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Trajectory straggling and nonlinear effects in the energy loss of surface-channeled ions
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We have performed surface-channeling experiments with He1 ions in the energy range between 0.5 keV and
3.5 keV scattering off a flat Pd~110! surface. The energy-loss spectra are measured by a time-of-flight analysis
at grazing incidence for different surface directions. The shape of the energy-loss spectra is found to depend
strongly on the azimuthal direction. Along axial channeling directions, the energy spectra are broadened and
multipeak structures are found. The analysis of these features allows insight into the inelastic interaction
process with the surface electrons, which is found to depend strongly on the projectiles’ trajectories. Deviations
from a linear dependency of the mean energy loss on the primary energy are observed and partly explained by
the introduced surface-channeling model including the analysis of detailed trajectory calculations. The signifi-
cant broadening of the energy spectra is mainly attributed to trajectory straggling.

DOI: 10.1103/PhysRevB.67.165409 PACS number~s!: 61.85.1p, 34.50.Bw, 34.50.Dy, 79.20.Rf
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I. INTRODUCTION

Recent ion-surface scattering experiments open new
sibilities to investigate the electronic-density profile at s
faces by analyzing the measured energy-loss distributio1

The use of grazing scattering conditions ensures that the
pendicular momentum is low enough to prevent particles
penetrate the first atomic layer. Under these conditions
observes surface planar channeling where the surface ac
a mirror, and mainly reflects the scattered particles spe
larly. As a rough number, theperpendicular energy E'

5E0 sin2c has to be lower than;30 eV to ensure surfac
planar channeling conditions. In grazing surface scatte
experiments the contribution of nuclear energy transfer to
total energy loss of the projectiles is quite small and can
estimated within a simple binary collision model. Therefo
grazing ion-surface scattering is a well-suited technique
investigate electronic energy losses arising from interacti
between the projectiles and the surface electrons.2–5 These
inelastic processes are strongly related to the target elec
density.

The theoretical treatment is complicated by the fact t
surface scattering in general consists of a large numbe
individual scattering processes contributing to the total
ergy loss of the particles. The multitude of elastic collisio
with the target atoms causes a significant trajectory variat
called trajectory straggling. The influence of this contribu
tion on the energy spectra is usually neglected. Additio
spectral broadening features appear when scattering t
place along surface channels, e.g., the^11̄0& direction. Here,
the projectiles are guided by the elastic interaction with
atomic chains. This phenomenon is known asaxial channel-
ing and causes nonplanar trajectories or out-of-plane sca
ing events.6 Additionally, the interaction time with the peri
odic surface potential is essentially increased under a
channeling conditions as, e.g., is used in resonant cohe
excitation experiments.7–9 Under these conditions, higher in
elastic contributions to the total energy loss can be expe
0163-1829/2003/67~16!/165409~10!/$20.00 67 1654
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due to enhanced interactions with the electron gas.6

In this work, we present surface-channeling experime
of He1 ions scattered off a Pd~110! surface under grazing
scattering anglesc with E0 varying between 0.5 keV and 3.
keV. The projectile velocityv is small compared to the
Fermi velocity vF5(3p2n0)1/3. Here,n0 denotes the targe
electron density. For these low particle velocities, plasm
excitations can be neglected. Therefore, the production
electron-hole pairs is proposed to be the main energy-
channel. Theories for the projectile velocities under inve
gation describe the inelastic losses by the friction of a po
charge moving in a free-electron gas.10–13 Here, the elec-
tronic stopping power increases linearly with the project
velocity v.

Surface scattering experiments in the low-energy ra
(v,vF) using flat~111! surfaces are hardly affected by th
electronic surface corrugation.2,14 Consequently, the trajec
tory variation of the projectiles has less influence on
energy-loss distribution and a simple analytical descript
for a kind of ‘‘average’’ trajectory is satisfactory for theore
ical treatment.2 Different dependencies of the energy loss
the particle velocity are found in the literature2,14 following
the relationDE;vq with values forq ranging between 1.7
and 3. These variations of the exponentq are attributed to
different stopping-power values, whereas no influence o
variation of the trajectory length with velocity is considere
The importance of considering trajectory length variatio
depending on scattering parameters such as projectile ve
ity, angle of incidence, and azimuthal direction has be
shown recently for the system N on Pt~110!.1,15 Here, the
observed effects are covered by the strong corrugation of
missing-row reconstructed Pt~110! surface. In the work pre-
sented here we investigate to the best of our knowled
trajectory effects on the energy spectra of ions scattered o
noncorrugated surface including trajectory straggling a
axial channeling contributions. The trajectory influence
well as the stopping power are investigated in dependenc
©2003 The American Physical Society09-1
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the surface direction. The stopping power results are foun
differ slightly from former experiments. In order to compa
the experimental spectra with calculated spectra, we perf
detailed trajectory calculations for the four investigated s
face directions, which give detailed insight into the differe
types and characteristics of surface channeling.

II. THEORETICAL ASPECTS

For the description of the energy loss of charged partic
scattering off metal surfaces we have lately propose
model, which combines trajectory calculations and stopp
characteristics of the target,15 For the system N on Pt~110!,
the model gave good agreement between theory and ex
ment over a wide range of primary energies.1,15 In our cal-
culations, the projectile velocityv is taken as constant durin
the scattering process and nuclear stopping contributions
neglected. Therefore, the energy lossDE is approximated by

DE5
dE

ds
L5SeL, ~1!

wheredE/ds is the inelastic electronic energy loss per u
path length (Se , stopping power! and L is the interaction
length, i.e., the part of the trajectory in which the ion inte
acts efficiently with the valence electrons of the me
surface.16–18The stopping power depends on the particle
locity and on the transport cross sections tr(vF) at the Fermi
level, calculated for electron scattering in the potential
duced by the projectile. Here, this potential is calculated
ing density-functional theory~DFT! for an impurity embed-
ded in an electron gas.10 Taking a free-electron radius for P
of r s51.51 a.u., which is evaluated from the plasmon pe
in electron energy loss19 spectra, the electronic stoppin
power for He interacting with Pd is calculated to

Se
bulk5gbulk v50.743v a.u. ~2!

The parametergbulk characterizes the respectivefriction co-
efficientfor the interaction of the He ions with the Pd ele
trons. The particle velocityv is given in units of theBohr
velocity v0. The trajectory lengthL in Eq. ~1! is computed
from a Monte Carlo code. For determining a trajecto
length from the calculations we define a surface dista
zedge, where the trajectory starts and ends. The param
zedge limits the interaction distance, i.e., the energy loss foz
outsidezedge is estimated to be negligibly small, i.e., a
proximately a few eV.3 For the evaluation we take onl
trajectories within the acceptance angle of the detector
account.

The above discussed procedure is applied to every si
calculated trajectory giving the energy loss for the respec
projectile. By counting the number of projectiles contribu
ing to a certain energy interval@Ea ,Eb# with channel width
Eb2Ea we are able to calculate histogramlike energy spe
and compare these with the experimental spectra.
16540
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III. EXPERIMENT

The experiments are done in a UHV chamber describe
detail elsewhere.20 Here, only a brief overview of the main
experimental features shall be given. The ion beam is p
duced in a plasma ion source. A 90° sector field mag
performs charge and mass selection. The energy is meas
using a pulsed ion beam and a time-of-flight~TOF! system.
The TOF system affords an energy resolutionDE/E0 of
'1023 and has a full width acceptance angle of 1.2°. Fro
other measurements it is known that the detection probab
for light particles such as He is;1 for particle energiesE0
.1 keV. Since we find that more than 99% of the partic
are neutral after the scattering process, we usually do
separate the scattered charge states by using postacceler
All measurements are done in specular reflection geome
i.e., u52c is used. A glancing angle of incidence ofc55° is
used in all cases leading to kinetic energies perpendicula
the surface ofE'53.4 eV–27 eV. These values are still
the range of surface channeling.

The target is mounted on a three-axes manipulator
can be heated by electron bombardment. Surface prepar
of Pd is done by cycles of 2 keV Ne1 sputtering under graz
ing incidence of 8° and consecutive annealing at 300
Surface cleanliness is controlled by ion desorption spect
copy. This technique analyzes the time of flight of the fo
ward sputtered particles to determine the particle mass
cording to the binary collision approximation.21,22 Ion
desorption spectroscopy is sensitive to contaminations in
surface layer~s! of '1%. Analyzing the ion desorption spec
tra after surface preparation, we can exclude any surface
tamination. The orientation of the target is done measur
the scattering intensity in azimuthal scans. This techniq
allows an identification of the different surface directio
within a precision better thanDf51° ~Fig. 1!.

IV. RESULTS

The elastic interaction of the ions with the target ato
strongly influences the scattering distribution. Figure

FIG. 1. Azimuthal scan of 2-keV He on Pd~110!. Intensity vs
azimuthal angle is shown in case of forward scattering geome
Labels indicate the respective surface directions.
9-2



e
are

TRAJECTORY STRAGGLING AND NONLINEAR EFFECTS . . . PHYSICAL REVIEW B 67, 165409 ~2003!
FIG. 2. ~Color! Two-dimensional scattering distributions for the^11̄0&-direction,^111&-direction,^112&-direction, and a random surfac
direction, respectively. Thex axis indicates the direction of the azimuthal angle, they axis corresponds to the scattering angle. Spectra
taken with a position sensitive detector~PSD! for 2-keV He on Pd~110! and a fixed angle of incidence ofc55°. The little spot in the lower
left corner is a detector artifact.
re
a
te

-
-
io
a

oi

bl
n
y
e
by

b
re
tr

.

ce

the
osi-
of
-

tri-

oss
In
the
ge

the
-

he
tral
shows an azimuthal scan, where the different surface di
tions can be identified very precisely by maxima in the sc
tered intensity. A comparison with a spectrum calcula
from the MARLOWE program code23,24 shows reasonable
agreement.25 An overview of the spatial scattering distribu
tions is given by thex-y diagrams in Fig. 2. These two
dimensional scattering distributions are taken with a posit
sensitive detector. The maximum particle count rate w
I max55000 counts/s and, therefore, low enough to av
data processing problems.

The shape of the distributions is clearly distinguisha
for the different azimuthal directions. When scattering alo
a surface channel ahalf-moondistribution is seen, especiall
in case of the^11̄0& surface direction. This indicates th
strong broadening of the projectile trajectory distribution
axial channeling effects. In case ofrandom scattering the
scattering distributions appear less broadened and o
roughly Gaussian distributions in both directions. We
member that only a small part of the whole scattering dis
bution is detected by our small-angle time-of-flight system
16540
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We have taken energy spectra for four different surfa
directions:̂ 11̄0& with f50°, ^111& with f535.3°,^112& with
f554.7°, and arandomdirection~f545°!, respectively. The
differences in the peak shape, the peak broadening, and
mean energy value obtained from the peak maximum p
tion are evident in Fig. 3. The energy distributions in case
scattering along thê11̄0& direction show the largest broad
ening. It is obvious that they consist of at least two con
butions. In the low-energy case (E051460 eV, upper panel!
the peak shapes for therandomand the^112& direction look
very similar: they show small broadening, less energy l
than in the^11̄0& case, and a Gaussian-like distribution.
contrast, the spectrum is more strongly broadened along
^111& direction. The former described characteristics chan
partly in case of higher projectile energies as shown in
lower panel of Fig. 3 forE052646 eV. A second contribu
tion with higher energy loss appears for the^111&, the ^112&,
and therandom direction and is enhanced in case of t
^11̄0& channel. This low-energy tail causes a stronger spec
broadening, which is more evident for the^112& direction
9-3
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A. ROBIN et al. PHYSICAL REVIEW B 67, 165409 ~2003!
than for the random direction. The spectral features a
caused by variations in the trajectory distributions and w
be discussed in detail in Sec. V.

As a word of caution, it should be mentioned that the pe
shape in the experimental spectra strongly changes alr
for small variations of the azimuth.1 This may explain the
relative large variations in the measured mean energy-
values, especially found for scattering along the narr
^111&-channel~see Sec. V B!.

V. DISCUSSION

We performed detailed trajectory calculations solvi
Newton’s equations of motion to understand the features
the measured energy spectra. Summing up the two-body
tentials in a box of 83833 atoms around the actual proje
tile position we obtain the acting force between surface
projectile. As scattering potential we use the screened C
lomb potential of Ziegler, Biersack, and Littmark with th
respective screening length.26 Thermal vibrations are take
into account within the Debye model using a surface De

FIG. 3. Experimental energy distributions for He1 scattered off
Pd~110! along four different surface directions. The primary en
gies areE051461 eV ~a! and E052646 eV ~b!. The spectra are
taken under specular scattering conditions with the angle of i
dence fixed toc55°.
16540
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temperature of 190 K to characterize the vibration amplitu
perpendicular to the surface.27

A. Trajectory straggling

We find specific trajectory distributions for every inves
gated surface direction. In Fig. 4, typical results are sho
for E051460 eV. Only trajectories within the acceptan
angle of our TOF detection system are selected. The four
panels give a side view showing the depth distribution of
projectiles. The right panels give an on-top view allowing t
distinction ofzigzagchanneled particles, referred to as cla
2 trajectories, from thein-row ~class 3! and theon-top~class
1! scattered particles. Similar trajectory results calcula
with different computer codes for different systems and d
ferent surface directions can be found in the literature sh
ing comparable features.3,15,28

In case ofrandomscattering and along thê111& direc-
tion, only one main class of trajectories is found. Here,
axial guiding of the projectiles is low and the particles a
channeled mainlyplanar on-topthe first layer. However, we
find a broadened trajectory distribution in case of the^111&-
direction ~Fig. 4! according to the enhanced broadening
the measured energy spectra found for this direction@Fig.
5~b!#. All in all, the calculated scattering distributions are
reasonable agreement with the experimental distributi
presented in Fig. 2.

Apparently, at least two classes of trajectories exist for
^11̄0& channel. They stem from particles scatteringon-topoff
the first layer atoms~class 1! and from particles guidedin-
row between the surface channels. A closer look lets us
ferentiate the latter in particles scattering with only sm
sidewall interactions~class 3! and particles performing so
calledzigzagtrajectories~class 2!. Thezigzagscattered par-
ticles interact with the channel walls, but do not penetrate
first layer ~cf. Fig. 4, bottom panels!. Due to these three
different contributions, the trajectory straggling is enhanc
causing the strong broadening found in the energy spec
Even if the trajectory calculations may not reproduce
scattered intensities for the different peaks exactly, espec
in case of the deep̂11̄0& channel,1 we are able to reproduc
the basic features of the measured energy spectra includ
significant spectral broadening.

Detailed calculations varying the azimuthal angle with
small steps around thê11̄0&-surface direction show stron
effects in the characteristics of thezigzagtrajectories. Trajec-
tories withzigzagcharacter are also observed in case of
^112& direction. Here, the particles start to penetrate the s
face layer for energiesE0*2 keV following rather long tra-
jectories. Therefore, the broadening of the^112& spectra in
case of higherE0 seems to be caused by those partic
which penetrate the first layer. These penetrating partic
represent an additional class ofzigzag trajectories. In gen-
eral, path length and scattering depth ofzigzagtrajectories
change strongly with small azimuthal variations. Thus t
theoretical description ofzigzagscattered particles is quit
complicated, as could be shown earlier.1 Therefore, we con-
centrate in the following on the evaluation of energy-lo
values for the class 1~present in all directions! and the class
3 trajectories~present only in thê11̄0& direction!.

-

i-
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TRAJECTORY STRAGGLING AND NONLINEAR EFFECTS . . . PHYSICAL REVIEW B 67, 165409 ~2003!
FIG. 4. Calculated trajectories in case ofE051460 eV for the discussed four surface directions. Only particles within the acceptan
the detector are taken into account. Left panels show the depth distribution in a side view, withz giving the distance with respect to th
surface plane. Right panels give an on-top view to distinguish the different trajectory classes as indicated. Additionally, calculated
trajectory lengths and energy losses for the indicatedzedge values are given~cf. text!. Note, the values forzedge are given in atomic units,
the axis scales are in angstrom.
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B. Energy-loss calculations

We investigate first therandomdirection where, accord
ing to the results of Sec. V A, pure planar channeling can
assumed. In a straightforward approach we set the fric
coefficient to the calculated bulk valuegbulk50.743 a.u.
@Eq. ~2!# and adjust the effective interaction range tozedge
.1.5 a.u. This procedure has been successfully applie
former studies for the interaction of N with Pt.15 But in case
of He on Pd the agreement between theory and experime
not satisfactory. Generally, speaking, usinggbulk we find that
the calculated energy-loss values increase stronger withE0
than found in the experiment. Therefore, we use a redu
stopping power. Good agreement with the experiment is
tained withg50.6833gbulk resulting inzedge 5 1.8 a.u. as
interaction distance@cf. Fig. 6~a!#. The interaction distance
of 1.8 a.u. used in the theoretical model corresponds
'70% of the interplanar distance between the Pd lay
Therefore, the obtained interaction distance slightly exce
the jellium edge which is defined as half the interplanar d
tance. But it is smaller than found for planar channeling o
on Pt, where an effective interaction zone ofzedge

Pt 52.6 a.u.
leads to satisfactory results for keV up to MeV io
16540
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energies.1,15 The adjusted stopping power for the syste
He-Pd is;30% lower than calculated from DFT and a
proximately by a factor of 3 smaller than the stopping pow
obtained for the system N-Pt. The observed deviations fr
the results for N on Pt are attributed to both, differe
electron-density distributions at the surfaces as well as
different electronic properties of the projectiles. From ma
experimental and theoretical work it is known that the sto
ping power oscillates with the atomic numberZ1 of the
projectile.10,18,29,30One finds that the stopping power reach
maximum for values ofZ1 between 5 and 8. TheZ1 oscilla-
tions are to a wide extent responsible for the large stopp
power difference between He and N and support our emp
cal estimation forgHe→Pd. The smallerzedgevalue in case of
Pd is probably due to the higher electron density compa
to Pt @r s

Pd51.51 a.u. vsr s
Pt 51.63 a.u.]~Ref. 15!. A higher

bulk electron density causes a steeper decrease of the
tron density in the region of the jellium edge. The relati
electron density for surface distances exceeding the jell
edge is therefore lower31–33 in case of Pd, and the effectiv
interaction zone is reduced.

The parameters used for therandomdirection give rea-
sonable results for thê111&-direction, too. Good agreemen
9-5
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A. ROBIN et al. PHYSICAL REVIEW B 67, 165409 ~2003!
is achieved for energies down toE05750 eV, as shown in
Fig. 6~b!. A further lowering ofE0 causes the model to fail
This is intrinsic to the model since a minimum perpendicu
momentum is needed allowing the particles to penetrate
interaction zone, which is defined byzedge. However, for
energiesE0.2500 eV the theoretical model overestimat
the experimental energy-loss values. We suggest the foll
ing aspects to be responsible for this behavior:

~i! Since thê 111& channel is relatively narrow, we migh
not hit the channel exactly in all cases. In that case, we
expect lowered experimental energy losses, which are c
parable with the values found for therandomdirection. With
this assumption we can also explain the relatively la
variation of the experimental losses in contrast to the res
for other directions.

~ii ! The trajectory calculations show particles penetrat
the first layer in case of higher primary energies. The con
bution of these particles may be overestimated by the ca
lations because surface structure effects like steps preven
projectiles from following these trajectories.

~iii ! As shown in Fig. 4, the trajectory distribution
broadened compared to therandom case. Due to this en
hanced trajectory straggling, the experimental increase of

FIG. 5. Comparison of experimental and calculated energy
tributions for therandom ~a! and the^111& direction ~b!, respec-
tively. The primary energy is taken as 1460 eV in all cases. For
theoretical calculationszedge51.8 a.u. andg50.508 a.u. are used
16540
r
e

-

n
-

e
ts

g
i-
u-
the

he

spectral width is caused@Fig. 5~b!#. This effect enhances a
well the statistical uncertainty in our theoretical model.

Summarizing the results obtained for the^111&-surface
channel, we find that our model gives reasonable agreem
with the experiment. Small deviations are due to traject
variations in and close by the channel.

The results for thê112& direction are somehow different
The measured energy losses for the^112& direction lie in
between the ones for therandomdirection and the ones fo
the ^111& channel@Fig. 6~c!#. The peak shape for energies u
to 2000 eV corresponds to the one for therandomdirection,
i.e., we can in principle assume planar surface channeling
most of the scattered particles. This assumption is suppo
by the trajectories of the particles showing only a sm
length and depth variation. But in principle, we deal alrea
at low energies with two trajectory classes, theon-topscat-
tered ions, which result in the main contribution of the e
ergy spectra, and the ions with higher energy losses wh
travel in-row the channels. Expanding the interaction zo
for the on-topchanneled particles tozedge52.2 a.u., we get
an excellent agreement with the experimental data. T
modification of thezedge value accounts for the differen
channel characteristics. The distance between next-neig
atoms inside the atomic string of the^112& channel is smaller
by a factor ofA2 compared to thê111& direction. This en-
hances the surface potential along the^112& direction and
causes the trajectory turning points of the nonpenetrating
top scattered particles to be further away from the surf
than in case of thê111& channels~cf. Fig. 4!. Additionally,
as known from low-energy ion spectroscopy,^112& channels
are broader than̂111& channels,34 causing an enhanced dep
spreading of the trajectories, and allowing the particles
penetrate the surface more easily. As a result, we obs
more and more particles penetrating the surface layer w
increasing the primary energy above a certain threshold
'2 keV, corresponding toE'.15 eV. But, these particles
do not contribute to the main peak in the energy spectr
and are therefore neglected in the calculations shown in
6~c!. Here, only theon-top scattered particles~class 1! are
included.

The results for scattering along the^11̄0& direction @Fig.
6~d!# are strongly influenced by the enhanced surface co
gation present for this channel. The surface corrugat
causes a splitting of the trajectories in different classes w
different scattering characteristics~Fig. 4, bottom panels!. A
detailed discussion of these effects follows in Sec. V
Summarizing our energy-loss results at this point we fi
that our model calculations describe the dependency on
primary energy reasonably for the discussed surface di
tions. The theoretical predictions for the stopping pow
which are based on the model of a point charge perturbin
free-electron gas, and thus neglecting the spatial electron
tribution of the projectile and at the surface, lead to sm
but significant deviations from the experiment.

C. Energy broadening

Penetration of particles through the surface layer
creases significantly the energy loss. Therefore, surface

s-

e
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TRAJECTORY STRAGGLING AND NONLINEAR EFFECTS . . . PHYSICAL REVIEW B 67, 165409 ~2003!
FIG. 6. Comparison of experimental and theoretical mean energy losses for four different surface directions@~a!–~d!# in case ofc55°
andu510°. In case of thê11̄0& direction, the theoretical values are evaluated for two different parameter sets (Se ,zedge), and the energy
losses are calculated separately foron-topand in-row channeled particles, respectively.
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etration of parts of the projectiles results in enhanced ene
broadening. In case of thê11̄0& channel we observe lon
in-row trajectories from very low projectile energies on~Fig.
4, lowest panels!. Thesein-row and zigzagchanneled par-
ticles follow all hyperboliclike curves in thex-z plane, and
their path lengths exceed the one foron-top channeled par-
ticles by a factor of 2 or 3. Consequently, these particles
suffer enlarged energy losses leading to the observed
energy shoulder and to a significant broadening in the ene
spectra~see Fig. 3!.

For the^112& direction, penetration is observed for high
energies only because the^112&-channel width restricts pen
etration through the first layer to higher projectile velocitie
corresponding to perpendicular energiesE' which exceed
;15 eV. The penetrating projectiles interact strongly with t
channel sidewalls and are guided a long path beneath the
surface layer~Fig. 7!. However, no sideward change of th
surface channel is observed. The penetrating particles
form hyper-channeling with many sidewall reflections. The
hyperchanneled particles define a new class of trajecto
following ‘‘special’’ zigzag trajectories~see Fig. 7!. These
particles pass a subsurface channel over large distances
an approximately constantz value and relatively large impac
parameters. Path lengths can exceed the one foron-topchan-
neled particles by a factor of 5 or 6. For these subsurf
channeled particles an accurate theoretical prediction of
16540
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energy loss is difficult to obtain. A complete energy distrib
tion calculated for slow~1.4 keV! ions scattering along the
^112& channel is given in Fig. 8~a! and compared with the
experiment. It shows good agreement using two sets

FIG. 7. Side and top view of trajectories calculated for 2.45-k
He ions scattering along the^112& channel. Trajectories penetratin
the surface layer and performing hyperchanneling are show
position y.61 Å in the lower panel. The short trajectories aty
.0 Å and y.22 Å result from scattering off the ridge surfac
atoms.
9-7



.
x

en
ca
en
th
ry
on
to
a
le
g

ea

.
el,
hat

-
ers

of
od

p-
we

ner-
i-
lcu-

y

, but
er

g.
pli-
ll

the

the
ant

the

ved

rib-

y of
ten-

d-

n-
to-

jec-

gy-
ency

of

di

se
al

A. ROBIN et al. PHYSICAL REVIEW B 67, 165409 ~2003!
model parameters (g, zedge) for the two trajectory classes
For the projectiles following the class 1 trajectories we e
tend the interaction zone tozedge,152.2 a.u.~Fig. 4!. For the
class 2 trajectories we choosezedge,251.3 a.u. as interaction
zone. The friction coefficient staysg50.508 a.u. for both
classes. With these parameters, even the energy broad
is well reproduced indicating a nice agreement between
culated and experimentally found intensities for the differ
trajectory classes. From this result we conclude that
contribution from different particle trajectories has a ve
important effect on the broadening of the energy distributi
We find that the energy broadening caused by trajec
straggling is of the order of 30 eV–40 eV, and therefore h
the same order of magnitude as the broadening due to e
tronic straggling, e.g., originating from charge-exchan
processes.3

D. Surface corrugation

From the experimental spectra, we evaluate both m
peak positions observed in case of the^11̄0& channel, and we
plot them againstE0 as shown in Fig. 6~d!. Roughly speak-
ing, in-row channeling~low-energy peak! results in double

FIG. 8. Comparison of experimental and calculated energy
tributions for the^112& direction ~a! and the^11̄0& direction ~b!,
respectively. The primary energy is taken as 1460 eV in all ca
Labels indicate the respective model parameters used in the c
lation.
16540
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the energy loss ason-topandrandom, i.e., planar scattering
To describe both contributions within our theoretical mod
we replace the planar by a corrugated surface similar to w
has been done in case of N on Pt.1 Threezedge values corre-

sponding to the three trajectory classes are introduced.zedge,1
11̄0

describes the interaction zone of theon-top particles, the
second parameter atzedge,2

11̄0 51.3 a.u. separates the longzig-
zag trajectories from the deeper penetratingin-row particles,
described byzedge,3

11̄0 . However, it turns out that a straightfor
ward determination of proper values for the paramet
g, zedge,1

11̄0 , andzedge,3
11̄0 is difficult.

Figure 6~d! shows the results for two different sets
parameters fitting the experimental values within a go
agreement. Increasing the interaction zone foron-top chan-
neled particles tozedge,1

11̄0 52.6 a.u. and forin-row channeled

particles tozedge,3
11̄0 50.6 a.u while applying the reduced sto

ping power value as used for the other surface directions,
are able us to evaluate energy-loss values for primary e
gies down toE0 5 750 eV. The agreement with the exper
mental values is reasonable, though the slopes of both ca
lated graphs~for the on-top and the in-row contribution,
respectively! are slightly weaker than in the experiment. B
increasing the stopping-power value up toSe

bulk we get a
better agreement with respect to the slope of the graphs
we have to adapt the interaction zone by using low
zedge-values, i.e., 2.2 a.u. for theon-top trajectories and 0.2
a.u. for the in-row scattered particles as indicated in Fi
6~d!. The latter set of parameters, however, limits the ap
cability of the model to perpendicular energies which fulfi
E' * 10 eV, corresponding toE0 *1.3 keV in case of
c55°.

We compare the calculated energy distributions with
experimental spectra in Fig. 8~b! for E051460 eV. The ex-
perimentally observed broadening is much larger than
calculated one. This effect might be caused by a signific
overestimation of the intensity for thein-row scattered par-
ticles in the calculations. In fact, the experiment shows
on-topcontribution to dominate.

A comparison of the experimental peak shapes obser
for the ^11̄0&-surface direction with the one found for1 N on
Pt shows a clear change in the intensities of the two cont
uting peaks, which are attributed to theon-top and in-row
scattered particles, respectively. For He on Pd the intensit
theon-topscattered particles seems to exceed over the in
sity of the in-row trajectories. For N on Pt~110!, however, it
was found to be vice versa. As an explanation for this fin
ing, we remind the reader that Pt~110! forms a~132! surface
reconstruction, the so-calledmissing-rowsurface structure.35

That means, every second atomic chain along the^11̄0& di-
rection is missing in the surface layer resulting in an e
hanced electronic corrugation. The probability for trajec
ries to scatter along these deepin-row channels is
considerably higher than for the Pd surface and the pro
tiles can easily penetrate the first layer.

E. Nonlinear effects

As can be concluded from Fig. 6 the presented ener
loss measurements do not show a straight linear depend
of the mean energy loss with the primary energy. In case

s-

s.
cu-
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the ^112&-direction, an energy-dependent slope for the
crease of the energy loss withE0 is evident from the experi-
ment. This may be assumed for the^11̄0& and the^111& di-
rection as well, even though the experimental uncertain
are higher in these cases.

From the results of the trajectory calculations we find t
the increase of the average trajectory length withE0 is not
linear, but depends strongly on the projectile energy and
surface direction. The increase of the average trajec
length with primary energy basically gets smaller if the p
pendicular energy exceeds 10 eV–12 eV. This observa
explains the experimentally found deviation from a line
dependency of the energy loss on the particle energy~see
Fig. 6!. Furthermore, the observed trajectory straggling
fects significantly the mean energy loss. This strong in
ence of the trajectory straggling on the energy spectra has
been reported up to now. Usually, it is assumed that e
tronic effects such as charge exchange and plasmon ex
tion mainly cause the spectral energy broadening.

Another deviation from linearity is found for all surfac
directions under investigation, namely, a minimum ener
loss value ofDE2;10 eV for E0 between 450 eV and 75
eV, which seems not to decrease further. This is in contras
the predictions of the linear theory.10–12 Therefore, an addi-
tional energy loss channel with a different stopping dep
dency is supposedly active in case of low projectile velo
ties and small values ofE' . Stölzle and Pfandzelter discus
such an intercept in the energy loss of protons scattering
a graphite surface with medium primary energies.36 They
find DE25DE2(E') and attributeDE2 to charge-exchange
processes during the interaction, even if the outgoing cha
state is neutral. Indeed, according to the binary collis
model the nuclear losses are much too small to explain
effect, since they are of the order of<1 eV. The same holds
for the experimental uncertainties caused by calibration
rors, which are expected not to exceed the order of 5
Therefore,DE2 cannot be completely explained by one
those effects.

For a more accurate description, contributions from ot
effects such as the image potential37 and far distance effect
of the Coulombinteraction3 have to be included, which ca
affect the energy loss additionally by a few eV. We assu
that the measured intercept is caused by the sum of all
In
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aforementioned effects resulting in a significant experimen
deviation from the linear dependency in case of very sm
projectile velocities.

VI. CONCLUSION

We investigated the energy-loss dependency onE0 for
different azimuthal directions in case of singly charged
ions scattering off Pd~110!. Looking in detail, we find devia-
tions from the well-known linear dependency. These dev
tions can be basically explained by results from traject
calculations. In fact, axial channeling effects play a ma
role for the ^11̄0& channel. Here, first layer penetration
already observed for low energies and in additionzigzagtra-
jectories lead to an enhanced broadening of the spectra.
less strict sense, these results hold as well for the hyperc
neled particles found in case of the^112& channel when using
perpendicular energiesE'*15 eV. ForE',15 eV the axial
channeling effects are comparatively small for all chann
except for thê 11̄0& channel. In general, we find the energ
spectra significantly broadened due to trajectory stragg
effects, especially in case of the^111& direction.

We applied the introduced energy-loss model successf
to all azimuthal directions under investigation with the lim
tation thatE'*5 –6 eV has to be fulfilled. The stopping
power values used in the model are reasonable, since
are between 70% and 100% of the theoretical value ca
lated for the He-Pd system. We assume that deviations f
the theoretical stopping-power values are related to the
jectile size as well as to different screening characterist
e.g., compared to nitrogen, having an influence on b
model parameters, the friction coefficientg as well as the
depth of the interaction zone represented byzedge.
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3A. Närmann, W. Heiland, R. Monreal, F. Flores, and P.M. Ec
enique, Phys. Rev. B44, 2003~1991!.
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