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Ion-surface interaction potentials from alkali-ion —metal scattering below 500 eV
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Classical-trajectory calculations using an ion-surface potential which is represented as a sum of
ion-atom pair potentials plus an attractive imagelike potential are compared to experimental results
for the scattering of Na+ and K+ from Cu(110) in the energy range 100 eV~EO ~400 eV. The
strong focusing of ion trajectories on this surface greatly enhances the sensitivity of the scattering to
the form of the ion-surface interaction potential. We achieve very good agreement between calcu-
lated and experimental spectra using pair potentials computed within the Hartree-Fock approxima-
tion.

INTRODUCTION

The ability to directly probe ion-surface interactions in
the hyperthermal energy range (=10 to SOO eV) via
scattering experiments is a relatively recent development.
It is therefore not surprising that a clearer understanding
of the ion-surface interaction in this energy range is still
being sought. The natural starting point has been to try
to extend to hyperthermal energies the interaction mod-
els that have been successful at higher energies. For ex-
ample, low-energy ion scattering (LEIS), which uses ion
beams with energies from approximately 500 eV to 10
keV for surface structure and composition analysis, in-
volves ion-surface interactions that are fairly well under-
'stood. A number of experimental studies have shown
that approximating the ion-surface interaction by a sum
of ion-atom pair potentials, based on either the semiclas-
sical Thomas-Fermi method' or the Gordon-Kim method
of overlapping charge densities, can reproduce both the
energy and angular distributions observed in alkali and
noble gas LEIS from metal surfaces. Furthermore, since
the scattering is dominated by the short-range part
(r;,„„,~ 1 A} of the ion-atom potential, the trajectory
of 'an incident ion may be treated as a series of sequential
binary collisions (SBC} involving one surface atom at a
time. These simple potentials and scattering models
work because the scattering at these energies is not espe-
cially sensitive to the longer-ranged (r;,„„,) 1 A} part
of the ion-surface interaction. There is, however, consid-
erable current interest in the behavior of the ion-surface
potential at these larger separations. For example, the
complicated processes that occur during reactive ion
etching and ion beam modification of materials involve
ion-surface interactions spanning an energy range from
many keV's down to a few eV's. Understanding the ion-
surface interaction at very low energies is therefore essen-
tial for developing detailed models of these technological-
ly important processes. In addition, the charge-transfer
mechanisms which play such a dominant role in surface-
or adsorbate-induced catalysis also occur in hyperthermal
ion-surface interactions, ' and may therefore be studied

by scattering experiments.
Recent work at ion energies below 100 eV has shown

that it is necessary to treat both the ion trajectory and the
interaction potential that determines it in greater detail
than is required at higher energies. The sequential binary
collision approximation is no longer tenable at these ener-
gies; classical-trajectory calculations which allow the in-
cident ion to interact with several surface atoms simul-
taneously must be used. Hartree-Fock and related ap-
proximations have been shown, in a very limited number
of systems, to provide ion-atom pair potentials which
reproduce most of the features seen in hyperthermal
scattering spectra, which the Thomas-Fermi and
Gordon-Kim potentials cannot. The need to include at-
tractive imagelike forces in the calculation of hyper-
thermal scattering spectra has been demonstrated for
K+-W(110). ' Evidence for a breakdown of the approxi-
mation of the repulsive part of the ion-surface potential
as a sum of pair potentials has also been reported. Con-
tinued work on new systems over a wider energy range is
necessary to examine the generality of the current picture
of hyperthermal ion-surface interactions, which to date
rests on experiments involving very few ion-target com-
binations. In this paper we present experimental and
theoretical work on the scattering of 100- to 400-eV Na+
and K+ from Cu(110), which provides insights into the
hyperthermal ion-surface interaction.

In general, an ion-surface collision involves two major
classes of interactions which, depending on the ion ener-
gy and ion-surface combination, may be considered more
or less separately. The first class involves the adiabatic
rearrangement of the electronic degrees of freedom of the
incident ion and the surface. At small (r(2.0 A) ion-
atom separations, the large overlap of the ion and
surface-atom electronic distributions leads to a strongly
repulsive ion-surface potential-energy curve, while at
large ion-surface separations, the attraction of the ion to
its induced image charge will accelerate it toward the sur-
face. This "electronically elastic" part of the ion-surface
interaction may be represented by a conservative
potential-energy function that depends solely on the posi-
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tions of the ion and surface atoms. The forces induced by
this conservative potential are responsible for the
deflection of the incident ion and the transfer of some of
the ion's momentum and kinetic energy to the surface.
The second class of ion-surface interactions consists of
electronically inelastic processes, which include both neu-
tralization and excitation of the scattered ion, as well as
electronic "friction" effects. Finally, it must be borne in
mind that the energy that is deposited at the surface by
the ion, initially in the form of recoil energy imparted to
individual surface atoms, may be dissipated in a number
of ways, for example through the creation of electronic
excitations, vacancies, and phonons. ' Since we are con-
cerned only with the fate of the primary ion, we will not
consider these modes of energy dissipation further, but
they can be extremely important in sputtering and other
surface-modifying processes.

To date, most attempts to determine the repulsive part
of the ion-surface interaction by scattering experiments
have used alkali ion beams and metal surfaces. On elean
metal surfaces, the low ionization potential of the alkalis
guarantees a large scattered ion fraction; in addition, the
neutralization probability is generally only weakly depen-
dent on the scattered ion trajectory '" for these systems,
and thus the sole effect of neutralization is a uniform
reduction in the scattered ion intensity. We can therefore
compare relative peak intensities arising from different
scattering trajectories without having to correct for
differences in neutralization probability (although any
analysis involving absolute scattering cross sections still
requires either neutral particle detection or a quantitative
model of the neutralization probability).

The great sensitivity of hyperthermal alkali ion scatter-
ing to the ion-surface interaction potential is intimately
related to the role of multiple collisions in the scattering
process, and how their role changes with incident ion en-

ergy. In the absence of multiple collisions, an incident
ion scatters from a single surface atom (a single scattering
event), and the ion energy spectrum consists of one peak
whose energy is determined solely by the ion-to-surface-
atom mass ratio and the total scattering angle. This can
be observed in higher-energy scattering (Eo) 10 keV)
with noble gas ions, which, due to their very high neu-
tralization probability, rarely survive multiple collisions.
The energy spectra of scattered alkali ions, even at very
high incident energies, usually exhibit an additional peak
at a higher energy than the single scattering peak. This
peak may be attributed to two consecutive, approximate-
ly equal-angle collisions with two adjacent surface atoms
along an atomic chain (a double scattering event). The
energy of this double scattering peak is likewise deter-
mined almost entirely by the mass ratio and the total
scattering angle. The intensity ratio of the single to dou-
ble scattering peaks, however, depends on both the atom-
ic spacing' along the chain and the ion-atom scattering
potential. ' At lower incident ion energies (Eo ~4 keV),
other types of multiple collisions can occur. Nearby
atoms which are not involved in the main collision can
significantly perturb the incoming and outgoing ion tra-
jectory. Their contribution is of course strongly depen-
dent on their positions relative to the main collision site,

and on the range of the ion-atom potential. These atoms
can be located either along the chain containing the main
collision partner(s) (leading to quasisingle and quasidou-
ble scattering' ), or on adjacent chains (leading to zig-zag
and focused scattering). As the incident energy is
lowered still further (Eo &500 eV), multiple scattering
effects can dominate the ion spectra. As will be shown in
this paper, this can lead to a dramatic dependence of the
positions and relative intensities of peaks in the energy
spectra on both the incident energy and surface
geometry.

Previous studies of hyperthermal ion-surface interac-
tions have examined the scattering of potassium ' from
W(110) at energies below 50 eV, and the scattering of po-
tassium and sodium from Ag(111) at energies from 10 to
100 eV. In those experiments, the majority of scattered
ions did not penetrate the first layer. In the present
work, however, we find that most of the scattering comes
from the second layer. This is due both to the higher-
energy beams used (100 to 400 eV), and the very open
structure of the (110) face of copper (Fig. 1), which leads
to the phenomenon of focusing. Focusing occurs when
the forces from adjacent chains of first-layer atoms steer
incident ions towards second-layer atoms. The (110) face
of face-centered-cubic crystals is ideal for focused scatter-
ing, since the (001) direction consists of closely spaced
chains of first-layer atoms, with second-layer atoms in be-
tween. As can been seen in Fig. 1, an ion which scatters
from the second layer in the (001) direction interacts
with first-layer atoms at distances greater than 1.2 A. In
the ( 110) direction, this distance increases to 1.8 A. De-
pending on the interaction potential and incident ion en-

ergy, scattering from the second layer can be quite sensi-
tive to the influence of first-layer atoms at these separa-
tions.

We have found that the energy distributions of Na+
and K+ scattered from Cu(110) in the energy range 100
eV (Eo (400 eV are strongly affected by the presence of
first-layer atoms, even though the bulk of the scattering
originates from second-layer atoms. This sensitivity
makes the energy distributions useful for testing models
for the ion-surface interaction potential. We have
achieved quite good agreement between calculated and
measured energy spectra by assuming an ion-surface po-
tential which is a sum of individual alkali ion-copper
atom pair potentials and an attractive imagelike poten-
tial. The pair potentials are computed within the
Hartree-Fock approximation and contain no adjustable
parameters. In the work presented here, we have exam-
ined the changes in energy spectra for 90 specular
scattering as a function of incident ion energy and az-
imuth, and the sensitivity of these changes to the interac-
tion potential. An analysis of the full energy and angular
distributions of Na+ scattered from Cu(110) will be given
elsewhere. '

The rest of the paper is organized as follows. The ex-
perimental technique used to measure ion scattering spec-
tra is reviewed briefly in Sec. I. The main experimental
results and their interpretation in terms of specific
scattering mechanisms are presented in Sec. II. Section
III outlines the classical-trajectory calculations used to
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face unit cell. Long exposures to the alkali beam resulted
in a uniform reduction in the scattered ion intensity, with
no change in the relative peak heights or peak positions.
The variation of the scattered ion intensity as a function
of alkali coverage has been examined in detail elsewhere,
and may be attributed to an increase in the resonant
charge-transfer probability for increasing coverage. No
changes in the energy spectra were seen that could be at-
tributed to sputter damage by the incident ion beam.

II. EXPERIMENTAL RESUI TS
FIG. 1. The first three layers of the Cu(110) surface. The

(001) atomic rows are 2.55 A apart, while the (110) rows are
0

separated by 3.61 A. The first-to-second-layer distance is ap-
0

proximately 1.18 A, due to relaxation of the surface.

obtain simulated energy spectra -for comparison with ex-
periment, and the Hartree-Fock energy calculations are
described. In Sec. IV, calculated spectra are compared to
experiment, and the quality of agreement is discussed.
Conclusions are presented in the 6nal section.

Figures 2—4 show measured energy spectra (uncorrect-
ed for the 1/E variation of the detector's energy accep-
tance as a function of ion energy E) for 90' specular
scattering of Na+ and K+ from Cu(110) for incident en-
ergies Eo of approximately 100, 200, and 400 eV. Using
classical-trajectory calculations' it is possible to relate
peaks in the measured energy spectra to speci6c types of
scattering trajectories. ' The Na+ spectra along the
(001) azimuth (Fig. 2) all exhibit a large peak, well

I. EXPERIMENTAL TECHNIQUE (001) Na+

The experiments were performed in an UHV ion
scattering system which has been described in detail else-
where. ' Alkali ions are produced by thermal emission
from a hot ( = 1100'C) alkali-embedded tungsten source.
During transport of the beam from the source to the
scattering chamber, the ions are mass selected using a
Mien filter, and neutral rejection is accomplished with a
90' spherical-sector electrostatic analyzer. The beam on
target had currents of several nanoamperes in a 3-mm-
diameter spot, and an energy spread characteristic of the
thermal source (less than 0.5 eV). The half-angle diver-
gence of the beam was less than 2. Scattered ions are
detected with a 180' electrostatic analyzer which has a 1'
half-angle acceptance and 1% energy resolution, and
which is mounted on a rotating table. The Cu(110) sam-
ple was mounted on a three-axis manipulator which, in
combination with the detector rotation, allows access to
all scattering geometries not excluded by the Snite size of
the detector and final beam lenses (total scattering angles
& 127'). The total scattering angle and incident beam an-
gle relative to the crystal normal can be set to an accura-
cy of 0.1'. Low-energy electron diffraction (LEED) and
ion scattering were used to align the scattering plane with
the (110) or (001) azimuths to within +0.5'.

The Cu('110) crystal was initially cleaned by cycles of
sputtering with 500-eV Ar+ and annealing at 650 C.
This was repeated until a 30-min anneal at 550'C
brought no contaminants to the surface as determined by
Auger electron spectroscopy. The standard cleaning pro-
cedure during experiments consisted of sputtering for 30
s with a 1.5-pA beam of 500-eV Ar+ followed by a 30-
min anneal at 550 C. In these experiments, it was possi-
ble to take many energy spectra between surface clean-
ings. Typical beam doses per spectrum were 2X10'
ions/cm for 100-eV beams. Even after 20 spectra, this
corresponds to a total dose of less than 0.5 ions per sur-
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FIG. 2. Experimental spectra showing intensity (arbitrary
units) vs reduced energy (E&„,I/Eo) for the 90 specular scatter-
ing of Na+ along the (001) azimuth of Cu(110) at incident en-
ergies of 100, 204, and 396 eV. The vertical line at E /EO =0.47
is the reduced energy value, as determined by energy and
momentum conservation, for a pure single scattering of sodium
by copper through an angle of 90 .
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above the kinematic energy for binary single scattering
(vertical line at E/Eo =0.47), which is due to focused sin-
gle (FS) scattering from second-layer atoms. The lowest
energy peak visible in the three spectra in Fig. 2 is a mix-
ture of single scattering from first-layer copper atoms and
some zig-zag scattering. The highest energy peak visible
in the 200- and 400-eV spectra is due to double scattering
events, in which the incident sodium ion undergoes ap-
proximately equal-angle collisions with two adjacent
copper atoms along a chain.

The presence of a large focused single scattering peak
in these spectra can be understood in terms of the special
arrangement of atoms near the Cu(110) surface (Fig. 1).
The chains of first-layer atoms produce restoring forces
which are perpendicular to the scattering plane [the (110)
plane for (001) scattering], and which vanish over the
second-layer chains. In the absence of these restoring
forces, only those ions with impact parameters precisely
over a chain would remain in the scattering plane (ex-
cluding zig-zag scattering). This is the case for scattering
along a first-layer chain of atoms. However, for second-
layer scattering, these restoring forces guarantee that ions

with impact parameters well off the second-layer chain
are focused towards it. Therefore, a larger range of im-
pact parameters contribute to the measured spectrum
from regions where focusing is occurring than from un-
focused regions. It is precisely these out-of-plane forces
that ensure a large intensity for the FS peak relative to
the first-layer single scattering peak (lowest energy peaks
in Fig. 2), which is unfocused.

The first-layer atoms also produce forces parallel to the
scattering plane. These forces allow the first-layer atoms
to contribute to the total in-plane deflection of the scat-
tered ion. It is easily shown by energy and momentum
conservation' that less kinetic energy is lost by the ion to
the surface when more atoms are involved in deflecting
the ion through a given in-plane scattering angle. There-
fore, these in-plane forces will shift the FS scattering
peak to a higher final energy than the first-layer single
scattering peak. The shift is so large at 100 eV that the
FS peak is degenerate with the double scattering peak
(see Fig. 2). As the incident energy is increased from 100
to 400 eV, the in-plane forces from the first-layer atoms
become less effective in deflecting the incident sodium

(110) Na+

(1To) K+

0.35 0.45 0.55
E/E 0

0.65 0.75

0.15 0.25 0.35
E/E

0.45 0.55 0.65

FICx. 3. Experimental spectra showing intensity (arbitrary
units) vs reduced energy for the 90' specular scattering of Na+
along the ( 110) azimuth of Cu(110) at incident energies of 100,
204, and 396 eV. Vertical line is the same as in Fig. 2.

FICr. 4. Experimental spectra showing intensity (arbitrary
units) vs reduced energy for the 90' specular scattering of K+
along the ( 110) azimuth of Cu(110) at incident energies of 103,
203, and 383 eV. The vertical line at E/Eo =0.24 is the reduced
energy value for a pure single scattering of potassium by copper
through an angle of 90.
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ion, and the focused single scattering peak energy ap-
proaches that of the first-layer single scattering peak, as
expected.

The spectra for 90' specular Na+ scattering along
(110) show less dramatic variation with incident energy
(Fig. 3). The low-energy peak does not shift appreciably
in energy as the incident energy varies from 100 to 400
eV. Trajectory analysis indicates, however, that focused
scattering from the second layer still provides the dom-
inant contribution to the spectra. If we recall that the in-
tensity enhancement of the FS peak relative to the first-
layer single scattering peak is due to out-of-plane forces
from the first layer, while the energy shift of the FS peak
is governed by the in-plane forces, the dominance of fo-
cused scattering even in the absence of appreciable ener-
gy shifts is understandable. First-layer (110) chains of
atoms are separated by a distance di&o 3.61 A, which is
30%%uo greater than the distance between (001) chains
(doo, =2.553 A). Consider an incident ion passing a
first-layer atom such that, at closest approach, it is a
height Az above the surface and x to one side of the atom.
The ion-atom separation is therefore [x +(hz) ]'~ . The
in-plane force from this first-layer atom is proportional to
bz/[x +(bz) ]'~, while the out-of-plane force is pro-
portional to x/[x +(hz) ]'~ . The in-plane component
is therefore bz/x times the out-of-plane component. If
we keep the ion position fixed, and increase d (which in-
creases x), the in-plane force will decrease faster than the
out-of-plane force. This is why we still see the intensity
enhancement characteristic of focused scattering in the
(110) spectra, even when the energy shift is no longer
appreciable.

We can partially compensate for the increase in d in

going from the (001) to (110) azimuth by scattering an
ion that has a longer-ranged interaction with the surface.
The 90' specular K+ scattering along (110) (Fig. 4)
demonstrates the great sensitivity of the focusing to the
range of the ion-surface interaction potential. Unlike the
(110) Na+ scattering, the (110) K+ spectra show a
very large energy shift for the FS peak. This is because
the K+-Cu interaction potential is large enough for first-
layer atoms to produce appreciable in-plane forces over
the second-layer chains even in this azimuth. As in the
(001) sodium spectra, the first-layer single scattering
peak is visible below the FS peak in the 100-eV (110)
K+ spectrum, which is not true of the 100-eV (110)
Na+ spectrum (Fig. 3). Note that this top-layer peak ap-
pears above the kinematic scattering energy for a single
collision, even though it is unfocused. This shift is due to
forces from atoms in the same first-layer chain as the
main collision site (a quasisingle scattering event). When
the potassium incident energy has increased to 200 eV,
the first-layer single peak is obscured by the FS peak,
which has moved down in energy.

III. TRAJECTORY AND POTENTIAL
CALCULATIONS

As stated in the introduction, we do not expect the
sequential binary collision approximation to provide an
adequate description of the ion trajectories in this energy
regime, especially in the presence of strong focusing. We

have therefore performed our ion scattering simulations
with the program SAFARI, ' which numerically integrates
the classical equations of motion for the incident ion in-
teracting with several surface atoms simultaneously. Al-
though forces between' surface atoms are ignored, the sur-
face atoms are bound harmonically to their equilibrium
lattice sites by isotropic springs with spring constants
determined by the bulk vibrational amplitude of copper
( =0.07 A). At the beginning of each trajectory, a set of
initial displacements and velocities is randomly assigned
to the surface atoms from a Gaussian distribution ap-
propriate to the surface temperature and spring con-
stants. ' Impact parameters were chosen randomly
within the surface unit cell. A complete spectrum (which
requires the calculation of =90 000 trajectories)
represents an average over impact parameters and
thermal displacements and velocities. The thermal
averaging contributes to the widths of the energy peaks,
and can change their relative intensities, but does not ap-
preciably alter their positions. The spring forces them-
selves do not directly affect the scattering dynamics, since
the collision times are much shorter than typical vibra-
tion times. The Cu(110) surface used in the simulations
consisted of three layers, with the first- to second-layer
spacing contracted by 7.5% and the second- to third-
layer spacing expanded by 2.5%%uo with respect to the bulk
copper spacing, as determined by Copel et al. ' using
medium energy ion scattering. Our results were insensi-
tive to the second- to third-layer spacing, as well as to
variations of the first- to second-layer spacing within the
experimental uncertainty of Copel et al. (+1.5%).

Since the incident ion energies used here are much
greater than typical chemisorption energies, the scatter-
ing experiments probe predominately the repulsive part
of the ion-surface potential. It has been demonstrated
that the scattering of higher-energy (Eo ~500 eV) ions
from surfaces can be accurately modeled by assuming a
repulsive interaction potential which is a sum of individu-
al spherically symmetric ion-surface atom pair potentials.
This model has also been used at much lower energies, '

and we will assume that the major features of the repul-
sive part of the ion-surface interaction can be represented
in this way for the energies of interest here. The ion-
atom pair potentials used in these simulations were calcu-
lated within the Hartree-Fock approximation using the
program GAUSSIAN86. For each alkali ion A and
ion-copper atom separatio~ r, the scattering potential
V(r ) was taken as the total-energy difference E ( A +-
Cu;r) —E( A+) —E(Cu) between the ion-atom molecule
and the isolated ground-state alkali ion and copper atom.
The copper atom was represented by an uncontracted
(13s,7p, 5d) (Ref. 21) Gaussian basis with additional p po-
larization functions. The Na+ and K+ bases were
(10s,4p) and (14s,9p), respectively. The scattering po-
tentials (Fig. 5) were calculated at 17 separations between
0.5 and 2.0 A and fit to a sum of two repulsive exponen-
tials.

For the range of separations considered above, only the
repulsive part of the Hartree-Fock potential is sampled.
At greater separations, the alkali ion polarizes the copper
atom electron distribution, which leads to a weakly at-
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species in general.
Inelastic electronic energy losses were not included in

the simulations presented here. The ions are moving too
slowly for plasmon excitation, and no features attribut-
able to electronic excitations of the scattered particle
were seen. This still leaves open the possibility of
electron-hole pair creation in the metal. In order to esti-
mate its importance, we performed several simulations
using an effective medium model for the energy loss to
electron-hole pairs. The electron scattering cross section
at the Fermi level, o (n, Z), for an atom of charge Z em-
bedded in a uniform electron gas of density n can be cal-
culated within the efFective medium approximation. The
electronic energy loss per unit distance d W/dr (Ref. 9) is
then given by

R (P) dW/dr = nk—Fo u;,„, (2)

FIG. 5. Potential energy V(R) vs interatomic separation R
for Na+-Cu and K -Cu diatomics, calculated within the
Hartree-Fock approximation. Lines are drawn to guide the eye.

tractive potential. At a real metallic surface, however,
the attractive part of the ion-surface potential is due to
the response of the delocalized conduction electrons, and
cannot be reproduced by a sum of attractive polarization
potentials from ion-atom pairs. It is necessary to include
this attraction at some level, however, since for large
ion-surface separations the ion will induce an image
charge in the metal that can afFect its trajectory. The at-
tractive part of the ion-surface interaction is included by
adding a potential to the trajectory calculations that de-
pends solely on the perpendicular ion-surface separation,
and which goes over to the classical image potential at
large separations. It is of the form

—e 2

for z )0
e4

V(z)=. 16z +
p'2

(la)

for z (0, (lb)

where z=0 corresponds to the plane containing the top-
layer atoms. For reasonable values of V;„(small com-
pared to the incident energy), the main effect of this at-
tractive potential is to induce small changes in the posi-
tions of the energy peaks in the calculated spectra. It has
very little effect on relative peak intensities. This form
has been used previously at lower incident energies
(Eo &50 eV) with systems where scattered ions rarely
penetrated the first layer. ' The behavior of this attrac-
tive potential for z ~0 was not directly probed by such
experiments. In the present work, however, the majority
of scattering is from second-layer atoms, and so the at-
tractive potential near and below the surface may be
more important. Treating V;„as a free parameter, we
have found the best agreement between calculations and
experiment with V;„=3eV, for both Na+ and K+. We
do not, however, expect V~;„ to be independent of ion

where U;,„ is the ion velocity and kz is the Fermi wave
vector of the metal. For a constant electron density of
0.0125 a.u. , which is the valence density of copper, 400-
eV K+ will lose approximately 0.5 eV/A. The copper
electronic density is, however, not constant throughout
the ion's trajectory. This was accounted for by taking the
electronic density, n (r;,„), at each point along the ion's
trajectory to be the sum of contributions from free
copper atomic densities, no, centered at the crystal lattice
sites R, :

n (r;,„)= g no(r;,„—R;) . (3)

Such a sum of free atomic densities can reproduce the
true metal electron density to within roughly 20%. This
leads to a position-dependent energy loss:

d W/dr = n(r;, „)kF(r;—,„)o(Z, n (r;,„))u;,„. (4)

This gave energy peak shifts of less than 2%„and so was
not used further. The Firsov model of inelastic energy
losses, which is more appropriate for situations involving
isolated binary collisions, ' was not considered.

IV. COMPARISON OF CAI.CUI.ATIONS
AND EXPERIMENT

For these studies, we are mainly interested in the rela-
tive intensities and positions of the peaks appearing in the
energy spectra. We have therefore normalized the exper-
imental and calculated spectra so that the focused single
scattering peak heights are approximately the same in
both. This does not afFect the peak positions or relative
intensities. To ensure adequate statistics in the simula-
tions, the angular acceptance of the simulated detector
was +3, as compared to an experimental detector accep-
tance of +1'. It was verified that the relative peak
heights and peak positions in the simulated spectra did
not vary with detector acceptance from +1' to +3' (ex-
cept for the statistical Auctuations associated with having
fewer trajectories in the smaller detectors). Since we have
not attempted to compare absolute crass sections, no
correction for the neutralization of scattered particles
was attempted. Similarly, we have not included the ini-
tial beam divergence (-k2' at -100 eV) in the sirnula-
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tions. All calculated spectra were folded with the experi-
mental detector's energy transmission function, which for
a 180' electrostatic detector varies linearly with detection
energy (energy acceptance hE is proportional to E).

In Fig. 6, calculated energy spectra for 90' specular
scattering of Na+ along the (001) azimuth of Cu(110)
are compared with experiment. The decrease of the fo-
cused single scattering energy as the ion incident energy
is increased is very well reproduced. Furthermore, the
calculated and experimental peak energies agree to 1% or
better for all peaks. The ordering of the peak intensities,
with the FS peak largest, the double scattering peak
smaller, and the top-layer single peak smallest, is also
reproduced in the calculated spectra.

The (110)Na calculated spectra are shown in Fig. 7.
Here, too, the overall agreement between calculations
and experiment is quite good. The calculations exhibit
the observed increase in intensity of the FS scattering
peak relative to the double peak with increasing incident
energy, and the energy peak positions are nicely repro-
duced.

data

simulation

(110) Na+

data
(001) Na+

0.35 0.45 0.55
E/E,

0.65 0.75

FIG. 7. Comparison of measured and calculated spectra for
90' specular scattering of Na+ along the (110) azimuth of
Cu(110) at incident energies of 100, 204, and 396 eV. The calcu-
lation was performed with the Hartree-Fock Na+-Cu pair po-
tential and V;„=3eV.
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FIG. 6. Comparison of measured and calculated spectra for
90' specular scattering of Na+ along the (001) azimuth of
Cu(110) at incident energies of 100, 204, and 396 eV. Calculated
spectra are corrected for the transmission of the detector. The
calculation was performed with the Hartree-Fock Na+-Cu pair
potential and an attractive imagelike potential with V;„=3 eV.

R (A)

FIG. 8. Comparison of Hartree-Pock (HF) and Ziegler-
Biersack-Littmark (ZBL) potentials for Na+-Cu pairs. The
ZBL potential is larger than the HF potential for all energies of
interest here, and dies off more slowly with distance.
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An obvious discrepancy between the measured and cal-
culated spectra is that in the (001) azimuth, the simulat-
ed first-layer single scattering peaks are too small relative
to the FS peaks at each of the three incident energies
(they are also too small in the 100-eV (110) K+ spec-
trum). This may be due to an underestimate of the
thermal vibration amplitudes. To a first approximation,
the first-layer single scattering energy and intensity are
independent of atomic displacements, while the amount
of focused scattering, which relies on the precise align-
ment of several atoms, would be decreased by an
enhancement of the vibration amplitudes. A medium-
energy ion scattering study of the Cu(110) surface found
enhanced vibrational amplitudes near the surface. ' Our
simulations did not show any consistent improvement
when we included these enhanced amplitudes; however,
an exhaustive study of the effects of different amplitudes,
including anisotropic vibrations, has not been performed.

The quality of the agreement between the calculated
and experimental spectra we have achieved using
Hartree-Fock potentials can be appreciated by comparing

with spectra calculated with other candidate potentials.
An obvious choice is the Ziegler-Biersack-Littmark
(ZBL) potential (Fig. 8), which is based on a Gordon-
Kim approximation to the interaction energy of two
overlapping atoms, and which has been successfully used
to describe the scattering of Li+, Na+, and K+ from
Mo(001) in the energy range 500—2500 eV. In Fig. 9 we
compare calculated ZBL spectra with experiment for 90
specular Na+ scattering from Cu(110) along the (001)
azimuth. The calculated 100-eV spectrum shows very lit-
tle resemblance to the data. V;„was 3 eV in these calcu-
lations as well; the agreement between the calculated and
measured spectra was not improved by varying V;„. At
higher incident energies, the ZBL simulations begin to
resemble the data. The 200- and 400-eV ZBL spectra
both exhibit the top-layer single, FS, and double scatter-
ing peaks seen in the data. However, the FS scattering
peak appears at far too high an energy in both calculated
spectra, and the FS scattering to double scattering inten-
sity ratio is much too small. It is interesting to note that
the ZBL potential reproduces the top-layer single scatter-

(001 ) No+
data

simulation

data
(&To) K+

eV

eV

eV

eV

eV

0.35 0.55
E/E,

0.65 0.75
0.15 0.25 0.35

E/E ~

0.45 0.55 0.65

FIG. 9. Comparison of measured and calculated spectra for
90' specular scattering of Na+ along the (001) azimuth of
Cu(110) at incident energies of 100, 204, and 396 eV, using the
Ziegler-Biersack-Littmark Na-Cu pair potential and V;„=3
eV.

FICz. 10. Comparison of measured and calculated spectra for
90' specular scattering of K+ along the (110) azimuth of
Cu(110) at incident energies of 103, 203, and 383 eV. The calcu-
lation was performed with the Hartree-Fock K+-Cu pair poten-
tial and V;„=3 eV.
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ing peak for 200- and 400-eV incident energies almost as
well as the Hartree-Fock potential, even though it does
very poorly on the focused single scattering energy. This
demonstrates the greater sensitivity of focused scattering
to the interaction potential.

The (110) K+ calculated spectra (Fig. 10) using the
Hartree-Fock K+-Cu potential also accurately reproduce
the corresponding experimental energy peak positions.
The peak ratios in the calculated 100- and 400-eV spectra
agree well with the data, but the single to double intensity
ratio in the calculated 200 eV spectrum is off by nearly a
factor of 2, and the calculated backgrounds are generally
low. The first-layer single scattering peak, which is dis-
tinctly visible at 100 eV incident energy, is barely visible
in the simulated spectrum. The potassium simulations,
like the sodium simulations, consistently underestimate
the first-layer contribution to the scattering and the
overall backgrounds, which, as we stated earlier, prob-
ably indicates an underestimate of the surface-atom vi-
bration amplitudes.

The separation of the total ion-surface interaction into
a sum of repulsive ion-atom pair potentials and a small
attractive ion-conduction electron interaction [V(z)]
works well for the ion energies and scattering geometries
described here. No enhancement of the repulsive part of
the ion-surface potential with respect to a sum of ion-
atom pair potentials was seen in these scattering experi-
ments, nor was it evident in the other scattering
geometries we have investigated. ' This is consistent
with the results of Horn et al. , who found no many-
body enhancement of the repulsive ion-surface interac-
tion for 10—100-eV Na+ and K+ scattered from Ag(111).
Their work with K+ and Na+ on W(110) below 50 eV,
however, found certain features of the K+ scattering to
be consistent with a breakdown of the sum of pair-
potentials approximation. The observation of this many-
body enhancement in this ion energy range (above 10 eV)
apparently requires both a small ion-to-surface-atom
mass ratio (to ensure a close approach of the ion to a sur-
face atom) and a large electronic overlap between the ion
and the surface atoms for ion-atom separations compara-
ble to half the nearest-neighbor distance on the surface
(to ensure a large overlap between the ion and at least
two surface atoms simultaneously). Both of these condi-
tions are adequately satisfied for K+ on tungsten. How-

ever, the mass ratio for K+ on copper and silver is much
larger than on tungsten, and even on W(110) no enhance-
ment of the ion-surface repulsion was seen for Na+
scattering (since the overlap is smaller), so it is not ex-
pected to be important for sodium scattering from copper
or silver, which have smaller atomic numbers than
tungsten.

CONCLUSIONS

We have shown that the interaction of 100—400-eV
Na+ and K+ with Cu(110) can be very well described by
a total ion-surface interaction which is the sum of
Hartree-Fock pair potentials and an attractive imagelike
potential. The sensitivity of the scattering to the interac-
tion potential is enhanced by the strong focusing that
occurs at these energies on Cu(110). The Hartree-Fock
potentials are able to reproduce the variation of the fo-
cused single scattering peak energy as a function of i'n-
cident energy, which the ZBL potential cannot do. The
quality of the agreement between simulation and experi-
ment shown here makes us confident that we can deter-
mine in detail the trajectories of scattered ions at these
energies. ' As the programs for calculating ab initio pair
potentials become more available, we expect Hartree-
Fock potentials will become the standard for interpreting
ion scattering data over a wide range of incident energies.
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