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Energy loss of keV fluorine ions scattered off a missing-row reconstructed Au(110) surface under
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A joint experimental and theoretical study of energy loss is presented for 1-to-4-keV fluorine negative ions in
grazing scattering on a missing-row reconstructed Au(110) surface. Measurements of energy losses for various
azimuthal orientations of the crystal have been performed by means of a time-of-flight method with a pulsed
beam. The dependence of the fraction of surviving negative ions on azimuthal angles, was determined. Our
energy-loss data are discussed in light of trajectory and stopping-power calculations, where the explicit inclusion
of the nonuniform electron density at the surface provides good agreement with the experimental data. The
simulation allows us to delineate various trajectory classes that correspond to different contributions in the
energy-loss spectra for various azimuthal orientations of the surface.
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I. INTRODUCTION

Energy-loss phenomena of energetic ions in matter have
attracted much attention because of their importance in
fundamental research as well as in technological applications
as an analytical tool. In the low-velocity regime (v < vy = bohr
velocity), particles lose energy when they interact with matter
due to elastic loss (that is, collisions with screened nuclei
without any excitation) and inelastic loss (that is, electronic
energy loss via electron-hole pair generation). Both energy-
loss mechanisms compete depending on impact parameter and
particle mass. For collisions in surface grazing scattering and in
channeling conditions [1-3], projectiles collide in a sequence
of correlated small-angle or large-impact-parameter events.
As opposed to small-impact-parameter collisions, where inner
shell excitations can occur leading to large energy losses in a
single binary encounter [4], here energy losses in individual
encounters remain small. Also in this case the elastic loss
does not make an important contribution to the total particle
energy loss. This condition is easily met by the steering of the
projectile between neighboring atomic strings (axial surface
channeling) or planes (semiplanar surface channeling). Both
channeling phenomena occur when the projectile is scattered
from a surface in grazing incidence, with angles less than
the Lindhard critical angle [5]. In the surface channeling
regime, the energy transfer of the projectile to lattice atoms
of the crystal is very small because of large impact parameters
so that electronic energy-loss phenomena can be directly
investigated [5-7].

The description of ion slowing down during channeling
in crystals and grazing scattering on surfaces is complicated
because of inhomogeneity in the electronic density. In trans-
mission experiments, electronic ion energy loss is greatly
reduced in channeling orientations compared to that seen with
a random orientation [8]. The case of ion-surface scattering
is particularly complex because regions far from the first
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atomic layer, where the electronic density decreases, contribute
to energy losses. The trajectory lengths depend on the
scattering conditions, such as incident and azimuthal angles,
and one must correctly account for the spatial inhomogeneity,
or corrugation, of the electron density in the crystal and
above the surface. Several recent experimental and theoretical
investigations have focused on these problems [5,6,9-18], but
in these, an averaged electron density for a given distance
from the surface is assumed, which is a poor description of
the electron density corrugation above a crystal, especially
in high-symmetry directions. Thus, for instance, we found it
impossible [18] to fit our data for energy losses on Ag(110)
over an extended energy range because very different trajectory
types are found. However, we have recently developed an
approach to describe slowing of ions through solids under
conditions of strongly varying electron densities. We have
applied it to the case of proton scattering through crystals [19]
and in scattering on the Ag(110) surface [20].

In this paper, we report the main features of an experimental
and theoretical study of the energy losses of low-energy
fluorine ions scattered under grazing incidence on a Au(110)
surface for various crystalline directions. We chose fluorine,
because energy losses of slow heavy ions have not been the
object of very detailed investigations as opposed to light-ion
scattering. The Au(110) surface was chosen because it displays
a missing-row reconstruction and is thus highly corrugated.
Taking correctly info account the inhomogeneity of the surface
electronic density seemed essential. This case thus provides a
good testing ground for our model. Our experiments indeed
showed very strong variations in the characteristics of energy
losses when scattering along different azimuthal directions
along the surface, where the ions encounter very different
electron density contours. Our approach allows us to account
for these variations and we are thus able to analyze these
energy losses in terms of the ion trajectories and the electron
densities encountered. A very brief preliminary account of
some results for 4 keV was presented elsewhere [21], along
with a description of the theoretical approach we use.
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In scattering of ions on surfaces, Auger and resonant
electron transfer processes play an important role [22-24].
In the grazing scattering of fluorine ions on a surface, resonant
electron loss and capture phenomena take place [23,24]. These
involve transitions of an electron between the valence band and
the anion level of the scattered particle, the latter being shifted
down due to image potential effects [5]. Though this is not the
main objective of this work, we obtained some information on
resonant electron transfer and in particular the dependence of
the survival negative-ion fraction on azimuthal angles.

The experiments and the simulation model are described in
the next sections. We use atomic units throughout this paper,
unless otherwise specified.

II. EXPERIMENT

We performed a time-of-flight (TOF) study in order to
measure the energy loss of keV fluorine atoms and ions after
grazing scattering on the surface. The experimental setup of
our TOF studies is sketched in Fig. 1(a). Briefly, fluorine
negative ions are produced in a discharge source using CFy4
mixed with Ar. The ions are mass selected and deflected
through 10° to eliminate photons and neutrals and then pass
first through sets of defining slits and a chopping system
consisting of a pair of electric-field plates before entering into
the main ultrahigh-vacuum (UHV) chamber.

Measurements were made for specular scattering conditions
with an incident angle of 3.5° as measured with respect to the
surface plane, that is, through a total scattering angle of 7°.
The scattered particles are recorded by a position-sensitive
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34-mm-diameter channel plate detector set at a distance of
1.98 m from the scattering center at the end of a TOF analysis
tube. This detector is equipped with three discrete anodes so
that the incoming positive and negative ions and neutrals can
be separated using a deflector plate assembly and thus be
detected simultaneously by each of the anodes [see Fig. 1(a)].
The detecting system has an acceptance angle of about 0.08° in
the scattering plane and 0.2° in the out-of-plane direction. The
incident beam maximum divergence as defined by collimation
slits is +0.25° in the scattering plane.

TOF spectra were recorded for various azimuthal angular
settings for every charge state. We only discuss TOF spectra
for scattered neutrals throughout this paper unless otherwise
specified because of efficient neutralization after impinging
the surface. The energy losses are determined with respect
to the energy of the incident electrically reflected beam. This
corresponds to scattering with a repulsive voltage applied to the
sample so that the ions do not undergo any inelastic processes.

The Au(110) sample was bought polished to 0.05 pm.
In situ preparation consisted of repeated cycles of small
grazing incident angle (a few degrees, usually less than 3.5°),
sputtering with 4 keV Ar* ions, and annealing to 720 K
for about 10 min. After following the careful preparation
procedure detailed in Refs. [25,26], a (1x2) missing-row
reconstructed surface was obtained. The characteristics of
the scattered beam profile (see below) confirm this. During
sputtering, the crystal was rotated azimuthally in order to
avoid induction of structures due to sputtering. The azimuthal
angle « is defined as an angle in the surface plane relative
to a given Miller-index crystallographic direction as shown
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FIG. 1. (Color online) (a) Schematic diagram of the experimental setup. Shown is the TOF line after scattering off the surface of the target.
(b) Schematic diagram of the (1x2)-Au(110) surface and the azimuthal angle nomenclature used in the paper. (c) An azimuthal scan of 4-keV

fluorine ions in grazing scattering on the surface.
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in Fig. 1(a). The chamber pressure during measurements was
typically 5x 1078 Pa.

The crystal azimuthal setting is determined by measuring
the scattered intensity of the ion beam in the forward direction
during an azimuthal scan. This allows a precision better than
0.2°. Figure 1(b) shows the schematic diagram of the (1x2)-
Au(110) surface and the angle nomenclature used in the paper,
that is, the azimuthal angle is termed 0°, when it corresponds
to the crystal direction [110] and has negative values when
rotating the red arrow counterclockwise. Figure 1(c) shows
a typical azimuthal scan, for scattering of 4-keV F~ions
in specular reflection geometry when both F* and F~ are
detected. The structures in the spectrum correspond to the
crystal directions indicated in Fig. 1(b), that is, azimuthal
angles of 70.5° and 90° correspond to the crystal directions
of [114] and [001], respectively. These well-defined structures
in the spectrum also indicate the high quality of the surface
after the preparation procedure.

III. RESULTS

A. Ion fractions

In our experiments the neutrals and ions are recorded
simultaneously and separately using our continuous beam
mode. We are thus able to determine electron-transfer probabil-
ities or survival ion fractions. We find that almost all negative
fluorine ions are neutralized at a grazing incident angle (3.5°).
The ion fraction is around 0.6%-1.3%, as shown in Fig. 2.
An interesting feature here is that we observe a significant
azimuth-dependent variation of the ion fraction, which has
not been reported previously on metal surfaces. It is found
that a minimum appears at 0°, corresponding to scattering
between the added rows for 4-keV and 3-keV incident ions.
Measurements were not performed at lower energies because
of the small values of the ion fraction.

In some of our past work ([22-24]), the negative-ion
fraction was determined for various values of a surface work
function (¢). The negative-ion fraction of F~ ions scattering
on Ag (¢ = 4.3 eV) is about 50% for 4-keV F~ ions [23].
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FIG. 2. (Color online) Survival negative fractions of 3-keV and
4-keV F~ ions scattered off a Au(110) surface as a function of the
azimuthal angle.
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For the case of a surface with a work-function value closer to
that of gold, that is, Pd(100), with a value of ¢ about 5 eV, we
found [27] an ion fraction value of about 9% for a somewhat
lower 500-eV energy. In those measurements, this was not
determined for higher energies. From general considerations
on resonant electron transfer it seems reasonable to expect
a smaller value of the negative-ion fraction for higher-work-
function surfaces such as Au(110) (¢ = 5.4 eV). We do not
make attempts to model the measured behavior of the fraction,
since we believe this would require a complicated description
involving both trajectory analysis and a proper inclusion of
the corrugation of the surface in the description of electron
capture and loss processes. This is not the emphasis of this
paper, focused on the slowing down of the projectile. It is
plausible that this effect is related to the strong corrugation
of the electron density above the surface leading to rather
different “effective” atom-surface interaction distances akin to
the effect of scattering on a stepped surface.

B. Energy losses

Figures 3 and 4 show the evolution of the energy losses of
1-to 4-keV F~ ions as a function of some azimuthal orien-
tations of the Au(110) surface. Rather strong changes are
observed for scattering along different crystal orientations.
These are summarized in Fig. 3. The most obvious difference
is the clearly defined double peak structure that appears for the
70.5° direction and the 3.6° for some incident energies.

A more detailed evolution of these energy losses is shown
in Fig. 4. One can see that near the 0°, 90°, and 70.5° directions
rapid changes occur and the double-peaked structures appear
and disappear over a narrow azimuthal angular range.

In Fig. 5(a), we present the most probable energy loss
(corresponding to the peak maximum) for some incident
energies and azimuthal angles around the 0° direction. It
should be noted that we chose the most probable energy
loss corresponding to the lower energy-loss peak, when a
double-peak structure appears around 0°. The relative variation
of energy loss is about 40%—75% in the vicinity of 0°, with
respect to a “random” direction. In Fig. 5(b), showing the
most probable energy losses, we observe that these are found
to increase linearly with the increase of incident energies. The
energy loss is the smallest for a random orientation (here 29.7°)
of the target and is larger for the other orientations.

IV. ENERGY-LOSS MODEL AND
PARTICLE-TRAJECTORY SIMULATIONS

We now present results of our simulations of the energy-loss
spectra. Our aim here is to understand the characteristics of
the energy-loss spectra shown above, in terms of trajectories
of scattered neutrals and the encountered electron-density
regions. We aim in particular to understand the origin of
the double-peak structures observed. We use a deterministic
semiclassical approach, specifically developed for the study
of the energy-loss dependence with the particle trajectory
and the particle charge state. This model has been applied
to other situations, where the agreement with measured data
for scattering on Ag(110) was good [20]. Here we give
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FIG. 3. (Color online) Energy-loss spectra of 1-to-4-keV F~ ions scattered off a Au(110) surface for different azimuthal angles. The incident
beam profile (dashed line) is shown for 1- and 4-keV fluorine ions.

a brief description of how this approach is applied to a Particle trajectories in solids are determined using the
fluorine-gold interaction. A more complete description of these Newton’s equation [see Eq. (1)] which contains:

simulations is given in our recent work [20,21] and references (1) the repulsive interaction force between the particle and
therein. lattice atoms (through interatomic screened potentials);
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FIG. 4. (Color online) The evolution of the energy-loss spectra measured for different azimuthal angles (around 0°, 70.5°, and 90°,
respectively) for 1- and 4-keV F~ ions scattered off a Au(110) surface. The incident beam profile (dashed line) is shown for 1-keV fluorine
ions.

(2) the stopping force due to the particle interaction with (3) the image force interaction due to the polarizing effect
valence electrons, via the electron-hole pair excitation that of the charged particle on the electron distribution of first
depends on the particle velocity and the spatial electron atomic layers depending on the particle position above the
density; and surface.
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FIG. 5. (Color online) (a) Azimuthal angle dependence of the
most probable energy loss of 1-keV, 2-keV, and 4-keV F~ ions
scattered from a Au(110) surface around 0°. (b) The most probable
energy loss of F~ ions scattered from a Au(110) surface as a function
of incident energies for different azimuthal angles. As shown in
Figs. 3 and 4, a double-peak structure of the energy-loss spectra
appears for the 70.5° azimuthal angle, where the most probable energy
loss (M) corresponds to the lower energy-loss peak and (A) to the
higher energy-loss peak. Also shown are the calculated results for the
70.5° azimuthal angle: the lower energy-loss peak (OJ) and the higher
energy-loss peak (O). The lines through the data guide the eye.

Then the Newton equation can be written as

- d*r o -
F(r) = Md—tg = M[-VVi(F,R) — VVi(2) + f([©,n(P))]. (1)

Here z is the particle surface distance as measured from the
first atomic layer. Negative values of z will refer to distances
above the surface. M is the projectile mass. In our calculations
the interaction potential between the projectile, Z;, and the
target atoms, Z,, is assumed to be of the Lenz-Jensen [28]
type, with a Thomas-Fermi screening length given by

972 3 172 1/2y-2/3
aTF:[E} (Zl +Zz) E )

This potential was used because in a previous work we
compared different interatomic potentials for the case of the
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H* scattering on Ag(110) [20] and concluded that this
approach describes very well the shapes of energy-loss
distributions, which depends on the particle trajectories that
are driven by the interatomic potential. We adjust slightly
the screening length to achieve the best fitting for energy-
loss distributions. For this procedure we follow the study
of O’Connor and Bierzack [29] about the use of empirical
interatomic potentials.

The force on the projectile induced by the image charge is
modeled by the image potential in the approximation of Jones
et al. [30], in atomic units, and is given by

1 {1 _ e—x(z—zo)}’ 1<z0 o= 200 _ 1
V (Z) _ 4(z—2z0) A
imag\2) = —Up ; — U
wo e sy Otherwise B=:

3)

This analytic form was used because it is a close
approximation of the results for jellium and density functional
calculations of the barrier potential. Parameters corresponding
to a Au(110) surface are zo =-1.86 a.u., Uy = 0.605 a.u., A =
0.9 a.u. [31]. In our model calculations we use these parameters
for the image force; that is, we consider a flat image plane
position. In fluorine scattering electron transfer occurs and we
include it semiempirically as described in Ref. [21].

The last term in the Newton equation gives the “frictionlike”
force that models the particle energy loss due to the energy
transfer to the valence electrons. This is calculated in a
continuous slowing-down process during its trajectory. This
force is proportional to the ion velocity and has a nonlinear
dependence on the local electron density n(r). Additionally,
we introduce the energy loss straggling in order to take into
account the stochastic character of the collisions between ions
and electrons. This parameter will give the broadening in
the energy-loss distribution and is also proportional to the
ion velocity. Its dependence on the local electron density
is nonlinear. In our simulations this parameter is taken into
account in a stochastic way where, following a normal random
distribution for the energy loss straggling in each time step of
the particle trajectory; that is, we add or subtract a random
amount of energy to the instantaneous energy of the particle
according to the local electron density (see [21]).

For a given electron density the ion energy loss is
proportional to the ion velocity and for each time step the
energy loss is calculated using the local density approximation
(LDA). Both energy-loss parameters are obtained by solving
Schrodinger’s equation for the scattering of electrons by a
known hydrogeniclike screened potential or a self-consistent
potential obtained using the density-functional formalism
(DFT) and the transport cross-section (TCS) approach [21].

An essential ingredient in the calculations is the electron
density that describes the electronic structure of the material
besides the atomic crystal structure. The inhomogeneous
spatial electron density distribution is obtained through first-
principles density-functional theory using the ab initio linear
muffin-tin orbitals (LMTOs) within the LDA. As remarked in
Ref. [21], we use the spatial electron density distribution in
order to obtain a more accurate description of the electronic
energy-loss processes for particles interacting with solid matter
and to explain the energy loss as a function of the azimuthal
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FIG. 6. (Color online) (a) Planar average (XY) charge density profile for a reconstructed Au(110) surface as a function of depth z; (b)—(d)
Spatial charge density profiles at distances z = —1.6 a.u. above the first atomic layer, z = 1.283 a.u. below the first layer and z = 3.85 a.u. below
the second layer of the surface, respectively. All of these density profiles are given along the [110] or 0° direction [see Fig. 1(b)]. The color map
density profile stretches from low density (indigo) to high density (red). Numerical values for the density for these limits are the following:

(b) 0.0013-0.1692 a.u.; (c) 0.0031-0.3524 a.u., (d) 0.024-0.4275 a.u.

angle. In Fig. 6(a) we show the planar average (XY) of the
electron density for the Au(110) (1x2) missing-row surface.
Here we define the z axis as perpendicular to the surface
plane. In Figs. 6(b)-6(d) we show the spatial charge density
for different values of the z position for the [110] direction [for
reference see Fig. 1(b)]. In this figure the values are “special”
and are related to trajectory types that we discuss below.

V. DISCUSSION

In the following we attempt to analyze the characteristics
of the energy-loss spectra on the basis of the model described
in Sec. IV above. We try to delineate some of the main features
of heavy ions scattering in terms of their trajectories and
encounter regions of different electron densities leading to
different energy losses.

Because the simulations require very lengthy calculations,
involving hundreds of thousands of trajectories, we limit
ourselves here to some special cases, where the energy-loss
spectra have very distinctive features. Here we present spectra
for 1 and 4 keV for the 0° and 90° directions, where energy
losses are large and also spectra for 1, 2, and 4 keV for the
70.5° direction, where we observe a splitting of the energy-loss
spectrum into two components. Calculated spectra are shown

in Fig. 7. As can be seen, the overall features and magnitude of
the energy losses are correctly reproduced, though sometimes
some minor imperfections remain such as the longer tails
observed in some spectra.

In order to analyze the features of the long-tailed spectrum
for 0° azimuth, we show in Fig. 8 a side view of the Au(110)
surface in which the points indicate the apex position of the
ion trajectories, which actually reach the detector (see Fig. 1,
for definition of directions) for the case of 4-keV fluorine ion
scattering in the 0° and 70.5° directions.

For 0° we have subdivided the zones into categories (1, 2,
and 3) corresponding to particles that stay above the first layer,
the second layer, and the third layer. The electron densities
“seen” by the projectile for these “special” distances above
and below the surface are shown in Fig. 6.

The corresponding contributions to the full spectrum are
also shown in Fig. 7. As could be intuitively expected, the
energy losses increase when going deeper into the surface.
The overall shape of the spectrum is determined by the relative
weight of the different trajectories.

In the case of the 90° direction, the slight hump on the low-
energy-loss side comes from trajectories on top of the surface.
The dominant contribution to the ion energy loss comes from
trajectories below the surface.
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FIG. 7. (Color online) Simulated energy-loss spectra for 1-keV, 2-keV, and 4-keV F~ scattered along different azimuthal angles for Au(110).
The different subcomponents of the simulated spectra, representing the different energy losses, correspond to particles coming from different
impact zones probed by the ion in the above-surface and subsurface regions as shown in Fig. 8. The spectrum marked with “selected total” is
the sum of the different subcomponents of the simulated spectra. In the plots experimental spectra are also shown.

The contributions of these two types of trajectories are more
obvious for 70.5°. Indeed, the reason for the splitting of the
energy-loss peak for the 70.5° direction is due to groups of
trajectories [see Fig. 8(b)] that correspond to scattering mainly

on top of atomic rows, which lead to lower energy losses and
to trajectories that penetrate more into the solid and result in
larger energy losses, because these explore regions of higher
electron densities. This is illustrated in Fig. 9, where we plot
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FIG. 8. (Color online) A side view of the Au(110) surface in which the points indicate the apex positions of 4-keV fluorine ion trajectories
which reach the detector (a) for 0° and (b) for 70.5° azimuthal angle. The atomic positions of the first layer, second layer, and third layer of
the surface are shown in the figures, respectively. The smallest solid points indicate the positions of the impact zones (trajectory apex z) of the
ions. Negative z values correspond to regions above the surface. Axis x” in figure (b) is the projection of the x axis at 70.5°.

two typical trajectories and the effective electron densities
encountered along the particle’s path. In this case the most
probable energy losses are more widely set apart and both
have quite large contributions.

The most probable energy losses, corresponding to scatter-
ing above and below the surface, for the 70.5° direction, are
compared in Fig. 5 with the experimental data. As is evident
already from the comparison with the shapes of the spectra
these positions are correctly reproduced.

A comparison of the most probable energy losses for top
scattering in the simulations shows that the energy loss is
the largest for the 0° direction (about 65 eV) and lower for
the 70.5° and 90° directions (about 57 eV in both cases).
The reason for this is qualitatively clear from the drawing of
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FIG. 9. (Color online) Two characteristic trajectories A and B
(z dependence versus time) for 4-keV F~ scattered from Au(110)
along the 70.5° direction (bottom panel), corresponding to 58-eV
(solid circles) and 135-eV losses (black line) and corresponding to
the relevant electron densities “seen” by the projectile (top panel).
Also shown is a trajectory C (open circles) for 4 keV scattering
along the 0° azimuth exactly in the middle of the missing row and
corresponding electron density “seen” by the projectile (open circles).
The energy loss in the latter case is 101 eV.

the surface in Fig. 1. For the 0° direction the ions scattering on
top of the atomic rows encounter atoms lying closer to each
other than seen with scattering directions going above the
missing row and thus traverse an effectively higher electron
density, leading to larger losses.

Another feature of the energy-loss spectra is that the energy
loss for scattering below the first atomic layer is the greatest for
the 70.5° direction (135 eV) than for the 0° and 90° directions
(101 and 108 eV, respectively). To analyze this we compare
in Fig. 9 the trajectory and the electron density encountered
by atoms scattered in the 0° direction exactly in the middle of
the channel. The calculated energy loss in this case is 101 eV.
For 70.5° the particles encounter a slightly greater number
of atomic centers with rather different electron densities as
compared to the 0° direction. A priori it is not entirely obvious
that a larger energy loss should ensue, but the calculation shows
that this is in fact the case.

VI. CONCLUSIONS

In conclusion, a joint experimental and theoretical study on
scattering of keV fluorine ions scattered off a reconstructed
Au(110) single-crystal surface was reported for various
azimuthal orientations under grazing scattering conditions.
The surviving negative ion fraction was measured as a function
of azimuthal angles of the crystal for 3- and 4-keV fluorine
ions. The more interesting finding here is the negative ion
fraction’s azimuth dependence which has not been reported
previously on metal surfaces. We did not analyze this in detail
here, but it is plausible that this effect is related to the strong
corrugation of the electron density above the surface leading to
rather different “effective” atom-surface interaction distances
akin to the effect of scattering on a stepped surface.

For different azimuthal angles of the crystal, significant
changes of energy loss are observed in the measured spectra. In
particular, in some cases, as for the 3.6° and 70.5° directions,
we observe an evident splitting of the energy-loss spectrum
into two components. The most probable energy losses for
different azimuthal orientations increase linearly with the
increase of incident energies. In order to understand the
experimental energy-loss spectra, we use a model developed
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previously to analyze the ion trajectory and simulate the
energy-loss spectra. This simulation takes into account the
correct corrugation of the electron density above the surface
and thus allows us to describe the main features in the
energy-loss spectra.

The structures in the spectra can be assigned to different
classes of trajectories that probe regions of different electron
densities and thus lead to different energy losses. One type
of the trajectories is from the scattering on the top atoms of
the surface, which contributes to the lower energy-loss peak
of the energy-loss spectrum; and another one from the in-row
scattering is related with the higher energy-loss peak. The
relative weights of these trajectories determine the structure
of the spectra and are responsible for the splitting into two
distinct peaks for some azimuthal angles. Some other finer
details of differences of energy losses for different azimuthal
orientations could also be described in terms of the model
presented.

PHYSICAL REVIEW A 83, 032901 (2011)

Overall, this study clearly shows that surface electronic
density corrugation is important in describing ion surface
scattering processes, which gives correctly the energy-loss
distributions for different crystalline directions.
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