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Experiments have been done with 1 keV Ne+ ions bombarding a Cu(ll0) single 
crystal in a (Ill) plane. From the measured energy spectra of the scattered ions 
the minimum and maximum scattering angles for multiple scattering on the surface 
are determ~ed. These rn~~urn and max~um scattering angles were also calcul- 
ated using a computer model. The parameters for an interatomic potential function 
between ion and metal atom are determined by comparison of the experimental 
and calculated scattering angles. A neutralization model for an energetic ion at an 
atomic surface is given, The reliability of this model is tested by comparison of the 
results of computer calculations and the measured peak intensity distributions as 
a function of the scattering angle. 

1. Introduction 

Analysis of the energy spectrum of noble gas ions scattered from the clean sur- 
face of a metal single crystal shows two peaks for a certain range of scattering 
angles, when the plane of incidence is along a closed packed surface chain. The 
low energy peak can be identified with a mainly binary collision process, the other 
one with a multiple collision process. The energies corresponding to these peaks 
depend on the potential function between the collision partners, the angle of incid- 
ence, the scattering angle, the mass ratio and the distance between the surface atoms 
in the plane of incidence (in the case of multiple scattering) [ 1,2]. When at fixed 
angle of incidence, primary energy and mass ratio the relative energy of the peaks is 
plotted as a function of the scattering angle, the so-called multiple scattering loops 
are obtained (fig. lb). 

Fig. la shows measured energy spectra for Nef (1 keV) -+ Cu (1 IO), with a (111) 
,plane as the plane of incidence, for different scattering angles. The angle of incidence 
is always 30 0 with respect to the surface of the target. The two peaks approach each 

other with decreasing scattering angle. At small scattering angles the high energy 
peak disappears, suggesting that in that case multiple collision processes cannot 
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Fig. 1. (a) Energy spectra of 1 keV Ne+ + Cu (110) for different scattering angles 0 (plane of in- 
cidence (11 l), angle of incidence @ = 30” with respect to the surface). (b) The relative energy of 
the scattering peaks versus scattering angle - taken from (a). 
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occur. This is in agreement with reports of Kivilis et al. [3], Yurasova et al. [2], 

Maskova et al. [4], Heiland et al. [5] and can easily be understood from the fact 
that at small angles of incidence and for low primary energy of the incoming ions 

not all possible impact parameters are permitted (surface atomic screening [6]. 
Analogous arguments explain the existence of a maximum scattering angle above 
which no scattering can occur. Fig. 1 b shows the relative energy of the peaks as a 
function of the scattering angles. Such a multiple scattering loop is limited within 
I9 max and emin. 

Computer calculations have pointed out that Bmin and emax depend on the 
assumed potential function for the interaction between a noble gas particle and the 
atoms in the metal surface [2,3]. The best fit of the experimental results and a com- 
puter model is obtained by varying the parameters of the potential function be- 
tween noble gas particles and surface atoms [ 171; mostly the Born-Mayer potential 
function has been used: V(r) = A e- br. However, the form of the potential function 

is not the only factor determining the shape of the energy spectra. The following pro- 
cesses have to be included: 
(i) Neutralization processes near the metal surface. They depend on the distance be- 
tween the ion and the surface atoms [7-91 and can have an important influence on 
the peak height. 
(ii) Thermal vibrations of the surface atoms. An energy spectrum measured at fixed 
scattering angle is an average of different microscopic angles of incidence [ 10,l l] + 
Owing to this effect the microscopic angle of incidence varies, hence energy spectra 
measured at a fixed scattering angle are a superposition of many multiple scattering 
loops. Moreover thermal vibrations in combination with neutralization processes can 
give rise to a peak shift (especially of the high energy peak) and also to a change of 
peak intensity. 
(iii) Surface imperfections. Scattering on surface defects (for instance atoms on top 
of the surface) [ 12,131 causes an increase of the low energy peak intensity, because 
single collisions can take place on surface defects with a very low neutralization pro- 
bability (scattering on foreign atoms is not considered). 

These processes, if important, will be included in the discussion of our experi- 

mental and calculated results. 
Ion reflection spectroscopy as a tool for surface analysis is confronted with the 

above mentioned difficulties. To make it a reliable and quantitative technique more 
has to be known about interatomic potentials and relevant parameters in the neutra- 

lization processes. 

2. Experimental set-up 

The experimental set-up is schematically shown in fig. 2. A Nier type ion source 
with an accelerator system produces a noble gas ion beam with a total current in the 
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range of 1 O- 8 - 10v6 A. The beam is focussed at the target in a spot of about 2 mm 
diameter at normal incidence. The primary energy can be varied between 100 eV and 
10 keV, with a relative energy spread of 0.1%. The background pressure in the target 
chamber is about 5 X 10m9 torr; the working pressure is 10e7 torr. 
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Fig. 2. Sketch of the experimental set-up. 

The target can be rotated over 180’ around the normal to the surface. The angle 
of incidence @, can be varied between 0 o and 90 O. An electrostatic energy analyzer 
(flat condenser type) can be rotated around the target in the plane of incidence 
which allows a variation of the angle f3 between the direction of the incident ions 
and the direction of detection from 0 ’ to 145 ‘. With this double electrostatic 
analyzer we can choose and measure the energy spread. Usually we made our ex.- 
periments with an energy resolution of AE/E = 3.5%. The angular resolution of the 
analyzer system depends also on the spot size of the ion beam and in our case is 
given by 

A6 = arctg 0.064 X sinfnP ‘)I 

at FWHM with a maximum of 6.5 o (see also fig. 6). A small electron source in front 
of this analyzer permits ionization of neutral particles. The mass of the secondary 
ions can be measured with a time of flight method. A channeltron electron multi- 
plier at the output of the analyzer counts the selected ions. 

3. Experimental results and discussion 

Energy spectra have been measured at different scattering angles and angles of 
incidence (fig. 1). All the experiments shown here have been done with 1 keV Ne+ ions 
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bombarding a Cu (110) single crystal in a (111) plane. The primary ion intensity 
was 0.2pA/cm2; the total ion dose per energy spectrum was 5 X 1013 ions/cm2. 
Scattering peaks due to foreign atoms at the surface were not found. Fig. 3 shows 
plots of the relative energy of the peaks as a function of the scattering angle for 
different values of the angle of incidence $ (relative to a direction in the surface). 

o L---,- .__~ i 
0 50 100 

Scattering angle 0 

Fig. 3. The relative energy of the scattering peak versus scattering angle 0 for 1 keV Ne++ Cu (110) 

at 0 = lo”, 20”, 30”, 40” and 50” degrees (full line gives the theoretical relation for single col- 

lision of 1 keV Ne++ Cu). 

It has to be noticed that the left-hand side as well as the right-hand side of the 
multiple scattering loops are difficult to deduce from measured spectra like those in 
fig. 1 a. However, computer calculations show that especially the outer ends of the 
loops depend strongly on the potential parameters. So fig. 3 is not very well suited 
for fitting these parameters. In fig. 4 the peak intensity of the “single” collision peak 
is’ plotted as a function of the scattering angle at fixed angles of incidence. 

There is, except at $J = 10 ‘, an obvious kink in the curves at the small scattering 
angle side. The shape of these curves can be understood if we assume that part of the 
reflected ions scattered from a smooth surface and another part from surface defects 
introduced by the bombardment. This assumption is sustained by the influence of 
ion dose on the peak intensity at small scattering angles. This effect was also found 
by HeiIand et al. [ 181. For the ions scattered from defects all scattering angles are 
possible, while for ions scattered from a smooth surface there is a more or less well- 
defined range of possible scattering angles. From the distribution of peak intensities 
(fig. 4) the left hand side of the multiple scattering loops can consequently be determined. 
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Fig. 4. Peak intensity of the scattering peak of the mainly single scattered ions versus scattering 
angle8,for lkeVNe+-,Cu,(llO)at@= lo”, 20”, 30”,40” andSO”. 

In principle it is possible to obtain from fig. 4 the value of the maximum multiple 

scattering angle 8,, at low angles of incidence, because at emax the peak intensity 
must decrease. In our experiments, however, the background of ions scattered from 
surface defects and the very low peak intensity at large scattering angles made this 
effect hard to observe. 

Experimental results of 1 keV Ne+ + Cu (1 IO) at fixed scattering angle 0, but at 
variable angle of incidence 4, can give more information about the maximum mul- 
tiple scattering angle. In fig. 5 the peak intensity of the mainly single collision peak 
is plotted as a function of the angle of incidence at fixed scattering angle (0 .= 60 ’ 
and0 = 80”). 

Also the peak width is given in this figure. At small angles of incidence very few 
reflected ions were detected. Increase of the angle $ causes the yield of reflected 
ions to rise strongly at Gl. Obviously at angles larger than @1 scattering of ions by a 
surface chain becomes possible. Consequently at this angle $Q the right hand side of 
the multiple scattering loop ends at a scattering angle 0 1 (resp. 0,). In the same way 
one can expect that for angle of incidence e2 the left hand side of the loop begins at 
0 1 (resp. 0 2). From these measurements one can determine the angles of incidence 
at which the multiple scattering loops begin or end at 0 1 (resp. 0,). The shape of the 
curve between @I and G2 can be explained by thermal vibrations [ 1 l] and neutraliza- 
tion processes. Reflected ions scattered from surface defects are responsible for the 
part of the curve outside these angles. 
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Fig. 5. Peak intensity of the scattering peak of the mainly single scattered ions (fun line) versus 
angle of incidence # for 1 keV Ne+ -f Cu (110) at fixed scattering angles (0 = 60” and 0 = 86’). 
Dashed lives give the peak width (FWHM). 

4. Calculations and comparison with the experimental results 

4.1. Collision process I ke VNe4 + CM (I IO) without neu f- .&bog; interatomic 
potential parameters 

In the computer model of 1 keV Ne+ + Gu (110) the interatomic potential be- 

tween the noble gas ion and the metal atoms was approximated by the function 
A exp (-br) (A and b are constants, r is the distance between ion and atom). From 
this potential function the force exerted by the metal atoms on the ion was calcul- 
ated. The equation of motion reads 

‘%x3 
d2rion 
- = &, 

dt2 f 
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where Mien is the mass of the ion, rion the position of the ion and Fi the force of 

atom i on the ion. This equation was solved by means of a multistep method of the 
fourth order with glancing time steps [ 141. In these calculations about 20 surface 
atoms arranged in the first and second surface layer were involved. 

In a representative part of the surface a homogeneously distributed set of impact 
points was chosen. As for the experiments one can plot the relative energy of the 
scattered particles as a function of the scattering angle and find the multiple scatter- 
ing loops. 

Calculations with this model show that the left-hand (low scattering angle) side 
of the loops is sensitive for variations in 6, while the right-hand side is sensitive for 
A as well as b. 

The values of A and b were varied around the potential parameters used by 
Yurasova [2] (4 = 1.6 X lo- l6 J, b = 5.1 A- 1 for Ne+ on Cu) and those calculated 
from the data of Abrahamson [ 1.51 { V(Y)N+,~. = [ V(r)~,,,, V(r)cu_,cu] l/*, 
A = 1.05 X 1 O- l5 J, b = 3.67 A- 1 for Ne+Cu} . For these values of A and b the 
minimum angle of multiple scattering, emin, was determined at different angles of 
incidence 4. At small angles of incidence also emax was determined. These values of 

emin and emax have been plotted in fig. 6. This figure shows also the experimental 
values of Bmin (from fig. 4) and emax (from fig. 5). Comparison with the experi- 

mental results shows a better agreement with the parameters taken from Abrahamson 
than with those used by Yurasova. However, emax from Abrahamson’s values is too 
small. This can be corrected by introducing a larger value of A. 

4.2. Collision process I ke V Ne+ + Cu (110) with neutralization; the neutralization 
parameters 

4.2.1. Introduction 

The neutralization probability of a reflected ion depends on the trajectory above 
the surface. Hence the trajectory will affect the peak intensities of the energy dis- 
tributions of the reflected ions. These peak intensities also depend on the differential 
scattering cross sections of the surface atoms, which in their turn are dependent on 
the energy of the incoming ions and the interatomic potential. The Born-Mayer 

approximation leads to a yield N de of particles scattered from one atom in an inter- 
val de, decreasing at increasing scattering angle, see fig:7. In this figure also the cal- 
culated density distribution is plotted as a function of the scattering angle, for 
1 keV Ne+ reflected from a Cu (110) surface (angle of incidence $ = 30 “). The upper 
part of the curve originates from particles mainly scattered on one atom, while the 
lower part originates from particles, which have made mainly two collisions on the 
surface. These density distributions also depend on the potential parameters. (In 
fig. 7 Abrahamson’s potential parameters have been used.) 

The experimental peak intensity distribution for 4 = 30 ‘, shown in figs. 4 and 8 
(curve c) does not agree with the calculated distribution (fig. 7). The experimental 
curve has to be corrected for particles scattered from surface defects, which give rise 
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Fig. 6. Relation between angle of incidence @ and max+tium and minimum scattering angles 
(8- and emjrr) for multiple scattered ions [ 1 keV Ne +Cu(llO),planeofincidence(lll)]. 
The dots represent experimental results (determined from figs. 4 and 6), the remaining symbols 
are calculated values: 

b (a-’ ) A(J) x 10” 

X 3.2 1.05 
0 3.61 1.05 
t 4.0 1.05 
:; 5.1 5.1 1.6 1.8 

Q3 5.1 1.4 

V represents Vt, Qa, Q3 together 

to scattering angles smaller than emi,.,. In other words one must subtract from the 
experimental curve the distribution of particles scattered from one atom. The differ- 
ence, that still exists, between the corrected experimental curve (fig. 8, curve b) and 
the calculated curve (of fig. 7) is caused by the fact that neutralization processes 
were not considered until now in our calculations. 

4.2.2. Computer calculations of neutralization probability 
In addition to the procedure described in section 4.1, we now solve, simultaneously 

with the equation of motion, a differential equation, which describes the neutralization 
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Fig. 7. The density distributions of scattered particles versus scattering angle e for 1 keV Ne’+ Cu. 
Full line Ne+-+ Cu, dashed line Ne*+ Cu (110) crystal (@ = 3O”, A = 1.05 x lo-” 3, b = 3.67 A-*), 

Scattering angle (3 

Fig. S. Peak intensity versus scattering angte 0 for 1 keVNe+-+Cu (110) (@ = 30”). (a) experi- 
mental for ions scattered on surface defects; (b) experimental results corrected for scattering on 
defects; cc) experimental results (from fig. 4); (d) calculated for Q = 2.0 A-’ and C = 9.4 X 1015 see-’ ; 
(e) calculated for (Y = 1.5 A-l and C = 3.4 X IO” see-‘. 
Curves d and e are normalized with respect to the maximum of b. 
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probability of the scattered particle. An expression for the neutralization probability 
of an ion in an interval ds (s = distance to the surface) often used [ 16,8,9] is: 

f(s)ds=Cexp(-os)ds, (2) 

where C and (Y are constants. This gives for the probability that at a distance s from 

the surface a (primary) ion is still in the ionized state: 

PI(s) = exp 
r 
-C S exp(-os)s ds 

1 
(3) 

-m 

(see ref. 16), or 

d In PI(s) 

dt 
= - C exp (-as). (4) 

This model is based on the assumption of a structureless, smooth surface. However, 
the characteristic collision processes find their origin in the atomic structure of the 
surface; therefore it is reasonable to introduce this structure in the neutralization 
processes. In our model eq. (2) is replaced by 

f(s) = C F exp (-am), (5) 

where rn is the distance to the atom in the surface. Fig. 9 shows calculated values of 
PI(m) as a function of the scattering angle for different values of cr and fixed value of 
C. In the calculations Abrahamson’s potential parameters were used to solve the equa- 
tion of motion in the computer model ($ = 30 ‘, 1 keV Ne+ + Cu). The upper part of 
each curve corresponds to reflection of the ion mainly on one atom, while the lower 
part corresponds to reflection mainly on two atoms. Multiplication of such an ion 
probability distribution with the density distribution of fig. 7, gives the ion density 
distribution as a function of scattering angle (fig. 8, curves d and e). This distribution 
should coincide with the corrected experimental curve, which was obtained by sub- 
tracting the normalized tail of the distribution at 4 = 10 o from the distribution at 
4 = 30 ‘. The maximum of the corrected experimental peak intensity distribution 
(fig. 8, curve b) is best approximated for (Y = 1.5 and 2.0 A- l. For the value of C 
used in fig. 9, the remaining part of the experimental distribution is badly approxim- 
ated. The slope of the calculated distributions is too small for small ami large scatter- 
ing angles. However, from the relation 

In P,(s) = - C j F exp (-as,) g ds 

it is apparent that a change of the value of C influences the slope of the calculated 
PI(-) distribution for mainly single collisions. 

With a suitable value of C a good approximation may be found for the experimental 
peak intensity distribution of the single collision. However, for the value of C adjusted 
to the experimental distribution of the single collisions (at 01 = 1.5 and 2 A- ‘), the cal- 
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Fig. 9. The probability that Ne* persists as an ion after scattering on Cu (110) versus scattering 
angle (# = 30”), calculated for different values of a and fixed value of C (3.4 X 1015 XX-‘). 

CI (a-‘) pI max 

(a) 3.0 0.5939 
(b) 2.0 0.1674 
(c) 1.5 0.0158 
(d) 1.0 0.134 x lo4 

All curves are normalized with respect to PI max. 

culated distribution of the multiple scattering peak appears to be lower than the 
corresponding experimental distribution. For the most favourable values of C the 
calculated distributions are plotted in fig. 8 (curves d and e). The agreement with 
the experimental distribution (curve b) is still not complete. The best agreement 
between our experimental and calculated results will be found for IIL between 1.5 
and 2.0.&-1 and Cbetween 3.4 X lOIs and 9.4 X 10Ls see-I. 

In table 1 these values are compared with literature data. In comparison with 
Hagstrum’s results narrower Limits for the values of the parameter (x and Care ob- 
tained. 
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Table 1 
Neutralization parameters 

(Y (a-‘) Hagstrum [ 161 

2 5 

Van der Weg [ 8,9] This work 
__- 

2 1.5 2 

Ne, C( se1 ) X 10-l ’ 48 1.6 x 10’ 3.4 9.4 
Ar, C(<‘) X lo-l5 110 2.3 x lo6 0.24 

5. Discussion and conclusion 

The parameters of an interatomic potential may be determined from the peak in- 
tensity distribution as a function of scattering angle (fig. 4) rather than from the 
scattering loops. This determination is improved by using the peak intensity distri- 
bution as a function of angle of incidence (fig. 6). For 1 keV Ne+ + Cu (110) the 
best agreement between experiment and model was found for b = 3.7 A- 1 and 
A > 1.05 X lo- l5 J as parameters for the interatomic potential. In contrast with 
the results of Heiland et al. [S] for Ar+ + Ni the absolute values of the energy of 
the peaks are in good agreement. 

It should be noted that in our model thermal vibrations are not considered. Con- 
sequently emin and emax as calculated from our model are too large and too small 
respectively when compared to experimental results. Probably b is still too large and 
A too small. A better approximation of the parameters may be expected by inclusion 
of thermal vibrations in the model. 

From the peak intensity distributions it should be possible to determine the upper 
and lower values of the parameters in eq. (5) for the neutralization probability. HOW- 
ever, for a more accurate determination of these parameters more information is 
needed about (i) the number of surface defects as a function of angle of incidence 
and (ii) the influence of thermal vibrations. Our experimental results at $ = 30 o 
(figs. 4 and 8) were corrected for surface defects by subtracting the normalized tail 
of the distribution at @ = 10 O. Whether this is permitted will depend on the number 
of defects and the neutralization probability at these defects as a function of the 

angle of incidence. The peak intensity distributions should be measured at low energy 
and low primary ion currents to keep the influence of defects as small as possible. The 
influence of thermal vibrations on peak intensity distributions has been investigated 
by others [ 1 l] _ Our experimental set-up does not allow this effect to be investigated. 
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