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O2 formation in grazing scattering from an Al „111… surface
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We report on the results of a joint experimental and theoretical study on the formation of O2 ions in grazing
scattering from an Al~111! surface. The O2 fractions in the scattered beam are studied over a wide range of
collision energies. This allows us to observe a resonance structure for the O2 formation probability as a
function of the collision velocity component parallel to the surface (vi). Such a characteristicvi dependence is
the signature of a kinematically induced charge-transfer process between the O2 ion and 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 O2 ion is taken into account.
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I. INTRODUCTION

Negative-ion states are involved in quite a few pheno
ena occurring during atom/molecule interactions with me
surfaces. Stable negative ions can be formed during sca
ing or sputtering processes from solids.1 In addition, they
serve as intermediates in a variety of processes suc
quenching of excited states,2 vibrational excitation of ad-
sorbed molecules,3 reactive scattering,4 and desorption of
ions and neutrals.5

One of the specific properties of negative ions is the sm
binding energy of the active electron. Electron affinities
negative ions typically lie in the few eV range~e.g., 0.75 eV
for H2, 1.46 eV for O2, and 3.4 eV for F2!. Then Auger
capture processes can be ruled out and the negative
formation/destruction at metal surfaces is governed by
resonant electron transfer~RT! between metal and negative
ion states.

Detailed experimental studies have been devoted to
role of the RT process in negative-ion formation at clean a
adsorbate-coated metal surfaces.6–20 Due to the rather smal
binding energy, the affinity level of the negative ion is p
marily in resonance with unoccupied electronic states of
surface above the Fermi level. Then the RT process is do
nated by the neutralization of the negative ion via elect
loss from the affinity level to the metal surface. As a res
small negative-ion fractions are formed at simple metal s
faces, with the exception of the negative halogen ions
can be efficiently formed at metal surfaces due to their re
tively large electron affinities.17 Two methods can be used t
increase the negative-ion yield. One possibility consists
lowering the work function of the metal by alka
adsorption.6,8–14Another possibility, present in grazing sca
tering geometry, is the kinematically induced electro
transfer process, i.e., RT assisted by the collision velo
component parallel to the surface.7,19,20Detailed discussions
on this so-called ‘‘vi effect’’ can be found in Refs. 21–23.
570163-1829/98/57~19!/12579~9!/$15.00
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Recent developments of nonperturbative methods, tr
ing the properties of negative-ion states in front of me

surfaces,24–26 have provided the quantitative tools to stud
RT processes. One of these methods, the coupled ang
mode~CAM! method, has been used to treat the O2 survival
probability on surfaces with variable work functions27 as
well as the parallel velocity assisted H2 formation in grazing
scattering at metal surfaces.28 In both cases a quantitativ
agreement with the experimental results was obtained.

In this paper we report on an experimental as well a
theoretical study of O2 formation in grazing scattering at
metal surface. We use an Al~111! target, a prototype of the
free-electron metal. Compared to a recent experimental s
on O2 formation at an Au~110! surface,19,20 a much larger
energy range and a variation over scattering angles are
compassed in our study. Therefore, we are able to obser
‘‘resonant’’ structure for the O2 formation probability as a
function of the velocity component parallel to the surfac
Image-charge-acceleration measurements provide com
mentary information on the O2 formation distances in addi
tion to what can be deduced from the dynamical thresho
for the negative-ion formation.

From the theoretical point of view, the study of the d
namical resonant-transfer process involving the O2 ion and
the O atom is quite elaborate. O2 ~O! has an incomplete
p-shell structure with five~four! 2p-electrons that cana pri-
ori participate in the RT process. As discussed in Ref. 27,
O2 ion has a2P symmetry and can lose one of its 2p elec-
trons to form the ground3P or metastable1D or 1S states of
the O atom in a 2p4 configuration. Together with the exis
tence of different magnetic sublevels, this results in a mu
state character of the problem that is further complicated
the vi effect on RT. To treat the dynamical RT process w
use a multistate rate equation approach,29 where the parallel
velocity effects are incorporated via the ‘‘shifted Ferm
sphere’’ model.21–23,30 The inputs for the dynamical treat
ment are the static properties of an O2 ion in front of an Al
12 579 © 1998 The American Physical Society
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12 580 57C. AUTH et al.
surface obtained with the CAM method. Finally, we descr
the experiments and compare our experimental data with
theoretical studies for a wide range of scattering conditi
(v' , v i!. Herev' stands for the velocity component norm
to the surface.

II. THEORETICAL DESCRIPTION
OF THE O2 FORMATION

A. Static properties of the O2 ion in front of the Al surface

We use the CAM method25 to calculate the static proper
ties of the O2 ion in front of the Al surface~energies of
negative-ion states, partial decay rates into different ch
nels, and angular distributions of the electrons ejected
the metal!. Basically, one studies the electron scatter
problem in the compound potential created by the metal
face and the oxygen atom in front of it. Negative-ion sta
appear as scattering resonances. We use a free-ele
model to represent the Al metal and the effective ran
approach31 to describe electron scattering by the O atom. F
further details on the CAM treatment of the O2/Al system
we refer to an earlier publication.27 Here, we briefly discuss
static results with emphasis on the modifications introdu
by the grazing angle geometry. The O2 ion corresponds to a
2P symmetry. Three substates of differentML ~projection of
the total orbital momentum on the quantization axis! are
formed. Thez axis normal to the surface and going throu
the ion center is chosen as the quantization axis to keep
cylindrical symmetry of the problem. The presence of t
metal surface partly lifts the degeneracy of theML states.
ML50 and uMLu51 statesa priori are coupled to the sur
face differently and therefore have different energies a
widths. The ML51 and ML521 states are still
degenerate.27

By losing one of its 2p electrons, the O2 ion can be
neutralized in front of the surface. The neutral O atom h
the stable configuration 1s22s22p4. From this, three state
of 3P, 1D, and 1S symmetry can be formed.3P and 1D
states have magnetic sublevels:ML50, 61 andML50, 61,
62, respectively. Depending on the O2 ion substate that is
losing an electron, and on the spin and angular momentum
the detached electron, different O atom states can be form
Similarly, the different substates of the O atom can captu
metal electron to form the different substates of the O2 ion.

At this point it should be stressed that, because of
different energies of the three neutral cores~ 3P, 1D, and
1S!, the O2 ion presents different binding energies with r
spect to its parents. The energy of the free O2 ion is E3P5
21.46 eV, with respect to the3P state of the O atom,E1D
523.43 eV, with respect to the1D state of the O atom
E1S525.65 eV, with respect to the1S state of the O atom

In the effective range approach, one uses an open-s
description of the O2 negative ion (2p42p8) that allows an
easy description of the three neutral core states and the
different binding energies of O2 with respect to the neutra
channels. In this approach, the five O2 electrons are treate
equivalently in the inner region close to the nuclei and in
outer region they are described as 2p42p8, the 2p8 orbitals
being different for the different neutral channels. The 2p8
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orbitals describe the loosely bound outer electron of O2 in
the different channels and are thus the active orbitals in
RT process.

In Ref. 27 the static properties~energy and width! of
O2(ML50) and O2(uMLu51) states in front of the Al sur-
face have been calculated by the CAM method. In front
the surface, the energy of the O2 ion is shifted byDE(Z) ~Z
is the ion-surface distance measured from the image pla!.
In a first approximation, this energy shift follows the imag
charge interaction:DE(Z)521/4Z. However, when looking
more closely, theML states are no longer degenerate andDE
is slightly different for the O2(ML50) and O2(uMLu51)
substates. Depending on the O atom state involved in2

formation/destruction, different energies should be cons
ered:

Ej
uMLu

~Z!5Ej1DEuMLu~Z!, j 5$3P,1D,1S%. ~1!

In Fig. 1 we have sketched the energy positions of the2

level in front of an Al~111! surface@Ej
uMLu(Z)# with respect

to the three states of the ground term of the neutral O a
(Ej ). As an important feature, the O2 ion level lies below
the Fermi level for all the decay channels at small ato
surface distances. However, there exists an intermed
range of distances where the ion level is above the Fe
level for the3P decay channel and below the Fermi level f
the O excited-state channels. At these distances the O2 ion
can be formed from the excited states and simultaneo
decays into the O(3P) channel, leading to a deexcitation pro
cess for the O singlet states~see, e.g., Ref. 27!.

The total widths of the O2(ML50) and O2(uMLu51)
states in front of the surface are different and roughly v
exponentially with the ion-surface distance. Results for
partial decay rates are summarized in Figs. 2~a!, 2~b!, and
Table I. Note that the rates increase significantly from1S,
1D to 3P. The differences in the decay rates are mainly d
to the difference in the binding energies of the O2 ion with
respect to the corresponding O-atom states~see Fig. 1!. In-
deed, the probability of electron tunneling through the pot
tial barrier separating the atom and the surface rapidly

FIG. 1. Schematic energy positions of the O2 levels in front of
an Al surface, with respect to three O(3P, 1D, and 1S! states as
functions of the atom-surface distanceZ. The dashed horizonta
line defines the position of the Fermi level.
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57 12 581O2 FORMATION IN GRAZING SCATTERING FROM AN . . .
creases when the binding energy of the tunneling elec
increases. So the smallest binding energy (3P channel! is
associated with the largest partial decay rate, while the la
est binding energy~ 1S channel! is associated with the smal
est partial decay rate. One can similarly account for the
ferent slopes of theG1(Z) curves that are related to th
energies of the transferred electrons. Further dependenc
the decay rates on the magnetic substates involved in
transition is discussed in detail in Ref. 27.

In grazing scattering geometry, the only symmetry of t
problem is that with respect to the scattering plane. The
fore the basis ofML , m states, appropriate to treat the sta
problem of the O2 ion interacting with the surface, is no
suitable for the treatment of the dynamics of the para
velocity assisted charge transfer. The treatment of the
namical RT by the ‘‘shifted Fermi sphere’’ model breaks t
cylindrical symmetry around thez axis so that new
symmetry-adapted states have to be considered~see Ref. 32
for more details!. Indeed, the capture and loss rates obtain
in a static study can still be used, when redefined in a pro
basis. Symmetric and antisymmetric combinations have to
formed from theML , m states. We define the scatterin
plane as the (x,z) plane and the surface as the (x,y) plane.
For the active electron, symmetricus& and antisymmetricua&
combinations with respect to the (x,z) plane can be formed
from the degeneratem561 states as

FIG. 2. Partial decay rates of the O2 substates for the variou
decay channels~see Table I! as functions of the ion-surface dis
tance.~a! Decay rates of the O2 (ML50) substate;~b! decay rates
of the O2 (uMLu51) substates.
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us1&5
1

A2
~ um51&2um521&)5upx&,

ua1&5
1

A2
~ um51&1um521&)5upy&, ~2a!

us0&5um50&5upz&;

where the subscripts refer to them manifold from which the
symmetric or antisymmetric state is formed.upx&, upy&, and
upz& stand for the electronic states oriented along thex, y,
andz axis, respectively:

^r upx&5xC~r !,

^r upy&5yC~r !, ~2b!

^r upz&5zC~r !,

wherer 5Ax21y21z2. Under the reflection with respect to
the (x,z) plane (y→2y), the upy& orbital changes its sign
~antisymmetric!, while the upx& and upz& orbitals do not
change their sign~symmetric!.

In the same way, one can form symmetric and antisy
metric states of O and O2 from the proper combination of
the ML substates. For theML50 states, by superposing th
symmetry properties of the orbitals in the many electr
wave functions, one can obtain the symmetry properties
the O2 and O states and we have the symmetric sta
O2(ML50), O(1SML50

), O(1DML50
), and the antisymmet-

ric state O(3PML50
).

And for each of the degenerateuMLuÞ0 substates, sym-
metric and antisymmetric combinations are formed in a w
similar to Eq. 2~a!. One can then obtain the capture and lo
rates for the symmetry-adapted states, using the proper
and angular momentum statistical factors together with
partial decay rates presented in Figs. 2~a! and 2~b! and in
Table I. The results for the capture and loss rates redefine
the new basis are given in Table II.

B. Time evolution of the charge states

In the case of grazing collisions, the kinematic effec
smooth out the clear cut separation between occupied
unoccupied metal states.21–23,30In that sense the parallel ve
locity effect on the projectile-surface charge transfer
analogous to the effect of a very high temperature of t
surface. For such conditions the population evolution of t
projectile states can be described within a rate-equat
approach.33,34 Taking into account all the states that are in
volved, one can write.29
y
TABLE I. Partial decay rates of the O2(ML50) and O2(uMLu51) states.G i corresponds to the deca
rates into various decay channels~formation of O atom in3P, 1D, or 1S state!. m is the projection of the
angular momenta of the ejected electron on the quantization axis.

3P, m50 3P, umu51 1D, m50 1D, umu51 1S, m50 1S, umu51

O2(ML50) 0 G1 G2 G3 G4 0
O2(uMLu51) G5 G6 G7 G8 0 G9
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TABLE II. Loss and capture rates for different O2/O substrates with the proper symmetry with respect to the scattering p
O2(S1 /A1) represents the symmetric/antisymmetric state, formed from the O2(uMLu51) states, O2(S0) represents the symmetri
O2(ML50) state.3P(SM ,AM), 1D(SM ,AM), and1S(S0) represent the symmetric/antisymmetric states formed from the various6M states
of O atom~see text!. s1 /a1 represents the symmetric/antisymmetric state of the activeumu51 electron@see Eq.~1!#. s0 represents the (m
50) state of the active electron.

3P(A0) 3P(A1) 3P(S1) 1D(S0) 1D(A1) 1D(S1) 1D(A2) 1D(S2) 1S(S0)

O2(S0)
loss

0 1
2 G1 ,a1

1
2 G1 ,s1 G2 ,s0

1
2 G3 ,a1

1
2 G3 ,s1 0 0 G4 ,s0

O2(S0)
capture

0 1
3 G1 ,a1

1
3 G1 ,s1 2G2 ,s0 G3 ,a1 G3 ,s1 0 0 2G4 ,s0

O2(A1)
loss

G6 ,s1 G5 ,s0 0 1
7 G8 ,a1 G7 ,s0 0 6

14G8 ,s1
6

14G8 ,a1 G9 ,a1

O2(A1)
capture

2
3 G6 ,s1

2
3 G5 ,s0 0 2

7 G8 ,a1 2G7 ,s0 0 6
7 G8 ,s1

6
7 G8 ,a1 2G9 ,a1

O2(S1)
loss

G6 ,a1 0 G5 ,s0
1
7 G8 ,s1 0 G7 ,s0

6
14G8 ,a1

6
14G8 ,s1 G9 ,s1

O2(S1)
capture

2
3 G6 ,a1 0 2

3 G5 ,s0
2
7 G8 ,s1 0 2G7 ,s0

6
7 G8 ,a1

6
7 G8 ,s1 2G9 ,s1
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dPion
i

dt
52H(

j
Gi j

lossJ Pion
i 1(

j
Gi j

captPneutral
j ,

~3!

dPneutral
j

dt
52H(

i
Gi j

captureJ Pneutral
j 1(

i
Gi j

lossPion
i .

In Eq. ~3! Pion
i and Pneutral

j are the populations of the
negative-ion and neutral atom substates defined in Table

i 5$O2~S0!,O2~A1!,O2~S1!%,

j 5$3P~A0!,3P~A1!,3P~S1!,1D~S0!,1D~A1!,1D~S1!,

31D~A2!,1D~S2!,1S~S0!%.
~4!

Gi j
loss and Gi j

capt are the electron loss and electron captu
rates, respectively.

The effect of the parallel velocity is incorporated into t
theoretical description by taking into account the fram
transformation between the ion and the metal.21–23,30In the
rest frame of the ion, the resonant transition rates are
tained from~u, w are the polar coordinates of the metal-sta
wave vectork with respect to the quantization axis!

H Gi j
capt~Z!

Gi j
loss~Z! J 5H G i j

capt~Z!

G i j
loss~Z! J E0

p/2

sinu du

3E
0

2p

dwus i j
x ~u,w,Z!u2

3H f S EF2
~k i j 1vi!

2

2 D
12 f S EF2

~k i j 1vi!
2

2 D J . ~5!

In Eq. 5, G i j
loss and G i j

capt are the ‘‘static’’ capture and los
rates presented in Table II.us i j

x (u,w,Z)u2 describes the an
gular distribution for the probability of electron transfer b
II,

e

b-

tween the O2 ion and the metal.28 x refers to the state of the
active electron:x5$s0 ,s1 ,a1%. This angular distribution
function is normalized as

E
0

p/2

sinu duE
0

2/p

dwus i j
x ~u,w,Z!u251. ~6!

The angular distributionus i j
x (u,w,Z)u2 corresponds to the

atomic states with the proper symmetry with respect to
scattering plane. Details on this point are discussed in R
32. f „EF2(k i j 1vi)2/2… is the ‘‘Fermi-Dirac’’ function ~EF
is the Fermi energy! in the rest frame of the moving ion. Thi
is affected in a characteristic way by the motion parallel
the surface~‘‘shifted Fermi sphere’’ model23,30! and for a
vanishing temperature can be expressed by the step-fun
Q (vi along thex axis!:

f S EF2
~k i j 1vi!

2

2 D5QS EF2
ki j

2 1v i
2

2
2v iki j sinu cosw D ,

~7!

whereki j [uk i j u is fixed by the resonance condition

ki j 5A2~U02Ei j !. ~8!

U0 is the bottom of the conduction band~jellium metal!. Ei j
is the binding energy of the electron in thei th state of the O2

ion with respect toj th channel. It is obtained from Eq.~1!.
Equation~3! is integrated numerically along the outgoin

path of the scattered particle. The trajectory is assumed t
a straight line followed with constant velocity. The startin
point of the integrationZini was taken equal to 2a0 ~mea-
sured from the image plane!. For such a short distance, th
final population of the various states does not depend on
initial populations atZini . Indeed, close to the surface th
rates for the RT process are high. Any memory of the init
populations is quickly erased and the system relaxes tow
a local equilibrium population given by the competition b
tween loss and capture rates in Eq.~3!. However, asZini
increases, the final population becomes dependent on the
tial conditions.
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When several states are involved in the charge-tran
process, their population dependence on the atom-sur
distance, collision velocity, and the properties of the surf
~work function! is rather complicated. Certain states, even
they are not populatedat the end of the collision, can exist as
transient statesduring the collisionand thus deeply influenc
the final populations of the other states.2,11,14,35–37In Fig. 3
we present the time evolution of the populations of the va
ous states as functions of the atom-surface distance whe
oxygen atom leaves the surface~the 1S population being too
small is not shown on the figure!. It corresponds to scatterin
conditions typical of the experimental study: an exit angle
1.8° with respect to the surface and a collision velocity eq
to 0.2 a.u.~16 keV collision energy, and 16 eV perpendicul
energy!. The integration of the rate equations is started
Zini52a0 with the initial populations of different states equ
to their equilibrium values for this velocity. For a give
projectile-surface separation, the local equilibrium values
Pion

i andPneutral
j are such that the right-hand sides of Eq.~3!

are equal to zero.
As the projectile recedes from the surface, the ion po

lation decreases in favor of the neutral states as a co
quence of the variation of the ionic level energy with t
atom-surface distance. Most of the population variation
curs in the 3–5a0 range. In order to stress the large distan
variation, Fig. 4 presents scaled populations as function
Z. For the neutral states they are defined as

Pscaled5
P~Z!2P~Z52!

Max@P~Z!2P~Z52!#
,

and for the ion states,

Pscaled5
P~Z!2P~`!

Max@P~Z!2P~`!#
.

FIG. 3. Populations of the various states as functions of
projectile-surface distance in the outgoing trajectory path. The
angle is 1.8° with respect to the surface and the collision velocit
equal to 0.2 a.u. The integration of the rate equations is starte
Zint52 a0 with the initial populations of different states equal
their equilibrium values for this velocity. Solid line, O2(S0) sub-
state; dashed line, summed population of the O2(S1) and O2(A1)
substates; dashed-dotted line, total O(3P) ground-state population
dotted line, total O(1D) excited-state population.
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The neutral state populations are seen to stabilize at
ferent atom-surface distances: the1S population reaches its
asymptotic value earlier than the1D population and the3P
population is the last one to reach its asymptote. The
population reaches its asymptote at the same time as the3P
level. The difference between the various stabilization d
tances has to be linked with the difference between the v
ous transition rates~see Fig. 2!. Indeed, the1S state is asso-
ciated with the smallest partial width, with the largest slo
as a function ofZ, and is thus associated with the faste
convergence of its population whenZ increases, or equiva
lently to the smallest distance of the final charge state
mation ~‘‘freezing distance’’38!. However, because of th
width of the freezing regions, one does not see on Figs. 3
4 the successive decoupling of the negative ion from
neutral states. On Fig. 4, the ion population is seen to quic
decrease asZ increases; as said above, this is due to
decrease of the equilibrium population of the ion level,
consequence of the variation of the ion level energy. T
ionic population is seen to stabilize in the 5–9a0 distance
range that can be considered then as an estimate of the
called ‘‘freezing distance.’’ In the present case, the multist
character of the process associated with different dista
domains makes difficult a more exact determination of
distance of final formation of the negative ion states. As
seen in the figure, the oxygen ground-state (3P) population
stabilizes in the same region of distances as the negative
population. That reflects the fact that, owing to its lar
width, the 3P state dominates the charge transfer and b
cally determines the final O2 population. Furthermore, the
excited states of the neutral atom correspond to large af
ties, so that capture of electrons by the excited states is
fective even at large distances. In contrast, the3P level very
quickly crosses the Fermi level, so that the O2 ion can decay
to form the oxygen ground state. As a consequence,
excited state population will be pumped down to the grou
state due to the quenching process: O(1S,1D)
→O2→O(3P) ~see also Ref. 27!. So, for small parallel ve-
locities, the excited-state population is very weak and the3P

e
it
is
at

FIG. 4. Scaled populations of various states as functions of
projectile-surface distance, for the same case as in Fig. 3. Solid
O2(S0) substate; long-dashed line, summed population of
O2(S1) and O2(A1) substates; dashed-dotted line, total O(3P)
ground-state population; dotted line, total O(1D) excited-state
population; short-dashed line, total O(1S) excited-state population
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12 584 57C. AUTH et al.
state is dominating. However, the parallel velocity effe
makes possible the formation of excited states and indeed
fraction of excited states in the beam increases with the
allel velocity ~see Sec. IV!.

III. EXPERIMENT

Oxygen atoms or ions with energies ranging from 1.5
700 keV ~velocities 0.1<v<1.3 a.u.! produced by a smal
accelerator equipped with an electron-cyclotron-resona
~ECR! -ion source are scattered after collimation~angular
width dF,60.02°! from a clean and flat Al~111! surface
under a grazing angle of incidenceF in,2°. The experi-
ments are performed in an UHV-scattering chamber a
pressure of about 10210 mbar. Sets of electric field plate
upstream and downstream with respect to the target are
to disperse the incoming and, in particular, the scatte
beams with respect to charge states.

Special attention is paid to the demand of equal detec
efficiencies for particles in different charge states, in parti
lar for neutral O atoms and O2 ions. This is achieved by a
thin carbon foil (,5 mg/cm2) mounted on the entrance ap
erture of our channeltron~VALVO X919BL ! detector. The
charge state equilibrium is reached during the passag
projectiles through the foil in only a few atomic layers. Th
guarantees the same detection efficiency irrespective of
charge state of the incoming atomic particle.

The target surface is prepared by a large number of cy
by grazing sputtering with 25 keV Ar1 ions and subsequen
annealing of the target for about 5 min at a temperature
about 500 °C. In the final state of preparation we obtain
fined angular distributions of scattered projectiles. A co
parison with former investigations by SPALEED~spot pro-
file analysis low energy electron diffraction! indicates a
mean width of terraces formed by topmost surface atom
typically 1000 a.u.39

As an example we present in Fig. 5 angular distributio
after the scattering of 15 keV O1 ions from the Al~111!
surface. The two distributions shown are for projectiles t

FIG. 5. Angular distributions of the scattered neutral oxyg
atoms~full dots! and O2 ions ~open circles! for 15 keV O1 ions
impinging on an Al~111! surface. The dashed and solid lines rep
sent Gaussian fits to the O2 and O0 angular distributions, respec
tively. The saturated signal at the zero angle corresponds to
incident beam.
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emerge from the surface as neutral atoms~full circles! and as
negative ions~open circles!, respectively.

The separation of the data with respect to charge state
achieved by applying a ‘‘difference’’ method,40 where the
data are recorded with biased~only neutral projectiles! and
unbiased~all projectiles! electric-field plates, and the contr
butions of ions are obtained from the difference of the t
data sets. For velocitiesv,0.5 a.u., one charged compone
in the scattered beam dominates the charge spectra, s
difference of the two data sets gives directly the contribut
of the negative ions. For higher velocities charge-state dis
butions are recorded by selecting part of the projectiles in
maximum of the scattering distribution with a slit and di
persing it with an electric field with respect to all charg
states.

The data shown in Fig. 5 are arbitrarily normalized to t
same heights of the maxima; i.e., the data for O2 ions are
multiplied in this respect by a factor of 32. This means th
the fraction of negative ions is 3% for this case. In comp
ing the two distributions, a slight shift of the data for ion
towards smaller angles of scattering can be seen that i
particular evident for smaller angles of the distribution
Such an angular shift has been observed already in a num
of studies for different sorts of atoms and their positive io
It is attributed to the attractive image force acting on charg
particles on the outgoing trajectories. From the angular s
one can estimate the distance of the final charge-s
formation,40,41 though, owing to the multistate aspect of th
charge-transfer process, it is not a well-defined quantity
the present case. For the data shown here we get from
with a Gaussian line shape a shiftDF50.08°60.03°; this
corresponds to an image-interaction energyEim52(0.70
60.25) eV. We will comment on this result below.

A further aspect of the data displayed in Fig. 5 is relat
to measurements of ion fractions. Since the forces owing
image-charge interaction on ions affect the angular distri
tions particularly for subspecular angles of scatterin
negative-ion fractions derived at those angles are clearly
hanced in comparison to the actual values derived from
intensities at the maxima or from an integration of t
curves. Thus data at low energies (E<50 keV) have to be
recorded and analyzed taking into account image charge
fects in order to avoid artificial enhancement of the negat
ion fractions.

In Fig. 6 we present the negative-ion fractions as a fu
tion of the projectile velocity for the scattering of O atom
with various angles of incidenceF in50.63°, 1°, and 1.8°.
The data reveal the expected structure of a kinematic re
nance with a threshold atv th'0.1 a.u. and a maximum a
vmax'0.35 a.u. The symbols represent the experimental d
and the curves the results of our calculations with the mo
outlined in Sec. II.~Note the different scales for the theore
ical and experimental results.! In Fig. 7 we show an enlarged
view of the range of velocities around the threshold for i
formation~scattering angle 0.6°!. No scaling factor is applied
here. As is seen from Fig. 6, the ion fraction increases w
the angle of incidence, i.e., with the collision velocity com
ponent normal to the surface, while exhibiting the sa
shape of the resonance curve. This variation is similar to
one observed for H2 formation,28 and is easily explained in
the freezing distance approximation: as the perpendicular
locity increases, the freezing distance decreases, and s
the equilibrium ion population increases at smallZ, this
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leads to the observed variation. From Fig. 6 we can see
the theoretical ion fractions are higher than the experime
ones by a factor of about 1.6 at the maximum, although
general shape of the resonant curve is well reproduced. In
same time the agreement between theory and experime
fairly good in the threshold region~Fig. 7!. At this point we
should stress that the theoretical approach is free from
justable parameters. A discussion on possible origins for
discrepancy between experiment and theory results is
sented in the next section.

Additional information for the interpretation of the da
might be deduced from the appearance of positive ions in
scattered beams. The fractions of O1 ions as functions of the
projectile velocity are presented in Fig. 8. The data show
pronounced increase of the O1 fractions for velocities
v>0.1 a.u.

Finally, we note that measurements on the energy los
scattered projectiles show an energy loss smaller than 2

FIG. 6. Negative-ion fractions as functions of the projectile v
locity for the scattering of O atoms from an Al~111! surface with
various angles of incidence (F in). The symbols represent the ex
perimental data and the curves represent the theoretical re
Note the different scales for the experimental and theoretical
sults. Triangles and dashed-dotted line,F in50.63°; squares and
dashed lineF in51°; full dots and solid line,F in51.8°.

FIG. 7. Negative-ion fraction as a function of the projectile v
locity for the scattering of O atoms from an Al~111! surface with an
angle of incidenceF in50.63°. The full dots represent the expe
mental data and the solid line the theoretical results.
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from the total energy. Thus the reduction of projectile velo
ties during the scattering from the surface can be negle
for the theoretical description even if the formation of O2

ions takes place on the outgoing path of the trajectory.

IV. DISCUSSION

We begin the discussion of our results with an analysis
the angular shift observed in the angular distributions sho
in Fig. 5. Since the final formation of the O2 ions proceeds a
a relatively large distance from the surface, one can desc
the image potentials to a good approximation by the class
1/4Z dependence. Then we deduce from the measuredEim
52(0.7060.25) eV a mean distance of final formationZS

5(9.722.5
15 ) a.u. The relatively large uncertainties are due

the smallness of the O2 fractions and the widths of the an
gular distributions, which makes the application of the e
perimental method rather difficult~see previous section!. De-
spite these problems, we can conclude that the fi
formation of O2 ions proceeds in an interval of distances th
is located at about 10 a.u. from the image reference pla
This distance is significantly larger thanZS53 a.u. as re-
ported for the O2 formation at a Au surface by Meyer an
co-workers.19,20 Our estimate for the final O2 formation dis-
tance can be compared with the results presented in Fig
and 4. Indeed, the ‘‘final formation distance’’ obtained fro
the angular shift should correspond to the distance where
coupling between the ion and neutral states disappears,
to the distance where the populations stabilize at their a
ymptotic value. The region around 5 – 9a0 seen in Fig. 4 is
consistent with the experimental finding. It should
stressed that in the present multistate problem, the coupl
between the various ion and neutral states disappear in
ferent broad and overlapping regions of atom-surface
tances. So one cannot find a unique well-defined ‘‘final f
mation distance’’ for the O2 ion but rather a broad ‘‘final
formation zone.’’ This effect is possibly the origin for th
rather broad angular distributions seen in Fig. 5.

-

lts.
e-

FIG. 8. Experimentally measured fractions of Oq1 ions as func-
tions of the projectile velocity after scattering from an Al~111! sur-
face with an angle of incidenceF in50.35°. The arrows indicate the
kinematic thresholds for the various Auger ionizations. Squares1

fraction; diamonds, O21 fraction; triangles, O31 fraction; filled
circles, O41 fraction.
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The kinematic resonant structure observed for the2

fractions as functions of the projectile velocity can be qua
tatively understood by a frame transformation between
moving projectile and the metal surface. Then in the r
frame of the projectiles, the electronic conduction-ba
states of the metal appear modified~Galilei transformation!,
resulting in a ‘‘Doppler-Fermi-Dirac distribution’’23,30of oc-
cupied and empty electronic states. As a consequence o
kinematic effect, occupied metal states are brought into re
nance with the affinity level of the ion, and negative ions c
be formed via a resonant electron transfer. For this kinem
cally induced resonant-transfer process, we have charact
tic velocities, as, e.g., the threshold of electron capture fr
the surfacev th and the velocityvmax for the highest probabil-
ity of electron capture.28,32As can be seen from comparison
of the experimental data with the calculations, these ki
matic structures for the O2 formation are well reproduced. In
this respect it is interesting to note that the data sets
sented in Fig. 6 are in overall good agreement with the c
culations, if the theoretical O2 fractions are reduced by
common factor of about 1.6.

Our calculations predict that aside from negative ions a
ground-state neutrals a significant population of exci
states is present in the scattered beam. The excited-state
tions are presented in Fig. 9 as functions of the parallel
locity ~incidence angle 1.8°!. Note the different scales for th
different states. For a vanishing parallel velocity, the quen
ing process~see Sec. II B! is very efficient and the neutra
atoms are all formed in the ground state. However, as
velocity increases, the kinematic effect results in the ex
tence ofbothcapture and loss processes between the O2 ion
states and the excited states of the O atom and leads
significant population of excited states~around 30%! at large
velocities.

The quantitative agreement between the experimental
theoretical results for O2 formation at an Al~111! surface is
poorer than the one obtained with the same methods in o
collisional systems: H2 ion formation and alkali ion neutral

FIG. 9. Theoretical results for the final populations of the d
ferent O-atom states as functions of projectile velocity for scatte
from an Al~111! surface with an angle of incidenceF in51°. Solid
line, O(3P) ground-state population; dotted line, O(1D) excited-
state population; dashed-dotted line, O(1S) excited-state popula
tion.
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ization on Al~111!.28,32 Possible explanations are examin
below.

~1! In the present theoretical approach, thee2-O interac-
tion is modeled by the approximation of effective ran
theory ~ERT!.25,27 This introduces an uncertainty in the th
oretical results. However, this description has been succ
fully used to studye2-O collisions,31 so that one cannota
priori expect large errors owing to the use of the ERT a
proach.

~2! Another possibility could be the presence of tran
tions other than the O/O2 charge transfer. Indeed, the expe
mental results show the ionization of the O atom and e
the formation of O1q multicharged ions~Fig. 8!. Figure 8
also displays the thresholds for the successive ionization
O atoms via the kinematically induced Auger ionizatio
process.42–44 The observed thresholds support the idea t
the kinematically induced Auger process might be resp
sible for the ionization of projectiles. The existence of t
ionization process can influence the O2 formation if both
processes occur in overlapping atom-surface distance ran
This is not unlikely, since, as said above, we found that
independence of the final O2 population on the initial popu-
lations of different substates is only reached for rather sm
distances (Zini;2a0) and so, though ionization process
concern inner orbitals and are likely only close to the s
face, they could in principle influence the final O2 forma-
tion. It should, however, be stressed that a very large per
bation of the system at smallZ is required to modify the final
ion fractions by a factor of 1.6.

~3! Finally, in the present approach, the O2 electrons are
considered to be nonequivalent with the outer 2p8 electrons
and four inner 2p electrons, forming a3P, 1D, or 1S core.
This corresponds to the 2p42p8 configuration of the O2 ion.
As a consequence, electron transfer to/from the metal c
cerns only the outer 2p8 electron; the transitions of the inne
electrons are neglected. This description is based on the
that the outer-electron binding energy~the O2 affinity! is
much smaller than the binding energy of the inner electr
~typically the O ionization energy!. This approximation
works very well in the case of H2; however, it could be
poorer in the case of O2. Indeed, the ratio between the ion
ization energy and affinity is about 10 for oxygen, while it
about 18 for hydrogen. Studies on halogen negative-ion
mation in interactions with an Al~111! surface are currently
in progress.45 In this case the ratio between ionization ener
and affinity of the projectile is even smaller. Prelimina
results support our interpretation of the discrepancy betw
experimental and theoretical results as caused by the
equivalent electron description of the O2 ion.

V. CONCLUSIONS

We have reported on a joint theoretical and experimen
study of the O2 ion formation in grazing collisions on an
Al ~111! surface. O2 ions are formed by a resonant electro
capture process assisted by the collision velocity. The st
has been performed over a wide range of collision energ
showing the complete resonance curve associated with
dynamical electron capture. The open shell structure of o
gen leads to a complex charge-transfer process involving
the ion and neutral states. This aspect is revealed by
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theoretical study showing how the different states particip
in the process. An interesting consequence of the multis
character of the charge transfer is the population of exc
neutral states in the scattered beam at large velocities.
results of the experimental and theoretical studies are fo
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in good qualitative agreement; however, they differ by a g
eral factor of about 1.6. A few origins for these differenc
have been discussed. The most probable is the ‘‘nonequ
lent electron’’ description of the oxygen negative ion in t
present theoretical approach.
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