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Chapter 1 

General introduction 

In everyday life the surface of an object is one of the fust things we observe. The 
surface detennines many of the properties of a material since it interacts with its 
environment via its surface. A better understanding of the surface is, therefore, important 
in understanding these interactions. Examples are the adhesion of paint and glue or the 
conversion of gases by a catalyst The study of surfaces is, therefore, not only interesting 
from a purely scientific point of view, but will also aid in improving materials by 
designing specific properties. 

A surface may differ radically from the bulk both in its composition and structure. 
This is due to the breaking of the periodicity of the lattice at the surface of a solid. A 
surface atom has a local coordination which differs from that of a bulk atom. A bulk-like 
tennination is, therefore, not energetically favorable and a new equilibrium structure will 
be fonned. One can distinguish three different processes which lower the energy when a 
new surface is created. When the surface atoms are displaced by a small amount with 
respect to the bulk positions and no bonds are broken, one speaks of surface relaxation. In 
more drastic situations bonds are broken and new bonds are fonned to change the 
structure from the ideal bulk termination to the new structure which often possesses a 
different symmetry. This is called surface reconstruction. Finally, the surface composition 
may change with respect to the bulk as a result of preferential segregation of one of the 
constituent elements to the surface. 

The definition of the surface of an object varies widely in literature and generally 
ranges from 1 to 1000 atomic layers into the solid depending on what kind of properties 
one is interested in. In Surface Science, however, a surface is considered to be only a few 
atomic layers (1- 10 at layers) deep and is in practice defmed by the infonnation depth of 
the surface sensitive technique used in the investigation. In almost all surface sensitive 
techniques a primary beam of particles (ions, electrons, photons) is inCident on the surface. 
The particles that are scattered or emitted by the surface are the subject of investigation. 



Chapter 1 

Every technique yields its own specific information and a complete description of a 

surface is, therefore, only obtained by a combination of different techniques. An overview 

of surface sensitive techniques is given in refs [1,2], for instance. 

This thesis mainly deals with the investigation of catalytic bimetallic surfaces by 

Low Energy Ion Scattering (LEIS) and Direct Recoil Spectroscopy (DRS). In LEIS mono

energetic ions are scattered off the atoms in the surface. The energy loss of the ion is 

directly related to the mass of the surface atom it collided with. During the collision of the 

ion with a surface atom, the surface atom may be recoiled out of the surface. We speak 
here of a direct recoil since it results from a single binary collision. This is different from 

the particles detected by Secondary Ion Mass Spectroscopy {SIMS) which originate from a 

collision cascade. The energy gained by the direct recoil is a measure for its mass. The 

energy distribution of the scattered and/or recoiled particles can, therefore, be interpreted 

as a mass spectrum of the surface. The local arrangement of the surface atoms can be 

obtained from angle-dependent measurements making use of shadowing and blocking 
effects. Obtaining direct structural information is generally only possible when using 

single crystals as with most other structure sensitive techniques. In LEIS/DRS surface 

sensitivity can be achieved in two ways: (1) Limiting the detection to ions, where the high 

neutralization probability of the rare gas ions insures that the scattered ion contributions 

from deeper layers are effectively eliminated; (2) By making use of single crystals where 

it is possible to measure in blocking or shadowing directions thus eliminating the particle 

contributions from deeper layers. A more detailed description of LEIS/DRS is given in 

chapter 2. 

One of the main concerns in LEISIDRS is the surface damage due to the incident 

ions. This was already realized in the early days of LEISIDRS and has probably been one 

of the reasons why it has never gained the popularity of surface sensitive techniques like 

Auger Electron Spectroscopy (AES) and X-ray Photo electron Spectroscopy {XPS). In the 

early days of LEIS/DRS only electrostatic analyzers were used making use of rare gas 

ions to obtain surface sensitivity [3,4,5]. The high neutralization probability of the rare gas 

ions, however, also gives rise to a very small signal. The introduction of the Time-Of
Flight detection technique by .Buck et al. [6], where ions as well as neutrals are collected, 

greatly decreased the ion dose necessary to obtain a spectrum. Surface sensitivity with 

TOF detection, however, is mainly limited to the use of LEIS/DRS on single crystal 

surfaces. A different approach which always guarantees surface sensitivity was taken in 

Eindhoven by Brongersma and coworkers [7 ,8] by starting the development of a very 

efficient LEIS set-up based on electrostatic deflection. It consists of a specially-developed 

double toroidal analyzer [9] in combination with a two-dimensional position sensitive 

detector. The high efficiency is primarily realized by detecting simultaneously a large part 
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of the energy spectrum as well as the azimuthal scattering angle of the scattered ions. 

hence the name Energy and Angle Resolved Ion Scattering Spectrometer (EARISS). 

During the period of this thesis the EARISS has been further developed and combined 
with a Tune-Of-Flight forward Scattering and Recoiling Spectrometer (TOF-SARS). The 
combination of these two related techniques make the overall experimental set-up sensitive 
to the elements of the entire periodic system. For structural analysis Low Energy Electron 

Diffraction (LEED) has also been added. The combination of LEIS/DRS with LEED has 
proven to he very powerful. LEED is used to determine the long-range order and the 

dimensions of the unit cell. while LEIS/DRS obtains information on the relative positions 
of nearest-neighbor atoms (short-range order) and the composition of the outermost atomic 
layer(s). In chapter 3 a description of the experimental set-up in its f'mal form will he 

given. The large increase in efficiency of the EARISS as compared to other LEIS 
apparatus based on electrostatic analyzers makes it possible to study non destructively 
virtually any surface. including radiation sensitive materials such as polymers and highly 
porous catalysts with low loadings of metal clusters. Chapter 4 will demonstrate the high 

efficiency of the EARISS by several examples. The capability of EARISS to measure 

simultaneously the energy and angular distribution of the scattered ions is shown in 

chapter 5. 
An area where surfaces play an essential role is that of heterogeneous catalysis 

[10]. In catalysis reactant molecules are converted to product molecules by a catalytically
active surface. The surface adsorbs the reactant molecules after which they dissociate 
and/or recombine to new molecules which then leave the surface. A good catalyst has a 

high conversion rate of reactant molecules to desired molecules with only a small amount 
of unwanted molecules. Since the reactant molecules see only the outermost 1 or 2 atomic 

layers of the catalyst it is obvious that for a good understanding of the catalytic processes 
it is essential to know what these layers look like on an atomic scale. 

Different types of catalyst exist, there are oxide. sulfide and metal catalysts [11]. 
Industrial metal catalysts usually consist of small metal clusters (1-100 nm) on a support 
material (such as highly dispersed Al20 3). Since these real-world catalysts are very 
complex systems one turns to model systems to investigate fundamental processes. The 

best defined systems are single crystals where the atoms. are nicely ordered over long 
distances. There are several ways of trying to improve or create a new catalyst. For 

instance by combining two catalytically active metals which might each have an individual 

function in the catalytic reaction or influence each others catalytic properties. Another 
approach is by using small amounts of additives. An additive which improves the catalytic 

conversion rate is called a chemical promoter. 
Since LEIS/DRS have an information depth of only 1 to 2 atomic layers and are 

3 



Chapter 1 

capable of obtaining compositional as well as structural information they are very suitable 
techniques for the investigation of bimetallic catalytically-active systems. This may range 

from real-world catalysts, from which surface compositional information can be obtained, 

to the simpler but much better defined single crystal surfaces from which also the surface 

structure can be derived. 
An example of a bimetallic catalyst, which is used in hydrogenation and 

dehydrogenation reactions, is a highly-porous y-~03 support with small Pd/Pt clusters 
(3-6 nm). In order to investigate the influence of hydrogen on the composition of these 
small Pd/Pt clusters the first step is to investigate the influence of hydrogen Qn the LEIS 
measurements themselves. Hydrogen is a special element in LEIS since it is not visible to 

LEIS but may influence the visibility of other elements. Therefore, we investigated the 

effect of hydrogen on polycrystalline Pd/Pt alloys in relation to quantitative surface 
composition determination by LEIS. The results of this study are presented in chapter 6. 
The last two chapters deal with the investigation of two single crystals, a CUs.sPd15(110) 
bulk alloy and a p(3x3)K/Fe(100) surface alloy. Our investigation of the Cu85Pd15(110) 
surface is discussed in chapter 7. CuPd is used as catalyst for the oxidation of CO and the 
dehydrogenation and cracking of hydrocarbons. We have combined EARISS, TOF-SARS 
and LEED measurements together with ion trajectory simulation to determine the structure 

and the composition of the outermost two atomic layers of this surface as well as its 

segregation behavior. In chapter 8 TOF-SARS and LEED measurements on a clean as well 
as a potassium covered Fe(lOO) surface will be presented. Iron is a catalyst for the 

production of NH3 and the catalytic reaction is significantly increased by the addition of 

K20. Therefore, the interaction of potassium with Fe is very important in understanding 
the promoter action of the ~0 additive. A model is proposed based on our measurements 
for the p(3x3)K/Fe(ll0) surface which involves a substitutional adsorption of K. 

Since most of the chapters have been individually prepared for publication, some overlap 

is unavoidable. 
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Chapter 2 

Low-energy 
spectroscopy 

2.1 Introduction 

• IOn scattering and recoiling 

As early as 1967, D.P. Smith [1] showed the possibilities of using Low-Energy Ion 
Scattering (LEIS) to obtain compositional and structural information about surfaces. Since 
then, the technique has evolved to a mature surface science technique. Depending on the 
particular implementation of LEIS different abbreviations are used, such as ISS, ICISS, 
CAICISS, LENS, TOF-SARS, NICISS but the basic principles remain the same. Related 
to LEIS is Direct Recoil Spectroscopy (DRS) where one detects the recoiled particle after 
a single binary collision instead of the scattered particle. In this chapter we will describe 
the basic principles of LEIS/DRS focussing mainly on the experimental set-ups used in 
this thesis. More extensive reviews have been published recently, see e.g. refs [2,3,4,5]. 
LEIS/DRS make use of low energy (0.5 - 10 ke V) inert gas ions. The energy of the 

scattered particle is measured and this energy is directly related to the mass of the surface 
atom it collided with. By measuring the energy of the recoiled particle the mass of this 

surface atom can similarly be obtained. A LEIS/DRS spectrum is, therefore, a mass 
spectrum of the atoms in the surface. Structural information is obtained from the angular 
anisotropy of the intensity of the scattered or recoiled particles of a particular energy. 
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BEFORE AFTER 
Ion 

Figure 2.1: Situation before and after a binary collision. E; is the initial energy of the 

incident ion, E1 is the final energy of the ion after the collision, E,.c is the energy of the 

recoiled particle. m1, m2 are the masses of respectively the incident ion and the surface 
atom, and 8 and cjl are respectively the scattering and recoil angle. 

2.2 The binary collision model 

In LEIS/DRS mono-energetic (0.5 - 10 keV) inert gas ions are directed onto the 
sample surface and the energy of the scattered and/or recoiled particles is measured. The 

interaction between the incident ions and the surface atoms can be described very well by 

an elastic binary collision or a sequence of such collisions. Inelastic losses occur due to 

electronic excitations but these are small compared to the total energy of the ions. A 

schematic view of a collision is shown in fig. 2.1 . 
The energy loss of an ion after a binary collision with an atom in the surface 

which is considered to be at rest can be calculated from the laws of conservation of 

energy and momentum. The energy of the scattered particle, Er, is given by: 

(1) 

8 
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where: 

(2) 

Here m1, ~ are the mass of respectively the incident ion and the surface atom, E; is the 
initial energy of the incident ion, E1 is the final energy of the ion after the collision, and 9 
is scattering angle. For q > 1 only the + sign in equation (1) applies. For 1 ;;:: q ;;:: lsin9 I 
both signs apply. 

Similarly the energy of the recoiled particle, Erec• is given by: 

E - 4qcos2~ · E 
rec (l+qf I, 

(3) 

where cp is de recoil angle. Equation (3) only yields a physically meaningful solution for 
0°::;; c(l < 90°. 

In LEISIDRS the energy of the particles is either measured directly or by 
measuring the flight time of a particle over a certain length l. The energy is related to the 
flight time by: 

t=l·~ m 
2E1 

(4) 

Since the scattering angle 9 and recoil angle cp are fixed in the experiment, the 
measured energy or time distributions of the scattered/recoiled particles can be interpreted 
as mass spectra of the surface. 

One of the important considerations in choosing the scattering and recoil angle for 
LEIS/DRS is the mass resolution. For LEIS the mass resolution improves with increasing 
scattering angle. Therefore backscattering is usually the preferred geometry for LEIS. The 
mass resolution depends further on the mass of the incident ion. Ne+ as primary ion gives 
a much better mass resolution than He+ but the detectable mass range of surface atoms is 
smaller since an ion can only backscatter from atoms heavier than the primary ion itself. 
The sensitivity of LEIS decreases with the mass of the target atom due to the decreasing 
scattering cross-section and the higher neutralization probability of the inert gas ions for 
lower Et. In contrast DRS is much more sensitive to light elements (H, C, 0, N). LEIS 
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-(/) 600 -c:: 
Mg ::J 

8 - I-+ 
"'0 

j Q) 400 ·::;.. m c:: 
.Q I "'0 0 
(J) .... 200 
~ 
1U 
(.) 

~ 
0 
a:s 0 OJ 0 1000 2000 3000 

Final energy (eV) 

Figure 2.2: Energy spectrum of 3 keV He+ ions backscattered off the atoms in the F/MgO 

surface (9 = 1451). 
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Figure 2.3: Time-offlight spectrum of 6 keV Ar+ ions incident on Si( lOO) with hydrogen, 

carbon and oxygen on the surface (9,cp = 35l). 
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and DRS therefore complement each other nicely. The mass resolution for DRS increases 

with decreasing recoil angle. Thus usually small recoil angles are used for DRS. 

Figs. 2.2 and 2.3 show typical examples of a LEIS spectrum and a DRS spectrum, 

respectively. In fig. 2.2 we show an energy spectrum of backscattered ions (9 = 145~ 
from a F/MgO surface. Three features can be distinguished in the energy spectrum: l 
peaks arising from ions scattered in a binary collision off Mg, 0 and F atoms. II. 

reionized multiply scattered primary ions from deeper layers and III. secondary sputtered 

ions. Fig. 2.3 shows a time-of-flight spectrum of forward scattered and recoiled particles 

(9, q, = 35~. The peaks result from particles scattered off Si atoms as well as recoiled H, 

C and 0 particles. 

2.3 Quantification 

When using inert gas ions, and when only ions are being detected, LEIS is 
sensitive to the outermost one or sometimes two atomic layers due to the high 

neutralization probability of rare gas ions. This extreme surface sensitivity is largely 

independent of the measuring geometry or type of target The yield of the ions scattered 

from element i in the surface is given by: 

do. 2 + 2 
l';(E)=J(I · -' · ( EPu(E) ·nu· 31 ) • T · e)dO=:ETJu(E) • 6u, (S) 

dO l=t l•t 

where: 

I = the primary ion current 

d<r/dO. = the differential scattering cross-section for scattering off element i per unit solid 

angle 

? 1 = the ion survival probability after scattering off element i in layer 1 

nn = the number of atoms of element i in layer 1 of the surface 

T = the transmission of the analyzer 

£ = the efficiency of the particle detector 

'lln = the overall sensitivity of element i in layer 1 

9;1 = the surface coverage of element i (in at. %) in layer I 

S, = is the dimensionless steric factor of layer 1 which accounts for the visibility of 

that layer as a result of shadowing and blocking effects as will be explained in the 

next section. For the first layer usually S = I. 
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Often the contribution of the second layer can be neglected since usually the 

product of p+2S2 is much smaller than p+1S1• Direct quantification of the surface 

composition is only possible when all parameters are known. All parameters except p+ can 

in principle be calculated or experimentally determined. Usually, however, single 

elemental calibration targets are used to determine the overall sensitivity llu for each of the 

constituent elements of the sample under investigation. When using single crystals a 

proper choice of experimental parameters makes it possible to separate out the 

contributions of ions scattered from the first and second layer as will be shown in chapters 

3, 6 and 7. This makes an independent quantification of the composition of the first and 

second layer possible. Of course this quantification method is only valid when p+ is 

independent of the chemical environment of the atom, also referred to as its matrix. The 

theory of charge exchange in LEIS is not yet sufficiently detailed to allow predictions 

about the occurrence of matrix effects. However, the experimental data [6,7,8,9,10], 

mainly obtained for metals and oxides, thus far suggest that for metals and oxides in 

general matrix effects can be neglected, although exceptions are known [8,11]. It is 

however advisable to test whether matrix effects occur for each new system. In order to 

explain how this can be tested we first have to elaborate more on the theory of charge 

exchange. 

There are several possible processes for charge exchange, e.g. (quasi) resonance 

neutralization, Auger neutralization and electron promotion. The question as to which 

process is dominant in LEIS, is still a subject of discussion in literature. In general 

however the ion survival probability p+ can be written as: 

+oo 

P+=exp( JR(T(t))dt), (6) 

where R is the neutralization rate and r(t) is the ion trajectory. 

Hagstrum [12] proposed the first model for R assuming a homogeneous lateral distribution 

of electrons in the surface so that R only depends on the perpendicular distance z(t) above 

the surface. This gives the following expression for R: 

R(i) =A ·exp( -a<:(t)), (7) 

where A and a are the neutralization constants which depend on the neutralization process. 

Since this model obviously is independent of the position of the surface atoms with 

respect to the ion trajectory, it was adapted by Godfrey and Woodruff [13] using a 

12 
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localized neutralization rate, of the form: 

R(rtt))=A ·exp( -ar). (8) 

Here r is the distance between the ion and atom in the surface. Both models 

approximate the ion trajectory by the incoming and outgoing asymptotes. Richard and 

Eschenbacher [14] refined the model of Godfrey and Woodruff by integrating the localized 

neutralization rate of equation (8) taking into account the curvature of the ion trajectory. 

Somewhat more sophisticated models for the neutralization rate have been proposed, 

taking into account neutralization by a lattice of atoms (effectively meaning that 

neutralization by nearest neighbor atoms is accounted for) [15], reionization [16] and long 

range interactions [ 17]. 

A simple test for the occurrence of matrix effects is to determine the energy 

dependence of r, by measuring the ion yield as function of primary energy for an 

element in different matrices. If the energy dependence of r is independent of the matrix 

it is likely that r is matrix independent. A further test is to measure the surface 

composition at different primary energies or for samples with different amounts of the 

same elements. After proper calibration against the pure reference samples the surface 

coverages should add up to 100% in the absence of matrix effects. Satisfying these test 

makes it very probable that matrix effects are absent, although they don't provide absolute 

proof. 

2.4 Shadowing and blocking 

When an ion approaches a surface atom the ion will be deflected by the repulsive 

interaction between the two particles. This interaction is often described by the Thomas

Fermi potential which is a screened Coulomb potential. For calculations usually the 

Moliere approximation [18] to the Thomas-Fermi potential is used. In fig 2.4. it is shown 

by a series of calculated ion trajectories how a so-called shadow cone is created behind an 

atom hit by a parallel flux of incident ions. This shadow cone defines an area were no 

ions can penetrate. The deflection of the ions give rise to a maximum in the density of ion 

trajectories at the edges of the shadow cone. When a second atom resides in a shadow 

cone of the surface atom it cannot be reached by the incident ions and is thus not 

detected, see fig. 2.5a. When it is positioned at the edge of the shadow cone a maximum 

signal from that particular atom will be observed. This feature of LEIS is used to obtain 

structural information about the surface. Similar to shadowing of an atom a scattered or 
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recoiled particle can be blocked on its way to the detector by an atom as is shown in fig. 

2.5b. This effect is also used to obtain structural information. 

Figure 2.4: Schematic representation of a shadow cone behind an atom. 

a 
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./ 
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.• .. ·· 
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... ·· 
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Figure 2.5: Schematic representation of shadowing (a) and blocking effects (b). 
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2.5 Simulations 

The interaction of incident ions with the atoms in the surface can be simulated at 

different levels of sophistication. Here we will limit the discussion to simulations based on 

classical mechanics dealing only with the motion of the particles involved and neglecting 

their charge states. The most detailed methods in this category are the molecular dynamic 

(MD) simulations where Newton's equations of motions are solved for successive time 

intervals with forces derived from the potential functions. Due to the extensive calculation 

times for MD simulations, only a limited number of trajectories can be calculated and they 

are therefore only used for a better understanding of the interaction of the ion with the 

surface, especially the sputter process. In order to simulate a LEIS spectrum with 

sufficient statistics to make a relevant comparison with experimental data, Binary Collision 

(BC) simulations are used. In BC simulations only pair-wise interactions between particles 

are calculated and the particle trajectories are approximated by their asymptotes before and 

after the collision. One of the first codes used for ion scattering was the MARLOWE code 

[19] which gives a full three-dimensional simulation. Initially this code was developed for 

ion implantation purposes. Other similar codes are e.g. ARGUS, [20] EDI [21], TAVERN 

[22], RECAD [23] and SISS-92 [24]. The main differences are in the algorithms used to 

fmd the next collision partner and to calculate the scattering integral. These codes have 

proven to be successful in explaining the experimental data. However, in situations where 

the interaction between ion and atom is still significant at distances of half the interatomic 

spacings, deviations occur. For specific LEIS implementations more efficient but simpler 

computer codes have been developed to save computer time [25,26,27,28]. These are 

mainly based on the hitting probability concept introduced by Tromp and van der Veen 

[29] and are usually two-atom models. In this thesis the SISS-92 code has been applied. 

As interaction potential the Moliere approximation to the Thomas-Fermi potential has been 

used. 
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Chapter 3 

Experimental set-up 

3.1. Introduction 

This chapter describes the fmal version of the low-energy ion scattering and 

recoiling set-up on which this thesis is based. It combines backscattering in the form of 

the Energy and Angle Resolved Ion Scattering Spectrometer (EARISS) with Time-Of

Flight forward Scattering And Recoiling Spectroscopy (TOF-SARS). Backscattering has 

the advantage of good mass resolution but is not very sensitive to light elements, whereas 

one of the strong points of recoil spectroscopy is its sensitivity to light elements such as 

H, C, and 0. This makes this combined set-up sensitive to the elements of the entire 

periodic system. Both the EARISS and the TOF-SARS further supply complementary 

structural information from angle resolved measurements, as described in chapter 2. Since 

the major improvement of the EARISS which has been realized over the last 4 years 

concerns its two-dimensional detector and the azimuthal resolution I will, after a general 

description of the equipment, focus on these subjects. In the last section, I will conclude 

with EARISS measurements on Cu(llO). 

3.2. General description 

The experimental set-up consists of 4 connecting UHV chambers along the transfer 

line of a magnetic rod, as shown in fig. 3.1. The magnetic rod is used for easy sample 

transfer between the different chambers. In the main chamber the ion scattering and 

recoiling experiments are conducted. The sample (1) is placed in the center of this 

chamber on a computer controlled Panmure Instruments LTD manipulator which has six 

degrees of freedom and has been modified to allow for target transfer. The analyzer (2) 

17 



Chapter 3 

Figure 3.1: Side view of the experimental set-up. 

and ion source (3) of the EARISS are placed above the sample, as can be seen in fig. 3.2. 

The pulsed ion source of the TOF-SARS (4) is mounted at a (grazing) angle of 200 and an 

in-line channeltron detector allows for direct measurement of the shape of the ion pulse. A 
flight tube with a channel plate detector is used for the actual time-of-flight measurement 
of the scattered and recoiled particles. The angle between the ion source and detector for 
the TOF-SARS is 35°. 

For sample preparation in the main chamber a sputter ion gun (0.5 - 5 keV) 

(Leybold Hereaus) is available and heating of the sample can be done by radiative heating 
with a tungsten itlament which is placed directly underneath the sample. The temperature 

of the sample can be measured with a pyrometer (ffi.CON 300 T5HC). 
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Figure 3.2: Front view of the experimental set-up. 

Directly connected to the main chamber is a chamber for LEED (5) (VG RVL 900) 
analysis to check the surface structure and crystal orientation. Up to 7 samples can be 

stored under UHV in the storage chamber (6). Chemical treatment of the samples can be 

done in a preparation chamber (7) where gases (H2, 0 2, CO) with pressures of up to 1 bar 

can be applied. It also serves as a load lock to place samples into the UHV system without 

breaking the vacuum. The background pressures in the main and in the LEED chamber are 
typically 3 • 10"10 mbar and a mass spectrometer is used to monitor the residual gas. 
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3.3. TOF-SARS 

The TOF-SARS consists of an improved Pittaway ion source [1] which is adapted 
to produce a pulsed beam of inert gas ions (0.5- 10 keV). Mass selection of the beam is 
accomplished by a Wien filter. The ion pulse is created by electrical chopping using the 
so-called "impulse sweeping method" [2]. A schematic view of the chopper is shown in 
fig. 3.3. The f'li'St slit, 0 1, is used for limiting the size of the ion beam. When no voltage is 
applied to the deflection plates A and B. the ions fly straight through the second slit, 0 2• 

When voltages up to +80 V and -80 V are applied to the deflection plates A and B 
respectively, the ions are deflected and blocked by the second slit. By pulsing the voltage 
on the deflection plates a chopped beam is created. This is accomplished by use of a 
home-built pulse generator [3]. 

b 

0 

V 
A [ a 

8 ••••••••••••••••••••••••••••....•••••••••• 1-! .. 

Figure 3.3: Schematic view of the chopper for the TOF-SA.RS. 

The time between the moment that the pulse is generated and the particle is 
detected is measured. To detect the particles, two types of detectors are used. One detector 
is a channeltron which can directly measure the primary ion pulse when the sample is 
moved out of the ion beam. A channeltron consists of a BeCu cup with a curled tube. The 
inside of the tube is coated with a material with a high electron emission coefficient 

When a particle hits the surface of a channeltron some electrons are created. A voltage 
applied over the channeltron accelerates these electrons and every time they collide with 
the wall more and more electrons are generated. This gives a charge pulse which can be 
measured. An example of a 2 keV Ne+ ion pulse, as measured by the in-line channeltron, 
is shown in fig. 3.4. The FWHM of the ion pulse is 54 ns which is quite sufficient for 
low-energy TOF-SARS measurements. 
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Figure 3.4: Ion pulse of 2 keV Ne+ ions as measured directly in the ion beam with the 
channeltron detector. 

The other detector, which is mounted at the end of the flight tube at a distance of 
0.987 m from the sample, detects the scattered and recoiled particles. It consists of a 

cascade of two channel plates followed by a collector plate. A channel plate is an array of 

narrow channels which are coated with a material with a high electron emission 

coefficient. Similar to the channeltron an electron cloud is generated which hits the 

collector plate. With a pre-amplifier this pulse is amplified. 
The scheme of the detection electronics for the time-of-flight measurements is 

shown in fig. 3.5. The pulse generator governs the detection. It starts the ion pulse and 

triggers the Time to Amplitude Convertor (TAC) via a delay. The pro-amplifier signal is 
amplified again before it reaches the single-channel analyzer, which gives a well defmed 

stop signal to the T AC. The T AC gives an output voltage which is proportional to the 
time between the start and stop pulse. Therefore, the output voltage is linear with the 

flight time of the particle. An AD convertor translates this voltage to a digital word, which 
is stored in a multi-channel analyzer (MCA) with 4096 channels. The MCA program SlOO 

(Canberra) runs on an Olivetti PC and is used to collect the data. 
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Figure 3.5: Scheme of the detection electronics for the TOF-SARS. 

3.4. EARISS 

In the EARISS, a schematic view is shown in fig. 3.6, a beam of mass selected 
inert gas ions (0.5 - 5 keY) (Leybold Hereaus, electron impact type ion source) is directed 

perpendicular to the sample surface. A double toroidal analyzer [4] accepts the ions that 
are scattered over 145° and that are within an energy range having a full width of 10% of 
the analyzer pass-energy. A zoom lens (accelerator/decelerator), V3, at the entrance of the 

analyzer makes it possible to select a section of the energy spectrum. The analyzer images 
the scattered ions onto a two-dimensional position sensitive detector which simultaneously 
determines the azimuthal angle and the energy of the scattered ions. This detector will be 
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Figure 3.6: Schematic cross-section of the EAR/SS. 
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discussed in more detail in the next section. The acceptance angle of the analyzer can be 

adjusted by variable slits at its entrance from a polar angle of 00 to 3.2°. This allows for 

the possibility of choosing between higher energy resolution or higher count rate. To 

improve the resolution in the azimuthal direction a so called "azimuth selector", which 

discriminates against spiralling ion tracks, is placed in the field-free region between the 

two slits. A more detailed description of the azimuth selector will be given in section 

3.4.2. 

3.4.1 The two-dimensional position sensitive detector 

When the ions leave the analyzer their azimuthal and energy (radial) distributions 

are measured by a two-dimensional detector. The first step is converting the ions into 

electron clouds to obtain a measurable signal. By using channel plates [5] the positional 

information is conserved. The position at which the electron cloud leaves the last Channel 
Plate (CP) is measured by a sickle and ring collector plate which was developed in our 

group by Knibbeler et al. [6]. It consists of two sets of conducting electrodes. For a given 

electron cloud, the charge collected by one set of electrodes is proportional to the radius 

(energy) and the charge collected on the other set gives the azimuthal position. These 

charges are detected individually by charge-sensitive amplifiers. Due to the statistical 

nature of the multiplication process in the channel plates there is a variation in the charge 

of the generated electron cloud. Therefore, the energy and azimuthal signals are 

normalized to the total charge. A measure of the total charge is obtained from the voltage 
dip on the power supply wires of the last CP when the electron cloud leaves. 

Channel plates 

Channel plates are glass plates perforated transversely with a fine pattern of narrow 

channels (-12.5 IJ.m), which are coated with a material having a high resistance and a high 

secondary electron emission coefficient Each channel can be considered to be an 

individual electron multiplier. In the final version of the EARISS detector three channel 
plates are used, as can be seen in fig. 3.6. The first two CP' s, which have channels with 

an inclination of 13° with respect to the surface normal, are mounted in a so-called 

Chevron set-up to reduce ionic feedback. The last CP has channels perpendicular to the 

surface. The use of a channel plate with channels at 13° as first CP is further essential for 

operating the CP's in space charge saturation, as discussed below. Space charge saturation 

means that there is a preferred charge size for the generated electron clouds with a narrow 

charge distribution. This makes discrimination against noise easier and puts less demand 
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on the dynamic range of the detection electronics. A third advantage is that it limits the 

spread in size of the electron cloud which is necessary for proper operation of the 

collector plate, as will be discussed later on. To explain why the 13° inclination is 

necessary we should take a look at the angular distribution of the ions leaving the 

analyzer. The ions with the lowest energy leave the analyzer at an angle of -12° with 

respect to the surface normal of the CP' s. The ones with the highest energies are less 

deflected and leave with an angle of +6°. Since the detection efficiency of a channel plate 

depends on the impact angle [7] this results in an inhomogeneity of the detection 

efficiency at the surface of the channel plate. Creusen (8] calculated the detection 

efficiency as a function of the impact position when using a 13° channel plate, which is 

shown in fig. 3.7. 
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Figure 3. 7: Detection efficiency of the detector as junction of the position of impact of the 
ion. 
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Figure 3.8: Pulse height distribution of the total charge Q as obtained with the last CP. 

Since only an azimuthal range of 3200 out of 3600 is measured by the collector plate, for 

technical reasons as will be explained later on, proper positioning of the flrst CP results in 

an inhomogeneity of only 10% of the detection efficiency. Furthermore this gives only a 

small spread in the generated electron cloud charge size by the fust CP which is essential 

to obtain space charge saturation. In flg 3.8 the pulse height distribution of the total charge 

Q obtained with the last CP is shown. As can be seen a gaussian distribution is found, 

meaning that space charge saturation is obtained1
• 

The last CP has perpendicular channels to image the electron clouds correctly onto 

the collector plate. When using a channel plate with channels having an inclination of 13°, 
the images are displaced on the collector plate by about 1.2 mm (8% of the detection 

range). The grey area in flg 3.9a represents how the image is displaced on the collector 

plate. This displacement gives rise to an S-shaped deformation in the 2D spectra as shown 

in fig. 3.9b. 

1 An earlier version of the detector bad a flfSt CP with perpendicular channels. Tbis gave a dip in the 
detection efficiency for those places where ions can penetrate deep into the channels before producing 
secondary electrons. Space charge saturation was never achieved with this configuration. 
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After leaving the last CP the electron cloud is accelerated towards the detector in 
the drift space (length 7 mm) where it expands due to its own space charge and initial 
distribution. Obviously the electrical field in the drift space should be homogeneous for 
proper imaging. Therefore the inside and outside of the drift space are coated with a 
conduction layer with a high resistivity. Also the precise shape of the drift space has been 
optimized with the help of computer simulations [8]. 

The collector plate 

The design of the collector plate as used in the EARISS is related to the wedge 
and strip collector described by Martin et al. [9]. Instead of wedges and strips, sickles and 

rings are used. This allows for a hole in the center of the collector plate for the ion beam 
to pass through. A schematic representation of the collector plate is shown in fig. 3.10. 
The A-strips are used for the azimuthal position determination and the E-strips for the 
radial (energy) position. In between the E- and A-strips (not shown in fig. 3.10) are 
ground strips, which together with a conducting back plane reduce cross talk between the 
E- and A-signals. The final version of the collector plate consists of 15 sets of strips, each 
set having a width of 1 mm and being made up of an E- and an A-strip and their 
complementary ground strips. The widths of the E strips varies between 13.85 and 380 flil1 

Figure 3.10: Schematic representation of the sickle and ring detector. 
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and the widths of the A strips between 40 and 380 ~m. A segment of 2cf is used for three 

output wedges (E, A and ground). In order to prevent charge clouds of falling on these 

wedges, a 40° section in front of the first CP is masked. 

As shown by Ackermans [10], the position resolution is optimal when the charge 

cloud radius, R, is between 2 and 3.5 mm. When R< 2 mm discretisation occurs since the 

electron clouds falls on less than two sets of strips. For R> 3.5 mm the electron cloud may 

partly fall outside the collector plate resulting in an incorrect read out. The electron cloud 
radius can be adjusted by varying the voltages over the drift space and those in between 
and over the CP' s. 

Signal processing 

In fig. 3.11 we show schematically the signal processing of the EARISS. Firstly, 

the three signals E, A and the total charge Q are amplified by modified Canberra 2006 

charge-sensitive preamplifiers. Additional amplification and pulse shaping is done by 
Canberra 2111 timing filter amplifiers. Next, the pulse heights are converted into a digital 

word by analog-to-digital converters (Analog Devices, MATV-0811). A fast normalization 

of the E- and A-signals by division by the total charge signal Q is accomplished by 
making use of a look-up table, in which all answers to the possible divisions are stored. 

The two results of the division, E/Q and NQ are combined to form the 14 bit address of a 
register in a two-dimensional Multi-Channel Analyzer (MCA). When an ion of given 

energy and azimuth is detected, the corresponding 14 bit address is increased by one. This 

results in a two-dimensional spectrum as shown in fig. 3.12. The experiment is controlled 
by a HP9000/370 computer which is also used to display and process the data. Up to IcY 

counts/s can be collected without a significant effect of pulse pile-up. 

E 

A 

Figure 3.11: Schematic view of the signal processing of the EAR/SS. 
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Figure 3.12: 2D-spectrum of 3 keV Ne+ ions backscatteredfrom Cu(llO). 

3.4.2 The azimuth selector 

(channels) 

The accuracy with which the azimuthal scattering angle of the scattered ions can be 
determined depends not only on the intrinsic resolution of the detector but also on the 
azimuthal velocity component of the scattered ions. This azimuthal velocity arises from 
the fact that the ion beam spot size is not infmitely small and may not be centered exactly 

on the axis of symmetry of the analyzer. Fig. 3.13 shows schematically the situation. Ions 

that are not scattered at the origin, 0, but at a point C at a distance y0 from 0 may enter 
the variable slits and arrive at point B having left the surface at a different azimuthal angle 

than those ions arriving at B by scattering at 0. To illustrate the effect in fig. 3.13 the 

distance Yo has been exaggerated. The azimuthal velocity component is conserved in the 
rotationally symmetric electrical field of the analyzer and causes the ion originating at C 
to spiral through the analyzer. From Hellings [11] we derive the azimuthal resolution 
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Figure 3.13: Schematic figure of a scattered ion trajectory through the variable slits at a 

large angle with the meridian plane AOB. 

caused by the spiraling ions to be: 

a(ll{1.74+16.18·~ E, l·aY't"tftnf_r_), 
Eptl&$ -""\ 135.47 

(1) 

where <I> is the azimuthal angle, r is the radius of the beam spot or the distance to 0 in 
mm, Et is the fmal energy of the scattered ion and E,... the pass-energy of the analyzer. 
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The only way of improving the azimuthal resolution is to prevent ions with a 
certain azimuthal velocity component from entering the analyzer. This is accomplished by 
a special device, which we will refer to as azimuth selector, which is positioned in the 
field free region in between the variable entrance slits. The purpose of the azimuth 
selector was to achieve 1% resolution (A~ S 1.8~ for E;,.. = Et. In principle this can be 
achieved by only accepting those ions that made it through a very narrow channel having 
a length to width ratio of about 570. Given the dimension of the field free region in 
between the variable slits this would imply channels of a length of 30 mm and a width of 
50 p.m. Since this is almost impossible to realize, the channels are effectively simulated by 
using five foils with narrow slits placed after each other at well chosen distances, see fig. 
3.6. Fig 3.14 shows a photograph of one of these foils. A total of 1593 slits each having a 
width of 60 p.m are positioned at the periphery of each foil. Obviously the positioning of 
the slits with respect to each other has to be very accurately since any misalignment leads 
to signal loss. Furthermore, it has to be able to withstand a bake-out procedure at 250°. A 
self-aligning mechanism was therefore constructed for positioning the foils [12]. This 
mechanism turned out to give very reproducible results since no differences in signal 
could be observed after bake-out 
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Figure 3.14: One foil of the azimuth selector. The enlargement shows the narrow slits, the 

springs on the inside of the foil are used for the centering of the foil. 
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Figure 3.15: Energy distribution of 3 keV Ne+ backscattered off polycrystalline Cu. 

3.5. Energy resolution and dispersion 

To test the energy resolution and dispersion, measurements have been petformed 
on a polycrystalline Cu sample using 3 keV Ne+ ions. The pass-energy was set to 3 keV 
and the acceleration/deceleration voltage V3 to -2.1 kV. In fig. 3.15 the energy distribution 
of the ions scattered off the Cu atoms is shown summed over all azimuthal channels, and 
summed over only 10 azimuthal channels. The energy channels are converted to energy 
values in eV using the energy dispersion as shown below. The total scattering peak is due 
to scattering from both Cu isotopes (63 and 65) as can be clearly seen in fig. 3.15. 
Deconvoluting the peaks from the two isotopes gives a FWHM of 40 eV for each peak, 

for the energy distribution summed over 10 azimuthal channels, also the peak-area ratio 
corresponds to the natural occurrence of the isotopes. Summing over all azimuthal 
channels gives only an increase of 10 % of the FWHM. This means that the image is only 
slightly distorted, so in almost all cases additional image correction is not necessary when 
summing over all azimuthal channels. 
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Figure 3.16: Cu peak position for successive values of V,. 
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Figure 3.17: Energy dispersion of the EAR/SS detector. 
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By varying V 3 the Cu peak can be shifted through the energy window of the 

analyzer. In fig. 3.16 V3 is varied between -2.00 kV and -2.25 kV in steps of 10 ± 5 V. 

We have to note here that the lower channels correspond to the higher energies and vice

versa. The height of the peak is constant over a range of 200 V, while at the edges of the 

energy window the peak is narrower and higher, but the peak area is still the same. The 

peak position against v3 is shown in fig. 3.17. The dispersion is found to be linear within 

1.4 %, and is merely determined by the accuracy with which V3 can be set. 

3.6. Azimuthal resolution and dispersion 

In order to determine. the azimuthal resolution we need a well defmed sharp 

azimuthal feature. We have achieved this by closing the second variable slit. Since there 

are two tiny holes in this second variable slit for the rods that control the position of the 

first variable slit, two 2° holes are left along the azimuthal direction. The azimuthal 

distance between the two holes is 105°. In fig. 3.18 the azimuthal distribution of 3 keY 

Ne+ ions scattered from Cu is shown. Two well-defmed peaks caused by the two holes are. 

observed. The first peak has a FWHM of 6° and the second one has a FWHM of 8°, which 
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Figure 3.18: Azimuthal distribution of 3 keV Ne+ ions backscattered off Cu with the 
second variable slit closed. 
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gives an azimuthal resolution of about 2 %. Before the azimuth selector was installed 

FWHM's varying between 20° and 400 were found, depending on the experimental 

parameters. So a significant improvement has been realized by implementing the azimuth 

selector. Since the resolution of the collector plate separately is 1% [6], the overall 

resolution of the detector is probably slightly lower and therefore it may be determining 

the present azimuthal resolution. 

The azimuthal dispersion has been determined by using a radial slit rotatable in the 

azimuthal direction, close to the sample surface. Effectively it is a 1800 shield with a small 

slit of about 0.2 mm in it. By rotating this shield in steps of 5° the image of the slit, a 

peak, is shifted through the azimuthal window of the detector as can be seen in fig. 3.19 
where we show every third peak. The position in azimuthal channels of the slit against the 

azimuthal angle gives the azimuthal dispersion. Fitting of the azimuthal dispersion is 

achieved with the following function: 

(2) 

The sine is necessary to correct for the small deviation of the beam spot from the center 

of the shield. The sine has been subtracted from the data in fig. 3.20 which shows the 

azimuthal dispersion. From the fit we fmd that the azimuthal dispersion is linear within ± 
0.1%. 

The heights of the peaks in fig. 3.19 depend on their azimuthal position, so the 

azimuthal sensitivity is clearly not homogeneous. This is not in agreement with the 

calculated azimuthal sensitivity of fig. 3. 7. The main reason is very probably that the 

azimuthal transmission of the azimuth selector is not homogeneous due to imperfections in 
the foils. 

3.7 The Cu(llO) surface 

3.7.1 EARISS Measurements on Cu(llO) 

With the azimuth selector installed the azimuthal resolution of the EARISS has 

significantly improved as was shown in the previous section. In order to see what kind of 

azimuthal features can be observed with the improved azimuthal resolution we have 

chosen Cu(llO) as a test sample which has a well known structure. A top view of the 

Cu(llO) surface is shown in fig. 3.21. In fig. 3.22 we show the measured ion yield from 

the Cu atoms as a function of azimuthal angle after integrating over the Cu energy-peak. 
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[110] 

[112] 

[001] 

Figure 3.21: Top view of the Cu(llO) surface structure. The white circles are the first 

layer atoms and the grey circles are the second layer atoms. 

Here we have already corrected for the apparatus profile as will be explained in chapter 6. 

The four maxima in the azimuthal spectrum in fig. 3.22 coincide with the open [110] and 

[001] azimuths of the unreconstructed fcc(llO) surface. Along these azimuths the ions 

scattered off the second layer atoms can freely reach the analyzer. The minima occur 

along the [112] and equivalent azimuths where total blocking by first layer atoms prevents 

ions scattered off the second layer of reaching the analyzer. Obviously the ions scattered 

off the first layer can reach the analyzer along all azimuths. The contribution of the ions 

scattered off the first layer atoms to the azimuthal spectrum, indicated by the shaded area 

in fig. 3.22, is therefore azimuthal independent. The azimuthal spectrum in fig. 3.22 

consist therefore of contributions of ions scattered off first and second layer atoms which 

are however easily separated. 
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Figure 3.22: Azimuthal distribution of 3 keV Ne+ ions backscattered off the atoms in the 

Cu(JJO) surface. Solid curve: Measurement. Dashed curve: Simulation of the experiment. 

3.7.2 Comparison of measurements with simulations 

Without neutralization 

A three-dimensional ion-trajectory simulation has been performed for the Cu(llO) 

surface, using the SISS-92 code [13], as also shown in fig. 3.22. In order to take the 

azimuthal resolution into account the simulated azimuthal spectrum has been convoluted 

with a gaussian having a FWHM of 8°. Note that since we have neglected the 

neutralization of the scattered ions the contribution of ions scattered off the second layer is 

much more pronounced than in the experimental azimuthal spectrum. The minima in the 

simulated azimuthal spectrum coincide with the minima in the experimental azimuthal 

spectrum. The maximum in the [001] azimuth is also reproduced by the simulation. In the 

[110] azimuth we find a relative maximum surrounded by two additio.nal maxima instead 

of only one maximum in the experimental azimuthal spectrum. The explanation for these 
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two additional maxima in the simulated azimuthal spectrum is as follows: The ions 

scattered off the second layer atoms are deflected by the first layer atoms and blocking 
cones behind the fttst layer atoms are formed. see also fig. 2.5 chapter 2. At the edges of 
the blocking cones the density of ion trajectories is highest resulting in maxima in the 

azimuthal distribution of the ions scattered off the second layer atoms. The two maxima 

around the [110] azimuth coincide with the edges of two of these blocking cones. This 

effect is usually referred to with the term "wedge focussing". Around the [001] azimuth 

this wedge focussing also occurs but here the edges of the blocking cones overlap 

precisely along this azimuth and therefore only one maximum is observed. 
So far we have neglected the neutralization of the scattered ions in the simulation. 

Van de Riet et al. [14] claimed that for Ne+ ions of at least 4 keV incident on Cu(llO) 

and a scattering angle larger as 7ff the neutralization is trajectory independent Charatan et 

al. [15] however showed that both 5 and 10 keV Ne+ ions incident on Ag(OOl) exhibit 

considerable trajectory-dependent neutralization, here the scattering angle was 135°. The 

difference is probably due to the exact trajectories followed by the detected ions. The 

statement of van de Riet et al. is therefore not generally true as will also follow from our 

experiment discussed below. 
Since our measuring geometry is different from both van de Riet et al. and 

Charatan et al. ·the collected ions will have followed quite different trajectories. It can, 

however, be seen directly from a comparison of the simulated with the experimental 

azimuthal spectrum, as shown in fig. 3.22, that without trajectory-dependent neutralization 

the differences can not be explained. Most clearly this can be seen from the wedge 

focussing maxima which don't show up in the experimental azimuthal spectrum, most 

likely as a result of stronger neutralization along those azimuths. 

Including neutralization 

As an approximation to account for trajectory-dependent neutralization we have 

included the localized model of Richard and Eschenbacher [16] in the simulations, see also 

chapter 2. Several simulations have been performed with different reasonable estimates for 

the neutralization constants A and a. The simulated azimuthal spectrum closest resembling 

the experimental azimuthal spectrum is shown in fig. 3.23. As can be seen there is still an 

apparent difference between the experimental and simulated azimuthal spectrum although 

there is some improvement The main improvements are (1) the ~ond layer contribution 

has been decreased, (2) The ratio of the maxima in the [001] and [l10] azimuths is better 

reproduced and (3) the wedge focussing maxima around the [110] azimuth are strongly 

diminished. Better agreement with the experimental data may be obtained by using more 
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Figure 3.23: Azimuthal distribution of 3 keV Ne+ ions backscattered off the atoms in the 

Cu(110) surface. Solid curve: Measurement. Dashed curve: Simulation of the experiment 
including neutralization using the model of Richard and Eschenbacher, A = 4. UP 1/s 

and a= 1.4 1/A. 

sophisticated models describing the neutralizatioo. For instance including the contribution 
to the neutralization by several atoms simultaneously as in the model of Verbist et al. [17] 
and/or adding an additional long-range neutralization term (up to two A from the atom) to 
the neutralization rate as was proposed by Beuken et al. [18]. A long-range neutralization 
term should have a quite different dependence on the distance to the atom than the 
negative exponential in the Richard and Eschenbacher model since the energy levels of the 

ion and atom are no longer perturbed. Since the neutralization rate should be related to the 
spatial distribution of the electrons involved in the neutralization, Beuken et al. proposed a 

gaussian centered at a distance r from the atom corresponding to a certain orbital. Such an 
additional term to the neutralization rate would lower the ion yield in the [001] and [110] 
.azimuths and may also cause a more smooth appearance of the simulated spectra. In order 
to incorporate this into a model for neutralization one should have knowledge about which 
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Figure 3.24: Azimuthal distribution of 5 ke V Ne+ ions backscattered off the atoms in the 

Cu(JJO) surface. Solid curve: Measurement. Dashed curve: Simulation of the experiment 

not including neutralization. 

electrons are involved in the neutralization process. This however is not known and more 

work is therefore needed for a better description of the trajectory-dependent neutralization 

of Ne+ ions incident on Cu(llO) but this goes beyond the scope of this chapter. Since van 

de Riet et al. stated that the energy of the incident ions should at least be 4 ke V for 

trajectory independent neutralization we also performed a measurement with 5 ke V Ne+ 

ions on Cu(llO). The measured azimuthal spectrum of the backscattered ion yield is 

shown in fig. 3.24 together with a simulation. As can be seen also for 5 ke V Ne+ there is 

still considerable trajectory dependent neutralization. 
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3. 7.3 Conclusions 

We can conclude that for the measuring geometry of the EARISS there is 
considerable trajectory-dependent neutralization of the Ne+ ions which is responsible for 

the smooth appearance of the experimental azimuthal spectrum as compared to the 

simulated azimuthal spectrum without neutralization, see fig. 3.22. The experimental 

azimuthal spectrum obtained on Cu(llO) with the improved azimuthal resolution looks 

therefore very similar to earlier azimuthal spectra on Ni(llO) and Cu85Pd15(110) as shown 

in chapters 6 and 7. The only way of obtaining sharp features in the azimuthal distribution 

of the scattered ions as obtained with the EARISS is using ions or conditions without 

significant trajectory-dependent neutralization. This could for instance be realized by using 

alkali ions instead of rare gas ions. 
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Chapter 4 

Static low-energy ion scattering*. 

4.1. Introduction 

One of the major concerns in LEIS (Low-Energy Ion Scattering) experiments is 
surface damage caused by the incident ions. Materials such as polymers, semiconductors 
and highly-dispersed catalysts with low loadings, as well as slow processes such as low
temperature segregation, are very sensitive to ion bombardment. Therefore, LEIS 
measurements on such materials can only be carried out with very low ion doses to assure 
reliable results. This has greatly limited the use of LEIS in these areas. 

The EARISS (Energy and Angle Resolved Ion Scattering Spectrometer) [1] makes 
very efficient use of the scattered ions: their energy and azimuthal distributions are 
determined simultaneously, without scanning. This makes it possible to obtain spectra with 
extremely low ion doses, thus enabling non-destructive measurements. 

The high efficiency and sensitivity of the EARISS and some of its new possibilities 
are best illustrated by some examples: GaAs(llO) which is a semiconductor, a catalyst 
consisting of a low loading of Pd/Pt clusters on highly-dispersed carbon support (1000 
m2/g), a highly oriented pyrolytic graphite (HOPG(OOOl)) sample, and a polymer (Poly 
Acrylic Acid on Si). The graphite serves as a conducting sample to establish the 
sensitivity for carbon, which is the main constituent of polymers. 

"The contents of this chapter have been based on the following: R.H. Bergmans, W J. Huppertz, R.G. 
van Welzenis and H.H. Brongersma, Nucl. Instr. and Meth. B64 (1992) 584; R.G. van Welzenis, R.H. 
Bergmans, J.H. Meulman, A.C. Kruseman and H.H. Brongersma in: structure and properties of surfaces and 
interfaces, eds. A. Gonis and G.M. Stocks, NATO ASI, Portn Carras, Greece 1991 (Plenum, New York, 
1992); H.H. Brongersma. R.H. Bergmans, L.G.C. Buijs, J.-P. Jacobs, A.C. Kruseman, C.A. Severijns and 
R.G. van Welzenis, Nucl. Instr. and Meth. B68 (1992) 207. 
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4.2. Experimental details 

Prior to the measurements, the GaAs(llO) sample was cleaned by sputtering with 

the primary ion beam using 4 keV Ne+ ions. Since the purpose of this chapter is to 

demonstrate the efficiency and sensitivity of the EARISS, no effort has been made to 

prepare the surface structure. Normally this is done by annealing to a certain temperature 

or, when this is not allowed, a chemical cleaning method such as an oxidation in ~ or a 

reduction in ~ is used. The supported PdJPt-catalyst was cleaned by slight sputtering 

with the primary beam using 2 keV Ne+ ions. A fresh HOPG(OOOl) surface was obtained 

by pressing a piece of Scotch tape onto the surface and then removing it, just before inser

ting it into the vacuum system. No further cleaning was performed on the HOPG(OOOl) 

sample or on the polymer (Poly Acrylic Acid on Si) after insertion into the vacuum 

chamber. For the measurements presented here the polar-angle acceptance of the analyzer 

was set to its maximum value of 3.2°. 

4.3. Examples of "static LEIS" 

4.3.1 GaAs(llO) 

Semiconductors are more sensitive to ion bombardment than metals because they 

can not recuperate because of their low atomic mobilities at room temperature. Also 

certain bonds might be more easily broken than others leading to preferred damage within 

the unit cell. So for a reliable experiment a large majority of the unit cells must remain 

undamaged during the measurement. 

Fig. 4.1 shows a typical example of a spectrum as obtained with the EARISS. This 
is a representation of the two-dimensional channel analyzer memory that stores the results. 

The spectrum in fig. 4.1 was obtained using 4 keV Ne+ ions on GaAs(llO). Since the 

surface structure of the GaAs(llO) sample was not restored after the sputter cleaning it 

doesn't give rise to an azimuthal dependance of the backscattered ion yield. The variations 

in the azimuthal distribution are, therefore, due to inhomogeneities of the detector 

sensitivity"'. They can be removed by normalization to the apparatus proflle, see chapter 6 

[2]. 

"The measurements in this chapter were obtained with an earlier version of the two-dimensional detector, 
see fig 3.9a, and without the azimuth selector implemented. 
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Azimuth 

Ion 

Energy (eV) 

Figure 4.1: Energy and azimuthal distribution of 4 keV Ne+ ions backscattered from the 

GaAs(llO) surface. 

By summation over the azimuthal channels, and thus neglecting the azimuthal 

information completely, the full energy efficiency of the EARISS can be exploited, see fig. 

4.2a. The right hand peak is due to 75 As and has a FWHM (Full Width Half Maximum) of 

51 eV (there is only one As isotope). The other peak is from Ga (isotopes 69 (60%) and 

71 (40%)). Due to the two isotopes, the Ga-peak has a wider FWHM of 67 eV, and the 

peak is also asymmetrical. Because the instrument was set for greatest sensitivity and not 

for best resolution (the variable entrance slits of the analyzer were completely opened), the 

Ga peaks were not resolved in this measurement. The ion current was 11 nA and the 

measurement took 180 s. This figure is comparable to a conventional LEIS spectrum 

which, in contrast has to be accumulated from an energy scan. 
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Figure 4.2: Energy distribution of 4 keV Ne+ ions backscatter(?d from the GaAs(llO) 

surface summed over all azimuths. (a) Ton dose 6.6 • UP ions/cm2
• (b) Ion dose 1.6 • Jd0 
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It is clear from the statistics in fig. 4.2a that it should be possible to lower the ion 

dose appreciably. Indeed at a sample current of only 16 pA, measuring for 30 s, the peaks 

can still be detected, as can be seen from fig. 4.2b. As the primary ion beam diameter for 

these measurements is estimated to be about 5 mm, we have an ion dose of 1.6 • 1010 

ions/cm2
• Assuming a sputter efficiency of 3 atomsfmcident ion [3] and a surface density 

of 2 x 4.4 • 1014 atoms/cm2 (there are 2 atoms per surface unit cell), a maximum fraction 

of 1.2 • 10""' unit cells are damaged during the measurement. So it is justified to state that 

the surface remains undamaged during the measurement. 

4.3.2 Pd/Pt-cataJyst 

Supported metal catalysts often have very rough surfaces with a low loading of 

metal clusters. Therefore the LEIS signal from these clusters is very small whereas the 

sputter-background is high, since the iatter originates from the entire surface. Clusters can 

be more easily damaged by the incident ions than flat substrates. The amount of damage 

mainly depends on the cluster size. W.K. den Otter et al. [4] have shown with molecular 
dynamics simulations that the sputter yield for 2 keV Ne+ ions incident on small Rh 

clusters is a factor of 6 larger than from a flat Rh sample. Also the composition of the 

surface of a cluster may change as a result of preferential sputtering and/or heating by the 

energy which is deposited by the incident ion. So in such cases a maximum of only one 

ion impact per cluster is allowed in order to maintain reliable results. For instance for the 

small Rh clusters mentioned before, assuming a surface coverage of the clusters of 0.5%, 

the ion dose should be limited to a maximum of 7 • 1012 ions/cm2 [4] 

As an example we have measured a carbon-supported catalyst having a dispersion 

of 1000 m2/g with a low loading of Pd!Pt clusters. For the measurements on this catalyst 2 

keV Ne+ ions were used. The energy window was set to 600 eV to image the Pd and Pt 

scattering peaks simultaneously. In fig. 4.3a an energy spectrum summed over all azimuths 

is shown. The ion dose for this measurement was 4.1 • 1014 ions/cm2
• With a much lower 

ion dose of only 1.43 • 1011 ions/cm2 the spectrum in fig. 4.3b is obtained. The Pd and Pt 

scattering peaks are still visible. Assuming a sputter yield of 2 for Pd, a sputter yield of 1 

for Pt, [3] and a surface density of 1.6 • 1015 atoms/cm2
, only 1.4 • 10""' monolayers are 

removed. As shown by den Otter et al. [4] the sputter yields for small clusters can be 

larger than for a flat polycrystalline sample. But even if the sputter yield were 10 times 

higher on the Pd!Pt clusters, the damage would still be neglible. 
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Figure 4.3: Energy distribution of 2 keV Ne+ ions backscattered from the Pd/Pt catalyst 
surface integrated over all azimuths. (a) Ion dose 4.1 • 10'4 ions!cnl. (b) Ion dose 1.43 • 
10'1 ions/cm2

• 
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4.3.3 HOPG(OOOl) and Poly Acrylic Add on Si 

Polymers consist mainly of light elements (C,O,N). LEIS is not very sensitive to 

these light elements due to the small scattering cross-section and high neutralization 

probability. The scattering peaks arising from these light elements are also superimposed 

on the tail of the sputter peak which makes the detection even more difficult. The polymer 
chains are furthermore easily damaged by the incident ions. When static measuring 

conditions can be achieved LEIS can provide very detailed information on the orientation 

of molecules at polymer surfaces. A recent review of LEIS on polymers, also addressing 

the effect of ion irradiation damage, has been published by Bertrand et al. [5]. They 

showed that for PMMA the 2 keY He+ ion dose has to be lower than 1 • 1014 ions/cm2 and 

for PET lower than 1 • 101s ions/cm2
• This is in agreement with Hook et al. [6] who found 

that no damaged occurred to PMMA for 3 keY He+ ion doses up to 3 • 1013 ions/cm2
• In 

both cases XPS was used to investigate the damage caused by the incident ions. Most of 

the examples so far of LEIS on polymers cannot be considered to be performed under real 

"static conditions". One of the rare examples of "static LEIS" has been given by Hook et 

al. [6] They investigated polymer surfaces with 2 keY He+ ion doses of 1.2 • 1013 

ions/cm2
• 

The major constituent of polymers is carbon. Therefore HOPG(OOOl) was chosen 

as a conducting sample to determine the sensitivity of the EARISS to carbon. We have to 

note here that carbon is a peculiar element in LEIS. Its LEIS sensitivity depends largely 

on its chemical state. Van den Oetelaar et. al. [7 ,8] showed that LEIS is much less 
sensitive to graphitic, e.g. HOPG, than for carbidic carbon. HOPG(OOOl) therefore gives a 

lower limit for the LEIS sensitivity to carbon. Bertrand [5] indicated that the sensitivity to 

carbon in polymers is probably close to or the same as graphitic carbon although a real 

experimental comparison is still unavailable. The measurements on the HOPG(OOOl) 

sample were done using 3 keY 4He+ ions and a target current of 0.58 nA. Although it only 

took 30 s to obtain the spectrum in fig. 4.4, the C scattering peak is clearly visible. The 

beam diameter in the present experiments is about 5 mm resulting in an ion dose of 1.4 • 

1012 ions/cm2 for the measurement which is well below the above-mentioned limit for PET 

andPMMA. 
When investigating polymers with LEIS, charge compensation is generally 

necessary since polymers are normally insulators. Since the EARISS does not have a 

facility for charge compensation, a spincoated layer of -lfllll P AA (Poly Acrylic Acid) on 

Si was used. Using low ion-beam currents, the charging of the polymer was kept below an 

acceptable limit. For these measurements, the 3He+ isotope was used as incident ion 
instead of 4He+. Due to the lighter mass of 3He+ the fmal energy is larger, resulting in a 
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Figure 4.4: Energy distribution of 3 keV 4He+ ions backscattered from the HOPG(OOOJ) 

surface summed over all azimuths obtained with an ion dose of 1.4 • UP ions/cm2
• 

higher ion fraction and. therefore, a sensitivity gain of about 3-4 with respect to 4He+. A 

spectrum obtained using 4 keV 3He+ is shown in fig. 4.5. The C and 0 scattering peaks 

were measured separately; besides a Si scattering peak no other additional peaks were 

observed. This is in agreement with the composition of Poly Acrylic Acid since it only 

consists of C, 0 and H (which is not visible in LEIS). The visibility of Si indicates that 
the polymer layer was not completely covering the Si substrate. The ion dose for the 

spectrum in fig. 4.5 was 3 • 1013 ions/cm2
• The beam diameter was estimated to be 3 mm 

for the beam settings used for these measurements. A spectrum at an even lower ion dose 

of 4.8 • 1012 ions/cm2 is shown in fig. 4.6. While this polymer sample was far from ideal, 

the ion doses are still below the above-mentioned maximum allowed ion doses. Since the 

spread in our polar-angle acceptance of 3.2° is about a factor of 4 smaller than used by 

Hook et al., a much better energy resolution is obtained here. 
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Figure 4.5: Energy distribution of 4 keV 3He+ ions backscattered from the PAA surface 

summed over all azimuths obtained with an ion dose of 3 • UP ions/cm2
• The extra peaks 
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Figure 4.6: Energy distribution of 4 keV 3He+ ions backscattered from the PAA surface 

summed over all azimuths obtained with an ion dose of 4.8 • Jd2 ions/c~. 
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4.4. Conclusions and discussion 

From the measurements it can be concluded that non-destructive measurements 

with the EARISS on even the most sensitive samples are possible. This opens up new 
fields of material research to which LEIS can be applied. The main reason for the higher 
"sensitivity" in the present experiments is the imaging of a large part of the energy 
spectrum at once. This gives an efficiency gain compared to the other known LEIS set-ups 
where the energy range is scanned. The energy window of the EARISS is divided into 
approximately 50 channels. So we gain immediately a factor of 50 in measuring time 
compared to a conventional LEIS instrument using the same number of channels per eV. 

From a comparison with a LEIS apparatus using a cylindrical mirror analyzer, it was 

found that thanks to the optics of EARISS the overall sensitivity of EARISS was about a 

factor of 500 better. 
Based on the EARISS analyzer and detector a second apparatus has been 

constructed especially dedicated to the investigation of polymers and- catalysts. The 
maximum value of the variable acceptance angle of the analyzer has been increased in this 
apparatus resulting in another signal gain of a factor of 7 [9]. The sample can also be 
scanned underneath the ion beam smearing out the ion beam over a larger surface area. 
This lowers the total applied ion dose per cm2 even further. For the investigation of 

insulators the apparatus has been equipped with a charge compensation facility. 
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Chapter 5 

On the quantification of the surface 
composition of hydrogen-covered surfaces 
by LEIS. 

5.1. Introduction 

Bimetallic catalysts play an important role in heterogeneous catalysis [1]. In order 
to understand the catalytic properties of small bimetallic clusters information concerning 
the surface composition and segregation behavior is essential. Since hydrogenation and 
dehydrogenation reactions are important in catalysis it is necessary to study the interaction 
of hydrogen with bimetallic surfaces. especially its influence on the surface composition. 
The techniques of Auger Electron Spectroscopy (AES) and especially X-ray Photoelectron 
Spectroscopy (XPS) are the work-horses for the investigation of the surfaces of industrial 
catalysts. Recently A.G. Sault [2] showed that a fundamental quantification problem is 
encountered in XPS and AES when the attenuation lengths of the photo- or Auger 
electrons become comparable to the cluster size. At these length scales differentiation 
between surface and bulk composition becomes impossible. The critical cluster size below 
which XPS and AES fail was estimated to be about 8 nm. It is only in very ideal 
circumstances with complete segregation of one component. that the critical cluster size 
may be as small as 3 nm, but the obtained surface composition is model dependent. 

In contrast. Low-Energy Ion Scattering (LEIS) does not have this fundamental 
quantification problem because it is sensitive to the outermost one or sometimes two 
atomic layers only. It is therefore a very promising technique to study the surface 
composition of small metal clusters. The extreme surface sensitivity of LEIS, however. 
poses a potential problem when investigating adsorbate covered surfaces as will be 
discussed below. In LEIS the surface composition (ratio of the abundance of the elements) 
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of a sample is obtained from the energy distribution of the scattered rare gas ions after 

calibration against well-defined single elemental targets as described in chapter 2. The 

high neutralization probability of the rare gas ions, ensures that the detected ions arise 
mainly from the topmost atomic layer with sometimes a small contribution from the 
second layer. He+ or Ne+ are usually used as primary ions in LEIS. For bimetallic systems 

the use of Ne+ as primary ion is preferred. It gives a much better mass resolution 

compared to He+ and the scattering peaks are close to a Gaussian, whereas the He+ spectra 

usually consist of peaks with large tails. A drawback of Ne+, however, is the much higher 

sputter yield compared to He+ (about a factor of 10) resulting in more damage to the 

surface. Its use has therefore been limited. By using a very efficient LEIS setup called the 

EARISS [3] this problem has been overcome making non-destructive measurements, even 

on fragile surfaces such as the supported metal catalysts, possible [4]. 

As was stated before the extreme surface sensitivity of LEIS poses a potential 

problem in its use to study the influence of hydrogen and other adsorbates on the surface 

composition of bimetallic clusters. Hydrogen may shield, possibly preferentially, the 

underlaying surface atoms from detection. A further complication is the fact that hydrogen 

can normally not be seen by LEIS, since scattering from hydrogen is only possible for 

scattering angles up to a few degrees which is an unfavorable (very poor mass resolution) 

and therefore very unusual geometry for LEIS. Therefore it is important to make a 
detailed study of the effect of hydrogen on LEIS spectra, especially with respect to the 

surface composition determination, before investigating the influence of hydrogen on the 

surface composition of small bimetallic clusters. It has already been shown that hydrogen 

can obscure other elements, see e.g. refs [5,6,7,8], however, most of this work is limited to 
He+ scattering from single elemental samples. 

In this chapter hydrogen-covered pure and alloy surfaces consisting of Pt, Pd and 

Ge are studied to deduce the influence of hydrogen on the surface composition 
determination by LEIS using Ne+ ions. Pd and Pt were chosen because they are transition 

metals, which are very important in heterogeneous catalysis. A general overview of 
hydrogen effects on metals in catalysis can be found in ref. [9]. Here we will only 

describe some relevant general trends in the hydrogen-metal interaction. Hydrogen can 

adsorb either associatively or dissociatively on a metal surface. For the transition metals 

the adsorption is always dissociative. After the initial adsorption, diffusion into the near 

surface region or bulk can occur depending on the kind of metal, temperature, and 

hydrogen pressure. Under certain conditions even a metal-hydride may be formed. The 
adsorption site of hydrogen on a metal surface is usually a highly coordinated one 
involving several metal atoms and with a bond strength varying little with the kind of 
metal. As a contrast to the transition metals we have also investigated Ge which is a 
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semiconductor. On semiconductors the bonding is much more localized than on the 

transition metals and surface hydrides are easily fonned. 

Ion-induced desorption measurements from hydrogen covered Pd, Pt and Ge 

surfaces and some of their alloys will be presented. From these measurements we will 

show that the surface composition detennination of these surfaces by LEIS is still possible 

in the presence of hydrogen. Furthennore sputter yields for hydrogen on these surfaces are 

detennined as a comparison to the . sputter yields of the substrate atoms. Finally, to 

illustrate the potential of LEIS for the investigation of real industrial catalysts a non

deStructive measurement on a hydrogen covered P~-~03 catalyst (cluster size 3-

6 nm) is shown. 

5.2. Experimental 

5.2..1 LEIS equipment 

The LEIS experiments were performed with two different set-ups: the Energy and 

Angle Resolved Ion Scattering Spectrometer (EARISS) and the Energy Resolved Ion 

Scattering Spectrometer (ERISS) which employs a similar analyzer as the EARISS and 

may be regarded as identical for the results presented in this chapter. In the ERISS it is 

also possible to investigate insulating samples because there the charging of a sample can 

be effectively compensated by flooding the surface from all sides with low-energy 

electrons. A detailed description of the EARISS is given in [3]. Briefly, a beam of mass

selected rare gas ions is directed perpendicularly onto the surface. The ions that are 

scattered over 14S' are accepted by a double toroidal analyzer. This analyzer makes a very 

efficient use of the scattered ions by measuring simultaneously a large part of the energy 

spectrum as well as the azimuthal distribution of the backscattered ions. Since the 

experiments in this chapter are conducted on polycrystalline samples, no information can 

be obtained from the azimuthal distribution and therefore the signal was afterwards 

integrated over the azimuth to obtain an integrated energy spectrum. A special preparation 

chamber where gases (e.g. HJ with pressures up to 1 bar can be applied and heated, is 

connected to the i.on scattering chamber. The samples can be easily transferred between 

the ion scattering and the preparation chamber. 
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5.2.2 Sample preparation 

The alloy samples of Pd. Pt and Ge were cut out of the originally button-shaped 
well-mixed material using a diamond-wire saw. Prior to introduction into the UHV 

chamber the samples were chemically cleaned. The Pd, Pt, Pd83Ge17, PdsJ>tw and P~ 
samples were etched in a liquid consisting of 1 part HN03 (60%) and 3 parts HCl (36%) 
for a few minutes and subsequentially cleaned in ethanol. The Ge sample was ftrstly 
etched in boiling HN03 (60%) for a few minutes followed by rinsing in distilled water. It 
was then etched in HF (40%) and again rinsed in distilled water. Polishing of all samples 

was done with Al20 3 powder. The fmal preparation was performed in the UHV -chamber 
by 4 keY Ar+ and Ne+ ion bombardment until the sample was clean as judged by LEIS 

(i.e. no LEIS peaks due to contaminants were observed and the substrate LEIS-signal has 

reached its maximum value). 

5.2.3 Experimental procedure 

The ion-induced desorption experiments were carried out by the following 
procedure. First the sample was cleaned by 4 ke V Ar+ ion bombardment followed by 4 
keV Ne+ ion bombardment, this in order to avoid a surface compositional change due to 

preferential sputtering during the experiment where also 4 keV Ne+ ionsi are applied.LEIS 

spectra were obtained from the clean samples as a reference. The hydrogen saturation of 
the sample was done in a separate preparation chamber. Unless otherwise indicated this 
treatment consisted of 3 mbar Hz for 30 minutes (lOS L) at room temperature. Removal of 
the hydrogen by ion-induced desorption was done in a controlled manner by applying 
successive removal doses of 4 keV Ne+ ions also at normal incidence. Effects of ion beam 
shape and possible surface diffusion of hydrogen from the edges of the sample were 
minimized by scanning the ion beam over an area of 10 x 10 mm2

• Before the ftrst, and 
after each successive ion removal dose a LEIS measurement was taken using 4 keV Ne+ 

ions. The ion dose required to obtain a LEIS spectrum is much smaller than a typical ion 
removal dose. From these LEIS spectra we derive plots of LEIS peak areas from the 

substrate atoms against ion dose. 
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Figure 5.1: Energy spectrum of 4 keV He+ ions backscattered from Pd obtained with an 

ion dose of 5. HP ions/cnr. (a) Clean Pd suiface before H2 treatment. (b) After 3 mbar, 

30 minutes H2 treatment. 

5.3. Results and discussion 

5.3.1 Pure elements 

First we show in fig. 5.1 the energy spectrum of 4 ke V He+ ions scattered off clean 

Pd before and after hydrogen treatment. Using He+ means that lighter elements such as C 

and 0 can also be detected which is not possible with Ne+. As can be seen the Pd 

scattering peak almost disappears as a result of the hydrogen treatment and the so-called 
sputter background at low energies ( especially below 1000 e V ) which is caused by 
secondary sputtered ions has significantly increased. The increase of the sputter
background is due to the higher sputter yield of hydrogen compared to the substrate Pd 

atoms. The tail at the low energy side of the Pd scattering peak is due to reionized ions 

scattered from deeper layers. No other elements such as C and 0 are visible. The decrease 
of the Pd peak intensity can therefore be attributed to shielding of the Pd atoms by the 

hydrogen atoms. 
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Figure 5.2: Energy spectra of 4 keY Ne+ ions backscattered from Pd where the hydrogen 
is removed by successive doses of 4 keY Ne+ ions. Each spectrum is obtained with the 
same ion dose ( 1.6 • 1 d 2 ionslcw(). After the first spectrum the total ion dose applied to 
the H/Pd surface was 1.6 • 1d2 ionslcm2 increasing to 4.9 • 1d5 ions/cm2 after the last 

spectrum. 
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Figure 5.3: Area of the Pd scattering peak as function of the applied 4 keY Ne+ ion dose. 
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For 4 ke V Ne+ ions backscattered off the Pd sample the shielding by hydrogen is 
also found to be very large, as can be seen in fig. 5.2. In fig. 5.3 a semi-logarithmic plot 
of the Pd peak area as a function of ion dose is shown. The first two points in this plot 
are obtained from two successive LEIS measurements showing that there is almost no 

increase in the Pd signal due to the ion dose used for the LEIS measurements (1.6. 1012 

ions/cm2
). We can therefore neglect the influence of the LEIS measurement on the ion

induced desorption experiment. These experiments were also conducted on Pt and Ge 
samples yielding similar results. 

Now we will address the cause for this large effect of hydrogen on the detection of 

the underlying surface atoms by LEIS. We can distinguish between two effects which may 
shield the underlying atoms from detection. 

First there is physical shielding normally referred to as shadowing. Shadowing is 
the phenomenon where, when an atom is hit by a flux of ions the ions are deflected due to 

the repulsive interaction and a region is formed behind the atom where no ions penetrate. 
This region is called the shadow cone. In fig. 5.4a this is illustrated by a two-dimensional 

ion trajectory simulation for 4 keV Ne+ ions incident on a Pd atom. As can be seen a 

shadow cone is formed behind the Pd atom. When another atom resides in this shadow 

cone no ions can scatter off it and it is therefore invisible. To see if hydrogen has a 
shadow cone large enough to shield an underlaying Pd atom we performed a two
dimensional ion trajectory simulation which is shown in fig. 5.4b. As can be seen the 
shadow cone formed behind the H atom hit by Ne+ ions is neglible due to the small 

repulsive interaction and even if we assume that hydrogen is positioned on top of a Pd 
atom (which is very unlikely since hydrogen prefers a highly coordinated site [9]) 

physical shielding by hydrogen cannot explain the large decrease of the Pd scattering peak. 

This was further confirmed by a full quantitative three-dimensional ion trajectory 
simulation using the SISS-92 code [10] for a clean Pd and a hydrogen-covered Pd surface. 
It showed that hydrogen had no influence on the scattered particle yield from the Pd 
atoms. For He+ ions incident on H a small shadow cone is formed but only if hydrogen is 
positioned directly above the Pd atoms could the decrease of the Pd peak be explained. 

~ The second effect capable of causing a reduction in the scattered ion intensity is 

neutralization. Since this is the only remaining possible explanation, very efficient 

neutralization of the incoming and/or outgoing ions must occur due to the presence of 

hydrogen atoms. The effect of hydrogen on the workfunction and the electronic structure 

of the underlying substrate is small [11]. It is therefore unlikely that the neutralization 

probability when scattering off a substrate atom is affected. The additional neutralization 
probably occurs through a direct interaction with the hydrogen atoms. Since the ions 
scattered off the substrate atoms have had no close encounter with a hydrogen atom (since 
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Figure 5.4a,b: Two dimensional ion trajectory simulation for 4 keV Ne+ ions incident on 

(a) a Pd atom; (b) a Pd atom with a H atom located 1.74 A above the center of the Pd 

atom. 

hydrogen resides in a highly coordinated site) the neutralization should still be significant 

at distances of the order of an A from the hydrogen atom. The only available quantitative 

data known to the authors regarding the charge transfer of He+ with hydrogen is that of 
free particles as summarized in refs. [12,13]. The cross-section at 4 keV for charge 
transfer of He+ + H -> He + H+ is 0.474 A2 and for He+ + H. -> He + H it is 119 A2• No 
data was available for Ne+. If we assume the surface hydrogen to be a hydrogen gas the 
effective neutralization radius of the hydrogen atom thus varies between 0.39 A and 6.2 A 
depending on the effective charge of the hydrogen. According to literature [9,11} there is 

only a small charge transfer from the substrate atoms to the hydrogen atoms so the best 
approximation for the cross-section for charge transfer is close to atomic hydrogen. But it 
may be somewhat larger due to some charge transfer. Very effective neutralization at 
about 1 A from the surface hydrogen atom is, based on the comparison with the free 
particles, thus very possible. Further investigations are however necessary for a more 
detailed explanation of the charge transfer process involved. 
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5.3.2 Modelling for the pure metals 

By modelling the results from the ion-induced desorption measurements in the 
previous section the sputter yield for hydrogen can be obtained. The most simple model 
for the removal of hydrogen atoms by ion-induced desorption as a result of a collision 
cascade, for surface coverages of a monolayer or less, takes the probability of removing 

hydrogen to be proportional to the surface coverage. The decrease of the hydrogen 
concentration, N4 • with time is given by: 

(1) 

where j is the ion flux in (e.g. in ions/cm2
), a is the desorption cross-section (e.g. in cm2

) 

and t is the time. The advantage of using a desorption cross-section instead of a sputter 
yield is that the desorption cross-section is coverage independent (under tJ:le condition that 
the bond strength of the desorbing particle is independent of coverage). Since we can only 
measure the substrate signal. I, by LEIS we need to relate N4 to the number of visible 
substrate atoms, N, (N1 is proportional to 18 ). A general expression for this relationship is: 

(2) 

where N/' is the number of substrate atoms visible on a clean surface and a is the 
shielding efficiency of the adsorbed hydrogen atom on the underlying substrate atom. 
Combined with equation (1) this gives: 

(3) 

where I/ is the substrate signal of the clean surface and N4° is the initial hydrogen 
concentration. Taglauer et al. [5] showed that the model expressed by equation (3) could 
be used successfully for ion-induced desorption of e.g. hydrogen of HIW(llO) by He+. 

A semi-logarithmic plot of 1 - If// (1, is the area under the Pd:-peak) against ion 
dose (j•t) should give a straight line if equation 3 applies. It can however be seen directly 
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from the semi-logarithmic plot in fig. 5.3 that there is a clear deviation from a straight 
line. Morita et al. [14,15] have shown that recoil implantation during the experiment yields 
a deviation from a straight line in ion-induced desorption measurements. They could 
model the decay of the Au signal, from a monolayer of Au on Ni due to · ion 
bombardment. with a hi-exponential function. This as a result of Au implantation in the 
Ni-substrate by the incident Ar+ ions. The implanted Au atoms become visible again due 
to ion beam mixing and removal of substrate atoms due to the incident M' ions. Another 
example of the effect of recoil implantation was given by Taglauer et al. [16,17] for Ni 
covered with CO and for the same surface with additional CO implanted in the Ni 
substrate before performing the ion-induced desorption measurement The increase of the 
substrate LEIS-signal with ion dose showed also a hi-exponential behavior and was 

clearest in the case with pre-implanted CO. A similar effect is the most likely reason for 
the deviation from a single-exponential behavior of (1 - l/18° ) with ion dose in our 
experiments. Instead of atoms implanted by ion bombardment during the experiment, some 
hydrogen atoms diffuse into deeper layers (after being adsorbed) during the initial 
hydrogen treatment [9]. When the surface hydrogen is removed, part of the hydrogen from 
deeper layers diffuses to the surface or reaches the surface due to ion beam mixing by the 
incident ions. Therefore we model our ion-induced desorption experiments by a hi
exponential function just as in the case of recoil implantation. After Morita et al. [14,15] 
we describe the increase of the normalized substrate signal, l/18°, by: 

I 
: =1-Axexp(-sd·t) -Bxexp(-Sz,:i't), 

Is 
(4) 

where 

(S) 

A, B and s1 are constants depending on O'd (desorption cross-section), O'r (recoil 
implantation cross-section), 0', (sputtering cross-section for the substrate atoms), and the 
in-depth distribution of the hydrogen atoms in the substrate. The fast increase is due to 
both desorption and recoil implantation of the surface-hydrogen atoms while the slow 
increase is due to the . removal of the hydrogen from deeper layers with substrate 
sputtering. Since the recoil implantation cross-section of hydrogen is obviously much 
smaller (at least factor 100) than the desorption cross-section in the case of hydrogen, the 
effective desorption cross-section of hydrogen can be obtained from the ·fast component of 
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the hi-exponential decay function. Recoil implantation itself can be neglected in our 

experiments due to the very small recoil implantation cross-section of hydrogen. As can be 

seen in fig. 5.3 a hi-exponential fit agrees well with the experimental data. Table 5.1 gives 

the obtained desorption cross-sections obtained by fitting the experimental data with 

equation (4). 

sl O'slow 8:2 ""(:J'd O'tast y 

(cm2) (cm2) (cm2) (cm2) (particles/ion) 

Pt 2.8. 10-16 8.0. 10-lS 13 ± 3 

Pd 2.5. 10-16 6.7. l<r15 11 ± 3 

Ge 1.4. to-15 3.4. lo-14 53±3 

Table 5.1: Desorption cross-sections and sputter yields obtained from the ion-induced 
desorption measurements assuming respectively the models described by equation (4) and 
(7). 

The sputter yield for hydrogen can be determined from the desorption cross-section 

(O'J. Assuming the saturation coverage of hydrogen to he about one monolayer [9], ( = 
1.5. 1015 atoms per cm~. the sputteryield, Y. can be obtained from: 

(6) 

This gives the following values for the hydrogen sputter yields; For H on Pt, 13 ± 3 

atoms/ion, for H on Pd, 11 ± 3 atoms/ion and for H on Ge, 53 ± 3 atoms/ion. 

Other known possibilities which might cause a deviation from a single-exponential 

increase have been examined and ruled out as we will shown below. Firstly, since we 

have used polycrystalline sputtered samples there might be two or more different 

adsorption sites for hydrogen. Assuming two different adsorption sites the development of 

the signal should be described by: 

Is 
ln(l--)= -jo,_t - jo. t +Constant. I; ,.. (7) 
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As we already showed in fig. 5.3 a hi-exponential function describes our data well. In 
table 5.1 the desorption cross-sections and sputter yield obtained with this model are also 

shown. As can be seen there is a factor of 28 difference between the slow and fast 

desorption cross-section. Since it follows from sputter theory [18] that the desorption 

cross-section is inversely proportional to the binding energy, which was experimentally 

confmned for ion-induced desorption by Taglauer [16], there has to be a factor of 28 
difference in binding energy between the two adsorption sites. This large difference is very 

unlikely. Even if we compare a hydrogen atom adsorbed in a "normal" site with a more 

strongly bonded hydrogen atom in a step or defect site, no more than a factor 2 is. 
expected [9]. Therefore two or more different adsorption sites for hydrogen can not 

explain the deviation from a single-exponential function. 

Secondly, another reason why a deviation from a single-exponential increase might 

occur is that the hydrogen in the residual gas can act as a source of hydrogen during the 

ion.,induced desorption experiment, thereby replenishing the surface. A test was performed 

by filling the main UHV chamber with 10·7 mbar hydrogen for several hours after which 

no decrease of the Pd-scattering peak was observed. This means that during the 

experiment the adsorption of hydrogen can be neglected since the residual hydrogen 

pressure during the experiments is only of the order of 10"10 mbar. 

5.3.3 Alloys 

Next we want to investigate the effect of hydrogen on the alloys. Ion-induced 

desorption experiments were performed on PdsoP12o, P~ and Pda3Ge17 samples. Also on 

these alloys there is a significant decrease in the LEIS signals compared to the clean 

samples and the increase of the substrate signals with ion removal dose follows again a hi

exponential curve. In fig. 5.5 we have plotted the signal of one constituent element in the 

alloy against the other constituent element. For all alloys we fmd a straight line within 

experimental error. The ratio of the LEIS signals from the different constituent elements in 

the alloy is therefore independent of the hydrogen coverage. As we will show below, a 

possible hydrogen-induced surface composition change does not reverse itself on removal 

of hydrogen by ion-induced desorption, but only with possible preferential sputtering of 

one of the constituent elements. Therefore we can conclude the following. Firstly, the 

surface composition is not changed due to the hydrogen treatment and secondly. there is no 

preferential shielding of one of the elements in the alloys by hydrogen. Quantitative 

surface composition determination by LEIS is therefore still possible. This non-preferential 

shielding of hydrogen is an indication that hydrogen is not more strongly bonded to one 

element in the alloy than to the other. For the Pd/Pt alloys this agrees well with the results 
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on the pure samples where the obtained desorption cross-sections where equal within 
experimental error. For the P<Js3Ge17 alloy there is no indication that hydrogen is removed 
preferentially from Ge rather than from Pd by ion-induced desorption, as one might expect 
from the difference in desorption cross-section of the pure elements. However the major 
component of the alloy is Pd (83%) and the surface is probably still metal-like and diluted 
with some isolated Ge atoms. Since the most likely site for hydrogen adsorption on metals 
is a highly coordinated one [9], non-preferential shielding by the hydrogen of the 
underlying substrate atoms is indeed expected. The sputter yield of hydrogen on this alloy 
is 20 ± 3 atoms/ion which is in between the value found for the pure elements. This 

indicates that alloying with Ge lowers the H-metal bond strength with respect to pure Pd. 
The P~ and Pd:wPfso samples were also pretreated with hydrogen at 400° C. 

The flrst LEIS measurement after the hydrogen treatment again shows a decrease in the 
total substrate signal of about a factor of 10. The main difference with the hydrogen 
treatment at room temperature is that a clear surface enrichment in Pd is observed. The 
result of the ion-induced desorption experiment is shown in flg. 5.6 where we have plotted 
the normalized Pt signal against ion dose. Due to the ion bombardment the Pt 
concentration reverts to its value before treatment due to preferential sputtering of Pd. If 
the surface compositional change were also due to the removal of hydrogen itself, the 
change should be must faster as can be seen by comparison with flg. 5.3. From flg. 5.3 we 
can see that already at an ion dose of 40. 1013 ionslcm2 more than half of the adsorbed 
hydrogen is removed, so half of the surface is no longer shielded by hydrogen and this 
part of the surface will therefore dominate the LEIS signal. When the surface composition 
of this part changes back to its value before hydrogen treatment it should result in a LEIS 
signal of Pt at an ion dose of 40. 1013 ionslcm2 of almost the initial value, which is not the 
case as seen in flg. 5.6. Since hydrogen is sputtered much faster than the substrate atoms 
it is even allowed to sputter some of the hydrogen of the surface, thereby obtaining a 
higher LEIS signal from the substrate without causing a surface compositional change. The 
important point is that, on the investigated alloys quantification by LEIS is still possible in 
the presence of hydrogen. A further discussion about the segregation effects on 
polycrystalline Pd/Pt alloys and bimetallic Pd/Pt clusters for different pretreatments will be 
the subject of a following paper [19]. 
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Figure 5.7. Two successive energy spectra of 4 keV Ne+ ions back scattered from the 

surface of the PdJ't,/AlP3 catalyst obtained with ion t:Wses of 1.8. UP ionslclff. 

As an example of a LEIS measurement on a real catalyst we show in fig. 5.7 two 
successive LEIS spectra obtained from small Pd/Pt clusters (3-6 nm. 0.7 wt% Pd and 0.3 
wt.% Pt) on a porous y-~03 support. Here the pretreatment was 500 m bar hydrogen for 
30 min. at room temperature which also showed a decrease of the LEIS signals by about a 
factor of 10. The total ion dose necessary to obtain these LEIS spectra was 1.8. 1013 

ions/cm2 which is only 1 ion per 100 surface atoms. As can be seen from fig. 5.7 the 
difference between the two successive LEIS spectra is within the statistical variation. So 
even on real industrial catalysts with low loadings of bimetallic clusters on porous 
supports covered with hydrogen. we can obtain LEIS measurements under "static" 
conditions. 
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5.4. Conclusions 

We have shown that hydrogen very effectively shields the underlying atoms from 

detection by LEIS, for both He+ and Ne+ ions. The shielding is a result of neutralization of 

the incoming or outgoing ions by the hydrogen atoms. This is also a nice illustration of 

the extreme surface sensitivity of LEIS when using inert gas ions. The sputter yield for 

hydrogen is significantly larger (factor of 10-50) than for the underlying substrate atoms. 

Therefore part of the hydrogen may even be removed by ion-induced desorption, exposing 

the underlaying substrate atoms to detection by LEIS without causing a surface 

compositional chance of the substrate itself. Further we showed that hydrogen does not 

affect the quantification of the surface composition for the investigated alloys. This is due 

to the non-preferential shielding by hydrogen which can be explained by the fact that 

hydrogen tends to adsorb in highly-coordinated sites involving several substrate atoms. 

Quantification of the surface composition of other hydrogen-covered surfaces is therefore 

likely to be possible. 

The LEIS measurements on the PdsoPt:wf A120 3 catalyst showed that we can obtain 

"static" measurements on industrial bimetallic catalyst using the very efftcient LEIS setups 

EARISS and ERISS. The effects of different pretreatment& on the surface composition of 

small supported bimetallic Pd/Pt clusters will be the subject of a following paper [19]. 

It may seem surprising at ftrst that a very small element such as hydrogen has such 

a large effect on the LEIS signal of the underlying substrate atoms. The reason for this is 

that the cross-section for charge transfer (neutralization) is much larger than the scattering 

cross-section. This is generally the case in LEIS. For instance for oxygen adsorbed on 

metals such as Nb and Ta [20], and for oxides such as Alz03 [21], a large decrease of the 

LEIS signal from the underlying metal atoms is observed due to shielding by oxygen, also 

here physical shielding can only account for a small decrease. Also for very open surfaces 

such as Cus.sPd1s(l10) and Cu(llO) where ions scattered off the second layer are only 

partly blocked on their way to the detector, a large reduction in the second layer LEIS 
signal, compared to that of the ftrst layer, is observed. This can only be fully accounted 

for by including a much more efftcient neutralization for scattering from the second layer 

than from the first layer [3,22]. 
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Chapter 6 

Simultaneous energy and angle resolved 
ion scattering spectroscopy; first results*. 

Abstract 

Low-energy ion scattering can give detailed information on the composition and structure 
of the outermost atomic layers. The EARISS (Energy and Angle Resolved Ion Scattering 
Spectrometer) makes a very efficient use of the scattered ions by measuring 
simultaneously the energy and azimuthal distributions of the scattered ions. using a both a 

special analyzer and two-dimensional detection system. This reduces the required ion dose. 

and thus the damage to the surface will be orders of magnitude smaller. In order to obtain 
the azimuthal distribution of the scattered ions it was necessary to correct for the apparatus 
proftle. First results showing both energy and azimuth dependent scattering from Ni(llO) 

are presented. Comparison of these results with ion trajectory simulations. confirms the 

location of the Ni atoms in the outermost layers. 

"The contents of this chap«« have been published in: R.H. Bergmans, A.C. Krusen:lan, C.A. Severijns 
and H.H. Brongersma, Appl. Surf. Sci. 70fll (1993) 283. 
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6.1. Introduction 

Low-energy ion scattering (LEIS) can provide compositional as well as structural 
information about the outermost atomic layers. The compositional information is derived 
from the energy distribution of the scattered ions. The angular distributions, arising · from 
shadowing and blocking effects, give short range structural information, see e.g. [1-3]. 

The major drawback of LEIS, however, is the damage to the surface caused by the 

incident ions. To obtain reliable results, one should keep· this damage as low as possible. 
The EARISS {energy and angle resolved ion scattering spectrometer) makes a very 
efficient use of the scattered ions. This efficiency is achieved by measuring simultaneously 

the energy and azimuthal distributions of the scattered ions, without scanning. This is done 
using both a specially developed analyzer and a special position sensitive detector. 

The set-up is applied for the Ni(llO) surface. Since the expected azimuthal 
variations are weak(- 15%), it is necessary to correct for the apparatus profile. 

EARISS has already been used for compositional analysis with extremely low ion 
doses [4-6]. The present results show both energy and azimuthal dependent scattering from 
Ni(llO). 

6.2. Experimental 

The EARISS has been described previously [7 ,8]. A beam of mass selected inert 
gas ions is directed perpendicular to the target surface. The target is mounted on a 
Panmure Instruments Ltd manipulator with 6 degrees of freedom. It is equipped with a 
heating element for annealing of the target. A double toroidal analyzer [7] accepts the ions 
that are scattered over 145°. The analyzer makes an image of the energy of the scattered 
ions in the radial direction, while the angular momentum of the ions is conserved. This 
image is then mapped onto a two-dimensional position sensitive detector•, consisting of a 
cascade of two channel plates (Philips-Mullard G12-46DT/0 and Gl2-46) and a sickle and 
ring collector [9]. 

This results in a two dimensional spectrum as shown in fig. 6.1. This is a di~ct 
representation of the 100 x 100 channel analyzer memory that stores the results. This 20-
spectrum was obtained for Cu using 3 keY Ne+ ions as incident ions. The .azimuthal range 
is limited to 320° instead of the full 3600 for technical reasons. The energy ranges from 

'This is an earlier version of the two-dimensional detector described in chapter 3, shown in fig. 3.9a, and 
without the azimuth-selector implemented. 
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Figure 6.1: Spectrum of 3 keV Ne+ scattered by a polycrystalline Cu target. The energy 
ranges from 736 eV to 1204 eV corresponding to channels 45- 97. The azimuthal range is 
32(/ corresponding to channels 20 - 100. Insert: Cross section in the energy plane by 
summing over the azimuthal channels. 

736 to 1204 eV, corresponding to channels 45- 97. Both the width of this energy window 

as well as its position within the energy spectrum can be adjusted. Energy windows as 

wide as 600 eV have already been used [4]. 

When we sum the data of fig. 6.1 over the azimuth, see insert fig. 6.1, we get a 

spectrum similar to that measured with a CMA (however, this spectrum is obtained 
without scanning the energy). Summing over the energy channels should give, in this case, 

the averaged azimuthal distribution of all the scattered ions of Cu. The Cu peak is the 

only one visible in the energy window and the background is neglible. This will be 
discussed later. 
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Figure 6.2: Azimuthal spectrum of 3 keV Ne+ scattered of a polycrystalline Cu target, 

where we have summed over the energy channels. Solid line: Experimental spectrum, 

dashed line: After correcting for the apparatus profile (see text). 

With respect to the azimuthal resolution we have to note the following. Since the 
angular momentum of the ions is conserved in the analyzer, ions, having , a certain 

azimuthal velocity, will spiral through the analyzer~ This decreases the azimuthal 
resolution. A so-called "azimuth selector" is being built to discriminate against spiralling 
ions. This will improve the azimuthal resolution to 1.8° (1%); Currently the azimuthal 
resolution is estimated to be almost 300, because of the size and alignment of the ion 

beam. 

The sensitivity of the two-dimensional detection system is not homogeneous as can 
be seen clearly in fig. 6.2, where we have summed the data of fig. 6.1 over the energy, no 

structural information is expected since a polycrystalline Cu target is used. 
The energy distribution of the scattered ions, in LEIS, shows sharp peaks usually 

orders of magnitude higher than the background. Therefore, correcting for the apparatus 
proftle in the energy direction hardly affects the shape of these peaks. However, for a 
Ni(llO) surface the expected azimuthal variations are relatively small. It is, therefore, 
essential to correct the obtained azimuthal distribution. In this paper we will concentrate 
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on the azimuthal distribution. 

The inhomogeneous apparatus proflle mainly results from variaqon in the local 

efficiency of the channel plates. But also the ion beam settings. the analyzer settings and 
the position of the target give noticeable contributions. When performing measurements it 
is essential that the apparatus proftle remains constant. By comparing identical 
measurements at the beginning and end of each measurement series, this was checked. 

In principle, one could use amorphous or polycrystalline targets of the same 
elements for calibration. since then all the settings can remain the same. Although this 
could work quite well in a number of cases, it has its limitations. First of all, and most 

important. it is not always po$Sible to obtain a calibration target. that can be easily 
prepared. for the element under investigation, e.g. 0 and N. Secondly. as can be seen in 
fig. 6.2 there are quite large differences in the sensitivity of the detector as a function of 

azimuthal position. Therefore, the statistics of the corrected spectrum will depend on the 
azimuthal position. 

measurement 1 5 n ..... 
target C) ---- 0 --- (!) 
measured ~ -too- [cl]-[Lg spectra 

' . 
' ' 

shifted sr6J Bi](]j spectra -too-

Azimuth 

Figure 6.3: Schematic representation of the "normalizing" method. The target is rotated in 

steps of~. Before each step a measurement is taken. The arrow indicates the rotation. At 

the end the spectra are shifted corresponding to their rotation and then summed. 
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Figure 6.4: Azimuthal spectrum of 3 keV Ne+ ions scattered off Ni(llO), where we have 
summed over the energy channels. Dotted line: Experimental spectrum after correcting for 
the apparatus profile. Dashed line: Calculated spectrum, the neutralization is not 
accounted for which explains the difference in peak amplitude with the experimental 

spectrum. Solid line: Experimental spectrum also corrected for the neutralization. Insert: 
Top view of the Ni(llO) surface structure. The directions A en B correspond to the peaks 

A en B. 

We have used a way of correcting for the apparatus profile without the need for 

calibration targets and also resulting in corrected spectra with unifonn statistics. This is 
done as follows. The target is rotated in steps of 8° over the full 3600. Before each step a 
spectrum is taken. Mterward the spectra are shifted corresponding to their rotation and 

then summed. This is illustrated in fig. 6.3. This gives the azimuthal distribution of the 

scattered ions, detennined for the average azimuthal sensitivity. The rotation step could be 
increased by a factor of 2 without significantly changing the result. 
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6.3. Results 

To test the "normalizing" method, the azimuthal distribution from a polycrystalline 

Cu target was obtained ftrst, see the dashed line in ftg. 6.2. It was obtained using 3 keV 

Ne+. Because of the "normalizing" method, the full 36<f azimuthal distribution is obtained: 

ranging from channel 0 to 100. As can be seen the azimuthal distribution is, as expected, 

almost constant The corrected azimuthal distribution obtained from 3 keV Ne+ scattering 

from Ni(llO) is shown, as the dotted line, in ftg. 6.4. Prior to the measurement the surface 

was cleaned by repeated 3 ke V Ar+ sputtering and 800K annealing cycles. 

The Ni(llO) surface is an open (unreconstructed) structure, see the insert in ftg. 6.4 

[10]. Therefore, ions can also scatter off atoms in the second layer. Depending on their 

azimuthal angle, these ions can be blocked by atoms in the ftrst layer. The ions 

backscattered by the ftrst layer give rise to a strong azimuth independent signal because 

they can reach the detector unhindered in all azimuthal directions, see ftg. 6.4. The peaks 

or bumps on this background arise from ions scattered by the second layer in directions 

where they are not blocked by ftrst layer atoms. Because of the rectangular unit cell of the 

Ni(llO) surface one expects maxima every 90°, as is indicated in the insert of fig. 6.4. The 

minima, however, will be separated by 71° and lO!f. This agrees nicely with . the 

experiment The measured azimuthal distribution has four maxima separated by 9QO ± 4° 

and minima separated by 74 ± 4° and 106 ± 4°. 

Also an ion scattering simulation was performed, using the SISS-92 program [11], 

see the dashed line in fig. 6.4". It has to be noted that the simulation did not take the 

neutralization of the ions into account. The small scale variations are due to statistics. As 

can be seen the positions of the maxima and minima agree nicely. The fact that the 

amplitude of the peaks are lower in the experimental curve is caused by the fact that the 

ions scattered by the second layer have a higher neutralization probability than those 

scattered by the fJ.rst layer. The contribution to the signal from the second layer is reduced 

by a factor of about 9 in comparison to that of the first layer. A simple correction for this 
difference has been carried out by multiplying the contribution of the second layer, in the 

experimental curve, by a factor of 9. This is shown as the solid line in fig. 6.4. A good 

agreement is obtained. For a detailed comparison, however, a much more sophisticated 

approach to the neutralization is necessary. 

"We have to note bere that the simulation was perfonned with a larger spread in the scauering angle(± 
7 .5") than the spread (± 1.6') accepted by the analyzer in the experiment. This was done to decrease 
calculation time. Therefore some features of the simulated azimulbal disUibution of the scattered ions are 
different from latter simulations with the correct spread in scattering angle., .performed on comparable 
surfaces as presented in chapters 3 and 7. 
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6.4. Conclusion and discussion 

A method has been used to correct for the apparatus profile of the BARISS. This 
can a1so be useful for other position sensitive detectors. The measurements on Ni(llO) 
show that it is possible to obtain simultaneously compositional as well as structural 
infonnation with BARISS. The simultaneous detection reduces the damage to the surface 
by orders of magnitude. The detector can be thought of as consisting of about 5000 point 
detectors (50 channels x 100 channels). 

When the so called "azimuth selector" is installed measurements with a 
significantly better azimuthal resolution can be perfonned. According to calculations a 
resolution of 1 %can be achieved, compared to 15% now. 

References 

[1] H.N'rehus and R. Spilzl. Swf. and Interf. Analysis, 17 (1991) 287. 

[2] J.W. Rabalals.. H. Bu and C. Roux, Nucl. Instr. and Meth. B64 (1992) 559. 
[3] Th. Fauster, Vacuum, 38 (1988) 129. 

[4] R.H. Bergmans, W J. Huppertz, R.G. van Welzenis and HJI. Brongersma, Nucl. Instr. and Meth. 

B64 (1992) 584. 

[5] H.H. Brongersma, R.H. Bergmans, L.G.C. Buijs, J. -P Jacobs, A.C. Kruseman, C.A. Severijns and 
R.G.van Welzenis, Nucl. Instr. and Meth. B68 (1992) 2JJ7. 

[6] R.G. van Welzeuis, R.H. Bergmans, J.H. Meulman, A.C. Kruseman and HJI. Brongersma, in: 
structure and properties of swfaces and Interfaces, eds. A. Gonis and G.M. Stocks, NATO ASI, 

PortA:l Carras, Greece 1991 (Plenum, New York, 1992). 

[7] GJ.A. Hellings, H. Ottevanger, S.W. Boelens, C.L.C.M. Knibbeler and HJI. Brongersma, Swf. Sci. 

162 (1985) 913. 

[8] P.AJ. Ackermans, P.F.H.M. van der Meulen, H. Ottevanger, F.E. van Straten and H.H. Brongersma, 

Nucl. lnslr. and Meth. BlS (1986) 138. 
[9] CL.C.M. Kru'bbeler, GJ.A. Hellings, HJ. Maaskmnp, H. Ottevanger and HJI. Brongersma, Rev. 

Sci. lnslr. 58 (1987) 125. 

[10] J.M. MacLaren. J.B. Pendry, P J. Rous, R.K. Saldin, G.A. Somerjai, M.A. van Hove and PD. 

Vvendensky, Swface Crystallographic Information Service. A handbook of Surface Structures. (D. 

Reidel Publishing Company 1987). 
[11] C.A. Severijns, G. Verbist and H.H. Brongersma, Swf. Sci. 279 (1992) 297. 

80 



Chapter 7 

Composition and structure of the 
CDssPd15(110)-(2xl) surface determined by 
low-energy ion scattering*. 

Abstract 

The composition and structure of the CUg5Pd15(110)-(2xl) surface has been defennined by 
low-energy ion scattering. From time-of-flight forward scattering and recoiling measurements 
it is concluded that the surface is unreconstructed. The equilibrium composition of the flrst 

two atomic layers is determined by comparing the energy and azimuthal distribution of 

backscattered 2 keY Ne+ ions as obtained with the EARISS (Energy and Angle Resolved Ion 
Scattering Spectrometer) with three-dimensional ion trajectory simulations. For the first layer 

a slight depletion in Pd is found ( 11 ± 2 at%) whereas the second layer is strongly enriched 

in Pd ( 40 ± 8 at.%). These results are in reasonable agreement with an earlier proposed 

model [1]. In addition the thennal segregation after sputtering at room temperature was 
investigated which showed a similar behavior as was recently reported on Pt1.,N4o( 11 0) [21 

"The contents of this chapter wiU appear in: R.H. Bergmans, M. van de Grift., A.W. Denier van der Gon, 
and H.H. Brongersma. Surf. Sci., accepted for publication. 
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Figure 7.1: Proposed structure of the Cu85Pd11110)(2xl) surface (after Holmes et al. [1]). 

The first layer Cu atoms are white, the second layer Cu atoms are gray and the second layer 

Pd atoms are black. 

7.1. Introduction 

Binary alloys are of great interest because of the promise of novel chemical and 

physical properties. In heterogeneous catalysis important catalytic properties such as activity 
and selectivity are determined by the composition and structure of the outermost atomic 

layers, which can differ radically from the bulk. An example of such an alloy is CuPd which 

is used as a catalyst for the oxidation of CO and the dehydrogenation and cracking of 

hydrocarbons [3,4]. 

In this paper the Cu85Pd15(110)-(2xl) surface is investigated. Tills specific composition 

was chosen in order to see how a small amount of palladium can change the reaction 

parameters as compared to Cu(llO). Although there is no difference in the dissociative 

adsorption processes of e.g. oxygen and methanol, the dehydrogenation rate of surface 
methoxy and formate species on the alloy is significantly increased [3,4] compared to 

Cu(llO). In order to explain the observed changes the surface structure and composition have 

to be known. A model for this surface has been proposed previously based on angle resolved 
X-ray photo electron spectroscopy (ARXPS), temperature-programmed desorption (TPD) and 
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low-energy electron diffraction studies [1,3,5]. The first layer is believed to consist almost 

completely of Cu atoms and the second layer of an ordered layer of 50 at.% Cu and 50 at.% 
Pd, as is illustrated in fig. 7 .1. However some doubts remain as to the composition of the 

topmost layer since I-V LEED measurements yielded a value of 30 ± 15 at.% for the ftrst 
layer Pd concentration in contrast to the ARXPS and TPD results. With Low-energy ion 
scattering (LEIS) a direct surface composition determination of the first two atomic layers of 
the CUssPd15(110)-(2xl) surface can be made as we already showed in a preliminary report 
[6]. In LEIS the energy loss of the scattered ions is directly related to the mass of the surface 

atom [7]. Therefore, from the intensities and the angular distribution of the scattered and 

recoiled particles compositional and structural information about the surface may be obtained 

[7]. In addition the effect of thermal segregation and preferential sputtering on the 
composition of the two outermost atomic layer is studied. 

The measurements are compared with ion trajectory simulations using the SISS-92 
code [8]. From the simulations it follows that focussing effects must be accounted for in order 
to obtain quantitatively correct results. 

7 .2. Experimental 

7 .2.1 Instrumentation 

The experimental set-up is shown in fig. 7.2. Two different kinds of LEIS set-ups are 

combined on the main chamber, the EARISS (Energy and Angle Resolved Ion Scattering 

Spectrometer) and a Time-of-Flight forward Scattering and Recoiling Spectrometer (TOF

SARS). A more detailed description of the EARISS is given elsewhere [9,10]. Here, we will 

only discuss those features which are of direct relevance to the present experiments. A beam 

of mass-selected inert gas ions (0.5 - 5 ke V) (Leybold Hereaus, electron impact type ion 
source) (1, see fig. 7.2) is directed perpendicular to the sample surface (2). The ions that are 

scattered over 145' ± 1.6° are accepted by a double toroidal analyzer (3) [9] that is coaxial 
with the ion beam. The analyzer images the scattered ions onto a two-dimensional position 
sensitive detector* (4) which simultaneously determines both the azimuthal angle and the 
energy of the scattered ions. (The azimuthal scattering angle is here defined as the angle 

between the projection of the outgoing ion trajectory on the surface plane and the [001] 

crystal direction in the surface plane.) The energy range imaged on the detector is 12% of 

"''bis is an earlier version of the detector described in chaplet 3, and without the azimuth-selector 
implemented. 
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Figure 7.2: Schematic representation of the experimental set-up. The numbers are explained 

in the text. 

the pass-energy of the analyzer. The position of this energy window within the energy 

spectrum of the scattered ions can be adjusted by an accelerating/decelerating potential at the 

entrance of the analyzer. 

To complement the backscattering measurements a Time-of-Flight forward Scattering 

and Recoiling Spectrometer (TOF-SARS) has recently been added to the system. The 

advantage of forward scattering and direct recoil spectroscopy with respect to backscattering 

is the high sensitivity for light elements such as H, C and 0. In addition, the atomic packing 

densities in different crystallographic directions can be determined by measuring the intensity 

of the scattered and recoiled particles as a function of the azimuth [11]. This complements 

the EARISS measurements which have a much better mass resolution for the heavier elements 

due to the larger scattering angle. For a more detailed description of the TOF-SARS technique 

see e.g. ref. [11]. An improved Pittaway [12] ion source (electron impact type) (5, see fig. 

7.2) is used to produce inert gas ions of 0.5 - 10 keV. Mass selection of the beam is 

accomplished by a Wien-filter. Ion pulses are created with deflection plates (6a) and an 

aperture (6b) using the so-called impulse sweeping mode [13]. For applying the voltage pulses 

to the deflection plates a home-built pulse generator is used. It applies a voltage pulse of up 
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to 80 V with adjustable duration. Ion pulses of typically 40 ns or longer can be created which 
is fast enough that it does not limit the time resolution under the present scattering conditions. 
By moving the sample out of the beam the ion pulses enter a channeltron which can be used 
to measure and optimize the ion pulse duration and intensity. The particles that are scattered 
in plane over 3SO ± 1° enter a flight tube (7) with a length of 0.987 m and hit the detector 
(8) which consists of a cascade of two channelplates and a collector plate. A pulse generator 
starts the ion pulse and sends a start signal to the Time-to-Amplitude Converter (fAC). The 
amplified signal of the detector stops the TAC. An AD converter translates the T AC output 
voltage into a digital word which is stored into a multichannel analyzer. The MCA program 
(Canberra SlOO) runs on a pc and is used to measure and display the data. 

The sample is placed in the center of the main vacuum chamber. The position of the 
sample can be changed with a computer controlled Panmure Instruments L. T.D. manipulator 
which has six degrees of freedom. Heating of the target is done from the back by radiative 
heating with a tungsten filament. The temperature of the sample is measured with a pyrometer 
(IRCON 300 TSHC) (reproducibility SO C). The temperature was calibrated, within ± 25° C, 
from the intensity of the (2xl) LEED spots as a function of the anneal temperature as was 
determined in reference m by using a thermocouple. In order to check the surface structure 
and sample orientation the sample can be transferred in UHV to a connected chamber for 
LEED analysis. 

7.2.2 Sample treatment 

The C0ssPdiS crystal has an fee structure and has been used in previous studies [1,3-6]. 
Cleaning of the sample was done with repeated cycles of 2 keY Ar+ ion bombardment at 
approximately 610 K followed by annealing at the same temperature for 30 min. Annealing 
at 610 K resulted in a sharp (2xl) LEED pattern on a low diffuse background. Unless 
otherwise indicated the measurements were performed after annealing at 610 K. Surface 
cleanliness was monitored with the TOF-SARS which showed only an extremely small signal 
due to C or 0, see fig. 7 .3. All measurements were performed at room temperature. 
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Figure 7.3: Time-of-flight spectrum ofCu85Pd1:;(110) obtained along the /114] azimuth using 

1.5 keV Ar+ ions. The incident angle is 13° with respect to the surface plane and the 

scattering angle is 3SO. Insert: Demonstration of the shadowing effects on Cu atoms in the 

[114] direction of Cu85Pd1:;(110). In this direction the distance between the Cu atoms is 

optimal for recoils. 

7 .2.3 Quantification 

The surface composition of a certain atomic layer of an alloy which consists of 
elements A and B is usually quantified in LEIS by comparison with calibration measurements 
on pure elements of constituents A and B. The concentration ~i of constituent A in layer i 

of the alloy is then given by: 

I~ 
I 

A B (1) 
A - - B 

J. +fB ·a A ·J. 
I I 

where JAi and l8 i are the scattered ion yields from layer i of atom A resp. atom B, f"B the 
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ratio of the scattered ion yields from the pure elements and aBtA the ratio of their atomic 

surface densities. This method of quantification is valid when the ion survival probability for 
scattering of an atom is independent of its chemical environment. For CuPd alloys this was 
checked in earlier work [14] and it was found that the calibration method described above 

may be used. 

7 .3. Results 

7.3.1 Structure detennination 

To determine the structure of the Cu85Pd15(110)-(2xl) surface, TOF-SARS 
measurements were performed using 1.5 keV Ar+ ions and an incident angle_ of 13() with 
respect to the surface plane. The time-of-flight spectrum as obtained along the [114] azimuth 
is shown in fig. 7.3. The dominant peaks are a Cu single-collision peak, a Cu double-collision 
peak (possibly with a contribution from the Pd single-collision peak) and a Cu recoil peak. 

The peak in between the Cu single-collision peak and the Cu recoil peak might result from 
a more complex double scattering trajectory of the Ar+ ions. Molecular dynamics simulations 

showed that such a trajectory is possible for a surface with a high step density or a lot of 
vacancies [15]. Further investigations are however necessary to elucidate this point. In fig. 
7.4 the area of the Cu-recoil peak versus azimuthal angle is plotted, the total ion dose to 
obtain this azimuthal spectrum was 1. 1012 ions/cm2

• Maxima are found in the [l 14] direction 

and directions with similar interatomic distances. In these crystallographic directions the edge 
of the shadowcone of one first layer atom falls underneath its aligned nearest neighbor atom 

at the right impact parameter to recoil that atom out of the surface into the direction of the 

detector, as illustrated in the insert in fig. 7.3. The maxima in fig. 7.4 can all be assigned to 
the various crystallographic directions for the unreconstructed ( 11 0) surface, see also fig. 7 .1. 

A "non-standard" (2xl} missing row reconstruction which would also cause a (2xl) LEED 

pattern can be ruled out For example, in a missing row model the distance between the first 

layer atoms in the [112] direction is close to the optimum distance for Cu recoils to occur so 
a maximum would be expected. However, a minimum in the Cu recoil distribution is found 
in this direction which is in agreement with the unreconstructed surface where the atoms lay 
in each others shadow cone. Thus we conclude that the TOF-SARS measurements support the 

proposed surface structure. 
Due to the complete overlap of the Pd single-collision peak with the Cu double

collision peak it is not possible to extract compositional information from the TOF-SARS 

measurements. 
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Figure 7.4: Intensity of the Cu-recoil peak as a function of the azimuth. The data were 
obtained with TOF-SARS using 1.5 keV Ar+ ions at an incident angle of 13" with respect to 

the surface plane and a scattering angle of 3SJ. 

7.3.2 Composition determination 

EARISS measurements using 2 keV Ne+ ions were perfonned to detennine the 
composition of the first and second layer. Due to the much better mass resolution for 
backscattering the Cu and Pd single collision peaks are fully separated. In figure 7.5alb we 
show the measured ion yield of the Pd- and Cu- atoms respectively as a function of azimuthal 
angle as obtained with the EARISS using an ion dose of 5. 1013 ions/cm2

• The yields were 
detennined by integrating the Pd and Cu energy-peak respectively. The open fcc(llO) 
structure of the Cu85Pd15 surface gives rise to ions scattered off both the first and second 
layer. The ions which are scattered off the first layer are not blocked in any azimuthal 
direction and therefore yield an azimuth independent signal. However, the ions scattered off 
the second layer atoms can be blocked by atoms residing in the first layer which causes 
minima in the scattered ion signal along specific azimuths. For an unreconstructed fcc(llO) 
surface these minima occur along the [112] and equivalent azimuths whereas the ions may 
freely leave the surface along the [110] and [001] azimuths. The measured azimuthal 
distributions, see fig. 7.5, indeed shows pronounced minima in the [112] and equivalent 
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crystallographic directions as well as maxima in the [110] and [001] directions. For 2 keV 

Ne+ total blocking occurs along the [ll2] and equivalent azimuths for ions scattered off the 

second layer. Therefore the ftrst and second layer compositions can be determined 

independently as will be explained below. 

The height of the minimum in the azimuthal distribution of the Pd (or Cu) signal is 
a measure for the amount of Pd (or Cu) in the first layer. The difference between the 

maximum and minimum of the Pd (or Cu) signal corresponds to the amount of Pd (or Cu) 

in the second layer. Therefore the ftrst layer Pd signal is given by: 

(2) 

and the second layer Pd signal by: 

(3) 

where YP4[hkl] is the ion yield for the [hkl] azimuth. In a similar way the Cu signals can be 

derived. 

As can be seen in ftg. 7.5, the second layer signal is much smaller than the 

signal from the ftrst layer which is a result of the higher neutralization probability for ions 

scattered off the second layer than those scattered off the ftrst layer since they spend a longer 

time in the surface. A quantitative determination of the flrst and second layer composition can 

now be made as explained in section 2.3. This gives in flrst approximation a first layer Pd 

concentration of 12 at.% and a second layer concentration of 34 at.%* . There are, however, 

two effects which have to be taken into account for an accurate determination of the 

composition. Firstly there is an experimental effect. The present azimuthal resolution of the 

analyzer is estimated to be 300 ± 5° (FWHM) which causes a broadening of the structure in 

the azimuthal distributions. This results in a non-zero contribution to the signal from the 

second layer in the blocking directions. Consequently, our frrst approximation of the Pd 

concentration in the flrst layer yields a too high value. Secondly, the flrst layer atoms may 

influence the trajectories of the ions scattered off the second layer, thereby also influencing 

• This itrSt approximation for the surface composition differs somewhat from the values mentioned in our 
preliminary report [6]. As was mentioned in this preliminary report, some selective contamination of Pd occurred. 
This also might have effected lhe calibration. The source of this contamination was eliminated before the results 
in this paper were obtained. 
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the ion yield in the [110] direction. To take these effects into account we have used three 

dimensional ion trajectory simulations as will be discussed in the next section. 

7.3.3. Ion trajectory simulations 

Three-dimensional ion scattering simulations have been performed using the SISS-92 

computer code [8]. As a model for the surface the ideal Cu85Pd15(110) surface after Holmes 

et al. [1] has been used which is unreconstructed and consists of an all Cu top layer and an 

ordered second layer of equal amounts of Cu and Pd. Only the first two atomic layers have 

been included in the simulation since the effect of deeper layers is neglible due to both the 

high neutralization probability of inert gas ions and shadowing effects. In order to gain 

enough statistics 100 million trajectories have been evaluated of which due to an 

optimalization routine· [8] only 30 million trajectories are actually calculated. It has to be 

noted that neutralization of the ions is not included in the simulations since no accurate model 

exists to describe neutralization. Therefore the distribution of the outgoing trajectories as 

obtained from the simulations corresponds to the distribution of the scattered ions in the 

absence of trajectory dependent neutralization. The effect of trajectory dependent 

neutralization will be discussed later. 

In fig. 7.5 the simulated ion yields of the Pd- and Cu- atoms respectively for the 

idealized Cns5Pd15(110) surface after Holmes et al. [1] as a function of azimuthal angle are 

shown (dashed curve). In order to take the experimental azimuthal resolution into account the 

simulated spectra have been convoluted with a gaussian having a FWHM of 30° (solid curve). 

The height difference between the maxima and minima is much larger for the simulation due 

to the fact that the neutralization is neglected. Since the neutralization has probably some 

trajectory dependency, the different maxima are diminished by different amounts in the 

experiment as compared to the simulation. This results in an equal sensitivity for ions 

scattered off the first and second layer whereas in the experiment there is a lower sensitivity 

for ions scattered off the second layer due to their higher neutralization probability. However, 

the signals of f"trst and second layer are easily separated as explained before. A comparison 

between experiment and simulation for each individual layer is therefore possible. As can be 

seen in fig. 7 .5, the simulated ion yields are in qualitative agreement with the experimental 

spectra. _ 

The additional maxima in the simulated signals around the [110] direction which can 

be seen clearest in the non-convoluted simulated spectra are due to "wedge-focussing". This 

effect occurs due to focussing of ions scattered off the second layer by first layer atoms. The 

second layer atoms can be seen as point sources from which ions leave. When these ions pass 

the first layer, blocking cones are formed behind the first layer atoms. Just like shadow cones, 
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the density of ion trajectories is highest at the edges of the blocking cones. Around the [110] 

azimuth, see fig. 7.5 there are two maxima in the density of the ion trajectories at the edges 

of the blocking cones, resulting in two peaks around this direction. In the [001] azimuth the 

edges of the blocking cones overlap so only one peak is observed. 

Now we can estimate the influence of the finite resolution on the determination of the 
first layer Pd concentration. Due to the finite resolution the signal in the [112] azimuth 

con~ also a contribution from the second layer. From the difference between the minima 

in the [112] azimuth in the convoluted and non-convoluted simulated spectra we estimate that 

this contribution amounts to about 1 at%. Trajectory-dependent neutralization decreases this 
effect even further. Our final value for the ftrSt layer Pd concentration is thus 11 ± 2 at% 

The "wedge focussing" has a more significant effect on the determination of the 

second layer Pd concentration. Due to the different masses of Cu and Pd atoms, the final 

energies of the scattered ions are also different resulting in a larger angular distance between 

the wedge focussing peaks for Pd than for Cu. The effective sensitivity difference between 

Cu and Pd for the second layer, taking into account the "wedge-focussing", ,can be obtained 

from the simulations. In the simulation the second layer composition is known to be 50:50 

and therefore the intensity ratio of the simulated signals of Cu and Pd in the second layer is 
the effective sensitivity ratio. Including the effect of the broadening and again assuming 

trajectory independent neutralization a value of 1.06 in favor of Pd for this effective 

sensitivity ratio is obtained. The sensitivity difference between Cu and Pd without focussing 

is simply the ratio of the differential cross-sections which is 1.75 in favor of Pd. The 

difference between the effective sensitivity ratio and the differential cross section ratio, a 

factor of 1.65 in favor of Cu, is the focussing factor. Correcting for the focussing gives a 

second layer Pd concentration of 46 at% 

Trajectory-dependent neutralization will decrease the effect of the focussing since ions 

with a focussed trajectory will have had more interaction with the atoms and consequently 

a larger chance to be neutralized. Therefore a lower limit for the second layer concentration 

is obtained by neglecting the focussing effect As an estimate for the second layer 

concentration we take the average of the fully corrected and the non corrected value giving 

a second layer Pd concentration of 40 ± 8 at.% 

In fig. 7.6 we show the influence of thermal vibrations, (implemented as uncorrelated 

displacements of the atoms around their equilibrium position using a gaussian distribution 

with a vibrational amplitude of 0.045 A), inelastic energy losses (assuming a local, impact 

parameter dependent model after Oen and Robinson [16]) and an ion source (energy spread 

20 e V and angular spread 2<x2~, on the simulated azimuthal distribution for the ions scattered 

off Pd. As can be seen the effects are neglible and therefore no effort has been made to 

include these effects more accurately in the simulations. 
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Figure 7.6: Simulated azimuthal distribution of2 keV Ne+ ions backscattered off the Cu atoms 
in the Cu85Pd1J.ll0) surface. The solid curve represents the ideal simulation, the dash-dotted 
curve shows the simulation including inelastic effects, the dotted curve shows the simulation 
including a realistic ion source, the long-dashed curve shows the simulation including a real 
ion source and inelastic energy losses and the dashed curve shows the simulation including 
thermal vibrations. 

7.3.4 Preferential sputtering and thermal annealing 

In order to study the effect of thennal segregation on the surface composition of the 
first two atomic layers measurements have been perfonned after sputtering at room 
temperature and after annealing to 550 K and 610 K respectively. After 2 keV Ar+ ion 
bombardment for about 2 hours at lp.A, removing approximately 30 monolayers which is 
sufficient to destroy the result of a previous thennal annealing session, a vague (lxl) LEED 
pattern is visible. The local ordering is however still good enough, as judged from the 
EARISS measurements, to detennine the first and second layer compositions independently. 
At 550 K the (lxl) LEED pattern is clearly visible but the (2xl) pattern is vague. After 
annealing to 610 K a sharp (2xl) pattern on a low diffuse background is observed. 

In table 7.1 the values for first and second layer Pd concentrations are given as 
measured for the different annealing temperatures. We have to note here that the relative 
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changes in the composition are detennined more accurately (1 and 2 at% for frrst and second 

layer respectively) than the absolute value, see also the table caption. After low-energy Ar+ 

ion bombardment at room temperature an enrichment of Pd in both the first and second layer 

is observed. This can be explained by preferential sputtering of Cu due to the lower atomic 

mass of Cu compared to Pd. Due to the ion bombardment an altered layer is created which 

is enriched in Pd. After annealing to 550 K already a depletion of the first layer is observed 

whereas the second layer is even more enriched in Pd than at room temperature. For 610 K 
the depletion of the frrst layer is about the same whereas the second layer is less enriched 

compared to 550 K. This indicates that frrst Pd in the frrst layer is exchanged for Cu in the 

second layer while at higher temperatures an exchange of Pd in the second layer with Cu 

from the bulk takes place. 

TaDDeal Pd cone. 1st layer (± 2 at% )1> Pd cone. 2nd layer (± 8 at.% )1> 

300K 20 at.% 43 at% 

550 K 12 at% 48 at.%, 

610 K 11 at.% 40at% 

Table 7.1: First and second layer Pd concentration in Cu85Pd1jl10) at different anneal 

temperatures as determined from the EAR/SS measurements. lJ The error in the composition 

determination is due to the experimental accuracy (first layer 1 at.% second layer 2 at.%) 

and a systematic error due to the unknown effect of trajectory dependent neutralization, see 
text (first layer 1 at.% second layer 6 at.%). 

7.3.5 Spot-splitting 

For the LEED measurements with an anneal temperature of 610 K frequently a spot 

splitting of the 1/2 order spots was observed whereas the integer beams remained unsplit. 

This can be caused by anti-phase boundaries (APB) of the 2xl phase, which result in the 112 

order spots being split due the interference caused by each APB. A similar splitting of LEED 

spots has been observed previously by [17,18]. 
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7 .4. Conclusions 

The observed structural features for the equilibrium CussPd15(110) surface of the TOF

SARS as well as the EARISS measurements are in agreement with an unreconstructed (110) 

surface. After low-energy Ar+ ion bombardment an enrichment of Pd in the first and the 

second layer is observed, due to preferential sputtering of Cu. With increasing temperature 

first Pd in the first layer is exchanged for Cu in the second layer followed by an exchange 

of Pd in the second layer for Cu in the bulk. This behavior is similar to that recently observed 

for Pt1oN~(110) [2]. 

The equilibrium first layer Pd concentration is found to be 11 ± 2 at. %, indicating a 

slight depletion in Pd. In the second layer a strong enrichment of Pd is found as evidenced 

by the Pd concentration of 40 ± 8 at %. The larger uncertainty in the second layer Pd 

concentration is due to the unknown effect of trajectory-dependent neutralization. Our results 

are in reasonable agreement with the proposed model [1]. The only significant difference is 

a higher first layer Pd concentration. One of the main arguments for an almost pure Cu top 

layer in the model was that the sticking coefficients for CO and H2 were close to the values 

for Cu(llO) and very different from those for Pd(llO). However the chemical environment 

of the first layer Pd atoms, surrounded by Cu atoms due to the favorable Cu-Pd bond is quite 

different as compared to pure Pd and may therefore behave chemically different. 

The ion trajectory simulations are in good qualitative agreement with 'the EARISS 

measurements. We have shown that focussing effects may be taken into account by using 

three-dimensional ion trajectory simulations. Neglecting the focussing effects results in a 

much less accurate determination of the second layer composition. 

The current azimuthal resolution is determined by the fmite spot size of the ion beam. 

Ions scattered out of the focal point of the analyzer can have a certain azimuthal velocity 

resulting in a spiralling trajectory through the analyzer which limits the azimuthal resolution. 

A so-called azimuth selector installed in the EARISS which discriminates against ions with 

too large azimuthal velocities would make it possible to study the effect of trajectory 

dependent neutralization and allow for a more accurate determination of the second layer 

composition. 
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Chapter 8 

St1bstitutional adsorption of K on Fe(lOO)*. 

Abstract 

The adsorption of potassium on Fe(lOO) was studied by Time-Of-Flight forward Scattering 
And Recoiling Spectroscopy (TOF-SARS), Low Energy Electron Diffraction (LEED) and 
Auger Electron Spectroscopy (AES). After heating to 650 K of the potassium saturated 
surface the formation of a p(3x3) potassium superstructure was observed by LEED. TOF
SARS experiments ruled out the adsorption of potassium in the on-top, bridge and four-fold 
hollow site. The only site which is in agreement with all experimental results is the 
substitutional site where K replaces an Fe atom of the topmost layer of the crystal. This is 
the first time a substitutional adsorption site has been found on a bee surface. On an fee . 
surface such an adsorption site has been found recently for adsorption of sodium and 
potassium on Al(lll). 

"'The contents of this chapter have been submitted: R.H. Bergmans, A.L.G.P. Brands, A.W. Denier van der 
Gon, P. Bielen and C. Creemers, submitted to surface science. 
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8.1. Introduction 

Adsorption of alkali metals on metal surfaces has been the subject of many studies 

over the years [1]. Apart from the fundamental interest in understanding the basic mechanisms 

of chemisorption of alkali and alkali earth metals these systems are also important for 

technological applications such as the preparation of efficient cathodes with low 

workfunctions and the promoter action in heterogeneous catalysis [1]. Although very few 

quantitative de terminations ·of the adsorbate geometry have been carried out, it was until 

recently generally believed that alkali metals adsorbed on close-packed surfaces occupy high 

coordination sites and do not intermix with the surface, leaving the substrate practically 

undistorted. Renewed interest in these systems has arisen due to theoretical studies which 

questioned the view of strong ionic bonding at low coverages [2,3]. Recent experimental 

st\ldies have shown deviations from the traditional view of alkali adsorption. It was found that 

on close-packed surfaces alkali atoms can occupy the on-top site .[4-8] or the substitutional 

site [6-11]. In the latter a surface alloy is formed between the adsorbate atoms and the outer

most substrate layer. Because of these new insights the fmdings and assumptions made on the 

basis of the traditional considerations have to be re-examined. 

Potassium promoted iron is an example of such an alkali metal system. This system 

is of particular interest because of its catalytic action in the Fischer-Tropsch [12] as well as 

the Haber-Bosch process [13]. In the past the well defined single crystal surfaces of this 

system have been studied extensively. Therefore we will shortly review what is currently 

known about the potassium-iron system. 

The adsorption of potassium on Fe(llO) has been studied by several groups. Broden 

and Bonzel [14] studied the adsorption of potassium on Fe(llO) at room temperature. Using 

X-ray photoelectron spectroscopy (XPS) and low-energy electron diffraction (LEED) they 

found a saturation coverage of 0.31 of a monolayer (a monolayer (ML) is defined to have the 

same number of atoms as the unreconstructed surface plane). No superstructures were 

observed by LEED for potassium coverages below 0.31 of a monolayer. At the saturation 

coverage a LEED pattern emerged. This pattern was interpreted as being due to a close

packed potassium layer of hexagonal symmetry epitaxed to the Fe(llO) surface. Because the 

symmetry of the LEED pattern cannot be used to ftx the relative position of the overlayer 

with respect to the Fe(llO) surface the lateral displacement between the two is unknown. 

Lee et al. [15] observed the formation of diffuse and weak spots of a p(3x3) LEED 

pattern after room tern perature adsorption of potassium on Fe( 111 ). This structure corresponds 

to a potassium coverage of l/9lh of a monolayer, assuming that a unit cell contains only one 

potassium atom. On this surface the potassium atoms were assumed to adsorb in the three-fold 

hollow site. Maximum intensity of p(3x3) spots was obtained when the sample was briefly 
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heated to 580 K and then cooled below 300 K. It was concluded that the surface mobility of 

the adsorbed potassium on the (111) plane was not high enough to enable complete formation 

of long-range order. With increasing coverage the intensity of the p(3x3) spots decreased 

whereas the background intensity increased. At the saturation coverage only the (lxl) spots 

together with a bright background were visible. This bright background indicates the existence 

of a disordered layer. Whitman et al. [16] observed a sharp p(3x3) LEED pattern on Fe(lll) 

after adsorption of K at 83 K and subsequent heating to 690 K for 2 min. 

On Fe(lOO) the formation of an ordered p(2x2) potassium superstructure was observed 

by Benziger and Madix [17]. The potassium atoms were assumed to be in the four-fold 

hollow sites, however the ordered potassium p(2x2) superstructure could not be reproduced 

in later studies by other groups [15,18]. 

Studies of the catalytic activity of potassium promoted Fe are numerous. The catalytic 

activity of potassium promoted Fe( lOO) and Fe(lll) on the nitrogen dissociation was studied 

by Ertl et al. [19]. This study revealed that the heat of adsorption of molecular nitrogen was 

locally increased in the neighborhood of an adsorbed potassium atom. As a consequence the 

intramolecular bonding is weakened and the activation energy for dissociation is lowered, so 

the sticking coefficient for dissociative nitrogen adsorption increases as compared to the clean 

surface. This effect of potassium was more pronounced for the catalytically less active 

Fe(lOO) surface (factor 280 increase in the sticking coefficient) than for the active Fe(lll) 

surface (factor 8 increase in the sticking coefficient). On the potassium covered surfaces the 

sticking coefficients became practically equal. Thus the difference in activity observed on 

the clean iron surfaces vanished in the presence of potassium. According to the more recent 

and general model of Whitman et al. [16] a small amount of K ( < 0.16 ML) increases the 

equilibrium coverage of molecular adsorbed nitrogen as a precursor for dissociation without 

significant intramolecular bond weakening. This model can fully account for the increased N2-

dissociation rate observed at high temperatures [5,19]. A further effect of potassium is that 

it decreases the adsorption energy of NH3 and thereby lowers the surface concentration of the 

reaction product, giving rise to a higher turn-over and making more sites available for the 

dissociative chemisorption of nitrogen [20]. Despite the number of investigations of the 

potassium iron system a direct determination of the adsorption sites of potassium on iron has, 

as far as we know, never been made. 

In view of the new interesting on-top and substitutional adsorption sites of alkali 

metals on metals we present in this paper the results of our study on the adsorption of potas

sium on Fe(IOO). Using time-of-flight forward scattering and recoiling spectroscopy (TOF

SARS) and LEED the clean as well as the potassium covered surface have been studied. In 

TOF-SARS experiments a pulsed beam of mono-energetic low-energy rare gas ions is directed 

onto a sample. The flight time of a scattered or recoiled particle from the sample surface to 
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[001] 

[010] 

Figure 8.1: Four possible adsorption sites of potassium on Fe(JOO). 1) The four-fold hollow 

site. 2) The bridge site. 3) The on-top site in which each potassium atom adsorbs on top of 

an iron atom. 4) The substitutional site in which each potassium atom replaces an iron atom. 

the detector is directly related to the mass of the surface atom. Structural information is 

obtained by measuring the intensity of the scattered or recoiled particles as a function of the 

azimuthal or incident angle [21]. In interpreting the TOF-SARS measurements four possible 

adsorption sites of potassium on Fe( lOO) are considered: the four-fold hollow, the bridge, the 

on-top and the substitutional site, see fig. 8.1. 

8.2. Experimental 

The experimental set-up has been described in more detail elsewhere [22]. In brief 

TOF-SARS and LEED (VG RVL900) are combined on the same UHV system. For the TOF

SARS measurements the sample is placed on a computer controlled manipulator with 6 

degrees of freedom. The scattering/recoil angle of the TOF-SARS is fixed at 35°. For 

temperature measurements of the sample a pyrometer was used. The background pressure of 

the UHV system was typically 2 • 10·10 mbar. 

The sample was cleaned by prolonged cycles of argon ion sputtering and annealing. 

After cleaning only very small signals of residual carbon and oxygen were observed by TOF-
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Figure 8.2: TOF-SARS spectrum obtained with 1.5 keVAr+ ions on the clean Fe(JOO) surface. 

SARS, see fig. 8.2. The clean Fe(IOO) sample was well ordered as evidenced by a sharp (lxl) 

LEED pattern on a low background. Potassium was evaporated on the surface by an outgassed 

SAES" potassium getter source. After evaporation the TOF-SARS spectrum showed a clear 

peak due to potassium and no additional contamination. In order to quantify the surface 

cleanliness, the cleaning procedure was repeated for the same crystal in a separate UHV 

chamber containing a CMA-based AES apparatus. By comparing the C, 0 and S-Auger peaks 

to the Fe-Auger peak, taking into account the relative sensitivity factors [23], the 

contamination was estimated to be less than 0.01 ML. 

In the TOF-SARS experiments Ar+ ions were used with energies of 1.5 keV and 4 

ke V. The azimuthal dependence of the scattered and recoiled particles was obtained by in

tegrating a time window of 0.4 microseconds around the corresponding peak in the TOF

SARS spectra, which were taken at 2 degree intervals. The [001] crystallographic direction 

corresponds to the ff azimuth. 

• SAES Getters S.p.A. Via Gallarate, 215 
21151 Milano, Italy. 
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8.3. Results and discussion 

In this section the results of four different types of experiments are presented. (1) 

LEED and AES experiments to provide infonnation about respectively the periodicity of the 

surface and the K coverage. (2) TOF-SARS measurements as a function of the azimuthal 

angle in the specular reflection mode. (3) TOF-SARS measurements as a function of the 

incident angle. (4) TOF-SARS measurements as a function of the azimuthal angle in the 

shadowing mode. All three TOF-SARS experiments provide structural infonnation about the 

surface [21]. The TOF-SARS measurements in the shadowing mode will be compared with 

three-dimensional ion trajectory simulations, carried out using the SISS-92 code [24]. 

8.3.1 Preparation of the p(3x3)K/Fe(100) surface 

Potassium was evaporated onto the crystal at room temperature. Mter evaporation of 

potassium to the saturation coverage of about 0.5 ML [15], the LEED pattern showed only 
the Fe( lOO) spots together with a high background. When the potassium covered surface was 

heated in 10 minutes to a temperature of 650 K, and kept at this temperature for 1 minute, 

the fonnation of a sharp and intense p(3x3) pattern on a low background was observed, see 

fig. 8.3. To our knowledge this is the first time such a pattern has been observed on Fe( lOO). 

The K-Auger signal decreased by about a factor 5 with respect to the potassium saturated 

surface. The potassium coverage for the p(3x3) structure is therefore about 1/10111 of a 

monolayer which is very close to the ideal coverage of 1/9111 of a monolayer for a p(3x3) with 

one potassium atom per unit cell. We therefore conclude that there is only one potassium 
atom per unit cell. This coverage is also in agreement with an earlier Temperature 
Programmed Desorption (TPD) measurement from which the dependence of coverage with 

anneal temperature was derived [18]. No other potassium superstructures were observed after 

heating the sample to other temperatures. 

From the symmetry of the LEED pattern alone no infonnation can be obtained about 

the adsorption site of the potassium overlayer with respect to the surface. In order to 

detennine the adsorption site, TOF-SARS measurements have been perfonned. For the 

interpretation of the measurements the on-top, the bridge, the four-fold hollow and the 

substitutional adsorption site were considered. The results of these measurements will be 
discussed in the next sections. 
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Figure 8.3: LEED pattern of the p(3x3) potassium covered Fe(JOO) surface obtained at an 

electron energy of 135 eV. The bright spots are the (lxl) iron spots, and the less intense 
spots are due to the p( 3x3) reconstruction. 

8.3.2 Structure determination of the p(3x3)K/Fe(100) surface 

TOF-SARS Measurements in the specular reflection mode 

In order to detennine if potassium adsorbs in the four-fold hollow site TOF-SARS 

measurements have been perfonned in the so-called specular reflection mode. In this mode 

the incident angle of the ion beam equals the exit angle. Sharp maxima in the intensity of the 

scattered particles are observed along the low-index crystallographic directions because here 

the atoms are well inside the shadow cones created by their aligned nearest neighbor. As a 

result the incoming ions experience a rather continuous potential instead of the individual 

atomic potentials of the atoms in the surface. Consequently the surface acts as a mirror, and 

the outgoing trajectories are focused at an exit angle equal to the incident angle. As the 

azimuthal direction changes, the atoms move out of the shadow cones and the specular 

reflection is destroyed [21]. 

In these experiments 1.5 ke V Ar+ ions were used at an incident angle of 17.5° with 

the sample surface. The azimuthal dependence of the intensity of the iron collision peak 
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measured on the clean surface is shown in fig. 8.4(a). The maxima in the intensity of the 

scattered particles in the [001] and [010] crystallographic directions are significantly larger 

than in the [011] direction. This large difference is due to the less pronounced specular reflec

tion in the [011] direction. The maxima in the [013] and [03l] directions are caused by a non

specular focusing effect. 

In fig. 8.4(b) the azimuthal dependence of the intensity of the iron collision peak 

measured on the p(3x3) potassium covered surface is shown. Note that the scattered yield is 
amplifted by a factor 10 with respect to the results on clean Fe(100). The pronounced maxima 

observed in the intensity of the scattered particles in the [001] and [010] crystallographic · 

directions of the clean surface have decreased significantly after adsorption of potassium. Ob

viously the specular reflection is destroyed in these directions by the adsorption of potassium. 

This immediately shows that the potassium atoms occupy sites in line with the iron atoms in 

the [001] and [010] crystallographic directions and does not reside in the four-fold hollow 

site. as was generally believed. Another argument that potassium does not adsorb in the four

fold hollow site is that the intensity of the iron collision peak in the [011] direction is unaf

fected compared to the clean crystal. If potassium would adsorb in the four-fold hollow site 

this maximum should decrease because this would destroy the specular reflection in this 
direction. We conclude that the four-fold hollow site is ruled out and the three adsorption sites 

still possible are the bridge, the on-top and the substitutional site. 

The azimuthal dependence of the intensity of the potassium recoil as well as the 

potassium collision peak could not be used in the specular reflection mode because both peaks 

are situated on the tail of the iron collision peak and were very small compared to the iron 

collision peak. As a consequence the azimuthal dependence of the intensity of these peaks 

was dominated by the azimuthal dependence of the intensity of the iron collision peak. 

TOF-SARS measurements as a function of the incident angle 

TOF-SARS measurements as a function of the incident angle are used to distinguish 

between potassium adsorption in the on-top or bridge site on the one hand and adsorption in 

the substitutional site on the other hand. In these experiments the intensity of a 

recoil/scattering peak in a given azimuthal direction is measured as a function of the incident 

angle for a fixed recoil/scattering angle. The intensity of the peak is determined by shadowing 

(small incident angles) and blocking effects (large incident angles/small exit angles). As the 

incident angle is increased the intensity of the recoil/scattering peak increases dramatically 

when the atoms move out of the shadow cones created behind the aligned nearest neighbor. 

The intensity reaches a maximum due to focusing at the edge of the shadow cone after which 

it drops to a lower value. The angle at which maximum intensity of the recoil/scattering peak 
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Figure 8.4: The azimuthal dependence of the intensity of the iron collision peak ~ measured 

in the specular reflection mode with 1.5 keV Ar+ ions at an incident angle of 17.5°. (a) on the 

clean Fe(JOO) surface, (b) on the p(3x3) potassium covered Fe(lOO) surface. Note that the 

scattered yield in (b) is amplified by a factor 10 with respect to (a). 
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is observed is called the critical recoil/scattering angle, flu-rec respectively flu.scaw and is 
directly dependent on structural parameters such as lattice spacing and height of the adsorbate 

above the surface as well as the dimensions of the shadow cone. At even larger incident 

angles the intensity of the recoil/scattering peak decreases due to blocking of the recoiled or 

scattered particles by their aligned nearest neighbors. The incident angle at which this happens 

is called the blocking angle, €la.toct-rec respectively «..1oct-sc:att [21]. 
The measurements were performed in the [001] crystallographic direction using 4 keV 

Ar+ ions. If potassium would adsorb in the on-top or bridge site it would be positioned at a 

height of respectively 2.56 A and 2.13 A above the top layer iron atoms. assuming an ionic 

radius for potassium of 1.33 A and an atomic radius for iron of 1.26 A. If potassium adsorbs 

in the substitutional site it would be positioned at a height of 0.16 A above the surface, 

assuming the same ionic radius. A larger radius would result in a larger height above the 

surface. The effect of this will be discussed later. The large difference in height causes a 

marked difference in the critical recoil/scattering angle for potassium between the on-top and 

bridge site on one hand and the substitutional site on the other. 

flu-scatt «t.Joct-seau a.:r-rec a.,loclt·tee 

On-top site 8.5° 26° uo 24° 

Bridge site .. .. .. ., 

Hollow site ., .. .. .. 
Subst site 

a) ionic radius 18° 170 2SO 12° 

b) intermediate radius 110 20° 19° 18° 

c) covalent radius 90 25° 14° 22° 

Table 1. The calculated critical recoiVscattering angles and the corresponding blocking 
angles along the {001] direction for the possible adsorption sites. 

The critical recoil and scattering angle for the on-top and bridge site are smaller than the 

corresponding blocking angles, see table 1. Therefore clear potassium recoil and scattering 

peaks are expected in the TOF-SARS spectra if potassium would adsorb in one of these sites. 

For the substitutional site the critical recoil and scattering angle are larger than their 

corresponding blocking angles, see table 1 (ionic radius). Therefore ions scattered from 

potassium and potassium recoil cannot be observed at any angle of incidence, if potassium 
adsorbs in the substitutional site. The critical and blocking angles are determined by shadow 

cone calculations using the Moliere potential. 
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In the measurements on the potassium saturated surface a clear peak due to potassium 

was observed. In contrast, the p(3x3) surface showed no peak due to potassium for incident 

angles between 6° and 20°, no figure is shown. Therefore we exclude the possibility that 

potassium adsorbs in the on-top or bridge site. These measurements further confirm that 

potassium doesn't adsorb in the four-fold hollow site, since for this site a clear peak due to 

potassium would also be expected (see second part table 1). Therefore the only adsorption site 

which is in agreement with these measurements is the substitutional site. 

If the potassium atoms would have a radius larger than the ionic radius, the critical 

recoil/scattering and blocking angles for potassium recoil for potassium adsorbed in the 

bridge, on-top site or hollow site would not change. These angles depend for those sites only 

on the lateral distances between the potassium atoms, which do not change. The critical 

recoiVscattering angle for potassium adsorbed in the substitutional site however, would 
become smaller and hence the blocking angle larger because in this site these angles are also 
determined by the first layer iron atoms, see table 1. Already for a potassium radius in 

between the ionic (1.33 A) and the covalent (1.96 A). a peak due to scattering from potassium 

is expected since the critical scattering angle becomes smaller than the blocking angle. 
We therefore conclude from the foregoing TOF-SARS experiments that potassium 

adsorbs in the substitutional site having a radius close to the ionic one. For completeness 

we will show in the next section the results of the third TOF-SARS mode by which 

information can be. obtained, the shadowing mode. These results are in agreement with the 

other experimental evidence for the substitutional site. 

TOF-SARS measurements in the shadowing mode 

In the shadowing mode grazing angles of incidence and relatively large exit angles are 

used to avoid blocking effects and specular reflections. The azimuthal dependence of the 

intensity of the scattered and recoiled particles is thus fully determined by shadowing effects 
alone. Minima are observed in the directions where the atoms are inside the shadow cone 

created behind the aligned nearest neighbor. As the azimuthal direction changes these atoms 

move out of the shadow cones and maxima, instead of minima, are observed [21]. 

The measurements were performed using 4 keV Ar+ ions at an incident angle of 11.5°. 

Fig. 8.5(a) shows the azimuthal dependence of the intensity of the iron collision peak 
measured on the clean Fe(lOO) surface. As expected minima are observed in the close-packed 

crystallographic directions because here the neighboring atoms are inside the shadow cones 

created behind their aligned nearest neighbor. This is in agreement with the expected 

azimuthal behavior for the unreconstructed Fe(lOO) surface. 
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Figure 8.5: The azimuthal dependence of the intensity of the iron collision peak as measured 

in the shadowing mode with 4 keV Ar+ ions at an incident angle of II.SO. (a) on the clean 

Fe(IOO) surface (b) on the p(3x3) potassium covered suiface. 
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The azimuthal dependence of the intensity of the iron collision peak measured on the 

p(3x3) potassium covered surface is completely different from that of the clean surface as can 

be seen in fig. 8.5(b ). The large differences in the azimuthal dependence of the intensity of 

the iron collision peak observed between the clean and the p(3x3) potassium covered surface 

cannot be explained by simple qualitative arguments because of the large size of the unit cell 

(which contains 9 atoms) and the fact that every ion trajectory is the result of several 

collisions with surface atoms (on average 5 as obtained from the simulations). Therefore 

three-dimensional ion trajectory simulations have been performed on the clean as well as on 

the p(3x3) potassium covered surface for the various adsorption sites. In the next section the 

results of these simulations will be compared with the experimentally obtained azimuthal 

dependence. 

Ion trajectory simulations 

Three-dimensional ion trajectory simulations of the TOF-SARS measurements in the 

shadowing mode have been performed using the SISS-92 code [24], for both the clean 

Fe(lOO) surface (for the structure of this surface see [25]) as well as the p(3x3) potassium 

covered surface. The SISS-92 code is based on the binary collision approximation and gives 

a full three-dimensional simulation. As interaction potential the Moliere approximation to the 

Thomas-Fermi potential has been used. For the potassium covered surface the on-top, the 

bridge, the four-fold hollow and the substitutional site have been considered although the 

foregoing experiments already excluded the first three of these sites. In the simulations 

potassium is assumed to have an ionic radius of 1.33 A. The simulations have been performed 

with two layers of iron atoms. The influence of deeper layers can be neglected because of the 

large size of the shadow cones and the grazing angle of incidence. In the simulations an ion

source with an energy spread of 40 e V and an angular spread of 1 °xl 0 was used. The angle 

of acceptance of the detector was 2°. 

The simulation for the clean surface is in good agreement with the experimental data 

as can be seen in fig. 8.6. Minima are observed in the low-index crystallographic directions 

and the positions of the maxima correspond well with the experiment. This is a good 

indication for the reliability of the simulations with the experimental parameters as chosen 

above. 
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Figure 8.6: The simulated and experimentally obtained azimuthal dependence of the intensity 
of the iron collision peak of the clean Fe( 100) as obtained in the shadowing mode with 4 ke V 
Ar+ ions at an incident angle of 11.51. 

In fig. 8.7 the simulations for the different adsorption sites are shown together with 

the experimental data on the potassium p(3x3) surface. As can be seen from the simulations, 

this measuring mode is not very sensitive to the position of the potassium atom. In comparing 

the simulations with the experimental data the level of agreement is mainly judged by how 

well the simulations reproduce the positions of the observed maxima and minima. The 

simulation with potassium in the substitutional site has only a slightly better agreement with 

the experimental data, since only in this case the positions of all the maxima and minima are 

reproduced. Therefore we conclude that the results obtained in the shadowing mode support 

our assignment of the substitutional site from the previous experiments. 

The influence of the radius of the potassium atom on the outcome of the simulations 

has also been studied for potassium in the substitutional site. A larger radius than the ionic 

gave worse agreement with the experimentally obtained azimuthal dependence of the intensity 

of the iron collision peak. This is a further indication that the potassium atoms adsorbed in 

the substitutional site on Fe(IOO) have a radius close to the ionic radius. 

The deviations in the [001] and especially the [011] direction of the simulations with 

respect to the measurements might be caused by the binary collision approximation of the 

simulation code which is not completely valid in these close-packed directions. The distance 

of closest approach in a collision (approximately 1 A) in these directions is close to the 

interatomic distance. This means that for a correct simulation also the simultaneous influence 

of the next nearest neighbors should be taken into account. 
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Figure 8. 7: The simulated and experimentally obtained azimuthal dependence of the intensity 

of the iron collision peak of the p(3x3) potassium covered Fe(JOO) surface as obtained in the 

shadowing mode with 4 keV Ar+ ions at an incident angle of ll.SO. a) Simulation with 

potassium in the four-fold hollow site. b) Simulation with potassium in the substitutional site. 

c) Simulation with potassium in the on-top site. d) simulation with potassium in the bridge 

site. 
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8.4. Conclusions 

In this paper we have discussed the results of our study on the adsorption of potassium 

on Fe(lOO). After evaporation of potassium on the Fe(lOO) surface and subsequent heating 

to 650 K for about one minute a sharp p(3x3) LEED pattern was observed at a potassium 

coverage of l/91h of a monolayer. To our knowledge this is the flrst time this structure has 

been observed on Fe(lOO). From the TOF-SARS experiments we conclude that potassium 

adsorbs in the substitutional site whereas adsorption in the four-fold hollow, the on-top and 

the bridge site is excluded. 

In the substitutional site each potassium atom removes one Fe atom and takes its 

place. The removed Fe atom is believed to diffuse to a kink site at a step. This is the fl.rst 

time such an adsorption site has been found on a bee surface. On a fee surface such an 

adsorption sites has been found recently for adsorption of sodium and potassium on Al(lll) 

[7 ,8]. In contrast to the substitutional site on Al(lll) where potassium is found to have a 

radius close to the metallic one, we flnd a radius closer to the ionic one for potassium on 

Fe(lOO). The potassium coverage for our p(3x3) structure is however only 113"' of the 

potassium coverage for the potassium superstructure on Al(lll). The interaction between the 

potassium atoms is therefore much smaller for the p(3x3) structure which can also been seen 

from the workfunction change with coverage [15] which still decreases linearly with coverage 

at 1/91h of a monolayer. This indicates a large electron transfer from potassium to the substrate 

which agrees with an ionic radius for potassium. 

Obviously an activation barrier has to be overcome to remove an iron atom out of the 

surface before potassium can occupy this specific adsorption site. Therefore heating of the 

surface might be essential. In view of our flndings the three-fold hollow site in which 

potassium is assumed to adsorb on p(3x3)K/Fe(lll) might be questioned, because also in this 

case heating of the potassium covered Fe(lll) surface was essential to obtain maximum 

intensity of the spots of the p(3x3) LEED pattern [15]. Further investigation of the adsorption 

sites of potassium on the other iron low-index planes would therefore be very interesting. 

Ertl et al. [19] found a maximum in the sticking coefficient for dissociative nitrogen 

adsorption on Fe(lOO) at a potassium coverage of 1.4 • 1014 atoms/cm2 which is about 1/91b 

of a monolayer. At this coverage we found that potassium forms a p(3x3) superstructure with 

potassium in a substitutional position with a radius close to the ionic one. This ionic 

adsorption would indicate a quasi-full electron transfer from the potassium to the Fe surface 

which could account for the spectacular increase in the catalytic activity [19]. 

In order to obtain better knowledge about the bonding between potassium and iron it 

is essential to determine the exact radius, and thus the height above the surface of the 

potassium atoms. Our results showed evidence for a radius close to the ionic radius of 
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potassium for potassium adsorbed on Fe( lOO) at a coverage of l/9tb of a monolayer. The exact 
determination of this radius could be obtained from XSW experiments planned for the near 
future. 
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Samenvatting 

Lage-energie ionen verstrooiing (LEIS) en directe recoil spectroscopie (DRS) zijn 
gebruikt om enkele katalytisch-actieve bimetallische oppervlakken te onderzoeken. Beide 
technieken verschaffen aanvullende informatie over de samenstelling en structuur van deze 
oppervlakken. In LEIS/DRS wordt een bundel mono-energetische edelgas ionen op een 
preparaat oppervlak gericht De oppervlakte samenstelling van het preparaat wordt . 
verkregen uit de energie distributie van de verstrooide en/of recoil deeltjes terwijl uit de 
hoekverdeling informatie met betrekking tot de structuur wordt afgeleid. De basis 
principes van LEIS/DRS worden besproken in hoofdstnk 2. 

Ben van de belangrijkste zorgen in LEIS is de schade veroorzaakt aan het 
oppervlak door de invallende ionen. Om de oppervlakte schade te minimaliseren is een 
zeer efficiente analysator ontwikkeld, geheten de Energy and Angle Resolved Ion 
Scattering Spectrometer (EARISS). Hiermee is het mogelijk om simultaan de energie en 
azimutale verdeling van terugverstrooide ionen te detecteren, door gebruik te maken van 
een nieuw twee-dimensionaal detectie systeem. Het ontwerp van de twee-dimensionale 
detector is aanzienlijk verbeterd · zodat betere afbeeldingseigenschappen zijn verkregen. De 
azimutale resolutie is verbeterd met een factor 5, door de inbouw van een speciale selector 
die ionen met een te grote azimutale afwijking verhindert de analysator binnen te gaan. De 
EARISS is niet erg gevoelig voor lichte elementen omdat alleen terugverstrooide ionen 
gedetecteerd worden. Daarom is deze aangevuld met een time-of-flight forward scattering 
en recoiling spectrometer (TOF-SARS) die gevoelig is voor lichte elementen en 
aanvullende structuur informatie !evert Hoofdstuk 3 beschrijft de gehele experimentele 
opzet als ook de prestaties van de EARISS. De hoge efficiency en gevoeligheid van de 
EARISS en enkele van de nieuwe mogelijkheden worden in hoofdstuk 4 gei1lustreerd aan 
de hand van metingen aan zeer kwetsbare oppervlakken zoals GaAs(llO), een koolstof 
katalysator met een hoge dispersie (1000 m2/g) en een lage bedekking van Pd/Pt clusters 
en een polymeer (poly acrylic acid op silicium). De metingen laten zien dat het met de 
EARISS mogelijk is nagenoeg elk oppervlak te onderzoeken zonder merkbare schade als 
gevolg van de invallende ionen. Hoofdstnk 6 demonstreert de mogelijkheid van de 
EARISS om simultaan de energie- en hoekverdeling van terugverstrooide ionen te meten. 
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Samenvatting 

Hydrogenerings en dehydrogenerings reacties spelen een belangrijke rol in de 

heterogene katalyse. Gedragen Pd/Pt clusters zijn een voorbeeld van een katalysator die 

gebruikt wordt in deze reacties. De invloed van waterstof op de oppervlakte s~enstelling 

van deze clusters is daarom zeer interessant Waterstof kan echter niet gedetecteerd 

worden met LEIS, terwijl het wel de LEIS signalen van de andere elementen in het 

oppervlak kan beinvloeden. Daarom is er een studie uitgevoerd naar het effect van 

waterstof op de oppervlaktesamenstellings bepaling met LEIS. van polykristallijne Pd, Pt 
en Ge preparaten en enkele van bun legeringen. De resultaten van deze studie worden 

gepresenteerd in hoofdstuk 5. Waterstof zorgt ervoor dat de signalen van de andere 

elementen in het oppervlak drastisch afnemen (ongeveer een factor 10). De verhouding 

van de signalen is echter onafhankelijk van de waterstof bedekking en de bepaling van de 

oppervlakte samenstelling wordt dus niet beinvloed. Verder is de sputter opbrengst voor 

waterstof op Pd. Pt en Ge en combinaties daarvan bepaald. 

Ben ander voorbeeld van een bimetallisch systeem dat gebruikt wordt in de 

heterogene katalyse is CuPd. Hier is de compositie en structuur van het Cu85Pd1s(110)

(2xl) oppervlak bepaald. Uit TOF-SARS metingen blijkt dat het oppervlak 

ongereconstrueerd is. De evenwichtssamenstelling van de buitenste twee atoomlagen is 
bepaald door de energie en azimutale verdeling van terugverstrooide 2 ke V Ne+ ionen, 

verkregen met de EARISS, te vergelijken met drie-dimensionale ionenbanen simulaties. 

Voor de eerste laag is een kleine verarming in Pd gevonden ( 11 ± 2 at%) terwijl de 

tweede laag sterk verrijkt is in Pd (40 ± 8 at%). Deze resultaten zijn in redelijke 

overeenstemming met een eerder voorgesteld model, alleen een enigszin_s hogere eerste 

laag Pd concentratie is gevonden. Daarnaast is de thermische segregatie na sputteren 

onderzocht De resultaten zijn beschreven in hoofdstuk 7. 

Hoofdstuk 8 behandelt de adsorptie van kalium op Fe{lOO) bestudeerd met TOF

SARS, lage-energie electronen diffractie (LEED) en Auger elektronen spectroscopie. 

Kalium wordt aan Fe katalysatoren toegevoegd om de katalytische activiteit te verhogen 

{de produktie van NH3). Na verhitting van het kalium verzadigde oppervlak tot 650K werd 

de vorming van een p(3x3) superstructuur waargenomen met LEED. bij een kalium 

bedekking van ongeveer 1/9 monolaag. TOF-SARS metingen sluiten uit dat kalium 

adsorbeert in de top, brug of put positie. De enige positie in overeenstemming met alle 

experimentele resultaten is de substitutionele positie waar K de plaats inneemt van een Fe 

atoom van de allerbuitenste atoomlaag van het kristal zodat een oppervlakte legering wordt 

gevormd. Dit is de eerste keer dat een substitutionele adsorptie positie gevonden is op een 

bee oppervlak. Ben model is voorgesteld voor het p(3x3)K/Fe(100) oppervlak. 
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Summary 

Low-energy ion scattering (LEIS) and direct recoil spectro8copy (DRS) have been used 

to investigate several catalytically-active bimetallic surfaces. Both. techniques provide 

complementary information on the composition and structure of these surfaces. fu LEIS/DRS 

a beam of mono-energetic rare gas ions is directed onto a sample surface. The surface 

composition of the sample is obtained from the energy distribution of the scattered and/or 

recoiled particles while from there angular distributions structural information is derived. The 

basic principles of LEIS/DRS are discussed in chapter 2. 

One of the major concerns in LEIS is the damage to the surface caused by the incident 

ions. fu order to minimize the surface damage a very efficient type of analyzer has been 

developed called the Energy and Angle Resolved Ion Scattering Spectrometer (EARISS). It 

enables the simultaneous detection of the energy and azimuthal distributions of backscattered 

ions. by using a novel two-dimensional detection system. The design of the two-dimensional 

detector has been significantly improved to obtain better imaging characteristics. The 

azimuthal resolution has been improved by a factor 5, by implementing a special selector 

which prevents ions with to large azimuthal deviations of entering the analyzer. The EARISS 

is not very sensitive to light elements, because only backscattered ions are detected. 

Therefore, it has been complemented with time-of-flight forward scattering and recoiling 

spectroscopy (fOF-SARS) which is sensitive to light elements and supplies additional 

structural information. Chapter 3 describes the entire experimental set-up as well as the 

performance of the EARISS. The high efficiency and sensitivity of the EARISS and some of 

its new possibilities are illustrated in chapter 4 by measurements on very fragile surfaces such 

as GaAs(llO). a highly dispersed carbon supported (1000 m2/g) catalyst with a low loading 

of Pd/Pt clusters and a polymer (poly acrylic acid spread on silicon). The measurements show 

that with EARISS it is possible to investigate virtually any surface without causing a 

noticeable amount of damage by the incident ions. Chapter 6 demonstrates the capability of 

the EARISS to measure simultaneously the energy and azimuthal distribution of the 

backscattered ions. 

Hydrogenation and dehydrogenation reactions play a major role in heterogeneous 

catalysis. Supported Pd/Pt clusters are an example of a catalyst used in these reactions. The 
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Summary 

influence of hydrogen on the surface composition of these clusters is, therefore, very 

interesting. Hydrogen, however, cannot be detected by LEIS while it may influence the LEIS 

signals of the other elements in the surface. Therefore a study on the effect of hydrogen on 

the surface composition determination by LEIS of polycrystalline Pd, Pt and Ge pure and 

alloy samples has been performed. The results of this study are presented in chapter 5. It is 

shown that hydrogen significantly (about a factor of 10) decreases the signals from the other 

elements in the surface. The ratio of the signals, however, is independent of the hydrogen 

coverage, thus the surface composition determination is not affected. Furthermore, sputter 

yields of hydrogen on Pd, Pt, Ge and combinations thereof have been determined. 

Another example of a bimetallic alloy used in heterogeneous catalysis is CuPd. Here 

the composition and structure of the ClJa5Pd1s{ll0)-(2xl) surface has been determined. From 

TOF-SARS measurements it is concluded that the surface is unreconstructed. The equilibrium 

composition of the outermost two atomic layers is determined by comparing the energy and 

azimuthal distribution of backscattered 2 keV Ne+ ions as obtained with the EARISS with 

three-dimensional ion trajectory simulations. For the first layer a slight depletion in Pd is 

found ( 11 ± 2 at.%) whereas the second layer is strongly enriched in Pd ( 40 ± 8 at.%}. 

These results are in reasonable agreement with an earlier proposed model, only a somewhat 

higher first layer Pd concentration is found. In addition, the thermal segregation after 

sputtering at room temperature was investigated. The results are described in chapter 7. 

Chapter 8 deals with the study of the adsorption of potassium on Fe(lOO) by TOF

SARS, low-energy electron diffraction (LEED) and Auger electron spectroscopy. Potassium 

is added to iron catalysts to increase the catalytic reaction (the production of NH3). After 

heating the potassium saturated surface to 650K, the formation of a p(3x3) potassium 

superstructure was observed by LEED at a coverage of potassium close to 1/9tb of a 

monolayer. TOF-SARS experiments ruled out the adsorption of potassium in the on-top, 

bridge and four-fold hollow site. The only site which is in agreement with all experimental 

results is the substitutional site where K replaces an Fe atom of the outermost atomic layer 

of the crystal meaning that a surface alloy is formed. This is the first time a substitutional 

adsorption site is found on a bee surface. A model is proposed for the p(3x3)K!Fe(110) 

surface. 
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1) De bewering, dat de laag energetische piek in LEIS spectra een 
gevolg is van meervoudig verstrooide primaire ionen is onjuist. 

D.J. Dwyer, S.D. Cameron and J. Gkmd, Surf. Sci. 159 (1985) 

430. 

2) LEIS heeft niet de fundamentele beperkingen die gelden voor 
oppervlakte · analyse technieken als XPS en AES voor het 
bestuderen van kleine deeltjes ( < 8 nm ). 

A.G. Sault, Catalysis Letters 29 (1994) 145. 

Hoofdstuk 5 dit proefschrift. 

3) Het efficienter benutten van de verstrooide ionen door de EARISS 
opent nieuwe perspectieven voor het toepassen van LEIS. 

4) In tegenstelling tot de bewering van van de Riet et al. vertoont de 
neutralisatiekans van Ne• bij verstrooiing aan oppervlakken 
weldegelijk een baanathankelijkheid. 

E. van de Riet, J.B.J. Smeets, J.M. Fluit and A. Niehaus, Surf. Sci. 
214 (1989) lll. 

Hoofdstuk 3 dit proefschrift. 

5) De onbetrouwbaarheid van de gebruikte potentiaal functies in de 
"embedded-atom method" maakt het voorspellen van de 

samenstelling van oppervlakken met behulp van deze methode 
riskant. 

M.S. Daw and M.J. Baskes, Phys. Rev. B29 (1994) 6443. 

M.S. Daw, S.M. Foiles and M.J. Baskes, Materials Science Reports 
9 (1993) 251. 



6) Bij het bepalen van de ionenfractie in vluchttijd experimenteD door 
middel van naversnelling van de verstrooide ionen, mag de energie 
afltankelijke detectie-gevoeligheid van de detector niet 
verwaarloosd worden. 

M.P. Murrell, Vacuum 45 (1994) 773 en referenties daarin. 

7) In tegenstelling tot wat algemeen verondersteld werd, adsorbeert 
kalium niet in een put maar in een substitionele positie op 
Fe(lOO). 

J. Benziger and R.J. Modix, Surf. Sci. 94 ( 1980) 315. 
Hoofdstuk 8 dit proefschrift. 

8) Het magnetisch moment van zeer kleine overgangsmetaal clusters 

( < 20 atomen ), bepaald met bandenstructuur berekeningen 
gebaseerd op de 'local-density' benadering, wordt onderschat door 
electron-correJatie effecten. · 

B. V. Reddy, S.N. Khanna and B.l. Dunlap, Phys. Rev. Lett. 70 
(1993) 3323 

P. Fulde, Electron Correlations in Molecules and Solids, Springer 
Series in Solid State Sciences, VoL 100 (Springer, Berlin, 1991) 

9) Het feit dat sollicitatie cursussen de kansen op de arbeidsmarkt 
verhogen zet grote vraagtekens bij de betrouwbaarheid van het 
sollicitatie proces. 

10) Het legaliseren van softdrugs levert meer op dan het bestrijden 
ervan. 

11) De toenemende aandacht in de samenleving voor de presentatie 

gaat ten koste van de prestatie. 

12) Gezien de drukte op de elektronische snelweg dient ook daar het 
"carpoolen" gestimuleerd te worden. 


