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Channeling effects observed in energy-loss spectra of nitrogen ions scattered off a B0) surface
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We present measured energy-loss spectra of nitrogen ions, which are scattered %f2 arfissing row
reconstructed P110 single-crystal surface. The primary energy is varied from below 1 keV up to above 1
MeV, i.e., 0.04,<v<2v, with vy the Bohr velocity We use grazing angles low enough in order to have
surface channeling at all energies. Experimental results are compared with theoretical energy-loss values
obtained from trajectory and stopping power calculations of charged particles scattered under grazing incidence
conditions from metallic surfaces. The stopping power is calculated using the scattering theory formalism.
Different trajectory classes are found by the calculations and assigned to different contributions in the energy-
loss spectra. Regarding the simplicity of the presented model the agreement with the experiment is good.
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I. INTRODUCTION The results of the experiments are compared with theoretical
energy-loss values, which are calculated using the transport
During the last decades, many experiments have been petross section at the Fermi level using a self-consistent scat-
formed with charged particles penetrating bulk matsse  tering potential obtained in density-functional thedBFT)
[1] and references therdinin many of these experiments, as applied to a static impurity in jelliufi2].
the stopping power can be calculated by dividing the mea- We present experimental data for Nons from below 1
sured energy loss of the projectiles by their trajectory lengthto 10 keV, N ions at 75 keV and N ions in the 1 MeV
which is given by the target thickness. Two parts contribute@nge. In Table |, the experimental conditions are shown.
to the energy loss of charged particles interacting with matAlso, the elastic energy losses for single binary collisions
ter. The nuclear losses are of elastic nature and can be cdietween N and Pt are calculated using energy and momen-
culated from binary collision models. The electronic lossestum conservatiori3]. The obtained elastic losses are of the
which are mainly inelastic, are more difficult to describe. Toorder of a few eV, which is rather small compared with the
do so, detailed knowledge of projectile and target propertie§Xperimental total-energy losses. Furthermore, in the case of
is needed. small angles of incidence, multiple scattering or channeling
In the case of surface scattering, the situation is eve®ccurs. Then, the elastic losses are below the single binary
more complicated. The impact parameters are not limited bgollision energy los$3]. The elastic losses given in Table |
the target density, hence, effects taking place 10—20 a.u. if@n therefore be considered as upper limits. Consequently,
front of the surface may contribute to energy losses. Théhe measured energy losses can be considered to be mainly
trajectory lengths are difficult to define and depend on thelue to inelastic processes involving electronic effects.
scattering conditions, like angle of incidence and azimuthal The low-energy experiments were done with the LLOKI
angle. Therefore, the surface structure has a strong influen&&tup at the University of Osnalwki[4], the middle-energy-
on the interaction by determining the trajectories of the profange measurements with the electron cyclotron resonance
jectiles. Surface energy-loss experiments are possible onfECR) source at the Hahn-Meitner-InstitugeMI) in Berlin
with a single-crystal surface. Polycrystalline or amorphoud 5] and the high-energy experiments with the pelletron accel-
material surfaces cannot be prepared in a controlled waggrator at the MPIfuMetallforschung in Stuttgaift6].

Therefore, in surface energy-k)ss experimentS, we a|WayS The fOIIOWing section describes the different eXperimental
deal with channeling. setups. Next, the theoretical aspects are presented. Finally,
In the present paper, we investigate the influence of théhe results of the model calculations will be compared with

surface structure on the projectiles trajectories and the wa§xperimental data and discussed.
this affects the energy loss of nitrogen ions that are scattered
under grazing incidence along defined crystalline directions
off a P{110/(1X2) reconstructed single-crystal surface. Il EXPERIMENT
We vary the primary energy of the ions, the primary
charge state of the ions, and tfggazing angle of incidence
*Email address: arobin@uos.de . The target is F1L10) in all cases. We always use a specu-
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TABLE I. Overview of the experimental conditions: For all measurements, the primary eBgrghe
angle of incidence), the primary charge statg,,, the perpendicular component of the primary endggy,
and the elastic energy loaE®'25!® are given. The outgoing charge statgg are 0 forE, below 10 keV and
+1 for Eg>10 keV.

E, (keV) ¢ (deg Oin E, (eV) AE®ste (g\)
0.77 3.1 1 2.3 0.6
1.06 3.1 1 3.1 0.9
1.30 3.1 1 3.8 1.1

2.06 3.1-6.1 1 6.023.3 1.7-6.8
3.06 3.1 1 8.9 2.6
4.07 3.1 1 11.9 34

4.48 21-5.1 1 6.1-35.4 1.8-10.1
6.13 3.1 1 17.9 5.1
8.09 3.1 1 23.6 6.8
9.99 3.1 1 29.2 8.4
75.0 1 5 22.8 6.6
700.0 0.2 1 8.5 2.4
1000.0 0.2 1 12.1 35
1400.0 0.2 1 17.0 49

lar reflection geometry, i.e.f=2 with 6 as scattering appear broadened. This is due to the detector resol(gea
angle. The azimuthal alignment of the crystal surface is 10Sec. I B).

off the[ 110] semichannel in all experiments described here,

except the 4 keV azimuth series. The energy component per- A. Low-energy range

pendicular to the target surface is important for this type of | gw-energy (0.7-10 keV experiments are done at the
experiment. It is calculated frof, = Eosin’y with Eq asthe || OK| setup in Osnabick with a basic chamber pressure of
primary energy and) as the angle of incidence. B, is  3x1071° mbar. An ATOMIKA ion source with a time of
chosen too high, surface channeling fails and most of th@ight (TOF) measuring system is used, placed in forward
projectiles penetrate into the bulk. An overview of the ex-djrection to detect scattered particles under small scattering
perimental conditions discussed in this paper is given irgngles. The source can produce lor 2+ charged ions.
Table I.E, varies from about 2 to 35 eV. Depending on the gince the beam intensity and quality is much better in the
energy range and the charge state of the scattered particlegse of 1+ ions, we take N as projectiles. The energy
different kinds of analyzing systems and detectors are usegroadening of the primary beam is smidbout 6 eV half
(see Secs. IIA, 1IB, and Il width at half maximum in the 1 keV cakand the beam

Different experimental energy spectra are shown in Fig. lgivergence in space is smaller than 0.3°, defined by a slit
for Eq between 1 keV and 1 MeV. The 75 keV measurementssystem.

Charged and neutral particles can be separated by a post-
T acceleration stage in the TOF tube. At the experimental con-

11 — ;

—T—
E,=1.0keV

) L] . . .
104 o El=100kev . ditions chosen, more than 99% of the scattered projectiles
1 A E =75.0keV i H
97| o E'-10000kev 4 are neutralized after the scattering process. As detector, we

use two multi channel platedVCP’s) of 32 mm diameter,
situated 1558 mm downstream from the target. The detecting
system has an acceptance angle of 1.2° and an energy reso-
] lution dE/E, of 1x 10 3. It can be rotated to change the
. scattering angle.
] The target is prepared by scangia 2 keV Né beam
over the crystal surface. During the sputtering process, the
target is heated up to 730 K. At the end, the target is annealed
at 1050 K for typically 5 min. This preparing cycle is re-
peated several times to get a well-preparek 2) recon-
structed surface.
Surface structure and quality is controlled by qualitative
FIG. 1. Energy-loss spectra for different primary energies on dVisua) low-energy electron diffractiofLEED) and ion scat-
normalized scale. In all cases, specular reflection geometry itering spectroscopylSS). ISS gives chemical information
needed. Incoming angleg are adapted to surface channeling con- about the remaining impurities at the surface. LEED also
ditions (see Table)l offers the possibility to adjust the crystalline azimuth within
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FIG. 2. Azimuthal scans of the Pt(110)X2) reconstructed
surface to adjust thg110] direction.(a) Scattered intensity of a 8
keV N* ion beam in forward directiottaken at the LLOKI setup in
specular reflection geomejryThe peak at 0° corresponds to the varying from 3.1° to 6.1°, i.e., a change ) from 6 to 23.3 eV.

[1?0] semichannel(b) Target current of a 1.4 MeV & ion beam AE increases continuously witi. (b) 4.5 keV spectra withy
with an angle of incidence of 3fStuttgar}. Lines are drawn to varying from 2.1° to 5.1°, i.e., a change By from 6 to 35.4 eV.
guide the eye. Increase ofAE saturates fory=5.1°.

FIG. 3. Energy-loss spectra of Nions scattered off a
Pt(110)(1x2) surface in specular reflection geometry. The azi-
muthal angle ish=10° in all cases(a) 2 keV measurements wit}

an accuracy oft 1°. Better accuracy is achieved by measur- B. Medium energy range

ing the scattered intensity of the ion beam in the forward .
direction during an azimuthal scan. This allows a precision The 75 keV ions are produced by the 14.5 GHz electron

o — cyclotron resonancéECR) source at the HMI in Berlin5].
better than 0.5° for adjusting tH&.10] direction.

X ) ! With a maximum acceleration voltage of 15 kV, highly

Figure Za) shows an azimuthal scan of 8090 eV #oNs  cparged jons can be extracted. We ue Nons to have a
scattered in specular reflection geometry off &(@) recon- maximumE, of 75 keV and to exclude effects frolshell
structed Ril10 surface. The peak ap=0° indicates the pgles on the energy lo$3].
surface channel i1110] direction. The symmetry of the Ar™ sputtering and annealing is used for cleaning the sur-
spectrum reflects good quality of the target preparation anéhce in the same manner as at the LLOKI setup. The sputter-
good adjustment. Figurgld) is from the 1 MeV experiment. ing gun provides a beam current in thé\ range using 3 kV

Energy-loss spectra with a variation ¢f are shown in  acceleration voltage. Structure control is done by LEED,
Fig. 3 for two different values oEg. In (a) 2 keV measure- which is also used for adjusting the target within an accuracy
ments in specular reflection geometry are shown by varyingf +1°.
¢ from 3.1° to 6.1°, i.e., a change B, from 6 to 23.3 eV. The detecting device consists of a collimator, an electro-
A continuous increase aAE with increasingy is shown. static analyzeESA) and a channeltron. The ESA detector
This is because we are below the critical perpendicular enwas built in Osnabrek. The shape of the voltage plates is
ergy, so surface channeling holds on. Figutb) 3hows a different, i.e., one is flat and the other parabolic. This enables
similar sequence of spectra for particles with a primary ena small detector size (136562 mm) and low voltages. With
ergy of 4.5 keV. In this casé&, changes from 6.1 to 35.4 eV a target-detector distance of 32 mm and an aperture of 1 mm
and no increase dE is seen fory>4.1° (see discussion  the acceptance angle results in 0.5°. The energy resolution of
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the detector is determined by the slits of the collimator andvheredE/ds characterizes the inelastic energy loss per unit

those in front of the channeltron. In our case, we get a thelength(stopping powerandL the interaction length, i.e., the

oretical resolution ofdE/E,=1.5x10"2, which limits the  part of the trajectory in which the ion interacts efficiently

accuracy of the energy-loss measuremefus details see with the valence electrons of the metal surfddet,15.

[8]). Nuclear stopping processes are neglected. The transport
Most of the particles are neutralized after the scatteringross section at the Fermi level,(vg) is related to the

process[8,9]. We detect outgoing charge states frajy,;  stopping power dE/ds) of the ions ¢ <vg) by

=1+ uptoqy=3+. The yields of the higher-charge states dE

(gou= + 2) decrease drastically. Only values of scatteréd N = _

ions are taken for the energy loss discussion. ds ~ Novvrou(ve)=vy(Z1.ve), @

where vg=(372ny) " is the Fermi velocity,n, the elec-
tronic density,y(Z4,vg) is the so-called friction coefficient
The experiments at the Max-Planck-InstitutelPl) in andv the particle velocity that is taken as constant during
Stuttgart are obtained viita 6 MeV Pelletron acceleratp]  interaction time. The transport cross section is calculated
and a high-resolution electrostatic spectromgiéf. Charge from a full phase-shift calculation of electron scattering in
over mass separation is done by a 90° magnet. Magnetic lefige self-consistent screened potential, calculated in density
systems in combination with slits, focus and confine thefunctional theory(DFT) [2]. The free-electron radius is
beam. The detecting system, combining an ESA and a MCHetermined from EEL(electron energy logsspectra tor
with a resistive anode for position analysis of the detected™ 1-63 a.u[16]. This leads toy(ve)=1.44 a.u. as the fric-
particles, has a maximum energy resolutidiEe/E, of tion coefficient for the interaction of nitrogen particles in

3x10°%. The experimental resolution used in our experi-Platinum. .
ments isdE/E0=%><10’4 [10]. Note that due to charge- The trajectory length. is computed from a Monte Carlo

exchange processes, the primary charge state is not preser\ﬁ(ﬁpe using the Zlegler-B|ersack-L|t_tma|(IZBL). potential

during scattering. Outgoing charge states up £ Mre de- . The qode calculates at every traject_ory p0|n_t the sum of
tected. The average outgoing charge state is approximate | potentials of the atoms within a certain area, i.e., the code
22 de.pending on the primary energy. A typical spectrum o reates a three dimensional box, following the actual point of
th'e raw data of a 1.0 MeV Nsurface cﬁanneling experiment the trajectories. The gradient of the potential gives the force

off Pt(110) is published elsewherg l]. For the energy-loss acting on the projectile. By using this force, Newtons equa
. . Pl tions of motion are solved numerically. Thermal vibrations
discussion, the values of the outgoing Nons are taken. . . .
are included by calculating random displacements of the tar-

The target is cleaned by sputtering and annealing. Theet atoms with a surface Debye temperature according to the

structure is controlled using LEED, as in the experiments i . :
Osnabrgk and Berlin. Adjustment of the angle of incidence ebye model._ Ina f'.rSt step, the bulk value of 240 K is taken
for all three dimensions.

is done by a laser beam. The azimuth is adjusted by measur- For analyzing the trajectory length, it is necessary to de-

ng t_h(_a target current dutmg an §12|r.nuthalican.' Tha,u 9VES fne azvalue as a starting point of the trajectory. This cutting
precision better than 0.3° for adjusting 0] directions.  gqgez - limits the interaction distance of the projectiles

Figurezgk?) shows an azimuthal target current scanning 140Qg|ated to energy-loss processes above the surface. The en-
keV N"" ons aty=3°. As in Fig. 2a), the good symmetry ggy |oss of the particles outside the limit pfgqe is esti-
indicates a well-prepared and well-adjusted surface. Thgsied to be in the range of a few electron v4lt3].

C. High-energy range

minimum at¢=0° defines th¢110] direction. We take all the trajectories into account, which hit the
detector after the scattering process. The size of the detector
D. The Pt(110 crystal is equal to the experimental aperture of the detecting system.

Different classes of trajectories are obtained and the inelastic
energy losseaE of the respective projectiles are calculated
from Egs.(1) and(2).

We studied the P110) surface previously with scanning
tunneling microscopySTM) and low-energy ion scattering

[12,13. The clean RIL10) crystal forms a (k2) missing Further information obtained from the trajectory calcula-

row structure, i.e., every oth¢d 10] chain is missing and yion are the percentage of particles hitting the detector, the
wide surface semichannels are formed. Mesoscopically, gerage lengtit, and the turning point, of the trajectories
flsh-scale pattern is formed with elongated terraces of rhomgis, respect to the atom positions of the surface. Going to
boidal shape. They have average lengths of 50-60 nm along, e primary energies and smaller incident angles increases
the [110] direction and a width of about 20 nm, i.e., the Z and shortens the trajectory |engths_

terraces are on average longer than the trajectories occurring

in our experiments. IV. RESULTS AND DISCUSSION

The experimental energy loss is given by the difference
between the maximum of the measured energy distribution
The energy losaE is approximated by of the scattered particles and the primary endggy

We start the energy-loss calculation with an approximated
value for the limit of the interaction zorg,y,.. The starting
value iszgqge=2.2 a.u.

Ill. THEORETICAL ASPECTS

AE—LdE 1
- &1 ()
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FIG. 4. Comparison of experimental energy losses with theoret- |G, 5. Difference between theoretical and experimental energy

ical values forzegge=2.6 a.u. ForEg>2 keV, the theory fits the |ogs relative to the experimental value. Fréiy=2 keV onwards
experiment qualitatively. The scattering geometry is listed in Tablehe agreement is better than 40%.

I. Labels indicate the incoming charge states, respectively. Lines are

drawn to guide the eye. essentially no energy loss in the case of very low energies or

) ) ~_very grazing incidence, i.eE; <5 eV. Long-distance ef-

With the so-definedqqe, We calculate average projectile fects resulting from the Coulomb interaction are neglected in
trajectory lengths. for the different geometries and primary the calculation. Hence, the obtained energy-loss values are
energies. Usingy, (ve) =1.44 a.u. in Eq(1) we estimate a  |ower than the experimental losses.
theoretical energy loss. The calculated energy losses are fit- Figure 4 shows a linear relation between primary energy
ted to the experimental data by optimizing the cutting limitand energy loss. This reflects the linear dependence of the
Zegge The parametez.qq.Can be understood as a target prop-stopping power on the velocity and an approximately linear
erty depending on the azimuthal direction because of corruincrease ofL with increasing velocity{17]. The L depen-
gation effects. Iz.qq4ciS a target property indeed, it should be dency on velocity only is observed, B, remains below a
possible to findone zqqe that leads to good agreement with critical value. Namannet al. found in the case of H ions
all experimental energy losses. interacting with a Ni110 surface, thatL saturates foiE,;

With zq44e=2.6 a.u., we get the best agreement for pri-larger than a critical value of 37 eY17]. Particles with
mary energies from above 2 to 10 kéMig. 4). The theoret- higherE, penetrate the first layers and probe the bulk prop-
ical values are in good agreement with the experimental datarties. Experimentally, we have at least two possibilities to
over a primary energy range of three decades. verify this assumption. Firstly, by increasing the primary en-

Deviations between experiment and theory are morergy, i.e., using projectiles with, e.d£>12.7 keV and sec-
clearly seen in Fig. 5 using a linear scale. At the low energyondly, by changing the incident angle, e.g., taking 4.5 keV
end, i.e.,Eq<2 keV, the theoretical values are below theions with #+=5.1° or more. Figure (®) provides evidence
experiment. This is due to the fact that at 2 keV apd for our assumption.
=3.1°, i.e.,E, =6 eV, the turning point, of the trajecto- In the case ofyy=5.1°, we exit the regime of surface
ries is in the region of.qge, i.€., the calculated is very  channeling, i.e., trajectory lengths saturate. This can be seen
small (Fig. 6). The model with thezqq. value used predicts in the spectra as well, if one looks at the missing increase in

3.0
2.8
26
24]
2.2—.
< 20 FIG. 6. Trajectory calculations for 2 keV'N
‘N 18 ions scattering off Pt(110)(22) with =3.1°
15.] and¢=10°. The perpendicular part of the energy
14 is E, =6 eV. Trajectories’ turning point is in the
12 range ofzegge.
1.0
0.8 ] T '+ r + 1 ' r r 1 v 1 r v 1 T 1
0 20 40 60 80 100 120
x[A]
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FIG. 7. Trajectories for 4.5 keV N ions scattering off FIG. 8. Azimuthal series of energy-loss data fof Mns scat-
Pt(110)(1x2) with s=3.1°. (a)—(c) show a side view of the tra- tered off a Pt(110)(X 2) surface with an angle of incidence gf
jectories. ¢ is varied from(a) 20° over(b) 10° to (c) 0°. The  =3.1° (a) Energy-loss spectra fdf,=4 keV. The peak position

development of then-channelclass (long trajectories is clearly  shifts to higher energies with increasing. The spectra in the
seen.(d) shows a top view ofc). Three classes of trajectories can [170) channel is broadenedb) Theoretical energy losses of 4.5
be distinguishedshort, long andzigzag. keV N* ions. Values are shown for short and long trajectories as
well as for the average losses. In addition, we show experimental
energy loss for they=5.1° data. In consequence, we expectvalues of the peak maximum for 4 and 4.5 keV. Lines are drawn to
a stop in the increase of the average trajectory length witiguide the eye.
increasingy to reflect the energy-loss behavior. i ) )
We made a detailed analysis of a large number of calcu_[elated _to the flrst atomic layer of the target decreases with
lated trajectories for our range of experiments. The simulalcreasing¢ (Fig. 7). , _ ,
tions were done foh=0° the[lTO] channel, and for The eX|_stence of the tV\_/o trajectory classes is not obvious
ot ’ g when looking at the experimental energy spectra. In Fig. 8
=10° and¢=20° off the[_llO] direction. We find two dif- spectra from¢=0° to 20° are shown for a primary energy
ferent classes of trajectories. of 4 keV, ¢y=3.1° and§=6.2°. There is no evidence from
(i) hyperbolic-shaped trajectories, which are typical forthe peak shape for two energy-loss distributions as predicted
planar channeling; in the following, we will call them the by the calculations for the case ¢f=10°. Also, the maxi-
shorttrajectories. mum peak position is independent ¢f for ¢=6°. These
(i) very flat, stretched trajectories with a special steerindindings are explained by calculating the average energy

in the[ 110] channel. These ions move for more than 70 a.u!0Sses, which are obtained by weighting the energy losses of

parallel to the surface. In the following, we call them the the short and the long trajectories with their respective inten-

long trajectories. sities. o
As shown in Fig. &), the calculated average energy

For scattering along thigl 10] channel, the long trajecto- losses are independent ¢ffor ¢=4°, too. The energy loss
ries are dominant. Ap=20° only short trajectories prevail. of the short trajectories increases with whereas the energy
Simulations with azimuthal angles frogh=0° to 20° show loss of the long trajectories decreases withThe findings
a transition of the long trajectories into the short trajectoriesfor the average energy loss agree with the experimental
The average distance of the turning poing, data. Note that the experimental values are shown for
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FIG. 10. Comparison of experiment and theory for varjeth

FIG. 9. Two-function fit to an experimental spectrum fgg case ofE,=2 keV and¢=10°.

=4.5 keV andy=2.1°.

the fit parameters show that the relation between the intensi-

ties of the two functions changes significantly, whereas the
2nergy position of the peak maximum is almost unchanged.
ut in the case oEy=2 keV, the percentage of long trajec-

Close to the channel, the theoretical values for the averagté’ri\zshaislg fgs \]/cveI(Figl]. 1.0)' b de f th find
energy loss are significantly higher than the experimental at Kind ot conclusions can b€ made from these find-
ones|[Fig. 8a) for ¢=0°, 2°]. Hence, an influence of the ings concerning the energy-loss dependencyydior the 2

. : . ? in Fi -
surface corrugation or.44chas to be considered. Comparing and t4b5 tkeV mtehasurem%nts. As sho;/\_/n In Fig. 1OI,tbtrhtehagree
the experimental spectra fes=0°, 10° from Fig. 8, it is ment between theory and experiment increases # €

evident, that the small intensity peak at the high-energy sidg keV measurements. F_ro“?“z“-l . o_nwards, the average
of the distribution develops in the main peak of tie calculated energy loss fits in the limit of the error bars the

—10° spectra. Explaining this by the trajectory picture gxperlmental energy loss well. Also, the more or less linear

means that these contributions result from the same class H}Clr:?ﬁe withys I?L\llvsel:(dssglbedrbyﬂenihsot\rz. n theorv and

trajectories, namely, the short ones scattered planar from the ~ N Ci‘Se 0 i - Ke d € atgzekewe 1De Thee' eory a

surface. Details of tha-channelspectra will be discussed in experiment IS not as good as a 9. 14. The Increase

a forthcoming paper of the average energy loss withbecomes overestimated by
To get a clue of how strong the long trajectories contrib-the thepry for>3°. The reason has to be an overestimation

ute, we fit the experimental data with two instead of oneOf the influence of the long traje.ctones, because the agree-
! ment between theory and experiment for the short trajecto-

energy-distribution functions corresponding to the two tra-. . . . ;
jectory classes. Therefore, we use typical energy—loss—typ@es is goodFig. 11). Note the short trajectories represent the

Eo=4 keV, the theoretical values foE;=4.5 keV. To-
gether with an overestimation of the contribution of the long
trajectories, the difference in the absolute values can be e
plained.

function, i.e., a Gaussian function convoluted with an expo-
nential decay function as proposed byriann[4,18]. With

two fit functions, the agreement of the fit with the experiment
is improved. In most cases, it is indeed necessary to take i
second fit function to reach agreement.

From Fig. 9, it can be deduced that one function mainly
fits the peak of the energy-loss distribution, whereas theg_
other one fits the broadened low-energy shoulder of the peakg
Because of the higher mean-energy loss of the latter one, wﬁ
assume that this contribution describes the long trajectorie<s
whereas the narrow distribution represents the short trajectos
ries. This assumption is supported by the fact that the broad
ening of the function representing the long trajectories can be
explained by the results of the trajectory simulations. Since
the depth distribution irz direction is much smaller in the
case of the short trajectories compared with the long ones
the resulting length distribution is broadened for the latter. In
consequence, the electron density felt by the projectiles dif-

300

270
240 -
210-.
180-
150 -

120

90

energy loss

--m-- theoretical AE™™™*
O experimental AE™*"%
~-A-- theoretical AE™

--v— experimental AE™™"

y [deg]

fers more in case of the long trajectories that lead to a broad- FIG. 11. Comparison of experimental and theoretical
ening of the energy-loss distribution, too. Small variations ofiosses for varyingy in case ofE,=4.5 keV and¢=10°.
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010 P trajectories is, e.g., 5 nm fa,=4.5 keV, the length of the
’e'-e"e'gg’wbss ; short trajectories is less than 2 nm. This argument is sup-
oosd| 22 » /E, ported by the fact that Fig. 11 shows the best overall agree-
© AET/E, ) ment between the average experimental energy loss and the
calculated value for the short trajectoriesee also Figs. 4

0.06 - a _-n \C/}Dﬂ . and 5.
] - Q ] In the 1 MeV region, the experimental energy losses
Q show small deviations from the linear dependency V&t

AEIE,

004 ] (Fig. 12. The super-proportional increase is due to charge-

O
%% % %%ﬁﬁ/ 1 exchange processes, which occur during the scattering inter-
/- action. The ions are not neutral in front of the surféas in
. the <10 keV rangg but interact as charged particles with
the surface. The interaction time is estimated long enough to
T T form an equilibrium charge state in the range betweeh
1000 10000 100000 1000000 .
E [oV] and+ 3 [11]. The additional charge-exchange processes con-
o tribute in two ways to the energy loss. First, the stopping is

FIG. 12. Comparison of the relative energy lasg/E,. Error  Stronger for charged particles compared with the stopping for
bars indicate the experimental uncertainty. neutrals—the stopping is approximately proportional to the
square of the charge state at high velocities, and a more
planar channeled particles. The long trajectories represe§@mplicated dependence has been found at lower velocities
particles following surface semichannels. This gives calcut?,14—and second, the charge exchange itself contributes to
lated values for the length df=44 a.u. in the case aof  the energy loss. Experimentally, this increase of the energy
=2.1° andL=80-90 a.u. fory>3°, i.e., up to three times loss is significant, as shown in Fig. 12.
higher than for the short trajectories € 25—-33 a.u.). In the Since our theory does not take into account charge-
calculation, both trajectory classes contribute around 50%. exchange effects, it cannot describe this additional energy
Having in mind that a real surface always contains stepsoss forE,>700 keV. To consider these influences, we have
and impurities, the percentage of ions following these longo know more about the transition rates between the different
trajectories may be overestimated by the computer calculazharge states. Knowing them, we can calculate an average
tions, especially fory>3°. But the experimental finding of number of charge-exchange processes, which occur during
the general behavior of the average energy-loss dependenggjectile-surface interaction. This gives us different interac-
on ¢, which is an increase up to arougid=4°, followed by tion lengthsL? for every possible charge statg[14]. The
a saturation, is well explained by the theory for the 4.5 keVgym overd with q=1,2, . . . ,7 has tgive L. With this kind
data, too. _ _ _of improvements, it should be possible to include the effects
For a further understanding of the channelmg behavior charge exchange in our moddl7].
we varied the target Debye temperature in the trajectory cal-

\ati At | Debve t i the th I vib The two kinds of trajectory classes from Fig. 7 can be
cuations. ower Debye temperatures, the thermal vibrag, o, iy the 0.7-1.4 MeV energy regime, too. The effect on

tional amplitudes of the atoms increase. The increased the{ﬁe calculated energy loss is small, approximately 2—4 keV.

mal amplitudes cause a decrease of the effect of SurfaQt?ecause the length difference between the two classes is neg-
semichannels. But also fdFpepye=120 K, i.e., half of the 9 9

bulk value, we get qualitatively the same results. The tota|Iglble compared to the Iow-epergy regime. The smallgr
number of particles hitting the detector is lowered by 3O_shadow cone prevents the projectiles to follow any special
40%, i.e., the scattering becomes more “diffuse.” The distri-Surface channel.

bution of the trajectory lengths broadens, causing a broaden-

ing of the calculated energy distribution, too. The relative

contributions of long and short trajectories to the total do not V. CONCLUSION

change significantly. These findings strengthen the conclu-

sion that a careful trajectory analysis is needed for the analy- ¢ Irjtsumm_ary, we Ttave dcalfcf:ulzgig in trfus pagﬁr, etr)lter_gy (Ijoss
sis of experimental energy-loss spectra. In our case, tn@' Nitrogen 1ons scattered o a(@10 surface. The obtaine

width of the energy-loss spectra is caused to a large extent HAUES are in good agreement with the maximum peak posi-
trajectory effects and not so much by energy-loss stragglindion in the measured energy-loss spectra for the presented
Besides the thermal vibrational amplitude of the target atPrimary energy range. For the whole range of experiments,
oms, the quality of the surface influences the characteristic@nly one “fit” parameterzqqqeis used for the theoretical de-

of the trajectory distribution. As we know from STM2],  scription with one numerical valugy,=2.6 a.u.. By defin-

the surface of R110) forms the so-called fish-scale pattern, ing the interaction zone beqe=2.6 a.u., we well describe

i.e., there are steps according to the average terrace length @periments withe, =10 eV. Because the theoretical model

25 nm in the¢p=10° direction. Together with other defects, does not include any charge-exchange processes, the calcu-
this may lead to an overestimation of the long-guided trajeclated energy-loss values increase less than the experimental
tories in the calculations. The average length of the londosses in the case &;=1 MeV.

0.02 1
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