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Summary 

Low-energy ion scattering bas become an important technique for the characterization 

of the composition and structure of solid surfaces. Nowadays, three related major 

experimental approaches are used: low-energy inert-gas ion scattering, low-energy alkali-ion 

scattering, and the time-of-flight method. Each of these approaches bas its own applications. 

Low-energy inert-gas ion scattering is particularly suited for the study of practical 

(poly-crystaline or amorphous) surfaces, because of its extreme surface-sensitivity due to the 

high neutralization probability of inert-gas ions (such as He+). Most ions which penetrate 

beyond the frrst layer are neutralized and therefore not detected with an electrostatic analyzer. 

A complication arises from the fact that the absolute neutralization probability of inert-gas 

ions bas to be known for a quantitative analysis of the composition of a solid surface. At 

present, no model is available that can predict the absolute neutralization probability on an 

ab-initia basis. Therefore, the intensity of backscattered ions is usually calibrated by a sample 

containing one element with a known surface-concentration. Recently, it was shown 

experimentally that this calibration method is not always reliable. 

For a long time, a debate is going on in literature about the dominant charge-exchange 

mechanism in low-energy inert-gas ion scattering. Authors argue whether the Auger 

mechanism or the resonant charge-exchange mechanism is dominant, and, in the case of 

resonant charge-exchange, which energy-level(s) of the inert-gas ion and which energy

band(s) of the surface are involved. Up till now, no satisfactory explanation bas been given 

for the experimentally observed charge-exchange behavior of He+. 

In this thesis, we propose a new mechanism for neutralization in low-energy He+ ion 

scattering, basedon resonant charge-transfer from a surface valenee band to the He-2s level 

(creating an excited He*(ls,2s) atom or an excited He-*(ls,l.r) ion as intermediate), foliowed 

by Auger de-excitation of He· or autoionization of He-·, respectively, thus creating a neutral 

He(lr) atom in the ground state. Ionization of neutral He in the ground state is explained 

by a promotion of the He-ls level above the Fermi-level of the solid state. Resonant charge

exchange is described by an Anderson-Newns Hamiltonian, while Auger de-excitation and 

autoionization are discussed in a more qualitatively way. The theoretica! predictions of our 

model are compared with previously obtained experimental results and these results can be 

explained by our model, taking into account the workfunction and the local density of states 

(LDOS) of the surface. 

Since it is shown by our model that the charge-exchange process is essentially 

govemed by many-body effects, forther examination, based on the Anderson-Newns 

Hamiltonian including Coulomb interactions, is recommended. 
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"God made solids, but surfaces were made by the devil." 

Wolfgang Pauli 

1 Introduetion 

1.1 Surface science 

Surfaces play a special role in solid state physics, because of their lack of three

dimensional periodicity. This lack of three-dimensional periodicity leadstoa great number 

of interesting phenomena, such as surface relaxation and segregation, but these phenomena 

are quite often poorly understood, as clearly expressed by Wolfgang Pauli. Surface science 

emerged as an independent discipline only in the 1960's as aresult of the development of 

ultra-high vacuum (UHV) technology and high speed digital computers. Good ultra-high 

vacuum conditions were necessary forreliable experimental measurements on clean and well

defined systems, while high speed computers made it possible to compare theoretica! 

calculations with measurements. The physics and chemistry of surfaces are interesting both 

from a fundamental and industrial point of view. Microelectronics, catalysis, and tribology 

(friction and wear) are just a few examples of technologies that rely on the properties of 

surfaces. 

Over the years, many surface-sensitive techniques have been developed, each with 

their own applications. These techniques are sensitive to different physical properties of the 

surface, such as the nuclear mass of a surface atom (e.g. low-energy ion scattering (LEIS)) 

or the energy of core or valenee electrons of the surface (e.g. X-ray photoelectron 

spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)). Progress in the 

development of surface-sensitive techniques in the last fifteen years has been truly striking, 

as illustrated by the award of the Nobelprize for physics to G. Binnig and H. Rohrer in 1986 

for the development of the scanning tunneling microscope (STM). 

For more information about surface science in general, the reader is referred to 

references [1,2], while more specific information about several surface-sensitive techniques 

is contained in reference [3]. 
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1.2 Overview 

In this thesis, a theoretica! study of the charge-exchange process in low-energy He+ 

ion scattering is reported. 

First, the principles of the surface-sensitive technique low-energy ion scattering will 

be described, as well as the three major experimental approaches: low-enery inert-gas ion 

scattering, low-energy alkali-ion scattering, and the time-of-flight method. It will be shown 

that the neutralization probability of inert-gas ions (such as He+) plays a crudal role in the 

quantitative analysis of surfaces with low-energy inert-gas ion scattering. 

In the second part, a description of the theoretica! model for charge-exchange will be 

given. This model is based on resonant charge-exchange to an excited level of He, described 

by an Anderson-Newns Hamiltonian, foliowed by Auger de-excitation or autoionization. The 

focus will be upon obtaining more knowledge about the charge-exchange mechanism itself, 

rather than upon obtaining quantitatively reliable absolute neutralization probabilities. 

Finally, the theoretica! results for He+ ions will be compared with experimental results, 

and recommendations for further examination will be given. 

References 

[1] A. Zangwill, Physics at swfaces (Cambridge University Press, Cambridge, 1988). 

[2] G.A. Somorjai, Chemistry in two dimensions: surfaces (Comell University Press, lthaca, NY, 1981). 

[3] J.W. Niemantsverdriet, Spectroscopy in catalysis (VCH, Weinheim, 1993). 
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2 Low-energy ion scattering 

2.1 Principles of low-energy ion scattering 

Low-energy ion scattering (also called ion scattering spectroscopy (ISS)) is based upon 

the analysis of the kinetic energy of backscattered ions, resulting from impinging a beam of 

primary ions, of well-defined mass, charge state, and kinetic energy (in the range of 0.1 to 

10 ke V), u pon a solid surf ace. The scattering can be described very well by a binary 

collision between an incident ion and a surface atom. U sing energy and momenturn 

conservation, it can be shown that the energy Er of a backscattered ion with mass m1 and 

initia! energy Ei, scatteredover an angle 9 by an atom of mass m2 (Fig. 2.1), is given by 

/ 2 

/ ~ 2 

cos9 + 
m2 

- sin2 9 
EI '\ mt m2 

1 (2.1) = -~ . 
E. m2 mt ' 1 +_ 

mt 
\. 

The energy Er of a scattered ion depends only on the mass ratio m2 /m1 fora fixed scattering 

angle, so an energy spectrum is a direct picture of the elements present on the surface. The 

intensity of the peaks or the ratios of peak intensities, as determined by count rate or 

integrated peak area, can be related to the relative quantities of each type of detected atom 

on the surface. The technique is extremely surface-sensitive, because most ions which 

penetrate beyond the fust layer are neutralized and therefore not detected with an electrostatic 

analyzer. 

The ion-scattering process itself is actually much more complicated than suggested by 

the above description. During the last decade, considerable progress has been made in 

elucidating various details of the interaction and in applying them to extract increasingly 

detailed information about surface properties and about ion-surface interactions. Computer 

codes which simulate the ion-scattering process have been developed [1-4] and can be used 

to obtain more information about ion-surface interactions, by a comparison of the calculations 

with experimental results. 

Nowadays, three related major experimental approaches to low-energy ion scattering 

are used, which differ with respect to the charge-exchange of the primary ions and the 
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• • • 
• • • • 

Fig. 2.1 Anion with mass m1 and initial energy 
E; is scattered by a surface atom with mass ~ 
over a scattering angle a. 

r!Á 

Fig. 2.2 The asymptotes of the trajectories of Ne+ ions 
scattered by a Ni atom are shown for an initial energy E; of 
1 keV. 

detection of charged and/or neutral particles. 

The frrst approach, low-energy inert-gas ion scattering, uses inert-gas ions (such as 

He+, Ne+, or Ar+) as incident projectiles while the scattered particles are detected and energy

analyzed with an electrostatic detector [5]. Since only ions are detected, the information 

depth is limited to the frrst layer, due to the high neutralization probability of inert-gas ions. 

Inert-gas ions scattered from deeper layers will all be neutralized, because of the increased 

interaction with surface atoms, and will not contribute to the backscattered signal. The high 

neutralization probability of inert-gas ions makes the technique extremely surface-sensitive 

but also complicates the quantitative analysis of a surface. A quantitative determination of 

the composition of a surface can only be made if the absolute neutralization probability is 

known. Another disadvantage of the use of inert-gasionsis the high incident beam current, 

necessary to obtain good staristics in the signal, since only a very small fraction of the 

primary ions will reach the detector in a charged state, and can thus be analyzed with an 

electrostatic detector. A high beam current will cause damage to the surface. A solution for 

this problem has been found in the development of a new type of electrostatic analyzer, 

making it possible to simultaneously measure a large pan of the final energies of the scattered 

ions, resolved for the azimuthal angle [6]. With this analyzer, the measuring time has been 

reduced, leading to a significant rednetion in surface damage. 

A different approach is low-energy alkali-ion scattering, using alkali-ions (such as Li+, 
Na+, or K+) as projectiles to reduce the neutralization probability [7,8]. As a result, beam 

currents can be very low (typically 10 - 100 pA) so useful information can be obtained 

without problems due to alkali impurities or surface damage. The reduced neutralization 
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probability affects the surface-sensitivity of the technique, but it is possible to correct for this, 

for single-crystal surfaces, by carrying out experiments at a different incident, azimuthal, or 

total scattering angle. In this way, it is possible to distinguish scattering from frrst and deeper 

layers [9]. Effects of neutralization are not completely eliminated with alkali-ions, but the 

effects are much smaller compared to the use of inert-gas ions. It is also possible to obtain 

information a bout the surface geometry, by making use of the so-called shadow cone. The 

repulsive potential, acting between the incident ion and the target atom, leads to a region 

bebind the target where no ion can penetrate, i.e. the atom casts a shadow (Fig. 2.2). The 

basic idea of surface structure determination is illustrated in Fig. 2.3, showing a side view of 

the surface. The incident ion beam is scattered, forming a shadow cone bebind each surface 

atom. Fora low angle of incidence (\j/) of the ion beam relative to the surface, all the surface 

atoms will be bidden in the shadow of their neighbors. The critica! angle for shadowing ('l'c) 

is defined as the angle where the atoms are just disappearing in the shadow cones of their 

neighbors. Just above the critica! angle an enhanced signa! is expected, since the trajectories 

pusbed out of the shadow cone region are concentrared at the edge of the shadow cone (Fig. 

2.2) and focussed onto the neighboring atom. Simple geometry considerations (Fig. 2.3) 

relate the critica! angle 'l'c to the shadow cone radius r at a distance I from its apex and the 

distance d between two surface atoms. In this way, the surface geometry of reconstructed 

surfacescan be studied and the position of adsorbates on a surface can be determined [10,11]. 

The third approach to ion scattering, the time-of-flight (TOF) method, differs from the 

other two approaches since also neutral particles can be detected [12,13]. The kinetic energy 

of the scattered (neutra! and charged) particles is determined by a measurement of the time 

Fig. 2.3 A side view of the surface, showing the relation between the inter
atomie distance d, the critica! angle 'l'c • and the shadow cone radius r at 
distance I. 
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passed between emitting and detecting a particle. With this method not only scattered 

particles can be detected, but also (neutral) recoil particles, sputtered away from the surface. 

Surface structure determination can be performed by making use of the shadow cone, as 

discussed before for low-energy alkali-ion scattering. By applying an electro-magnetic field 

in the detection tube, charged and neutral particles can be separated, thus obtaining 

experimental information about absolute neutralization probabilities. 

The decision of which approach to use depends mainly on the particular research 

goals. For a quantitative analysis of the composition and structure of single-crystal surfaces, 

low-energy alkali-ion scattering and the time-of-flight metbod are probably the most 

convenient techniques, since the effects of neutralization, which might obscure the 

interpretation of experimental results, are strongly reduced or eliminated. On the other hand, 

for the analysis of the surface composition of practical (poly-crystaline or amorphous) 

surfaces, low-energy inert-gas ion scattering is probably most convenient, because of its 

extreme surface-sensitivity, thus strongly reducing scattering from deeper layers. 

For an excellent review of the fundamentals and applications of low-energy ion 

scattering, including a great number ofreferences, see Overbury [14]. In the next paragraph, 

several aspects of neutralization in low-energy inert-gas ion scattering will be discussed. 

2.2 Neutralization in Iow-energy inert-gas ion scattering 

As mentioned before, the high neutralization probability of inert-gas ions makes low

energy inert-gas ion scattering extremely surface-sensitive, but also complicates the 

quantitative analysis of the composition of a solid surface. The absolute intensity of the 

backscattered ions, at a fixed relative final energy (determined by equation 2.1), depends on 

the flux of the primary incident ions, the number of atoms of a certain element per surface 

area, the differential cross section for scattering of an ion by a surface atom, the neutralization 

probability of the ions, and machine constants. So, if the absolute neutralization probability 

is known, the composition of a surface can be directly obtained from the absolute signal of 

the backscattered ions, since all the other parameters can be measured or calculated. 

Unfortunately, at present there is no model available that can predict absolute 

neutralization probabilities for inert-gas ions on an ab-initio basis, so the intensity of 

backscattered ions is usually calibrated by samples containing one element with a known 

surface-concentration. This calibration metbod is based on the assumption that the 

neutralization probability of an inert-gas ion, due to scattering by a surface atom, is not 

influenced by the neighboring atoms ("no matrix effects"). Recently, it was shown that this 

11 
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Fig_ 2.4 A schematic energy level diagram of the proposed charge-exchange 
mechanisms between a He-ion/atom (right) and a surface (left): (a) Auger 
neutralization, (b) Resonant neutralization ( 1) and re-ionization (2) between He-
2s and a surface valenee band, and (c) (Quasi-)resonant neutralization (I) and 
re-ionization (2) between He-ls and a surface core band. 

assumption is not always necessarily true. A significant difference in intensity of He+ ions 

scattered from two different carbon species on a Re substrate was observed, which could only 

be attributed to different neutralization probabilities of He+ scattered by C at different bonding 

sites [15,16]. Therefore, it is necessary to develop a model for the charge-exchange process 

between an inert-gas ion and a surface atom, and to investigate the influence of neighboring 

atoms. 

Up till now, several mechanisms for the charge-exchange process have been proposed, 

but no decisive argument has been given for either one of these mechanisms. The proposed 

mechanisms are illustrated in Fig. 2.4 for He+ [17]. Auger neutralization (Fig. 2.4 a) is a two 

electron process: One electron <n is transferred from the surface valenee band to the He-ls 

level (neutralizing the He+ ion), while the excessin energy is used to emit a second electron 

<m from the valenee band. The principle of resonant charge-exchange is shown in Figs. 2.4 

b and c: An electron is transferred either from the surface valenee band to the He-2s level 

(creating an excited He*(ls,2s) atom), or from a surface core band to the He-ls level. This 

resonant charge-exchange process is in principle reversible and the total final ion fraction is 

determined by both neutralization (1) and re-ionization (2). 

Several moelels have been developed to describe charge-exchange. These models can 

be divided into the ones that parametrize the neutralization rate with a functional form, which 

contains a number of adjustable parameters that have to be fitted by experimental results [18-

12 
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Fig. 2.5 A comparison of the neutralization probabilities (open symbols) [28] and ionization 
probabilities (closed symbols) [29] of He-ions/atoms, scattered from several elements. The left 
axis represents a measure (R) for the ionization probability, while the right axis is a measure (vc) 
for the neutralization probability. v/d = 1.3 * 1as m/s. 
(Figure taken from reference [28]). 

20], and (quasi-)ab-initio calculations in which a quantummechanical description of the 

charge-exchangeprocessis given. The frrst kind of models (containing a fitting parameter) 

are very useful to describe relative changes in the neutralization probability as a function of 

the initia! energy, but can not be used to obtain absolute neutralization probabilities. 

(Quasi-)ab-initio models, in which a quantummechanical description of the charge

exchange process is given, are based both on the Auger mechanism [21] and the resonant 

mechanism [22-26]. Unfortunately, the results of calculations based on Auger charge

exchange can not yet be compared with experimental results, because an uncertainty of the 

order of hundred exists in the calculated absolute Auger rate, due to an uncertainty in the 

Gellium-like) potenrial that is used between ion and surface [27]. The results of models based 

on resonant charge-exchange, however, seem to indicate that experimentally observed charge

exchange behavior can be explained with these models [22,25]. Therefore, we have chosen 

to develop and examine a model based on resonant charge-exchange, which will be described 
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Fig. 2.6 The relation between the ion fraction p+ and (llv; + l!v1) is shown for five 
different v.,'s. 

in the next chapters. 

As a frrst test for this model, we will compare our results with the experimental data 

of Mikhailov et al. [28] (shown in Fig. 2.5), and try to explain the observed neutralization 

behavior of He+. Fig. 2.5 shows a comparison of experimentally obtained neutralization 

probabilities and ionization probabilities of He-ions/atoms, scattered from several elements. 

The right axis of this tigure (vc) is a measure for the neutralization probability. vc is the 

characteristic velocity, used in the formula for the total tinal ion fraction, 

(2.2) 

V; and v1 are the initialand tinal velocity (see equation 2.1), respectively, of the He+ ion. To 

obtain some feeling for the relation between the characteristic velocity vc and the absolute ion 

fraction p+ (= 1 - neutralization probability), Fig. 2.6 has been added. This tigure shows the 

relation between the absolute ion fraction and (llv; + llv1), for tive different v/s. 
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3 Resonant charge-exchange described by an Anderson

Newns Hamiltonian: Theory 

3.1 Anderson-Newns Hamiltonian 

Our model for resonant charge-exchange is based on a spinless time-dependent 

Anderson-Newns Hamiltonian [1,2], 

H(t) = + L [ V..A:(t)c}c1 + V1..(t)c1tca] , 
l 

(3.1) 

where the fust term represents the incident ion (subscript a) and the second term the surface 

(subscript k). The third term (both subscripts a and k) describes the interaction between the 

ion and the surface. cat, ca, c/, and c1 are the creation and annihilation operators for an 

electron in the states <!>a (ion) and <j) 1 (surface), respectively. <I> a and <j) 1 are the eigenstatesof 

the Hamiltonian without interaction between the ion and the surface, while Ea and E1 are the 

corresponding energy eigenvalues (the continuous energy band of the surface is represented 

by a great number of discrete energy levels E1 ). 

We assume that the hopping integrals V al are a function of the intemuclear distance 

z between the ion and the surface, 

(3.2) 

The time dependenee of V al enters through the ion trajectory z(t). This approximation should 

be adequate as long as the kinetic energy of the ion is much larger than the electtonic 

energies [3]. The requirement that the Hamiltonian has to be Hermitian leads to V ka = V al•. 

If we take V al to be real, this expression is reduced to V ka = V al • 

The trajectory z(t) of the nucleus (for an incident angle of 900, measured from the 

macroscopie surface plane, and a total scattering angle of 1800) is calculated, using the 

Ziegler-Biersack-Littmark (ZBL) potenrial [4]. The ZBL-potential is a screened Coulomb 

poten rial, 

(3.3) 
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with a screening length a, given by 

a = 
0.8854 a8 

2 o.23 + z.0.23 
al 1011 

(3.4) 

where a8 is the Bohr radius. The analytica! expression for the ZBL-screening function is 

given by 

4>zsL(x) = 0.028171 exp( -0.20162x) + 0.28022 exp( -0.40290x) 

+ 0.50986exp( -0.94229x) + 0.18175 exp( -3.1998x) (3.5) 

Based on this potential, the trajectory z(t) can be calculated by solving the frrst-order 

differential equation 

dz(t) = ./ -v; V 1 - VzsL(z)IEcM, 
dt 

dz(t) = 
dt 

t:SO 

t > 0 , (3.6) 

where the center of mass energy, expressed in terms of the initia! kinetic energy and the 

masses of the ion and surface atom, is given by 

(3.7) 

V; and v1 are the initia! and final velocity, respectively, of the ion, and can be calculated using 

equation (2.1). The distance of ciosest approach z0 is the root of Vzsdz) = EcM and is reached 

at t = 0, so the initia! value for differential equation (3.6) is z(O) = z0 (for t :S 0 the 

differential equation has to be integrated backwards ). 

To obtain some feeling for the magnitudes of time, distance, and energy involved in 

the scattering process, two graphs have been added: Fig. 3.1 shows the distance z between a 

He+ ion and a Cu atom as a function of time for an initia! kinetic energy of 1 keV, while the 

kinetic energy of the He+ ion during collision is shown in Fig. 3.2. 
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Fig. 3.2 The kinetic energy of a 4He• ion is shown as a function of time, during scattering 
by a 63Cu atom over 180°. The initial kinetic energy is 1 keV. and the fmal kinetic energy 
is 0.775 keV. 
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3.2 Calculation metbod 

The ion-surface system is described by the time-dependent Schrödinger equation, 

(3.8) 

where H(t) is the Hamiltonian given in (3.1), and '\jf(t) is the wave function of the total (ion 

+ surface) system. The parameter of interest is the electron occupation number of state c!la, 

(3.9) 

representing the fraction of inert-gas ions that have been neutralized. The electron occupation 

number N aa (t) is calculated, using the following method, originally proposed by Muda and 

Hanawa [5]. Defining the occupation number matrix Nii (t) by the equation 

(3.10) 

its time derivative is given by 

dN .. (t) t in IJ = {'lf(t) I [ei c., H(t)] I 'lf(t)) . 
dt J 

(3.11) 

Substitution of Hamiltonian (3.1), using the Fermi-Dirac commutation relations for the 

creation and annihilation operators, 

e.c. + e.c. = 0 
I J J I 

t 
+ c/ci a .. 1 ei ei = IJ 

(3.12) 

gives the following set of coupled frrst-order differentlal equations for Nii (t): 

dN..(t) [ ] in IJ = ~ h. (t)N. (t) - h .(t)N .(t) , 
dt ~ Jtl 111 til tiJ 

(3.13) 

where hii (t) is a short notation for the matrix elements of Hamiltonian (3.1). The set of 

coupled frrst-order differentlal equations can be solved numerically, e.g. by the Runge-Kutta

Merson method. The calculation time can be strongly reduced by making use of the equality 

~dt) = Nii•(t) in (3.13). 
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The initial values of Nii (t = -oo), corresponding to the initial state of the ion 

completely separated from the surface, are given by the following expressions: 

N (t = -oo) = 0 a a 

Nld:(t = -oo) = [~ for Ek ::;; EFemri 

for Ek > EFemri 

N (t = -oo) = 0 ak 

Nld:' (t = -oo) = 0 for k :# k' . (3.14) 

Calculations are perfonned on a Silicon Grapbics Power Challenge super computer and 

a Hewlett Packard work station, using the computer language FORTRAN and routines from 

the Numerical Algorithms Group (NAG) FORTRAN library. 
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4 Resonant charge-exchange and de-excitation processes 

In this chapter, a new model for neutralization of He+ in low-energy ion scattering is 

presen~ed. The resonant charge-exchange part of the model is supported by calculations, 

basedon the Anderson-Newns Hamiltonian presented in the previous chapter. In chapter 5, 

we will make a careful analysis of our model and compare it with other proposed 

explanations for neutralization. Several experimental and theoretica! results from literature, 

which are in agreement with our model, will also be discussed in the next chapter. 

4.1 Resonant neutralization 

4.1.1 Energy-levels and bands involved in neutralization 

Before any calculation of resonant charge-transfer from asolid surface toa He+ ion 

can be performed, it is necessary to obtain an idea of the energy-level(s) of He and the 

energy-band(s) of a surface that are involved in the charge-exchange process. 

At fust sight, the He-ls level seems to be the most appropriate candidate to be 

involved in resonant transfer of an electron from a surfacetoa He+ ion, since this is the most 

direct way to obtain a neutral He atom in the ground state. An examination of the position 

of the energy-bands of elements, relative to the vacuum level, learns us, however, that there 

are very few elements with a band in the energy range of the He-ls level (-24.6 eV). The 

elements that do have a band in the range of -24.6 eV, such as Pb, showastrong oscillation 

in the intensity of the backscattered ions as a function of the initia! kinetic energy [1]. These 

oscillations are, however, not representative for the signa! of He+ ions scattered from most 

solid surfaces. 

If we compare the surface valenee bands of the elements with the position of the He-

2s level, we fmd that almost every element has a valenee band around He-2s (-4.77 eV). In 

Fig. 4.1 the Fermi-levels of the solids, consisring of the elements of the third, fourth, and fifth 

row of the periodic system, are plotted with respect to the vacuum level (taken to be 0 eV). 

The position of the Fermi-levels is obtained from the workfunction of the elements [2], since 

the workfunction is the minimum energy required to emit an electron from the solid state. 

A comparison between Fig. 4.1 and Fig. 2.5 shows that a correlation exists between the 
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Fig. 4.1 The Fermi-levels of the solids, consisting of the elements of the third, fourth, and fifth 
row of the periodic system, are shown, relative to the vacuum level (taken to be 0 eV). 

neutralization probability and the ionization probability of He scattered from an element on 

the one hand and the workfunction (and therefore also the Fermi-level) of the element on the 

other hand. This observation is in contradierion with the findingsof O'Connor et al. [3], who 

claim that there is no correlation at all between the workfunction of an element and the 

neutralization probability of He+ scattered from that element. Based on the observed 

correlation, we will calculate the neutralization probability of He+ by resonant transfer of an 

electron from a surface valenee band to the He-2s level, using the calculation metbod 

described in chapter 3. 

4.1.2 Neutralization of He+ scattered by a Cu surface 

We start with the examination of the charge-exchange between a He+ ion and a Cu 

surface, since the density of states (DOS) of Cu is very well known. Furthermore, Cu is a 

very interesting element, because it has a workfunction comparable to the value of the other 

elements mentioned in Fig. 4.1. On the other hand, the neutralization probability of He+ 

scattered by Cu is relatively low (see Fig. 2.5). 

The calculation is basedon the Anderson-Newns Hamiltonian, 
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Fig. 4.2 The calculated density of states (DOS) of the surface 
plane of Cu(IOO) and the total (nine-plane) slab. 
(Figure taken from reference [4]). 

H(t) = Eaca\. + L Ekcktck + L [ Vak(t)c}ck + Vk)t)cktca] , (4.1) 
k k 

discussed in chapter 3. The structure of the valenee band of Cu, represented by the discrete 

Ek's in Hamiltonian (4.1), is shown in Fig. 4.2 [4], and is approximated by the following 

analytica! expression: 

E = 1 
-6 -4(k-1? 

(n -1)2 
[eV], k = 1, 2, ... , n . (4.2) 

This expression is a better approximation of the local density of states (LOOS) of a surface 

valenee band than the structure obtained from a linear chain of atoms, as used by Muda and 

Newns [5], since expression (4.2) contains the surface-state shown in Fig. 4.2. 

The hopping integral, 

(4.3) 
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Fig. 4.3 The hopping integral V between He-2s and Cu-3d is shown as a function of 
the internuclear distance. V(z) = -5.07 exp(-z I 1.16), with V in eV and z in Á. 

is calculated between a He-2s wave function and a Cu-3d wave function, since the valenee 

band of Cu has mainly d-character. The calculation is performed using a computer program 

written by Dr. A.P.J. Jansen. This program is basedon the extended Hückel metbod and was 

originally developed for the calculation of chemica! bonding parameters, where the distance 

between two atoms is of the order of a few A. The program can therefore only be used in 

this range. At distances smaller than about 2 A, electron-electron repulsion terms (which are 

neglucted in the extended Hückel method) become very important and will distort the wave 

functions of both He and Cu. The hopping integral for distances smaller than a few A has 

therefore been obtained by an expooendal extrapolation of the results at larger distances. The 

result is shown in Fig. 4.3. The metbod of parametrizing the hopping integral by an 

expooenrial function has also been used by Muda et al. [6] and more recently by Shao et al. 

[7]. lf we assume that the shape of the hopping integrals V • is invariant for each k [8] and 

take into account the normalization factor, we find that V .(z) = n"112 V(z), where nis the total 

number of Et's. 

Since we have now an expression for Et and V • , the only parameter of Hamiltonian 

(4.1) that is still unknown is the energy of the He-2s level, E4 • The value -4.77 eV, which 

was mentioned before, is the ionization energy of an excited He·(ls,2s) atom. This value can 

not be used for E4 , because the Coulomb interaction term Q between the initia! empty He-2s 
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Fig. 4.4 The occupation number of He-2s is shown as a function of timefora kinetic 
energy of 1 keV (solid line), 3 keV (dotted line), and 5 keV (dashed line). 

level and the He-ls level, which contains a hole (in the case of He+), has not been taken into 

account yet. Due to the hole in the He-ls level and its interaction with He-2s, the He-2s level 

is effectively lowered. This shift of the 2s level was also proposed very recently for u+ by 

Oerman et al., who claim that removal of a ls electron shifts the Li electron affinity level 

down, so that the Li-2s level becomes fully occupied via resonant charge-transfer from a 

surface valenee band [9]. Since Hamiltonian (4.1) is a single-partiele Hamiltonian, a 

correction for the Coulomb term Q, which is a many-body effect, has to be made: Ea = - 4. 77 

eV + Q. The value of the Coulomb interaction term Q can be of the order of a few eV [10]. 

lf we assume that Q is about -1.5 eV for the interaction between a He-2s leveland a He-ls 

level, which contains a hole, we get Ea = -6.3 eV. 

Using the values for Ea, E~:, and V ai: as discussed above, we can calculate the electron 

occupation number Naa (t) (equation 3.9) of the He-2s level as a function of time, with the 

metbod described in paragraph 3.2. The results for n = 200, and the initia! values Nu(t = -oo) 

= 1 for all k (since Ek ~ EFemti for all k, see expression (3.14)), are shown in Fig. 4.4, for an 

initia! kinetic energy of 1, 3, and 5 keV. As He+ approaches the surface, the He-2s level is 

filled by resonant transfer from the Cu valenee band. Near the distance of ciosest approach, 

the occupation number of He-2s starts to oscillate, since the hopping integrals V ai: become 

very large compared to the values at larger distances. Note that the fmal ion fraction (= 1 -

Naa(t = oo)) becomes larger when the initia! kinetic energy of He+ is increased, as in Fig. 2.6. 
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4.1.3 The influence of the workfunction on neutralization 

We will now examine the effect of a change in the position of the Fenni-level (and 

therefore also a change in the workfunction) of a surface on the neutralization probability of 

a He+ ion scattered from that surface. The effect is studied by changing the number of E,~:'s 

that are initially filled, since the Fenni-level of a surface is detennined by the highest 

occupied E.t. We assume that the structure of a surface valenee band can be approximated 

by an analytica! expression of the same fonn as expression (4.2). We will only increase the 

width of the band, in order to create a greater varietyin the position of the Fenni-levels: 

E = A: 
-2 - 8 (k-1)2 

(n -1)2 
[eV], k = 1, 2, ... , n . (4.4) 

The results of the calculations (with n = 200) for three different Fenni-levels are shown in 

Fig. 4.5. In Fig. 4.6 the accupation number of the He-2s level at t = oo is shown as a 

function of the position of the Fenni-level, relative to the He-2s level (taken to be -6.3 e V). 

From this figure, we may conclude that a clear correlation between the position of the Fermi

level (and the workfunction) of an element on the one hand, and the neutralization probability 
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Fig. 4.5 The accupation number of He-2s is shown as a function of time for a Fermi
level of -4.44 eV (solid line), -655 eV (dotted line), and -7.84 eV (dashed line). The 
initial kinetic energy is 1 keV. 
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of He+ scattered from theelementon the other hand is expected, if the He-2s level is involved 

in the neutralization process. 

Deviations from the correlation between Fig. 2.5 and Fig. 4.1 can be explained by 

tak:ing into account the local density of states (LOOS) of the surface valenee band. Fig. 2.5 

shows that the neutralization probability of He+ scattered by Cu is comparable to the 

neutralization probability of He+ scattered by Ni. In Fig. 4.1 we see that the workfunction 

of Cu is a little smaller than the workfunction of Ni. From Fig. 4.2 we leam, however, that 

the Fermi-level of Cu is positioned within the part of the valenee band that has mainly s

character, where the density of statesis extremely low. This explains why the neutralization 

probability of He+ scattered by Cu is not larger than that of Ni. 

Another difference between Fig. 2.5 and Fig. 4.1 can be observed for the elements at 

the left of both graphs. Assuming that the neutralization probability of He+ shows the same 

behavior as the ionization probability of He (an assumption we make, since no measurements 

of the neutralization probability of elements at the left of the periodic system are available 

in Fig. 2.5), the neutralization probability of He+ scattered by Ti is about the same as the 

neutralization probability of He+ scattered by K, according to Fig. 2.5. This observation 

seems to be in con tradietion with the fact that the workfunction of Ti is about 2 e V larger 

than that of K (Fig. 4.1). This contradierion can be explained by Fig. 4.6, showing that the 
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neutralization probability saturates when the difference between the Fermi-leveland the He-2s 

level exceeds the value of about 2 eV. A further upward shift of the Fermi-level will 

therefore not lead to a significant increase in the neutralization probability of He+. 

We have shown that the correlation between the neutralization probability of He+ 

scattered from an element, as measured by Mikhailov et al. [11], and the workfunction of the 

element [2] is completely in agreement with the mechanism of resonant transfer of an electron 

from a surface valenee band to the excited He-2s level. This mechanism is supported by 

quantummechanical calculations, based on the Anderson-Newns Hamiltonian. Deviations 

from this correlation can be understood by taking into account the surface local density of 

states (SLDOS) of the valenee band. Differences in the hopping integral between He-2s and 

the surface valenee band, due to a difference in the character of this band (d-, s-, or p

character) may also lead to small deviations from the observed correlation. A crucial aspect 

in our model is the Coulomb interaction between the He-2s level and the He-ls level with a 

hole. Due to the hole in He-ls, the He-2s level is effectively lowered, which is the cause of 

the high neutralization probability of He+ ions (see Fig. 4.6). This high neutralization 

probability makes low-energy He+ ion scattering an extremely surface-sensitive technique. 

The second part of our model consists of the examination of de-excitation processes, 

which create a neutral He atom in the ground state, since resonant charge-transfer, as 

discussed above, creates an excited He*(ls,2s) atom or an excited He-*(ls,Û) ion as 

intermediate. Several de-excitation mechanisms will be discussed in the next paragraph. 

4.2 Auger de-excitation and autoionization 

An excited He*(ls,2s) atom can not be de-excited into the He(l~) ground state by 

emitting a photon, since this is a forbidden transition. He*(ls,2s) is therefore a metastable 

state. Several de-excitation processes have been proposed in literature [9,12,13]. There are 

basically three processes that can occur, where an electron is captured by He-ls, which 

initially contains a hole, and the excess in energy is used to emit a second electron. A 

schematic energy level diagram of the proposed mechanisms is shown in Fig. 4. 7. 

The Auger de-excitation processes (Fig. 4.7 a and b) can take place when both He-ls 

and He-2s are initially filled with one electron, i.e. if we start with He*(ls,2s). This is the 

situation when one electron is transferred to the He+(ls) ion by resonant charge-exchange 

from a surface valenee band to He-2s. A neutral He atom in the ground state, He(l~). can 

now be obtained when the electron in He-2s is transferred to He-ls and an electron from the 
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Fig. 4.7 A schematic energy level diagram of the proposed de-excitation mechanisms: (a) and (b) Auger de
excitation, and (c) autoionization. 

surface valenee band is emitted (Fig. 4.7 a), or when an electron of the surface valenee band 

is transferred to He-ls and the electron in He-2s is emitted (Fig. 4.7 b). 

Autoionization (Fig. 4.7 c) can take place when He-ls is initially fitled with one 

electron and He-2s with two electrons, i.e. if we start with He-·(ls,2r). This is the situation 

when two electrons are transferred to the He+(ls) ion by resonant charge-exchange from a 

surface valenee band to He-2s. A neutral He atom in the ground state, He(l?), can now be 

obtained when one electron in He-2s is transferred to He-ls and the second electron in He-2s 

is emitted. Autoionization can take place far away from the surface, since no electrons of the 

surface are involved in this process. 

lf we compare the life-times of the different processes, we fmd that the life-time of 

resonant charge-exchange is of the order of less than one times 10'15 s (see Fig. 4.4), while 

the life-times of Auger de-excitation and autoionization are of the order of a few times 10'15 

s [13]. Autoionization is generally the slowest process. We see that resonant charge

exchange is the fastest process, so, in first order, resonant charge-exchange and de-excitation 

may be treated as two independent processes. 

At this point, we can not say which de-excitation processes is dominant for He. 

However, if autoionization is the main de-excitation process, all the neutralized He particles 
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will reach the detector in the ground state, since autoionization can take place far away from 

the surface. It is possible to determine experimentally which de-excitation process is 

dominant, by measuring the energy of the secondary electrons. Secondary electroos that are 

emitted during autoionization have a kinetic energy in a small energy range (since only the 

He-2s level is involved in this process), while secondary electroos from Auger de-excitation 

are emitted in a broader energy range (since a surface valenee band is involved [12]). The 

secondary electroos measured by German et al. [9] for u+ scattered by an Al surface have 

a kinetic energy in a small energy range, and can be attributed to autoionization. The energy 

of these electroos is Doppier shifted, due to the velocity of the Li particles, proving that 

autoionization does not necessarily have to take place close to the surface. 

4.3 Resonant ionization caused by level promotion 

Although the main subject of this thesis is neutralization of He+, we will also briefly 

discuss ionization of neutral He atoms. For ionization of He( ti), as measured by Souda et 

al. [14,15], an electron has to be removed from the He-ls level. Transfer of an electron from 

He-ls to the surface can only occur when the He-ls level is promoted above the Fermi-level, 

since no empty levels of the surface are available below the Fermi-leveL Such a promotion 

requires energy, which leadstoa shift of the binary collision peak (determined by equation 

2.1) to lower energy. This inelastic effect has been measured by Souda et al. [14,15] fora 

number of elements. The He-ls level can only be promoted above the Fermi-level when the 

distance between the He atom and the surface becomes small enough, depending on the 

element at the surface. If the initia! kinetic energy of the atom is not large enough to reach 

the distance where level promotion of He-ls above the Fermi-level can take place, no 

ionization will occur. This is the reason why ionization can only be observed above a 

threshold-energy [16]. The difference in the ionization probability of a He atom scattered 

from a different element, as shown in Fig. 2.5, can be explained by a difference in the 

promotion of the He-ls level [11,14,15]. The shift of He-ls depends on the interaction 

between He and a surface atom. Tsuneyuki and Tsukada have calculated the shift of He-ls, 

as a function of the intemuclear distance, for the interaction with several elements [17]. Their 

results are in qualitative agreement with the ionization behavior, shown in Fig. 2.5. A large 

upward shift of He-ls, due to the interaction with an element, corresponds to a high ionization 

probability of He scattered from that element. 

If a He atom is ionized during close encounter with a surface atom, a hole is created 
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in He-ls. This hole willlower the He-2s level, due to the Coulomb interaction discussed 

before. Neutralization of the He+ ion by resonant transfer of an electron from the surface 

valenee band to He-2s can now occur. However, the He+ ion can only be neutralized during 

the outgoing part of the trajectory. The effective time for neutralization is therefore reduced, 

compared to the case where we start with He+, so the final neutralization probability of He+ 

ions, created by ionization, is also reduced. Neutralization of ionized He on the outgoing 

trajectory might be the explanation for the observation that the final fraction of ionized He 

never becomes one in Fig. 2.5. The highest value for the fraction ionized He in Fig. 2.5 is 

0.7. 
It should also be noted that He+ ions, which are neutralized, can be re-ionized. 

However, re-ionization can only take place during close encounter of He with a surface atom, 

where the He-ls level is promoted above the Fermi-level of a surface. Neutralized He atoms 

can only by involved in this re-ionization process, when He*(ls,2s) or He-*(ls,2.r) have 

already been de-excited into the He(li) state. 
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5 Discussion and conclusions 

5.1 Discussion 

5.1.1 ReS<mant neutralization into He-2s versus He-ls 

In paragraph 4.1.1 we have chosen to examine resonant charge-transfer to He-2s and 

not He-ls, since only a few elements have an energy-band near the He-ls level. The 

elements that do have a band in the range of -24.6 eV, such as Pb, showastrong oscillation 

in the intensity of the backscattered ionsas a function of the initial kinetic energy [1]. This 

oscillatory behavior is, however, not characteristic for the scattering of He+ from most 

surfaces. The oscillations are very similar to Stueckelberg oscillations, which occur in atom

atom scattering. 

Recent experiments of He+ scattered by various clean Pb surfaces showed oscillations, 

whose detailed structure depends on the crystal face orientation of the surface [2]. This 

finding can not be explained by (quasi-)resonant charge-exchange between He-ls and Pb-5d. 

The neutralization probability of this mechanism is namely determined by the overlap between 

the He-ls level and the Pb-5d core state. The wave functions of these states are localized and 

relatively independent of the crystal structure [3]. Shao et al. [3] have shown that the 

experimentally observed crystal face orientation dependenee of the oscillations can be 

explained by an interference of re sonant charge-exchange between a surface valenee band and 

He-2s on the one hand, and (quasi-)resonant charge-exchange between a surface core band 

and He-ls on the other hand. Their explanation is supported by calculations, shown in Fig. 

5.1. As He+(ls) ions approach the surface, electrons frrst start to tunnel into the He-2s level, 

since the overlap integral between He-2s and a surface valenee band is much larger than the 

overlap integral between He-ls and a surface core band. In the vicinity of the turning point, 

charge-exchange between He-ls and a surface core band in the same energy range becomes 

dominant, which leads to rapid oscillations in the population of He-ls as a function of 

distance. These oscillations must not be confused with the previously mentioned oscillations 

in the ion yield as a function of the initial kinetic energy. As the ions leave the surface 

during the outgoing trajectory, further neutralization of He occurs by resonant tunneling to 

He-2s. 

The results of Shao et al. show that the He-2s level is very important, even for 

elements with a band in the range of the He-ls level, and are therefore in support of our 
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Fig. 5.1 The occupation numbers of (a) He-2s (n1) and (c) He-ls (nJ are shown as a 
function of the intemuclear distance D between He and Pb. Panel ( e) is the instantaneous 
ion fraction (nJ, while panels (b), (d), and (f) show an enlargement ofthe panels (a), (c), 
and (e), respectively, around the tuming point. 
(Figure taken from reference [3]). 

model. The Coulomb interaction between He-ls with a hole and He-2s, which lowers the He-

2s leveland is the cause of the high neutralization probability of He+ ions, is, however, not 

considered in reference [3]. Shao et al. also mention that the present understanding of direct 

Auger neutralization (see Fig. 2.4 a) is very limited, as already briefly discussed in paragraph 

2.2. Therefore, it is not possible to deterrnine the importance of direct Auger neutralization 

in low-energy He+ ion scattering at present. 

5.1.2 Secondary electroos 

A part of our model for neutralization can be tested by a measurement of the energy 

of secondary electrons, emitted during de-excitation. Unfortunately, very few experiments 

have been perforrned, where both the energy of the scattered ions and the energy of secondary 

electrons have been deterrnined. Gerrnan et al. [4] have measured the energy of secondary 
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electrons from u+ (0.4 - 5 keV) scattered by Al(lOO), which can be attributed to 

autoionization of Li*(ls,2.r) into the u+(lr) state. Scattering of Ne+ (2.4 - 10 keV) by Cu, 

performed by Buck et al. [5], exhibits secondary electrons, whose energy can also be 

explained by autoionization. Reference [5] contains more examples of secondary electrons, 

measured for Ne+ scattered by several target materials, such as Mg, Al, Si, Ti, and Ni. 

Autoionization can take place when a hole is created in an inner-sheli of the particle. 

Such an inner-sheli hole can be obtained by level promotion, such as in the case of u+ 

scattered by Al, where the Li-ls level is promoted above the Fermi-level of Al and a ls 

electron is transferred to Al, foliowed by resonant transfer of two electrons to U-2s, thus 

creating Li*(ls,2.r) [4]. In the case ofHe+(ls), an inner-sheli hole can be obtained when two 

electrons are transferred from a surface valenee band to the He-2s level, thus creating 

He-*(ls,2.r), since a He+ ion has already a hole in the ls level. 

Experiments, in which the energy of secondary electrons from He+ scattered by asolid 

surface is determined, are necessary to prove that autoionization indeed occurs for He+. 

However, the examples mentioned above show that autoionization is a weli-known 

phenomena, observed for several ion- target combinations. 

5.1.3 Matrix effects 

Quantitative analysis of the composition of a solid surface by low-energy He+ ion 

scattering is usually perfonned by making use of the calibration method, discussed in 

paragraph 2.2. This calibration metbod is based on the assumption that the neutralization 

probability of He+ scattered by a surface atom is not influenced by neighboring atoms. This 

assumption ("no matrix effects") is believed to be true for most surfaces, although a few 

exceptions are known in literature [6,7,8]. 

Based on our model, a predierion of the absence or presence of matrix effects can only 

be made if the local density of states (LOOS) in the energy range of the He-2s level, 

projected on the surface atom where He+ is scattered from, is known. lf only the density of 

states (DOS) of the bulk is known, no reliable predierion can be made. 
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5.2 Conclusions and recommendations 

A new model for neutralization of He+ in low-energy ion scattering from solid surfaces 

has been presenled in this thesis. The model is based on resonant charge-transfer from a 

surface valenee band to the He-2s level (creating an excited He*(ls,2s) atom or an excited 

He-*(ls,2i) ion as intermediate), foliowed by Auger de-excitation of He* or autoionization 

of He-·, respectively, thus creating a neutral He(l.s-2) atom in the ground state. 

Resonant charge-transfer to the He-2s level has been considered before, but the effect 

of the Coulomb interaction between He-ls with a hole and He-2s has been fully neglected, 

so far. The He-2s level was therefore never considered to be important in the neutralization 

process, since He-2s is not positioned far enough below the Fermi-level of most solids (if the 

Coulomb interaction term Q is neglected) to account for the high neutralization probability 

of He+ ions. We have shown with quantummechanical calculations that resonant transfer of 

an electron to He-2s, taking into account the lowering of this level due to the Coulomb term 

Q, leadstoa high neutralization probability of He+. 

Furthermore, we have shown that the neutralization behavior of He+ scattered by a 

surface can be explained by the workfunction of the surface and the local density of states 

(LDOS). The correlation between the workfunction and the neutralization probability of He+ 

has never been observed before. The relation between the neutralization probability and the 

workfunction has been studied before, but no correlation was found then [9]. 

Recent experiments, in which the energy of secondary electrons is measured, show that 

autoionization takes place for several ion- target combinations [4,5]. No such experiments 

with He+ as projectile have been performed, to our knowledge. 

Since it is shown by our model that the charge-exchange process is essentially 

govemed by many-body effects, further examination of charge-exchange between He and a 

surf ace, based on the Anderson-Newns Hamiltonian including Coulomb interactions [3, 10,11] 

is recommended. 
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