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Charge transfer and memory loss in keV oxygen-ion scattering from C(001)
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Oxygen ion and neutral atom yields were measured fom@d O ions incident on a clean C001) 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 ratiotof @ 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 scattere@i® and neutral O atoms to a
resonant charge transfer process. Evidence is presented that the formatidnonisQs due to a hard collision
between the incident ions and top layer surface atoms. Similar measurements were made for low energy
(<4 keV) C' ions incident on C(D01), over the same range of scattering geometries. The behavior of the
single scattering peaks in the Gpectra is also consistent with a resonant charge transfer process. ia<C
were observed in the scattered flux for all energies and scattering geometries investigated.

I. INTRODUCTION memory loss has occurred if the measured scattered ion
yields are independent of the charge state of the incident
When low energy ions are scattered from metallic surions. Our previous work involving the scattering of incident
faces it is found that there are particles in the scattered flu©* from Cu001) has shown that there is a considerable
with charge states that differ from that of the incident ions.fraction of O' ions in the scattered flukThis was a surpris-
There are many different mechanisms, such as resonant airy observation if one considers a simple picture of resonant
Auger charge transfer, by which electrons may be exchangecharge transfer. One possible explanation for the observed
between the incident ions and the surface. It is these pra®* ion yields was that memory of the incident ion charge
cesses that are responsible for the change in the incident igate was not completely lost during the interaction of the ion
charge state. lon-surface scattering experiments allow the dyvith the surface. Here we show that this is not the case and
namics of charge transfer to be probed in a controlled mandemonstrate that memory loss is complete over the entire
ner. In particular, the nonadiabaticity of the charge transferange of incident energies and scattering geometries under
can be investigated by varying the velocity of the scatterednvestigation. From this observation we draw some conclu-
particles through adjustments of the incident ion’s energyions about the mechanisms that lead to memory loss. There
and scattering geometry. Understanding dynamical chargeave been other investigations of memory [685but it has
transfer is critical for understanding many processes that inaever before been tested for ions with such high incident and
volve atoms interacting with surfaces, such as chemisorptioscattered velocities perpendicular to the surface.
and molecular dissociation. Charge transfer is also central to The second goal was to obtain a quantitative measurement
surface analysis techniques such as secondary ion mass spet{inal charge state yields over an extensive range of inci-
troscopy(SIMS). dent ion energies and scattering geometries. Recently, much
In the present work we use low energy ion scattering tovork has gone into developing multistate models of resonant
study the charge transfer that occurs when incidehtadd  charge transfet!'2 One many-body model that describes
O™ ions are scattered from a clean, single-crysta(0D0)  the key elements of resonant charge transfer in multistate
surface. As has been discussed in our previous Wahkere  systems has been developed by Marstoal! and used to
are many effects that need to be included in the analysis adfuccessfully reproduce measurements for alkali ion-surface
such a complex system. One of the most interesting aspectgattering->'* The next step is to develop the ability to
is the presence of multiple equivalent atomielectrons on  model resonant charge transfer in more complex systems,
the oxygen that can participate in the charge exchange. Thsuch as O-Cu. This system is more complex, not only be-
is in contrast to the better understood alkali ion-surface scaause multiple oxygep electrons are involved in the reso-
tering systems where at most opeelectron in the outer nant charge transfer, but because it may also be necessary to
atomic orbital is involved. There have been several recenincorporate additional charge transfer mechanisms. For in-
theoreticad~® and experimentaf® studies aimed at better un- stance, to explain the observed positive ion yields it may be
derstanding the role of multiple equivaleptelectrons in  necessary to include effects due to the hard collision between
charge transfer processes in systems similar to that undéne incident ions and surface atoms. The data we have ob-
investigation here. tained here will be useful for comparison with the results of
The goals of this paper are multifold. First we presentfuture charge transfer models which correctly incorporate the
results of a thorough investigation of memory loss for therelevant multistate aspects of the O-Cu system.
O-Cu system. Throughout this paper we will consider that Finally, we present the results obtained from the scatter-
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ing of low energy C ions from a clean Q@®01) surface, 1keV Incident 0-, 08;=80:=45°
measured over the same range of incident and final scattering
geometries. Neutral C has two electrons in theshell, in- TOF

stead of two holes as in neutral O, making this an interesting 6| 0 — o _ EsaA
complementary system to study.
The organization of this paper is as follows. In Sec. Il, we

present the experimental apparatus and measurement anc
analysis techniques. In Sec. Ill, we present the experimental
scattering results for 1-5 keV Oions incident on C(001)

at 45°. Section Ill A compares the scattered/O™ ratios
obtained for both incident Oand O ions, which demon-
strate that memory loss of the incident charge occurs. In Sec.
Il B we present a complete set of measurements of the scat- -
tered O'/O~ ratios over a wide range of final scattering
angles. Section Il C presents the absolute ion and neutral
atom yields. These data are necessary for comparison to the
results of multistate models of charge transfer. We also
present the results of scattering low energy4( keV) C*

from Cu001), in Sec. llI D. A brief qualitative description of

the charge transfer mechanisms relevant to these systems is  © 200 400 600 800 1000
presented in Sec. IV, together with a discussion of the data as Scattered Energy (eV)

it relates to these mechanisms. We summarize our results in ) .
Sec. V FIG. 1. Typical ESA and TOF spectra for 1 keV Gncident on

Cu(001) (100) with 6;=6;=45°. The dashed line represents the

ESA spectra for scattered Qand the solid line is the TOF spectra
Il. EXPERIMENTAL TECHNIQUE AND ANALYSIS for the scattered totaléneutrals and ions Due to the short path
length from the sample to the TOF detector, the resolution for the

These sz\s)erlments v;qerehperft;)rmedd In %n d”'.tradh'gwspectra taken with the ESA detector is better than for spectra taken
vacuum ( ) system that has been described in detai with the TOF detector. The inset shows the in-plane scattering ge-

5-17
elsewheré”™*" Only the features relevant to the Present ometry used throughout this paper, whérend ¢; are the incident

work are summarized here. o and final scattering angles, respectively, always measured from the
The UHV chamber used for obtaining the measurementgrface normal.

presented in this study was equipped with a beamline for

producing well-collimated, monoenergetic, low, and hyper-angular acceptance af1° full width. Channel electron mul-
thermal energy ion beams in the energy range from 5 eV t@ipliers (CEM)'° operated in the pulse counting mode and
10 kev!" The measurements described in this paper wergcated at the exit of the TOF analyzer and the ESA served
carried out using O and O ions extracted from a Colutron as detectors. The CEM at the exit of the ESA has been cali-
ion source'® A source gas mixture of 15%4285% Ne was  brated for the different efficiencies of detecting positive and
used for the production of the Oions, and pure MO gas  negative iong®

was used for the Oions. Pure C@gas was used to produce  The analysis of the present data focuses on quasisingle
C* beams. (Q9) trajectory scattering from top layer atoms. QS trajecto-

The CUY001) single crystal was prepared by standard sput+ies involve incident ions that undergo a collision primarily
ter and anneal cycles. Surface cleanliness and long ranggith a single surface atom. Figure 1 shows typical ESA and
order were monitored using Auger electron spectroscopfOF measurements of the scattered particles for 1 keV O
(AES) and low energy electron diffractiofLEED), respec- ions incident at 45°. Using our classical trajectory simulation
tively. The base pressure was<a0 ! Torr and operating codesaFARI (Ref. 21) with a ZBL potentiat?3it is possible
pressures were belowx210 ° Torr. Before each measure- to identify the most prominent peak in Fig. 1 as the QS peak.
ment the sample was cleaned by annealing for 2 min arhis will be discussed in more detail in Sec. IlID. Other
700 °C, sputtering for 10 min with a +A beam of 500 eV  trajectory types also occur, but we do not focus on these
Ar*, and then annealing again for 2 min at 600 °C. since they result from multiple collisions and complicate the

The beam was incident on the @01) sample along the interpretation of the data. The analysis was further simplified
(100 azimuth. LEED was used to align t§&00) azimuth by restricting the incident angle to 45°, minimizing the scat-
of the sample to withint2° of the incident ion beam direc- tering from deeper layers due to blocking by the first layer
tion. The azimuthal position was then fine-tunedtt0.5° by = atoms. Classical trajectory analysis indicates that for ions
monitoring the scattered ion beam intensity, which is highlyincident at 45°, the only trajectories that contribute to the QS
sensitive to the azimuthal orientation. Both the incidef)) ( peaks are those that involve QS collisions with surface layer
and final (fs) scattering angles were measured from the suratoms. For more details on the classical trajectory analysis
face normal(see the inset in Fig.)1 and interpretation of the spectra see Ref. 1.

A time-of-flight (TOF) spectrometér and a hemispheri- For each incident ion energy, charge species, scattering
cal electrostatic analyz€ESA), both mounted on a rotatable geometry, and method of data acquisiti@&SA and TOF,
platform, were used to detect the scattered particles. Ththe data analysis consisted of separating the QS peak from
ESA entrance optics provided 1.5% energy resolution and athe background and calculating the integrated intensity of the
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Scattered Energy (eV) (100, 6,=45°, taken with the ESA spectrometer, and plotted as

) o a function of the scattered energy. The squares correspond to a final
FI_G. 2. Evidence for memory loss. @0 ra_tlos plot_ted as a gcattering angle of; =35°, the circles tof;=45°, the stars td;
function of the scattered energy, for"Gand O ions incident on =55°, and the triangles t6,=65°. A typical error bar is shown.

Cu(00D) (100 with §,=45°. These data were taken with the ESA 1hg |ines are included tguide the eyand, for clarity, not all data
spectrometer. The OO ratios for the incident O ions were also points were connected.

presented in our previous wofRef. 1). Closed symbols represent

incident O ions, open symbols represent incident @ns. The R

circles correspond to a final scattering angle=45°, and the tri- pt= (_) (1- pO)

angles correspond to a final scattering anglécf 65°. A typical 1+R

error bar is shown. The lines are includedgtaide the eyand, for

clarity, not all data points were connected. and

peak. This was achieved by fitting each spectrum to a Gauss- p= ( i

ian and linear background, and then integrating the area un- 1+R

der the Gaussian. For the ESA spectra it was necessary to

correct for the transmission function of the detector and to . RESULTS

calibrate for the different CEM efficiencies for detecting

positive and negative ions. It was not possible to correct the A. ESA data: Evidence for memory loss

TOF data for the different efficiencies of the CEM for de-  One of the initial goals of this study was to investigate

tecting neutral, positive and negative oxygen, since this calimemory loss in the O-Cu system. With that aim in mind, we

bration was not available. Instead, it was assumed that the%%ed the ESA detector to measure the ratio 6ft®@ O~ iOﬂS,

efficiencies were equal. At the energies of this experimenR in the scattered flux, for both positive and negative inci-

we do not expect these corrections to be signifiéant. dent ions. Figure 2 shows the results of this measurement for
The TOF spectrometer permits the measurement of eithgpns incident at 45° and foé;=45° and 65°. The incident

the total number of scattered partides, which includes bOﬂénergy,Ei , ranged from 0.4-5 keV for the incident Gand

ions and neutral atoms, or of the scattered neutral atomgom 0.4—7 keV for the incident O. Although data were

alone. This measurement is performed by pulsing a rejectiogaken for incident energies below 1.8 keV, the scatteréd O

voltage on two parallel plates, located at the entrance to thgyn yields were below the limits of detectability. From Fig. 2,

TOF spectrometer, that either allows all scattered particles tq js apparent that the @O ratios are indistinguishable for

pass, or sweeps away positive and negative ions, allowinghe two incident charge species, for both valuegaf This

only the neutral atoms to get through. The analysis of th§ngicates that over the range of incident energies and scatter-

TOF spectra then determines the fraction of neutral OXYg€ihg geometries investigated, memory loss of the incident
atoms in the scattered fluR®. To complete the analysis it charge state is complete.

was also necessary to obtain thé @ O ratio R from the
ESA energy spectra. It should be noted that both detectors ) R
allowed only the determination of the charge state of the B. ESA data: O"/O" ratio

scattered particles and did not distinguish between excited A more complete data set showing thé /@~ ratios, for

and ground state particles. Combining the ESA and TOFO™ incident at 45° with various final scattering angles, is
measurements, it was then possible to extract the absolupgesented in Fig. 3. It can be seen that for a given scattered
yields P* and P~ of scattered O and O, respectively. energy, the O/O~ ratio is larger for the more normal scat-
These yields are given by the following expressions: tering geometries. As will be discussed in Sec. IVA, the O

(1-P9).
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1.2 increased. From this figure it can also be seen that the nega-
) (a) ® A % ;=45° tive ion yield increases gradually with incident ion energy
c
S1.0 | O & # §;=65° and is larger ford;=45°,
*g Figure 4b) shows only the O ion fractionP* as a func-
to08 | tion of the incident ion energy. Fa;=65°, P* turns on at
c an incident ion energy of 3 keV, whereas gt=45°, P*
L46 L turns on at a lower incident ion energy, approximately 2
o | @0 P0aas P xw P | keV. As we will see in Sec. IV D, the behavior of the"O
o4 L yields is consistent with the idea that a hard collision is re-
5 sponsible for producing positive iofg#~2°
So2 ¢
z : : ; 2 Z D. Comparison of carbon and oxygen ESA spectra

0.0 and backgrounds
500 1500 2500 3500 4500 5500

Incident Energy (eV) The ESA spectrometer was also used to take data for low

energy 4 keV) C' incident on C(001), over a similar

0.10 range of scattering geometries. Our goal was to investigate
(b) the charge transfer processes occurring in a system very
similar to the O-Cu system already under investigation. C

and O are not only close in mass, relative to Cu, but have
similar atomic orbital symmetries.

The data were taken with incident'Cons since, in our
source®® the production of positive ion beams is significantly
easier than that of negative ion beams. The most important
observation we made was that there were roi@hs in the
scattered flux for any incident ion energy or scattering geom-
etry under investigation, clearly indicating that there was no
survival of incident C ions.

Figure 5 compares angular spectra for scattereg O',

0.00 e . . and C ions. These angular spectra are a compilation of

500 1500 2500 3500 4500 5500 several individual ESA energy spectra taken at different final
Incident Energy (eV) scattering angles, plotted as a function of the scattered en-
ergy. Each spectrum has been normalized by the incident

FIG. 4. Absolute yields(a) O*, O", and neutral oxygen frac- cyrrent on the sample, allowing the magnitude of the peaks
tions, as a function of thencidentenergy, for O ions incident at g pe compared directly. Each individual ESA spectrum is
0;=45°. Circles represent the neutral atom fractions, triangles the, e up of a background and a QS peak. Here we are inter-
negative ion fractions, and the stars the positive ion fractions. The,giad in the shape of the envelope that connects the apex of
closed symbols correspond to a final scattering anglé;ef45°, each of the QS peaks that make up an angular spectrum.
and the open symbols correspondso=65°. A typical error bar is These are qualitatively different for the scattered &hd C
shown.(b) O* fraction as a function of the incident energy for O . :
incident até;=45°. The closed symbols correspond to a final scat_angular spectra shown in Fig. 5. The envelopg shape qb'
tering angle ofg;=45°, and the open symbols = 65°. servgq for the O gngular spectrum has' been discussed in

detail in Ref. 1. It is determined predominantly by the clas-
sical scattering cross section, which has a maximuni;at
=65°3! The C envelope, on the other hand, reaches a

increase with decreasin@;, we conclude from these data maximum. at'the most ”O”T‘a' scattering geometriesyat
that the O fraction must be changing more rapidly than the — 1"+ Which is where the Cion spends the least amount of

O~ fraction. This is supported by the TOF data presented irjiime close to the surface on the outward trajectory. In fact,
the next section the shape of the T angular spectrum more closely re-

sembles that of the Oangular spectrum shown in Fig(.
As will be discussed later, the observed @ends are con-
sistent with a dynamical model of resonant charge transfer.
Although many conclusions can be drawn from the Information about the charge transfer processes occurring
O*/O™ ratios about the charge transfer processes occurring these systems can also be obtained from a closer inspec-
in the O-Cu system, it is necessary to obtain absolute yieldgon of the magnitudes of the backgrounds in the ESA spec-
for direct comparison with a theoretical model. The absolutdra. The magnitude of the background depends on the inci-
yields of O", O, and neutral O are shown in Fig@#as a dent ion species, the scattering geometry, the incident ion
function of the incident energy, for ;=45° and for 6; energy, and the final charge state. As is discussed in detail in
=45° and 65°. It can be seen that the majority of the scatRef. 1, the backgrounds for the scattered ©pectra are
tered flux is neutral. Furthermore, the neutral O fraction istypically larger than those for the Ospectra. This is illus-
higher for 6;=65° than for 6;=45°; for both angles, the trated in Fig. 6a) for 4 keV O incident atd; = 45°. This can
neutral yields decrease slightly as the incident ion energy ialso be seen by comparing Figgapand 3b). Figure &b)

Positive lon Fraction
o o o
(o] (o] Q
+ [«>] [+
T T T

o°

Q

N
T

fraction is expected to increase with decreasthgdue to
resonant charge transfer. However, since thé@ ratios

C. TOF data: Absolute yields
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FIG. 6. Comparison of backgrounds in the ESA spectra for ions

1000 1500 2000 2500 3000 3500 4000 incident at 4 keV on C(®01) at §;,=45°. The final scattering angle
Scattered Energy {(eV) is 6;=35°.(a) Scattered O (solid line) and O" (dashed lingspec-
tra. Note that there is almost no background for the spectrum.
FIG. 5. Comparison of ESA angular spectra farincident O (b) Scattered C spectrum. The magnitude of the ®ackground is
and scattered Q, (b) incident O and scattered © and(c) inci-  comparable to that of the scattered @ns. The single scattering
dent C" and scattered T The incident energy was 4 keV arg peak for C occurs at a higher energy than the O peak, indicating that
=45°. Each angular spectrum is made up of several individual ESAess energy is lost in the single scattering event for C than O. This
energy spectra, in which the most prominent feature is the QS peakeflects the fact that C has a smaller mass than O.
The final angles included in the spectra are, from left to right,

=15°,25°,35°,45°,55°,65°,75°. For details on how to ConStrUCtCu(OOl) at 6, = 45°. The simulations reproduce the peak po-
these angular spectra see Sec. Il D. There was no observable chﬁions and the qualitative shapes of the backgrounds for both

tered C signal. species. From this we conclude that the charge transfer pro-
v . cesses that give rise to the @nd O backgrounds are simi-
shows a scattered spectrum for 4 keV @hcident atfi |5 even though the shape of the Gingular spectra re-

=45°. A comparison of Figs. (&) and Qt.)) _shows that the semble more closely that of the*Qangular spectra.
scattered C and O spectra have very similar backgrounds.

To gain a detailed understanding of the origin of the back-
grounds we used the classical trajectory simulasiapaR| to IV. DISCUSSION
classify which trajectory types contribute to the background
and which contribute to the peaks in the scattered spectra.
We found that the background results from trajectories that A discussion of charge transfer that includes many of the
penetrate through the first layer, and the peaks in the spectkey elements needed to understand systems such as O-Cu
result from QS first layer scattering trajectories. In otherand C-Cu was given in Ref. 1. Here we reproduce only the
words the ions contributing to the peaks have undergone details necessary for the present discussion, focusing mainly
binary collision with a single surface atom. Figure 7 showson nonadiabatic resonant charge transfer. Other relevant pro-
the results of the simulations for 4 keV O and C incident oncesses include Auger charge transfer, which is believed to

A. General picture of resonant charge transfer
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O0—Cu Simulations Total Energy Diagram: 0—Cu(001)
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(b) FIG. 8. Energies of selected states for the O-Cu system, drawn
- l\ - schematically for the atomic states interacting with the lowest en-
background ergy metallic state, i.e., no electron hole pair excitations in the
9 LT T~ QS peak l( | metal. The zero of energy is the ¥W)-Cu state ar=cc. The en-
'g | \ ergies of the neutral O-Cu system are taken to be constant, and the
o L i energies of the O-Cu and O -Cu states decrease with decreasing
2 ' | due to the image potential. At very small separations, the energies
- | \ of all the states increase rapidly due to the strong repulsion of the
x r l 7 overlapping oxygen and copper electrons. The clean Cu work func-
| tion is 4.59 eV. For details on how to obtain the energies of these
- | \ - states see Ref. 13.
IR NN /\'\/\/“\//—\//\\‘/M\ states, corresponding to the excited states of the medeh

0 500 1000 1500 2000 2500 3000 3500 having a different electron-hole pair distributjprand all of
Scattered Energy (eV) the states have the samelependence as the lowest energy
state in each subspace. Therefore, we can understand the
Yelative energies of the subspaces by considering the lowest
energy state of each subspace alone. For brevity, the lowest
energy state of each subspace will now be referred to as an

FIG. 7. Calculated energy spectra from the classical trajector
simulation codesaFARrI for the scattering of incider{e) O and(b) C
from Cu001)(100). The incident ion energy was 4 keV ard
=45° andg;=35°. Notice that both the scattered O and C spectr . .
are made ljp of a peak and a background. The peaks resﬁlt fro 'C!J state. For more deta'llls on this mOd‘?' see I5?ef. 13.
trajectories that involve QS collisions with surface atoms, and the Since Wf observe_ positive pé)_’ negative (°), and_
backgrounds from subsurface scattering trajectories. neutral (2p%) oxygen in our experiment and cannot distin-

guish between ground and excited states, the following
play an important role in the neutralization of incident posi-atomic oxygen states are considered: the ground state neutral
tive ions3? a process instrumental in achieving memory lossO(®P) and two excited states &) and O¢S), the negative

To begin our discussion of resonant charge transfer wéon state O (?P), and the positive ion states *¢'S),
must first introduce the basis states we use to describe tH@" (°D), and O (?P). In Fig. 8, the zero of energy is chosen
O-Cu system. Much of the important physics is determinedo be that of the O{P)-Cu state at=o. The energies of the
by the relative energies of these basis states and how they a@ -Cu and O -Cu states decrease with decreasirdyie to
coupled to one another. Each O-Cu basis state is made up tife image potential, while those of the O-Cu neutral states
an atomic oxygen state and a metal state, and there are ane taken to be constant. At very small separations the ener-
infinite number of these O-Cu states due to the continuougies of all the O-Cu states increase rapidly due to the repul-
nature of the metallic Cu conduction band. The O-Cu statesion of the overlapping oxygen and copper electrons. Pairs of
can be divided up into seven subspaces, according to tHgasis states from different subspaces are coupled to one an-
atomic oxygen states included to describe the system. Figuigther by the transfer of an electron between the atom and
8 shows the energies of the lowest energy O-Cu state in ea¢hetal. The couplings between different subspaces are deter-
subspace plotted schematically as a function of distance frommined from the widths of the relevant ionization and affinity
the surfacez. The lowest energy state of each subspace corlevels!® which increase roughly exponentially with decreas-
responds to an atomic oxygen state interacting with the lowing z until saturation is reached very close to the surface. The
est energy metal statee., with the metal levels filled up to larger the coupling, the higher the rate of electron transfer.
the Fermi level and no electron-hole pairébove each of The adiabatic ground state wave function of the O-Cu
the states shown in Fig. 8 there is an infinite manifold ofsystem is a superposition of the basis states. The relative
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importance of a given basis state in the adiabatic ground In the previous section we discussed the idea that in reso-
state depends on the relative energies of and couplings beant charge transfer the system evolves by attempting to con-
tween the different O-Cu basis states, and consequentiyhuously adjust to the changing adiabatic ground state.
changes continuously with distance. In general, at any giveRvithin this framework, it is reasonable that resonant charge
z, the lowest energy O-Cu states will have the highest probtransfer can lead to memory loss for incident @ns. For
ability in the ground state. The probabilities of the basisincident O ions, however, the situation is significantly dif-
states in the adiabatic ground state can also be significantigrent since the system is far from the adiabatic ground state
affected when the couplings between states are laige,  ing the incident trajectory. The 'OCu states have very
the system is strongly hybridizeddowever, for the purpose small probabilities in the adiabatic ground state since they lie

of this discussion we will focus on the relative energies Ofvery high in energy relative to the @®)-Cu statesee Fig.

the states since these often predict the main contributions t}% Thus. we do not expect that resonant charge transfer in-
the ground state accurately. We thus expect the relative en=’ ' P 9

ergies to accurately predict the major final charge state co yolving the states of the O-Cu system we have discussed so

tributions to the scattered fld%.It can be seen from Fig. 8 I}ar will neutralize _the incident O fons. Consequently, for
that far from the surface, where the couplings are vanishingly® Systém to equilibrate close to the surface, there must be
small, the adiabatic ground state is thé/P)-Cu state. Close an alternatlye gxplanat_mn for the efficient transfer of elec-
to the surface the couplings are larger and the adiabati#ons to the incident O ions.
ground state is an admixture of O-Cu states with the lowest The first, and most commonly invoked mechanism, is Au-
lying O~ (?P)-Cu state having the highest probability. ger charge transfer. This is a two-electron process in which
With these principles in mind, a key element in resonantone electron neutralizes the incident positive ion, and a sec-
charge transfer is that, as the ion-surface separation changegd electron is promoted in energy so as to conserve energy.
during scattering, the system will try to evolve towards theThe emission of Auger electrons has been observed by
continuously changing ground state by electron transfers bekempter for 50 eV O ions incident on W110).23 A second
tween the metal and the atom. Throughout this paper we wilnechanism involves resonant charge transfer to highly ex-
assume that the O-Cu system can reach the adiabatic grousiled neutral O-Cu states that lie close in energy to the
state when the atom is close to the surface where the co®*-Cu states. We have not included these states in our dis-
plings are large and charge transfer is rafithe justifica-  cussion so far since they lie much higher in energy than the
tion for this assumption lies in the observation of memorystates shown in Fig. 8, and thus have very small probabilities
loss, which we will discuss in more detail in the next sec-jn the adiabatic ground state of the system. However, on the
tion.) .However, we will also see that far from the surface thejncigent trajectory, when the system is far from equilibrium
\{elocny of th(_e scattere.d atom, together with the exponenz 4 resonant charge transfer to the’).Cu, O¢D)-Cu,
tially decreasing couplings, will prevent the system fromand OfS)-Cu states is highly unlikely, it is possible that

reaching the adiabatic ground state. there may be resonant charge transfer to the highly excited
neutral O-Cu states. These excited neutral O-Cu states can
subsequently atomically deexcite to the ground state of the
. o system. This process has been invoked to explain memory
In our previous work we measured' @ ratios for O 555 during the scattering of highly charged O idhs.

incident on C(00D in the range of energies from 0.4 10 7 o cyrrent measurements are not able to distinguish be-

kev, 6!”0' for a wide range of scattering geometries. One ofeen these two mechanisms and it is possible that both may
the primary results was the observation of @ns in the

) . be occurring simultaneously. However, the quenching of the

scattered flux, which was unexpected from simple arguments . o . o
' -~ incident O" must be efficient since memory loss of the inci-

of resonant charge transfer based on the relative energies

the states. At the time it was not possible to experimentall ent charge state is complete. The efficiency of these pro-

verify that the measured positive ion fractions were not sim-CesSSes will be determined, in part, by the rate of electron

ply due to the survival of the incident O We have now transfer close to the surface. Unfortunately, the rates for Au.—
reproduced these measurements with™ Qncident on ger processes are poorly understood and currently unavail-

Cu(001), over the same range of scattering geometries. Figz_a_ble. Similarly the rates for resonant transfe( into highly ex-
ure 2 compares the results of the two data sets. The dagited neutral states are also unknown. Finally, although
show that within the sensitivity of our measurement, thememory of the incident O ions is lost, the mechanism for
scattered O/O~ ratio is independent of the incident ion Producing scattered O must be able to explain why the
charge state, i.e., memory loss of the incident ion charg@utgoing O are not neutralized or converted to @y these
state has occurred. same processes.

From the observation of memory loss it can be inferred In summary, since we observe memory loss, we infer that
that the state of the O-Cu system close to the surface duringfe state of the O-Cu system close to the surface does not
or immediately after, the collision is the same irrespective ofdepend on the incident ion charge state, and that electronic
the incident ion charge state. We conclude that the chargequilibrium is reached close to the surface. Resonant charge
transfer rate is sufficiently high close to the surface to allowtransfer plays an important role in determining memory loss
the O-Cu system to equilibrate to the ground state at smafbor incident O ions, and there are various possible charge
separations for both incident'Cand O ions. Next, we will  transfer mechanisms responsible for memory loss in the case
consider the possible charge transfer mechanisms that carfi the incident O ions. We conclude that, in order to un-
lead to the observation of memory loss. derstand the origin of the final measured vyields, it is only

B. Memory loss
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necessary to focus on the charge transfer processes occurriggparate, electrons can be trapped in excited atomic levels at
during, and after, the collision of the incident ion with the MO crossings® Thus, the final charge state of an ion or
surface. atom can be influenced by excitations that result from elec-
tron promotions within molecular orbitaléMO’s). For a
given scattering geometry, these excitations are most pro-
nounced at high incident energies, where the distance of
We are now in a position to discuss the effect of the ion’sclosest approach is smallest.
perpendicular velocity on the scattered @nd neutral O Maazouzet al® have suggested that these collisional ex-
yields. During ion-surface scattering, the ability of the sys-citations may result in the production of highly excited neu-
tem to evolve towards the changing ground state is detefral oxygen atoms & 37 These highly excited atoms can
mined by a competition between the ion’s perpendicular vesurvive the outgoing trajectory and then deexcite by an
locity and the charge transfer rates, which are set by thatomic Auger process in which an electron is emitted, a pro-
couplings between the statéw, equivalently, by the widths cess called autoionization. Due to the long lifetimes of the
of the relevant ionization and affinity levelswith this in  excited state®® these autoionization processes occur far
mind, it is necessary to consider what effect the ion velocityfrom the surface where the resulting” @ons are unlikely to
has on the final measured yields. Close to the surface theuffer additional neutralization. Autoionizing states result in
O-Cu system is in the ground state, where the(®)-Cu  hoth the presence of positive ions in the scattered flux and in
state is the most energetically favored. As the ion leaves themission of electrons with energies characteristic of the au-
surface, it becomes more energetically favorable for the sysoionizing state. Electron promotion within molecular orbit-
tem to be in the O(P)-Cu state. For small perpendicular als has been invoked previou&y?’to explain high positive
velocities, it is possible for electron transfers to track thision yields. Maazouzt al® have suggested that the lowest
changing ground stat@ip to some value of at which the  energy autoionizing state of O is th&© (2p23s?), with an
widths become very smallHowever, the faster a negative energy of 17.75 eV above the neutral ground state.
ion leaves the surface, i.e., the higher its final perpendicular Another possible mechanism that can explain the obser-
velocity, the harder it is for electron transfers to enable thesation of scattered ©, still within the framework of electron
system to track the adiabatic ground state. This correspongssomotion during the hard collision, involves the promotion
to a higher negative ion yield at higher incident ion energiessf a single O 2 electron. As the O and Cu separate this
(for a given scattering geomeirgince the scattered ions electron may become trapped in the Caigtbital, resulting
have higher perpendicular velocities. This is consistent withn the direct production of O ions at very small ion-surface
the TOF data presented in Fig. 4, where the negative i0Beparations. However, if this process is responsible for the
yields gradually increase with increasing incident ion energyopservation of O ions, it is difficult to explain why incident
for both scattering geometries. It is also consistent with they* jons are efficiently neutralized on the incident trajectory,
fact that the negative ion yield is greater f@y=45°, which  \hich we infer from our observation of memory loss, while
corresponds to a perpendicular velocity of 0.942the O" jons created directly in the hard collision can survive
%10 3\E; (a.u.), than forg;=65°, which corresponds to a the outgoing trajectory. As will be seen below, it is possible
perpendicular velocity of 0.85310‘3\/E (a.u.). to conclude from our data that a hard collision is involved in
Finally, using this simple model of resonant charge transthe creation of positive ions, but it is not possible to deter-
fer we can conclude that, since the" @u states lie rela- mine the exact mechanism.
tively high in energy, it is rather surprising to see any O The data shown in Fig.(®) provide supporting evidence
ions in the scattered flux. In the next section we will proposethat the positive ion fractions are produced by a collisional
an alternative mechanism for the production of @ns, mechanism. The positive ion yiell™ turns on above some
which relies on the hardness of the collision between théncident ion energy and is zero below this energy, within the
incident oxygen ions and the surface Cu atoms. sensitivity of our measurement. This result suggests that
there is a minimum collisional energy required to “turn-on”
positive ion production. It can also be seen from Fi¢o)4
that P* is smaller for the more grazing scattering geometry
at a fixed incident energy, which is consistent with this type
Above we presented a simple model that qualitatively ex-of mechanism since a more grazing scattering geometry also
plained the behavior of the observed” Gand neutral O corresponds to a less violent collision. Finally, the data
yields, but cannot explain the presence, or behavior, deshown in Fig. 4b) are very similar to those shown in Ref.
scribed in detail below, of the Oyields. These yields can 27, in which there is a sharp increase at 4 keV incident ion
also not be explained in terms of the parallel velocity mechaenergy in the scattered Neyields, which were also ex-
nism introduced in Ref. 35. Our Oyields decrease with plained via a collisional mechanism.
increasing parallel velocity, contrary to the predictions made Further evidence for a collisional mechanism is seen in
in Ref. 35. Instead, we show here that our data support thEig. 6(a), which compares the scattered @nd O spectra
hypothesis that a collisional mechanism, originally suggestefbr O~ incident on C@001) with 6;=45° and§;=35°. It
by Maazouzet al® for similar systemgO-Mg, O-Al, and can be seen that the magnitude of the background in the
O-Ag), is responsible for the Oyields. scattered O spectrum is significantly smaller than that for
During a hard collision between the incident projectile the scattered O spectrum. Furthermore, the results of the
and a surface Cu atom, the atomic levels of the target andlassical trajectory simulatiofisee Fig. 7 and Sec. IlID
projectile merge into molecular orbitals10s). As the atoms show that the peaks result from QS type trajectories, in

C. Nonadiabatic resonant charge transfer

D. Evidence that Ot production is due to a collisional
mechanism
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which the incident ion has undergone a collision predomi- Total Energy Diagram: C—Cu(001)

nantly with a single surface atom, while the backgrounds 16 mp—T1 T T

result from subsurface trajectories. Since we do not see a 14 L |

background in the O spectra, either the scattered Gons C—Cu

are created only in QS surface collisions or, if they are cre- 12 - . %t:%‘:‘l 7

ated subsurface, they do not survive the outgoing trajectory. 4o | |

One method to determine the importance of the collision \%_,/

in producing positive ions is to measure electron spectra, o B 7

looking for evidence of the proposed autoionizing states. g 6 s e

These states are revealed as electrons emitted at the energy & { 7 — c-(D)-cu
. . .. 4 /‘ b A A—A A

corresponding to the autoionizing decay process. Such elec- e e ] — ces-cu

trons have been observed for Ne and other noble gas scatter- 2 + &:‘/ e 4 T e

ing experiments. For example, a peak in the electron spectra P — C‘:D)‘C“

has been observed at the correct energy for the decay of the i REEl ke

Ne** (2p*3s?) autoionizing state®€?° Similarly, electrons —g tweialoe o law ey

due to G* autoionizing states have been observed in gas- 0 2.5 5 7.5 10 7=

phase collisiong® However, electron spectra for'Cscatter- z (&)

ing from Mg revealed no peak due to thé"Oautoionizing i

state® One should note that in Ref. 8. the authors did not F!G- 9. Energies of selected states for the C-Cu system, drawn

expect to see any such peaks since ’the incident ion beaﬁﬁhematically for the atomic states interacting with the lowest en-
. : o1,

current was too low for a significant number of the autoion-*"% ?heéaélr'lce:g?’ee;'O-Etlﬁezﬁ;?lt?;eg_eé%ys';szzr‘; igectgkset?tfofe con.

izing states to be created, leading to an electron count ratse[ant' and the energies of the ©u and C-Cu states decrease

(fkr)c|>m El'hhe auft0|0n|Z|ng Statésslhat_ was too low to bte measur-dwi h decreasing due to the image potential. At very small separa-
abie. erelore, more conciusive measurements are needg s, the energies of all the states increase rapidly due to the strong

to determine directly if the hiard.b.inary collision with_a single repulsion of the overlapping carbon and copper electrons.
surface atom results in autoionizing states responsible for the
observed O ion fractions. significantly to the adiabatic ground state wave function of

In conclusion, our results point to a mechanism of O the C-Cu system. This is in contrast to the O-Cu system
production that depends on the strength of the hard collisiowhere, close to the surface, the (3P)-Cu state is the most
between the incident ion and surface atom. However, ienergetically favorable state. Due to the hybridization of
should be noted that the difference between the positive ioBtates close to the surface the (¢S)-Cu state will also con-
yields at ;=45° and 6;=65°, shown in Fig. &), is also tribute significantly to the C-Cu ground state wave function.
consistent with the O ions spending more time in the near- Consequently, there is a finite probability of Gns surviv-
surface region ab;=65°, which could result in higher neu- ing the outgoing trajectory, resulting in our observation of
tralization probabilities for any O ions that are produced. C~ ions in the scattered flux. Absolute yields for the C-Cu
Therefore, the smaller yields at larger are a result of both  system are not available at this time; however, we expect the
lower production rates and higher neutralization. C™ yields to be smaller than the Oyields since the
C (*S)-Cu state is higher in energy than the @P)-Cu
state, relative to the respective lowest energy states of the
two systems.

In the previous sections we saw that the measured To illustrate that our scattered Qlata are consistent with
neutral O atom yields can be explained by nonadiabatic res@ model of resonant charge transfer we examine the similar-
nant charge transfer and that a collisional mechanism caity between the magnitudes of the backgrounds in the scat-
explain the measured ion yields. Here we will see that tered O and C spectra which contrast sharply with the
the scattered T fractions are also consistent with a simple much smaller magnitude of the'Cbackgroundsee Fig. 6.
resonant charge transfer model, while n6 ©ns were ob- This similarity suggests that the general charge transfer
served for any incident ion energy or scattering geometry. Gnechanisms determining the @Gind C yields are similar in
is an interesting complementary system to study since neuorigin, i.e., both are determined by resonant charge transfer.
tral C has twap electrons in the outer valence band, whereasVe can also conclude from a comparison of the &hd O
neutral O has two holes in the outer valence band. As angular spectra that the Cyields are more sensitive to the
result, a basic description of the C-Cu system includes mangerpendicular velocities of the scattered ions than the O
states with orbital symmetries similar to those of the O-Cuyields (see Fig. 5. As we noted in Sec. llI D, the envelope
system: the ground state neutralp® C(®P) and two ex- connecting the QS peaks in thé @ngular spectrum of Fig.
cited states CO) and C{S), the positive ion state 5(c) does not have the shape expected from the scattering
(2p') C*(?P), and the negative ion statesp® C~(*S), cross section alone. Specifically, the @itensity is largest at
and C (?D). The C (?P) is not included since it is not the most normal scattering geometries, where the outgoing
bound and, in fact, the QD) is only weakly bound by 35 perpendicular velocity is largest, indicating that the shape is
meV. Figure 9 shows the energies of the C-Cu states as @dominated by charge transfer processes. In contrast, the O
function of distance from the surface. angular spectrum in Fig.(8 is more typical of one domi-

It can be seen from Fig. 9 that the ¥)-Cu state is nated by the scattering cross section, in which the intensity is
always the most energetically favorable and will contributelargest atd;=65°. Thus we conclude that the scattered C

E. The C-Cu(001) system
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yields are more sensitive to the perpendicular velocity of thedlynamical multistate system. Accurate measurements of the

scattered ions than the Oyields. O*/O™ ratios for both incident charge species show that
Finally, in the previous sections we have shown that resomemory loss of the incident charge state is complete over a

nant charge transfer cannot explain our measurédi@  broad range of scattering energies and geometries. From this

yields since the O-Cu states lie very high in energy and are we conclude that the incident@ons are efficiently neutral-

never expected to have significant probabilities in the adiaized by an Auger process or by a combination of Auger

batic ground state. Similarly, since the €u state lies very processes and resonant charge transfer into excited neutral

high in energy, we do not expect to observe anyiGns in  states. We have found that the scattered iGns are pro-

the scattered flux due to nonadiabatic resonant charge trandticed by a collision mechanism during the hard collision

fer alone. In fact, further evidence that @roduction is due with the surface Cu atoms, and Gons are present in the

to a charge transfer mechanism different from resonanscattered flux due to nonadiabatic resonant charge transfer.

charge transfer lies in the fact that the"@u states lie We have also investigated the scattering of low enerdy C

higher in energy than the GCu stategrelative to the O-Cu  from Cu001). The C angular spectra have been compared

and C-Cu ground states, respectivelonsequently, if posi- to O and O angular spectra, demonstrating that the ob-

tive ion production in the C-Cu and O-Cu systems was dueserved C ions are also due to resonant charge transfer. No

to resonant charge transfer, one would expect to observ@easurable yield of Cions is observed in the scattered flux.

more scattered Cthan O". However, no scatteredCions

were observed at any incident ion energy or scattering geom-

etry under investigation, and this is consistent with our ACKNOWLEDGMENTS
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