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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 idas in the energy range between 0.5 keV and
3.5 keV scattering off a flat R#i10) 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.
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I. INTRODUCTION due to enhanced interactions with the electron®as.
In this work, we present surface-channeling experiments
Recent ion-surface scattering experiments open new po®sf He" ions scattered off a R#10) surface under grazing
sibilities to investigate the electronic-density profile at sur-scattering angleg with Eq varying between 0.5 keV and 3.5
faces by analyzing the measured energy-loss distributionskeV. The projectile velocityv is small compared to the
The use of grazing scattering conditions ensures that the peFermi velocity ve= (372ny) 2. Here,n, denotes the target
pendicular momentum is low enough to prevent particles talectron density. For these low particle velocities, plasmon
penetrate the first atomic layer. Under these conditions ongxcitations can be neglected. Therefore, the production of
obse_rves surface _planar channeling where the Sl_Jrface acts @actron-hole pairs is proposed to be the main energy-loss
a mirror, and mainly reflects the scattered particles specushannel. Theories for the projectile velocities under investi-
larly. As a rough number, thgerpendicularenergy E,  gation describe the inelastic losses by the friction of a point
=E, sirfy has to be lower than-30 eV to ensure surface charge moving in a free-electron g¥s!3 Here, the elec-

planar channeling conditions. In grazing surface scattering,nic stopping power increases linearly with the projectile
experiments the contribution of nuclear energy transfer to th?/elocity v

total energy loss of the projectiles is quite small and can be Surface scattering experiments in the low-energy range

estimated within a simple binary collision model. Thereforegv<vF) using flat(111) surfaces are hardly affected by the

grazing ion-surface scattering is a well-suited technique t lectroni f NEEPIRS tlv. the trai
investigate electronic energy losses arising from interaction§'€ctronic surtace corrugation.” L.onsequently, the trajec-

between the projectiles and the surface electfohghese [OFY variation of the projectiles has less influence on the
inelastic processes are strongly related to the target electrgi'€rgy-loss distribution and a simple analytical description
density. for a kind of “avgrage” trajectory |s_sat|sfactory for theoret-
The theoretical treatment is complicated by the fact thaical treatment. Different dependencies of the energy loss on
surface scattering in general consists of a large number dhe particle velocity are found in the literatdré following
individual scattering processes contributing to the total enthe relationAE~v9 with values forq ranging between 1.7
ergy loss of the particles. The multitude of elastic collisionsand 3. These variations of the exponepare attributed to
with the target atoms causes a significant trajectory variatiordifferent stopping-power values, whereas no influence of a
called trajectory straggling The influence of this contribu- variation of the trajectory length with velocity is considered.
tion on the energy spectra is usually neglected. Additionallhe importance of considering trajectory length variations
spectral broadening features appear_when scattering takdepending on scattering parameters such as projectile veloc-
place along surface channels, e.g., ¢th#0) direction. Here, ity, angle of incidence, and azimuthal direction has been
the projectiles are guided by the elastic interaction with theshown recently for the system N on(Pt0).1'*> Here, the
atomic chains. This phenomenon is knownaagl channel-  observed effects are covered by the strong corrugation of the
ing and causes nonplanar trajectories or out-of-plane scattemissing-row reconstructed @10) surface. In the work pre-
ing event$ Additionally, the interaction time with the peri- sented here we investigate to the best of our knowledge,
odic surface potential is essentially increased under axidrajectory effects on the energy spectra of ions scattered off a
channeling conditions as, e.g., is used in resonant coherenbncorrugated surface including trajectory straggling and
excitation experiments:® Under these conditions, higher in- axial channeling contributions. The trajectory influence as
elastic contributions to the total energy loss can be expectedell as the stopping power are investigated in dependence of
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the surface direction. The stopping power results are found tc | 2kev He' on Paci10)
differ slightly from former experiments. In order to compare <110>
the experimental spectra with calculated spectra, we perforn ' @2
detailed trajectory calculations for the four investigated sur- 1 5
face directions, which give detailed insight into the different
types and characteristics of surface channeling.
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Il. THEORETICAL ASPECTS

rel. intensities [arb. units]
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For the description of the energy loss of charged particles 7
scattering off metal surfaces we have lately proposed e
model, which combines trajectory calculations and stopping
characteristics of the targ&t,For the system N on Pt10), o 2 o v 3 s e 5 e
the model gave good agreement between theory and exper azimuthal angle ¢ [deg]

ment over a wide range of primary energtés.In our cal-

culations, the projectile velocity is taken as constant during ~ FIG. 1. Azimuthal scan of 2-keV He on P.0. Intensity vs
the scattering process and nuclear stopping contributions afgimuthal angle is shown in case of forward scattering geometry.

neglected. Therefore, the energy lasg is approximated by Labels indicate the respective surface directions.

0.6

IIl. EXPERIMENT

dE
AE=— L=S.L, (1) The experiments are done in a UHV chamber described in

ds detail elsewheré® Here, only a brief overview of the main
experimental features shall be given. The ion beam is pro-
wheredE/ds is the inelastic electronic energy loss per unitduced in a plasma ion source. A 90° sector field magnet
path length &., stopping powerand L is the interaction performs charge and mass selection. The energy is measured
length, i.e., the part of the trajectory in which the ion inter- using a pulsed ion beam and a time-of-fligliitOF) system.
acts efficiently with the valence electrons of the metalThe TOF system affords an energy resolutiai/E, of
surfacet® *¥The stopping power depends on the particle ve-~10"2 and has a full width acceptance angle of 1.2°. From
locity and on the transport cross sectiep(vg) at the Fermi  other measurements it is known that the detection probability
level, calculated for electron scattering in the potential in-for light particles such as He is'1 for particle energieg,
duced by the projectile. Here, this potential is calculated us>1 keV. Since we find that more than 99% of the particles
ing density-functional theoryDFT) for an impurity embed- are neutral after the scattering process, we usually do not
ded in an electron gd8.Taking a free-electron radius for Pd separate the scattered charge states by using postacceleration.
of r¢=1.51 a.u., which is evaluated from the plasmon pealAll measurements are done in specular reflection geometry,
in electron energy lod8 spectra, the electronic stopping i.e., 6=2¢ is used. A glancing angle of incidence ¢£5° is
power for He interacting with Pd is calculated to used in all cases leading to kinetic energies perpendicular to
the surface o, =3.4 eV-27 eV. These values are still in
bulk_ _bulk . _ the range of surface channeling.
Se =y Tv=0.743 au. ) The target is mounted on a three-axes manipulator and
can be heated by electron bombardment. Surface preparation

The parameter® 'k characterizes the respectifriction co- ~ Of Pd is done by cycles of 2 keV Nesputtering under graz-
efficientfor the interaction of the He ions with the Pd elec- INg incidence of 8° and consecutive annealing at 300 °C.
trons. The particle velocity is given in units of theBohr Surface cleanliness is controlled by ion desorption spectros-
velocity v,. The trajectory length. in Eq. (1) is computed ~ COPY- This techmqug analyzes the time of fl|gh_t of the for-
from a Monte Carlo code. For determining a trajectoryward sputtered particles to determine the particle mass ac-
length from the calculations we define a surface distanc€0rding to the binary collision apprommat@h._ lon
Zeages Where the trajectory starts and ends. The parameté}esorptlon spectroscopy is sensitive to contaminations in the
Zeqqelimits the interaction distance, i.e., the energy losszfor Surface layets) of ~1%. Analyzing the ion desorption spec-
outside zgqe is estimated to be negligibly small, i.e., ap- tra gfter. surface prgparayon, we can exclulde any surface con-
proximatel)% a few eV For the evaluation we take only tamination. The orientation of the target is done measuring
trajectories within the acceptance angle of the detector intd'€ Scattering intensity in azimuthal scans. This technique
account. allows an identification of the different surface directions
The above discussed procedure is applied to every singl@ithin a precision better thaa$=1° (Fig. 1).
calculated trajectory giving the energy loss for the respective
projectile. By counting the number of projectiles contribut-
ing to a certain energy interv@E, ,E,] with channel width
E,— E, we are able to calculate histogramlike energy spectra The elastic interaction of the ions with the target atoms
and compare these with the experimental spectra. strongly influences the scattering distribution. Figure 1

IV. RESULTS
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FIG. 2. (Colorn Two-dimensional scattering distributions for tfEl0)-direction, (111)-direction,(112)-direction, and a random surface
direction, respectively. The axis indicates the direction of the azimuthal angle, yttexis corresponds to the scattering angle. Spectra are
taken with a position sensitive detect®SD) for 2-keV He on P¢110) and a fixed angle of incidence @=5°. The little spot in the lower
left corner is a detector artifact.

shows an azimuthal scan, where the different surface direc- We have_taken energy spectra for four different surface
tions can be identified very precisely by maxima in the scatdirections:(110) with ¢=0°, (111) with ¢»=35.3°,(112 with
tered intensity. A comparison with a spectrum calculated$=54.7°, and aandomdirection(¢$=45°), respectively. The
from the MARLOWE program cod&?* shows reasonable differences in the peak shape, the peak broadening, and the
agreement> An overview of the spatial scattering distribu- mean energy value obtained from the peak maximum posi-
tions is given by thex-y diagrams in Fig. 2. These two- tion are evident in Fig. 3. The energy distributions in case of
dimensional scattering distributions are taken with a positiorscattering along th¢110) direction show the largest broad-
sensitive detector. The maximum particle count rate wagning. It is obvious that they consist of at least two contri-
I max=5000 counts/s and, therefore, low enough to avoidbutions. In the low-energy cas&{= 1460 eV, upper pangl
data processing problems. the peak shapes for thandomand the(112) direction look

The shape of the distributions is clearly distinguishablevery similar: they show small broadening, less energy loss
for the different azimuthal directions. When scattering alongthan in the(110) case, and a Gaussian-like distribution. In
a surface channellzalf-moondistribution is seen, especially contrast, the spectrum is more strongly broadened along the
in case of the(110) surface direction. This indicates the (111) direction. The former described characteristics change
strong broadening of the projectile trajectory distribution bypartly in case of higher projectile energies as shown in the
axial channeling effects. In case oindom scattering the lower panel of Fig. 3 folE,=2646 eV. A second contribu-
scattering distributions appear less broadened and obdion with higher energy loss appears for #14.1), the (112,
roughly Gaussian distributions in both directions. We re-and therandom direction and is enhanced in case of the
member that only a small part of the whole scattering distri<110) channel. This low-energy tail causes a stronger spectral
bution is detected by our small-angle time-of-flight system. broadening, which is more evident for tH&12) direction
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temperature of 190 K to characterize the vibration amplitude
perpendicular to the surfaéé.

A. Trajectory straggling

We find specific trajectory distributions for every investi-
gated surface direction. In Fig. 4, typical results are shown
for Eq=1460 eV. Only trajectories within the acceptance
angle of our TOF detection system are selected. The four left
panels give a side view showing the depth distribution of the
projectiles. The right panels give an on-top view allowing the
distinction ofzigzagchanneled particles, referred to as class
2 trajectories, from than-row (class 3 and theon-top(class
1) scattered particles. Similar trajectory results calculated
with different computer codes for different systems and dif-
ferent surface directions can be found in the literature show-
ing comparable featurés:>28

101" —— primary beam .“"'-.-_gﬁ‘:ﬁg (b) In case ofrandom scattering and along th€l11) direc-
= 110 . e tion, only one main class of trajectories is found. Here, the
=08l o H; . o fo a;]dal gLfidding of Ithle projectileshis F)w Iand th: particles are
= . o channeled mainlplanar on-topthe first layer. However, we
; v random _-' oa g XO find a broadened trajectory distribution in case of ¢h&l)-
8, 0.6 - ogA v ¢ direction (Fig. 4) according to the enhanced broadening in
3 " Lo v o the measured energy spectra found for this directieig.
"§ o4 _.' O 5(b)]. Allbiln all, the calculatler(]j sr::attering _distriblIJtigps .zz)re_in
8 04 - oo” & v reasonable agreement with the experimental distributions
= - oooOOO o ; presented in Fig. 2.
£ 02l _." 00 aPA vav o _Apparently, at least two classes of trajectories exist for the
B ol ﬁo (110) channel. They stem from particles scatteramgtopoff
po20%° AAAAA@@ 7 ﬁe the first layer atomsclass 1 and from particles guideth-
20 “2?63"“245 PP Py v ——— Oﬁ@%;o row bgtween the surface ch_annels. A clgser Ipok lets us dif-
energy [eV] ferentiate the latter in particles scattering with only small

sidewall interactiongclass 3 and particles performing so-
FIG. 3. Experimental energy distributions for Hecattered off ~ Calledzigzagtrajectories(class 2. The zigzagscattered par-
Pd(110) along four different surface directions. The primary ener-ticles interact with the channel walls, but do not penetrate the
gies areE,=1461 eV (a) and E,=2646 eV (b). The spectra are first layer (cf. Fig. 4, bottom panejs Due to these three
taken under specular scattering conditions with the angle of incidifferent contributions, the trajectory straggling is enhanced
dence fixed tay=5°. causing the strong broadening found in the energy spectra.
Even if the trajectory calculations may not reproduce the
than for therandom direction. The spectral features are scattered intensities for the different peaks exactly, especially
caused by variations in the trajectory distributions and willin case of the deefl10) channef we are able to reproduce
be discussed in detail in Sec. V. the basic features of the measured energy spectra including a
As a word of caution, it should be mentioned that the peaksignificant spectral broadening.
shape in the experimental spectra strongly changes already Detailed calculations varying the azimuthal angle within
for small variations of the azimuthThis may explain the small steps around th€l 10)-surface direction show strong
relative large variations in the measured mean energy-losaffects in the characteristics of th@zagtrajectories. Trajec-
values, especially found for scattering along the narrowtories withzigzagcharacter are also observed in case of the
(111-channel(see Sec. V B (112 direction. Here, the particles start to penetrate the sur-
face layer for energie,=2 keV following rather long tra-
jectories. Therefore, the broadening of #id2) spectra in
case of higherE, seems to be caused by those particles
We performed detailed trajectory calculations solvingwhich penetrate the first layer. These penetrating particles
Newton’s equations of motion to understand the features ofepresent an additional class rpifjzagtrajectories. In gen-
the measured energy spectra. Summing up the two-body peral, path length and scattering depthzidzagtrajectories
tentials in a box of &8x3 atoms around the actual projec- change strongly with small azimuthal variations. Thus the
tile position we obtain the acting force between surface andheoretical description ofigzagscattered particles is quite
projectile. As scattering potential we use the screened Cowomplicated, as could be shown earfi@terefore, we con-
lomb potential of Ziegler, Biersack, and Littmark with the centrate in the following on the evaluation of energy-loss
respective screening length Thermal vibrations are taken values for the class (present in all directionsand the class
into account within the Debye model using a surface Debye trajectoriegpresent only in th€110) direction.

V. DISCUSSION
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FIG. 4. Calculated trajectories in casekyf= 1460 eV for the discussed four surface directions. Only particles within the acceptance of
the detector are taken into account. Left panels show the depth distribution in a side view,giithg the distance with respect to the
surface plane. Right panels give an on-top view to distinguish the different trajectory classes as indicated. Additionally, calculated average
trajectory lengths and energy losses for the indicatgg. values are givercf. texy. Note, the values foz.q4c are given in atomic units,
the axis scales are in angstrom.

B. Energy-loss calculations energies:®® The adjusted stopping power for the system

We investigate first theandomdirection where, accord- He-Pd is~30% lower than calculated from DFT and ap-

. ; roximately by a factor of 3 smaller than the stopping power
ing to the results of Sec. V A, pure planar channeling can H&"OX! _ L
assumed. In a straightforward approach we set the frictio btained for the system N-Pt. The observed deviations from

coefficient to the calculated bulk valug™k=0.743 a.u. the results for N on Pt are attributed to both, different

Eq. (2 d ad he effective | . electron-density distributions at the surfaces as well as to
[Eq. (2)] and adjust the effective interaction rangezlQge gifferent electronic properties of the projectiles. From many

=1.5a.u. This procedure has been successfully applied igyperimental and theoretical work it is known that the stop-
former studies for the interaction of N with PtBut in case ping power oscillates with the atomic numbgs of the

of He on Pd the agreement between theory and experiment Krojectilet®182%3%ne finds that the stopping power reaches
not satisfactory. Generally, speaking, usiyRy'* we find that  maximum for values o, between 5 and 8. The, oscilla-

the calculated energy-loss values increase stronger Eyth tions are to a wide extent responsible for the large stopping-
than found in the experiment. Therefore, we use a reducegower difference between He and N and support our empiri-
stopping power. Good agreement with the experiment is obeal estimation foryHe~"4 The smalleizeq4e value in case of
tained withy=0.683x 'K resulting iNZegqe = 1.8 @.u. @as Pd is probably due to the higher electron density compared
interaction distancécf. Fig. 6@)]. The interaction distance to Pt[r§d=1.51 a.u. vsrst =1.63 a.u.](Ref. 19. A higher

of 1.8 a.u. used in the theoretical model corresponds t®ulk electron density causes a steeper decrease of the elec-
~70% of the interplanar distance between the Pd layersron density in the region of the jellium edge. The relative
Therefore, the obtained interaction distance slightly exceedslectron density for surface distances exceeding the jellium
the jellium edge which is defined as half the interplanar diS-edge is therefore low&r33in case of Pd, and the effective
tance. But it is smaller than found for planar channeling of Ninteraction zone is reduced.

on Pt, where an effective interaction zonez@ﬁgezz.G a.u. The parameters used for tllandomdirection give rea-
leads to satisfactory results for keV up to MeV ion sonable results for thé€l11)-direction, too. Good agreement
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1.0 . . spectral width is causeldrig. 5(b)]. This effect enhances as
1.46 keV He' on Pd(110) o (a) well the statistical uncertainty in our theoretical model.
O Experiment oo Summarizing the results obtained for ti&ll)-surface
0.81 X Theory RY channel, we find that our model gives reasonable agreement
- v o with the experiment. Small deviations are due to trajectory
E 06 J variations in and close by the channel.
o RANDOM d _o The results for thé112 direction are somehow different.
2 4 o The measured energy losses for #1d2) direction lie in
g 041 o o between the ones for theandomdirection and the ones for
on g the(111) channelFig. 6(c)]. The peak shape for energies up
0.2 o to 2000 eV corresponds to the one for la@domdirection,
Iy o i.e., we can in principle assume planar surface channeling for
00 mmmgmﬂﬁﬁj HE most of the scattered particles. This assumption is supported

by the trajectories of the particles showing only a small
length and depth variation. But in principle, we deal already

1.01 @%gwaooo (b) at low energies with two trajectory classes, thetop scat-
OO o tered ions, which result in the main contribution of the en-
0.8 0 WNe o ergy spectra, and the ions with higher energy losses which
o N travel in-row the channels. Expanding the interaction zone
- <111> o )
S 06. o N o for the on-topchanneled particles g, 44¢=2.2 a.U., we get
= OO S an excellent agreement with the experimental data. The
_g & © modification of thez.q4 value accounts for the different
& 044 ® N <: channel characteristics. The distance between next-neighbor
e ey N atoms inside the atomic string of tk&12 channel is smaller
O_Z_M \ X by a factor of (2 compared to th¢111) direction. This en-
hances the surface potential along #id2 direction and
causes the trajectory turning points of the nonpenetrating on-
00— — N ' top scattered particles to be further away from the surface
1320 1360 1400 1440 1480 P P Y

energy [eV] than in case of th¢111) cha_nnels(cf. Fig. 4). Additionally,
as known from low-energy ion spectroscof12 channels

FIG. 5. Comparison of experimental and calculated energy disare broader tha¢.11) channels}’ causing an enhanced depth
tributions for therandom (a) and the(111) direction (b), respec-  spreading of the trajectories, and allowing the particles to
tively. The primary energy is taken as 1460 eV in all cases. For thgpenetrate the surface more easily. As a result, we observe
theoretical calculationgeyq=1.8 a.u. andy=0.508 a.u. are used. more and more particles penetrating the surface layer when
increasing the primary energy above a certain threshold of
. . . . ~2keV, corresponding t&, =15 eV. But, these particles
IS achieved for energies down £,=750 eV, as shown M do not contribute to the main peak in the energy spectrum
Fig. 6(b). A further lowering ofE, causes the model to fail. 54 are therefore neglected in the calculations shown in Fig.
This is |ntr|n_S|C to the model_smce aminimum perpendlcular6(c)_ Here, only theon-top scattered particlegclass 1 are
momentum is needed allowing the particles to penetrate thgq|uded.
interaction zone, which is defined & y4.. However, for The results for scattering along t&10) direction [Fig.
energiesE,>2500 eV the theoretical model overestimatesg(d)] are strongly influenced by the enhanced surface corru-
the experimental energy-loss values. We suggest the followgation present for this channel. The surface corrugation
ing aspects to be responsible for this behavior: causes a splitting of the trajectories in different classes with

(i) Since the(111) channel is relatively narrow, we might different scattering characteristi¢sig. 4, bottom pane)sA
not hit the channel exactly in all cases. In that case, we cadetailed discussion of these effects follows in Sec. V D.
expect lowered experimental energy losses, which are conSummarizing our energy-loss results at this point we find
parable with the values found for thandomdirection. With  that our model calculations describe the dependency on the
this assumption we can also explain the relatively largePrimary energy reasonably for the discussed surface direc-
variation of the experimental losses in contrast to the result§ons. The theoretical predictions for the stopping power
for other directions. which are based on the model of a point charge perturbing a

(i) The trajectory calculations show particles penetratingfree-electron gas, and thus neglecting the spatial electron dis-
the first layer in case of higher primary energies. The contriribution of the projectile and at the surface, lead to small,
bution of these particles may be overestimated by the calclut significant deviations from the experiment.
lations because surface structure effects like steps prevent the
projectiles from following these trajectories.

(i) As shown in Fig. 4, the trajectory distribution is
broadened compared to trandom case. Due to this en- Penetration of particles through the surface layer in-
hanced trajectory straggling, the experimental increase of thereases significantly the energy loss. Therefore, surface pen-

C. Energy broadening
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0 T T T T T T T 0 T T T T T T T
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

primary energy [eV] primary energy [eV]

FIG. 6. Comparison of experimental and theoretical mean energy losses for four different surface difetigdg in case ofy=5°
and #=10°. In case of th€110) direction, the theoretical values are evaluated for two different parameterSseiz {59, and the energy
losses are calculated separately dortop andin-row channeled particles, respectively.

etration of parts of the projectiles results in enhanced energgnergy loss is difficult to obtain. A complete energy distribu-
broadening. In case of th@10) channel we observe long tion calculated for slow(1.4 keV) ions scattering along the
in-row trajectories from very low projectile energies @fig. (112 channel is given in Fig. @ and compared with the

4, lowest panels Thesein-row and zigzagchanneled par- experiment. It shows good agreement using two sets of
ticles follow all hyperboliclike curves in thg-z plane, and

their path lengths exceed the one for-top channeled par- i
ticles by a factor of 2 or 3. Consequently, these particles will 3]:2:45 keV He" on Pd(110)
suffer enlarged energy losses leading to the observed low- -] /
energy shoulder and to a significant broadening in the energy = 14 ’ fom 222 o
spectra(see Fig. 3. 0 -

For the(112 direction, penetration is observed for higher A
energies only because tkg12-channel width restricts pen- o a0 w0 e 20 240

etration through the first layer to higher projectile velocities,
corresponding to perpendicular energies which exceed
~15 eV. The penetrating projectiles interact strongly with the
channel sidewalls and are guided a long path beneath the first
surface layer(Fig. 7). However, no sideward change of the :
surface channel is observed. The penetrating particles per- L : . . . : .
form hyperchanneling with many sidewall reflections. These ° oo I e 20
hyperchanneled particles define a new class of trajectories

following “special” zigzagtrajectories(see Fig. . These G, 7. Side and top view of trajectories calculated for 2.45-keV.
particles pass a subsurface channel over large distances With jons scattering along th@12) channel. Trajectories penetrating
an approximately constamtalue and relatively large impact the surface layer and performing hyperchanneling are shown at
parameters. Path lengths can exceed the onerfdopchan-  positiony==1 A in the lower panel. The short trajectories yat
neled particles by a factor of 5 or 6. For these subsurface-0 A andy=—2 A result from scattering off the ridge surface
channeled particles an accurate theoretical prediction of thetoms.

<112>

yIAl
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. the energy loss asn-topandrandom i.e., planar scattering.
1.46 keV He on Pd(110) E—zbo <112> To describe both contributions within our theoretical model,
O Experiment we replace the planar by a corrugated surface similar to what
| IZZ] Theory j © has been done in case of N onlﬂthreezedgevalues corre-
o)

sponding to the three trajectory classes are introd o1

o describes the interaction zone of tla-top particles, the
second parameter af.,= 1.3 a.u. separates the loag-
zagtrajectories from the deeper penetratingow particles,
described by 43.3. However, it turns out that a straightfor-

o)

o

o ward determination of proper values for the parameters
0
o)

1.0

g
)

o
[

o
»

relative yield

Y, Zatger, andzggo s is difficult,

@) Figure @d) shows the results for two different sets of
1 ,_,[9{3)_ parameters fitting the experimental values within a good

agreement. Increasing the interaction zonedotop chan-

neled particles t@ggo.;=2.6 a.u. and foin-row channeled

o particles tozggo.s= 0.6 a.u while applying the reduced stop-

ping power value as used for the other surface directions, we
° are able us to evaluate energy-loss values for primary ener-
gies down toE, = 750 eV. The agreement with the experi-
o mental values is reasonable, though the slopes of both calcu-
lated graphs(for the on-top and thein-row contribution,
© respectively are slightly weaker than in the experiment. By
increasing the stopping-power value up 3" we get a
better agreement with respect to the slope of the graphs, but
a Oo (b) we have to adapt the interaction zone by using lower
ZoggeValues, i.e., 2.2 a.u. for then-toptrajectories and 0.2
0.0 520 '7”7"71@0 4 1E|(')7”7”7|'7,"E° Q”*’"’;go a.u? for thein-row scattered particles as indicated in Fig.
6(d). The latter set of parameters, however, limits the appli-
energy [eV] cability of the model to perpendicular energies which fulfill

FIG. 8. Comparison of experimental and calculated energy disEi = 10 eV, corresponding &, =1.3 keV in case of

_— o S y=5°.
mbu“or.ls for the<11_2> direction (a} and the(110) dnrectl_on (b), We compare the calculated energy distributions with the
respectively. The primary energy is taken as 1460 eV in all cases.

Labels indicate the respective model parameters used in the caIcS—Xp.erlrnental spectra in Fig/(18 fpr E.OZ 1460 eV. The ex-
lation. perimentally observed broadening is much larger than the

calculated one. This effect might be caused by a significant
overestimation of the intensity for tha-row scattered par-
model parametersy, z.qq9 for the two trajectory classes. ticles in the calculations. In fact, the experiment shows the
For the projectiles following the class 1 trajectories we ex-on-top contribution to dominate.
tend the interaction zone & y4.:=2.2 a.u.(Fig. 4). For the A comparison of the experimental peak shapes observed
class 2 trajectories we choosgyge,=1.3 a.u. as interaction for the (110)-surface direction with the one found faN on
zone. The friction coefficient stayg=0.508 a.u. for both Pt shows a clear change in the intensities of the two contrib-
classes. With these parameters, even the energy broadeningng peaks, which are attributed to tlee-top and in-row
is well reproduced indicating a nice agreement between cafcattered particles, respectively. For He on Pd the intensity of
culated and experimentally found intensities for the differenthe on-topscattered particles seems to exceed over the inten-
trajectory classes. From this result we conclude that thé&ity of thein-row trajectories. For N on P10, however, it
contribution from different particle trajectories has a verywas found to be vice versa. As an explanation for this find-
important effect on the broadening of the energy distributioning, we remind the reader that(P10) forms a(1x2) surface
We find that the energy broadening caused by trajectoryeconstruction, the so-calledissing-rowsurface structuré>
straggling is of the order of 30 eV—40 eV, and therefore hag'hat means, every second atomic chain along(1i®) di-
the same order of magnitude as the broadening due to eletection is missing in the surface layer resulting in an en-
tronic straggling, e.g., originating from charge-exchangehanced electronic corrugation. The probability for trajecto-
processes. ries to scatter along these deep-row channels is
considerably higher than for the Pd surface and the projec-
tiles can easily penetrate the first layer.

e
[

e
[

relative yield
=]
i

D. Surface corrugation

From the experimental spectra, we evaluate both mean E. Nonlinear effects
peak positions observed in case of {fié0) channel, and we As can be concluded from Fig. 6 the presented energy-
plot them againsEq as shown in Fig. @). Roughly speak- loss measurements do not show a straight linear dependency
ing, in-row channeling(low-energy peakresults in double of the mean energy loss with the primary energy. In case of

165409-8
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the (112-direction, an energy-dependent slope for the in-aforementioned effects resulting in a significant experimental
crease of the energy loss wilh, is evident from the experi- deviation from the linear dependency in case of very small

ment. This may be assumed for tf{iEl0) and the(111) di- projectile velocities.
rection as well, even though the experimental uncertainties
are higher in these cases. VI. CONCLUSION

From the results of the trajectory calculations we find that We investigated the energy-loss dependencyBgnfor

the increase of the average trajectory length VEthis not . ; L ) .
linear, but depends strongly on the projectile energy and thgmerent azimuthal directions in case of singly charged He

surface direction. The increase of the average trajectorIonS scattering off P410. Looking in detail, we find devia-

. . . : tions from the well-known linear dependency. These devia-
length with primary energy basically gets smaller if the PErions can be basically explained by results from trajector
pendicular energy exceeds 10 eV-12 eV. This observation y €xp y J Y

explains the experimentally found deviation from a "nearcalculatlons. In fact, axial channeling effects play a major

dependency of the energy loss on the particle enésge role for the (110) channel. Herg, first I.ayer pt'e.netration is
Fig. 6). Furthermore, the observed trajectory straggling af_glreac_iy olbs%rved for Ior\]/v enedrgk;es %nd n adfdlgquagtra-
fects significantly the mean energy loss. This strong inﬂu-JeCtOrIeS ead to an enhanced broadening of the spectra. In a

ence of the traiectory straaaling on the eneray spectra has n!)e[ss strict sense, these results hold as well for the hyperchan-
! Y 9ging gy sp neled particles found in case of tkiEL2 channel when using

been reported up to now. Usually, it is assumed that elec- . ! .
tronic effects such as charge exchange and plasmon excit garpend_|cular energids, =15 ev. _ForEL<15 eVthe axial
tion mainly cause the spectral energy broadening. channeling effects are comparatively small for all channels

Another deviation from linearity is found for all surface except for th(110) channel. In general, we find the energy

directions under investigation, namely, a minimum energy_spectra significantly broadened due to trajectory straggling

loss value ofAE,~10 eV for E, between 450 eV and 750 efft\e/\c;;séeslri)ee(cj: I'?rigilnntrgzii:é temr?aelrl> c-illgesc;tlr%rgdel successfull
eV, which seems not to decrease further. This is in contrast t PP 9y y

the predictions of the linear theol§; 2 Therefore, an addi- f all azimuthal directions under investigation with the limi-

tional energy loss channel with a different stopping depen:[atlon thatE, =5-6 eV has to be fulfilled. The stopping-

dency is supposedly active in case of low projectile veloci-POWer values usoed in the TOdel are reasonable, since they
ties and small values d&, . Stdzle and Pfandzelter discuss are between 70% and 100% of the theoretical value calcu-

such an intercept in the energy loss of protons scattering o tedhfor th? l_:e'Pd system. We alssume thatl de\(/jlatlo?]s from
a graphite surface with medium primary energiéghey . e'} eoretica stolgl)plng—poy]\c/fer values are re atﬁ to the pro-
find AE,=AE,(E,) and attributeAE, to charge-exchange jectile size as well as to di erhent' screenl_ngf;I c aracterlstlcsﬁ
processes during the interaction, even if the outgoing charg%‘g" compared to nitrogen, having an Influence on bot
. . : .. “model parameters, the friction coefficiemtas well as the

state is neutral. Indeed, according to the binary collision th of the interaction zone representeds
model the nuclear losses are much too small to explain thigep of the interaction zone representedzpyye.
effect, since they are of the order sfl eV. The same holds
for the experimental uncertainties caused by calibration er-
rors, which are expected not to exceed the order of 5 eV. We thank A. Arnau and R. Morgenstern for many fruitful
Therefore,AE, cannot be completely explained by one of discussions. Financial support from the Deutsche Fors-
those effects. chungsgemeinschaf®FG) is gratefully acknowledged. A.R.

For a more accurate description, contributions from otheis grateful for financial support from the Max-Planck-Preis
effects such as the image poterifand far distance effects of P. M. Echenique during the time spent in San Sebastian.
of the Coulombinteractiorf have to be included, which can J.1.J. acknowledges partial financial support by UPV/EHU,
affect the energy loss additionally by a few eV. We assumésusko Jaurlaritza and the Spanish DGICYGrant No.
that the measured intercept is caused by the sum of all thBFM2001-00786.
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