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Abstract

In this work we present a study of the effect of oxygen adsorption on the energy loss of 4 keV hydrogen ions, which are scattered off an
Ag (110) single-crystal surface with varying coverages of oxygen. In this case oxygen adsorption leads to an added row reconstruction of
the surface. We performed measurements for grazing angles as a function of crystal azimuthal orientation, which show large differences
in energy losses. Experimental results are discussed in the light of trajectory calculations of protons scattered under grazing incidence
conditions on the surface. Using non-linear models for stopping power, ab initio crystal structure calculations of the electronic density
and semi-classical simulations, we obtain data that is in very good agreement with experimental results. These simulations in particular
allow us to properly take into account the variations of the surface electronic density and hence obtain an accurate description of the

energy loss processes for ion scattering along various azimuthal orientations of the target.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over past years considerable effort has been made to
understand the characteristics of the stopping of ions in
matter [1-3]. In recent years a number of investigations
have focussed on the question of energy losses undergone
by ions scattered on surfaces [4-11]. Here the problem is
rendered particularly complex, because regions above the
first atomic layer of the surface, where the electronic den-
sity decreases, contribute to energy losses. Several attempts
have been made to extract ion-surface distance dependent
stopping powers and draw conclusions about stopping in
an inhomogeneous electron gas [4-11]. A correct theoreti-
cal description of experimental data however requires a
realistic description of the density corrugation above a
crystal and particle trajectories.
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In the present paper, we investigate the effect of adsorb-
ing oxygen on energy losses of hydrogen ions scattered
under grazing incidence on an Ag (110) surface for various
crystalline directions. Oxygen adsorption on Ag(110) leads
to an n x I added row reconstruction which at the highest —
saturation-coverages corresponds to a 2 x / structure (see
e.g.[12,13]and Fig. 1(a)). In this case it has been shown that
oxygen atoms are located between two adjacent silver atoms
in an added row. This case thus presents the possibility of
studying energy losses under well defined and different cov-
erage conditions and different surface reconstructions.

In the following, we shall briefly outline the experimen-
tal approach and then present a modelling of the experi-
mental results using computer simulations following an
approach developed by us previously [14]. This approach
allows us to study the differences induced by lattice steering
effects in the energy loss distributions and most impor-
tantly properly take into account the inhomogeneity of the
surface electronic density. We can thus obtain an accurate
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Fig. 1. (a) Schematic drawing of the oxygen covered Ag(110) surface for the 2 x 1 reconstruction. (c) General characteristics of energy loss spectra for H
scattering on clean and oxygen covered Ag for the 0° (b) and 90° (c) directions.

description of the energy loss processes for ion scattering
along various azimuthal orientations of the target.

2. Experimental results

A detailed description of the apparatus and the experi-
mental procedure used for the present measurements is
given elsewhere [15].

The crystal azimuthal setting is determined by measur-
ing the scattered intensity of the ion beam in the forward
direction during an azimuthal scan. This allows a precision
better than 0.2°. In this paper we report results for grazing
scattering for a total scattering angle of 7° for specular
scattering conditions. The incident and exit angles to angle
to the surface are of 3.5° set with an accuracy of about 0.1°.
The acceptance angle of the detector in the scattering plane
is 0.2°.

Fig. 1 present results of our measurements for incident
4 keV protons and scattered off as atoms in the main azi-
muthal directions, 0° and 90° in a Ag(110) clean surface
and a Ag(110)+ O(2 x 1) reconstructed surface. All the
distributions present structures. One of the main features
is the splitting of the main peak at 90° (clean silver) into
two peaks for the Ag(110)+ O(2x 1) surface. Oxygen
adsorption leads to a strong change in the structure of
the energy loss spectra which broaden and in some cases
develop a double peak structure, with a very large
energy loss component. The spectra for other charge states
(H"/H™) were similar.

3. Energy loss model and simulations

In order to understand the main features of the ion
energy loss spectra obtained from grazing scattering we
have developed a simulation code. In this section we briefly
describe the main ingredients that we use in our code. More
details may be found in our earlier papers.

3.1. Surface and bulk electron density

In order to describe the electronic density of surface and
bulk in real space retaining their inhomogeneities, we have

performed detailed calculations of the Ag (110) system.
Our description is based on the ab initio LMTO (linear muf-
fin-tin orbitals) method which has been explained elsewhere
[16,17]. The method is based on DFT (density functional
theory) within the LDA (Local density approximation)
for the exchange correlation potential. The calculation
solves iteratively the Kohn-Sham equations taking into
account the spatial environment of the atoms until self con-
sistency is reached. The charge densities using this method
are in excellent agreement with those obtained from a linear
augmented plane-wave full-potential (LAPW) calculations,
although LMTO uses an atomic sphere approximation for
the one electron potential and empty spheres to simulate
the interstitial region in open structures [17]. In Fig. 2 we
show the planar average (XY) of the electron density as
a function of depth Z, for Ag (110) and Ag(110)+
O(2 x 1). On the average a decrease of the electron density
at the surface is observed, due to the presence of the added
row (2 x 1) of silver and oxygen.

The valence charge density was used to calculate the
electronic stopping of the projectile along its trajectory.
As we know the electronic charge density of the surface
strongly depends on the azimuthal angle, so the electronic
stopping will also depend on the relative orientation of the
surface with respect to the ion azimuthal incidence. It is
also clear that information on ion surface distance depen-
dent stopping obtained from scattering experiments assum-
ing an averaged electron density at any given distance from
the surface would (see e.g. [4-11]) be unrealistic.

3.2. Simulations

The simulation of particle trajectories is made by solving
the Newton equation of motion using the Runge-Kutta
method. We use the Lenz-Jensen ion—atom interaction
potential to describe the inter-atomic forces between the
projectile and the lattice atoms, which is given by Viaice-
The equation that describes the ion trajectory is

L a7
— _VVlattice<7_;7 ﬁ) - vVimag(z) +]7:(l_jan(?)) (1)
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Fig. 2. (a) Super cell used in the LMTO calculation (b) Planar average (XY) of the electron density as a function of depth Z, for Ag (110) and

Ag(110) + 02 x 1).

In this equation, M is the projectile mass; r is the ion
position and R the crystal atom position. The term
7%, n(7))corresponds to the friction force in the ion-elec-
tron interaction and depends locally on the electron density
n(7). In the integration of Newton equations, in each time
step we consider the LDA, independently of the size of the
electron gradient. Here we consider only the valence elec-
tron density contribution for this calculation. This con-
sideration is valid for low ion velocities (v <1 a.u.).
Consideration of core electrons does not affect the final re-
sult, because the projectile does not probe small or interme-
diate impact parameters as we tested. The features of this
friction force are described below. Also in the equation ap-
pears the image potential, which is necessary to consider in
ion scattering trajectories. This force is time independent
and is given in the approximation of Jones—Jennings—Jep-
sen (J1J) for the surface barrier in a metal [18,19]. As men-
tioned above we also include the effect of lattice vibrations.
The uncorrelated lattice vibrations are introduced assum-
ing that the atoms are allowed to move independently of
each other in all directions. Here we use the 1D-rms vibra-
tional amplitudes obtained experimentally by Busch and
Gustafsson [20] at room temperature, whose values are
u,=0.15 A, u, =0.22 A and u.=0.16 A for the first layer
and u, =0.11 A, u, =0.15 A and u.=0.16 A for the sec-
ond layer. For the third and next layers we use the bulk
value given by the tabulated Debye temperature equal to
225 K. In this calculation we use the standard Gaussian
distribution for the probability of finding the atom at a dis-
tance u from its equilibrium position where we put a cut off
in order to avoid large displacements that occur with low
probability [21]. Inclusion of lattice vibrations in our calcu-
lations is just to consider a more realistic situation. Atomic
vibrations produce effects in the multiple scattering, exclud-
ing or including some type of trajectories which reach the
detector and hence affect to some extent the widths of the
energy loss distributions.

The electronic energy loss is included explicitly in the
dynamics of the particle using the instantaneous energy cal-

culated in a continuous slowing down process through a
spatial static electron density. Actually, we mean a discrete
slowing down process with a small time step of integration.
Summation of these small amounts of energy transfer to
the electrons will give the total energy loss of the projectile
along its path. Also a spread of energy loss determined by
the energy straggling effect is included. This important
parameter is responsible for the shape of the energy loss
spectra. The energy loss of particles in a homogeneous jel-
lium, based on the non-linear or transport cross section
model is given by [15],

SE(n) = nmevv.oy (n)dx. (2)

In this equation 6x is an infinitesimal displacement of the
particle in each step of its motion along the trajectory, n
is the local electron density, v the ion velocity, v, is the
electron velocity in the free electron gas model related to
the electron density # through v, = (311211)'/ 3 and o is the
transport cross section calculated quantum mechanically
in terms of phase shifts d;(n). These are determined numer-
ically by solving Schrodinger’s equation for the scattering
of electrons by a known screened potential or via DFT.
This is a self-consistent model to adjust the screening con-
stant and insure the Friedel sum rule is satisfied.

In a similar manner and using the same nonlinear model
we include the quantum fluctuations in the energy loss, the
energy loss straggling, given by [22]

Q*(n) = 3m*v*dx / da(n, 0)sin®(0/2), (3)

here do is the differential scattering cross section calculated
also from the phase shifts d,(n).

3.3. Threshold effect

Several linear and non-linear theoretical calculations of
the stopping power for slow ions predict a simple propor-
tionality with the ion velocity [3] in the case of metallic tar-
gets. The origin of this velocity dependence can be traced
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Fig. 3. Experimental and simulated energy loss spectra for the (a) 90° direction for clean Ag, (b) 90° direction for oxygen covered Ag and (c) 0° direction

oxygen covered Ag. Incident ion energy is 4 keV.

back to the basic properties of the free electron gas model.
However, recent experiments on energy loss of protons in
metals like Cu, Ag, Au and Pd have shown significant devi-
ations from this prediction [23,24], for ion energies below
about 5 keV. This experimental behaviour was explained
as arising from band structure effects in the excitation of
d-electrons in those metals, where the electronic structure,
represented through the density of electronic states, plays a
fundamental role in the stopping curve behaviour as a
function of velocity. Regarding this electron density, the
corresponding electron states in the solid are localized
and bound (according to the appropriate density of states),
and so the creation of an electron-hole pair is achieved
only if the particle loses a minimum of energy in a binary
collision. This energy threshold is the difference between
the Fermi energy and the energy of the electronic state of
the involved electron. Then, only a fraction of the electrons
at the instantaneous projectile position can be excited and
contribute to the stopping power and energy loss straggling
[24]. Summarizing, the energy loss and straggling are both
a function of the particle velocity and of the local electron
density.

Finally, with all of these ingredients we solve the New-
ton equation in each time step along the trajectory of the
particle. With these calculations we can obtain the trajecto-
ries for each particle and the final position and velocity
after the reflection of the particle form the surface.

4. Results
4.1. Simulations

The simulations were done for at least 500,000 trajecto-
ries. Using our program we can easily obtain trajectories,
energy loss distributions and angular distributions. In par-
ticular we can obtain energy loss distributions for particles
travelling above the surface or inside the solid, and analyse
the contribution of these trajectories to the total energy loss
spectrum. Here we shall show general results of energy loss
distributions as a function of the azimuthal orientation of
the target.

In the Fig. 3 we show a comparison between experimen-
tal and calculated energy loss distributions for 4 keV pro-

tons indident onto Ag(110) surface and Ag(110)+
O(2 x 1) surface. At the left is the energy loss distribution
for protons scattered in Ag (110), blue' points correspond
to the experiment and red points correspond to the simula-
tion using our code. At the right the figure shows the effect
of the oxygen adsorption on silver for the same direction.
Fig. 3(c) gives results for the 0° direction. The agreement
between both, experiment and simulation is quite good in
both cases.

The analysis of the various trajectories and associated
energy losses allows us to understand the characteristics
of the doubling of the energy loss spectrum for the 90°
direction. The low energy peak is due to particles scattered
on top of the atomic rows. The energy losses for scattering
above the Ag and the O atoms of the added rows (see
Fig. 1(a)) are quite similar. The peak at large losses is
due to trajectories travelling between the second and third
atomic layers. The structure at about 350 ¢V is due to par-
ticles travelling between the first and second atomic layers.
The larger energy loss that one observes for the 0° direction
as compared to the clean surface is due to the appearance
of zig-zag trajectories for particles travelling between the
added rows.

5. Conclusions

This paper presents a joint experimental and theoretical
investigation of energy losses in hydrogen ion scattering on
Ag(110). The experimental results are compared to calcu-
lations of particle energy losses, in which no arbitrary
assumptions about the stopping in the electron selvedge
of the metal are made. The electronic density of the solid
is obtained through first principles calculations and is then
used to determine the stopping force along the particle tra-
jectory. We include a quantum dissipative friction force
resulting from the interaction with the valence (s, p and
d) electrons using a non-linear stopping model, which
includes the so called “threshold effect”” for the excitation
of d electrons as described. We solve the Newton equation
of the particle under the influence of the forces due to the

! For interpretation to the color in Figs. 1-3, the reader is referred to the
web version of this article.
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nuclei and core electrons and the force from the surface
image potential model. Finally we include the effect of lat-
tice vibrations.

This description allowed us to study the differences
induced by lattice steering effects in the energy loss distri-
butions. The results of these simulations agree very well
with experiment. As opposed to approaches used in earlier
works on surface scattering, these simulations in particular
allow us to properly take into account the variations of the
surface electronic density and hence obtain an accurate
description of the energy loss processes for ion scattering
along various azimuthal orientations of the target.

Some minor problems remain which could be related to
some uncertainties in the knowledge of the exact charge
state of the particles during scattering and possible exis-
tence of some steps. Solution of these relies on a refined
analysis of the electron transfer processes which are not
presently available.
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