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The positive charge fraction resulting from charge exchange during the interaction of Li* and Na* ions on
the Ag(110) and Cu(110) metal surfaces has been measured for different energies and incident azimuthal angles
of the projectiles. Surprisingly, although metallic Cu and Ag are well described by the free-electron model, the
positive charge fraction has been observed to vary significantly according to the azimuthal angle of incidence,
for projectile energies lower than 4 keV and incidence angle below 5° with respect to the surface (grazing
scattering conditions), and specifically around the low-index [001] and [110] directions. A detailed analysis of
trajectory calculations for the Li/Cu(110) system allows one to distinguish between different types of trajec-
tories (on tops, zigzags, and in rows), the relative importance of which varies rapidly with azimuthal angle. We
obtain a good correlation between the observed azimuthal variation of the charge fraction and the mean value
of the electronic density encountered by the projectile in the vicinity of the first atomic layers. We show that
this short-range effect can be reflected on the observed variation of the charge fraction through the charge
image effect on the trajectories. This effect is shown to be very sensitive to the electronic corrugation of the
surface which is known to be low for Cu and Ag. Azimuthal experimental measurements thus appear to be a

tool to characterize such low corrugations.
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I. INTRODUCTION

During the interaction of an ion with a metal surface,
there is a coupling between the electronic states of the pro-
jectile and the continuum of metal states. This leads to the
possibility of a charge exchange between the projectile and
the surface, i.e., an electron jump between the projectile and
the surface. Charge-transfer processes play an important role
in gas-surface interactions; they are involved as an interme-
diate step in various reactions at surfaces and they directly
determine the charge states of projectiles in scattered
beams.!? For projectiles with low electron-binding energies
(negative ions and alkali atoms), the projectile-surface inter-
action is dominated by a resonant charge-transfer process,’
which is characterized by one-electron transitions between
the projectile states and metal valence-band states of the
same energy.

Experimentally, the resonant charge-transfer process can
be studied by the measurement of charge fractions after the
interaction of projectiles with a surface (low-energy ion scat-
tering). One way to analyze a possible influence of the sur-
face corrugation on the charge-transfer process is to study
the dependence of charge fractions with the azimuthal angle
of incidence. Significant variations of charge fractions with
the azimuthal angle of incidence have been observed during
the scattering of projectiles off ionic insulators.*> Since the
charges are localized in an ionic crystal (strong electronic
corrugation), links can be established between the azimuthal
angle of incidence, the projectile trajectories, and the charge
exchange process.* This process is helped by small
projectile-target distances, the exchange being localized in
the vicinity of ionic cores. Such links are less obvious when
one considers scattering off metal surfaces, in particular, at
grazing incidence. These surfaces have extended electronic
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states, and so the charge state of the projectile is mainly
determined on its exit far from the surface so that any
memory concerning charge transfer for small projectile-
surface distances is lost.%” Nevertheless, some experiments
have shown that in quasi-binary-collision conditions, charge
transfer with metal surfaces could depend on the trajectories
of singly charged® or multicharged ionic® projectiles. In the
case of low-energy grazing interactions, variations of the sur-
viving ion’s fraction with the crystallographic orientation
have been reported in the case of Auger neutralization of He
ions interacting with Ni(110).'° In this paper, we present
variations of the ion fraction with the crystallographic orien-
tation in the case of alkali-ion neutralization by a resonant
charge-transfer process with the Ag(110) and Cu(110) sur-
faces.

II. EXPERIMENT

A detailed description of the apparatus is given
elsewhere.!! The ionic projectiles are produced by heating a
specifically designed alkali aluminosilicate salt (HeatWave
Labs, Inc.). The ion-beam line provides 1-80 keV mass-
analyzed projectiles which interact with the target in an ul-
trahigh vacuum chamber (base pressure of about
107! mbar). The target is mounted on a three-dimensional
(3D) sample manipulator which allows for variations of both
incidence and azimuthal angles. The reflected and recoil par-
ticles travel through a 618 mm long time of flight (TOF)
spectrometer which can be rotated in the plane of incidence
between 0° and 165° and with an acceptance angle of less
than 0.5°. At the end of the flight tube, the positive, negative,
and neutral particles are separated by a set of deflection
plates, the voltage of which is tuned according to the parti-
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FIG. 1. Comparison between experiment (line with circles) and
simulation (thick line) of the number of Ar particles scattered off an
Ag(110) surface as a function of the incidence azimuthal angle.
Projectiles are 4 keV Ar* ions under an incidence angle with re-
spect to the surface a=15°. The particles are detected in the specu-
lar scattering angle #=30°. The thin line added in the simulation
view corresponds to a different collision geometry: a=3° (grazing
angle) and 0=6°.

cle’s kinetic energy: the positive and negative ions are de-
flected on each side of the spectrometer axis. About 70 mm
downstream, the particles encounter a two-stage 50
X 8 mm? rectangular multichannel plate and a three-part an-
ode assembly. The signal on the small central part of the
anode corresponds to the detection of neutrals and those on
each side to the detection of charged particles. The three
charge types are thus recorded simultaneously in the acqui-
sition system which calculates in real time the corresponding
charge fractions.

The Cu and Ag samples (monocrystals with an orientation
accuracy better than 1° from the Mateck company) are pre-
pared in situ by cycles of grazing-incidence (3°-15°) sputter-
ing with 4 keV Ar* ions and annealing at about 800 K (the
temperature is then slowly decreased to avoid any freezing of
defects). The surface cleanliness is checked by recording
TOF spectra of the scattered and emitted particles with a
4 keV Ar* pulsed beam under an incidence angle with re-
spect to the surface a=15°, verifying the absence of any
recoil atom other than Cu or Ag.

To determine accurately the orientation of the target, by
using the same 4 keV Ar* beam under a=15°, we have re-
corded the number of Ar particles scattered off the surface in
the specular direction (exit angle with respect to the surface
B=15° in the incidence plane) as a function of the azimuthal
angle of incidence. As can be seen in the upper panel of Fig.
1 in the case of Ag(110), two characteristic peaks are ob-
served in orthogonal azimuthal directions. Similar results are
obtained for the Cu(110) surface. The assignment of these
peaks to different target orientations is based on comparisons
with simulations realized with the MARLOWE code.!? This
code is based on the binary-collision approximation. The
Ziegler-Biersack-Littmark potential'® was used for the calcu-
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lation shown in Fig. 1 (bottom view). It shows good agree-
ment with the experimental result and allows the [001] and

[110] directions to be identified. Better agreement could be
obtained by varying the different simulation parameters, in
particular, the interaction potential such as the Moliere po-
tential with Firsov screening length!# but this is beyond the
scope of this study. It should be noted that, with such an
incidence angle of 15°, the number of projectiles scattered in

the specular direction is greatest in the [001] and [110] di-
rections because the projectiles are guided along these direc-
tions (axial channeling) before exiting the surface, whereas
most projectiles are lost inside the crystal for a so-called
“random” direction. The situation is reversed for grazing-
incidence angles. All projectiles are scattered in the specular
direction for a random azimuthal angle, the surface acting as
a mirror (planar channeling), whereas the projectiles which
impinge along the low-index directions bump from one wall
to another of the seams between rows of atoms: as a result,
they are dispersed outside the incidence plane, leading to a
loss of scattered particles in the specular direction (see thin
line in Fig. 1).

III. EXPERIMENTAL RESULTS

To reveal the possible role of the azimuthal angle of inci-
dence on the charge-transfer process, we have chosen the
(110) surfaces of Cu and Ag. Note that a (110) surface pre-
sents very different interatom distances along the [001] and

[110] crystallographic directions (Fig. 2). The atoms are

separated by 2.55 A along the [110] direction but by 3.61 A
along the [001] direction for the Cu (110) surface, or by
2.89 A and by 4.09 A, respectively, for the Ag(110) surface.
We have focused our study in the vicinity of these directions
where evenly spaced rows of atoms lead to a channeling
power.

We have measured the charge fractions resulting from the
interaction of different projectiles with these two surfaces as
a function of the azimuthal angle of incidence. For low inci-
dence angles (@=3°-5°) and projectile energies lower than
4 keV, significant variations of the positive charge fraction
have been observed for the systems Li*/Cu and Na*/Ag in
the vicinity of the low-index directions, as shown in the left
part of Fig. 3 around the [001] direction. No variation could
be measured for the Na*/Cu system.
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FIG. 3. Left panel: Positive charge fraction as a function of the
azimuthal angle of incidence for the scattering of 1.24 keV Li* ions
on Cu(110) (upper curve) and of 1.24 keV Na* ions on Ag(110)
(lower curve). The incidence angle is @=3° with respect to the
surface and the scattering angle is #=6° (specular reflection). The
azimuthal angle is measured with respect to the [110] direction.
Right panel: Sketch of energy diagrams for Li and Na atoms in
front of Cu and Ag (110) surfaces.

It should be noted that the measurements are very sensi-
tive to the collision geometry. In our experiment, the inci-
dence angle « (position of the target with respect to the
beam) and the scattering angle 6 (position of the spectrom-
eter with respect to the beam) are fixed to the desired values,
then we fine tuned the incidence angle in order to obtain the
best symmetric spectra of scattered particles, disregarding
their charge, around the low-index directions of the crystal.

The systems under study are very similar from an ener-
getic point of view (right-hand part of Fig. 3), with an ion-
ization energy of the projectile of 5.39 eV for lithium
(5.14 eV for sodium) and the Fermi level of the target mea-
sured with respect to the vacuum level at 4.5 eV for Cu
(4.3 eV for Ag). Neutralization of the projectile by a reso-
nant electronic transfer can take place, provided that the
atomic level of the projectile is lower than the Fermi level of
the target. However, because of the image-charge interaction
of an atom in front of a metal surface,'? the ionization energy
E; of the projectile is reduced as the distance between the
projectile and the surface decreases, and the projectile is
reionized very near the surface. A static description of this
effect by E,-(zi)=E,-(00)—4LZ‘_ is a good approximation, with z;
the distance between the projectile and the image plane. The
similarity of the atomic and Fermi levels in the systems we
have studied leads to a competition between neutralization
and reionization, resulting in positive charge fractions in the
30%—70% range.

For 1.24 keV projectile energies, a relative variation of
10%-20% of the positive charge fraction is observed around
the [001] direction with respect to a random direction, with
three different components: (1) a narrow peak in the axial
direction, (2) a dip extending for about 5° on each side, and
(3) a monotonic variation when the azimuth differs by more
than 10° from the axial direction, approaching the so-called
random azimuth and surface- (planar-) channeling condi-

tions. Similar variations have been recorded in the [110]

direction, as shown in Fig. 4 for the Li/Cu system at differ-
ent projectile energies.
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FIG. 4. Energy dependence of the azimuthal variations in the
positive charge fraction, for grazing scattering from Cu(110) of
1.24 keV (lower curves) and 4 keV (upper curves) Li ions. The
incidence angle is @=3° with respect to the surface and the scatter-
ing angle is #=6° (specular reflection). Note the split of the hori-
zontal azimuthal axis.

The significant variation of the charge fraction at
1.24 keV disappears for 4 keV ions. The azimuthal varia-
tions in the charge fraction depend sensitively on the inci-
dence angle, as seen in Fig. 5 for three different angles in the
case of 1.24 keV Li* ions from Cu(110) and in Fig. 6 in the
case of 2 keV Na* ions from Ag(110): the variations vanish
when the angle is increased. This implies that these varia-
tions are somehow related to the parallel and/or perpendicu-
lar velocities of the projectiles.

IV. DISCUSSION

Cu and Ag are known as good candidates to illustrate the
free-electron (or jellium) model to describe the electronic
structure of metals. An extensive literature®>® has been de-
voted to the resonant transfer process responsible for neutral-
ization of alkali ions in front of these surfaces. Within the
freezing-distance model,® the positions of the electron atomic
level and of the Fermi level have to be compared only in a
small range of projectile-surface distances. This model is
based on the comparison of two time scales: the first is in-
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FIG. 5. Positive charge fraction as a function of the azimuthal
angle for scattering of 1.24 keV Li* from Cu(110). The results cor-
respond to three different angles of incidence: a=3° (full circles),
a=4° (crosses), and @=5° (empty squares) and an exit angle in the
specular direction.

045432-3



RICHARD-VIARD et al.

0.50 Y

0.45-
0.40- L
0.35- ==

0.30+

0.254 -

Positive charge fraction

Azimuthal angle (°)

FIG. 6. Positive charge fraction as a function of the azimuthal
angle for scattering of 2 keV Na* from Ag(110). The results corre-
spond to three different angles of incidence: a=3° (full circles),
a=4° (crosses), and a=5° (empty squares) and an exit angle in the
specular direction.

versely proportional to the coupling between the surface and
the projectile, and the second is the time scale for the atom
scattering from the surface. Far from the surface, the cou-
pling between the atom and the surface is weak: no charge
transfer occurs. On the other hand, charge-transfer rates are
large very near to the surface: any memory of the initial
charge state is lost. As a consequence, the exit charge state of
the projectile is determined on its exit in a small range of
projectile-surface distances, around the so-called “freezing
distance” where the two time scales are of the same order. It
can be shown that the probability P, of electron capture by
the projectile on its exit corresponds to the equilibrium oc-
cupation of the atomic level at this distance, the positive
charge fraction being thus (1-P,).

The width A(z) of the atomic level in front of a jellium is
often approximated by an exponential variation with dis-
tance:

A(z) = A, exp(;—z) ,
0

where z is the atom-jellium edge distance and A, z, two
parameters characteristic of the atom-surface system. The
jellium edge is known to be located in front of the surface at
about half the interlayer distance from the first atomic layer,
that is, 1.1 a.u. for Cu(110).

The freezing distance, measured with respect to the image

plane, is given by
(A()Zo)
r=20 In| — |,
k v

z

where v, is the perpendicular velocity of the projectile. The
image plane, according to different studies, is located be-
tween 0.1 and 1 a.u. from the jellium edge (1.2-2.1 a.u.
from the first atomic layer).

In a previous paper,'® we have performed a detailed
analysis of the neutralization probability according to the
perpendicular and parallel velocities of the projectiles within
this model for a random azimuthal angle. The image-charge
parameters Ay=4.46 a.u. and zo=1.16 a.u. of Onufriev and
Marston!” for the Li/Cu system allowed us to account for the
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charge-fraction variations over a wide range of energies
and/or incidence angles and particularly for the results re-
ported above: as the angle of incidence or the energy in-
creases, the perpendicular energy increases, and thus the
charge fraction increases because of the diminution of the
freezing distance. This is clearly visible in Figs. 4 and 6.
Calculations of neutralization probabilities show that the A,
parameter is less sensitive than z,. The above value of
1.16 a.u. (Ref. 17) appears as a lower limit as compared to
our experimental data. A value of 1.5 a.u. appears to be more
consistent with the observed increase of about 10% of the
positive charge fraction when comparing 1.24—4 keV pro-
jectiles whose incidence angle is 3°. The first value gives
neutralization probabilities of 45% and 49% (with a freezing
distance around 8 a.u.), whereas the second one gives 48%
and 55% (freezing distance around 10 a.u.), in better agree-
ment with the observed increase.

However, the free-electron and freezing-distance models
mentioned above do not explain the observed azimuthal
variations. It is well known that the substantial variations
observed in the azimuthal spectra of the number of scattered
particles in the specular direction under grazing incidence are
due to the corrugation of the surface, which thus does not
match a perfect jellium model. The projectiles, according to
their impact point on the target, do not follow the same tra-
jectories and can be scattered outside the specular angle. In
order to obtain a better comprehension of our experimental
results, we have performed computer simulations of projec-
tile trajectories using the binary-collision approximation
MARLOWE code. It has been shown to give similar results to
molecular dynamics codes* even in grazing geometries, and
is significantly faster: running the code for a whole set of
azimuthal angles allows us to construct the azimuthal spectra
point per point, for a given collision geometry and interac-
tion potential. In the code, as soon as a “collision” is identi-
fied by a very small energy change of the projectile, its po-
sition is recorded in order to yield the projectile trajectory: in
grazing scattering conditions, about ten crystal atoms are in-
volved in the collision sequence with distances of closest
approach that are less than half the lattice constant (around
3 a.u.).

Typical trajectories under axial channeling conditions are
plotted in Fig. 7. Only the trajectories corresponding to scat-
tered particles in the specular direction are represented (ac-
ceptance angle of 0.4°). They can be split in three types: on
top, in row, and zigzag ones, similar to those obtained for
other systems.*'® On-top trajectories do not penetrate the
crystal, just as the trajectories obtained for planar channel-
ing. As opposed, in-row and zigzag trajectories can dip under
the first atomic layer, in the seam between two atomic rows;
in rows are long guided straight trajectories whereas zigzag
trajectories arise from successive reflections on the walls of
the seam. In rows penetrate deeper than zigzags and vanish
quite fast when rotating the crystal out of the axial channel,
but zigzags survive up to 5°—8° apart from the axial direc-
tion.

Such trajectory simulations have allowed us, in the case
of grazing scattering of F* ions on a NaCl surface, to link the
azimuthal variations of the negative charge fraction to the
number of CI~ ions visited and in the case of grazing scat-
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FIG. 7. Calculated trajectories of 1.24 and 4 keV Li atoms scat-
tered under grazing incidence from a Cu(110) surface. The inci-
dence angle is a=3° with respect to the surface, the azimuthal angle
is along the [001] direction, and the scattering angle is 6=6°
(specular reflection). (a) and (c) are top views of the crystal surface;
(b) and (d) are side views along the incidence direction. The gray
scale allows one to distinguish between the different types of tra-
jectories. Atoms of the first and second layers are represented by
dots. The scale in the direction of incidence is shrunk; the lengths
are expressed in unit of the lattice constant (3.62 A for Cu). These
simulations have been done without thermal effects in order to dis-
tinguish more clearly between the different trajectories. They have
been performed with a modified Moliere potential (adjustment of
the screening length by a factor of 0.85).

tering of Ne* ions to link the positive charge fraction to the
number of Na* ions visited,* these results being consistent
with the strongly localized electronic density around the
ionic cores in insulators. We did not succeed in establishing
such a link for the systems studied here: the charge-transfer
process appears to be more sensitive to the electronic corru-
gation as a whole rather than to the ion core positions of the
Ag(110) and Cu(110) surfaces.

To obtain a correlation between the projectile trajectories
and the electronic corrugation, as in the work of Robin et
al.'® on the correlation between electronic stopping and den-
sity corrugation, we have made a further analysis of the tra-
jectories. The geometry of the (110) surface induces different
distributions of the electronic density along the different
crystal axes and different interaction potentials between the
projectile and the crystal atoms. Therefore, the collision
time, which can be associated with a mean “effective” per-
pendicular energy, should be different for projectiles accord-
ing to the way they follow the surface, straight along a seam,
bumping from one wall to another or randomly. The
freezing-distance model, based on the free-electron descrip-
tion of the metal with a flat hard repulsive wall, assumes a
constant absolute value of the perpendicular velocity (con-
stant collision time) and does not include such trajectory
effects.

Our simulations reveal that most of the trajectories pen-
etrate into regions where the interaction potential is higher
than their initial perpendicular energy far from the surface.
The trajectories of Fig. 7 show that along the [001] direction,
in-row trajectories (light gray) remain above the first atomic
layer for an incident perpendicular energy lower than 10 eV
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FIG. 8. Mean interaction potential (line with markers and left
axis) and mean electronic density (dotted line and right axis) en-
countered by 1.24 and 4 keV Li projectiles impinging on Cu(110)
with an a@=3° grazing angle at different azimuthal angles.

(left-hand side E.=3.4 eV), whereas they dip under the first
layer for higher energies (right-hand side E.=10.9 eV). The
azimuthal variations of the charge fraction occur around the
low-index directions, when on-top, zigzag, and in-row trajec-
tories are possible and disappear for perpendicular energies
greater than about 10 eV, when the trajectories dip under the
first atomic layers. Similar trajectories as those on the right-
hand side, although shorter, are obtained for 1.24 keV with
a=5° (E,=9.4 eV). The proportions of in rows are about
30% for a perpendicular energy less than 10 eV, whereas
they are more than 60% for a perpendicular energy around
10 eV. For random directions, trajectories remain at a dis-
tance of 0.2-0.3 times the lattice constant but they can en-
counter high potential values by cutting through the bumps.
For all the collision points which define the projectile trajec-
tory, we have calculated the corresponding interaction poten-
tial used in the MARLOWE code. The mean values of these
potentials, calculated for a meaningful number of trajecto-
ries, are plotted in Fig. 8 for 1.24 keV and for 4 keV Li
projectiles interacting with Cu(110) («=3°) and at different
azimuthal angles around the [001] direction. They are clearly
above the E, values.

The comparison of the curves of Fig. 8 with the experi-
mental azimuthal variations shown in Fig. 4 yields a reason-
able agreement: a dip on each side of the [001] direction at
1.24 keV and a dip in this direction at 4 keV. These varia-
tions are closely related to the respective proportions of the
different types of trajectories, according to the energy and
the angle of incidence of the projectile. The in-row trajecto-
ries disappear when turning out of the [001] direction,
whereas the zigzag ones become important some 5° away
from this direction, before vanishing, leaving only planar
channeling trajectories.

Although it is difficult to relate the surface electronic cor-
rugation to the interaction potential, we have performed elec-
tronic density calculations on a 3D grid for Cu(110) using
density functional theory (DFT), at least for the first layers.'”
We have compared, in the vicinity of the surface, several
contours of constant density with the isovalue contours of the
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FIG. 9. Illustration of the image-charge effect on a projectile
trajectory: case of an impinging positive ion which can be neutral-
ized during scattering. In the case of a pure specular reflection, the
exit angle of the projectile will be 8= a+dg if scattered as a neu-
tral and B =« if scattered as an ion.

sums of the different interaction pair potentials used in MAR-
LOWE. Those obtained with a modified Moliere potential are
very, although not strictly, similar to those obtained by DFT,
which shows that the above simulations are reliable. From
the above 3D grid, the electronic density value for each point
defining a trajectory is known, and we can thus estimate the
mean electronic density (in a.u.) visited by the projectile dur-
ing its flight over the surface (dotted line in Fig. 8). To as-
certain and quantify such a correlation between the varia-
tions in azimuthal charge fraction and electronic density,
trajectories must be calculated by molecular dynamics (MD)
with potentials more appropriate than the pair potentials we
have used. Recently, Karolewski’® has shown that the
Moliere potentials are too repulsive below 1-2 keV and that
corrections deduced from DFT calculations improve the ac-
curacy of the MD predictions.

The above analysis shows that in channeling conditions,
depending on the azimuthal angle, the electronic density seen
by the projectile depends strongly on the trajectory and this
could result in charge-fraction variation. However, this effect
occurs near the surface (below 3 a.u.), in contradiction with
the well-established freezing-distance model, in which the
charge state is determined far from the surface (8—10 a.u.)
and which gives a good prediction of the mean value of the
charge fraction. The question is how this short-distance ef-
fect can be observed in the outgoing trajectories?

During grazing scattering on a flat surface, an image-
charge attractive potential affects the trajectories of ingoing
and outgoing ions, whereas the neutrals are insensitive to this
potential. It has been shown2!-?? that when charge exchange
occurs under very small grazing angles (a<<1°), neutrals
and positive ions are observed at slightly different angles
(Fig. 9), the difference between their exit angles being ap-
proximated by the expression

wp=-p = 1-\1- ),

Z

where E, is the perpendicular energy of the incident particles
and E; the image-charge potential at the freezing distance.
Therefore, with a fixed detection angle (scattering angle
0), the detected neutral and ionized particles have followed
different trajectories and have experienced different elec-
tronic densities. In the vicinity of low-index directions, the
scattered intensity in a given solid angle varies quickly with
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FIG. 10. Comparison of azimuthal variations of the charge frac-
tion (bold line) and of the number of scattered positive ions (lines
with markers) between experiment (top view) and two simulations
(lower views). Experiment: 1.24 keV Li ions on Cu (@=3° and B
=3°). Simulation 1: @=3° and dB=0.3°; simulation 2: @=1.3° and
dB=0.5° (see text).

azimuth and depends on the incidence and exit angles, so the
azimuthal variations of the number of detected ions n, and of
detected neutrals n, will be different. As a consequence, even
if the total numbers of scattered ions and neutrals are equal,
the apparent charge fraction, measured as n./(n, +ng), will
vary with the azimuthal angle. This effect disappears with
increasing energy and/or incidence angle, since the df shift
decreases rapidly, in agreement with our observations (data
in Figs. 4-6).

To estimate such azimuthal variations, we have performed
trajectory simulations with different incidence and exit
angles, for a series of azimuthal angles. Since the MARLOWE
code deals only with neutral projectiles, the deflection of
ions by the image-charge effect, cannot be introduced di-
rectly. To simulate this effect, we have performed two sets of
simulations: one for the “neutrals” and one for the “ions.”
For an ionic beam striking the surface with a given incidence
angle «, the effective angle of incidence on the surface is
a+dp, because of the image-charge effect. If the scattered
particles are neutrals, they will be “specularly” reflected by
the angle B=a+dB (resulting in a scattering angle =2«
+dp), whereas the ions will be specularly reflected with 3
=a (6=2a), due to the inverse image-charge effect. Because
all of the collisions in MARLOWE occur below the freezing
distance, the angle of incidence in the code is taken equal to
the effective incidence angle. One runs the code at different
azimuthal angles to obtain the azimuthal spectrum of re-
flected species for each set (typically 100 000 projectiles for
each angle and each set).

Under our experimental conditions, with initial energies
of 1.24—4 keV and incidence angles with respect to the sur-
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face of 3°-5°, the perpendicular velocity ranges from
0.004 to 0.013 a.u., resulting in a freezing distance z; of
about 8—10 a.u. and an angular difference between scattered
ions and neutrals dg less than 0.35°, this upper limit corre-
sponding to 1.24 keV, @=3°, and zf=8 a.u. In Fig. 10, two
simulations are compared with experimental data points re-
corded for 1.24 keV Li+ scattered on Cu(110) with a=3°.

Simulation 1 was performed with the experimental colli-
sion geometry and d8=0.3° (calculated with the above for-
mula with a freezing distance between 8 and 10 a.u.), that is,
a scattering angle 6=6°, effective @=3.3°, =3.3° and «
=3.3°, B=3° to simulate ions and neutrals, respectively. The
simulations were performed with a modified Moliere inter-
action potential following common practice in the ion-
scattering community?? (screening length adjusted by a fac-
tor of 0.75), by including thermal effects (7=300 K and
Debye temperatures of 300 K along the close packed row
[110] and 200 K along the [001] and perpendicular direc-
tions) and taking into account the experimental detection
resolution of 0.4°. None of the potentials available in MAR-
LOWE (as sum of diatomic interaction potentials) yields an
exact fit of the variation of the number of scattered projec-
tiles: the wells around the low-index directions are somehow
too wide (see simulation 1). Their widths vary more quickly
for lower incidence angles. Simulation 2 of Fig. 10, per-
formed with a lower scattering angle 6=2.6°, taking effec-
tive a=1.8°, B=1.8° and @=1.8°, B=1.3° to simulate ions
and neutrals, respectively, gives well widths for the scattered
ions identical to the experimental ones. In both simulations,
the apparent charge fraction, given by the ratio n,/(n,+n),
shows azimuthal variations of the same order as the experi-
mental data, although its value by itself, based on an equal
number of neutral and ionic projectiles thrown on the sur-
face, has no actual meaning.

Although the df shift must be increased from the esti-
mated value of 0.3-0.5° for a qualitative agreement in the
case above, and although similar behavior is observed for
higher a angles for which df3 is even lower, the simulations
show that azimuthal variations in the charge fraction arise
from different azimuthal variations of the number of positive
and neutral particles, because the ions and the neutrals de-
tected at a given angle arise from different collision geom-
etries. This can be observed for systems in which there is a
balance between neutralization and ionization (charge frac-
tion around 50%); otherwise, the azimuthal variation of the
minor part will be hidden under the major one. This is in
agreement with the fact that we do not observe any azi-
muthal variations for the Na/Cu system (positive charge
fraction above 70% in the 1.24—4 keV range).

V. CONCLUSION

We have experimentally observed azimuthal variations of
positive charge fractions in the grazing scattering of
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1.24—4 keV Li* and Na* projectiles on Ag(110) and Cu(110)
surfaces. This is rather surprising for metallic surfaces as
opposed to insulator surfaces: the latter, due to a strong elec-
tronic corrugation, produce different charge-transfer prob-
abilities according to whether the projectile trajectory goes
near an ionic core or not. The recorded variations on the
metallic surfaces are very sensitive to the initial energy of the
projectiles and require grazing-incidence conditions.

From a detailed analysis of trajectory calculations, two
reasons for these experimentally observed variations are
given. As the projectiles follow different classes of trajecto-
ries according to their azimuthal angles of incidence and im-
pact points on the surface, the electronic densities encoun-
tered are different. We have shown, with a simple
superposition of trajectories with electron density contours
calculated by DFT, that the mean electronic density visited
and the observed charge fraction vary in a similar way with
the azimuthal angle, thus establishing a link between the
electronic density and the neutralization probability. This ef-
fect occurs near the surface (below 3 a.u.).

This effect reflects itself in the outgoing trajectories, in
agreement with the long-range model in which the charge
state is determined far from the surface (8—10 a.u.), through
the image-charge effect: the ions and the neutrals detected in
a given solid angle correspond to projectiles scattered under
different “effective” exit angles (under surface axial channel-
ing, the incident beam is dispersed over a whole range of exit
angles). As a consequence, their numbers vary slightly dif-
ferently according to the azimuthal angle of incidence, lead-
ing to a variation in the measured charge fraction. With com-
puter simulations based on a binary-collision approximation
and modified Moliere interaction potentials, we have suc-
ceeded in reproducing the observed experimental variations.
Molecular dynamics calculations with potentials derived
from accurate density calculations should be performed in
order to verify this result.

By extension of our study, azimuthal charge-fraction
variations are expected for systems in which the ionization
energy of the projectile exceeds the work function of the
surface by about 0.8 eV, resulting in a positive charge frac-
tion in the 30%—-70% range. For these systems, the compari-
son of experimental azimuthal charge-fraction variations
with MD trajectory calculations appears to be a suitable
method to investigate the electronic corrugation of the sur-
face.
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