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He and N atoms are scattered with keV energies under a grazing angle of incidence from clean and flat
Ag(111) and Al(111) surfaces. For incidence along low index crystallographic directions in the surface plane,
atomic projectiles are steered by rows of atoms(“axial surface channeling”) giving rise to characteristic
rainbows in their angular distribution. From the analysis of this effect we derive effective scattering potentials
which reveal pronounced dynamical effects. We attribute our observation to the embedding energy for pen-
etration of atoms in the electron gas of a metal.
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In atomic collisions, the interaction potentials play a cru-
cial role in the description and understanding of scattering
processes. As a consequence, the analysis of experimental
data in terms of scattering potentials is a key issue in colli-
sion physics. For example, atomic collisions in solids de-
scribing a variety of phenomena as angular straggling, pro-
jectile ranges in matter, energy dissipation, ion implantation,
ion backscattering, or channeling are directly based on inter-
action potentials[1].

With respect to this Rapid Communication, we mention
low and medium energy ion scattering which has developed
in recent years to a powerful real-space method for the pre-
cise determination of the geometrical structure of crystal sur-
faces[2,3]. Here the sequence of scattering events involving
target atoms in the first few surface layers are analyzed in
terms of focusing and blocking effects that give rise to en-
hanced or reduced intensities for large angle scattering
(backscattering) of fast atomic projectiles. In order to deduce
from data the arrangement of atoms in the topmost surface
layers, interatomic potentials with electronic screening de-
scribed in the Thomas-Fermi approximation are generally
used. Coulomb potentials with “universal screening” as pro-
posed by Ziegler, Biersack, and Littmark(ZBL) [1] or with
screening as given by O’Connor and Biersack(OCB) [4]
provide in most cases a good basis for the structural analysis
of crystalline surfaces and ultrathin films.

When particles are scattered for different impact param-
eters under comparable angles, i.e., for extrema of the deflec-
tion function (scattering angle vs impact parameter), so-
called “rainbows” are identified in the angular distributions
[5]. Rainbow effects observed in low energy scattering of
atoms and ions from crystalline surfaces are reviewed by
Kleyn and Horn[6].

An important aspect of rainbow effects for scattering of
atomic projectiles from surfaces is the close correspondence
of typical features of rainbows, primarily the scattering angle
for an enhanced intensity of scattered projectiles(“rainbow
angle”), to effective interaction potentials. This was consid-
ered in large angle scattering of hyperthermal Na+ ions (en-

ergies up to some 100 eV) from Cu surfaces[7,8] where pair
potentials consistent with Hartree-Fock calculations and an
attractive image charge potential were derived.

In this Rapid Communication we report on studies where
rainbow scattering of fast atomic projectiles under surface
channeling is exploited to deduce interaction potentials.
Atomic projectiles with energies up to some 10 keV are scat-
tered under a grazing angle of incidence from Ag(111) and
Al (111) surfaces. In this regime of atomic collisions with
solids, scattering proceeds in the regime of “surface channel-
ing” [9,10] where projectiles are steered in a sequence of
small angle scattering from planes(“planar channeling”) or
strings(“axial channeling”) of atoms of a regular crystal lat-
tice. The description of trajectories for scattering under chan-
neling conditions is well approximated by continuum inter-
action potentials obtained from averaging over atomic planes
or strings of a crystal[9–11]. Interaction potentials for
atomic projectiles at a crystal surface show planar and axial
symmetry with respect to atomic planes and strings, respec-
tively. Defined trajectories for ensembles of projectiles, com-
pared to large angle scattering, lead to a simpler and more
direct interpretation of data[12]. In order to avoid effects of
the image charge on projectile trajectories, neutral atoms are
selected on the incoming and outgoing path[13].

In the left panel of Fig. 1 we have sketched equipotential
lines for He atoms scattered fromk110l strings formed by Ag
atoms at the topmost layer of Ags111d surface. Note that for
grazing scattering, i.e., axial surface channeling, and neglect
of projectile energy loss, the energies of motion along and
normal to strings are conserved, so that atoms move with
constant energy parallel to strings. The scattering process
with the solid is governed by the normal motion with energy
Ez. We show projections of trajectories into a plane normal to
atomic strings(xzplane) and equipotential curves with about
sinusoidal shape. This results in extrema in the angular de-
flection giving rise to rainbow effects[6,12], i.e., enhanced
intensities for projectiles scattered out of the plane of inci-
dence by the “rainbow angle”Qrb.

In the right panel of Fig. 1 we present a contour plot of an
experimental angular distribution for 2.8 keV He atoms scat-
tered under a grazing angle of incidenceFin=1.2° along the
k110l direction in thes111d plane of a clean and flat mono-
crystalline Ag sample. The experiments were performed with
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well collimated beams of fast atoms at a pressure of some
10−11 mbar. Angular distributions for scattered projectiles
were recorded by means of a position-sensitive channelplate
detector[14]. The angular positions of the two peaks, as-
cribed to rainbow scattering, provide the rainbow angleQrb.
This angle is compared with trajectory calculations based on
pair potentials averaged along atomic strings(continuum po-
tentials). For random azimuthal orientation of the target sur-
face, we find well-defined single peaks which serve as refer-
ence forFin.

In Fig. 2 we show the rainbow angleQrb for He atoms
scattered from a Ags111d surface as a function of energyEz

for the motion normal to the surface. Since for channeling
Ez=E sin2Fin holds, Ez can be tuned for a given projectile

energyE by the grazing angle of incidenceFin. In accor-
dance with the potential curves shown in Fig. 1, the corru-
gation increases withEz and results in a monotonic enhance-
ment of Qrb. The rainbow angle is closely related to the
geometry of equipotential surfaces so that(averaged) inter-
atomic pair potentials can be directly probed. We present
results from trajectory calculations based on classical me-
chanics using ZBL(dashed-dotted curve) and OCB (solid
curve) pair potentials averaged over atomic strings. Discrete
atom-atom potentials as well as thermal vibrations of lattice
atoms are neglected here because continuum potentials are
considered as good approximation in the channeling regime
[9] and lattice vibrations will affect the angular spread for
scattered projectiles but to a lesser extent angular peak shifts
[15]. For OCB potentials we find good agreement for normal
energiesEzù5 eV, ZBL potentials give(aside from lowEz)
smaller rainbow angles, i.e., the latter potentials are too re-
pulsive(see also, e.g., Pfandzelteret al. [16]). For Ne and Ar
we observe similar results, in particular, no dependence on
projectile energy(velocity) is found within the scatter of
data. The dashed curve represents calculations with OCB
potentials under incorporation of additional contributions
from embedding of projectiles in the electron gas at the sur-
face (see discussion below).

In Figs. 3 and 4 we display results from studies with He
and N atoms scattered under grazing incidence from an
Al s111d surface. The dependence ofQrb on Ez is different
from that observed for Ags111d. A striking feature is a pro-
nounced dependence of the data for Ags111d on projectile
energy(velocity), clearly different for He and N projectiles.
In reference to calculations based on OCB potentials(solid
curves with f =0, see below), the data for He atoms can be
characterized by a pronounced decrease ofQrb with decreas-
ing projectile energy at constantEz. The data for N atoms
shows the opposite trend with a substantial increase ofQrb
towards small energiesE. Such pronounced dynamic effects
for the scattering process are somewhat surprising, since for

FIG. 1. Left panel: Projections of classical trajectories in plane
normal to k110l axial channels for He atoms scattered withEz

=1.2 eV from Ags111d. Equipotential curves in 1 eV intervals are
shown(from 1 to 8 eV). Right panel: Contour plot of experimental
angular distribution for 2.8 keV He atoms scattered underFin

=1.2° sEz=1.2 eVd.

FIG. 2. Rainbow angleQrb as a function of normal energyEz

for He atoms scattered from Ags111d with energies 3, 5, 6, 8, 15,
and 25 keV. Solid curve, classical trajectory calculations using
OCB screening; dashed curve, OCB potential and full cohesive
function sf =1d; and dashed-dotted curve, ZBL-screening.

FIG. 3. Rainbow angleQrb as a function of normal energyEz

for He atoms scattered from Als111d with energies 2, 5, 12, and
25 keV. Solid curve, classical trajectory calculations using OCB
screeningsf =0d; dashed-dotted curve,f =0.5; and dashed curve,
inclusion of full cohesive functionsf =1d. For details see text.
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projectile energies below some 10 keV(projectile velocities
below some 0.1 a.u.) screened Coulomb potentials are not
expected to show a dynamic dependence. This holds also for
retardation effects present for dielectric response phenomena
[17].

In exploring the origin of the observed effects, we men-
tion the density of conduction electrons, which is about a
factor of 3 higher for Al as compared to Ag. Then the scat-
tering potential might be modified by contributions from in-
teractions of projectile atoms with the electron gas of the
metal surface. Al has a relatively high bulk electron density
of ne=0.026 a.u.−3 which decays about exponentially in the
selvedge of the surface. For atoms embedded in an electron
gas of given densityne, screening effects modify their elec-
tronic structure. The resulting embedding energy represents
the atomic binding energy as a function ofne (cohesive func-
tion) [18]. Local density approximation(LDA ) calculations
by Puska and Nieminen[19] reveal for noble gas atoms re-
pulsive potentials(positive cohesive functions), whereas for
atoms forming negative ions within an electron gas attractive
potentials are found. Cohesive functions(cohesive energies)
are closely related to bond lengths and chemisorption at
metal surfaces[20].

Such potentials added to the(averaged) interatomic pair
potentials provide a consistent interpretation of the experi-
ments. On a qualitative level, a(planar) repulsive embedding
potential results in less corrugated equipotential curves for
given energiesEz and smaller rainbow angles. For reactive
atoms one expects the opposite behavior; in particular, the
largeQrb observed for N atoms with small normal energies
can only be understood by an additional attractive potential.
Both scenarios explain the experimental findings.

For a quantitative analysis, we made use of cohesive func-
tions for He and N as calculated by Puska[18,19], with the
electron density in front of an Als111d surface adjusted to
pseudopotential calculations[21]. In trajectory calculations
we added these potentials to the pair potentials with OCB

screening. In a simple approach, dynamic effects for the co-
hesive function were taken into account by a factorf (f =1,
full cohesive function;f =0, no cohesive function). Our cal-
culations for the two limiting casessf =0,f =1d and f =0.5
give an idea on the dynamic properties of the cohesive func-
tion (cf. Figs. 3 and 4).

A more detailed investigation of dynamic effects is per-
formed with He atoms scattered from Als111d, where—for a
controlled variation of the projectile energy—Ez=4.2 eV is
kept constant by an adjustment of the angle of incidenceFin.
The data in Fig. 5 reveal the expected increase of the rain-
bow angleQrb with increasing projectile energy. The dy-
namic limits are the full cohesive function at rest(dashed
line, f =1) and at high energies by averaged pair potentials
(OCB screening: dotted line,f =0). We find a fair description
for the dynamic effects by the arbitrarily chosen analytical
expressionfsEd=exps−cEd with cHe<1/15 keV as a free pa-
rameter for the He–Al system. The dynamic effects for N–Al
are described withcN<1/55 keV<cHe4 amu/14 amu. So
our description of dynamic effects for the two cases scales
with projectile energy per mass unit, i.e., velocity[22].

At present, we are not aware of calculations on cohesive
functions taking into account dynamic effects. Thus a more
detailed analysis of the observed effects is beyond the scope
of the present paper. However, the comparison with dynamic
effects present in dielectric response phenomena[17] indi-
cates that those effects are more pronounced here. Screening
effects on the energies of atoms embedded in an electron gas
show a stronger dynamic dependence than long-range inter-
actions.

In conclusion, by making use of specific features for graz-
ing scattering of fast atoms from monocrystalline metal sur-
faces we exploit rainbow effects under axial surface channel-
ing to deduce effective scattering potentials. For an Als111d
surface we observe pronounced dynamic effects which are
attributed to contributions of the cohesive function, i.e., en-

FIG. 4. Rainbow angleQrb as a function of normal energyEz

for N atoms scattered from Als111d with energies 10, 20, 35, 45, 60,
and 80 keV. Classical trajectory calculations using OCB screening;
solid curve, f =0; dashed-dotted curve,f =0.5; and dashed curve,
f =1. For details see text.

FIG. 5. Rainbow angleQrb as a function of projectile energy for
He atoms scattered from Als111d with a fixed normal energyEz

=4.2 eV. Solid curve, classical trajectory calculations using OCB
screening and cohesive function with energy dependent factorf;
dotted line, OCB screening onlysf =0d; and dashed line, inclusion
of full cohesive functionsf =1d.
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ergies of atoms embedded in an electron gas. In accord with
LDA calculations these potentials are repulsive for noble gas
atoms(see data for He) and attractive for atoms reactive in
the electron gas(see data for N). For Ags111d the electron
densities at the surface are clearly smaller so that these ef-
fects are strongly reduced(dashed curve in Fig. 2). To the
best of our knowledge these contributions to the interaction
potentials have not been considered so far in collisions of
keV atoms and ions with solids and, in particular, solid sur-
faces. Our studies give clear evidence for the presence of
such effects and have important consequences for the field of
atomic collisions with solids.

At first, the description and analysis of binary atomic col-
lisions with target atoms embedded in a metal has to take
into account the additional potential owing to the penetration
of projectiles into the electron gas of the metal. The corre-
sponding potential energies up to some eV will affect small

angle scattering, i.e., collisions with larger impact param-
eters. This modifies, in particular, trajectories of atomic pro-
jectiles scattered from metal surfaces at glancing angles
and/or low energies.

Second, the pronounced dynamic effects observed here
for the cohesive functions have to be analyzed from first
principles for a detailed understanding of ion-solid interac-
tions. Since the interactions take place in the selvedge of the
surface, effects caused by gradients of electron densities
have to be taken into account also. In this respect we hope
that our work will stimulate theoretical calculations on this
problem.
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