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Measurements of the energy spectrum for 98 keV protons backscattered ftdh)Ainder shadowing-
blocking conditions have been performed with high resolution. The corresponding energy losses at central
collisions are dominated by ionization of the Al inner shells. In connection with coupled-channel calculations
for the electronic energy loss in individual atomic collisions, we discuss the influence of higher-order effects
and surface relaxation in the simulation of the strongly asymmetric surface peak.

DOI: 10.1103/PhysRevB.69.104112 PACS nuntder61.85+p, 34.50.Bw, 34.50.Fa, 79.20.Rf

[. INTRODUCTION the valence-band contributions to the backscattering signal
may therefore to a good approximation be described within
The energy loss of energetic ions in matter has been studn atomic model. This provides the best scenario for the use
ied extensively over several decades, not only aiming a be®f advanced atomic-physics models, such as coupled-channel
ter understanding of the basic procesdmst predominantly ~ calculations.
because of its relevance for ion beam analysis and materials Here we report on measurements and corresponding
modification. simulation of the energy-loss distribution of the surface peak
Medium-energy ion scatteringVEIS) in connection with ~ for protons impinging with 607and ¢=35.3°) with respect
shadowing and blocking techniques is a powerful method fowith the main axes of a clean @10 surface and being
the determination of structural and vibrational parameters obackscattered along a blocking direction also 60° off normal.
crystalline surface$However, the shape of ion energy-loss We provide the first fullab initio simulation of the surface
spectra is usually not analyzed, because this requires a dpeak, a structure that has been widely measured in channel-
tailed knowledge on the energy-transfer mechanisms. Thing experiments, but the detailed shape of which has never
differential excitation/ionization probability for each subshell been analyzed.
in a single collision is the important quantity in this case,
since generally only few collisions are involved. Thus, stan-
dard energy-loss theories or semiempirical methods based on
Gaussian energy-loss distributions cannot be used success-The surface peak is due to collisions at and near the sur-
fully. Instead, an atomistic description of the electronic exci-face, involving just the first few atomic layers. The deflection
tation process and its impact parameter dependence have @b the incoming projectiles by surface atoms results in the
be taken into account in a stochastic approach which lead$égrmation of a volume behind this atom, practically free of
in general, to an asymmetric line shape. ion trajectories, the so-called shadow cone. If the incident
In our high-resolution ion scattering experiments, we havaon beam is aligned with a main axis of the crystal, shadow-
used a channeling and blocking configuration of the ioning greatly reduces the chance of backscattering from suc-
beam as well as the detector and a single crystal as the targeessive atoms along the row. In a similar way, the backscat-
By using channeling, we ensure that only the first few atomdered flux from subsurface atoms cannot propagate in
on each atomic string will be hit by the incoming ion beam.directions corresponding to vectors that point to atoms closer
By positioning the detector in a blocking configuration, i.e.,to the surface. This will result in pronounced minima in the
along a high symmetry direction of the target, the detectedngular distribution of the backscattered flux. Such blocking
signal from lower-lying layers will be further suppressed.dips provide a sensitive method to determine surface-atom
The spectrum will have a narrow leading peak, the surfacelisplacements. An angular shift in the position of a blocking
peak. As only a few surface layers have to be considered, thdip away from the bulk crystal blocking direction is a direct
computation of the line shape of this peak is simplified. Asindication of layer relaxation. Accurate determination of
shadowing and blocking are present and the projectile scastructural parametef&tomic location and vibrational ampli-
tering angle is large, only collisions with very small impact tudes using MEIS is a well-established technique. This is
parameters are important. Since solid-state effects are of maccomplished by comparing the angular scattering intensity
nor importance due to the large energy transfers involvedto results of Monte Carlo type computer simulations for

II. EXPERIMENTAL PROCEDURE
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TABLE |. The table contains the following items for each layer
L of the Al(110 surface: combined hitting and detectipg, as
well as hitting py probabilities according to theeGAs program,
hitting probabilitiesp,, obtained from Appendix A, 1D thermal vi-
brations, the nuclear energy-loss broadening obtained from Appen-
dix B, and the experimentally determined surface relaxation in
terms of the bulk interlayer separation.

Layer Ppup PH PH Oinermal VOE?  Relaxation
(L)  VEGAS VEGAS Appendix A (A) (eV) (%)

1 0.989 0.990 1 0.164 0 -85

2 0.878 0.945 0.935 0.136 621 +4.9

3 0.549 0.730 0.726 0.113 87.7 —-25

4 0.253 0.459 0.461 0.107 105.4 0

5 0.086 0.241 0.231 0.105 116.6 0

6 0.031 0.108 0.091 0.104 1245 0

7 0.008 0.047 0.029 0.104 130.3 0

the Al(110 surface is given in Fig. (b). The incoming beam
is aligned with thd 101] direction. The energy spectra of the
scattered ions are simultaneously collected in an angular
range of 20°, centered about the scattering angle 60°. For a
(b) bulk-terminated static lattice this geometry completely elimi-
nates scattering events from all layers except the topmost
FIG. 1. (8 Schematic figure of the scattering geometry used inone. Due to thermal vibrations and surface relaxation the
this work; the scattering plane is shown(in) in a top view of the ~ deeper layers contribute to the surface peak as well. To ob-
Al (110 surface. tain the absolute Al yield, we have used Rutherford scatter-
ing cross sections with a simple angle-independent correc-

tion for the electronic screening in the effective kinetic-

models of ;[he surfacfe St“,iclt“fe’ as |mpIeri1ented, eg. 'ri‘] tEnergy formulatiors. The neutralized fraction of the scattered
VEGAS (Ref. 3 code for trial atomic crystal structures. The jong “\yhich is not available for electrostatic analysis, was

atomic scattering cross sections are well known for thé enge 45 red using a surface barrier detector. It constituted 11%
ergy rangg100 keV) in question. The atomic positions inthe ¢ jons with incident energy of 98 keV. The angular distri-

trial structure are changed until a convincing fit to the Mea1, ition of the surface peak yield was fitted using tEsAs
sured datashape and minimum positions obtained. This i jation. The best fit values of near-surface atom relax-
method, however, takes into account only the ballistic part OLjon anq vibrational amplitudes are summarized in Table .
the backscattering events. The information contained in thgor better statistics, the energy spectra have been summed up

detailed peak shape is usually not considered. The scattering o angular range of 2° about the blocking minimum po-
experiments have been performed in a UHV chamber with Rition to produce the surface peak analyzed below.

base pressure ofX410~1° Torr. 98-keV protons are directed
into the chamber from a 400 keV lon Implanter, manufac- Il. THEORETICAL PROCEDURE

tured by High Voltage Engineering Europe B. V. The ions,

scattered on the target, are dispersed in energy in a high- In order to describe the shape of the surface peak, we may
resolution toroidal electrostatic analyZex.two-dimensional ~ subdivide the slowing down process of the ions into two
(2D) position sensitive charge-dividing collector in conjunc- Parts. The first step consists in the determination of the prob-
tion with microchannel platégprovides simultaneous detec- ability for the different energy losses in single atomic colli-
tion of ions in a range of energies and scattering angles. Th&ions with the relevant impact parameters. In the second step
auxiliary equipment includes a low-energy electron diffrac-the sequence of collisions is treated stochastically by convo-
tion (LEED) system for monitoring surface orientation and |ution of the energy-IOSS distributions for all atoms along the
structure. The AlL10) crystal was electropolished in a solu- ion path. The corresponding backscattering and detection
tion of perchioric acid and acetic anhydride_ After mounting prObab”itieS that define the ion histories are treated analyti-
into the UHV chamber, it was cleaned by several cycles ofally in Appendix A. These hitting and detecting probabili-
sputtering with 1.0-keV N& ions and sequential annealing at ties have been used in the present work and they are nearly
720 K, until a sharp (X1) LEED pattern could be ob- |dent|ca_l to t_hose determmed3 by the well-known Monte
served. No carbon and oxygen contamination could be decarlo simulation progranveGas.

tected by MEIS(sensitivity of about 0.05 monolayeduring
data acquisition. The configuration of the scattering experi-
ment is schematically sketched in Figall The top view of Coupled-channel calculations are the best tool to describe
the Al(110 surface with a scattering plane perpendicular toinner-shell ionization and excitation of atohisas a function

A. Single collisions
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of the impact parameter. These time consuming calculations T n ]
are based on the semiclassical methdthe projectile fol- I H (98 keV) + Al I
lowing a classical trajectory provides a time-dependent elec-
trostatic perturbation on the target electrons. Hence, the time- )
dependent Schdinger equation is solved by expanding the - with b=0
electronic wave function in a truncated basis of states,

0.03 | single atomic collision -

namely atomic orbitals. A set of first-order ordinary coupled _~ 3s-/3p-shells

differential equations for the coefficients originating from >

this expansion, the so-called coupled-channel equations, is 2 ]
integrated numerically along the classical trajectory of the (y 002 2p-shell 1
projectile for a given impact parametbr Thus, the ampli- g

tudea;_,; is calculated for a given transition from an initial ~ I 2s-shell

occupied statéto an unoccupied bound or continuum sthate g | /

and thus the probability corresponding to atomic excitation &5

or ionization is determined. For bare incident ions, the

active-electron interaction is just the Coulomb potential. 0.01 | .

However, screening of the projectile charge can be easily

incorporated in the calculation. Details of the atomic orbital

coupled-channel calculatiofi8O) may be found elsewhefe.

Furthermore, for the present case coupled-channel calcula- [ \ 4

tions are found to be superior over simple ones based on I X \.-.-

first-order perturbation theofy. 000l m el n e lennn b T
The independent-electron mod&EM) is adopted for one 0 100 200 300 400 500

active electron in the target atom moving in the electrostatic Energy Transfer AE (eV)

field due to both nuclei and the other electrons, which are

included in a frozen-core Hartree-Fock-Slater framewdrk. ~ FIG- 2. Energy transfer in a single collision for 98 keV tn

In this way, the ground-state and excited-state wave functomic Al at an impact parameter bt=0.

tions (where the hole in théth shell is not accounted for in

the self-consistent potentiaks well as the energies of the lations for the energy-loss probability of 98 keV"Hprojec-

active electron are calculated. Since each of the 400 exciteliles colliding with atomic Al atb=0. The elastic peakhe

or continuum state corresponds to a well-defined energpeak atAE=0) is represented here by a Gaussian distribu-

transferT=g;—¢;, the electronic energy-loss probability is tion with a very small standard deviatidabout 10 eV in
given by order to keep the normalization and to avoid the use of a

Dirac function. We would like to point out that in contrast to
dP ) approaches based on perturbation theory, all results from the
ﬁ(b):Z |ai_¢(b)[*8(T—(&:— €)), (1) coupled-channel method are unitafyccupation probabili-

ties sum up to one for each active eleciromhis unitary

where the sum above means an integral ayerin the case behavior leads to a reduction of the elastic scattering inten-

of continuum states. It is pointed out that for elastic colli-SIty When inelastic channels are important. In the present
sions f=i) as well as for “bound-state” excitation the C2S€: backscattering is almost always accompanied by exci-

energy-loss distribution defined above contains spikes due &tion Or ionization events, involving mainly electrons from
the atomic level structure. Broadening effects originatingN® 2P shell and from the 8 and 3 bands. This is the
from state lifetime, bandwidth, and the Doppler effect are not €2s0n for high backscattering yields at nonzero energies in

considered explicitly since they are much smaller than thdhe figure. o
experimental resolution. The main feature of the energy-loss distribution in Fig. 2

In the framework of the independent-electron model, thdS the significant contribution of the-shell at large energy
probability for a certain total electronic energy-lod€ transfers. The contribution of the valence electrons for the

transferred during an individual ion-atom collision can beSUrface peak is of minor importance since the corresponding
M-shell energy loss is much smaller than the experimental

written as . ST . )
resolution.K-shell ionization of Al atoms is kinematically
dpetec dp. suppressed for protons at incident energies below about 1
da“’m(b):(l'[ deid—'(b) X 8| AE— Ti) MeV.
AE i Ti [ Finally the nuclear energy lodgjuasielastic atomic en-

(2)  ergy transfer can be incorporated into ER) by assuming
that the electronic and nuclear energy distributions are un-

where the index runs over all electrons for each subshell ;
correlated according to

1s, 2s, 2p, 3s, and J of the Al atom. Equatior{2) corre-
sponds to a series of convolutions of individual single-
electron energy-loss distributions.

d elec nucl
Patom( b) _ atom atom
Figure 2 shows the results of the coupled-channel calcu- dAE dAEeiec

b)*
( ) dAEnucl

(b). ()

104112-3



P. L. GRANDEZet al. PHYSICAL REVIEW B 69, 104112 (2004

where the symbol * stands for a convolution of impact pa- The same holds true for the outgoing path after the back-
rameter dependent inelastic and elastic scattering probabilscattering. Then, the projectile energy distribution for a se-
ties. Usually the nuclear energy loss can be simply added tquence of collisions that hit a target atom from layeand
AEg e Since there is only one nuclear energy transfer at aeach the detector reads

given impact parameter. Test calculations accounting for the

shadow cone show that this broadening effdcie to nuclear

energy-loss stragglings very small in the present case. L [ dP av
YUE)= ] | dag] "’“?nm)
L'=1 dAE[,
B. Stochastic approach L
The energy lost by the projectile after several collisions is hit| dPatom

given by a series of convolutions of the energy-loss distribu- X f dAE dAENt (b=0)
tion for each single collision. Here a collision is defined as
an ion penetration of a target Wigner-Seitz cell. This techni- L dPaiom av
cal definition may also be extended to account for the energy x 1 dA EEI,“ out
loss due to the other surrounding target atoms, but these have L'=1 dAE, L/l
been neglected in the present work. Thus, each single colli-
sion is characterized by one impact paraméter When a x| E—

. 1 )
ieel b . . K| Eo— 2 AE - -AEM
sequence of collisions is described by a set of impact param- L 2
eters{b,}, for example, along the incoming path before hit-

ting the target nucleus, the energy-loss distribution of the _ out_} hit

projectile will be 2 ABY-SARM ), ©)
dpPj, dPatom . . . ;
aag (tbah) = IT | dag, JAE_ (P which turns out to be a series of convolutions. HEggs the

incident projectile energy an# is the kinematical factor
describing the two-body kinematics for the backscattering
AE-X AEQ)- (4)  collision All impact parameters involved in the equations
“ above are small compared to the and M-shell radii (they
. are given by the thermal vibrations of about 0.1 ¥/e have
The measurable sequences of impact paramétefs are  gssumed a straight-line motion for the incoming and outgo-
howevc_ar only those that Ie_ad to a hitting ev@mlo_se back- ing ion path for the averaging of the energy loss over the
scattering encounteand will depend on shadowing effects jmpact parameter. In fact the angular deviations affect the
due to the atomic layers, which the ions pass thro(&® kinematical factor and have also been taken into acc(aest

Appendix A). In this way, the thermal vibrations as well as aAppendix B in this investigation. They are relevant mainly
the relaxation of the first layers must also be taken into acfy neavier ions at lower energies.

count to determine the impact-parameter-averaged energy a|| above energy distributions are by definition normal-

loss due to a target atom from the layer for the projectile  jzed to one. The measurable projectile energy-loss function

that hits a target atom from layeés can be determined bipeglecting the energy resolution of the
detection systein

X 0

dAE | S

dP
2 atom - -
(dPatom)av Jd b dAE (b)g(ri rol,O')
L/L fdzbg(FL_Fol,U)

Ydetecte&E):g Prp(L)YL(E), @)

where the functiorg is an integrated Gaussian distribution \yhere Pup is the hitting-detecting probability for a back-
with standard deviatiowr described in the Appendix A. The scattering collision at a given layer The hitting probability
impact parametet andr , (b) are the transverse positions of p , is the chance to hit a certain target atom in a close back-
the impinging ion before and after the shadow cdeee  scattering encounter and will depend basically on shadowing
Appendix A for details. The parametersy, are offset pa- effects due the layers the ions pass through. The detecting
rameters and will depend on surface relaxation depicted iprobability pp is the chance for a particle emerging from that
Table I. Thus, we have replaced an explicit consideration ofarget position to leave the crystal in the detector direction
the Monte Carlo result for the collision sequeng¢bs} and  and will depend strongly on blocking. For the upper layers
{bg} by ion histories that are described by straight lines forpyp is very close to the product of hitting, and detecting
the incoming and outgoing ion paths. Nevertheless, as de probabilities as observed also previousighus, for lay-
picted in Table I, the hitting probability obtained using this ersL<4 the effect of connected in and out tracks is minor.
assumption(see Appendix A is very close to the one ob- For the 60-60 degree geometry in(AL0), the number of
tained from the Monte CarloeGAs program® collisions for the backscattering occurring in laygincom-
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98 keV H + Al (110) . |98 keVH "+ Al (110)' |

| — — - AO results for b=0
* = AO(b>0) + thermal averaging
| — + surface relaxation
= Full Monte-Carlo result

Backscattering Intensity (arb. units)

4 5 1 >Ry .
T e
936 938 940 942 944
Final Proton Energy (keV)

Backscattering Intensity (arb. units)

FIG. 3. Contribution of each visible layer for the surface peak of
98 keV H" backscattered from the M10 surface for a 60-60
degree geometrisee inset and also Fig).1

ing and outgoing along the closed packdd 1) direction is 93.0 . 93.3 94.0 943
2i—1. The contributions of each of the layers are very ac- Final Proton Energy (keV)
curately given by the hitting-detection probabilitiepp)
from the VEGAS codé with the experimental structural

14
parar?qeteﬁg (Isee L‘?‘b"?g'- ion f fixed i coupled-channel metho@AO), the hitting-detecting probabilities
The energy-loss distribution for a fixe ImpaCt'p‘f’w""memrfrom Table I, impact-parameter average according Appendix A and

b=0 of each visible backscattering layer is displayed in Fig.he proadening from Appendix B. Dashed line: energy-loss calcula-
3. The contribution of the first layer corresponds to a singl&jons for b=0 only [Eq. (5) is replaced by the zero impact-
collision with the first atom on the Al surfadesee Fig. 2 parameter energy-loss distributiorweighted with the hitting-
(here it is plotted as a function of the backscattered ion engetecting probabilities. Dotted line: energy-loss calculations using
ergy). The deeper layers involve differences in the impact-ggs.(1)—(7), averaged over thermal vibrations and considering the
parameter distribution and a convolution of these layerweighted impact-parameter dependence of the energy-transfer dis-
specific distributiongsee Eq(6)]. For backscattering layers tributions. Solid curve: energy-loss calculations including thermal
L >3 the resulting shape is approaching a Gaussian distribwbrations and additionally the Al surface relaxation. Dash-dotted
tion, as expected for electronic energy losses. For these deeprve: full Monte Carlo calculationgRef. 16 including thermal
layers, the shape of the energy-loss spectrum may be deibrations and surface relaxation. All theoretical results have been
scribed by two parameters, namely, a mean energy(ldss convoluted with the spectrometer function and with the broadening
eV/layer for a single ion passagand a width related to the form Appendix B.

so-called electronic straggling.

As for surface vibrations, a procedure similar to that usedourth layers are still visible because of the thermal vibra-
to obtain the dynamic paramet&téias been used. The bulk tions that are of the order of the shadow cone radius for the
1D rms amplitude is 0.104 Acorresponding to a Debye ion energy used. For large energy losses even the fifth layer
temperature of 390 KRef. 15]. The surface layer has a gains some importance. However, laydrs-7 have been
relatively large amplitude enhancememore than 509%  neglected in the present work, since their contribution to the
consistent with it being an open surface. The second angpectrum is very small.
third layers also have enhancements of about 25% and 10%,
respectively. T_hese values have been obtained from the ab- IV. DISCUSSION
solute MEIS yield.

According to Eq.(7) the area of each curve in Fig. 3 In Fig. 4 we show the experimental energy distribution of
corresponds to the hitting-detecting probabilitms, . The 98 keV incident protons backscattered from clea120)
backscattering yield of the first and second layers are similacompared with simulations using the coupled-channel
because of a comparatively large surface relaxation, leadingiethod described above. All simulated theoretical spectra in
to a layer offset of about 0.1 Asee Table)L The third and the figure have been convoluted with the experimental reso-

FIG. 4. Experimental datéopen squargdor 98 keV H' back-
scattered from AfL10 in comparison with simulations using the
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lution function. From various experiments it is clear that theto calculate the impact-parameter distributions for each col-
relative spectrometer resolution is significantly below 0.2% lision as well as the angular spreadifgscribed in Appen-
dependent mainly on the beam-spot size. Thus, a realistidixes A and B have been cross checked by performing full
spectrometer function can only be determined from a backMonte Carlo calculation¥ As can be observed in Fig. 4,
scattering experiment using a well-collimated beam. In thighere is reasonable agreement between the present analytical
work we have convoluted our final theoretical results with asimulation(solid line) and a full Monte Carlo calculation for

spectrometer functio® of the following type: the same problenfdash-dotted curye The maximum rela-
tive deviation between both model results slightly exceeds
S=exp(—In(2)|2(E— Eg)/wg|*). (8)  10% at backscattering energies below 93.8 keV. This devia-

tion might be an indication for the influence of remaining

This function, convoluted with the theoretical spectrum, wasSPatial correlations between incoming and outgoing paths or
fitted to the experimental data at the right-hand side of th€f small deviations from the straight-line assumption in Ap-
surface backscattering peak. Such a procedure involves onRF”d'X A. ]

a minor influence on the theoretical energy distribution, since The experimental data show a steeper decrease towards
elastical scattering from Al and conduction-band energyower energies than our best analytical predictisolid line)
losses may roughly be approximated by a commodfunc-  ©OF the_ Monte Carlo resu[’dashed-dott_ed curyeThe remain-

tion. The fit yields an exponent ak= 1.5 (sharper peak, but g difference between both calculations and thg experimen-
extended wings compared to a Gaussian fungtiord a full tal .dat?. clearly exceeds 30% at low backsca_ttermg energies,
width at half maximum ofws=180 eV for the present ex- which is much larger than the present experimental and nu-
perimental conditions. merical uncertainties. We attribute this disagreement between

The calculated curves in Fig. 4 have been convoluted wit{he simulation and the experimental data to a breakdown of
the energy distribution of Eq(8) using exactly the same the IEM. The dynamic mod|f|ca_t|on of_the target-electron
shape parameters. The dashed curve f@mic orbital den_sny_ leads toachange of thg mtelractlon potefdiadssed
coupled-channel calculationsorresponds the simulations Projectile or dynamical screeningThis effect goes beyond
according to Eq(7) using a fixed impact parameter bf the IEM _and has n'ot peep cons[der'ed in this vy(')'rk. It leads to
—0 for the calculation of excitation/ionization probabilities @ reduction of the ionization/excitation probabilities and may
in Al. The effect of the thermal vibrations along the ion his- P responsible for the observed differences. _ _
tory is represented by the dotted curve. Hence, the possible Considering the small deviations between the final experi-
impact-parameters due to thermal vibrations are restricted tB'€ntal and theoretical results in this work, however, one
those outside of the shadow cone for a given hitting as wefphould apply the full Monte Carlo solution in order to reduce
as detecting event. The solid curve includes additionally thdheoretical uncertainties to a minimum. Furthermore, it might
effect of surface relaxation described in Table . It should be®® necessary to apply methods similar to time-dependent
stressed that all these effects have been already included firtree-Fock in order to resolve the current discrepancy be-
the hitting-detecting probabilites as obtained bytween experimental data and theoretical results.
backscattering-intensity simulations for this surfateyut
here they are cqnsidered for the first time in a computation of V. CONCLUSIONS
the backscattering energy spectrum.

The results of the simulation show that although the sur- The line shape of the energy loss for 98 keV protons on
face relaxation is very important for the total yield, it affects clean A(110) was measured with high resolution and simu-
the shape of energy-loss distribution very little. This is be-lated usingab initio calculations of the energy-loss spectrum
cause backscattering collisions taking place in deep layerf®r single collisions as a function of the impact parameter.
that can contribute to the surface peak are due to trajectoriedle have observed that large energy losses arising from
having large impact parameters in the first laygesulting inner-shell (-shel) ionization/excitation are responsible for
in relatively insignificant energy losseBecause of shadow- the surface peak asymmetry. We note that the appropriate
ing for the incoming path and blocking for the outgoing path.methods to handle the energy-loss line shape under
Thus, the surface relaxation plays a minor role for theshadowing/blocking conditions are those from the atomic
energy-loss shape, but is very important for the total yield. physics field.

The simulation represented by the solid curve includes all The long-term goal of our work is to establish the basic
important terms that can be computed within the frameworkprocedures and steps that are necessary to achieve clear and
of the IEM. In this simulation the effects concerning the unequivocal monolayer resolution for solid-state materials
electronic and atomic structures of(A10 and ion-atom col- analysis based on measured energy-loss spectra. However,
lisions including all higher-order effects have been very aceven when using the most precise current methods of calcu-
curately includedwithin the IEM). Other effects such as a lating the electronic energy los&hrough the coupled-
better description of the valence electrons, dynamicallychannel method ADand appropriate slowing down statis-
curved ion trajectories and/or the influence of a smdll H tics, small but significant disagreements are still observed
charge-state fraction are of minor importance. This has beebetween the experimental data and the simulation. These de-
checked using test calculations. Furthermore, previous invesdations are attributed to a breakdown of the independent-
tigations have shown that correlated vibrations only have &lectron model. In this way, measurements of the energy loss
minor influence on the resulfsAlso the approximations used under shadowing/blocking conditions might serve to im-
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prove our understanding of dynamically correlated electroniGon trajectory that connects the positions vectrs I; and
systems. r+ . Note thatb is the impact parameter relative to g
atom =1, andd?b=d?l,,) in Eq. (A4). Furthermore,
since the ion flux at th&,, target atorrF(éin,FK) is close to

This work was partially supported by the Brazilian agen-one(or equal to one for an atom at the surfadae flux does
cies CNPq, CAPES, by the program for Brazilian-Germannot appear explicitly in this equation. Equatio®d) can fur-
cooperation PROBRAL 121/00 and by the US National Sci-ther be rewritten as

ence Foundation under Grant No. DMR 0218406.
phi) = f bl ~Tw Nof+of)  (A5)
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APPENDIX A
The hitting probabilitypy,;; is the chance to hit a certain with
target atom in a close encounter with asymptotically small .
impact parameters. It is normalized such that it equals unity gEf dlyG(Ii =Ty, Vol + o). (AB)
in the case of an undisturbed flux of incident ions, as is the
case for the topmost surface atoms. The incident projectile The transversal positioh, as a function of the impact
flight direction in front of the surface shall be given by the parameteb is calculated from
unit vectorém. For an atom with index, py;; is given by

liJ_:b+(rkH+|kH_riH_|iH)0 (A7)

pﬂi)t:f dl; F(en, i+ )G ,00), (A1)  with the projectile-scattering anglé calculated from the
Moliere interatomic potential corresponding to atonk.

where F(&,,,r) is the normalized flux of impinging ions Here we have approximated the projectile path by a piece-

(F=1 for incident ions in front of the surfapehat reach an wise straight-line trajectory considering only small-angle

. oo > scattering (tam=6).
atom located at the lattice positian+1;. Herer; is the g( )

i B o ) i The hitting probability for a given backscattering layer
mean lattice position ant] is the thermal displacement with — | including the combined action of all possible shadow

respect to the mean position with its time averéﬁé:t:O. It cones that affect this layer, may approximately be written as
atomi is located below the surface the flux mt+1; is re-

L
dyced |.n3|de the shadow cong!_%aéO). Q(I ,0) is a three- PH=H ngit,k), (A8)
dimensional Gaussian probabilifpormalized to unity that k

represents the distribution of thermal atomic dis;placementasin Eq.(A5). Of course, this procedure does not account
(with 1D rms deviationr). Thus,py,;; defined in this way is 9 =Q. ' ’ P

one for the atoms on top of the surfatgince the flux is correctly for overlapping shadow cones or correspondingly

undisturbedF =1), but usually not for other atoms behind. for multiple collision sequences with comparable deflections.

In order to account for the combined thermal vibrations ofFor the present case however, all the involved approxima-

a surface atom and a bulk atom behind that atom in the beaftp > & ¢ expected to be of minor importance. This becomes
ST ) ) obvious from the very close agreement of the present results

direction (i), we replace the fluf (given inabsolutespa-  yith those from the well-acceptestEGAs Monte Carlo

tial coordinatesby F given in spatial coordinateelativeto  progrant as can be seen from Table I.

a specific surface atom with indéx The effect of an indi-

vidual shadow cone due to tfkg, atom located at,+ 1, on APPENDIX B

the iy, target atom reads o .
th 121 The angular deviatior® due to a shadow cone modifies

, R, . slightly the incident angle and energy distribution of the
pgi’tk):f B F(en ri+Li—r— TG =Ty, Vol + o) backscattering collision. As discussed in the following, two
(A2) effects can lead to such a modification. First, the Rutherford
scattering cross section increases significantly for smaller
L L scattering angles, enhances the backscattering contribution
=f d?ly, dliy Fein e+ TG =T, N ot + o) from one side of the shadow cone and gives rise to a corre-
(A3) sponding shift of the backscattering peak. Second, the kine-
matical factor varies around the shadow céagimuthal di-

. — rection, which will smear out the backscattering energy
ZJ d?b dlyG(Ii— T, Voi+op), (Ad)  distribution. The change in the scattering angle will read

where ﬂ= ru+|iuém and sz rkl+|k”ém. In going from oW =0sin(¢), (BD)
Eq. (A2) to Eq. (A3) we have used the ion-flux continuity where ¢ is the azimuthal angle of the shadow cone. Under
equation F(e,,,r,+1,)d?, =F(e,rc+1)d%,, , where shadowing/blocking conditions the mean value 6%
the relation between the aredd;, andd?l,, is given by the  weighted with the Rutherford scattering cross section is very

104112-7
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small for perfect crystals and projectiles in the MEIS ener —

regime. T?]us, the gngular sprZaéing due to the shadow c%yne 592i,k:f d?b 6(b)?g(l;, — T, ,Voi+op).  (BY
leads only to a small systematic energy shift of about 10 eV

that is neglected in the following. The same holds true forThe factor 1/2 in Eq(B3) stems from the average over the
surface relaxation for_the present conditions. However, 'Fh%mgleqs. Hereri and rk are the thermal or relaxation induced
change of the scattering angle leads a change of the kingjssets of the positions of the backscattered atom and the
matl_cal _factorK an.d to a related broadening of the er"ergytarget atoms that shadow and block the impinging ion. Thus
distribution according to the total additional energy spreading for a collision with a

9K\ 2 target atom from layet will read
T2 _ 2 2

i k—<ﬁ) EodW <k (B2) ) )

with 5E2=( > T | 2 5T2L,k) . (BY)
k=2 in k=2 out
N 1—
6”\If2i’k:§562i'k (B3) The results from Eq(7) have been convoluted with a Gauss-
ian energy distribution with the above defined standard de-
and viation (see Table)l
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