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Diabatic Energy Level Confluence: The Mechanism of Negative lon Conversion
of Neutral Atoms in Grazing Scattering from Insulator Surfaces
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The mechanism mediating electron transfer from an alkali halide surface to an atom by bringing
diabatically the relevant atomic and surface energy levels into near resonance is elucidated. The
mechanism is supported by parameter free calculations on a mgd#F(EO0) system where all
sites of the crystal lattice but one, the active site, are represented by (polarizable) point charges.
The electron transfer interaction between the atom and the active F site of the surface is computed
and used in dynamics calculations of negative ion formation in a sequence of binary collisions.
[S0031-9007(96)01058-7]

PACS numbers: 79.20.Rf, 34.70.+e

The interaction of charged particles with alkali halide17 eV [10]). Moreover, image potential effects for a
surfaces has been a subject of intensive research overoving charge in front of an alkali halide surface can
the past decades. While secondary particle emission h#e estimated to be of the order of 1-2 eV [11]. These
thoroughly been investigated (Refs. [1,2] and referencefeatures thereby make the observation of Refs. [4,7] in-
therein), the evolution of the projectile charge state duringgompatible with the mentioned near resonant electron
its interaction with alkali halide surfaces has receivedransfer scheme unlessnaw mechanismnvolving some
attention only recently [3—6]. A striking finding was specifics of insulators, could shift the energy levels and
the formation ofvery high fractions of negative ions bring them together to near resonance for the duration of
in experiments on the grazing scattering of positivelythe atom-surface interaction. Such a new mechanism was
charged and neutral H, O, F projectiles from a LiF surfaceattributed in Ref. [4] to an influence of the Madelung po-
[4,7]. To explain this phenomenon, one should copeential of an ionic crystal on the affinity energy of the im-
with two issues: (i) the production of negative ions bypinging atom. However, the mechanism for teisergy
electron transfer from the target surface to the projectildevel confluencénas remained unexplained so far. This
and (ii) the survival of the negative ions in front of the has been one incentive to the present work. Another in-
surface. The present contribution deals with first  centive to this work is that no information is available on
problem. The second problem is still open, though it the electron transfer interactioritself. Our objective in
was indicated in Ref. [4] that, owing to the large energythis respect is to obtain this information from parameter
gap in insulators, the destruction of negative ions, if affree calculations on a realistic model system with a view
all possible, proceeds via kinematic tuning into resonance perform dynamics calculations of the related nega-
with unoccupied surface or conduction band states. tive ion yield. We have thereby focused on the case, in-

Nowadays concepts for electron transfer from a surfaceestigated experimentally [7] of F atoms scattered from a
to an atom essentially descend from atom—metal surfadeiF(100) surface. Yet, the reported computational proce-
interaction studies [8,9]. The formation of negative ionsdure and the discussion generally apply to a wider class
is viewed as being due either to the image potential shifof atom—ionic-crystal interactions.
of the affinity level of the atom which brings it into reso- The proposed electron transfer mechanism is based
nance with occupied electronic states of the metal, or, ion the property of ionic crystals to have alternatid
the case of grazing collisions, to kinematically assistedand —1 charge distributions at the lattice sites ;(;,sital
charge transfer [9]. The basic electron transfer mechaand K., respectively). It also takes into account the
nism in this context depends crucially on the position ofproperty that the removal of an electron from an.;
the affinity level of the atom relative to the Fermi level site lets the corresponding hole localized at that site [12]
of the solid. Actually, the electron affinities of free pro- on the time scale of the collision. We adopt the simple
jectile atoms (O, F) used in the experiments of Refs. [4,7hpproach when the projectilg, ks undergoes a sequence
(1.47 and 3.45 eV, respectively) strongly differ from typi- of binary interactions with Fy.; sites (Fig. 1):
cal binding energies of electrons in the valence band
of the investigated alkali halide insulators LiF : 12— Foo + Flay — iy + Foug 1)
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z image charge and the Mott-Littleton contribution from the
halide hole [13]. Equation (4) is somewhat reminiscent of
the textbook ionic-covalent interactions that play an impor-
------- tant role in many gas phase reactions. The dashed curve in
Fig. 2 displaysA Epc(R) for F/LiF(100) along a straight
line pathY = 0. SinceAepian, = 0 for F/LiF, the ob-
served behavior illustrates the basic mechanism by which
the initial-like and final-like energy levels come together
when F,s approaches k.

The above result can be generalized to the case when
the projectiIeAg:s is a positive ion of charge-¢. Then,

FIG. 1. Sketch of the considered binary interaction model.

The shaded plane represents the portion of the ionic surfadk IS €asily seen that the-1/R term in Egs. (3) and

surrounding the F (dark central circle). The dashed line (4) becomes(q — 1)/R.  Thus, save for polarization
shows an example of the impinging,,F atom (dark upper effects, which are likely to be significant for largg
circle) trajectory. The model con_siders paraIIeI trajectories inno confluence of energy levels occurs for S|ng|y Charged
the plane(X, Y, Z = Z,): upper white plane. positive ions. Owing to their electron recombination

energy of 17.4 eV, F ions are easily neutralized by

resonant electron capture from the LiF valence band and
Fas is the “active site” involved in one binary collision; it can subsequently be converted into negative ions, with
is taken as the origin of a reference frame in which thene scheme: £ F2' F. In contrast, Na and Li*

&F =

vectorR locates the E center. ~_ions can hardly achieve the first step in this scheme,
A key feature of the electron transfer mechanism inhereby hindering the possibility of negative ion formation
Eq. (1) is the energy difference: as indeed observed in Ref. [4].

Figure 2 shows a comparison &fEpc(R) with more
AER) = E(Fus + Fgy) = E(Fyg + Faas) () realistic AEgiapaiic(R) curves for FLIF. The diabatic
initial-like energy levels are obtained from two indepen-
between final-like and initial-like states. The basic origindent Hartree-Fock-Roothaan calculations (see below): one
of an energy confluence of energy levels is best seen wh&g; an actual F ion representing F and one for an ac-
all relevant centers are consideredpaént chargeSPC).  tyal F atom representing.k in Eq. (1). Similarly, the
Inthis particular case Eqg. (2) is the energy required to bringjiapatic final-like energy levels are obtained from two in-
a negative charge initially located Bt = 0 on the neutral  gependent calculations: for an actual F atom and an F
surface to a poinR in the gas phase. Clearly ion representing, respectively,;/and E, . in Eq. (1). By

gas

forR > a: AEPC(R) -~ fMadelung - I/R > (3)

where a is the lattice constant anft = |R|. Indeed,

for point chargesk(F,, + Fqas) in EQ. (2) is a constant
energy reference related to the initial neutral surface in the
presence of a neutral k. With this referenceZEmadeiung

is the energy of the crystal with a halide hole in it [12].
For a distant-1 charge (representing the formeg §, the
halide hole on the surface is seen aslacharge; this gives
rise to the—1/R attraction term in Eq. (3) which initiates
the confluence of energy levels. Foractual systempne
should also take into account the binding eneeé‘ming _ , ,
of the transferred electron in tifieeinitial and final atoms 0 2 4 6 8 10
as well as polarization effects not@(R); this yields to distance (a.u.)

energy (a.u.)

FIG. 2. ComputedAEg.paiic(R) diabatic energy difference
for R > a : AE(R) ~ AE. — 1/R + AP(R), (4)  (full line) and electron transfer interactiof;,.n.. (R) (dash-
dotted line) in the present/EiF binary interaction model for
whereAE,, = Aef,ﬁflimg + Emadelung IS the resonance en- the active states (bold lines) and the inert states (thin lines)
ergy defect between the affinity level of the gas atom andliscussed in the text. The mere point charge estimaig-(R)

the energy level of the valence band of the crystefP(R) (bold dashed line) is shown for comparison. The results are
tains th larizati f h ttered tive ion b lotted, as a function of the distandg along the straight line
contains the polarization of the scattered negative 10n by p'— (x.y = 0,2, = 2.54)). ForX > 10ay, the AE(R)

the +1 Charge at the halide hole on the Surface, and Vic%urves keep Osci”ating about an Ovetﬁufladelung — 1/R curve
versa, as well as the interaction of the negative ion with itslue to the alternating- charges of the lattice.
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actual F or F it is meant that the atom or ion is de- rotation of theR(s) vector. Figure 3 shows the com-
scribed explicitly as a state function corresponding to arputed electron transfer probabilitig% iy and Pj,e af-
electronic configuration of the formy?, X%mgpyi,d)gp ter the averaging over the trajectories in therange
with n = 1 or 2, respectively. (Lower indices correspond[—a/2, +a/2] spanning a unit cell width. The statisti-
to the orbital labeling of an isolated F or F.) Other cen-cal average over the open shell af,F: P = (Paciive +
ters are not treated explicitly in the but are included afP;i,.)/3 is also displayed in Fig. 3. The electron trans-
point charges. The orbitals are expanded over a doubler probability for the single binary collision Eq. (1) with
zeta plus polarization basis [14] extended with diffusea point charge surface is already sizable #oe 0.1 a.u.
basis functions; this contains part of tA&P(R) term in It is enhanced by taking into account the contribution to
Eg. (4) by providing freedom for the actual atom or ion A (R) that arises, in the exit channel, when the negative
to distort in the field of the point charges in each casepoint charges on the surface are allowed to polarize in the
Yet, electron transfer is hindered at this stage; this justifield of the halide hole-negative ion charge pair (Fig. 3).
fies the terminology “diabatic” used for these states [15]. In order to obtain from these model calculations an
Owing to the open shell structure of an actual F atomgstimate on the Fion yield that may be compared with
three levels emerge in each,(For F,) case; these levels experiment, we consider a small angle(=1°) F/LiF
correspond to a permutation nfamong the three2type  specular scattering and make two approximations:
orbitals in the above electronic configuration. Among the(i) trajectories within a range (=0.5a,) from the dis-
2p-type orbitals, the most efficient ones for the electrontance of closest approach to the surface contribute most;
transfer process lie along. This justifies the nomen- and (ii) P can be taken as a mean binary probability in
clature “active” and “inert” used in Fig. 2. The com- this range. This provides both the effective number of
puted A Egiapatic (R) curves nicely confirm the\ Epc(R) binary collisionsN = 2d/(atan@) and the negative ion
estimate and lend support to the energy level confluencgield: Y =1 — (1 — P)V. Results of this simplified
mechanism. model, for a lower bound estimate &, are compared
In order to determine the probability of reaction Eq. (1), with experiment [7] in Fig. 4. The first observation is
one needs to know the corresponding electron transfdahat the calculations account for a substantial negative ion
interaction Hansier(R) [15] that couples the diabatic conversion of neutrals. Yetin view of the simplicity of the
states. This interaction (Fig. 1) has been determined frormodel, the detailed shape of the experimental yield is not
theab initio A E,giapatic (R) curves described below as reproduced. The last two approximations (i) and (ii) are
. admittedly too crude and may be attenuated by performing
- = 2 _AR2 calculations at different distanc&sfrom the surface. A
Huansier(R) 2 \/AEadlabam(R) ABaabaic(R). weak point of the model is that the states identified as inert
(5)  in an elemental binary collision may become active when

The adiabatic calculations have been carried out for the
actual Fs-e ™ -Fq,s (19-electron) system in the field of a
point charge LiF surface. We use 783 point charges or-
ganized in four parallel layers. This gives a precision in
the calculated Madelung potential on the active site better
than4 X 107* eV. All energy levels are determined, us-
ing theHONDO 7 program [16], from SCF-LCAO-CGTO-
MO computations which will be described elsewhere [17].
A sample of Hansier(R) curves for the active and inert
states is shown in Fig. 2.

The electron transfer process Eg. (1) is studied as a
function of velocityv for a set of straight line trajecto-
ries R(r) = (vt,Y, Zy) parallel to the [010] direction in
a plane lying at a distancg, = 2.5a, from the surface.
The distance of closest approach to the surfagés es-
timated, for the experimental range of normal energies,
from the binary atom-atom potentials [18]. The electronicE|G. 3. Computed electron transfer probabilities as functions
time dependent Schrddinger equation in a 2-state (initialef the parallel velocity in a single F + F,, binary collision.

like, final-like) diabatic representation is solved numer-The Piuive and P, curves are plotted using thin dashed-

; ; . ; dotted and dotted lines, respectively. The statistical average
ically along each trajectory twice: once for the pair of over the E,, open shell is shown using a bold full line. The

“a(itive” states and once for a reprgsentative pair of “in'bold dashed line shows the effect of letting the point charges
ert” states. _The pro_cedure thus disregards any couplingn the surface polarize in the field of the formed halide hole—
between active and inert states that could arise from theegative ion charge pair in the final-like state.

probability

velocity (a.u.)
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viewed from adjacent halide sites; this could invalidateproposed model account for the experimental observations
the 1/3,ctive> 2/3inere Weights involved in the calculation [17]. Further research is needed to disentangle the mecha-
of P. Having this possibility in mind, we have also nism of F destruction causing the high energy falloff in
plotted in Fig. 4 the yieldY,cive = 1 — (I — Paiive)”,  the experimental data (Fig. 4).
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