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Scattering of alkali atoms and ions from alkali-halide surfaces: No evidence found for electronic
surface states within the band gap of the insulator
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Fast alkali atoms and ions are scattered with keV energies under grazing incidence from the surface of the
alkali halides LiF100), KCI(100), KI(100, and the scattered beams are analyzed with respect to their charge
fractions. From our experiments we find no evidence for occupied or unoccupied electronic surface states
within the band gap of the insulatdiS1050-294{@7)50602-Q

PACS numbdss): 34.50.Dy

In a recent paper we reported on the observation of highransfer from an alkali-halide site to an atd®]. With re-
fractions of negative ions after the scattering of fast oxygerspect to the discussions here it is sufficient to approximate
ions under a grazing incidence from the surface of an insuthe results ofab initio calculations by a simple analytical
lator [in this case Lik100] [1]. Since the LiF target is elec- expression for the energy defect in the collisi@®®a; a is
tronically characterized by a very broad band gextending  the lattice constait
from binding energies of valence-band electrgiss—12
eV) to vacuum energidsand negative ions have affinity en-
ergies up to some eV, our experimental results came as AE(R)~AE,—(1—q)/R+AE;,, (1)
rather surprising. In understanding this process of the effi-
cient formation of negative ions, it was evident that, in front
of an insulator, electron loss from an affinity level WaSs \ hareAE.,,

widely suppressed due to the electronic band gap of the ta[a'fﬁnity level of the atom and the valence-band level of the

get. However, the first step—the population of the affinity . : .
levels of the negative ions via capture of electrons from thecrystal, andR is the distance between a halogen site and the

target surface—could not simply be understood by availablgtomic core of chargq. AE;y, is the energy shit due to the

concepts of charge transfer between atoms and solid sufT'@9¢ Chaf@!? interaction, which is smaller than abgut 1ev
faces. for the conditions of the scattering process with the insulator

The relevance and broad interest of these studies com!"face. _ o 3
from the fundamental aspect of understanding an alternative N order to obtain a sufficient probability for charge ex-
type of atom-surface interaction and the potential applicachange,AE has to be reduced from the generally large
tions of this conversion scheme in ion sources or neutrapE.. by an appreciable amount. This is achieved for the
particle detection, where, e.g., this simple technique mayormation of a negative ioriq=0) by the direct Coulomb
provide detection of oxygen atoms in spdég¢ interaction of the electron hole at the halogen site with the

In order to understand the formation of substantialelectron forming the affinity level. On the other hand, for the
negative-ion fractions in the scattering from LiF, we proposeformation of a neutral atoniq=1) this direct interaction is
a model of the local capture op2alence electrons from a cancelled, and the energy shif€ is even slightly increased
halogen site of the crystal in the topmost layer during thefrom AE., by image charge interactions. In Fig. 1 we give a
sequence of collisions with the insulafdr,3]. This model—  very simplified sketch of the position of the affinity level of
based on the Demkov approdeH for describing the capture a negative ion and of the ground-term level of @eutra)
probability—reproduces two essential features of the experialkali atom as a function of the distance from the surface of
ment: a sharp onset of the negative-ion fractions with in-an insulator. The clearly different behavior of the two levels
creasing velocity and high ion conversion efficiencies. Fromin front of the surface is of crucial importance to the discus-
this model we expect a full saturation of ion fractions for sion of the work presented here.
insulating materials with binding energies of valence elec- An alternative interpretation of our experiments on
trons that are clearly less than for LiF. And indeed, in ex-negative-ion formation in front of the surface of an insulator
periments on the formation of Fions in the scattering from is based on the assumption of the presence of occupied elec-
a KI(100 surface we observed ion fractions up @8.5 tronic surface states with binding energies of abedteV.
+1)% [5]. The existence of surface states within the band gap of LiF

A key issue of our model is the energy-level confluence inhas been speculated on already in the interpretation of elec-
the collision with the solid. In a recent paper we discussedron stimulated desorption experiments by Weaitzal. [7].
the mechanism that brings atomic and valence electronfhose stategindicated by a hatched area in the energy dia-
energy levels in near resonance, in order to mediate electragram in Fig. 2 would result in an efficient population of

is the energy difference between the unperturbed
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FIG. 1. Sketch of the electronic energies of a negative ion and F|G, 2. Neutral fractions of i, Na*, and K" ions scattered
an alkali atom in front of an alkali-halide surface. The crosshatchedrom a LiF(100) surface undefb,,~1° as a function of projectile
area in the band gap illustrates surface states. velocity.

affinity levels via resonant one-electron transfer and could lude that el h b liaible h b
explain the experiments in a more conventional manner, cONnciude that electron capture has to be negligible here, be-
An important test of this alternative interpretation can beS2use either electron-capture rates are small or the interaction

provided by studies on charge exchange of alkali atoms ur® domiréated bytjonization procei§e§.f ion in thi

der the same conditions as for the experiments on negative- N Order to obtain more specific information in this re-
ion formation. Since ground terms of alkali atoms have bing-SPect, we also performed experiments with neutral incident
: : ; ; ; rojectiles produced in a Na-vapor target mounted in the
ing energies of typically 4—5 e\klightly shifted byAE;,), p . .

one would expect for occupied surface states substantial fraQ&@mline between the ion source and the UHV chamber. The

tions of neutralized atoms in the scattered beams. In the exiata obtained for the scattering of Naons as well as Na

periments reported here we have performed detailed tests &oms from KC(100 are displayed in Fig. 4. Within the
this problem[8]. experimental uncertainties we observe for0.15 compa-

Fast singly charged alkali ions and also neutral Na atomgable small ngutral fractions in_both cases. However, at
in the keV domain with velocities ranging from smaller velocities a pronounced effect of the incident charge

v~0.1 a.u. to about 0.4 a.u. are scattered under grazinﬁtate is evident. For the lowest velocities of our studies

o ; 10 : ~0.07 a.u.(projectiles with lower velocities could not be
angles of incidence of typicallgp;,~1° from a Lif100, a Y . .
KC%(lOO), and a K(lOOilpsurfa?():g, respectively. All these handled with our setypwe find that the charge state of the

crystal surfaces are prepared by cleaving in air and mechan'iIJCIdent projectile tends to be preserved, i.e., no charge
transfer seems to be effective.

cal polishing before mounting on a precision manipulator | g : i lude that
and bringing into a UHV-scattering chambén. situ prepa- N summarizing our €xperiments, we can conciude tha
hthe small fractions of neutral atoms observed with ionized

ration of the targets is performed by grazing sputtering wit e . - ) .
g P y9 g sp g rojectiles are not consistent with a substantial occupation of

25-keV Ar' ions and simultaneous and subsequent annealinI%” tat thin the band f the insulator. Such
of the samples. The target is generally kept on a temperatu rrace states within the band gap of the nsulator. such an

of typically 200 °C-300 °C, where alkali halides show suf-

ficient conductivity in order to avoid a macroscopic charging

up that affects ionized beams. The charge fractions of the
scattered beams are analyzed with a pair of electric-field e KI(100)
plates, and the fast particles are detected with a channeltron,
where a thin carbon foil covering the entrance aperture of the

detector provides an equal response for projectiles in differ-

ent charge states. In the analysis of the data, image charge
effects on the trajectories of charged projectiles have to be

taken into account.

In Fig. 2 we show the neutral fractions as a function of the |
projectile velocity for Li*, Na", and K" ions scattered % } ; 1
from LiF(100. We observe neutral fractions of about 5% at i i ? H
lower velocities and an increase with velocities 0.3 a.u., 0 ;; . .

i.e., the projectile ions leave the surface predominantly as 0.0 0.1 0.2 0.3 0.4

ions. In Fig. 3 we show similar data for the scattering of velocity (a.u.)

Na' ions from LiF100), KCI(100, and K100, respec-

tively. Here it is even more evident than from the data for FIG. 3. Neutral fractions of Naions scattered from a L{E00),
LiF(100 in Fig. 2 that the neutral fractions are very small atKClI(100, and K100 surface, respectively, undep,,~1° as a
low velocities. From these ion-scattering experiments we cafunction of projectile velocity.
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FIG. 4. Neutral fractions of Na atont&ill circles) and Na ions
(open circleg scattered from a KCL00 surface unde;,~1° as
a function of projectile velocity.

EZonis the shifted atomic binding energ s the energy of

the bottom of the conduction band, a@pa two-dimensional
reciprocal vector of the halide lattice. Frof,,,~—4 eV

and Ecg~—2 eV, g;=0.75 a.u. for KC{100, we getv,
>0.1 a.u., which is of the correct size of the experimental
observations. It is clear that higher-order and other processes
will contribute, but a more detailed discussion on this aspect
is beyond the scope of this work.

Finally, we note that the low fractions of neutral atoms in
the scattered beams indicate also that the densities of defects
in the surface plane are obviously too small to affect the
charge-transfer processes. In a test, where we generated sur-
face defects and alkali-metal enrichment via low-energy
electron bombardmeni®], we observed clear effects on the
charge fractions in the scattered beams.

Aside from these studies with alkali atoms we observed
for the scattering of noble-gas ions from AP0 a suppres-
sion of Auger neutralization for He and, in particular,

Ne' ions[10]. This suppression is also not consistent with

occupation, however, has to be assumed, in order to interprdi® Presence of surface states within the band gap. Further

the high negative-ion fractions in an alternative mar]m,__,revidence for our conclusions comes from recent deexcitation

From the data with the neutral projectiles we can state, i

tudies of thermal metastable He beams by Kemeptel.

addition, that charge transfer between alkali atoms and alkalitl- Similar to charge exchange in grazing surface scatter-

halides is obviously not affected by surface states at all.

Ing, this method is also extremely sensitive to the region

We attribute the pronounced dependence observed for tfP0Ve the topmost surface layer and gives no indication of

data displayed in Fig. 4 to kinematic effects, which bring th

esurface states in the band gap of LiF.

atomic levels into resonance with the conduction band of the

solid or with vacuum states. A rough estimate on the This work is Supported by the Deutsche Forschungsge-
kinematic threshold for this ionization process can bemeinschaffDFG) under Contract No. Wil336/1-1. We thank

obtained from a frame transformatiq&alilei transforma-

tion; for details sed3)) vH>—(E;tom— Ecg)/|g)|, where

J. Sdle for the preparation of the targets used in the studies
reported here.
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