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We have investigated the trajectories of Na™ ions scattered from the Cu(110) surface in the (110)
and (001) azimuths for a range of incident energies from 56 eV to 4 keV. Our goal is to explain the
trends observed in the energy spectra and determine what types of trajectories contribute to these
spectra. Using the computer program SAFARI, we have performed simulations with trajectory anal-
yses for 100-, 200-, and 400-eV scattering. We show results from the 100-eV simulations in both az-
imuths and compare them with the experimental data. The simulated energy spectra are in excel-
lent agreement with the data. Ion trajectories and impact parameter plots from the simulations are
used to determine the relative importance of different types of ion-surface-atom collisions. The
simulations have shown that the striking differences observed in comparing the (110) and {001)
spectra are mostly due to ions which scatter from second-layer atoms. This system exhibits strong
focusing onto the second-layer atoms by the first-layer rows, and the focusing is very sensitive to the
spacing between the rows. At the lower beam energies, scattering from the second layer dominates
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the measured spectra.

I. INTRODUCTION

The interactions of energetic ion beams with surfaces
have long been a topic of both theoretical and experimen-
tal interest, and more recently of considerable technologi-
cal importance. Relatively few studies have been done of
the scattering kinematics of hyperthermal energy (a few
hundred eV and below) ions,"? in part because of the ex-
perimental difficulties associated with the production of
hyperthermal energy beams. Space-charge repulsion
within the beam severely limits the distance over which a
well-collimated beam of several nanoamps can be trans-
ported. There are also theoretical difficulties associated
with interpreting the energy spectra of the scattered ions.
However, studies in this energy range provide valuable
insights into the fundamentals of hyperthermal energy
ion-surface interactions. Such insights are important for
understanding processes that occur in reactive scattering
and the mechanisms of energy dissipation during ion-
beam modification of surfaces.

Analysis of the trajectories of scattered and embedded
ions is crucial for a detailed understanding of ion-surface
interactions. In this paper we discuss trajectories of scat-
tered keV and hyperthermal energy ions. These trajec-
tories often result from complex many-body interactions
that are difficult to model analytically, making it neces-
sary to rely on computer simulations. Simulations for
low-energy ion scattering (LEIS), in the few hundred eV
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to several keV energy range, have been successful enough
that LEIS has become a widely used technique for inves-
tigating properties of surfaces and atom-surface interac-
tions. Shadowing and blocking analyses of ions scattered
from the near-surface region are used to probe local sur-
face structure and composition.’”® These studies indi-
cate that keV trajectories can be described as binary col-
lisions of the incident ion with individual surface atoms,
and that multiple-scattering trajectories can be treated as
sequential binary collisions. As the beam energy is
lowered, the penetration depth of the scattered ions be-
comes restricted primarily to the top one or two layers of
the crystal. Therefore, if the trajectories can be under-
stood in detail, hyperthermal ion scattering can be used
to probe surface composition and short-range order for
crystals where it is desirable to isolate the behavior of the
top layers. However, as the beam energy is lowered, the
longer-range ion—surface-atom interactions become more
important to the scattering and the binary-collision ap-
proximation may no longer be valid. If this is the case,
the question then arises as to whether the ion-surface in-
teraction potential can be described as a sum of pair po-
tentials between the incident ion and individual surface
atoms, or whether many-atom effects must be included.
In this paper we present experimental spectra of Na™
ions scattered from the Cu(110) surface for energies rang-
ing from 56 to 4 keV. The two principal azimuths of
Cu(110), the {001) and {170), differ from one another in
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the atomic spacing along the rows and separation be-
tween the rows of surface atoms, enabling us to compare
scattering kinematics for different local atomic arrange-
ments as the incident-beam energy is varied by a factor of
70. As the data show (Figs. 3 and 4), the scattering de-
pends strongly on the crystal azimuth. We have obtained
excellent fits to the measured hyperthermal energy spec-
tra with our scattering simulation. The results of trajec-
tory analysis explain the energy-dependent trends in the
scattering along the (001) and {170) azimuths. We also
show selected examples of K* and Ar* scattering from
Cu(110) to support some of our conclusions from the tra-
jectory analysis.

The remainder of this paper is devoted to discussions
of the apparatus, experimental technique, data, and simu-
lations used to interpret these data. In Secs. II and III we
give a brief description of the experimental apparatus and
our sample cleaning and handling procedures. Section IV
is a general discussion where we review some features of
ion scattering that are important for understanding our
data. In Sec. V we present the scattering data and results
of the hyperthermal energy simulations, including trajec-
tory analysis and impact-parameter plots of the scattered
ions. We end with a summary of our major conclusions.

II. EXPERIMENTAL APPARATUS

The experimental apparatus is described in detail else-
where.! Here we give only the features that are essential
for understanding the work presented in this paper.

The experimental system consists of a gas or alkali-
metal-ion source and differentially pumped beamline at-
tached to a two-tiered ultrahigh-vacuum (UHV) scatter-
ing chamber which has a base pressure in the mid-10~!1-
Torr range and typical operating pressures of (1-2)
X 1071% Torr. The upper tier is used for sample prepara-
tion and characterization, and includes a sputter gun, an
Auger spectrometer, low-energy electron-diffraction
(LEED) optics, a Kelvin probe, gas and alkali-metal
deposition capabilities, and a residual-gas analyzer.

The ion beam enters the lower tier of the chamber,
which houses the 180° spherical electrostatic analyzer
used to detect the scattered ions. A pair of apertures at
the input of the analyzer limits the angular acceptance to
+1° and gives an energy resolution AE/E of 1%. The
detector rotates in a horizontal plane about an axis on
chamber center, where the sample is located. The sample
manipulator provides three independent rotations: 360°
about the vertical axis of the manipulator, £130° azimu-
thal rotation, and 0°-90° tilt. The tilt and azimuth adjust-
ments are accurate to better than 0.5°, while the other
manipulator rotation and the detector rotation are accu-
rate to 0.1°. These combined detector and sample rota-
tions and tilt allow access to all scattering geometries ex-
cept those excluded by the finite size of the detector and
lenses.

The beam energy can be varied from approximately 10
eV to 10 keV with an energy spread of less than 0.5 eV.
Above a few hundred eV the beam diameter at the sam-
ple position is approximately 1 mm and the angular
divergence of the beam is <1°. Depending on the energy
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of the beam, currents from a few nanoamps to hundreds
of nanoamps can be delivered to the sample. Special op-
tics were designed to produce well-characterized beams
at energies below 400 eV where space-charge spreading is
a particular concern. A typical 100-eV beam has a diam-
eter of =3 mm, an angular divergence of +1°-2°, and a
current of 2-3 nA.!

To obtain accurate energy spectra, it is crucial that the
rotation axes of the manipulator and detector coincide.
In addition, the central axis of the beamline optics must
intersect these rotation axes. The technique used to
achieve this is described in Ref. 10. Linear alignment be-
tween the different elements inside the chamber was
achieved to 0.25-mm accuracy, and angular alignment to
better than 0.5° accuracy, both of which are smaller than
the width and angular divergence of the ion beam. The
alignment was verified experimentally by first measuring
a spectrum along one of the principal azimuths of the
sample with the detector at a chosen scattering angle.
Both the sample and detector were then rotated to their
mirror positions about the plane intersecting the beam
axis and the vertical axis through the chamber center. A
second spectrum was measured in this mirror position.
Experimentally we found that the energies of the peaks in
these two spectra agreed to within a few tenths of a per-
cent.

LEED was used to position the crystal to within +2° of
the orientation required for scattering along the (001) or
(110) azimuth. A more accurate orientation was deter-
mined by measuring energy spectra over a range of az-
imuthal angles spanning the approximate {110) orienta-
tion. The symmetry of the spectra on either side of this
orientation allowed us to position the sample azimuth to
within £0.5°. Fiducial marks are attached to the sample
so the angular position can be recorded and set easily
from outside the vacuum.

An energy spectrum is obtained by ramping the volt-
ages on the hemispheres of the detector. The energy-
analyzed particles are counted by an electron multiplier
operated in the pulse-counting mode. To ensure that
readings from different bins of the energy spectrum corre-
spond to the same incident-ion dose, the current on tar-
get is monitored continuously during an energy scan. Be-
tween spectra a Faraday cup, mounted below the sample
on the sample manipulator, is placed at the sample posi-
tion to obtain a reliable measurement of the incident
current. In practice, the beam current is very stable, usu-
ally varying less than a few percent over several spectra.
The Faraday cup has a 1-mm aperture whose position
relative to the sample center is known precisely, so the
Faraday cup is also used to position the beam accurately
on the center of the sample.

III. SAMPLE HANDLING

The single-crystal copper sample used in these experi-
ments was aligned using x-ray diffraction, then cut and
mechanically polished to make a 2-mm-thick-by-8.7-
mm-diam disc within 1° of the (110) surface orientation.!?
This sample was then mounted on a button heater, which
contains a filament for resistive heating.

The sample was initially cleaned by cycles of sputtering
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with 500-eV Ar% ions and annealing at 650°C, which
brought primarily sulfur and antimony to the surface.
This was repeated until an Auger measurement detected
no contamination following a 30-min anneal at 550°C.
Extended anneals at 650 °C still produced traces of sulfur,
but no evidence of antimony.

After the initial cleaning period, the standard cleaning
procedure was to sputter the sample uniformly with 1.5
1A of 500-eV Ar* for 30 sec followed by a 30-min anneal
at 550°C. LEED was used to verify that this anneal was
sufficient to restore surface order following the sputter

cycle. The ion-scattering experiments were performed at .

room temperature.

During data collection using alkali-metal beams the
sample was monitored both for surface damage and for
‘contamination from the incident beam. The total beam
dose per spectrum at 100 eV was 1.9X10'® Na*-
ions/cm?. No degredation in the spectra was seen from
sputter damage by the Na beam. The amount of Na de-
posited on the sample surface was monitored with Auger
spectroscopy. After a sufficiently long exposure to the
beam, the Na deposited in the sample resulted in in-
creased neutralization of the scattered beam due to an in-
crease in the resonant charge-transfer probability.!*> In-
vestigation of this effect showed that the neutralization
was trajectory independent, so the relative heights of
peaks in the energy spectra were unaffected. These re-
sults are described in detail elsewhere.'*

IV. SIMULATION

To interpret our experimental results for beam energies
of several hundred eV or lower, we use the computer
code SAFARI. !> This program solves Hamilton’s equa-
tions of motion for ions interacting with surfaces; a simu-
lation of the scattered-ion spectrum is formed by combin-
ing ion trajectories with impact parameters distributed
over the unit cell. We use an ion-surface potential that is
composed of an image potential and a sum of
ion-surface-atom pair potentials. At each point in the
calculation of an ion trajectory, typically five to eight sur-
face atoms are included in this sum. A major question in
simulating hyperthermal energy scattering concerns the
ion-surface interaction potential. This has been the topic
of recent theoretical and experimental interest.!?!%17
We have achieved very good agreement between mea-
sured and simulated energy spectra for the 100- [see Figs.
5(a) and 6(a)], 200-, and 400-eV Na'-ion beams using a
sum of Na*-Cu pair potentials, where the sum runs over
six surface atoms at any one time. An image potential is
added to this which depends only on distance from the
surface. The pair potential was a sum of two exponential
terms (with four parameters). The four parameters were
chosen to fit a Na®-Cu pair calculation using the
Hartree-Fock approximation.!® The two-exponential po-
tential agrees with the Hartree-Fock potential to within a
few percent at all the relevant Na™*-Cu separations, ap-
proximately 0.6-2 A. The only adjustable parameter in
our potential is the well depth of the image potential, i.e.,
the limiting value of the image potential as the ion ap-
proaches the surface. In the 100-eV simulation, its main
effect is a shift of the spectrum to lower energies for
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larger well depths (changing the well depth from O to 4
eV causes a shift on the order of 3 eV). The relative peak
heights remain nearly unchanged. For the 200- and 400-
eV simulations, varying the well depth has almost no
effect on the spectra. The well depth was chosen as a best
fit for the 100-eV Na™ spectra; the same value was used
for the 200- and 400-eV simulations. For a detailed dis-
cussion of this potential, we refer the reader elsewhere.!®

In our simulations we assumed no angular divergence
of the beam. The angular acceptance of the simulated
detector was 2°. Thermal vibrations were included by as-
signing appropriately distributed initial velocities and dis-
placements (with a rms vibration amplitude of 0.08 A) to
the surface atoms. The two variables are uncorrelated.
A 7.5% inward relaxation of the first atomic layer was
used.?® Increasing the second- to third-layer spacing by
up to 2.5% had almost no effect on the simulation, so the
bulk spacing was generally used.

Results from SAFARI calculations are presented in Sec.
VI. We use three types of SAFARI output: individual
trajectory calculations, energy spectra, and impact-
parameter plots. The first two are self-explanatory; below
we describe how SAFARI generates impact-parameter
plots. In calculating representative trajectories for a
given ion-surface combination and scattering geometry,
SAFARI uses an adaptive-grid technique for choosing
incident-ion impact parameters. This technique makes
use of two aspects of spectrum computation. The first is
that ion trajectories change more rapidly with impact pa-
rameter in certain regions of the unit cell than in others.
The second is that most of the unit cell does not contrib-
ute to a given measured spectrum. The adaptive-grid
technique distributes impact parameters throughout the
surface unit cell. The grid on which these impact param-
eters lie is nonuniform, with a different grid size in
different parts of the unit cell. The grid spacing is small-
est where the impact parameters produce scattering
within a specified range of final angles (the ‘“detector”).
Trajectories which scatter into the detector are then
weighted according to the fraction of the unit cell
represented by the grid spacing from which they originat-
ed. From these grids impact-parameter plots can be gen-
erated that represent the distribution within the surface
unit cell of impact parameters that contributed to the
spectrum (Figs. 9-11). SAFARI also has the option of
choosing impact parameters with a Monte Carlo selector.
Spectra generated with the Monte Carlo and adaptive-
grid-size techniques show very good agreement with one
another.

V. GENERAL DISCUSSION

The SAFARI simulations include simultaneous ion-
surface interactions, which are necessary for quantitative
modeling of hyperthermal energy scattering. However, a
qualitative understanding of the energy spectra is possible
using the sequential binary-collision approximation. In
other words, by viewing each trajectory as a series of
pure binary collisions between the ion and one or more
surface atoms, the total energy loss of the scattered ion
can be approximately calculated by simply adding up the
kinematic losses associated with each collision. This ap-
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proximation cannot be applied effectively to all hyper-
thermal trajectories; in some cases, the incident ion col-
lides nearly simultaneously with multiple surface atoms.
This approximation also ignores the image potential
which, according to our simulations, can measurably
affect the final energy of the scattered ion for incident en-
ergies below about 200 eV. Keeping in mind that the as-
sumption of sequential binary collisions is an approxima-
tion, we will use it to simplify the discussion of our exper-
imental results.

In this context it is useful to review some basic features
of binary collisions. Figure 1 shows a plot of the kine-
matic factor (E,/E) versus total scattering angle ¢ for a
sodium ion of mass 23 and initial energy E, colliding
with a stationary copper atom of mass 63.5. The final en-
ergy of the scattered sodium is E,. The kinematic factor
is determined by momentum and energy conservation; it
is independent of the form of the interaction potential.
The dashed line shows (3/0¢)E;/E,), and illustrates
the important point that for small scattering angles
(£10°) the kinematic factor is relatively insensitive to
small changes in ¢, while for larger scattering angles
(20° < ¢ < 120°) it is a strong function of ¢. For example,
a sodium ion scattering through a 5° angle from a copper
atom experiences an energy loss of only 0.27%, whereas
changing the scattering angle from 89° to 90° for the same
pair changes the energy loss from 46.8% to 47.5%, a
difference of 0.7%. A practical consequence of this func-
tional behavior is that for trajectories consisting of a
combination of small- and large-angle collisions E, is
determined almost entirely by the large-angle collision(s).

When ions scatter from a single-crystal surface, many
kinds of trajectories are possible. However, it is frequent-
ly observed that for a given scattering geometry and in-
cident energy most of the scattered intensity is due to
only a few types of trajectories. There are two types, in
particular, which are most important for the energy
range and scattering geometries discussed in this paper:
single collisions and double collisions. The lowest-energy
peak observed in a spectrum is usually due to single-
scattering trajectories. This also is a consequence of the
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FIG. 1. Kinematic factor and its derivative for a mass-23
particle scattered from a mass-63.5 particle through an angle ¢.
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functional form of the kinematic factor; that is, a particle
undergoing multiple in-plane forward collisions will ex-
perience a smaller energy loss then one undergoing a sin-
gle collision through the same total scattering angle.
Quasisingle (QS) trajectories occur when the incident ion
has small angle in-plane collisions with atoms adjacent to
the principal target atom before and after the main im-
pact, decreasing the total energy loss. At lower incident
energies the long-range part of the potential becomes
more important and the effect of these small-angle col-
lisions becomes more pronounced.

The highest-energy scattered ions are usually those as-
sociated with double scattering, i.e., trajectories involving
two large-angle collisions. The minimum energy loss
(Ef/E()max for this type gf trajectory occurs with two
equal-angle collisions. For specular scattering, especially
at higher incident energies, the measured high-energy
peak actually falls close to this value. There is also a
wide variety of possible zig-zag trajectories. While most
of these have lower final energies than a trajectory with
two equal-angle forward collisions, it is possible to have
zig-zags involving more than two collisions which appear
at higher final energies. However, we have not found a
significant contribution from such high-energy zig-zag
trajectories.

VI. RESULTS

Figure 2 shows the atom positions on the Cu(110) sur-
face, and defines the angles used to specify our scattering
geometry. Figures 3 and 4 show sets of energy spectra
for Na* ions scattered along {(170) (Fig. 3) and (001)
(Fig. 4) azimuths of Cu(110) for incident beam energies
ranging from 56 eV to 4 keV. For all these spectra the
angle of incidence 0 for the incoming beam is 45° and the
total scattering angle ¢ is 90°. Normalized intensity with
an arbitrary zero offset is plotted along the vertical axis.

(O-=firstlayer { = second layer

v O O
;t) ) O
'O .

O
1 «—3.61A——>
<001>

FIG. 2. Schematic representation of the Cu(110) surface
showing the two principal azimuths. The angles used to define
the scattering geometry are shown above.
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<170>
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FIG. 3. Intensity vs reduced energy for Na* scattered from
Cu(110) in the {(110) azimuth for 6=45°, $=90". Incident-
beam energy ranges from 56 eV to 4 keV. The spectra are nor-
malized and offset vertically, the tic marks on the vertical axis
indicating the zero offset of each successive curve.

Reduced energy E/E, is plotted along the horizontal
axis, where E is the energy of the scattered ions and E, is
the incident-beam energy.

Except for differences in relative peak heights, the
scattering spectra from the (110) azimuth for incident
energies ranging from 1 keV to 56 eV look similar to one
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FIG. 4. Same as Fig. 3, expect the beam is incident along the
{001) azimuth.
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another. However, in spite of the similar overall shapes
of the spectra, computer simulations show that the rela-
tive importance of the different types of trajectories
which contribute to the peaks changes considerably over
this range. In contrast to the (110) azimuth, the (001)
spectra look quite different from one another as the
incident-beam energy is decreased. This difference is due
primarily to focused scattering from the second-layer
atoms. In the (001) direction, between 200 eV and 1
keV, E /E, for ions which undergo single scattering from
second-layer atoms changes rapidly as a function of in-
cident energy. Below 200 eV the second-layer double
scattering also changes rapidly with incident energy.
Since both the single and double focused trajectories con-
tribute substantial weight to the total scattered intensity,
the measured {001 ) spectra show a strong variation with
incident energy.

In order to understand the trends in the data in more
detail, we have done extensive trajectory analysis using
SAFARI simulations at 100, 200, and 400 eV. In this pa-
per we show results from this analysis for the 100-eV
simulations; the results from the 200- and 400-eV simula-
tions are qualitatively similar to those at 100 eV. Al-
though the simulated energy spectra shown in Figs. 5 and
6 were calculated including thermal vibrations of the sur-
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FIG. 5. (a) Comparison between data and simulation for the
100-eV Na* spectrum shown in Fig. 3 ({110) azimuth). (b)
Side views of representative trajectories from the simulated
spectrum. The reduced energy of each trajectory is shown.
Top-layer atoms are denoted by circles, second-layer atoms by
crosses.
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face atoms, the trajectory analyses were taken from simu-
lations without thermal vibrations. This simplifies the
analysis and does not alter our conclusions since thermal
vibrations have not been found to introduce any sig-
nificant new types of trajectories. The principal effects of
thermal vibrations are peak broadening and some
changes in relative peak intensities.

Figures 5(a) and 6(a) show comparisons between
SAFARI simulations and experimental data for 100-eV
Na™ scattering in the (1T0) [Fig. 5(a)] and (001) [Fig.
6(a)] azimuths. Figures 5(b) and 6(b) show side views of
the major types of trajectories which contribute to the
spectra in Figs. 5(a) and 6(a); trajectories that contribute
little weight, such as the top-layer doubles, are also
shown for the purpose of discussion and because they can
be more important at higher energies. The technique we
use for assigning weights to different trajectories will be
discussed later in this section.

At the lowest energies (E/E;=0.45 and 0.44 from
Figs. 5 and 6, respectively) are the trajectories resulting
from single scattering off of first-layer atoms. At
E/E,=0.47 and 0.58 are the “focused single” trajec-
tories, which arise when the first layer rows of atoms
focus incident ions onto a second-layer atom.?""*? De-
pending on the crystal geometry, this focusing can occur
over a broad range of impact parameters, thereby
enhancing the intensity of the scattering from the
second-layer atom. At E/E;=0.64 and 0.56 are the fo-
cused double trajectories, which arise in a manner similar

(001) 100 eV Na+

1.2

data — — — simulation

1.0

Intensity (arb. units)
0.6 0.8

0.4
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0.35 0.45 0.55 0.65 0.75

0.63 0.58 0.56
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x x x

FIG. 6. (a) Data vs simulation for the 100-eV spectrum in
Fig. 4 ({(001) azimuth). (b) Same as Fig. 5(b), but for the (001)
azimuth.
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to the focused singles. There are also some contributions
from top-layer doubles (E /E;=0.63) and zig-zag trajec-
tories (various energies). We will now discuss these
different trajectories in greater detail.

As mentioned earlier, single-scattering trajectories ex-
perience the greatest energy loss of any in-plane top-layer
trajectory. Note, however, that for the 100-eV trajec-
tories shown in Figs. 5(b) and 6(b) the top-layer QS col-
lision energies are different in the two azimuths, and both
are below the kinematic value of E/E;=0.468. The en-
ergies of these trajectories are influenced by two compet-
ing effects: the image charge and the increasingly
“quasi” nature of the collision at low incident energies.
The latter effect decreases the energy loss as explained in
Sec. V. The image force increases the energy loss in two
ways. First, it accelerates the ion, causing it to hit the
surface harder and lose more energy. Second, because
the ion accelerates towards the surface before the princi-
pal collision and decelerates afterwards, the total scatter-
ing angle of the principal collision is slightly larger than
it would be in the absence of the image charge. This also
increases the energy loss. Although the image potential
is a function only of the ion-surface distance, the effect of
top-layer quasiscattering is more pronounced in the
(110) azimuth where the atoms are closer together than
in the (001) direction. This results in the QS trajectories
appearing at higher energies in the (110) azimuth.

Now consider the second-layer focused single-
scattering trajectories. These occur when incident ions
have impact parameters between the rows of top-layer
atoms and experience small-angle collisions with first-
layer atoms before and/or after the main impact with a
second-layer atom. Because these trajectories need not
remain in plane, there are many possible paths that
scatter into the detector. This is demonstrated graphical-
ly in Fig. 7, which is a top view of some of the focused
single (FS) trajectories from the 100-eV {110) simula-
tion. Focusing can have a very strong influence on the
spectra; in both azimuths, the contribution from focused
singles substantially outweighs that of top-layer single
scattering. However, the FS trajectories differ consider-
ably from one another in the two azimuths (see below).

o = first layer x = second layer
b o o o
oL
P()
o
oo =
Sol
89 1 o ! o I o )
0.0 2.0 4.0 6.0 8.0
(170) (&)

FIG. 7. Top view of focused single trajectories from the 100-
eV (110) simulation. _The principal collision is with the
second-layer atom at { 110) =3.83.
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There are two aspects of the FS scattering which
should be noted. First, even ions which have a complete-
ly in-plane trajectory, i.e., are incident precisely over the
second-layer rows, scatter from first-layer atoms.
Second, although ions over a considerable range of im-
pact parameters can experience FS trajectories, there is
not an excessively large energy spread associated with a
group of FS trajectories for a given azimuth. This fol-
lows from the fact that for all the FS trajectories in one
azimuth the principal collision is almost the same, and
this is where most of the energy loss occurs. The small-
angle out-of-plane collisions have very little energy loss
associated with them (see Fig. 1 and related discussion).
In other words, the forces transverse to the scattering
plane, which can vary considerably for the different FS
trajectories, have little effect on the final energy. The in-
plane forces are much more important in determining the
final energy.

Since most of the energy loss in a FS trajectory occurs
during the second-layer collision, any change in the local
atomic positions which affects this second-layer impact
will result in an energy shift. The rows in the (001)
direction are relatively close together (2.55 A), so the in-
coming ion encounters substantial in-plane forces from
each of the first-layer atoms on either side of a second-
layer row. In the (110) direction the rows are farther
apart (3.61 A), considerably lessening this effect. Figure
8 shows a comparison between the 100-eV focused single
trajectories in the two azimuths. The (001) scattering
clearly shows a much greater modification of the in-plane
trajectory by the first layer rows. As a consequence, the
100-eV FS trajectories in the two azimuths are at
different energies (E/E,=0.47 in the (110), E/E,
=0.58 in the (001)).

The azimuth-dependent behavior of the FS trajectories
is largely responsible for the qualitative differences ob-
served in the two sets of spectra shown in Figs. 3 and 4.

1.0 2.0 3.0

z (R)

o-1.0 0.0

1 1 |
.0 2.0 4.0 6.0 8.0
Distance along surface (&)

FIG. 8. Side view of the focused single trajectories in the
(170) and {001) azimuths. The first atomic layer is at Z =0,
and, due to the surface relaxation, the second layer is at
Z =—1.18. The {001) trajectory has been offset 1.59 A to the
left, so the second-layer atom with which the main impact
occurs is at the same coordinate as the corresponding second-
layer atom in the {110) azimuth.
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In the (110) azimuth, the second-layer FS and top-layer
QS trajectories are close enough in energy that they can-
not be resolved as separate peaks at any of the incident
energies shown in Fig. 3, and above 200 eV they both fall
very close to the kinematic single-scattering value. How-
ever, in the {001) azimuth the 100-eV FS trajectories are
close in energy to the focused doubles at E/E,=0.56,
well above the QS peak. As the beam energy is increased,
the (001) FS collision becomes less “quasi,” the final en-
ergy moves to lower E/E,, and the FS peak becomes
clearly resolved. At 1 keV the QS and FS peaks have
merged, and by 4 keV the two are the indistinguishable.

For incident beam energies of 200 eV and above, the
highest-energy trajectories in both azimuths are those as-
sociated with double scattering. The peaks related to
these trajectories fall near E /E;=0.649, the kinematic
value for two 45° collisions. Since most zig-zags fall at or
below this value, the presence of zig-zags can lower the
peak position below the kinematic value. Below 200 eV
the double scattering in both azimuths is dominated by
second-layer focused double trajectories. Thus, although
the top-layer doubles from the 100-eV spectra [Figs. 5(a)
and 6(a)] are very similar (E/E;=0.63 in both az-
imuths), their contribution to the total scattering is
minimal. The focused doubles are quite different in the
two azimuths: E/E;=0.56 in the (001), E/E,=0.64
in the (170). Careful examination of the {001) focused
double trajectory [see Fig. 6(b)] reveals that between the
two principal collisions with adjacent second-layer atoms
the incident ion scatters off the first-layer atoms from
below. While there is little energy loss in this collision, it
slightly increases the scattering angle of each of the main
impacts, which has a relatively large effect on the final en-
ergy. Below 200 eV the azimuth-dependent behavior of
the focused second-layer trajectories, both singles and
doubles, is largely responsible for the qualitative
differences between the measured spectra in the two az-
imuths.

As discussed in Sec. IV, SAFARI can be used to gen-
erate plots showing which impact parameters result in
trajectories that scatter into the simulated detector. Fig-
ures 9 and 10 show these plots for 100-eV Na-ion
scattering along the {(110) and {001) azimuths, respec-
tively. The same simulations were used for both the
preceding trajectory analysis and these impact-parameter
plots. The dark areas indicate the location of impact pa-
rameters which scattered into the detector. Although the
symmetry of the surface allows the simulation to use only
half the area of the unit cell, an entire surface unit cell is
shown in Figs. 9 and 10. The axes are labeled in
angstroms, with a top-layer atom at (110)=0.0,
{001)=0.0. In Fig. 9 the first-layer rows of the crystal
coincide with the left and right edges of the figure and the
beam is incident from the bottom. In Fig. 10 the first-
layer rows lie along the top and bottom edges and the
beam is incident from the left. In both figures the posi-
tion of the second-layer row is indicated with a dashed
line.

Generally, most of the ions which have impact parame-
ters within a localized region on the impact-parameter
plot will have similar trajectories and final energies. It is
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FIG. 9. Impact-parameter plot of a 100-eV Na* simulation in the (110) azimuth for =45°, =90 (see text for details). The po-
sition of the second-layer atomic row is indicated by the dashed line. The top-layer rows lie along the left and right edges of the plot
at (001)=0.0 and 3.61. The arrow indicates the direction of the incident beam. This simulation does not include thermal vibra-
tions, and the left half of the plot is simply a reflection of the right half (see text).

therefore often possible to associate peaks in the energy
spectra with specific regions in the impact-parameter
plot. In Fig. 9 the plot is dominated by two regions cen-
tered over the second-layer row. The one at {110)=3.3
represents FS trajectories, while the region at
(110)=3.85 corresponds to focused double trajec-
tories.?* The lobes on either side of the central region are
also focused doubles. The top-layer singles and doubles
are centered over the first-layer rows at (110)=3.2 and
3.8, respectively. The much larger regions centered over
the second-layer atomic rows demonstrate the dominance
of the second-layer scattering in the measured spectra.
By contrast, in Fig. 10 the FS contribution at
(110)=1.275, {(001)=4.65 does not outweigh that
from the top-layer singles ({001)=4.25) by as much.
The focused doubles ({001) =5.2) make the largest con-
tribution in this azimuth. The trajectories at the far ends
of the region, {(110)=~0.9 and 1.65, are actually zig-zags
that appear at lower energies, but most of the weight in
this region belongs to the focused doubles.

It was stated at the beginning of this section that
despite the similarity of the (110) energy spectra, the
relative importance of the different types of trajectories
changed substantially at different incident-beam energies.
This behavior is reflected in the impact-parameter plots.
Figure 11 shows the impact parameters from a simulation
of 400-eV Na™ ions scattered in the {110) azimuth with

0=45°, $=90°. Compared to Fig. 9, the contribution of
the focused second-layer trajectories is greatly reduced.

So far, the discussion has centered exclusively on Na™
scattering. However, it is informative to compare spectra
for Nat and other alkali-metal species to those from
noble-gas species. For a noble-gas ion, there is a relative-
ly high probability of neutralization after the particle
scatters from a surface. This is in contrast to alkali-
metal-ion scattering where the neutralization probabili-
ties, depending on the species and energy, can be very
small. These effects can lead to dramatic trajectory-
dependent differences in the scattered-ion spectra. For
example, due to the high neutralization probabilities of
noble-gas species the multiple-scattering trajectories are
often suppressed relative to the single-scattering trajec-
tories.

This is illustrated experimentally in Fig. 12, which
shows a comparison between 1-keV Ar* and 1-keV K+
ions scattered in the {(001) azimuth for 70° specular
scattering (6=35° and ¢=70°). Since K has a mass of
39.1 amu and Ar" has a mass of 39.9 amu, the scattering
kinematics and distribution of trajectories will be very
similar. Although the scattering geometries are different,
70° versus 90° total scattering angle, note that the K™
spectrum looks quite similar to that of the 1-keV Na™
spectrum in the (001) azimuth (see Fig. 4). In particu-
lar, the structure of the lower-energy peak is quite simi-
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FIG. 10. Same as Fig. 9, except for scattering in the {001) azimuth. The top-layer atomic rows are now along the top and bottom

edges at (110) =0.0 and 2.55.

|
|
o | |
S
|
|
= -
— |
(@)
Iz 5 . . .
vl"i r I
- I ..
|
T- |
|
S! |
(qV]
0.000 1.805
(001) (&)

3.610

FIG. 11. Same as Fig. 9, except for an incident-beam energy of 400 eV.
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FIG. 12. Comparison between 1-keV K* and 1-keV Ar*
scattering in the { 110) azimuth for 8=35°, $=70°. The spectra
correspond to the same beam current on the target.

lar. It is composed of the contribution from top-layer QS
trajectories, at the kinematic energy for single scattering,
buried under the much larger peak of the second layer FS
trajectories which sit at slightly higher energies. The FS
and QS trajectories are close enough in energy that two
peaks are not resolved. This is in contrast to the Ar™
spectrum which shows the QS and FS trajectories as dis-
tinct peaks. Since an Ar" ion has a high probability of
neutralizing during a multiple-scattering trajectory,*2*
these trajectories are preferentially neutralized compared
to the QS trajectories, so the QS peak is relatively much
larger. Note, however, that the Ar" ions have a
sufficiently high survival probability that multiple-
scattering features are not totally suppressed. By con-
trast, Ne* and He' often show only single-scattering tra-
jectories. Noble-gas scattering is commonly used for
surface-composition analyses,“'25 as well as for structural
studies using shadowing and blocking,>® where the addi-
tional complication of multiple-scattering features is un-
desirable.
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VII. CONCLUSIONS

We have shown that the kinematics of ion scattering at
hyperthermal energies is very sensitive to short-range or-
der, demonstrated by the fact that the energy spectra for
hyperthermal Na% ions scattered from Cu(110) in the
(001) and (110) azimuths are qualitatively different
from one another. Using computer simulations of the
scattering it is possible to understand in detail the
scattered-ion trajectories contributing to these spectra.
Over a range of incident-beam energies from 56 eV to 4
keV, the top-layer scattering is similar in the two az-
imuths. Between 200 eV and 1 keV the second-layer fo-
cused single trajectories are largely responsible for the
differences between the (110) and {(001) spectra. Below
200 eV the second-layer focused double trajectories begin
behaving very differently in the two azimuths. Conse-
quently, for beam energies below 200 eV both the focused
singles and focused doubles contribute to the contrasting
appearance of the energy spectra in the two azimuths.
Impact-parameter plots can be used to assign relative
weights to the different types of trajectories. These
weights are very sensitive to the crystal geometry and
incident-beam energy. Impact-parameter plots from the
100-eV simulations show that scattering from second-
layer atoms dominates the observed 100-eV spectra in
both azimuths. Spectra measured with ion species having
different neutralization probabilities demonstrate that it
is necessary to understand both single- and multiple-
scattering trajectories to interpret the spectra.
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