasprojectile in the plan&€=3.5a,. As in Fig. 9 the confluence of
o 2 4 6 8 10 12 energy levels is clearly seen. The shaded region of the surface cor-
R (au) responds to negative values € and draws attention to the exis-

) ) ) tence of a potential surface crossing in this case. Yk cut of
FIG. 8. Dlabatlcoen%rgy differencedE,(R) and electron- e displayed surface is the curve shown in Fig)7The undula-
transfer interactiorHlFLgaéml (R) for the F/KI(100) case. Same cap- tions of the surface are due to the passage above consecutive
tion and labeling as in Fig. 7 except that4.5a,. charges of the ionic crystal.
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states are expected to be the most efficient ones for the The above discussion draws attention to the possibility
electron-transfer process and were called “active” states irthat the part of the ionic crystal that is treated-a% point
Ref. 29. charges in the actual calculations of Sec. Il C could actually
A characteristics of thel—(Fgaya'O) electron transfer cou- require pol.ariz.ation corrections. I_ndegd, electron capture by
g ) w o ] the Ifg’asprOJectlle from the Hal active site leads to a change
pling is its rapid decrease &increases. This is well illus- ¢ the electric field “felt” by the rest of the crystal. This is
trated in each of the mentioned figures for fix2dThe same equivalent to the field created by an effectige-© dipole
tendency is seen when going from Fig. 5 tdfLIF(100)  \whose+1 and—1 charges are located, respectivelyRat
and from Fig. 7 to 8F/KI(100) whereZ (and thusR) in- =0 andR_=R. This field should thereby interact with the
creases in otherwise the same conditions. dipoles it induces at the sites of the crystal so far treated as
The overall appearance of taeE>***'{R) energy differ-  mere point charges. The correspondiMptt-Littleton)* in-
ences along different straight-line trajectori€s=(0<X teraction energy can be expressed as follows;
<12a,,0<Y=a/2, Z) are shown as perspective drawings in
Figs. 9 and 10 for F/LiRLO0) and F/KK100), respectively. a_ ri_—Ry rn —R_\2
Note that due to the symmetry of the crystAED***"is a Em=——% .E i —R.° I —R (39
. . . . . — I_ + I_ -
symmetric function oX andY. The figures nicely illustrate
the energy-level confluence whose mechanism was anticiFhei_ index labels all the Hal sites except the active site.
pated in Sec. Il on the basis of interactions between mere_ is the polarizability of the Hal (F~, 17) sites of the ionic
point charges. crystal, taken from Ref. 55. The terms in brackets give the
Figures 5—-10 emphasize thecalized nature of the atom/ electric field at the _ sites due to the effective — o dipole.
ionic crystal surfaceelectron transfer. For F/L{E00O), the = Equation (35) neglects contributions from the Alksites
favorable region for electron transfer is likely to be localizedsince the polarizability of AIK ions is negligible compared
around the locus of points WheHFgag'WO%AEDiabati(yz as o that of the Hal ions. Since theEy interaction energy

M’ icas i ol likel F- —Hal— point-
may be predicted from the DemkiwNikitin 5 near resonant ~ &'5€S hm the final “;_e{':gas e pomttﬁcg;arge _surféu}e
electron-transfer model. For F/KIO®), AED™4R) is seen state the corresponding correction to matrix [Eq.

to go through zero along certain trajectorigsgs. 7, 10. (3D]is
This feature indicates that a combination of Landau-Z¥ner e _em g (36)
curve-crossing mechanism and DemKowear resonant T ML
mechanism will concd? in producing the F/KIL0O) elec-  Results for theAED®**'YR) energy difference taking the
tron transfer. The presence of a potential-energy surfack,, energy correction for the F/L{EOQ) case are displayed
crossing in F/K(100) lets one expect that electron transferin Figs. 5, 6. In general, polarization of the point charges
will be easier in this system than in F/LEDO where higher reduceAEEj'a”a““(R) thereby facilitating electron transfer.
energies will be needed to overcome the resonance energshe reduction is seen to be more important Ror 8a, cor-
defect(~2—-3 eV, Figs. 5, & responding to the passage Qf,fabove an F crystal site in
Figures 5-8 show that the point-charge estimates of enyhich conditions the polarization interaction maximizes.
ergy differences AEP) for electron transfer, Eq. 6, account  Equation(35) actually relies on an asymptotic expression
reasonably well for the results of the actual calculations. Yebf the polarization interaction valid when the charges that
one observes that, the largRrthe better the agreement gets. induce the dipoles at the Hakrystal sites remain well out-
This is understandable because the point-charge view hold§de the corresponding electron clouds. For the presently
only at large enough distances so that the detailed electronigonsidered scattering conditions, the latter requirement ap-
structures of the partners does not matter anymore. This islies to the case of Fsites(in LiF) but not to that of T sites
particularly well illustrated by the F/K100) case where de- (in KI). This is due to the size of Iions which is much
viations between the\E_***"® calculations and the\EP®  |arger than that of F. Consequently, th&,, correction has
point-charge estimates appear to be more pronounced thaniigen taken into account in the F/IP0) calculations but
the F/LIR100 case. Indeed, the more diffuse than F* not in the F/K[100 ones. We believe that, owing to the
orbitals make the point-charge view breakdown at laRjeT  comparatively smaller and even vanishiﬁ@fj'aba““(R) en-
the former case than in the latter. A closer inspection of Figsergy difference in the latter caggigs. 7, 8, 10, the omission
5—8_ ac'_[ually reveals S|Ight deviations betweARP° and of a properEML correction is of little importance_
AEE'ab‘"‘“C at distances as large &=12a,. In these figures The smaller AEgiabaﬁC(R) energy differences in the
the Fy,satom stays at a distané~2.58,—4.53, from the  F/K|(100) case as compared to the F/1B0) case actually
surface although its distanéeto the active site increases. In grise from the larger lattice constant of the Kl crystal (
these conditions, the1 charges of the surface interact with =13.34a,) than that of the LiF §=7.592,) one. Indeed, as
the induced and/or permanent mUltipOleS of the relevanﬁ follows from Eq(6) for our case QZO), AE(R) is gov-
atomic R species. Moreover the Hal species at the ac- erned by the difference of the Madelung potentials at the
tive site is also polarized by the point charges on the surfaceactive site and at the positid® of the projectile. One would
Contrary to the pure point-charge description, part of thethus expect that the small&is, compared to the character-
latter interactions is taken into account in the calculatedstic size of the unit cella), the better equilibration of the
AEEj'aba"C curves. The other part is taken provision of, in Madelung energies can be achieved. This is why at the same
view of the dynamics calculation, in the off-diagor@f?)  Z distance smaller values &fE2*"*'{R) are observed for
matrix elements of Eq(31). the case of the KILOO) surface. In addition\ €?"¥"9=0 for
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the F/LIH100 case while it is negative and amounts to
—0.07 eV for the F/K(100 case.

It should be mentioned at this point that the dynamics

2

77

2

calculations, reported in Sec. IV B, as well as Figs. 5-10, are W%‘\‘\:‘\\@‘ 0.5
made consistent with the above “exact” values/og®"ding N '
For the F/K(100) case the so-called “exact” value of the ’W‘:‘:‘:"‘:\““\‘:‘\\‘“ 04
inding - ) . . I
elb',”d'”g is obtained from exact data by removing the spin- //%%%W:‘%“\\\‘ 0.3 b
orbit interaction in the neutrdl atom according to %%%%%%‘“‘““\‘ 0.2
//////,/’//,,’//I/O o
i 0.1
binding_ 2E10(°P312) + Ejo(*Py5) 0.4~_ 47 -
€- = 3 Ei-. 37 0.3 -~ 0.0
. . . . v (a.u.)
Actually, in the F/LIK100 case, the identical treatments of .
the Hal” (=F") and F_. species leads automatically to the 007 39
bindin iy o i Y (a.u)
exact Ae 9=0. However, this is not the case for e

F/KI(100 due to the different treatments of the F and | spe- N L
cies (Sec. 1ll). Application of the Koopman’s theorem thus FIG_. 11. Probability of elect_ro_n transfer from an Ectlve s!te
results in unbalanced errors in the two cases. This is codt & LiF100 surface to a collisional F atom in a single binary
rected for to match the “exactA €9 by adding 1.4 eV collision: Fga;rF’—»F;asfFO. The cal_culati_on is done accc_;rding to
throughout to the com uteNEDiaba“c(R) To conclude this Eq. (39 of text for straight-line trajectoriesR=(vt,Y,Z) in the

.g f? | H d .h basis of “ . ,.plane lying at a distanc&=2.53, from the surface. The figure
section we can say t at, already on the asis o static displays, as a perspective view, the dependences of the probability
results one can predict a more efficient Formation at a

P(Y,Z=2.5ay) upon parallel velocitw and “impact parameter”
KI(100 surface compared to an L{FOO surface. v

B. Binary electron transfer The structures of the charge-transfer probabilt)y,Z)

Given the’H and 7" matrices Eq.(17) is solved along S€€n in Fig. 11 at low velocities are remnants of Stueckel-

straight-line trajectories of the projectilg(t)=(vt,Y,Z2). berg _oscillation%ﬁ that are I_<nown to arise in atomic C(_)Ilision
Three setsj(=1,2,3) of initial conditions were used for the PNYsics from the quantal interference of waves having trav-
amplitudesAl (t— — ), eled along different paths. Moreover, the veIoc_|§y depen-
dence of the computed electron-transfer probability can be

a{((t_>—oo): &; (k=16). (39 well understood in terms of the Demkov-Nikitin exponential

- _ “model of near resonant electronic transitiGhs:
These conditions correspond to permutations of the hole in The comparison of Figs. 11 and 12 shows that the in-

the initial-like state among they, py, andp, orbitals of the  rease of the distance from the surface leads to a substan-
approaching . projectile. The probability of negative-ion tia| reduction of the electron-transfer probabilities and sup-
formation in the binary collision with an active site is ob- presses the |0w-ve|ocity Structure(§tuecke|berg oscil-
tained as the average over all initial conditions, lations. As may be seen from Figs. 5 and 6 this is again a
1 result of the concomitant increase @Eg'aba“c and decrease
P(Y,2)= 3 2 B\(Y,2), (39)  of the M st interaction when the distance increases. It

may thus be concluded that the region of small projectile
of the sum of electron-transfer probabilitig® (Y,Z) for
each set of initial conditions,

6
_ B : )
BIY.2)= 2 |al(t—+)|2. (40) 05
k=4 .
U 5%
Figures 11 and 12 display thé andv dependences of & 0.3
apege . . Y 2o5se .
SR
computedP(Y,Z) probabilities for given values & in the S P
. . S e
F/LIF(100 case. Owing to symmetry[P(Y,Z)=P & 02
L e
(—Y,2)], only the results for positive values &f are pre- 04N s 0.1
: e e : \
sented. The figures show that for small velocities transitions 03
' . o 0.0

occur only for trajectories passing close to the active site
(small Y). This results from the fact that the energy differ- v (@u) _
ence between final-like and initial-like statesEDRP3tC js 0.0 44

smallest for those trajectoriedFig. 9. The increase of 7Y (au)

iabai 0.

AEBIaba“C on one hand and the decrease of et in- FIG. 12. Probability of electron transfer from an Bctive site
teraction on the other hand strongly suppress transitions fo§; a LiR100 surface to a collisional F atom in a single binary
large “impact parameters’Y. The increase of collision ve- collision: F,g+F~—Fg,s+F°. The calculation is done according to
locity is seen to be essential to activate the transitions fogq.(39) of text. Same as Fig. 11 except that thelistance from the
largeY. surface isZ=3.53;.
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FIG. 13. Probability of electron transfer from andctive site at
a KI(100 surface to a collisional F atom in a single binary colli-
sion: }_‘(g)as+|7*>|:aas+|0. The calculation is done according to Eq.
(39) of text for straight-line trajectorieRR=(vt,Y,Z) in the plane
lying at a distanc& =3.5a, from the surface. The figure displays,
as a perspective view, the dependences of the probaBi(i%,Z
=2.53y) upon parallel velocitw and “impact parameter’y.

surface separationZ] will mostly contribute to the build up
of negative-ion population.

Figures 13 and 14 display thé and v dependences of
computedP(Y,Z) probabilities for given values & in the

probability
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FIG. 15. Parallel velocity dependence of the probability of elec-
tron transfefl P$§(Z)] from an F active site at a LiFLO0) surface
to a collisional
Fo P —F ot

gas

F atom in a single binary collision:

FO. PS(Z) is evaluated from Eq(10) of text. Two
representative value&=2.5a, and 3.8, of the distance to the
surface are displayed, solid and dashed lines, respectively.

and the parallel velocity. The observed behavior is due to
the existence of a crossing between the initial-like and final-
like diabatic energy levels in this cagkigs. 7, 10. Two
regions of “impact parametersY are seen to give rise to
efficient electron transfer. These are actually related to the
two transition mechanismé.andau-Zener: curve-crossitig

F/KI(100) case. Remarkable differences with respect to theind Demkov: near resondfty discussed in Sec. IV A. Ef-
F/LiF(100 case(Figs. 11, 12 are seen. This is particularly ficient transitions at small “impact paramete¥'result from
striking in the comparison of Figs. 12 and 13 which corre-the curve-crossing mechanism while those occuring in the

spond to the same distanc&= 3.5)) from the surface: the

range Ay<Y=<4a, are due to a near resonant mechanism

transition probability is much higher and there is almost nowith very small energy defedTAEgiaba“%O, see Fig. 1D

parallel velocity threshold for negative-ion formation in the gyther increase of suppresses the electron-transfer transi-
F/KI(100 case. Note that this is a relevant comparison sincgions as in the F/LIELOO) case.

the important turning point region of thE projectile, as
given by Eq.(34), is in the two cases: &<Zy<4a,, for

energies where fast onsets of negative-ion formation are oq

served.

Figure 13 shows rather complicate structures in the prob

ability P(Y,Z) as a function of the “impact paramete¥
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FIG. 14. Probability of electron transfer from andctive site at
a KI(100 surface to a collisional F atom in a single binary colli-
sion: R,st 1~ —Fg,s+1° Calculation is done according to E®9)
of text. Same as Fig. 13 except that thelistance from the surface
is Z=4.5a,.

The more efficient negative-ion formation in F(KD0) as
ompared to F/LIELOO) clearly results from the smallness of
he AED®**" energy difference in F/KLO0). We have al-
ready mentioned in Sec. IV A that this feature is due to the
lattice constant of the KI crystal which is almost twice as
large as that of LiF. It turns out that the important distances
for electron-transfer scale with the lattice constant. This is
illustrated by Figs. 14 and 11 which, respectively, show that
the P(Y,Z=4.5a,) results for F/K[100 are very close to
the P(Y,Z=2.53;) results for F/LiK100).

The changes observed for FKDO by the increase of
the Z distance to the surface when going from Fig. 13 to 14
are related to the disappearance of the curve crossing when
going from Fig. 7 to 8. FoZ=4.5a, (Fig. 14 the electron
transfer thus proceeds via the Demkov near resonant
mechanis?>as is the case for F/L{#00). This change of
mechanism gives rise to a clear velocity threshold.

An important feature of the results presented in Figs.
11-14 is that, in the investigated velocity range and espe-
cially at the low velocities corresponding to the sharp onsets
of negative-ion formation, the electron-transfer transitions
are well localized in the “impact-parameter” regiona/2
<Y=<a/2. The half-lattice constard/2 gives the distance
between two neighboring Halions in the(010 direction
normal to the beam. The mentioned localization thus enables
us to conclude that the electron-transfer regions correspond-
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FIG. 16. Parallel velocity dependence of the probability of elec- FIG. 18. Comparison of the negative-ion yield, versus parallel
tron transfer(PS'%(z)) from an I active site at a KIL00) surface to  Vvelocity, as measured for F/KIOO in Ref. 13 for an incidence
a collisional F atom in a single binary collisiong5+1~—Fg,¢+1°  anglea~1° (data pointswith present computations for two values
The PS(Z) is evaluated from Eg(10) of text. Two representative  Of this angle:a=1° and 2.5°, thick solid and dashed lines, respec-
valuesZ=3.53, and 4.5, of the distance to the surface are dis- tively. The thin lines are the results of calculations disregarding

played, solid and dashed lines, respectively. image potential deceleration of the projectile in the outgoing path.
This corresponds to a neutral atom trajectory. kRer1°, a much

higher parallel velocity threshold for negative-ion formation is
found in this case. This feature is not connected to the properties of
the electron transfer. It is due to the fact that the energy is so
small that the projectile cannot get close enough to the surface.

ing to the different Hal sites do not overlap. This gives
posteriori strong support to the binary-type model put for-
ward in present work.

Results for the negative-ion formation probability per ac-
tive site PS'%(Z) [Eq. (10)] are presented in Figs. 15 and 16
for the F/LiIF100) and F/KK100), respectively. In both cases low velocity part of the experimental data, including the ve-
the increase of thZ distance to the surface is seen to reducdocity thresholds for the negative-ion formation. Note, that
the electron-transfer probability and to move the velocitythe fast increase of the negative-ion fraction after the thresh-
thresholds for negative-ion formation to larger values. Comold is not only due to the velocity dependence of the binary
parison of the two cases shows, as expected from the preceg@pture probability?*"(Z) seen in Figs. 15 and 16 but also
ing discussions, that the onsets of negative-ion formation, foelue to the increase of the number of binary collisibhwith
comparableZ distances, occur at smaller velocity values in projectile velocity; as follows from Eq12), the negative-ion
F/KI(100 than in F/LiF100. formation probability rapidly increases with.

The theoretical results are presented for different angles
between the outgoing beam and the surface. The experimen-
_ ) ] tal data are to be compared with the calculation with

From the compute®*'{(Z) and the actual trajectories of —1° The increase of the angle shifts the velocity thresh-
the F projectile(Sec. Il D), final negative-ion conversion q4s for negative-ion formation towards smallervalues,
probabilities of the f,;atoms after grazing scattering from which corresponds to the experimental observatigis®in-
the LiK100 and KI(100 surfaces are calculated from Eq. deed, the increase of the beam-surface angle leads to the
(12). The results are displayed in Figs. 17 and 18 along withjecrease of the distance of the closest approach to the surface
experimental data of Ref. 13. As seen on the figures the = This in turn facilitates electron transfer in the low ve-
results of the parameter-free study reproduce quite well thgycity region, as was demonstrated in the preceding sections.

It should be stressed that in the F{K00) case the experi-

C. Negative-ion conversion of neutrals

100 [ : . ; — mentally measured negative-ion onsets occuEfpenergies
= as low as 0.1 eV. With such energies the ©ns cannot
e g0l H i ] overcome the image potential barrier which is 0.6 (Réfs.
D t I 26, 36, 59 and cannot leave the surface. Therefore the actual
= 60[ ; ] calculations have been performed with an “effective” angle
IS v obtained from the relatio y?>=Ea?+ 0.6, whereE is the
g 401 i beam energy in eV. This relation expresses the fact that the
g E, energy near the surface is actually higher then the
g 20 F/LiF 1 asymptotic oné®4950The effect of this correction is shown
0 . . . in Fig. 18. This sort of correction does not change the results
0 02 03 04 for the F/LiIF100 case because of the much higher-energy
velocity (a.u.) thresholds for negative-ion formation.

For large velocities the theoretical results saturate, while
FIG. 17. Comparison of the negative-ion yield, versus paralleithe experimentally measured negative-ion fraction decreases.
velocity, as measured for F/L{EO0) in Ref. 13 for an incidence The failure of the presented approach to reproduce the ex-
anglea~1° (data pointswith present computations for two values perimental data at high velocities is due to the neglect of
of this angle:a=1° and 2.5°, solid and dashed lines, respectively.possible electron-loss processes leading to the destruction of
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the negative ion. Owing to the large band gap of the alkali-capture and incorporating dynamically assisted electron-loss
halide surfaces, there are no electronic states of the surface mocesées is needed.

resonance with the affinity level of the negative iffig.

1(b)]. Therefore, at small velocities electron losses are ACKNOWLEDGMENTS

negligible?® The increase of the velocity opens possibilities

for electron losses such as kinematic tuning into resonance W& Wish to acknowledge fruitful discussions with Profes-
with conduction-band statéé5° This explains why our ap- SOf J- P. Gauyacd.CAM, Orsay) and Professor H. Winter

proach reproduces well the experimental data only for smaIﬁHumbOIdt University, Berlij
velocities.
Interestingly, the experimental data for Formation at a APPENDIX A: ON HOLE DIFFUSION

KI(100 surface do show a saturation of the negative-ion The model considered in this paper is based on the idea
fraction as predicted by the theory. This is due to the verytnat the hole created at the surface, as a result of electron
efficient electron capture by the projectile from thedctive  transfer to the projectile, remains localized for the duration
sites at low velocities, where practically no loss occurs.of the collision. This may be justified using energy consid-
Comparing the experimental and theoretical data of Fig. 18grations. Let us consider the case of En.with g=0. The

it is tempting to say that the threshold for the efficient eIec—energy of the negative ioA~1 in front of the surface with a
tron losses leading to the Fdestruction corresponds to the hole at the active site is given by E@l) with q=0

velocity v~0.14 a.u. F formation at an LiF100 surface

requires a comparatively much larger velocity so that the 0 . 0id;
velocity regions for electron capture and electron loss start to E(HaP+A%™ 1) =Epao+ Ena-1+ > r—ri|
overlap. This is the reason why no saturation of theffac- AR
tion is observed in this cag€ig. 17). q;

-> (A1)
I
V. CONCLUSIONS Assume now that the hole jumped to a nearest H&dle at a

positionb. The energyE’ (Hal’+ A9~1) of the new configu-
ration is such that

|[R—ri|’

The evolution of the charge state of a projectile in grazing
scattering from ionicalkali-halide crystal surfaces has been
considered. The final charge fractions in the scattered beam
are governed byi) capture of the electron from the surface E’(Hal’+A% 1) —E(Hal’+ A9 1)=
to the projectile;(ii) the survival of resulting species. Spe- (A2)
cific to insulators, the latter is particularly important owing

to their large band gaps. Accordingly, and based on the losince the two situations differ only by the fact that one nega-
calization of the valence-band electrons at the negativelyive point charge on the surface was moved from ltheo-
charged(halogen sites, a general approach to tackle thesjton to 0. Considering R=(0,0,2.%,) and b
problem ofelectron capturen grazing scattering of projec- =(a/2,a/2,0), a=7.592, (a is the lattice constant of the
tiles from ionic-crystal surfaces has been proposed. It contjg crysta) the energy difference in EA2) amounts to
siders a build up of the Charge state in the scattered beam 829 eV. This energy difference is quite |arge in Comparison
the result of a series of the binary electron-transfer processegith the electron-transfer integral between the two sites. It is
between the projectile and negatively charged surface sitesf the order of 0.56 eV as can be obtained from the SCF
Based on this view parameter-freestudy of F* forma-  study (see also Figs. 5,)6 Based on these estimates it is
tion in grazing collisions of F atoms with L{EOQ and  quite likely that, during a binary collision, hole diffusion

KI(100 surfaces has been performed. The correspondingom an active site to a neighbor negative site should be
calculations extend and improve those reported by us in Reuppressed.

29. Our results demonstrate that electron transfer is indeed
localizedat the negatively charged HI~) sites at the sur-

face. This justifies ‘a posteriori’ the proposed approach for
the negative-ion fraction build up.

The calculated F fractions correspond well to the experi-
mental data in théow-velocity region In particular, the ex- In this appendix we deal with the problem of isolating
perimentally observed velocity thresholds for negative-ionfrom p-like eigenvectorsy, (I1=1,3) of Hamiltonian opera-
formation and the fast increase of the negative-ion fractiongrs (ﬁ) appearing in the treatment of reaction Etj3), ef-
above threshold are reproduced. Moreover, the calculationgcts of the molecular axiB from effects of the rest of the
reproduce the experimentally observed shifts of the negativerystal. This is achieved hereunder by a transformation of the
ion formation thresholds towards lower velocities with the ,ﬂl’s that a|igns their dominam component a|ong one of the

increase of scattering angle. Pronounced differences in thgxes ,y,z) of the reference frame attachedRo We have
efficiency of the F formation at K(100 and LiF100) sur-

faces are nicely explained. F“M =d,, (B1)
As a final word of conclusion we may say that in order to

reproduce the experimental data in the whole velocity range

further work including the proposed approach for electron

1

1
R |R-b|’

APPENDIX B: TRANSFORMATION OF p-LIKE
HAMILTONIAN MATRICES FROM THE FIXED FRAME
TO THE MOLECULAR-FRAME REPRESENTATION

hy=Dy. (B2)
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In practice, they,’s are written as expansions over an ex-(B9) we obtain the transformation that allows us to bring the
tended basis of Cartesian functions. From this expansion omgominantp components of} in coincidence withp; accord-
may extracty, ), the dominanp component ofy ingly the Hamiltonian matriin Eq. (B2)] transforms as

51 c-1257T -1/2

Wp):; CinPy. (B3) D=[& “G] D[S "“G]. (B10)
The above transformation is determined py orbitals

that are to be put in correspondence with the basis states

specified in Eq(15). Owing to Eq.(B5) it is easy to establish

the P,’s (A=X,Y,Z) are normalized Cartesigmfunctions how the p,’s vary in time along a trajectoryR(t)

quantized in the fixed reference frame attached to the surface (vt,Y,Z). We have

(Fig. 4. One may rewrite EqQ¥B3), (B4) using correspond-

ing p, functions (w=x,y,z) quantized in the molecular —Zvt —=ZY pzl

frame attached t®, 1 It]

R=mo| YR —wtr o |+ B

vtp Yp Zp

Yp=CP, (B4)

p=RP. (B5)

Sincep functions transform as ordinary vectors under a ro- )
tation of the reference fram@g. is the rotation matrix trans- WhereR=|R|, p=+/(vt)*+Y?. Accordingly, we have
forming the X,Y,Z) reference frame into thex(y,z) one

(andRT is its inversg. Hence U,,= < P % ‘py>, (B12)

Yip=9P, (B6) 4R

G=CR. (B7) U=R g (B13
Because the)y,) functions are neither orthogonal nor nor- and thus
malizedG is not an orthogonal transformation, 0 ZYR  —2Zlot|p

GG’ =cc’=8+1. (B8) U=——| -2ZYyR 0  -Ywt?|. B14
The & Y2 orthogonalization methdd (Rp) Zlvtlp  Y(vt)? 0
¢<ip):5— 1/2¢(p). (B9) From this result theZ matrix appearing in Eq17) is

actually provides the orthonormal vectcw#p) that resemble -~ ( uo ) ) (B15)
the ¢,()'s, and thus they;’s, most. Thus from Eq¢B6) and 0o u
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