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Low-energy hydrogen-ion scattering from metal surfaces: Trajectory analysis
and negative-ion formation

W. R. Koppers, B. Berenbak, D. Vlachos,* U. van Slooten,† and A. W. Kleyn‡

FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
~Received 4 August 1997; revised manuscript received 26 January 1998!

A comparative study on negative ion formation in the scattering of a proton beam from both a clean and one
monolayer of barium-covered Ag~111! surface is presented. The angular and energy dependence of the back-
scattered negative hydrogen ions as a function of incoming and azimuthal angles has been determined for a
beam energy of 750 eV. The backscattered negative particles emerge from the surface as well as from deeper
layers of the crystal. The angular dependence of the outgoing particles shows a very rich structure, which is
explained by shadowing and blocking of the incoming and outgoing particles. In addition, the angular depen-
dence of the outgoing neutral particles is determined. The essential features appear the same, but distinct
differences can be observed. These are due to changes in the probability for negative ion formation as a
function of outgoing angle. The energy distributions of the outgoing particles suggest a large penetration depth
along the crystal channels. We have performed classical trajectory calculations that simulate the angular
distributions of the backscattered particles very well. These calculations also show considerable penetration of
particles into the bulk of the crystal and complicated zigzag trajectories through the bulk before leaving the
crystal. The~electronic! stopping inside the Ag solid is at least one or two orders of magnitude smaller
~,0.3 eV/Å atE5700 eV! than the values found in the literature. Comparing the Ag~111! data and the data of
Ag~111! covered by one monolayer barium, we conclude that the barium atoms occupy lattice positions of the
crystal. The overlayer must contain vacancies to accommodate the large size mismatch between the barium
atoms and those of the substrate.@S0163-1829~98!06719-8#
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I. INTRODUCTION

The study of the interaction of low-energy ions with su
faces has received considerable attention from a multitud
disciplines within chemistry and physics.1,2 In particular, the
charge exchange mechanisms governing the interaction
been studied in great detail because of their technolog
relevance in catalysis and surface processing.3,4 A fundamen-
tal understanding of ion/surface collisions is also import
for analytical techniques that involve the detection of ba
scattered low-energy ions leaving the surface, such as
energy ion scattering~LEIS! and secondary ion mass spe
trometry, where it is important to know the ionizatio
probabilities in order to draw conclusions.2,5

Another important area of research involving ion/surfa
collisions is fusion research and technology.6 Here, a de-
tailed knowledge of the neutralization and subsequent p
tive and negative ion formation in ion/surface collisions
important for a basic understanding of plasma/wall inter
tions, divertor physics, and negative ion sources.7 Negative
ion formation has received considerable attention; nega
hydrogen ion yields up to 30% have been found for posit
ions scattered off low work-function surfaces, such as Cs
Ba-covered metal surfaces.3 The study of penetration into th
crystal lattice is also important for a better understanding
plasma/wall interactions and divertor physics.8–11

The mechanisms governing negative ion formation in
scattering of protons at low work-function surfaces have
ceived considerable attention from the surface science c
munity in recent years, experimentally as well
theoretically.6,3,12–14 In those studies, emphasis was prim
570163-1829/98/57~20!/13246~12!/$15.00
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rily put on determining the yields of negative ions and t
charge exchange mechanisms. The differential conver
efficiencyh has been determined for certain scattering c
ditions, whereh5I (H2)/@ I (H2)1I (H0)# andI the intensity
for ions and neutrals measured with the same detection
ciency. To our knowledge, the scattering dynamics has
been studied in great detail for hydrogen ions with incide
energies ranging from 100 eV to 1 keV, scattered from me
surfaces at incoming angles where considerable penetra
is important. However, trajectory calculations have been c
ried out for hydrogen atoms scattered off single-crystal s
faces at glancing angles, where no penetration is obse
and the particles are scattered in the specular directio15

Some studies have been performed involving penetratio
hydrogen into the solid, although no trajectory analysis w
performed in those investigations.16,17

In the case of scattering a beam of protons from a m
surface, the neutralization is assumed to occur along the
coming trajectory; before the positive ion collides with th
surface it is neutralized into an excited state via reson
neutralization and subsequently Auger deexcited into
ground state. Effectively, neutral hydrogen atoms are s
tered from the surface. Sufficiently close to the surface
affinity level, located at 0.7 eV below the vacuum leve
shifts down due to the image force attraction and broad
because of the overlap of atomic and metallic wave fu
tions, which allows negative ions to be formed in a reson
process. On the exiting trajectory, depopulation of the af
ity levels occurs.

In recent years, the interest in negative ion formation fro
nonmetallic surfaces has increased.18,19 In those studies, it
was found that negative ion yields up to 70%, and ev
13 246 © 1998 The American Physical Society
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57 13 247LOW-ENERGY HYDROGEN-ION SCATTERING FROM . . .
100%, could be obtained for O and F scattering off alk
halide surfaces under certain conditions; i.e., highly en
getic beams (.10 keV) incident at glancing angles. Als
high yields of negative hydrogen ions have been found
low-energy ion scattering (,5 keV) from oxide surfaces.20

The results from the oxide surfaces were interpreted in m
the same way as scattering off the alkali halide surfaces;
surface is considered to be ionic and the hole that is cre
in the formation of the negative ion is localized and does
travel along with the negative ion. Recently, we observ
large negative hydrogen ion yields in H1 scattering from a
graphite surface.7

Detailed trajectory analyses have been carried out
noble gas ions and alkali ions scattered off metal surface
the incident energy range between 10 eV and 1 keV.21,2,4The
scattering dynamics of alkali ions from metal surfaces
been studied in great detail, both experimentally and with
help of classical trajectory calculations.22,23,4 For those sys-
tems it was found that scattering occurs primarily with t
outermost layer of the solid. Charge-transfer dynamics
these systems has also been studied in detail.3,4 By correlat-
ing their experimental results and calculations, Cooper
co-workers found evidence for a trajectory-depend
charge-transfer event.24

Recently, a trajectory effect in negative hydrogen ion f
mation has been suggested in model calculations of hy
gen particles scattered from a stepped metal surface.
fraction of negative ions turned out to be highly depend
on the step density at the surface, and whether the steps
going up or down.25 Those calculations model previous
obtained experimental observations very well.26

Clearly, a careful analysis of the trajectories of scatte
ions is important for a detailed understanding of ion-surfa
interactions; it is crucial for unraveling local effects and tr
jectory effects in neutralization and negative io
formation.27,24 In this paper we discuss the trajectories
scattered negatively charged and neutral hydrogen at
from incoming positive ions with energies around 700 eV
single-crystal metal surfaces. The interaction of the incid
hydrogen particles and the crystal atoms is governed b
sequence of binary collisions in this incident ener
range.27,2 The collision kinematics and dynamics allows f
elemental analysis and structure studies of the outerm
layer of a solid. The experimental results are analyzed w
the help of computer simulations, and explained by shad
ing and blocking effects. Noble gas ions such as He and
are used in scattering experiments because of their high
tralization efficiencies if scattered from layers deeper th
the topmost layer. Backscattered neutrals remain hid
from the detector. Hydrogen particles, however, have a m
smaller shadow cone, which makes them more suited to
in the low incident energy regime for structure analysis. T
was already recognized by MacDonald and co-workers in
scattering and detection of positive hydrogen ions.28,16How-
ever, in the present study we use an alternative approac
probing scattered negative hydrogen ions, which give
opportunity of obtaining structural information to sever
layers depth. To our knowledge, the present study is the
structure analysis using the detection of scattered negati
charged hydrogen ions.

In an earlier paper, we studied negative hydrogen ion
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mation in the scattering of a beam of protons from tw
monolayers of barium deposited onto Ag~111!.29 We found
negative ion yields of about 20% for outgoing angles sma
than 60°; the negative ion fraction decreased for larger o
going angles. In this study, all angles were defined with
spect to the surface normal. A simple model, describing re
nant charge transfer calculated by the nonperturba
coupled angular modes method, which also takes the par
velocity effect into account,30,29 described the measure
negative ion fractions very well. Structure was observed
the angular distributions of the negative ions, which was
signed to scattering from second-layer atoms of the crys

In this paper, we present a detailed experimental st
and classical trajectory calculations of the scattering of
drogen particles from a clean Ag~111! surface and one cov
ered with one monolayer of barium. The angular distrib
tions of the backscattered negative ions reveal a p
structure, which suggests that considerable penetration
the solid occurs in the incident energy regime around 7
eV. With the help of classical trajectory calculations we a
sign the peaks to classes of trajectories. The simulated a
lar spectra are in good agreement with the measured spe
Further, we comment on the energy losses the ions h
suffered on both the clean and on one monolayer of bariu
covered Ag~111! surfaces, and also on the final charge st
of the scattered particles.

II. EXPERIMENT

A. Apparatus

The experimental setup is described in detail elsewher29

Briefly, it consists of two UHV chambers. In one~base pres-
sure of 4310211 mbar!, the crystal can be cleaned and cha
acterized by x-ray photoelectron spectroscopy~XPS!, ther-
mal desorption spectroscopy, and work-functi
measurements. The work-function measurements are d
with a Kelvin probe. The crystal can be transferred und
UHV to a two-axis goniometer in the second chamber~base
pressure of 1310210 mbar!. This goniometer allows rotation
of the target around an axis parallel to the surface, to cha
the incoming angleu i ~which is measured with respect to th
surface normal! and rotation around the surface normal,
change the azimuthal anglef. The total scattering angleu is
defined asu5180°2(u i1u f), with u f the outgoing angle of
the particles. On this chamber, a differentially pumped el
tron impact source~VG,AG 60! is mounted which produce
the H1 ions. The incident energies of the ions can be var
between 100 and 1250 eV. The ion beam is purified usin
Wien filter. Typical currents at the crystal position between
and 2 nA are measured. The scattered positive and neg
ions are detected with a 90° cylindrical electrostatic ene
analyzer, which has an energy resolution ofDE/E50.08. In
the scattering plane, the detector can be rotated from 45
180° with respect to the incoming beam and out of pla
detection from215° to 90° is possible. The angular resol
tion of the detector is around 0.5°. Adjacent to this detec
a fraction detector is mounted, with which the different
conversion efficiencyh can be determined, whereh
5I (H2)/@ I (H2)1I (H0)# and I is the energy integrated in
tensity of the ions or neutrals. Particles entering the dete
are detected by a channeltron. However, prior to detect
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13 248 57W. R. KOPPERSet al.
the ions are neutralized by reflection from a tungsten surfa
In this way, a possible difference in detection efficiency
neutrals and ions is eliminated. When a retarding potentia
applied at the entrance of the detector only the neutral
ticles are detected, if grounded, the total particle intensit
measured.

B. Crystal

The Ag~111! crystal is cut by spark erosion and polish
mechanically. The misalignment of the~111! surface is less
than 0.05° as determined by Von Laue diffraction. The cr
tal was cleaned by repeated sputter and anneal cycles. T
cally, a sputter treatment consists of 15 min. of 800 eV A1

bombardment at normal angle of incidence for a crystal c
rent density of 531026 A/cm2. The crystal temperature dur
ing sputtering is 573 K. For annealing the crystal tempe
ture is kept at 673 K for 15 min. The surface cleanliness
checked by XPS and work-function measurements. The c
tal orientation is drawn in Fig. 1, in which the crystallo
graphic directions are plotted. The~101̄! direction is defined
asf50°. All the spectra in this paper were measured wit
crystal near room temperature. Good reproduction of ea
data29 was found.

Onto the Ag~111! surface, barium is deposited from
SAES-Getter source. The pressure during dosing was be
2310210 mbar. The barium overlayer was previously cha
acterized using Auger electron spectroscopy, XPS, wo
function measurements, medium-energy ion scatte
~MEIS!, and low-energy H1 scattering.14,31,32 In the latter
case, backscattered H2 ions were detected.31 This work in-
dicated that a monolayer of barium is initially grown, aft
which a rather open overlayer structure is formed by Pois
growth. It further showed that the overlayer grows epita
ally. Due to the difference in size of the adsorbate and s
strate atoms, the first layer appears to be incomplete
must contain vacancies. The work function of a cle

FIG. 1. Crystallographic drawing of the~111! face of a Ag
crystal. The crystal directions and the definition off are indicated.
e.
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Ag~111! surface is 4.7 eV. When the surface is covered w
one monolayer of barium the work function decreases to
eV.14

III. COMPUTATION

A. Potential

At incident energies that are high compared to the de
of the Ag-H potential well, only the repulsive part of th
interaction potential is important for scattering. The rep
sive Ag-H pair potential was calculated using the Hartre
Fock-Slater linear combination of atomic orbital method33

The results of this calculation are shown elsewhere.34 The
calculation can be approximated by a Born-Mayer poten
which is of the formV5A exp(2br).33,23 The parameters
are given byA53691.7 eV andb57.134 Å21.

B. Computer code

The computer code, written to simulate the scattering
the incoming particles at a crystal lattice, has been descr
extensively in the past33,23 and is briefly summarized here
The code has been developed for collisions at~hyper!thermal
energies and is rather inefficient in the present study co
pared to computer codes such asMARLOWE.35,2 Nevertheless,
satisfactory results are obtained.

Newton’s equations are solved exactly for a hydrog
atom approaching a silver lattice, consisting of 321 atom
The lattice is represented by five layers. In the first layer
atoms are placed, the second 74, the third 61, the fourth
and the fifth 44. The layers are placed on the Ag~111! lattice
position sites. Thermal vibrations are taken into account
ing a so-called Einstein lattice.23 These vibrations are gene
ated using random displacements, according to the Boltzm
distributions. The lattice is placed atT5300 K. The opening
angle of the detector is set at 2°. The impact parameters
chosen systematically on a grid over the entire surface
cell.

In a full three-dimensional calculation, a large number
hydrogen atoms are implanted into the crystal lattice or, o
erwise, scattered out of the detection plane and hence ar
detected. To obtain reasonable statistics, over 13106 trajec-
tories must be calculated. To gain more insight in the sc
tering dynamics and to reduce the number of trajectories,
performed calculations with the so-called ‘‘chain-model.’’36

Here, the impact parameters are chosen aligned with
rows of the surface atoms; essentially two-dimensional c
culations are performed on a three-dimensional~3D! crystal
since the scattering is restricted to the plane given by
surface normal and the incoming angle. The calculatio
were done atT50 andT5300 K, in order to study the in-
fluence of the thermal motion of the crystal atoms. To ass
that only in-plane scattering occurs in the chain calculatio
at T5300 K, the crystal atoms are only displaced in t
scattering plane. Enhanced vibrational amplitudes of the t
most surface layer have not been taken into account in
calculations because the study of this effect will take t
much computational time, especially in the 3D calculatio
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IV. RESULTS AND ANALYSIS

A. Experimental results

1. Scattering ofH1 from clean Ag(111)

Figure 2 shows the energy and angular distributions
backscattered negative ions for 700 eV H1 scattering off
clean Ag~111! along the~112̄! ~a,c,e! and ~21̄1̄! ~b,d,f! azi-
muthal directions. These azimuthal directions are defined
f5230° andf530°, respectively. Spectra for three diffe
ent incoming angles are plotted:u i540° ~a,b!, u i560°
~c,d!, andu i570° ~e,f!. Figure 2~a! shows scattering along
the ~112̄! or f530° direction for an incoming angle of 40°
Two peaks can be observed atu f518° andu f558°. These
peaks are found at an energy position that correspond
elastic scattering from a single Ag atom. Consequently
binary collision model between an H (M51) and an Ag
(M5109) atom can be applied to explain the energy los
at the peak positions in the energy distributions. Figure 2~b!
shows scattering along the~21̄1̄! or f530° direction. The
incoming angle and energy are the same as in Fig. 2~a!, but
the energy distributions appear much broader and also
peak structures in the angular domain have changed.

FIG. 2. Three-dimensional intensity distributionsI (u f ,Ef) for
700 eV H1 from clean Ag~111! along the~112̄! or f530° ~a,c,e!
and ~21̄1̄! or f5230° ~b,d,f! azimuths foru i540° ~a,b!, u i560°
~c,d! and u i570° ~e,f!. The measured intensities are plotted on
linear scale. Negatively charged hydrogen ions are detected
correction for the energy-dependent transmission of the energy
lyzer has been made.
f
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energy losses the particles have suffered can be as larg
500 eV. However, the maximum energy loss in a bina
collision between an H atom and an Ag atom is smaller th
about 0.037 times the initial energyEi , which suggests tha
the particles have traveled through many atomic layers
fore exiting the solid. Probably, a combination of elastic e
ergy losses and electronic stopping is responsible for the
served energy losses. In Figs. 2~c! and 2~d! the incoming
angle has been changed to 60°. The azimuthal orientat
are identical to those in Figs. 2~a! and 2~b!, respectively. The
energy distributions foru i560° ~c! have broadened com
pared tou i540° ~a!. Spectra~d! show a narrowing com-
pared to spectra~b!. Most likely, particles penetrate deep
into the crystal for certain combinations ofu i andf. Figures
2~e! and 2~f! show scattering foru i570°. Now, the energy
distributions have comparable widths. These particular s
tering geometries do not give a penetration like that obser
in Figs. 2~b! and 2~c!. The peak positions in the outgoin
angle seem to be independent of the incoming angle, wh
is an indication that these are due to the crystal struct
Similar peak structures have been observed for ot
systems.37,38,29 The negative ions are primarily observed
small outgoing angles; at very grazing outgoing angles
negative ions are observed. This difference can be expla
with the normal and parallel velocity effect in negative io
formation.3

To examine in more detail the peak structures in the o
going angle we performed angular scans at one fixed fi
energy. Figure 3 shows angular distributions of H2 for 750
eV H1 from clean Ag~111!. The negative ions with a fina
energy of 708 eV are detected. Results for four differe
angles are shown,u i540° ~a,e!, u i560° ~b,f!, u i570° ~c,g!,
and u i580° ~d,h!. Scattering occurs along the~112̄! or f
530° ~a–d! and ~21̄1̄! or f5230° ~e–h! azimuthal direc-
tions. Foru i540° andf530° @Fig. 3~a!#, we clearly ob-
serve the two peaks atu f518° andu f558°, which were
present in Fig. 2~a!. The absence of the scattering sign
aroundu f535° is attributed to blocking of H atoms sca
tered from the second layer by atoms of the first layer. Wh
we change the incoming angle to more grazing angles
incidence~b–d!, we observe also a peak atu f525°. This
peak could not be observed for smaller angles of incide
because of the limited angular range of the detector. T
peak positions are independent of the incoming angle, in
cating that they are due to the exiting part of the trajector
the particles follow. At very grazing angles of incidenc
@u i580°, Fig. 3~d!#, we observe the appearance of tw
closely spaced peaks aroundu f576°. This can be attributed
to a surface rainbow, giving these two closely spaced pe
in the forward direction. It is remarkable that even for su
grazing angles of incidence, penetration into the crystal
tice is observed.

Figures 3~e!–3~h! show scattering along the~21̄1̄! or f
5230° azimuth. Three distinct peaks can be observ
aroundu f5210°, 10°, and 42°. Once again, the positions
the peaks are independent of the incoming angle. Foru i
580° two closely spaced peaks are again observed aro
u f576°. These can be attributed to a surface rainbow21

Scattering along the~101̄! azimuth orf50° also gives rise
to peaks in the angular distributions, data which was pre
ously published in Ref. 31.
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13 250 57W. R. KOPPERSet al.
To check whether the peak structures in the angular
tributions are only due to the structure of the crystal, we a
measured the angular distributions of the backscattered
tral hydrogen atoms, which are shown in Fig. 4. The inco
ing energy of the hydrogen ions is 750 eV andu i570°,
scattering takes place along the~21̄1̄! or f5230° azimuth;
the same scattering conditions as employed in Fig. 3~g! for
backscattered negative ions. The total yield of the backs
tered neutral particles is measured with the fraction detec
the energy integrated angular distribution is measured.
angular distribution is strongly peaked aroundu f582°, a
peak that was hardly visible in the negative ion case and

FIG. 3. Angular distributions of H2 for 750 eV H1 from clean
Ag~111!. The negative ions with an energy of 708 eV are detec
Results for four different angles are shown:u i540° ~a,e!, u i

560° ~b,f!, u i570° ~c,g!, and u i580° ~d,h!. Scattering occurs
along the~112̄! or f530° ~a–d! and ~21̄1̄! or f5230° ~e–h!
azimuthal direction.

FIG. 4. Energy-integrated angular distribution of H atoms
750 eV H1 from clean Ag~111! along the~21̄1̄! or f5230° azi-
muth. Data are taken atu i570°. The inset shows the same data b
scaled differently, betweenu f5220° andu f570°.
s-
o
u-
-

t-
r;
e

n

be attributed to surface rainbow scattering.21 The peak struc-
tures betweenu f5220° andu f560° are the same as for th
backscattered negative ions. The peaks are located a
same positions and also the relative peak heights are sim

Another method to investigate the penetration into
crystal lattice is to perform azimuthal scans. Figure 5~left
panel! shows the azimuthal dependence of the backscatt
H2 ions for 750 eV H1 incident at clean Ag~111! and u i
540°. The ions with a final energy of 708 eV are detect
Scans are performed at four different outgoing angles:~a!
u f55°, ~b! u f520°, ~c! u f540°, and~d! u f560°, respec-
tively. The spectra show a 120° symmetry, which indica
that more than one layer is involved in the scattering proce
For f5230°6120° clear minima are observed in the spe
tra. This is because the first layer shadows the second l
and subsequent deeper layers, which allows for substa
penetration into the crystal lattice. The azimuthal scans
veal that thef50°,660°,... directions contribute equally
to the backscattered signal. For these directions, the part
are focused into the surface channels and can be reflecte
the second layer. The peaks that change significantly in
tensity with outgoing angle are located atf5
290°,30°,... . For these directions, atu f55° and u f
520°, the particles are scattered directly from the seco
layer and foru f540°, the particles reflecting from the se
ond layer are blocked by the first layer. Foru f560° the
particles show an increased yield because of the focu
effect; the particles can escape from the solid.

As a final point, in H1 scattering off Ag~111! the relative
yield of backscattered positive ions is very low (,1026) and
they are hard to detect. In the case of H2

0 and H2
1 scattering

from Ag~111!, only first layer scattering was observed; th
azimuthal scans showed a clear 60° symmetry of the ba
scattered H1 ions, which were formed in a reionizatio
process.39

.

r

t

FIG. 5. Azimuthal dependence of backscattered H2 ions in scat-
tering of H1 from clean Ag~111! ~left! and one monolayer of
barium covered Ag~111! ~right! for u i540°. The data are taken a
Ei5750 eV and ions with a final energy of 708 eV~left! and 672
eV ~right! are detected.



in
g

-

f

lo
cte
lo

la
m

en

e
s

r
he

e
In

pe
i

w
or

F
th
r

Fo
e
s

y

lid
om
e-

ed
r
ion
las-
, to
ut-
el.

ci-
si

for

-

57 13 251LOW-ENERGY HYDROGEN-ION SCATTERING FROM . . .
2. Scattering ofH1 from Ba/Ag(111)

Covering the surface with barium and, hence, lower
the work function of the surface leads to an increase in ne
tive ion yield.3,29 Figure 6~a! shows the contour plot for H2

for 700 eV H1 incident on Ag~111! covered by one mono
layer of barium along the~21̄1̄! or f5230° azimuth. The
data are taken atu i560°. The contour plot for scattering o
H1 on clean Ag~111! is also shown in Fig. 6~b! for the same
scattering geometry and incident energy. This contour p
corresponds to the energy and angular distribution depi
in Fig. 2~d!. The peaks in the angular distributions are
cated at the same positions as for the clean Ag~111! case,
which indicates that the barium atoms are positioned at
tice position sites of the crystal. However, there are so
remarkable differences for the two surfaces:~i! the energy
distributions for scattering of Ba/Ag~111! are significantly
broader than those measured from Ag~111!, ~ii ! the peak
positions of the energy distributions are shifted to lower
ergies by about 40 eV, for scattering of Ba/Ag~111!, ~iii ! at
grazing exit angles (u f.50°), a relative increase in negativ
ion yield is observed, and~iv! the yield of negative ions ha
increased from,1% for clean Ag~111! to around 20% for
Ba/Ag~111!.

To examine in more detail the effect of a barium ove
layer on the negative ion signal, we display in Fig. 7 t
energy distributions for two different outgoing angles,u f
535° and u f5215°; these are cuts through the thre
dimensional intensity distributions presented in Fig. 6.
Fig. 7~a! the energy distributions for scattering from Ag~111!
are shown. For larger scattering angles the measured
energy position shifts to lower energies; more energy
transferred to the surface. These peak positions agree
the peak positions calculated from the binary collision f
mula, withMH51 andMAg5109.1,5,2 Figure 7~b! shows the
energy distributions for scattering from Ba/Ag~111!. Clearly,
the peak positions are observed at lower energies than in
7~a!. The elastic scattering positions, as calculated from
binary collision formula, are indicated with arrows; the pa
ticles have suffered an additional energy loss of 50 eV.
larger scattering angles, the peak positions shift to lower
ergies. In addition, a considerable broadening of the peak

FIG. 6. Contour diagrams of backscattered negative ions for~a!
700 eV H1 from one monolayer of barium-covered Ag~111! at u i

560° along the~21̄1̄! or f5230° azimuth and~b! for scattering
of H1 on clean Ag~111! for the same scattering geometry and in
dent energy. No correction for the energy-dependent transmis
of the energy analyzer has been made.
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observed. Foru f535°, the width~full width at half maxi-
mum! is about 120 eV in the case of the clean Ag~111! and
145 eV in the case of scattering from the Ba/Ag~111!
surface. In Fig. 7~c! the peak positions in the energ
distributions are depicted for scattering from Ag~111! and
Ba/Ag~111! as a function of total scattering angle. The so
line gives the calculated energy position as extracted fr
the binary collision formula; clearly, the data points are d
scribed fairly well by this model calculation. The measur
energy losses from the Ba/Ag~111! surface are much large
than are to be expected on the basis of the binary collis
formula. The dashed line gives the energy positions for e
tic scattering displaced to lower energies by about 50 eV
obtain a fit with the data points. The energy losses with o
going angle are reproduced by the binary collision mod

on

FIG. 7. Intensity distributions of backscattered negative ions
700 eV H1 at u i570° on~a! clean Ag~111! and~b! on one mono-
layer of barium-covered Ag~111! surface.~c! shows the peak en
ergy positions as a function of total scattering angleu for scattering
of these surfaces. The lines in~c! were calculated from the binary
collision model for the H on Ag system~solid line! and corrected
for H on Ba/Ag ~dashed line!.
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However, the 50 eV additional energy loss is due to inela
effects.

Figure 5 ~right! shows the azimuthal dependence of t
H2 yield for 750 eV H1 incident at one monolayer o
barium-covered Ag~111!. The ions with final energies of 67
eV are detected. The scans appear identical to the sp
taken for clean Ag~111! ~left!, except the background signa
seems to be higher. The results of the angular and azimu
scans appear to clearly indicate that the barium atoms
located at lattice positions of the Ag~111! substrate.

Until now, we have attributed the observed structure
the azimuthal scans to particles following different kinds
trajectories in the solid/surface region. We did not take cr
tallographic effects in neutralization or negative ion form
tion probabilities into account. A way to check the validity
this assumption is performing an azimuthal scan with
fraction detector and determining the fraction of negat
ions as a function of the azimuthal orientation of the crys
This approach was previously applied by Na¨rmann and co-
workers in their study on crystallographic effects in char
exchange processes.27 They studied He1 from Ni~110! at
grazing angles of incidence, and found minima in the cha
fraction He1/~He01He1! along the major crystallographi
directions. This effect was attributed to different trajector
and different contributions of Auger neutralization and ‘‘d
namic resonant loss processes.’’ Also van Slooten follow
this procedure in Ref. 40.

Figure 8 shows the azimuthal dependence of backs
tered ~a! H0 and ~b! H2 particles in scattering of H1 from
two layers of barium-covered Ag~111! for u i540° andu f
540°. The data are taken atEi51250 eV and the energ
integrated signals are measured with the fraction detec
The signals for neutral atoms and negative ions show id
tical behavior. The fractionI (H2)/@ I (H2)1I (H0)# shows
no variation with azimuthal angle as can be seen in Fig. 8~c!;
its value is constant at 0.22, in agreement with a previ
study.29 We do not observe crystallographic effects in neg
tive ion formation within the experimental error and ther
fore we conclude that observed structures in the azimu
scans are due to scattering effects.

B. Classical trajectory calculations

To assign the peaks in the angular distributions to clas
of trajectories, we performed classical trajectory calculatio
Figure 9~a! displays the calculated angular spectra for 7
eV H scattering from the Ag~111! surface with impact pa-
rameters aligned along the~21̄1̄! or f5230° azimuth. The
crystal temperature is set at 0 K,u i570°, and 20 000 trajec
tories are calculated. The calculated spectra show the s
peak structures as were observed for experimental ang
distributions, although in this case the peaks are much
rower. The positions of the peaks in the calculations ag
fairly well with those observed in the experimental resu
The calculated peaks are located atu f5210°, 10°, 44°, 70°,
and 82°, respectively. In the chain calculation only trajec
ries are considered that scatter in the plane given by
surface normal and the incoming angle. This is only a sm
fraction of the scattering events that take place; when
impact parameters are not chosen exactly on top of the c
tal row, extensive out-of-plane scattering occurs.41,36
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At the backscattering directions two additional peaks
observed atu f5278° andu f5256°; these were not ob
served in the experiment because of the limited range of
detector position. The peak atu f5278° is due to to a back-
ward rainbow in an analysis of the trajectories.42 The rain-
bow position is shifted towards the surface normal by ab
4° compared to the rainbow in the forward scattering dir
tion. In the forward scattering direction relatively soft coll
sions lead to rainbow scattering, and in backward scatte
hard collisions are important. The peak atu f5256° is ob-
served in scattering along the~112̄! or f530° axis. This
direction is the same as the~21̄1̄! or f5230° direction
rotated over 180°. The peak was due to particles dire
scattered from the second layer; particles at smaller outgo
angles are ‘‘blocked’’ by the first layer.42

FIG. 8. Azimuthal dependence of backscattered~a! H0 and ~b!
H2 particles in scattering of H1 from two layers of barium-covered
Ag~111! for u i540° and u f540°. The data are taken atEi

51250 eV and the energy integrated signals are measured.
shown in~c! is the fraction of negative ions.
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In Fig. 9~b! the thermal vibrations of the crystal atoms a
included (T5300 K). The average displacements of t
crystal atoms is approximately 0.01 Å.43 Once more, 20 000
trajectories are calculated with impact parameters cent
over the top-layer atom chains. In the angular spectra a
nificant broadening of the peaks is observed compared to
T50 K case, but the calculated peak positions are not
fected. The rainbow is the dominant feature in the spectr
and its appearance remains sharp. The backscattered rai
is also still observed. For systems where the range of
potential is of the same order as the internuclear distan
between the surface atoms, the backward rainbow is v
sensitive to surface temperature, and disappears at s
ciently high temperatures.21,36,44 Our results show that a
backscattered rainbow is still observed atT5300 K. In the
H-Ag system the range of the potential is an order of m
nitude smaller than the internuclear distance between the
face atoms.

In a 3D calculation atT5300 K, even better agreemen
with the experimental data is obtained. However, to get r
sonable statistics, 50 times more trajectories~i.e., 13106!
are calculated than was required in the chain calculatio
The calculation is shown in Fig. 9~c!. The impact parameter
are no longer chosen aligned with the rows of the surf
atoms, but systematically on a grid over the entire surf
unit cell. The peak positions, their widths, and the pe
heights of the rainbow peak agree fairly well with the da
@Fig. 9~d!#. The yield of particles at large backscatterin

FIG. 9. Calculated angular spectra for 750 eV H scattering fr
the Ag~111! surface along the~21̄1̄! or f5230° azimuth, foru i

570°. ~a! ‘‘Chain’’ calculation for T50 K. ~b! ‘‘Chain’’ calcu-
lation for T5300 K. ~c! 3D calculation forT5300 K. In ~d! the
measurements for scattered neutrals and negatives are display
ed
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angles is underestimated due to the limited size of the cry
in the calculation~321 atoms!. The most striking difference
between the chain calculation and the 3D calculation is
increase of the rainbow peak relative to the other peaks o
nating from deeper in the crystal; out-of-plane scattering
comes important and the effect increases for multiple co
sions. It seems that the peaks for sufficiently small ene
losses can be explained by in-plane scattering, espec
considering the good agreement between the experime
data and the chain calculations.

In Fig. 10~a!, the calculated trajectories for 750 eV H0

with impact parameters along the~21̄1̄! or f5230° axis of
the Ag~111! surface are depicted. The beam is incident at~a!
u i570° and the crystal temperature is set at 0 K; the sa
scattering conditions as in Fig. 9~a!. We can see that the
particles can penetrate deep into the crystal and that
follow complicated zigzag trajectories through the cryst
Direct scattering from the third and fourth layers appears
be important.

A more direct way to check the origin of the peaks in t
angular distributions is reversing the trajectories, i.e., cha
ing the incoming angles of the beam to the outgoing ang
where the peaks appear. This approach is valid because
energy losses the particles suffer at the peak positions
small. The peak maxima appear at the position for ela
scattering. We first look at the origin of the peaks located
u f5210° and 10°. In Figs. 10~b!–10~d!, beams of particles
are incident at~b! u i510°, ~c! 0°, and ~d! 210°, respec-
tively. For u i5210° andu i510° direct scattering from the
second, third, fourth, and even fifth layers is observed. W
a beam of particles is incident at 0° only direct scatter
from the second and third layers is observed. The fou
layer is shadowed by the first and the fifth by the third. No
we can assign the two peaks in the angular spectra atu f5
210° and 10° to ‘‘direct’’ scattering from the fourth an
fifth layers. At u f50° a minimum is observed that can b
attributed to blocking of the particles by the second and th
layers. The same approach can be made for the peak au f
544°. Here, also direct scattering from the second, third a
fourth layers is important. In the analysis the focusing eff
is important. Next to a blocking minimum we find maxima
intensity due to the enhanced flux of particles at the edge
the shadow cones. The peak atu f570° is identified with a
crystal channel identical to the one observed in Fig. 10~a!,
whereu i570° and the particles penetrate along this dire
tion.

V. DISCUSSION

A. Penetration depth and energy losses

1. Scattering ofH1 from clean Ag(111)

The experimental results and classical trajectory calcu
tions reveal that the number of particles reflected from
solid is highly dependent on the crystal azimuth along wh
scattering occurs. Experimentally, this is demonstrated in
azimuthal scans; foru i540°, approximately five times more
backscattering occurs along the~112̄! or f530° direction
than along the~21̄1̄! or f5230° direction~see Fig. 5!. In
the classical trajectory calculations, the ratio of 5:1 is rep
duced~not shown!.42 The calculations indicate that for sca

d.
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FIG. 10. Calculated trajectories for 750 eV H0 with impact parameters along the~21̄1̄! or f5230° axis of the Ag~111! surface. The
beams are incident at~a! u i570°, ~b! u i510°, ~c! u i50°, and~d! u i5210°.
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tering along the~112̄! or f530° direction, about 25% of the
total incident H particles are backscattered. However, thi
a chain calculation and many particles can penetrate betw
the crystal rows. In the case of 3D calculations and scatte
along the~21̄1̄! or f5230° azimuth andu i570°, the total
reflection is about 20% and, consequently, 80% is implan
in the crystal lattice. However, the total amount of partic
that is reflected in the experiment may be higher, becaus
the classical trajectory calculations we only consider a cr
tal lattice consisting of five layers; reflection from deep
layers was not taken into account.

In what follows, we make an estimate of the distances
particles have traveled inside the solid. With the help of F
10 we have made an analysis of the trajectories the part
have followed that give rise to the observed peaks atu f5
210° and u f5210° for u i570°. These peaks were a
signed to trajectories coming ‘‘directly’’ from the fourth an
fifth layers. When we take the minimal distance the partic
have traveled to reflect from the fourth and fifth layers, the
lengths are 35 and 45 Å, respectively. The extrapolated v
for the stopping power of hydrogen in a Ag solid is given
2.8 eV/Å, at translational energies of 700 eV.45 This value is
close to the value used by Van Wunniket al. in H1 scatter-
ing from a tungsten surface, i.e., 3.0 eV/Å.46 Note that these
are extrapolated values, below 10 keV no experimental s
ping power data are shown in Ref. 45; a square-root dep
dence with energy is assumed in the extrapolation proced
When the particles have traveled 35 Å, an energy loss
about 100 eV is expected. However, particles originat
from the fourth layer are observed at a peak energy posit
which can be explained solely on the basis of the bin
collision model~see Fig. 7!. From this we estimate that th
~electronic! stopping power must be at least one or two
is
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ders of magnitude smaller than that extrapolated by And
sen and Ziegler,45 i.e., ,0.3 eV/Å. When we assume a con
stant stopping power between energies of 700 and 200
the particles that have suffered energy losses of 500 eV m
have traveled over a distance larger than 1700 Å. Parti
that have experienced even larger energy losses must
traveled over distances on the order ofmm s.

2. Scattering ofH1 from Ba/Ag(111)

Some distinct differences in the H2 energy distributions
are observed when scattering H1 from a clean and from one
monolayer of barium covered Ag~111! surface. For the
barium case, the energy distributions appear broader and
incoming energies of 700 eV, the peak positions are lowe
by about 50 eV relative to those of scattering from a cle
Ag~111! surface, for identical scattering conditions~Fig. 7!.
Moreover, scattering off two monolayers of barium leads
the same additional 50 eV energy loss,29 which indicates that
these losses are not due to bulk properties of the barium.
tabulated value for the electronic stopping in bulk Ba is 1
eV/Å at energies ofE5700 eV, 2.8 times smaller than th
value in bulk Ag.45 However, Andersen and Ziegler do no
show any experimental data for the Ba case; the stopp
powers are solely based on calculations.

The peak structures in the angular distributions are id
tical for scattering from a clean Ag~111! surface and from a
Ag~111! surface covered with one monolayer of barium~see
Fig. 6!. The hydrogen particles must have followed identic
trajectories for both surfaces, therefore the higher-ene
losses cannot be explained by different trajectories a
hence, different elastic energy losses. Clearly, the additio
energy losses must be related to a surface effect; either
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lowering of the work function and/or the increase in electr
density near the Fermi level. The work function of a cle
Ag~111! surface is 4.7 eV, while that of Ba/Ag~111! is 2.4
eV. In the case of scattering from a graphite surface~work
function of 5 eV!, an appreciable negative ion yield~about
20%! is measured, but the H2 are observed at the elast
scattering position of a H-C collision.7 Also for scattering
from Pt~111!, with a work function of 5 eV, the energ
losses can be explained by the binary collision formu7

However, in the case of H1 scattering from Cs/W~110!
~work function of 1.9 eV! the observed energy losses of t
H2 are larger than expected on the basis of the binary c
sion model, between 5% and 15% instead of 0.5% as ca
lated by the binary collision model.46 These observation
suggest that scattering off a low work-function surface le
to additional energy losses that cannot be explained by
binary collision formula.

Higher-energy losses for the H2 have also been observe
in scattering H1 from potassium-covered Pd~110!, compared
to scattering off clean Pd~110! by Höfner, Närmann, and
Heiland.47 They attributed this to the lowering of the wor
function, which is associated with an increased elect
charge density at the surface, giving rise to higher stopp
powers. The effective interaction region is enhanced, lead
to larger energy losses. These experiments were carried
for grazing angles of incidence. In our case, the particles
not spend most of their time in the surface region, but dee
penetrate into the crystal lattice.

Possibly, electron capture and loss processes during
particle/surface interaction are responsible for the high
energy losses in the case of scattering off a low wo
function surface as suggested in Ref. 47. In bulk mater
dynamic loss and capture processes are supposed to co
ute to the observed energy losses.48 In ion/surface collision
these occur, for low work-function surfaces, on the incom
and outgoing trajectory. The times spent in the ion/surf
interaction region are distinctly different for high and lo
work function surfaces, considering the shift of the affin
level due to the image force and the location of the Fe
level. Recent experimental results of light ions scattered
Al ~110! and K/Pd~110! indicate that calculated bulk friction
coefficients cannot be used to explain the observed en
losses and that the friction of light ion is different at th
surface and in the bulk.49

The width of the hydrogen affinity level is at most 1.3 e
between 0.4 and 1.25 Å from the surface image plane, in
case of one monolayer of barium-covered surface.29 Apply-
ing Heisenberg’s uncertainty relationship, we obtain a ty
cal transition ratew of 231014 s21. The velocity of an hy-
drogen particle ofE5700 eV is v53.731015 Å s21. For
particles leaving low work-function surfaces, the affini
level will be resonant with the conduction band longer,
lowing for more transitions and hence more friction, than
particles leaving a high work-function surface, at the sa
v' . However, more experiments and analysis are neces
to verify this conclusion.

B. Surface structure analysis: Location of the barium atoms

The azimuthal scans and angular distributions of H2 scat-
tered from clean Ag~111! and one monolayer of barium
n
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covered Ag~111! appear identical. Only the yield of negativ
ions as a function of outgoing angle is different, which w
attribute to different angular dependencies of negative
formation. The scattering data, together with the class
trajectory calculations strongly suggest that the barium ato
occupy threefold hollow sites of the Ag~111! lattice. The
classical trajectory calculations indicate that if the bariu
atoms are located at positions other than the fcc three
hollow sites, the angular distributions would look drama
cally different. Previous studies on the adsorption of bari
on Ag~111! suggest the formation of a complete monolay
with a density of 0.6131015 particles/cm2, after which a
rather open overlayer is formed by Poisson growth.14 The
results in the current paper indicate that threefold holl
~fcc! sites are occupied. The density of the barium overla
is lower than that of the Ag substrate layer as was indica
by previously obtained MEIS results.14 This was attributed to
the larger size of the barium atoms. However, we cannot g
the long-range order of the barium overlayer because we
not sensitive to that. Epitaxial growth with vacancies to a
commodate the large adsorbate atoms has also been foun
Lamble and King.50 They studied the adsorption of Cs o
Ag~111! with extended x-ray-absorption fine structure a
found a very open structure with all the Cs atoms sitting
the threefold hollow sites. Perhaps a structural study us
another structure sensitive technique will shed more light
the long-range order of the barium overlayer.

Using the detection of backscattered negative hydro
ions in ion beam crystallography studies with low-ener
protons incident on metal surfaces, appreciable depth in
mation can be obtained. In this paper we have demonstr
that we can distinguish ions coming from the second la
and ions coming from the fourth and even the fifth laye
With the detection of backscattered positive ions this is
possible in the low incident energy regime, because of
tensive neutralization of the ions when penetration into
solid occurs. This depth information can be achieved
LEIS, when backscattered neutrals are detected. Howeve
the case of negative ions (H2) an electrostatic analyzer ca
be used and, hence, energy analysis on the backscattered
can be performed; elemental specific information can be
tained. Especially in conjunction with ‘‘conventional’’ LEIS
using He1 or Ne1, the detection of negatively charged h
drogen ions gives additional information concerning t
structures of overlayers deposited onto metal surfaces.

VI. SUMMARY AND CONCLUSIONS

In the scattering of H1 from a clean and one monolayer o
barium-covered Ag~111! surface, reflection from deeper lay
ers is observed. The backscattered negative and neutra
drogen particles show the same angular and azimuthal
pendencies. The differences in the angular behavior
explained with a difference in negative ion formation as
function of outgoing angle. The final charge state of the p
ticles is determined on exiting the surface layer. The ene
distributions of the negative ions indicate a large penetra
depth along the crystal channels. Classical trajectory ca
lations reproduce the qualitative features of the angular
tributions of the neutral and negative particles and an ass
ment of the trajectories has been made. The extrapol
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HFS/LCAO ~linear combination of atomic orbitals! Ag-H
pair potential used in these calculations describes the in
action very well. For the scattering conditions used in t
study, the interaction between the H atom and Ag atoms
be considered a sequence of binary collisions. The~elec-
tronic! stopping inside the Ag solid is at least one or tw
orders of magnitude smaller~,0.3 eV/Å at E5700 eV!
than the values found in literature.

The energy losses of the detected H2 in scattering from a
clean Ag~111! surface are accounted for by the binary col
sion formula. In scattering from a Ba/Ag~111! surface, addi-
tional inelastic energy losses of the scattered ions are
served, which are due to the lowering of the work functi
and/or an increase of the electron density near the Fe
level. The negative ion fraction in the Ag case decrease
smaller outgoing angles than in the Ba/Ag case. The h
work function of the Ag~111! surface allows for more time
for the negative ion to donate back its electron for a simi
v' . No trajectory-dependent charge-transfer events h
been observed in scattering from a Ba/Ag~111! surface.

The angular distributions and azimuthal scans do not s
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nificantly change with covering the Ag~111! surface with
one monolayer of barium. This indicates that the barium
oms must sit in the threefold hollow~fcc! sites of the surface.
The layer must contain vacancies to accommodate the la
barium atoms on the substrate. Appreciable depth inform
tion can be obtained in surface structure analysis studies
the detection of negatively charged low-energy hydrog
ions.
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