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Highly charged ions impinging on a stepped metal surface under grazing incidence
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We report on energy loss measurements and charge state distributions for 66 kevidN75 keV N* ions
scattered off a Pt(110)(42) single crystal surface. In particular, the influence of surface steps on the energy
loss and the outgoing charge states is discussed. The scattering angle and the angle of incidence are varied. We
use grazing incidence conditions, i.e., the momentum perpendicular to the surface is low enough to prevent
penetration through the first atomic layer. Image charge effects are observed leading to an additional projectile
acceleration towards the surface. Outgoing charge states are detected+frarp tb 3+. Axial channeling
conditions are defined by scattering along the azimyi®@l] direction, i.e., the projectiles are guided along
the [001]-atomic rows. The energy loss for axial channeling is found to be somewhat larger and the energy
distribution to be broadened in comparison with the spectra for planar channeling conditions. The broadening
is attributed to the interaction of the projectiles with the side wall potentials of the surface channels. We find
a strong increase in the energy loss with increasing scattering angle, which exceeds the calculated contribution
of the elastic energy transfer by orders of magnitudes. These increased energy losses are attributed to the
interaction of the ions with the surface steps.
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I. INTRODUCTION Il. EXPERIMENTAL ASPECTS

. . . . . The experiments were carried out at the lonenstrahl-Labor
Highly charged iongHCIs) interacting with surfaces lead in Berlin. The beam was produced in the 14.5-GHz electron

to very interesting phenomena. Because of the high potenU%I clotron resonance source and collimated to a diameter of

energy involved, a cascade of processes takes place, Ieadir}i% . . .
9y P b out 1 mm. The absolute energy uncertainty is estimated to

e.g., to electron and plasmon excitatigd$ x-ray, electron, T
and particle emissiofsee, e.g.[2—6]). Many experimental be on the order of 2%, whereas the energy broadening is

methods such as x-ray photoemission spectroscopy, AugefStimated to be less than15 eVxq with g the primary
electron spectroscopy, secondary electron emission, etEharge state. Primary beams of 60 ke¥"Nand 75 keV N
have been used to investigate these phenomena, sheddiy directed towards the cleaned crystal surface under the
light on the neutralization processes of HCIs and the respedf@zing angle of incidence varying from 0.5° up to 10°.
tive time scale§7-17). Investigations of the scattered pro- Crysta_l preparation is done inan ultrahigh vacuum chamber
jectiles give insight into image charge acceleration effectd10] with a bflse pressure in the Iow.TL‘bmbe'lr range by
[13] and, in combination with computer simulations, yield Successive Ar sputtering and annealing. Using the target
information about trajectory dependencies of the energy losBréparation recipe known from previous scanning tunnel mi-
and charge state distributiofs4—16. Out-of-plane scatter- CroSCOPESTM) studies[20], the clean R1L10) crystal forms
ing events, or zig-zag scattering, may strongly influence théhe (1X2) missing row structure. Every otht 10] chain is
energy loss of the projectildd.7]. At grazing incidence the missing resulting in wide surface semichannels. The surface
zig-zagevents cause an additional broadening of the angulaieconstruction is controlled by low-energy electron diffrac-
and energy distributions of the scattered parti¢&48]. tion. Mesoscopically, a fish scale pattédrhomboidal shape
This paper investigates the influence of surface steps ois formed with elongated terraces of 50-60 nm length and
the energy loss and charge state distributions of the scatterd®—30 nm width, i.e., along thi@01] direction the average
ions. We report on measurements with primary 60 kéV N step length_s for a consecutive upward and downward step
and 75 keV N* ions scattered off a Pt(110)&I2) single is in the range of the average trajectory length The azi-
crystal surface, i.e., the projectile velocity stays below muthal angleg is varied between the axial channeling con-
0.5, with v, the Bohr velocity. Neutrals cannot be detectedditions along thg001] direction (¢=90°) and the surface
with the applied experimental method, but previous surfacglanar channeling ¢=80°). The scattering geometry is
scattering studies have shown that the neutral fraction oghown in the inset of Fig. 1.
scattered projectiles is at least 85% for the presented ions and We use an electrostatic analyzer with a special deflection
energies 8]. Estimations of the mean charge states for theplate geometry, making it possible to measure high energy
presented projectile-surface combination and ion energies rgarticles with low deflection voltagd®1,22. Neutrals can-
sult in values between 0.5 and 0.8. However, these estimarot be detected. The detector acceptance angle for surface
tions are restricted to fasv&wv,) and heavy Z=16) ions  scattered particles depends on the scattering angle.fFor
[19] and do not include surface contributions to the neutralbetween 1° and 20° the acceptance angle varies between
ization process. 0.5° and 2°, having a small effect on the measured spectral
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FIG. 1. Scattering of 75 keV N off a Pt(110)(1x 2) surface.
The raw spectra shows three different contributions, which we at- @ |
tribute to scattered N, N°*, and N* ions, respectively. The inset g 4.0x10° I
shows the scattering geometry. o
g
. . . . 2.0x10° | 9':
broadening. We obtain a total energy resolution of approxi- s /. _
mately 2% including angular straggling. The energy calibra- R N
tion of the analyzing system is exact to within 1021]. o.o1 SRR 9
Together with the primary energy uncertainty, we can mea-

. o tteri le 6 [d:
sure the energy of the scattered particles to within an accu- scattering angle 6 [deg]
racy of 3%. In summary, our detection system allows the FIG. 2. N intensity vs scattering angle in case of 75 ke¥'N
measurement of energy spectra for different scattered chargeattering along thg001] surface direction under the incident
states, whereas absolute quantitative energy losses are hardhgles ofyy=1° and ¢y=1.5°, respectivelya). Additionally, for

available. Nevertheless, rough features and relative changes=1.5°, a Gaussian fit is showsolid line). Arrows mark the
in the spectra for different scattering parameigrsy, andé

angle of specular reflection. The step-density paranfeteeasures
are well reproduced.

the percentage of the foot intensity compared to the maximum in-
tensity.(b) Same aga) for the scattered R intensity.

IIl. RESULTS AND DISCUSSION A. Scattering intensity
A typical raw spectrum is given in Fig. 1 for 75 ke\PN

showing three different distributions, which we attribute to
scattered N, N?*, and N*. There are some indications for
N** in the energy spectra in the cased# 80°, but due to
the weak signal-to-noise ratio a quantitative analysis is no
possible. In contrast, the 60 ke\PN spectra show no indi-

Since the highly charged ions are attracted on the incom-
ing path by the image force, this results in an energy gain of
15 eV for 75 keV N* and 23 eV for 60 keV R". The
values are calculated from the staircase model of stepwise

eutralization[23], resulting in an acceleration of the ions

owards the surface. As a result one observes a shift of the
, . . maximum in the scattering distribution towards higher scat-
cation of any higher outgoing charge states th&n .N 9 g

. . tering angles. Experimental results for flat crystalline sur-

. After subtracting a b'ackground_ functlon we analyze the‘faces are in very good agreement with the model predictions
different peaks concerning scattermg'lnter'\sny, mean energ 13,21,22,24,25 A necessary condition in order to deter-
and energy broadening. The Gaussian fits to the differenf, o o antitatively the image interaction by the above dis-
peaks in the measured spectra give us mean energy Valuescyssed technique is excellent control of the surface quality
fOI’ the reSpeCtive Charge states. From them we CaICUIate tlm“ld roughness_ The use of a stepped surface may Change the
mean energy losAE defined as the difference between the scattering conditions significantly. In our measurements we

primary energyE, and E. The results from this procedure observe shifts of the peak maxin@g. 2), which exceed by
will be discussed in Sec. Il B. By calculating the peak area~0.7° for #y=1° and by~0.8° for ¢y=1.5° the calculated
with regard to different scattered charge states, we obtain thealues. The calculations are based on specular reflection
scattering intensity for the respective scattering geometryscattering and include image force effects. This effect has
This procedure is done for all scattering angles resulting irbeen found in earlier studies as wgl,22], indicating sur-
scattering intensity distribution as shown in Fig. 2. In a fol- face imperfections.

lowing step, we will investigate the intensity ratios We observe a broadening of the experimental scattering
I(N2T)/I(N") and I(N**)/I(N™) to gain information about distribution, which is approximately 30% larger than that
the neutralization process, as discussed in Sec. Il C.

calculated from thetARLOWE code[22] and increases with a
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FIG. 3. Energy spectra series for scatteredwth variation of nl
the scattering anglé. The angle of incidence is fixed gt=1°, the
scattering plane is along th801]-surface direction = 90°). g o
decreasing angle of incidence and an increasing outgoing 5 71}
. . . =
charge state. Both phenomena might be taken as indicators o
for surface step collisions. Additionally, we find an asymme- S 701
try in the scattering distribution towards higher scattering E
angles(Fig. 2), which indicates collisions with upward steps 69
[24]. Therefore, a high surface step density is assumed.
Pfandzelter has simulated scattering distributions for H ions 681

12 16 20 24 28 32 36 40
scattering angle [deg]

interacting with stepped Al surfacg24], where he found an
average step lengths of ~300 A for a value of 10—11 % of
the step density parametkr(Fig. 2). The h value measures _ S
the intensity ratio between the peak maximum and the low- FIG. 4. Mean energy values o_btal'ned from the Gaussian fits to
scattering-angle foot, which is caused by collisions withth® €nergy spectra shown, e.g., in Fig.&. compares the results

downward steps. This result is in good agreement with thdor ¥=1° andy=1.5°. The dashed line gives the calculated elastic

STM measurements from Speller al. [20], claiming an av- energy transfer for a single bina_ry collision. Inse_t shows the energy
erage step length along th001] direction of Lg br(_)adenlng_plotted as the full width of half maximum for bpth the
—150-300 A azimuthal directiongb) shows the mean energy values for different

’ outgoing charge states for axial and planar channeling. Lines are

drawn to guide the eye.
B. Energy spectra

From the scattering intensity distribution we know al- 4(a) shows a similar dependency dhas the energy loss

ready that projectile-step interactions take place during thg,eq Theg dependency of the detector acceptance angle
scattering process. It is now interesting to look at how the

¢ ttering influences the ener tra. Figure 3 sh contributes only~10-15% to the observed increase of the
Step scattering Influences he energy fp_ec a. Figure 5 s Ovéﬁergy broadening for the smallvariations under consider-

a series of energy spectra for scatteredibins with varying : . . .

. ) ation. The clear increase of the spectral broadening tith

0. The count rate is plotted against the energy. We Observet‘?]erefore to a great extent, caused by nonspecular and non-
clear shift of the peak maximum to lower energies with in- ' 9 ’ y pec

creasing scattering angle, i.e., the outgoing path has a strorR} nar scattering events. In fact, extended trajeptory S.trag-
influence on the energy loss of the scattered particles. Taking/"d leads to a broadened energy spectrum, as is confirmed
the mean energy values from a Gaussian fit to the energ§y the stronger spectral broadening due to axial chann_elmg
maxima of the respective charge states, we find that the e the case 0f¢=90° compared to the planar channeling
ergy lossAE increases mostly linear up to a scattering anglec@se at¢==80°. The additional broadening in the case of
of 6°—8° (Fig. 4). This observation holds for all detected axial channeling is due to interactions with the side walls of
charge statefFig. 4(b)]. For >8° AE seems to saturate. A the surface channels leading to elongated zig-zag trajectories,
closer look shows an additional feature arouig2y,  Which are also found in trajectory calculatiofis/]. Zig-zag
where the energy loss increase withseems to be slightly ~Scattered particles undergo more scattering processes than
lowered. At the same time the spectral width increases morBarticles scattered along a random direction, leading to en-
strongly than expected from a linear dependency ofhese ~hanced energy losses, and to a broadened straggling tail in
effects indicate surface channeling, i.e., they are not preseffie spectra. However, the effect seen for [{b@1] direction
for larger angles of incidence, as will be seen in Sec. Ill D.IS_not as strong as that observed for scattering along the
Basically, the energy broadening given in the inset of Fig[110] direction[15,17).
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FIG. 5. Mean energy loss dependency ¢nfor specular- of [v=r
reflection scattering. Lines are drawn to guide the eye. T sl $=80° -08 T
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The results concerning thé behavior do not strongly = e Jos =
depend on the angle of incidence, which is an indication that »‘g 5[ eeee® | %
the distribution of outgoing particle trajectories is mostly un- = 41 {04 ™~
affected by the incoming geometry. However, particles fol- e 3} {1 ©
lowing steeper incoming trajectories, i.e., having larger inci- 2t o 0. o 4102
dence angles, show enhanced energy logSgs 5. Though 1 o T (b)
the dependency ot is not as straightforward as ofy we O3 %
find an increase for N of AE up to y=15° (E, scattering angle 6 [deg]
~52 eV) and a kind of saturation fap=2.5° attributed to
the transition from surface to bulk scatterifith]. The en- FIG. 6. Experimental charge state ratios #(WI(N™) (left

ergy loss behavior ony and the increased energy lossesscalg and I(N*Y)/I(N) (right scalé depending on the scattering
found for incoming N* are not completely understood yet, angle ¢ for different primary ions(a) uses axial scattering condi-
since the deviations are clearly outside the error bars of théions, (b) is for $=80°. Dotted lines are linear fits to the experi-
system AE®"~2-3 keV). The effect for R* may be mental data.

caused by enhanced charge exchange and excitation pr,
cesses during the neutralization on the incoming trajector . . o
path. Nevertheless, we cannot rule out that the uncertainty i €., at relatively large surface distances and within a short-

S : : time scale of approximately 10 fs. This assumption is sup-
tsr:Jemgﬁtermlnatlon of the primary energy is larger than asported by other experiments analyzing outgoing iGhs]

Looking at Fig. 4b) we find the same energy loss Olepen_and emitted electror{28]. Furthermore, our results concern-

dency on g for different scattered charge states and bothn9 the scattered charge state ratios presented in Fig. 6 sup-

azimuthsg. On average, the energy loss of scatter@d port this finding. Despite the greater probability of complete

found to be~200-300 eV less and that of scatteredNo neutralization due to the increased interaction time in the
be~1 keV less than the loss of scattered .Nrhis tendency C?SE Iof<|p= 1 c?]mpared to thg cas,ée o= 1;5 J V\;]e obtain ‘?
was found earlief14,26, but is in contrast to transmission Z'g 1toy arger charge state ratio IEN)/I(N") in the case o
experiments. In principle, the amount of processes contribut: =, . . . . . .
ing to the inelastic energy loss is found to increase withI N'Az‘gd/'tllol\??”%’ IFIV%. r? rsi?lowr‘:‘]inthaléf?ze énot/gnﬂs:n;] frartlo
higher charge states when charged particles interact with arQ. )/ +). S lowe 00 coming = an fo
electron gag27]. Hence, it can be assumed that differentp”m"?‘(;y N: '02‘:‘].(4._(1;.) /@t for aIII scafctermg angl??hun.d(_et_r |
higher charge states follow different trajectories originating,conSI eration. 1MIS incicates a 1oss of memory ot the initia

) N ) : ) ;
e.g., from scattering processes off downward steps, whic|l1< §he|l hole of N, which does not survive the incoming
ing tdrajectory. In the case of N we would otherwise measure a

lower energy losses. Consequently, we expect that differe ronounced production_ Of. higher ou_tgoing .charge. states
9y q Y P 26,29. The fast neutralization of the nitrogen ions might be

electron densities are probed by different charge states, lea Upported by a relatively high electron density of platinum

ing to different | - W lude that tion- :
ng [0 dierent energy 10sses. ¥Ve conclude mat a separatio ith a free-electron radius af,=1.63 a.u. for the bulk. Be-

of the outgoing charge states permits selection of different X - ;
trajectory ensembles sides this, the exchange probability between a nitrogen

K-shell hole and a platinunN; _5; subshell was calculated
depending on the internuclear distance by Schipf2# It
turned out that the exchange probability is between 74% and
Taking the former findings into account, we conclude thatl00% for different Pt subshells;N5 at the respective cross-
the kind of scattering process and the outgoing conditioning points of the Pt-N potential curves. These crossing points
determine the scattered charge state, not the incoming comlre located at internuclear distances between 0.6 and 1 a.u.
ditions. Consequently, the neutralization process must havieooking at higher outgoing charge states, we find a percent-

een completed already on the incoming particle trajectory,

C. Neutralization process
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age of N* which is ~ 25 times lower than the percentage of 10
N2* and does not significantly depend én This may indi-
cate that the creation process fof Nis different from that

for N°*, e.g., the production rate of scattere@i’Nons may

be mainly related to the particle velocity. Since we do not
have evidence for scattered charge states higher tRarirN
the case of the slower 60 keV®N primary ions, this as-
sumption seems reasonable.

In conclusion, we can separate the scattering into the fol-
lowing steps. After neutralization on the incoming path, the 0 s - : : - :
projectiles interact strongly with the surface steps, where 00 05 10 15 20 25 30 33
charge exchange and excitation processes lead to reioniza- v Ldea]
tion and intensified energy losses of the projectile. The out- G, 7. Comparison of the experimental energy loss for 75 keV
going charge state is, to a great extent, determined by thRS+ incoming and N outgoing ions depending on the angle of
surface step collisions, which suddenly switch the interactionncidencey. Squares show losses in the case of specular-reflection
on or off. The lower electron density outside the surfacescattering ¢=24¢), open circles in case of a fixed scattering angle
steps prevents a complete reneutralization of the ions. Thisf §=5°. Measurements are made along {b@1]-surface channel.
model is similar to the freezing-distance model proposed by

Mannamiet al. [30], which has been applied to projectiles o at the Fermi level for the electrons scattered at the pro-

with higher velocities scattered _oﬁ flat.surfaces, Wherejectile potential[15,37, we obtain theoretical energy loss
charge exchange only takes place in a region of 2 A near thealues of AE!€o—3_4.6 keV for $=80° and AEe°

surface. In our case, the’N percentage depends on the step_32_7.8 keV forp=90°. The smallest losses are calcu-
density, which is smaller for;=80° than along th¢001]-  |5teq in the case of specular-reflection geometry, k.,
sgrjace glrectlon[ZO]._ This results in a shghtly_ higher =24 (~3-4 keV). These values agree basically with the
N""-to-N" charge ratio for¢=90° of ~0.5-19%(Fig. 6.  gyperimental losses for small scattering angles gre2®,
The same effect holds for a variation ¢f With decreasing a5 presented in Fig. 7. But the experiments show a clearly
y the trajectory lengtiL1 increases. As a consequence, thesmaier difference between the axial and planar channelings
probability of hitting a §urf§$e step rises and causes thegmpared to the calculations, especially for small scattering
h|gr:er charge state ratLb(N_ JII(NT) in the case ofy  gngles. The reason may be that the theoretical model does
=1° compared toj=1.5° [Fig. 6a)]. _ not account for the corrugated electronic surface, which
The above arguments are supported by the higher meathyses on average a lower electron density in the surface
scattering angle for scattered Ncompared to N (Fig. 2, channels. Theoretically, the higher energy losses are found in
which was found earlier by Meyeat al.[9]. Since step col-  the case of very small scattering angles, which is clearly in
lisions interrupt the planar surface potential, step-scatteringontradiction to the experiment. Additionally, the experimen-
processes can cause larger scattering angles when scatter{gggjuesA E€*Pt exceedA Et"e° with increasing scattering
at upward steps. Additionally, surface step collisions lead tyngle up to a factor of 2 in the case of planar channeling, i.e.,
an enhanced ionization rate, explaining the increase of thgzgoo_ Taking equal scattering angl@sE®*Ptis larger for
ratio I(NZ*)/I(N+)_W_ith increasing scattering angle. How- By than for = O, With 0= i+ 6, (Fig. 7). There-
ever, the monotonic increase of the mean energy 10ss #vith fore, we assume that on the outgoing projectile path the elec-

mean energy loss N* [keV]

Axial Channeling (¢ = 90°)
—&— Specular reflection (6 = 2y)
- O+ Scattering angle constant (8 = 5°)

is not yet clear from these simple assumptiofg. 4). tronic projectile-step interaction contributes significantly to
_ the energy loss by an additional amouxES'®P. But since
D. Step scattering particles need to overcome the next upward step when leav-

How can we explain the strong dependency of the energjd the interaction zone of the former step, they are only
loss AE on #? Theoretical energy loss calculations assumédletectable under certain minimum outgoing scattering angles

planar channeling conditionsee Ref[15] for detaily. As  Omin (see Fig. & - - _
input we evaluate the trajectory length: from a Monte To model th'e addltllonal energy loss contrlbut.lon coming
Carlo code developed by Schippeesal. [8], using the from the step interaction, we evalua&gmn assuming a pa-
Ziegler-Biersack-Littmark(ZBL) scattering potentia[31]. ~ rabolalike trajectory shape. As input we use step heigtrd
We obtain trajectory lengths between 160 and 250 Ador terrace lengthx with Ls=x+y. The step height is given by
=80° and between 180 and 430 A fap=90°, which

strongly depend or#. Hereby, the image force reduces the X y

trajectory lengthL by ~10%. Different trajectory classes \m

are found in the case of axial channeling originating from

scattering off the first and the second atomic layer, respec- L 0
tively. s min
From the relatiodE=S,L with S,=1.44 [a.u] corre- FIG. 8. Scheme of the step geometry and the definitiogf

sponding to~20 eV/A as theoretical electronic stopping andLg in the case of parabolalike particle trajectoriegjives the
power, which is calculated by using the transport cross secaerrace length.
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124 model assumes that particles leaving the surface steps under
11+ e | very small angles are not detectable due to further interac-
1] ) " " tions with the next surface steps kicking them off plane.
o] | fﬂ G./Y}//g, r— However, these particles might undergo long trajectories
s ' & /%? leading to comparably high energy losses. Therefore, the pla-
21 £ ﬁ,«(j,g o teaulike features in the energy dependency on the scattering
3 1 14 ,;*,oz/ o angle seen in Figs. 4 and 9 can be understood as a step-
; Z‘ : § fo‘>§o,o'°/o/ caused trajectory selection dependingén
@ 7 o F O'O_U
g
§ ‘] fﬂgﬁg"{ oL =200A S =40 eVA IV. CONCLUSION
3 ggb —o—L;=200A, S, = 50 eVIA ) )
2] odi —*—L,=250A, 8, =40 6V/A In conclusion, the energy loss of N ions scattered off a
1 2% 0—L,=300A, S, =40 eV/A - . S
g —a— AE" (N') for 75 ke N* with y=1° and 4=90° stepped Pt surface is found to consist of three contributions,
. ? namely, the elastic transfer to the target atdwery smal),
0 1 2 3 4 5 & 71 8 9o the electronic stopping during planar and axial surface chan-
0., [deg] neling (3—7 ke\), and the electronic stopping during

projectile-step interactiofa few keV, Fig. 9. The results of
FIG. 9. Calculated inelastic energy losses for ions penetrating ¢he charge state measurements support the assumption of

surface step with lengthLs and stopping power valueS, of  complete neutralization on the incoming projectile path. In
40 eV/A and 50 eV/A, respectively. The dashed-vertical line indi-the region of the turning point the projectile interacts with
cates the case that the projectile hits the step approximately at isyrface steps leading to additional energy losses. At the end
turning point. For compa_rison, experimental energy losses for 7%f the trajectory, a step collision defines the outgoing angle
keV N°* and y=1° are given. and charge state of the projectile. The increase of the energy

loss with increasing scattering angle can be explained by
the crystaline plane distance ta=a /22 with a, Simple geometrical arguments, considering a step interaction
=3.92 A as internuclear distance. We calculate the way th@2sically described by the parametegsand fp;, . The step
energyAES'®P |ost in a step interaction depends 6p;, for mfluence. on the energy loss dependencyﬁons relatively
particles passing a surface step with terrace lergfig. 9). strong, since step length and trajectory Ien_gth_ have compa-
We vary the electronic stopping power val8gand also the ra_ble ranges. Our model shows good ql_Jahtatlve agreement
average total step lengths. Good qualitative agreement is with the experimental results and explalns as well the en-
achieved for thed dependency as well as for the absoluteh"?mce_d energy IOS,’S as the enhancéd Mield percentage
energy loss values by using reasonable values Lfgr With higher scattering angles.
(200-300 A) ands, (40-50 eV/A), making the model fea-
sible. The stopping power values correspond to calculations
performed with therRim 95 code[31] for N ions transmitted We thank R. Morgenstern for many fruitful discussions.
through amorphous bulk Pt and are roughly by a factor of ZFinancial support was provided by the Deutsche Forschungs-
higher than expected for planar surface channdlid. Our  gemeinschaftDFG).
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