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We report on the results of a joint experimental and theoretical study on the formationioh®in grazing
scattering from an AlL11) surface. The O fractions in the scattered beam are studied over a wide range of
collision energies. This allows us to observe a resonance structure for thier@ation probability as a
function of the collision velocity component parallel to the surfagg.(Such a characteristi dependence is
the signature of a kinematically induced charge-transfer process between tloa @nd the Al surface. The
theoretical treatment of charge transfer is based on the coupled angular mode method. The multistate aspect of
the problem originating from the open-shell structure of the @n is taken into account.
[S0163-182608)00219-1

[. INTRODUCTION Recent developments of nonperturbative methods, treat-
ing the properties of negative-ion states in front of metal

Negative-ion states are involved in quite a few phenomsyrface$*~2% have provided the quantitative tools to study
ena occurring during atom/molecule interactions with metaRT processes. One of these methods, the coupled angular
surfaces. Stable negative ions can be formed during scattefode(CAM) method, has been used to treat the irvival
ing or sputtering processes from solidén addition, they  probability on surfaces with variable work functidhsas
serve as intermediates in a variety of processes such @gell as the parallel velocity assisted Hormation in grazing
quenching of excited statésyibrational excitation of ad- scattering at metal surfac&sin both cases a quantitative
sorbed moleculed reactive scattering,and desorption of agreement with the experimental results was obtained.
ions and neutrals. In this paper we report on an experimental as well as a

One of the specific properties of negative ions is the smalfheoretical study of O formation in grazing scattering at a
binding energy of the active electron. Electron affinities of metal surface. We use an (atL1) target, a prototype of the
negative ions typically lie in the few eV range.g., 0.75 €V free-electron metal. Compared to a recent experimental study

for H™, 1.46 eV for O, and 3.4 eV for F). Then Auggr “on O formation at an A@10 surface'®?° a much larger
capture processes can be ruled out and the negative-iQthergy range and a variation over scattering angles are en-
formation/destruction at metal surfaces is governed by th@ompassed in our study. Therefore, we are able to observe a
resonant electron transféRT) between metal and negative- “resonant” structure for the O formation probability as a
ion states. function of the velocity component parallel to the surface.
Detailed experimental studies have been devoted to thenage-charge-acceleration measurements provide comple-
role of the RT process in negative-ion formation at clean andnentary information on the Oformation distances in addi-
adsorbate-coated metal surfaée® Due to the rather small tion to what can be deduced from the dynamical thresholds
binding energy, the affinity level of the negative ion is pri- for the negative-ion formation.
marily in resonance with unoccupied electronic states of the From the theoretical point of view, the study of the dy-
surface above the Fermi level. Then the RT process is domiamical resonant-transfer process involving the i@n and
nated by the neutralization of the negative ion via electrorthe O atom is quite elaborate.”QO) has an incomplete
loss from the affinity level to the metal surface. As a result,p-shell structure with fivéfour) 2p-electrons that caa pri-
small negative-ion fractions are formed at simple metal sureri participate in the RT process. As discussed in Ref. 27, the
faces, with the exception of the negative halogen ions thaD™ ion has a?P symmetry and can lose one of itp 2lec-
can be efficiently formed at metal surfaces due to their relatrons to form the groundP or metastabléD or 'S states of
tively large electron affinities’ Two methods can be used to the O atom in a p* configuration. Together with the exis-
increase the negative-ion yield. One possibility consists irtence of different magnetic sublevels, this results in a multi-
lowering the work function of the metal by alkali state character of the problem that is further complicated by
adsorptiorf:®~1* Another possibility, present in grazing scat- the v, effect on RT. To treat the dynamical RT process we
tering geometry, is the kinematically induced electron-use a multistate rate equation approattvhere the parallel
transfer process, i.e., RT assisted by the collision velocityelocity effects are incorporated via the “shifted Fermi
component parallel to the surfaté®?°Detailed discussions sphere” modef233°The inputs for the dynamical treat-
on this so-called v, effect” can be found in Refs. 21-23. ment are the static properties of an @n in front of an Al
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surface obtained with the CAM method. Finally, we describe 0 ——————————
the experiments and compare our experimental data with the
theoretical studies for a wide range of scattering conditions 21
(v, , vy). Herev, stands for the velocity component normal —_
to the surface. E 410
>
2
o -6}
Il. THEORETICAL DESCRIPTION 5
OF THE O~ FORMATION 8L 1
A. Static properties of the O™ ion in front of the Al surface
. —10 1 1 1 1 1 1 1 1 1
We use the CAM methdd to calculate the static proper- 0 2 4 6 8 10 12 14 16 18

ties of the O ion in front of the Al surface(energies of
negative-ion states, partial decay rates into different chan-
nels, and angular distributions of the electrons ejected into _ " B _

FIG. 1. Schematic energy positions of the @vels in front of

the metal. Basically, one studies the electron scattermgan Al surface, with respect to three B, D, and 'S) states as

problem in the compound pptentlal Cre_ated by 'the 'metal SUlinctions of the atom-surface distanze The dashed horizontal
face and the oxygen atom in front of it. Negative-ion states; o yefines the position of the Fermi level,

appear as scattering resonances. We use a free-electron

model 1o represent the Al metal and the effective raN9e rbitals describe the loosely bound outer electron of i®

1 . .
approacl to_ describe electron scattering by t,he © atom. I:Orthe different channels and are thus the active orbitals in the
further details on the CAM treatment of the Al system

. o . ; RT process.
we refer to an earlier publicatidi.Here, we briefly discuss In Ref. 27 the static propertieenergy and width of

static results with emphasis on the modifications introduceq)—(MLzo) and O'(|M,|=1) states in front of the Al sur-
by the grazing angle geometry. The @n corresponds 10 @ face have been calculated by the CAM method. In front of
2P symmetry. Three substates of differévit (projection of  the surface, the energy of the @on is shifted byAE(Z) (Z

the total orbital momentum on the quantization &xe s the ion-surface distance measured from the image plane
formed. Thez axis normal to the surface and going through|n, a first approximation, this energy shift follows the image
the ion center is chosen as the quantization axis to keep theéharge interactionA E(Z) = — 1/4Z. However, when looking
cylindrical symmetry of the problem. The presence of themore closely, thél, states are no longer degenerate Ard
metal surface partly lifts the degeneracy of kg states. g slightly different for the O(M_=0) and O (|M_|=1)

M =0 and|M_[=1 statesa priori are coupled to the sur- gypstates. Depending on the O atom state involved in O

face differently and therefore have different energies anqormation/destruction, different energies should be consid-
widths. The M =1 and M_ =-1 states are still greg:

degeneraté’
By losing one of its » electrons, the O ion can be MLl oy _ = M, | _3plpl
neutralized in front of the surface. The neutral O atom has BN (@=E+ARTL(Z), j={P DS ()
the stable configurationsf2s?2p*. From this, three states i .
of 3P, 1D, and 'S symmetry can be formedP and ‘D In Fig. 1 we have sketched the energy positions of the O
states have magnetic subleve¥s; =0, =1 andM_ =0, =1, level in front of an A(111) surface[E}MLl(Z)] with respect
+2, respectively. Depending on the Qon substate that is to the three states of the ground term of the neutral O atom
losing an electron, and on the spin and angular momentum dk;). As an important feature, the Oon level lies below
the detached electron, different O atom states can be formethe Fermi level for all the decay channels at small atom-
Similarly, the different substates of the O atom can capture gurface distances. However, there exists an intermediate
metal electron to form the different substates of thei@n.  range of distances where the ion level is above the Fermi
At this point it should be stressed that, because of thdevel for the®P decay channel and below the Fermi level for
different energies of the three neutral co(é®, D, and the O excited-state channels. At these distances théo®
1s), the O ion presents different binding energies with re- can be formed from the excited states and simultaneously
spect to its parents. The energy of the free iOn is Esp= decays into the GP) channel, leading to a deexcitation pro-
—1.46 eV, with respect to théP state of the O atonip cess for the O singlet statésee, e.g., Ref. 37
=—3.43 eV, with respect to théD state of the O atom, The total widths of the O(M_=0) and O (|M_|=1)
Eig=—5.65 eV, with respect to théS state of the O atom. states in front of the surface are different and roughly vary
In the effective range approach, one uses an open-shadikponentially with the ion-surface distance. Results for the
description of the O negative ion (d*2p’) that allows an partial decay rates are summarized in Fig&),22(b), and
easy description of the three neutral core states and the thr@able |. Note that the rates increase significantly frés)
different binding energies of Owith respect to the neutral D to 3P. The differences in the decay rates are mainly due
channels. In this approach, the five @lectrons are treated to the difference in the binding energies of the ©@n with
equivalently in the inner region close to the nuclei and in therespect to the corresponding O-atom stasee Fig. L In-
outer region they are described ag*2p’, the 2’ orbitals  deed, the probability of electron tunneling through the poten-
being different for the different neutral channels. Thg’ 2 tial barrier separating the atom and the surface rapidly de-

distance from the image plane (a.u.)
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distance from the image plane (a.u.) . .
wherer = x>+ y?+ 7. Under the reflection with respect to

FIG. 2. Partial decay rates of the"Gubstates for the various the (x,z) plane ff— —vy), the|py> orbital changes its sign
decay channel¢see Table )l as functions of the ion-surface dis- (antisymmetri¢, while the |p,) and |p,) orbitals do not
tance.(a) Decay rates of the O(M_=0) substate(b) decay rates change their sigiisymmetrig.
of the O (|M_|=1) substates. In the same way, one can form symmetric and antisym-

metric states of O and Ofrom the proper combination of
creases when the binding energy of the tunneling electrothe M substates. For thkl, =0 states, by superposing the
increases. So the smallest binding enerdp channel is ~ Symmetry properties of the orbitals in the many electron
associated with the largest partial decay rate, while the largwave functions, one can obtain the symmetry properties of
est binding energy'S channel is associated with the small- the O and O states and we have the symmetric states
est partial decay rate. One can similarly account for the difO~(M_=0), O(*Sy _), O(*Dy, _ ), and the antisymmet-
ferent slopes of thd™y(Z) curves that are related to the ric state OEPML,O)-
energies of the transferred electrons. Further dependence of apg for each of the degenerafl, |0 substates, sym-
the decay rates on the magnetic substates involved in th@etric and antisymmetric combinations are formed in a way
transition is discussed in detail in Ref. 27. similar to Eq. 2a). One can then obtain the capture and loss

In grazing scattering geometry, the only symmetry of theyates for the symmetry-adapted states, using the proper spin
problem is that with respect to the scattering plane. Thereang angular momentum statistical factors together with the
fore the basis oM, m states, appropriate to treat the static partial decay rates presented in Figéa)2and 2b) and in

problem of the O ion interacting with the surface, is not Taple |. The results for the capture and loss rates redefined in
suitable for the treatment of the dynamics of the parallekhe new basis are given in Table II.

velocity assisted charge transfer. The treatment of the dy-
namical RT by the “shifted Fermi sphere” model breaks the
cylindrical symmetry around thez axis so that new
symmetry-adapted states have to be considésed Ref. 32 In the case of grazing collisions, the kinematic effects
for more details Indeed, the capture and loss rates obtaine¢mooth out the clear cut separation between occupied and
in a static study can still be used, when redefined in a propainoccupied metal staté5:2>%°In that sense the parallel ve-
basis. Symmetric and antisymmetric combinations have to blcity effect on the projectile-surface charge transfer is
formed from theM_, m states. We define the scattering analogous to the effect of a very high temperature of the
plane as thex,z) plane and the surface as the ) plane. surface. For such conditions the population evolution of the
For the active electron, symmettis) and antisymmetri¢a)  projectile states can be described within a rate-equation
combinations with respect to the,g) plane can be formed approach>34 Taking into account all the states that are in-
from the degeneratm= *1 states as volved, one can writé’

B. Time evolution of the charge states

TABLE |I. Partial decay rates of the @M, =0) and O (|M_|=1) statesI'; corresponds to the decay
rates into various decay channélermation of O atom in®P, D, or S staté. m is the projection of the
angular momenta of the ejected electron on the quantization axis.

p,m=0  °P,m=1 D,m=0 ID,|m=1 'Sm=0 IS |m=1

Oi(ML:o) 0 Fl FZ Fg F4 0
O (IM|=1) I's I's I'7 Iy 0 Iy
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TABLE II. Loss and capture rates for different @ substrates with the proper symmetry with respect to the scattering plane.
O (S;/A,) represents the symmetric/antisymmetric state, formed from thgMQ|=1) states, O(S,) represents the symmetric
O™ (M_=0) state3P(Sy ,Ay), D(Sy .An). and1S(S,) represent the symmetric/antisymmetric states formed from the vatidlistates
of O atom(see text s, /a, represents the symmetric/antisymmetric state of the aftije-1 electron[see Eq(1)]. s, represents theng
=0) state of the active electron.

*P(Ao) P(A) °P(Sy) 'D(S0) 'D(Ay) 'D(S) 'D(A2) 'D(Sy) 1S(Sp)

0™ (Sv) 0 501.a 5018 PP T3 3T3.51 0 0 I'4.50
loss
0 (S) 0 ifvar 5Tes 28 Taay T3, 0 0 24,50
capture
0 (A) | | 0 irg.a; I'7,50 0 2Tg,51 2Tg,a; Ig.a;
loss
O (A) 6.5, 5,50 0 ., 2T';,s0 0 STg.s: .2, 2Ty,
capture
0 (S) T's.ay 0 I's,so g5 0 I'7,50 2Tg.a; 21,5 Ig,s;
loss
0 (S) 2Tg,a, 0 T 2Tg,s1 0 2T'5,s, Tg,a, Tg.s, 2lg,s;
capture

dPl,, osdl capio] tween the O ion and the meta y refers to the state of the

dt E Gij Pion+2 Gij Pleutar active electron:y={sq,s;,8,}. This angular distribution

: : (3)  function is normalized as
j
dpneutral__ 2 Gcaptur Pj +Z GlossPi 2 sing do Zlﬂd |0.)((0 Z)|2=1 (6)
dt - i ij neutral i ij ion - 0 o ¢ ij 1Py .

. . o )
In Eq. (3) P\, and Pl_,. are the populations of the The angular distributiorjo(6,¢,Z)|* corresponds to the

on . . .
negative-ion and neutral atom substates defined in Table [A&0MiC states with the proper symmetry with respect to the

scattering plane. Details on this point are discussed in Ref.
32. f(Eg— (kij+Vy)?/2) is the “Fermi-Dirac” function (Eg
is the Fermi energyin the rest frame of the moving ion. This
3 3 3 1 1 1 is affected in a characteristic way by the motion parallel to
J={"P(A0),"P(A1),"P(S,),"D(Sy),"D(A1),"D(Sy), (4)  the surface(“shifted Fermi sphere” modéf*) and for a
X1D(A,),'D(S,),1S(Sy)}- vanishing temperature can be expressed by the step-function
O (v, along thex axis):
GSS and G are the electron loss and electron capture
raltjes res cti P (kij +v)? k?ﬂ’f
, respectively. c— ] — - i
The effect of the parallel velocity is incorporated into the 2 2
theoretical description by taking into accoungtg(}he frame )
transformation betyveen the ion and the mé{a?.' In the wherek;;=|k; | is fixed by the resonance condition
rest frame of the ion, the resonant transition rates are ob-

i={0(S),0 (A),0 (S},

— v ki;siné cosp |,

tained from(6, ¢ are the polar coordinates of the metal-state k. = m _ (8)
wave vectork with respect to the quantization akis N N
Uy is the bottom of the conduction barigllium meta). E;;
Gicjaptz) Ficjaptz) 2 ?s the_binding energy of the electr_on in tt‘_tb state of the O
[G!‘-’SS(Z)] = F!‘?SS(Z)] f sind dé ion with respect tgth channel. It is obtained from E@l).
! g 0 Equation(3) is integrated numerically along the outgoing
27 path of the scattered particle. The trajectory is assumed to be
xf d<p|afj(0,<p,2)|2 a straight line followed with constant velocity. The starting
0 point of the integratiorZ;,; was taken equal to 3, (mea-
(ki +Vu)2 sured from the image plaheFor such a short distance, the
flEg— ———— final population of the various states does not depend on the
% i ) (5) initial populations atZ;,;. Indeed, close to the surface the
1_f< Er— (kij +v)) rates for the RT process are high. Any memory of the initial
2 populations is quickly erased and the system relaxes towards

a local equilibrium population given by the competition be-
In Eq. 5,F!?SS and Ffjapt are the “static” capture and loss tween loss and capture rates in H8). However, asZ,
rates presented in Table llafj(a,cp,2)|2 describes the an- increases, the final population becomes dependent on the ini-
gular distribution for the probability of electron transfer be- tial conditions.
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FIG. 3. Populations of the various states as functions of the

projectile-surface distance in the outgoing trajectory path. The exit FIG. 4. Scaled populations of various states as functions of the
angle is 1.8° with respect to the surface and the collision velocity igprojectile-surface distance, for the same case as in Fig. 3. Solid line
equal to 0.2 a.u. The integration of the rate equations is started @~ (S,) substate; long-dashed line, summed population of the
Zw=2a, with the initial populations of different states equal to O7(S;) and O (A,) substates; dashed-dotted line, totaI3X
their equilibrium values for this velocity. Solid line, ©S;) sub- ground-state population; dotted line, total ‘D) excited-state
state; dashed line, summed population of thg &) and O (A,) population; short-dashed line, total {3} excited-state population.
substates; dashed-dotted line, totaPP) ground-state population;
dotted line, total O{D) excited-state population. The neutral state populations are seen to stabilize at dif-
ferent atom-surface distances: thg population reaches its
When several states are involved in the charge-transfezsymptotic value earlier than thd population and théP
process, their population dependence on the atom-surfag@pulation is the last one to reach its asymptote. The ion
distance, collision velocity, and the properties of the surfacgopulation reaches its asymptote at the same time asRhe
(work function is rather complicated. Certain states, even iflevel. The difference between the various stabilization dis-
they are not populateat the end of the collisigrcan exist as  tances has to be linked with the difference between the vari-
transient stateduring the collisionand thus deeply influence ous transition rategsee Fig. 2 Indeed, the'S state is asso-
the final populations of the other stafes:'43-%|n Fig. 3  Ciated With. the smallest -partial width, yvith the_ largest slope
we present the time evolution of the populations of the vari2sS @ function ofZ, and is thus associated with the fastest

ous states as functions of the atom-surface distance when t§envergence of its population whehincreases, or equiva-
oxygen atom leaves the surfagthe 1S population being too lently to the smallest distance of the final charge state for-
small is not shown on the figuret corresponds to scattering Mation (“freezing distance®). However, because of the
conditions typical of the experimental study: an exit angle ofwidth of the freezing regions, one does not see on Figs. 3 and
1.8° with respect to the surface and a collision velocity equaft the successive decoupling of the negative ion from the
t0 0.2 a.u(16 keV collision energy, and 16 eV perpendicular Neutral states. On Fig. 4, the ion population is seen to quickly
energy. The integration of the rate equations is started afleécrease a& increases; as said above, this is due to the
Z,= 2a, with the initial populations of different states equal decrease of the equilibrium population of the ion level, a
to their equilibrium values for this velocity. For a given consequence of the variation of the ion level energy. The

projectile-surface separation, the local equilibrium values ofonic population is seen to stabilize in the 5a distance
P, andP! . ..are such that the right-hand sides of Eg).  ange that can be considered then as an estimate of the so-

are equal to zero. called “freezing distance.” In the present case, the multistate
As the projectile recedes from the surface, the ion popugharacter of the process associated with different distance
lation decreases in favor of the neutral states as a consd9mains makes difficult a more exact determination of the
quence of the variation of the ionic level energy with thedistance of final formation of the negative ion states. As is
atom-surface distance. Most of the population variation ocS€en in the figure, the oxygen ground-stat®)( population
curs in the 3—5, range. In order to stress the large distancestabilizes in the same region of distances as the negative-ion

variation, Fig. 4 presents scaled populations as functions dfopulation. That reflects the fact that, owing to its large
Z. For the neutral states they are defined as width, the P state dominates the charge transfer and basi-

cally determines the final Opopulation. Furthermore, the
excited states of the neutral atom correspond to large affini-

pscaled P(Z)-P(Z=2) ties, so that capture of electrons by the excited states is ef-
Maq{ P(Z)—P(Z=2)]" fective even at large distances. In contrast, {Relevel very
quickly crosses the Fermi level, so that the iOn can decay
and for the ion states, to form the oxygen ground state. As a consequence, any

excited state population will be pumped down to the ground
state due to the quenching process: §ID)
pscaled_ P(Z)—P(*) — 0 —0(%P) (see also Ref. 27 So, for small parallel ve-
MaxP(Z)—P(x»)]" locities, the excited-state population is very weak and*fRe
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emerge from the surface as neutral atqf8 circles) and as
negative iongopen circleg respectively.

The separation of the data with respect to charge states is
achieved by applying a “difference” methdd,where the
data are recorded with biasédnly neutral projectilesand
unbiasedall projectileg electric-field plates, and the contri-
butions of ions are obtained from the difference of the two
data sets. For velocitias<0.5 a.u., one charged component
in the scattered beam dominates the charge spectra, so the
difference of the two data sets gives directly the contribution
of the negative ions. For higher velocities charge-state distri-
butions are recorded by selecting part of the projectiles in the

. . . % maximum of the scattering distribution with a slit and dis-

60 05 1.0 15 20 25 30 persing it with an electric field with respect to all charge
scattering angle () states.

The data shown in Fig. 5 are arbitrarily normalized to the

FIG. 5. Angular distributions of the scattered neutral oxygensgme heights of the maxima; i.e., the data for ©Ons are
atoms(full dots) and O ions (open circles for 15 keV O" ions  multiplied in this respect by a factor of 32. This means that
impinging on an Al111) surface. The dashed and solid lines repre-the fraction of negative ions is 3% for this case. In compar-
sent Gaussian fits to the Cand @ angular distributions, respec- ing the two distributions, a slight shift of the data for ions
tively. The saturated signal at the zero angle corresponds to thgywards smaller angles of scattering can be seen that is in
incident beam. particular evident for smaller angles of the distributions.

Such an angular shift has been observed already in a number
state is dominating. However, the parallel velocity effectof studies for different sorts of atoms and their positive ions.
makes possible the formation of excited states and indeed tHeis attributed to the attractive image force acting on charged

fraction of excited states in the beam increases with the paiarticles on the outgoing trajectories. From the angular shift
allel velocity (see Sec. IV. one can estimate the distance of the final charge-state

formation?®#! though, owing to the multistate aspect of the
charge-transfer process, it is not a well-defined quantity in
. EXPERIMENT the present case. For the data shown here we get from fits

. : : . with a Gaussian line shape a shXtb=0.08°+0.03°; this
Oxygen atoms or ions with energies ranging from 1.5 to

. corresponds to an image-interaction eneigy,=—(0.70
700 keV (velocities 0.k v<1.3 a.u) produced by a small +0.25) eV. We will comment on this result below.

accelerator equipped with an eIectron—cyglotrc_)n—resonance A further aspect of the data displayed in Fig. 5 is related
(ECR) -ion source are scattered after collimatiGangular 1o measurements of ion fractions. Since the forces owing to
width 6&<*0.02°) from a clean and flat AL11) surface  jmage-charge interaction on ions affect the angular distribu-
under a grazing angle of incidenck;,<2°. The experi- tions particularly for subspecular angles of scattering,
ments are performed in an UHV-scattering chamber at aegative-ion fractions derived at those angles are clearly en-
pressure of about 16° mbar. Sets of electric field plates hanced in comparison to the actual values derived from the
upstream and downstream with respect to the target are uséttensities at the maxima or from an integration of the
to disperse the incoming and, in particular, the scatteredurves. Thus data at low energieg<50 keV) have to be
beams with respect to charge states. recorded and analyzed taking into account image charge ef-
Special attention is paid to the demand of equal detectioffects in order to avoid artificial enhancement of the negative
efficiencies for particles in different charge states, in particuion fractions.
lar for neutral O atoms and Oions. This is achieved by a In Fig. 6 we present the negative-ion fractions as a func-
thin carbon foil (<5 wg/cn?) mounted on the entrance ap- tion of the projectile velocity for the scattering of O atoms
erture of our channeltroVALVO X919BL) detector. The with various angles of incidenc®;,=0.63°, 1°, and 1.8°.
charge state equilibrium is reached during the passage dfhe data reveal the expected structure of a kinematic reso-
projectiles through the foil in only a few atomic layers. This nance with a threshold at;~0.1 a.u. and a maximum at
guarantees the same detection efficiency irrespective of theg,,,~0.35 a.u. The symbols represent the experimental data
charge state of the incoming atomic particle. and the curves the results of our calculations with the model
The target surface is prepared by a large number of cyclesutlined in Sec. Il(Note the different scales for the theoret-
by grazing sputtering with 25 keV Arions and subsequent ical and experimental resultdn Fig. 7 we show an enlarged
annealing of the target for about 5 min at a temperature ofiew of the range of velocities around the threshold for ion
about 500 °C. In the final state of preparation we obtain deformation(scattering angle 0.6°No scaling factor is applied
fined angular distributions of scattered projectiles. A com-here. As is seen from Fig. 6, the ion fraction increases with
parison with former investigations by SPALEEBpot pro- the angle of incidence, i.e., with the collision velocity com-
file analysis low energy electron diffractiprindicates a ponent normal to the surface, while exhibiting the same
mean width of terraces formed by topmost surface atoms ashape of the resonance curve. This variation is similar to the
typically 1000 a.u®® one observed for Hformation?® and is easily explained in
As an example we present in Fig. 5 angular distributionshe freezing distance approximation: as the perpendicular ve-
after the scattering of 15 keV Oions from the A{111) locity increases, the freezing distance decreases, and since
surface. The two distributions shown are for projectiles thathe equilibrium ion population increases at sma|l this

15keV O+ => AI{(111)
e O°
00" %32

counts

°® L JeY ‘_.-"
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FIG. 6. Negative-ion fractions as functions of the projectile ve-
locity for the scattering of O atoms from an (A1) surface with FIG. 8. Experimentally measured fractions df'Oons as func-
various angles of incidencel(,). The symbols represent the ex- tions of the projectile velocity after scattering from an(#l1) sur-
perimental data and the curves represent the theoretical resulface with an angle of incidenck;,=0.35°. The arrows indicate the
Note the different scales for the experimental and theoretical rekinematic thresholds for the various Auger ionizations. Squares O
sults. Triangles and dashed-dotted lide,,=0.63°; squares and fraction; diamonds, & fraction; triangles, & fraction; filled
dashed lineb;,=1°; full dots and solid line®;,=1.8°. circles, @ fraction.

leads to the observed variation. From Fig. 6 we can see thafom the total energy. Thus the reduction of projectile veloci-
the theoretical ion fractions are higher than the experimentdjes during the scattering from the surface can be neglected
ohes by a factor of about 1.6 at the maximum, a|though théor the theoretical description even if the formation of O
general shape of the resonant curve is well reproduced. In tHens takes place on the outgoing path of the trajectory.
same time the agreement between theory and experiment is
fairly good in the threshold regiofFig. 7). At this point we
should stress that the theoretical approach is free from ad- _ _ ) ) )
justable parameters. A discussion on possible origins for the W€ begin the discussion of our results with an analysis of
discrepancy between experiment and theory results is préhe _angula!’ shift Observed N the angular distributions shown
sented in the next section. in Fig. 5. Since the final formation of the Qons proceeds at
Additional information for the interpretation of the data 2 relatively large distance from the surface, one can describe
might be deduced from the appearance of positive ions in thie image potentials to a good approximation by the classical
scattered beams. The fractions of @ns as functions of the 1/4Z dependence. Then we deduce from the measkjgd
projectile velocity are presented in Fig. 8. The data show & —(0.70=0.25) eV a mean distance of final formatidg
pronounced increase of the *Ofractions for velocities =(9.7°39 a.u. The relatively large uncertainties are due to
v=0.1a.u. the smallness of the Ofractions and the widths of the an-
Finally, we note that measurements on the energy loss dular distributions, which makes the application of the ex-

scattered projectiles show an energy loss smaller than 2.5@gerimental method rather difficuléee previous sectignDe-
spite these problems, we can conclude that the final

formation of O ions proceeds in an interval of distances that
J' is located at about 10 a.u. from the image reference plane.
This distance is significantly larger thats=3 a.u. as re-
ported for the O formation at a Au surface by Meyer and
] co-workerst®>?° Our estimate for the final Oformation dis-
tance can be compared with the results presented in Figs. 3
and 4. Indeed, the “final formation distance” obtained from
the angular shift should correspond to the distance where the
] coupling between the ion and neutral states disappears, i.e.,
to the distance where the populations stabilize at their ass-

IV. DISCUSSION

1.5 ,

10 [

05 ¢

negative ion fraction (%)

0.0

)

0

0.05

0.1

0.15

0.2

projectile velocity (a.u.)

0.25

ymptotic value. The region around 5a@seen in Fig. 4 is
consistent with the experimental finding. It should be
stressed that in the present multistate problem, the couplings
between the various ion and neutral states disappear in dif-
ferent broad and overlapping regions of atom-surface dis-

FIG. 7. Negative-ion fraction as a function of the projectile ve- tances. So one cannot find a unique well-defined “final for-

locity for the scattering of O atoms from an(AL1) surface with an

mation distance” for the O ion but rather a broad “final

angle of incidencaP,,=0.63°. The full dots represent the experi- formation zone.” This effect is possibly the origin for the

mental data and the solid line the theoretical results.

rather broad angular distributions seen in Fig. 5.
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100 - 30 ization on Al111).2832 Possible explanations are examined
below.
80| 125 (1) In the present theoretical approach, #eO interac-
e - tion is modeled by the approximation of effective range
T ol 120 S theory(ERT).?>*' This introduces an uncertainty in the the-
S 15 % oretical results. However, this description has been success-
2 ol ] § fully used to studye -O collisions®! so that one cannat
2 10 _ priori expect large errors owing to the use of the ERT ap-
o 2 proach.
20| 15 (2) Another possibility could be the presence of transi-
e T T T tions other than the O/Ocharge transfer. Indeed, the experi-
0 e ]

= . . . 0 mental results show the ionization of the O atom and even
0 0.2 ] 0'_4 0.6 0.8 1 the formation of 09 multicharged iongFig. 8). Figure 8
projectile velocity (a.u.) also displays the thresholds for the successive ionizations of
O atoms via the kinematically induced Auger ionization
FIG. 9. Theoretical results for the final populations of the dif- proces$?~#4 The observed thresholds support the idea that
ferent O-atom states as functions of projectile velocity for scatteringhe kinematically induced Auger process might be respon-
from an Al(111) surface with an angle of incidende,=1°. Solid  sible for the ionization of projectiles. The existence of the
line, OCP) ground-state population; dotted line, &) excited-  jonjzation process can influence the @ormation if both
state population; dashed-dotted line, 'Y excited-state popula- processes occur in overlapping atom-surface distance ranges.
tion. This is not unlikely, since, as said above, we found that the
independence of the final Opopulation on the initial popu-
The kinematic resonant structure observed for the O lations of different substates is only reached for rather small
fractions as functions of the projectile velocity can be quali-distances Zj,~2a,) and so, though ionization processes
tatively understood by a frame transformation between th&€oncern inner orbitals and are likely only close to the sur-
moving projectile and the metal surface. Then in the restace, they could in principle influence the final" Gorma-
frame of the projectiles, the electronic conduction-bandion- It should, however, be stressed that a very large pertur-
states of the metal appear modifig@alilei transformation ~ Pation of the system at smallis required to modify the final
resulting in a “Doppler-Fermi-Dirac distributio?®3°0of oc- 10N fractions by a factor of 1.6. ~
cupied and empty electronic states. As a consequence of this (3) Finally, in the present approach, the @lectrons are

kinematic effect, occupied metal states are brought into resoc—OnSIdered to be nonequivalent with the outer 2lectrons

and four inner D electrons, forming &P, D, or S core.

nance with the affinity level of the ion, and negative ions can_, . , ; . .
be formed via a resonant electron transfer. For this kinema;l]-hIS corresponds to thep?2p’ configuration of the O ion.

cally induced resonant-transfer process, we have characterlA-S a consequence, electron transfer toffrom the metal con-
-ally Inau P ' Berns only the outerf@ electron; the transitions of the inner
tic velocities, as, e.g., the threshold of electron capture fro

Mlectrons are neglected. This description is based on the fact
the surfacev, and the velocity ., for the highest probabil- d P

. 28.32 . that the outer-electron binding energthe O affinity) is
ity of electron captur€.”*“As can be seen from comparisons ,,ch smaller than the binding energy of the inner electrons
of the experimental data with the calculations, these k'”e(typically the O ionization energy This approximation

matic structures for the Oformation are well reproduced. I yorks very well in the case of H however, it could be

this respect it is interesting to note that the data sets Pré&joorer in the case of Q Indeed, the ratio between the ion-
sented in Fig. 6 are in overall good agreement with the calization energy and affinity is about 10 for oxygen, while it is
culations, if the theoretical O fractions are reduced by a about 18 for hydrogen. Studies on halogen negative-ion for-
common factor of about 1.6. mation in interactions with an AL11) surface are currently
Our calculations predict that aside from negative ions andn progres<?® In this case the ratio between ionization energy
ground-state neutrals a significant population of excitedand affinity of the projectile is even smaller. Preliminary
states is present in the scattered beam. The excited-state fraesults support our interpretation of the discrepancy between
tions are presented in Fig. 9 as functions of the parallel veexperimental and theoretical results as caused by the non-
locity (incidence angle 1.8°Note the different scales for the equivalent electron description of the Gon.
different states. For a vanishing parallel velocity, the quench-
ing procesgsee Sec. Il Bis very efficient and the neutral
atoms are all formed in the ground state. However, as the
velocity increases, the kinematic effect results in the exis- We have reported on a joint theoretical and experimental
tence ofboth capture and loss processes between thed@  study of the O ion formation in grazing collisions on an
states and the excited states of the O atom and leads toAd(111) surface. O ions are formed by a resonant electron-
significant population of excited staté@mound 30%at large  capture process assisted by the collision velocity. The study
velocities. has been performed over a wide range of collision energies,
The quantitative agreement between the experimental arghowing the complete resonance curve associated with the
theoretical results for Oformation at an Al111) surface is dynamical electron capture. The open shell structure of oxy-
poorer than the one obtained with the same methods in othgren leads to a complex charge-transfer process involving all
collisional systems: Hion formation and alkali ion neutral- the ion and neutral states. This aspect is revealed by the

V. CONCLUSIONS
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theoretical study showing how the different states participatén good qualitative agreement; however, they differ by a gen-
in the process. An interesting consequence of the multistateral factor of about 1.6. A few origins for these differences
character of the charge transfer is the population of excitethave been discussed. The most probable is the “nonequiva-
neutral states in the scattered beam at large velocities. THent electron” description of the oxygen negative ion in the
results of the experimental and theoretical studies are foundresent theoretical approach.
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