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Charge transfer and memory loss in keV oxygen-ion scattering from Cu„001…

A. C. Lavery, C. E. Sosolik, C. A. Keller, and B. H. Cooper*
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853-2501

~Received 25 May 1999!

Oxygen ion and neutral atom yields were measured for O1 and O2 ions incident on a clean Cu~001! surface
for ion energies from 0.4 to 5 keV. Scattering geometries were chosen that simplify the selection of single
collisions between the incident ions and surface atoms and consequently also simplify the identification of the
charge transfer mechanisms occurring in the O-Cu system. It was found that the ratio of O1 to O2 ions is
independent of the incident ion charge state, demonstrating that memory loss occurs over the entire range of
energies and scattering geometries investigated. From general arguments based on the energies of the elec-
tronic states of the O-Cu system, we attribute the formation of scattered O2 ions and neutral O atoms to a
resonant charge transfer process. Evidence is presented that the formation of O1 ions is due to a hard collision
between the incident ions and top layer surface atoms. Similar measurements were made for low energy
(<4 keV) C1 ions incident on Cu~001!, over the same range of scattering geometries. The behavior of the
single scattering peaks in the C2 spectra is also consistent with a resonant charge transfer process. No C1 ions
were observed in the scattered flux for all energies and scattering geometries investigated.
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I. INTRODUCTION

When low energy ions are scattered from metallic s
faces it is found that there are particles in the scattered
with charge states that differ from that of the incident ion
There are many different mechanisms, such as resonan
Auger charge transfer, by which electrons may be exchan
between the incident ions and the surface. It is these
cesses that are responsible for the change in the inciden
charge state. Ion-surface scattering experiments allow the
namics of charge transfer to be probed in a controlled m
ner. In particular, the nonadiabaticity of the charge trans
can be investigated by varying the velocity of the scatte
particles through adjustments of the incident ion’s ene
and scattering geometry. Understanding dynamical cha
transfer is critical for understanding many processes tha
volve atoms interacting with surfaces, such as chemisorp
and molecular dissociation. Charge transfer is also centra
surface analysis techniques such as secondary ion mass
troscopy~SIMS!.

In the present work we use low energy ion scattering
study the charge transfer that occurs when incident O1 and
O2 ions are scattered from a clean, single-crystal Cu~001!
surface. As has been discussed in our previous work,1 there
are many effects that need to be included in the analysi
such a complex system. One of the most interesting asp
is the presence of multiple equivalent atomicp electrons on
the oxygen that can participate in the charge exchange.
is in contrast to the better understood alkali ion-surface s
tering systems where at most onep electron in the outer
atomic orbital is involved. There have been several rec
theoretical2–6 and experimental7–9 studies aimed at better un
derstanding the role of multiple equivalentp electrons in
charge transfer processes in systems similar to that u
investigation here.

The goals of this paper are multifold. First we prese
results of a thorough investigation of memory loss for t
O-Cu system. Throughout this paper we will consider t
PRB 610163-1829/2000/61~3!/2291~11!/$15.00
-
x
.
nd

ed
o-
ion
y-

n-
r
d
y
ge
n-
n
to
ec-

o

of
cts

is
t-

nt

er

t

t

memory loss has occurred if the measured scattered
yields are independent of the charge state of the incid
ions. Our previous work involving the scattering of incide
O1 from Cu~001! has shown that there is a considerab
fraction of O1 ions in the scattered flux.1 This was a surpris-
ing observation if one considers a simple picture of reson
charge transfer. One possible explanation for the obser
O1 ion yields was that memory of the incident ion char
state was not completely lost during the interaction of the
with the surface. Here we show that this is not the case
demonstrate that memory loss is complete over the en
range of incident energies and scattering geometries u
investigation. From this observation we draw some conc
sions about the mechanisms that lead to memory loss. T
have been other investigations of memory loss,8,10 but it has
never before been tested for ions with such high incident
scattered velocities perpendicular to the surface.

The second goal was to obtain a quantitative measurem
of final charge state yields over an extensive range of in
dent ion energies and scattering geometries. Recently, m
work has gone into developing multistate models of reson
charge transfer.3,11,12 One many-body model that describe
the key elements of resonant charge transfer in multis
systems has been developed by Marstonet al.11 and used to
successfully reproduce measurements for alkali ion-surf
scattering.13,14 The next step is to develop the ability t
model resonant charge transfer in more complex syste
such as O-Cu. This system is more complex, not only
cause multiple oxygenp electrons are involved in the reso
nant charge transfer, but because it may also be necessa
incorporate additional charge transfer mechanisms. For
stance, to explain the observed positive ion yields it may
necessary to include effects due to the hard collision betw
the incident ions and surface atoms. The data we have
tained here will be useful for comparison with the results
future charge transfer models which correctly incorporate
relevant multistate aspects of the O-Cu system.

Finally, we present the results obtained from the scat
2291 ©2000 The American Physical Society
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2292 PRB 61LAVERY, SOSOLIK, KELLER, AND COOPER
ing of low energy C1 ions from a clean Cu~001! surface,
measured over the same range of incident and final scatte
geometries. Neutral C has two electrons in the 2p shell, in-
stead of two holes as in neutral O, making this an interes
complementary system to study.

The organization of this paper is as follows. In Sec. II, w
present the experimental apparatus and measurement
analysis techniques. In Sec. III, we present the experime
scattering results for 1–5 keV O2 ions incident on Cu~001!
at 45°. Section III A compares the scattered O1/O2 ratios
obtained for both incident O1 and O2 ions, which demon-
strate that memory loss of the incident charge occurs. In S
III B we present a complete set of measurements of the s
tered O1/O2 ratios over a wide range of final scatterin
angles. Section III C presents the absolute ion and neu
atom yields. These data are necessary for comparison to
results of multistate models of charge transfer. We a
present the results of scattering low energy (<4 keV) C1

from Cu~001!, in Sec. III D. A brief qualitative description o
the charge transfer mechanisms relevant to these system
presented in Sec. IV, together with a discussion of the dat
it relates to these mechanisms. We summarize our resul
Sec. V.

II. EXPERIMENTAL TECHNIQUE AND ANALYSIS

These experiments were performed in an ultra h
vacuum ~UHV! system that has been described in de
elsewhere.15–17 Only the features relevant to the prese
work are summarized here.

The UHV chamber used for obtaining the measureme
presented in this study was equipped with a beamline
producing well-collimated, monoenergetic, low, and hyp
thermal energy ion beams in the energy range from 5 eV
10 keV.17 The measurements described in this paper w
carried out using O1 and O2 ions extracted from a Colutron
ion source.18 A source gas mixture of 15% O2–85% Ne was
used for the production of the O1 ions, and pure N2O gas
was used for the O2 ions. Pure CO2 gas was used to produc
C1 beams.

The Cu~001! single crystal was prepared by standard sp
ter and anneal cycles. Surface cleanliness and long ra
order were monitored using Auger electron spectrosc
~AES! and low energy electron diffraction~LEED!, respec-
tively. The base pressure was 3310211 Torr and operating
pressures were below 2310210 Torr. Before each measure
ment the sample was cleaned by annealing for 2 min
700 °C, sputtering for 10 min with a 2mA beam of 500 eV
Ar1, and then annealing again for 2 min at 600 °C.

The beam was incident on the Cu~001! sample along the
^100& azimuth. LEED was used to align the^100& azimuth
of the sample to within62° of the incident ion beam direc
tion. The azimuthal position was then fine-tuned to60.5° by
monitoring the scattered ion beam intensity, which is hig
sensitive to the azimuthal orientation. Both the incident (u i)
and final (u f) scattering angles were measured from the s
face normal~see the inset in Fig. 1!.

A time-of-flight ~TOF! spectrometer15 and a hemispheri-
cal electrostatic analyzer~ESA!, both mounted on a rotatabl
platform, were used to detect the scattered particles.
ESA entrance optics provided 1.5% energy resolution and
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angular acceptance of61° full width. Channel electron mul-
tipliers ~CEM!19 operated in the pulse counting mode a
located at the exit of the TOF analyzer and the ESA ser
as detectors. The CEM at the exit of the ESA has been c
brated for the different efficiencies of detecting positive a
negative ions.20

The analysis of the present data focuses on quasisi
~QS! trajectory scattering from top layer atoms. QS trajec
ries involve incident ions that undergo a collision primar
with a single surface atom. Figure 1 shows typical ESA a
TOF measurements of the scattered particles for 1 keV2

ions incident at 45°. Using our classical trajectory simulati
codeSAFARI ~Ref. 21! with a ZBL potential22,23 it is possible
to identify the most prominent peak in Fig. 1 as the QS pe
This will be discussed in more detail in Sec. III D. Oth
trajectory types also occur, but we do not focus on th
since they result from multiple collisions and complicate t
interpretation of the data. The analysis was further simplifi
by restricting the incident angle to 45°, minimizing the sc
tering from deeper layers due to blocking by the first lay
atoms. Classical trajectory analysis indicates that for io
incident at 45°, the only trajectories that contribute to the
peaks are those that involve QS collisions with surface la
atoms. For more details on the classical trajectory anal
and interpretation of the spectra see Ref. 1.

For each incident ion energy, charge species, scatte
geometry, and method of data acquisition~ESA and TOF!,
the data analysis consisted of separating the QS peak
the background and calculating the integrated intensity of

FIG. 1. Typical ESA and TOF spectra for 1 keV O2 incident on
Cu~001! ^100& with u i5u f545°. The dashed line represents th
ESA spectra for scattered O2, and the solid line is the TOF spectr
for the scattered totals~neutrals and ions!. Due to the short path
length from the sample to the TOF detector, the resolution for
spectra taken with the ESA detector is better than for spectra ta
with the TOF detector. The inset shows the in-plane scattering
ometry used throughout this paper, whereu i andu f are the incident
and final scattering angles, respectively, always measured from
surface normal.
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PRB 61 2293CHARGE TRANSFER AND MEMORY LOSS IN keV . . .
peak. This was achieved by fitting each spectrum to a Ga
ian and linear background, and then integrating the area
der the Gaussian. For the ESA spectra it was necessa
correct for the transmission function of the detector and
calibrate for the different CEM efficiencies for detectin
positive and negative ions. It was not possible to correct
TOF data for the different efficiencies of the CEM for d
tecting neutral, positive and negative oxygen, since this c
bration was not available. Instead, it was assumed that t
efficiencies were equal. At the energies of this experim
we do not expect these corrections to be significant.20

The TOF spectrometer permits the measurement of ei
the total number of scattered particles, which includes b
ions and neutral atoms, or of the scattered neutral at
alone. This measurement is performed by pulsing a rejec
voltage on two parallel plates, located at the entrance to
TOF spectrometer, that either allows all scattered particle
pass, or sweeps away positive and negative ions, allow
only the neutral atoms to get through. The analysis of
TOF spectra then determines the fraction of neutral oxy
atoms in the scattered fluxP0. To complete the analysis i
was also necessary to obtain the O1 to O2 ratio R from the
ESA energy spectra. It should be noted that both detec
allowed only the determination of the charge state of
scattered particles and did not distinguish between exc
and ground state particles. Combining the ESA and T
measurements, it was then possible to extract the abso
yields P1 and P2 of scattered O1 and O2, respectively.
These yields are given by the following expressions:

FIG. 2. Evidence for memory loss. O1/O2 ratios plotted as a
function of the scattered energy, for O1 and O2 ions incident on
Cu~001! ^100& with u i545°. These data were taken with the ES
spectrometer. The O1/O2 ratios for the incident O1 ions were also
presented in our previous work~Ref. 1!. Closed symbols represen
incident O1 ions, open symbols represent incident O2 ions. The
circles correspond to a final scattering angleu f545°, and the tri-
angles correspond to a final scattering angle ofu f565°. A typical
error bar is shown. The lines are included toguide the eyeand, for
clarity, not all data points were connected.
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III. RESULTS

A. ESA data: Evidence for memory loss

One of the initial goals of this study was to investiga
memory loss in the O-Cu system. With that aim in mind, w
used the ESA detector to measure the ratio of O1 to O2 ions,
R, in the scattered flux, for both positive and negative in
dent ions. Figure 2 shows the results of this measuremen
ions incident at 45° and foru f545° and 65°. The inciden
energy,Ei , ranged from 0.4–5 keV for the incident O2 and
from 0.4–7 keV for the incident O1. Although data were
taken for incident energies below 1.8 keV, the scattered1

ion yields were below the limits of detectability. From Fig.
it is apparent that the O1/O2 ratios are indistinguishable fo
the two incident charge species, for both values ofu f . This
indicates that over the range of incident energies and sca
ing geometries investigated, memory loss of the incid
charge state is complete.

B. ESA data: O1/O2 ratio

A more complete data set showing the O1/O2 ratios, for
O2 incident at 45° with various final scattering angles,
presented in Fig. 3. It can be seen that for a given scatte
energy, the O1/O2 ratio is larger for the more normal sca
tering geometries. As will be discussed in Sec. IV A, the O2

FIG. 3. O1/O2 ratio for O2 ions incident on Cu~001!
^100&, u i545°, taken with the ESA spectrometer, and plotted
a function of the scattered energy. The squares correspond to a
scattering angle ofu f535°, the circles tou f545°, the stars tou f

555°, and the triangles tou f565°. A typical error bar is shown
The lines are included toguide the eyeand, for clarity, not all data
points were connected.
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2294 PRB 61LAVERY, SOSOLIK, KELLER, AND COOPER
fraction is expected to increase with decreasingu f due to
resonant charge transfer. However, since the O1/O2 ratios
increase with decreasingu f , we conclude from these dat
that the O1 fraction must be changing more rapidly than t
O2 fraction. This is supported by the TOF data presented
the next section.

C. TOF data: Absolute yields

Although many conclusions can be drawn from t
O1/O2 ratios about the charge transfer processes occur
in the O-Cu system, it is necessary to obtain absolute yie
for direct comparison with a theoretical model. The absol
yields of O1, O2, and neutral O are shown in Fig. 4~a! as a
function of the incident energy, for u i545° and for u f
545° and 65°. It can be seen that the majority of the sc
tered flux is neutral. Furthermore, the neutral O fraction
higher for u f565° than foru f545°; for both angles, the
neutral yields decrease slightly as the incident ion energ

FIG. 4. Absolute yields.~a! O1, O2, and neutral oxygen frac
tions, as a function of theincidentenergy, for O2 ions incident at
u i545°. Circles represent the neutral atom fractions, triangles
negative ion fractions, and the stars the positive ion fractions.
closed symbols correspond to a final scattering angle ofu f545°,
and the open symbols correspond tou f565°. A typical error bar is
shown.~b! O1 fraction as a function of the incident energy for O2

incident atu i545°. The closed symbols correspond to a final sc
tering angle ofu f545°, and the open symbols tou f565°.
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increased. From this figure it can also be seen that the n
tive ion yield increases gradually with incident ion ener
and is larger foru f545°.

Figure 4~b! shows only the O1 ion fractionP1 as a func-
tion of the incident ion energy. Foru f565°, P1 turns on at
an incident ion energy of 3 keV, whereas atu f545°, P1

turns on at a lower incident ion energy, approximately
keV. As we will see in Sec. IV D, the behavior of the O1

yields is consistent with the idea that a hard collision is
sponsible for producing positive ions.8,24–29

D. Comparison of carbon and oxygen ESA spectra
and backgrounds

The ESA spectrometer was also used to take data for
energy (<4 keV) C1 incident on Cu~001!, over a similar
range of scattering geometries. Our goal was to investig
the charge transfer processes occurring in a system
similar to the O-Cu system already under investigation.
and O are not only close in mass, relative to Cu, but h
similar atomic orbital symmetries.

The data were taken with incident C1 ions since, in our
source,30 the production of positive ion beams is significant
easier than that of negative ion beams. The most impor
observation we made was that there were no C1 ions in the
scattered flux for any incident ion energy or scattering geo
etry under investigation, clearly indicating that there was
survival of incident C1 ions.

Figure 5 compares angular spectra for scattered O2, O1,
and C2 ions. These angular spectra are a compilation
several individual ESA energy spectra taken at different fi
scattering angles, plotted as a function of the scattered
ergy. Each spectrum has been normalized by the incid
current on the sample, allowing the magnitude of the pe
to be compared directly. Each individual ESA spectrum
made up of a background and a QS peak. Here we are in
ested in the shape of the envelope that connects the ape
each of the QS peaks that make up an angular spect
These are qualitatively different for the scattered O2 and C2

angular spectra shown in Fig. 5. The envelope shape
served for the O2 angular spectrum has been discussed
detail in Ref. 1. It is determined predominantly by the cla
sical scattering cross section, which has a maximum au f
565°.31 The C2 envelope, on the other hand, reaches
maximum at the most normal scattering geometries, atu f
515°, which is where the C2 ion spends the least amount o
time close to the surface on the outward trajectory. In fa
the shape of the C2 angular spectrum more closely re
sembles that of the O1 angular spectrum shown in Fig. 5~b!.
As will be discussed later, the observed C2 trends are con-
sistent with a dynamical model of resonant charge transf

Information about the charge transfer processes occur
in these systems can also be obtained from a closer ins
tion of the magnitudes of the backgrounds in the ESA sp
tra. The magnitude of the background depends on the i
dent ion species, the scattering geometry, the incident
energy, and the final charge state. As is discussed in deta
Ref. 1, the backgrounds for the scattered O2 spectra are
typically larger than those for the O1 spectra. This is illus-
trated in Fig. 6~a! for 4 keV O2 incident atu i545°. This can
also be seen by comparing Figs. 5~a! and 5~b!. Figure 6~b!
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PRB 61 2295CHARGE TRANSFER AND MEMORY LOSS IN keV . . .
shows a scattered spectrum for 4 keV C1 incident at u i
545°. A comparison of Figs. 6~a! and 6~b! shows that the
scattered C2 and O2 spectra have very similar background

To gain a detailed understanding of the origin of the ba
grounds we used the classical trajectory simulationSAFARI to
classify which trajectory types contribute to the backgrou
and which contribute to the peaks in the scattered spe
We found that the background results from trajectories t
penetrate through the first layer, and the peaks in the spe
result from QS first layer scattering trajectories. In oth
words the ions contributing to the peaks have undergon
binary collision with a single surface atom. Figure 7 sho
the results of the simulations for 4 keV O and C incident

FIG. 5. Comparison of ESA angular spectra for~a! incident O2

and scattered O2, ~b! incident O2 and scattered O1, and ~c! inci-
dent C1 and scattered C2. The incident energy was 4 keV andu i

545°. Each angular spectrum is made up of several individual E
energy spectra, in which the most prominent feature is the QS p
The final angles included in the spectra are, from left to right,u f

515°,25°,35°,45°,55°,65°,75°. For details on how to constr
these angular spectra see Sec. III D. There was no observable
tered C1 signal.
.
-

d
ra.
t

tra
r
a

s

Cu~001! at u i545°. The simulations reproduce the peak p
sitions and the qualitative shapes of the backgrounds for b
species. From this we conclude that the charge transfer
cesses that give rise to the C2 and O2 backgrounds are simi
lar, even though the shape of the C2 angular spectra re
semble more closely that of the O1 angular spectra.

IV. DISCUSSION

A. General picture of resonant charge transfer

A discussion of charge transfer that includes many of
key elements needed to understand systems such as
and C-Cu was given in Ref. 1. Here we reproduce only
details necessary for the present discussion, focusing ma
on nonadiabatic resonant charge transfer. Other relevant
cesses include Auger charge transfer, which is believed

A
k.

t
cat-

FIG. 6. Comparison of backgrounds in the ESA spectra for io
incident at 4 keV on Cu~001! at u i545°. The final scattering angle
is u f535°. ~a! Scattered O2 ~solid line! and O1 ~dashed line! spec-
tra. Note that there is almost no background for the O1 spectrum.
~b! Scattered C2 spectrum. The magnitude of the C2 background is
comparable to that of the scattered O2 ions. The single scattering
peak for C occurs at a higher energy than the O peak, indicating
less energy is lost in the single scattering event for C than O. T
reflects the fact that C has a smaller mass than O.
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2296 PRB 61LAVERY, SOSOLIK, KELLER, AND COOPER
play an important role in the neutralization of incident po
tive ions,32 a process instrumental in achieving memory lo

To begin our discussion of resonant charge transfer
must first introduce the basis states we use to describe
O-Cu system. Much of the important physics is determin
by the relative energies of these basis states and how the
coupled to one another. Each O-Cu basis state is made u
an atomic oxygen state and a metal state, and there ar
infinite number of these O-Cu states due to the continu
nature of the metallic Cu conduction band. The O-Cu sta
can be divided up into seven subspaces, according to
atomic oxygen states included to describe the system. Fi
8 shows the energies of the lowest energy O-Cu state in e
subspace plotted schematically as a function of distance f
the surfacez. The lowest energy state of each subspace c
responds to an atomic oxygen state interacting with the l
est energy metal state~i.e., with the metal levels filled up to
the Fermi level and no electron-hole pairs!. Above each of
the states shown in Fig. 8 there is an infinite manifold

FIG. 7. Calculated energy spectra from the classical trajec
simulation codeSAFARI for the scattering of incident~a! O and~b! C
from Cu~001!^100&. The incident ion energy was 4 keV andu i

545° andu f535°. Notice that both the scattered O and C spec
are made up of a peak and a background. The peaks result
trajectories that involve QS collisions with surface atoms, and
backgrounds from subsurface scattering trajectories.
-
.
e
he
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f

states, corresponding to the excited states of the metal~each
having a different electron-hole pair distribution!, and all of
the states have the samez dependence as the lowest ener
state in each subspace. Therefore, we can understand
relative energies of the subspaces by considering the low
energy state of each subspace alone. For brevity, the lo
energy state of each subspace will now be referred to a
O-Cu state. For more details on this model see Ref. 13.

Since we observe positive (2p3), negative (2p5), and
neutral (2p4) oxygen in our experiment and cannot disti
guish between ground and excited states, the follow
atomic oxygen states are considered: the ground state ne
O(3P) and two excited states O(1D) and O(1S), the negative
ion state O2(2P), and the positive ion states O1(4S),
O1(2D), and O1(2P). In Fig. 8, the zero of energy is chose
to be that of the O(3P)-Cu state atz5`. The energies of the
O1-Cu and O2-Cu states decrease with decreasingz due to
the image potential, while those of the O-Cu neutral sta
are taken to be constant. At very small separations the e
gies of all the O-Cu states increase rapidly due to the re
sion of the overlapping oxygen and copper electrons. Pair
basis states from different subspaces are coupled to one
other by the transfer of an electron between the atom
metal. The couplings between different subspaces are d
mined from the widths of the relevant ionization and affin
levels,13 which increase roughly exponentially with decrea
ing z until saturation is reached very close to the surface. T
larger the coupling, the higher the rate of electron transfe

The adiabatic ground state wave function of the O-
system is a superposition of the basis states. The rela

ry

a
m
e

FIG. 8. Energies of selected states for the O-Cu system, dr
schematically for the atomic states interacting with the lowest
ergy metallic state, i.e., no electron hole pair excitations in
metal. The zero of energy is the O(3P)-Cu state atz5`. The en-
ergies of the neutral O-Cu system are taken to be constant, an
energies of the O1-Cu and O2-Cu states decrease with decreasinz
due to the image potential. At very small separations, the ener
of all the states increase rapidly due to the strong repulsion of
overlapping oxygen and copper electrons. The clean Cu work fu
tion is 4.59 eV. For details on how to obtain the energies of th
states see Ref. 13.
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PRB 61 2297CHARGE TRANSFER AND MEMORY LOSS IN keV . . .
importance of a given basis state in the adiabatic gro
state depends on the relative energies of and couplings
tween the different O-Cu basis states, and conseque
changes continuously with distance. In general, at any gi
z, the lowest energy O-Cu states will have the highest pr
ability in the ground state. The probabilities of the ba
states in the adiabatic ground state can also be significa
affected13 when the couplings between states are large~i.e.,
the system is strongly hybridized!. However, for the purpose
of this discussion we will focus on the relative energies
the states since these often predict the main contribution
the ground state accurately. We thus expect the relative
ergies to accurately predict the major final charge state c
tributions to the scattered flux.13 It can be seen from Fig. 8
that far from the surface, where the couplings are vanishin
small, the adiabatic ground state is the O(3P)-Cu state. Close
to the surface the couplings are larger and the adiab
ground state is an admixture of O-Cu states with the low
lying O2(2P)-Cu state having the highest probability.

With these principles in mind, a key element in reson
charge transfer is that, as the ion-surface separation cha
during scattering, the system will try to evolve towards t
continuously changing ground state by electron transfers
tween the metal and the atom. Throughout this paper we
assume that the O-Cu system can reach the adiabatic gr
state when the atom is close to the surface where the
plings are large and charge transfer is rapid.~The justifica-
tion for this assumption lies in the observation of memo
loss, which we will discuss in more detail in the next se
tion.! However, we will also see that far from the surface t
velocity of the scattered atom, together with the expon
tially decreasing couplings, will prevent the system fro
reaching the adiabatic ground state.

B. Memory loss

In our previous work we measured O1/O2 ratios for O1

incident on Cu~001! in the range of energies from 0.4 to
keV, and for a wide range of scattering geometries. One
the primary results was the observation of O1 ions in the
scattered flux, which was unexpected from simple argume
of resonant charge transfer based on the relative energie
the states. At the time it was not possible to experiment
verify that the measured positive ion fractions were not s
ply due to the survival of the incident O1. We have now
reproduced these measurements with O2 incident on
Cu~001!, over the same range of scattering geometries. F
ure 2 compares the results of the two data sets. The
show that within the sensitivity of our measurement, t
scattered O1/O2 ratio is independent of the incident io
charge state, i.e., memory loss of the incident ion cha
state has occurred.

From the observation of memory loss it can be inferr
that the state of the O-Cu system close to the surface du
or immediately after, the collision is the same irrespective
the incident ion charge state. We conclude that the cha
transfer rate is sufficiently high close to the surface to all
the O-Cu system to equilibrate to the ground state at sm
separations for both incident O1 and O2 ions. Next, we will
consider the possible charge transfer mechanisms that
lead to the observation of memory loss.
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In the previous section we discussed the idea that in re
nant charge transfer the system evolves by attempting to
tinuously adjust to the changing adiabatic ground sta
Within this framework, it is reasonable that resonant cha
transfer can lead to memory loss for incident O2 ions. For
incident O1 ions, however, the situation is significantly di
ferent since the system is far from the adiabatic ground s
during the incident trajectory. The O1-Cu states have very
small probabilities in the adiabatic ground state since they
very high in energy relative to the O(3P)-Cu state~see Fig.
8!. Thus, we do not expect that resonant charge transfe
volving the states of the O-Cu system we have discusse
far will neutralize the incident O1 ions. Consequently, for
the system to equilibrate close to the surface, there mus
an alternative explanation for the efficient transfer of ele
trons to the incident O1 ions.

The first, and most commonly invoked mechanism, is A
ger charge transfer. This is a two-electron process in wh
one electron neutralizes the incident positive ion, and a s
ond electron is promoted in energy so as to conserve ene
The emission of Auger electrons has been observed
Kempter for 50 eV O1 ions incident on W~110!.33 A second
mechanism involves resonant charge transfer to highly
cited neutral O-Cu states that lie close in energy to
O1-Cu states. We have not included these states in our
cussion so far since they lie much higher in energy than
states shown in Fig. 8, and thus have very small probabili
in the adiabatic ground state of the system. However, on
incident trajectory, when the system is far from equilibriu
and resonant charge transfer to the O(3P)-Cu, O(1D)-Cu,
and O(1S)-Cu states is highly unlikely, it is possible th
there may be resonant charge transfer to the highly exc
neutral O-Cu states. These excited neutral O-Cu states
subsequently atomically deexcite to the ground state of
system. This process has been invoked to explain mem
loss during the scattering of highly charged O ions.34

Our current measurements are not able to distinguish
tween these two mechanisms and it is possible that both
be occurring simultaneously. However, the quenching of
incident O1 must be efficient since memory loss of the inc
dent charge state is complete. The efficiency of these p
cesses will be determined, in part, by the rate of elect
transfer close to the surface. Unfortunately, the rates for
ger processes are poorly understood and currently una
able. Similarly the rates for resonant transfer into highly e
cited neutral states are also unknown. Finally, althou
memory of the incident O1 ions is lost, the mechanism fo
producing scattered O1 must be able to explain why th
outgoing O1 are not neutralized or converted to O2 by these
same processes.

In summary, since we observe memory loss, we infer t
the state of the O-Cu system close to the surface does
depend on the incident ion charge state, and that electr
equilibrium is reached close to the surface. Resonant ch
transfer plays an important role in determining memory lo
for incident O2 ions, and there are various possible char
transfer mechanisms responsible for memory loss in the c
of the incident O1 ions. We conclude that, in order to un
derstand the origin of the final measured yields, it is on
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necessary to focus on the charge transfer processes occu
during, and after, the collision of the incident ion with th
surface.

C. Nonadiabatic resonant charge transfer

We are now in a position to discuss the effect of the io
perpendicular velocity on the scattered O2 and neutral O
yields. During ion-surface scattering, the ability of the sy
tem to evolve towards the changing ground state is de
mined by a competition between the ion’s perpendicular
locity and the charge transfer rates, which are set by
couplings between the states~or, equivalently, by the widths
of the relevant ionization and affinity levels!. With this in
mind, it is necessary to consider what effect the ion veloc
has on the final measured yields. Close to the surface
O-Cu system is in the ground state, where the O2(2P)-Cu
state is the most energetically favored. As the ion leaves
surface, it becomes more energetically favorable for the s
tem to be in the O(3P)-Cu state. For small perpendicul
velocities, it is possible for electron transfers to track t
changing ground state~up to some value ofz at which the
widths become very small!. However, the faster a negativ
ion leaves the surface, i.e., the higher its final perpendic
velocity, the harder it is for electron transfers to enable
system to track the adiabatic ground state. This correspo
to a higher negative ion yield at higher incident ion energ
~for a given scattering geometry! since the scattered ion
have higher perpendicular velocities. This is consistent w
the TOF data presented in Fig. 4, where the negative
yields gradually increase with increasing incident ion ener
for both scattering geometries. It is also consistent with
fact that the negative ion yield is greater foru f545°, which
corresponds to a perpendicular velocity of 0.9
31023AEi (a.u.), than foru f565°, which corresponds to
perpendicular velocity of 0.85331023AEi (a.u.).

Finally, using this simple model of resonant charge tra
fer we can conclude that, since the O1-Cu states lie rela-
tively high in energy, it is rather surprising to see any O1

ions in the scattered flux. In the next section we will propo
an alternative mechanism for the production of O1 ions,
which relies on the hardness of the collision between
incident oxygen ions and the surface Cu atoms.

D. Evidence that O1 production is due to a collisional
mechanism

Above we presented a simple model that qualitatively
plained the behavior of the observed O2 and neutral O
yields, but cannot explain the presence, or behavior,
scribed in detail below, of the O1 yields. These yields can
also not be explained in terms of the parallel velocity mec
nism introduced in Ref. 35. Our O1 yields decrease with
increasing parallel velocity, contrary to the predictions ma
in Ref. 35. Instead, we show here that our data support
hypothesis that a collisional mechanism, originally sugges
by Maazouzet al.8 for similar systems~O-Mg, O-Al, and
O-Ag!, is responsible for the O1 yields.

During a hard collision between the incident project
and a surface Cu atom, the atomic levels of the target
projectile merge into molecular orbitals~MOs!. As the atoms
ing
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separate, electrons can be trapped in excited atomic leve
MO crossings.36 Thus, the final charge state of an ion
atom can be influenced by excitations that result from el
tron promotions within molecular orbitals~MO’s!. For a
given scattering geometry, these excitations are most
nounced at high incident energies, where the distance
closest approach is smallest.

Maazouzet al.8 have suggested that these collisional e
citations may result in the production of highly excited ne
tral oxygen atoms O** .37 These highly excited atoms ca
survive the outgoing trajectory and then deexcite by
atomic Auger process in which an electron is emitted, a p
cess called autoionization. Due to the long lifetimes of t
excited states,36 these autoionization processes occur
from the surface where the resulting O1 ions are unlikely to
suffer additional neutralization. Autoionizing states result
both the presence of positive ions in the scattered flux an
emission of electrons with energies characteristic of the
toionizing state. Electron promotion within molecular orb
als has been invoked previously24–27to explain high positive
ion yields. Maazouzet al.8 have suggested that the lowe
energy autoionizing state of O is the O** (2p23s2), with an
energy of 17.75 eV above the neutral ground state.

Another possible mechanism that can explain the ob
vation of scattered O1, still within the framework of electron
promotion during the hard collision, involves the promotio
of a single O 2p electron. As the O and Cu separate th
electron may become trapped in the Cu 4s orbital, resulting
in the direct production of O1 ions at very small ion-surface
separations. However, if this process is responsible for
observation of O1 ions, it is difficult to explain why incident
O1 ions are efficiently neutralized on the incident trajecto
which we infer from our observation of memory loss, whi
the O1 ions created directly in the hard collision can survi
the outgoing trajectory. As will be seen below, it is possib
to conclude from our data that a hard collision is involved
the creation of positive ions, but it is not possible to det
mine the exact mechanism.

The data shown in Fig. 4~b! provide supporting evidence
that the positive ion fractions are produced by a collisio
mechanism. The positive ion yieldP1 turns on above some
incident ion energy and is zero below this energy, within t
sensitivity of our measurement. This result suggests
there is a minimum collisional energy required to ‘‘turn-on
positive ion production. It can also be seen from Fig. 4~b!
that P1 is smaller for the more grazing scattering geome
at a fixed incident energy, which is consistent with this ty
of mechanism since a more grazing scattering geometry
corresponds to a less violent collision. Finally, the da
shown in Fig. 4~b! are very similar to those shown in Re
27, in which there is a sharp increase at 4 keV incident
energy in the scattered Ne1 yields, which were also ex-
plained via a collisional mechanism.

Further evidence for a collisional mechanism is seen
Fig. 6~a!, which compares the scattered O1 and O2 spectra
for O2 incident on Cu~001! with u i545 ° andu f535 °. It
can be seen that the magnitude of the background in
scattered O1 spectrum is significantly smaller than that fo
the scattered O2 spectrum. Furthermore, the results of t
classical trajectory simulation~see Fig. 7 and Sec. III D!
show that the peaks result from QS type trajectories,
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which the incident ion has undergone a collision predo
nantly with a single surface atom, while the backgroun
result from subsurface trajectories. Since we do not se
background in the O1 spectra, either the scattered O1 ions
are created only in QS surface collisions or, if they are c
ated subsurface, they do not survive the outgoing traject

One method to determine the importance of the collis
in producing positive ions is to measure electron spec
looking for evidence of the proposed autoionizing stat
These states are revealed as electrons emitted at the e
corresponding to the autoionizing decay process. Such e
trons have been observed for Ne and other noble gas sca
ing experiments. For example, a peak in the electron spe
has been observed at the correct energy for the decay o
Ne** (2p43s2) autoionizing states.28,29 Similarly, electrons
due to O** autoionizing states have been observed in g
phase collisions.38 However, electron spectra for O1 scatter-
ing from Mg revealed no peak due to the O** autoionizing
state.8 One should note that in Ref. 8, the authors did n
expect to see any such peaks since the incident ion b
current was too low for a significant number of the autoio
izing states to be created, leading to an electron count
~from the autoionizing states! that was too low to be measu
able. Therefore, more conclusive measurements are ne
to determine directly if the hard binary collision with a sing
surface atom results in autoionizing states responsible for
observed O1 ion fractions.

In conclusion, our results point to a mechanism of O1

production that depends on the strength of the hard collis
between the incident ion and surface atom. However
should be noted that the difference between the positive
yields atu f545° andu f565°, shown in Fig. 4~b!, is also
consistent with the O1 ions spending more time in the nea
surface region atu f565°, which could result in higher neu
tralization probabilities for any O1 ions that are produced
Therefore, the smaller yields at largeru f are a result of both
lower production rates and higher neutralization.

E. The C-Cu„001… system

In the previous sections we saw that the measured O2 and
neutral O atom yields can be explained by nonadiabatic re
nant charge transfer and that a collisional mechanism
explain the measured O1 ion yields. Here we will see tha
the scattered C2 fractions are also consistent with a simp
resonant charge transfer model, while no C1 ions were ob-
served for any incident ion energy or scattering geometry
is an interesting complementary system to study since n
tral C has twop electrons in the outer valence band, where
neutral O has two holes in the outer valence band. A
result, a basic description of the C-Cu system includes m
states with orbital symmetries similar to those of the O-
system: the ground state neutral (2p2) C(3P) and two ex-
cited states C(1D) and C(1S), the positive ion state
(2p1) C1(2P), and the negative ion states (2p3) C2(4S),
and C2(2D). The C2(2P) is not included since it is no
bound and, in fact, the C2(2D) is only weakly bound by 35
meV. Figure 9 shows the energies of the C-Cu states
function of distance from the surface.

It can be seen from Fig. 9 that the C(3P)-Cu state is
always the most energetically favorable and will contribu
i-
s
a

-
y.
n
a,
.
rgy
c-

ter-
tra
the

s-

t
m

-
te

ed

he

n
it
n

o-
n

C
u-
s
a
y

u

a

significantly to the adiabatic ground state wave function
the C-Cu system. This is in contrast to the O-Cu syst
where, close to the surface, the O2(2P)-Cu state is the mos
energetically favorable state. Due to the hybridization
states close to the surface the C2(4S)-Cu state will also con-
tribute significantly to the C-Cu ground state wave functio
Consequently, there is a finite probability of C2 ions surviv-
ing the outgoing trajectory, resulting in our observation
C2 ions in the scattered flux. Absolute yields for the C-C
system are not available at this time; however, we expect
C2 yields to be smaller than the O2 yields since the
C2(4S)-Cu state is higher in energy than the O2(2P)-Cu
state, relative to the respective lowest energy states of
two systems.

To illustrate that our scattered C2 data are consistent with
a model of resonant charge transfer we examine the sim
ity between the magnitudes of the backgrounds in the s
tered O2 and C2 spectra which contrast sharply with th
much smaller magnitude of the O1 background~see Fig. 6!.
This similarity suggests that the general charge tran
mechanisms determining the O2 and C2 yields are similar in
origin, i.e., both are determined by resonant charge trans
We can also conclude from a comparison of the C2 and O2

angular spectra that the C2 yields are more sensitive to th
perpendicular velocities of the scattered ions than the2

yields ~see Fig. 5!. As we noted in Sec. III D, the envelop
connecting the QS peaks in the C2 angular spectrum of Fig
5~c! does not have the shape expected from the scatte
cross section alone. Specifically, the C2 intensity is largest at
the most normal scattering geometries, where the outgo
perpendicular velocity is largest, indicating that the shape
dominated by charge transfer processes. In contrast, the2

angular spectrum in Fig. 5~a! is more typical of one domi-
nated by the scattering cross section, in which the intensit
largest atu f565°. Thus we conclude that the scattered C2

FIG. 9. Energies of selected states for the C-Cu system, dr
schematically for the atomic states interacting with the lowest
ergy metallic level. The zero of energy is the C(3P)-Cu state atz
5`. The energies of the neutral C-Cu system are taken to be
stant, and the energies of the C1-Cu and C2-Cu states decreas
with decreasingz due to the image potential. At very small separ
tions, the energies of all the states increase rapidly due to the st
repulsion of the overlapping carbon and copper electrons.
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yields are more sensitive to the perpendicular velocity of t
scattered ions than the O2 yields.

Finally, in the previous sections we have shown that res
nant charge transfer cannot explain our measured O1 ion
yields since the O1-Cu states lie very high in energy and ar
never expected to have significant probabilities in the ad
batic ground state. Similarly, since the C1-Cu state lies very
high in energy, we do not expect to observe any C1 ions in
the scattered flux due to nonadiabatic resonant charge tr
fer alone. In fact, further evidence that O1 production is due
to a charge transfer mechanism different from resona
charge transfer lies in the fact that the O1-Cu states lie
higher in energy than the C1-Cu states~relative to the O-Cu
and C-Cu ground states, respectively.! Consequently, if posi-
tive ion production in the C-Cu and O-Cu systems was d
to resonant charge transfer, one would expect to obse
more scattered C1 than O1. However, no scattered C1 ions
were observed at any incident ion energy or scattering geo
etry under investigation, and this is consistent with o
simple picture of nonadiabatic resonant charge transfer a
with the hypothesis that the O1 ions are created during the
hard collision with the surface atoms.

V. CONCLUSION

We have measured the absolute yields of O1, O2, and
neutral oxygen resulting from the scattering of low-energ
O1 and O2 from Cu~001!. This provides a comprehensive
data set that can be compared to the results of models
correctly incorporate the effects of multiplep electrons in a
C
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dynamical multistate system. Accurate measurements of
O1/O2 ratios for both incident charge species show th
memory loss of the incident charge state is complete ove
broad range of scattering energies and geometries. From
we conclude that the incident O1 ions are efficiently neutral-
ized by an Auger process or by a combination of Aug
processes and resonant charge transfer into excited ne
states. We have found that the scattered O1 ions are pro-
duced by a collision mechanism during the hard collisi
with the surface Cu atoms, and O2 ions are present in the
scattered flux due to nonadiabatic resonant charge tran
We have also investigated the scattering of low energy1

from Cu~001!. The C2 angular spectra have been compar
to O1 and O2 angular spectra, demonstrating that the o
served C2 ions are also due to resonant charge transfer.
measurable yield of C1 ions is observed in the scattered flu
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