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Abstract. 

The stuclied system is a PtsoRhso (611) single crystal with double atomie height steps. The 
segregation of this crystal is investigated by means of Low-Energy-Ion-Scattering. Since 
the atoms of both metals are almost of the same size we ex peet that strain effects, 
compared to the lowering of total bonding energy, play a minor role in surface 
segregation in PtRh crystals 
The temperature influence on the surface and step composition of this crystal is 
investigated and also the influence of Oxygen absorption on the segregation in this 
crystal. 
From these experiments it foliowed that the Platinum concentration of a Pt50Rh50 (611) 
crystal at room temperature is 83 ± 3 %. When the crystal is heated this concentration 
remains constant up to 600 degrees Celsius and than decreases to 65 % at 1000 degrees 
Celsius. The broken bond model with zero interaction coefficient model cao oot explain 
this behaviour, contrary to the model with a non-zero interaction coefficient of 
15.5 kJ/mol together with a segregation energy of 2 kJ/mol. The Platinum concentration 
of a PhsRh7s (410) crystal, investigated by Moest et al [5], cao however be well described 
with the broken bond model. 
The Platinum enrichment at the surface cao be understood when the surface 
free energies are looked upon. The surface energy of Platinum is lower then the surface 
energy of Rhodium. Therefore Platinum preferentially occupies the surface. 

From the difference between the angle of incidence in the step-up and step-down 
geometry necessary for neighbour focussing, a miscut of the crystal of 10 degrees is 
extracted. This is oot in accordance with the miscut of a (611) crystal, but cao be 
explained by a small tilt of the crystal with respect to the horizontal plane. 

By using small angles of incidence in the step-up direction it is possible to measure the 
composition of the step-edge atoms as the incident ions "slide" over the surface and only 
scatter from the step-edge atoms or the second layer atoms in the double height atomie 
steps. 
The experiments show that the Platinum concentration at room temperature is in the 
range between 88 and 92 %. It remains constant up to 440 degrees Celsius and then 
decreases to 82 % at 700 degrees Celsius. This concentration is a lower limit to the real 
step-edge composition, si nee less than 100 % of the measured particles have scattered 
from the step-edge sites and assuming that the composition of the second layer atoms in 
the steps is equal to the terrace composition. The experiments are in agreement with 
experiments done by Moest et al [5], which also show more Platinum enrichment in the 
step-edges of a PtRh( 41 0) crystal. 

The crystal then has been exposed to Oxygen during 45 minutes with a pressure of 



3·10-7 mbar. lt can beseen that Oxygen is absorbed on the surface. Both the Rhodium and 
Platinum yield in the EARISS spectrum decrease. The Rhodium yield decreases less with 
respect to the Platinum yield. This could be due to Rhodium segregation but it is also 
possible that Oxygen preferentially absorbs on Platinum. 
When it would be possible to remove the Oxygen at low temperatures the real surface 
composition can be obtained, for at low temperatures the mobility of the atoms is too low 
to reach equilibrium. 
Therefore the crystal has been exposed to Hydrogen during 30 minutes at room 
temperature with a pressure of 2·10-7 mbar. In the EARISS spectrum it can beseen that 
the Oxygen yield decreases with about 50 %.1t can thus be concluded that Oxygen is not 
entirely removed from the surface. The Rhodium peak. increases with respect to the 
Platinum peak.. From this it can be concluded that Rhodium segregates to the surface due 
to Oxygen absorption. 
There have to be done more experiments investigating Oxygen absorption in order to gain 
more insight and to be able to quantify the effect of Rhodium segregation due to Oxygen 
absorption. 
In future work it is recommendable to expose the crystal to Hydrogen after Oxygen 
absorption at a temperature of, for instance, 200 degrees Celsius. This in order to remove 
the Oxygen entirely from the surface while maintaining the surface composition as the 
mobility of the atoms at these temperatures is too low to reach equilibrium. 
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Chapter 1 lntroduction. 

The alloy PtRh is a frequently used catalyst in the automobile industry. From a 
fundamental point of view PtRh is interesting since it does not show complete 
segregation, resulting in a difference between terrace and step composition. By 
camparing these two compositions we hope to gain more knowledge about surface 
segregation. Since the atoms of both metals are almost of the same size we expect that 
strain effects, compared to the lowering of total bonding energy, play a minor role in 
surface segregation in PtRh crystals. 
In recent years much work of PtRh alloys has been directed to the study of the surface 
composition. Siera et al [4] show a Platinum enrichment of the surface compared to 
the bulk concentration. This Platinum enrichment is also shown by Matsumoto et al 
[9] and Beek et al [11]. Siera et al also show that equilibrium at the surface at a certain 
temperature is reached sooner if the crystal is cooled from high temperatures to this 
temperature than when it is heated from room temperature. 
Florencio et al [7] showed in their experiments that the surface layer is Platinum 
enriched while the second layer is Rhodium enriched with respect to the bulk 
concentration. The Platinum concentration in deeper lying layers oscillates to the bulk 
concentration. 
Wouda et al [6] found an enhanced Platinum concentration ofthe step-edges on a 
vicinal single crystal compared to the Platinum concentration of the terrace. 

We investigated the surface and step composition of a Pt50Rh50 (611) single crystal 
with double atomie height steps in order to get more insight in the segregation 
behaviour in these crystals. This was done by means of Low-Energy-Ion-Scattering. 
The temperature influence on the surface and step composition of this crystal is 
investigated. The results of these experiments are compared with those obtained on a 
Pt25Rh75 (410) crystal by Moest et al [5]. The results from Moest et al indicate that at 
room temperature the surface is Platinum enriched and that this Platinum enrichment 
decreases with increasing temperature. They also show that it is difficult to reach 
equilibrium at temperatures below 400 degrees Celsius. 

The influence of Oxygen adsorption on the surface composition of the surface is also 
investigated. Basedon investigations reported by other scientists [8,9,10,11], 
Rhodium is expected to segregate to the surface due to Oxygen adsorption. Possible 
preferential adsorption of Oxygen on either Platinum or Rhodium complicates these 
investigations. Preferential absorption would result in the shielding of either Platinum 
or Rhodium atoms when Oxygen is adsorbed on either of them. Experiments done by 
van Delft et al [10] show preferential absorption of Oxygen on Rhodium. 

In Chapter 2 the principlesof Low-Energy-Ion-Scattering and segregation will be 
discussed, after which in Chapter 3 the used experimental techniques and setup will 
be described. The results are presented and discussed in Chapter 4. The conclusions 
will be gi ven in Chapter 5 
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Chapter 2 Theory. 

2.1 lntroduction. 

In this chapter the principlesof Low-Energy-Ion-Scattering and segregation in binary 
alloys will be discussed. In section 2.2 therefore ion-atom interactions will be 
discussed and in section 2.3 segregation in binary alloys. 

2.2 lon-atom interactions. 

2.2.1 Laws of momenturn and energy conservation. 

According to Bohr ( 1948) the interaction of medium and low energy particles with a 
surface can be expressed as if the target partiele in the surface is a free particle. In 
Figure 2.1 a scattering scheme of two colliding particles is shown. 

Eo 
·· .. m, 

. ;~-~~-··············· 

m,~ 
E2 

Figure 2.1 Scattering scheme of two colliding particles. 

Anion of mass m1 moves with an energy Eo with respecttoa fixed target atom of 
mass m2. When these two particles collide, the moving ion will be deflected from the 
initial direction by an angle e, and will have an energy E1, while the target atom will 
deflect by an angle 82 relative to the initial ion motion and acquire an energy E2. This 
target atom is also called the recoil atom. Starting from the momenturn and energy 
con servation laws and when only consictering elastic collisions it can be shown [ 1] 
that the ion will have an energy E1 of: 

E ,--------
E _ o c 8 + I 2 _ . 2 8 )2 

1 - 2 cos 1 - V J1 sm 1 
(1 + Jl) 

(1) 
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The recoil atom will have an energy of: 

411 2 
E2 = 2 E0 cos e2. 

(1 + 11) 
(2) 

So both energies are dependent of J.L. When the identity of the incident ion is known 
and when the energy of either the ion or the recoil partiele is measured, the target 
partiele cao be identified. 

2.2.2 N eutralization. 

The neutralization probability of noble gas ions in a collision is very high, often even 
more then 95%. This means that when an incident ion penetrates into the bulk instead 
of scattering back from the first layer it is more then likely that the ion will be 
neutralized. When therefore noble gas is used to bombard a sample and only the 
energies of the scattered i ons are measured, knowledge is obtained about the surface. 

2.2.3 Shadowing, blocking and focusing. 

When an ion passes an atom it will be deflected due to the Coulomb interaction. So 
behind the target atom there is a ion free region. This region is called the shadow cone 
(see Figure 2.2). 

A 
• • • • • • • • 

8 
• •· • • • 

c 
• • • • • • • • 
Figure 2.2 Example ofneighbour focusing (a), the "sliding" effect (b) 
and the mirror rejlection mode ( c ). 
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The atoms in the shadow cone are not visible to an incident ion beam. This is called 
shadowing. lt is also possible that the shadow cone prevents a scattered ion to enter a 
detector. This is called blocking. 
Martynenko ( 1964) showed that on the edge of the shadow cone the intensity of the 
flux exceeds that of the undistorted flux by ±10%. So the ions are "focused" on the 
edge of the shadow cone. This is called focusing. An example of neighbour focusing 
can be seen in Figure 2.2a. As can be seen in this figure the incoming ions are focused 
on neighbouring atoms. 
At smaller angles of incidence the incoming ions start "sliding" over the surface due 
to the potentials of all surface atoms. This implicates that the incorning atoms slide 
over the surface and then scatter of either a step-edge atom or a surface defect, as can 
be seen in Figure 2.2b. 
When a very small angle of incidence is used the surface potential formed by all the 
surface atoms is very smooth and therefore reflects the incorning ionsas a rnirror. The 
flux of scattered ions is concentrated around the same angle as the angle of incidence. 
Th is is called the "mirror reflection mode". This is shown in Figure 2.2c. 
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2.3 Segregation. 

2.3.1 Introduction. 

Miniruizing the total energy of the crystal is the driving force of segregation of atoms 
to the surface. Segregation to the surface is different from the segregation between 
two bulk phases because of the finite depth of the surface region. Segregation in 
binary alloys is discussed. 
The following assumptions are made: 
• The crystal is a closed system consisting of the two open systems bulk and surface. 
• The bulk phase is infinite and the surface phase is finite in size. 
• Atoms can be exchanged between these two phases until the total energy is 
minimized. 

For a closed system of two phases, when pressure and temperature are equal for both 
phases, the system miniruizes the Gibbs free energy G. 
This Gibbs free energy can be written as [2]: 

G = G
8 +as= n"'J.L"' + n"' ""' + n 8 

"n + n 8 
11

8 
I I 2r'2 Ir'! 2r'2' (3) 

where as may be viewed as the surface energy (a = surface tension and s = surface 
area), 0 8 is the Gibbs free energy of the bulk, ni the number of moles present of 
species i and fl the chemica} potential. The superscript indicates the relevant phase: <1> 

is the surface and B is the bulk. 
From the assumptions that the segregation will not change the bulk concentratien and 
the chemica} potential terms Jli8 in the bulk remain constant it can be shown that: 

(4) 

It is clear from equation (3) that the condition for equilibriumfora constant surface 
area s and constant 0 8 is: 

da 
ëJn"' = 0, 

I 

i.e. the surface will be in equilibrium with the bulk when the surface tensionais a 
minimum. 
When equation (4) is substituted in equation (3) and with the well known Gibbs 
Duhem relation I.ni<P dflï<Pfdnï<P = 0 this leads to: 
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The chemica! potentials J..l1 v and J..l2 v can be written by means of a regular solution 
model (see for a full discussion [2]) as: 

"v = "ov + Q (Cv)2 + RTI Cv ~"'"'~ ~"'"'~ 12 2 n 1 

"v = "ov + Q (Cv)2 + RTI Cv r-z r-z 12 1 n 2 

where V indicates the relevant phase <j> orB and il12 the interaction parameter given 
by: 

Z is the number of nearest neighbours in the bulk, N0 the constant of A vogadro and 
co= uAB -112(uAA + Uss ). The energy Uaj3 is associated with the pair interaction 
between atoms of species a and ~· 
When the surface concentration of a compound of a binary alloy, Cs,1, is written as 
niv /n, with n the total number of moles present, it can be shown that in equilibrium 
Cs,! can be expressedas [2]: 

CB,I (/1G + 2QI2(Cs,l- CB,I)) 
1- Cn.l exp RT 

(7) 

(8) 

(9) 

where dG= J..L1°·
8

- J..llo.s- J..L2°'8 + J..L2o,s is the segregation energy. The term J..lio,a is the 
standard chemica! potential for compound i and phase a. 
Equation (9) is known as the Bragg-Williams expression. 
By using equations ( 4) and (7) the surface tension can also be expanded in terms of 
interaction parameters, but that is too cumhersome to repeat here. 
Two cases can be distinguished: a zero and a non-zero interaction coefficient. 

2.3.2 Zero interaction coefficient (Q12 = 0). 

A zero interaction coefficient leads to: 

= CB,I (I::!.G) exp - . 
1- C8 •1 RT 

(10) 

The expression with zero interaction coefficient is known as the Langmuir-McLean 
expresston 
The segregation energy I::!.G with a zero interaction coefficient can also be written as 
I::!.G = I::!.Hsub * NINtot. where Nis the number of broken bonds at a certain site, Ntot the 
total number of honds and I::!.Hsub an approximation of the sublimation energy. This is 
called the broken bond model. 
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In Figure 2.3 the surface coverage of compound 1 is shown for C8 ,1=0.0005, 
8G=40 kJ/mol and a zero interaction coefficient. As can be seen in Figure 2.3 the 
surface concentration first stays constant and then decreases to the bulk value. 

1,2 

c 1,0 0 
:;:::::; 
as 
"_ 

0,8 -c 
Q) 
u 
c 0,6 0 
ü 
Q) 
u 0,4 as 
't: 
:::1 

(J) 0,2 

0,0 
0 200 400 600 800 1000 1200 

T emperature (K) 

Figure 2.3 Surface coverage versus temperafure calculatedfrom 
equation (JO)for CB,J=0.0005, .t1G=40 kJ/mol and iln=O. 

In Figure 2.4 the surface coverage of compound 1 is shown for C8 ,1=0.5, 
8G=2 kJ/mol and a zero interaction coefficient. The surface concentration at low 
temperatures is 1 and then also decreases to the bulk value. 

1,2 ~-------------------------------, 
c 
0 

:.::::; 

~ 
1 

-á5 0,8 
u 
§ 0,6 
ü 
Q) 0,4 u 
ro 
'§ 0,2 
(j) 

0 200 400 600 800 

Temperature (K) 

1000 1200 

Figure 2.4 Surface coverage versus temperafure calculated from 
equation (JO)for CB,J=0.5, .t1G=6 kJ/mol and !212=0. 
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2.3.3 Non zero interaction coefficient (012 :t 0). 

A non zero interaction coefficient gives: 

(11) 

The interaction coefficient may be either positive (attractive) or negative (repulsive). 
Two cases can be distinguished: a low bulk concentration and a high bulk 
concentration. 

Low bulk concentration. 
First the case of low bulk concentration will be discussed. 
In Figure 2.5 the surface coverage is plotted against temperature with values 
C8 ,1=0.0005, ilG=20 kJ/mol and 0=18 kJ/mol. Indicated in this figure is a hysteresis 
effect. 

1,2 

1,0 
c 
0 ·.;::::; 

jg 0,8 
c 
(I) 
0 
§ 0,6 
0 
(I) 
0 -ê 0,4 
:::J 
en 

0,2 

\......._......__ __ 
0,0 

0 200 400 600 800 1 000 1200 1400 
Temperature (K) 

Figure 2.5 Surface coverage versus temperafure for C8.I=0.0005, 
L1G=20 kJ/mol and !212=18 kJ/mol. 

This hysteresis effect can be explained with the surface tension cr. Equation (11) was 
obtained by the condition that dcr/dni=dcr/dCs,1=0. The solutions therefore correspond 
to either a maximum or a minimum in the surface tension. Only the minimums are 
stabie solutions. 
In Figure 2.6 the surface tension as calculated with equations (4) and (7) is plotted 
against C8 ,1 [2]. 

10 



At a temperature of 500 K the system is in a state of high surface concentration (the 
minimum on the right hand side). When now the temperature is increased the 
transition from high to low surface concentration occurs when the barrier in the 
rniddle has disappeared. So at a temperature of about 650 K the system abruptly 
moves from high coverage to low coverage. 
When starting at high temperatures like 700 K the system is in a state of low surface 
concentration (the minimum on the left hand side). When the temperature is decreased 
the transition from low to high surface concentration occurs at a temperature of about 
550 K. This explains the hysteresis effect. 

c 
0 

ëi.i 
c 
Q) 

I
Q) 
0 as 
't: 
:::l 

Cf) 

0,0 0,2 0,4 0,6 0,8 1,0 
Surface concentration 

Figure 2.5 Suiface tensionversus suiface concentrationfor C8,1=0.0005, 
L1G=20 KJ/mol and il12=18 KJ/mol. 

High bulk concentration. 
Now the case of a high bulk concentration is looked at. 
In Figure 2.6 the surface coverage is plotted against temperature with values C8 ,1=0.5, 
.1G=2 kJ/mol and !1=15.5 kJ/mol. 

§ 0,8 

~ -c 
~ 0,6 
c 
0 
ü 
Q) 0,4 
(.) 

Cl! 
't: 

~ 0,2 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Temperature (K) 

Figure 2.6 Suiface coverage versus temperafure for C8,1=0.5, L1G=2 kJ/mol 
and !112=15.5 kJ/mol. 
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As caobeseen in Figure 2.6 the hysteresis effect has disappeared. This cao be 
explained again with the surface tension as plotted in Figure 2.7. 

-en 
:!::::: 
c: 
::::l 
.c 

lo... 
ca -c: 
0 
'(i) 
c: 
Q) 
I-
Q) 
0 
ca 
't: 
::::l 

en 
0 0,2 0,4 0,6 0,8 

Surface concentratien 

1 

lOOOK 

800K 

700K 

600K 

500K 

Figure 2.7 Suiface tensionversus suiface concentrationfor C8,1=0.5, 
L1G=2 kJ/mol and !212=15.5 kJ/mol. 

When the temperature is increased starting at 600 K the surface concentration stays at 
the minimum of the surface tension with a surface concentration of 0.9, until about 
700 K. The surface concentration then starts to move to the minimum at 0.5. From 
this Figure 2. 7 it is clear hat no hysteresis effect occurs. 
It cao therefore be concluded that in the case of a high bulk concentration as 0.5 no 
hysteresis effect occurs. 
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Chapter 3 Experimental set-up. 

3.1 lntroduction. 

In Low-Energy-Ion-Scattering (LEIS) noble gas ions are used to bombard a surface, 
where they will have binary collisions with the surface atoms. The energy of these 
scattered ions is directly related to the mass of the target atoms. The total yield at a 
certain energy is a measure for the concentration of that particular element at the 
surf ace. 
LEIS has to be done in ultra high vacuum (UHV) because else the surface of the 
sample is contaminated before any measurements can be done. This is the reason that 
in the main chamber the pressure is about w-9 mbar. 
In figure 3.1 a general overview of the used main chamber is shown. 

IOn souree 

TOF 
IOn souree 

EARISS 

,;~--sample 

pumps +RGA 

Figure 3.1 General overview ofthe main vacuum chamber. 

The surface of the sample is cleaned by bombarding the surface of the sample with 
Ar+-ions. This is called sputtering. The Ar+-ions are created with anion source, with 
an energy of0.5-5 keV. In this way atoms and with them any contaminants are 
removed from the surface of the sample. 
The sample is heated with an oven which is made of a thin Tantalum wire. At elevated 
temperatures electrans are emitted fram this wire. By supplying a high negative 
voltage to thisoven these electrans are accelerated towards the sample. This is called 
e-beam heating. 
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The temperature of the sample is measured with a CHINO cornet 1000 pyrometer with 
an absolute accuracy of ±50 degrees Celsius and a reproducibility within ± 10 degrees 
Celsius. The lower limit of this pyrometer is 400 degrees Celsius. Below this 
temperature the power through the oven is measured and this is used as an indication 
for the temperature. 
By heating the sample very quickly to high temperatures the structure of the surface 
will reconstruct. This can be verified with LEED (Low Energy Electron Diffraction). 
Connected to the main chamber there is a LEED-chamber. The pressure in this 
chamber is about 10-10 mbar. For more detailed information about LEED see [3]. 
Also connected to the main chamber is a storage chamber in which 6 samples can be 
kept in vacuum. 
In the main chamber the sample is placed in a manipulator, which has 6 degrees of 
freedom. 
In this main chamber LEIS can be performed in two different ways: using the EARISS 
detector on one side and on the other side using the Time-Of-Flight technique. In 
section 3.2 the EARISS detector will be further explained and insection 3.3 the Time
Of-Flight-technique. The investigated crystal will bedescribed insection 3.4. 
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3.2 The EARISS. 

The name EARISS stands for Energy and Angle Resolved Ion Scattering 
Spectrometer. This is a detector which, as the name does suspect, produces an energy 
and angle dependent signal. 
In figure 3.2 the used set-up is shown. 

I EARISS Souree 

1 1 Mass-filter 

liFI =-1 n Collector 
iil:;ll; ;!!:=!! jj;;jj;;jj;:l!l:l 

~.;,.-;;....:-..~..;.;;}-!i tx;;,-..;;; ......... :-.">1 

f:%?2?%?2%" ..... 1 ta"?/Z?:='Zl 

Slit 

Analyzer 

Collector 

\\\ 
Channelplates 

The ions are produced in the ion souree in top of theset-upand are accelerated to an 
energy up to 5 keV. They collide with the sample in the bottorn of the set-up. The slits 
select the ions which are backscattered with an angle of 145°. Ions backscattered with 
an angle of 145° but with a nonzero angular momenturn give rise toa decreasing angle 
resolution. The azimuth selector therefore selects only those ions with zero angular 
momentum. The beam of the remaining i ons is then focused by lenses V 1 and V2. The 
ions are accelerated by lens V3 and enter the analyzer which consists of rotation 
symmetrie plates. High voltage is supplied to these plates and by doing so only those 
ions with an energy of E=Epass ± 5% are able to pass through this analyzer andreach 
the detector. In order to have a good resolution this Epass has to be as small a possible. 
This would implicate that many measurements have to be done before the whole 
desired spectrum is measured and therefore damage would be done to the surface. The 
choice of Epass depends on these two considerations. In these experiments 
Epass =3 keV. This Epass ensures a good resolution and little damage to the surface. 
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The detector consists of three channelplates and a collector plate. These channelplates 
are rotation symmetrie plates piereed by many small channels. In the middle they have 
a passage for the ion beam coming from the ion source. 
The channels are coated with a high resistance material with a larger secondary 
electron emission coefficient. These channelplates are supplied with about 800 V, 
with a difference of 50 V between each plate. When an ion hits the wall of a channel, 
electroos will be ernitted and they in turn willliberate more electrons. So a cloud of 
electroos leaves the first channelplate. This cloud is accelerated between the first and 
the second plate and will be amplified in the second plate. The same thing happens in 
the third channelplate. The channels in the first and second channelplate are oot 
parallel to the beam and each other in order to create a larger emission of electrons. 
The cloud of electroos which leaves the third channelplate will grow larger in the 
"driftspace" and will than impinge on the collector plate. 
The design of this plate enables the determination of the position and the energy of the 
100. 

Figure 3.3 The collector plate design of the EARl SS detector. 

The collector contains two types of stripes, theE- and the <1>-stripes (see Figure 3.3). 
The E-stripes have a constant width in the <I> direction, but get wider towards the 
outside of the plate. loos with a high energy (so Epass+5%) will impinge on the outer 
region of the first channelplate. The emitted electron cloud will therefore also impinge 
on the outer region of the collector plate. The number of collected electroos on this 
E-stripe will be larger then when the cl oud would have hit the inner region of the 
collector plate and thus a smaller E-stripe. Because the electron cloucts will be 
different in size the signalis divided by the total charge Q101• This Q101 is determined 
by measuring the drop in voltage over the last channelplate when the cloud of 
electroos leaves this last channelplate. By following this procedure the energy of the 
ion is determined. 
The <1>-stripes widen as a function of <I> itself, while they remaio constant in width as a 
function of radius. So the received signal on the <1>-stripes divided by Q101 is a function 
of <1>. 
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The received signals are amplified together with the signal of Q101• The amplifiers 
make the signals suitable for the ADC' s. The digital val u es of E and <I> are than 
divided by the value of Q101 and put in a two-dimensional MCA (Multi Channel 
Analyzer). 
The output is a 2D histogram as can be seen in Figure 3.4a. The grey-values of the 
graph in the histogram are proportional to the number of collected ions. lf one is only 
interested in the yield as a function of either energy or angle, the total yield in the 
particular channel can be added together. These results are shown in Figure 3.4b and 
3.4c. 
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Figure 3.4 Yield as ajunetion of: energy and azimuth (a), azimuth (b) and energy (c). 

The typical error in theseexperimentsis 5 %. This error is basedon the error in the 
determination of the sensitivity for different elements and the statistica! error 
involved. 

17 



3.3 The Time-Of-Fiight technique. 

The Time-Of-Flight (TOF) technique is very useful in analyzing the composition and 
structure of the surface of a surface. Forward and backward TOF can be distinguished. 
The difference is that forward scattering makes it possible to detect particles removed 
from the surface by the incoming ions, the recoil particles, while backward scattering 
of course only uses the backscattered projectiles, which are scattered over 180 
degrees. They are complementary because with forward TOF also light elements can 
be detected and backward TOF has a high resolution for heavy elements. Another 
advantage of the backward TOF is that interpretation is relatively easy because no 
blocking occurs of binary collisions. This is not the case in forward TOF. 
The TOF technique is quite straightforward. When a partiele collides with another 
partiele energy is transferred. When the energy of the incident partiele is known, the 
energy of either the scattered or the recoil partiele is directly related to the mass of the 
target partiele (assuming a kinetic energy before the collision of this target partiele of 
zero). In TOF the flight time of the particles is measured. The flight time is directly 
related to the energy. In this way it is possible to determine the surface composition. 

sample 

Figure 3.5 A schematic view of the Time-Of-Flight set-up. 

In Figure 3.5 a schematic view of theset-upis shown. The ion souree creates a 
constant beam of ions. This beam is chopped by switching the voltage over the 
deflection plates between zero and a selectable voltage between 20 and 70 V. The ions 
with the proper mass are selected by the mass-filter. The incident ions on the surface 
of the sample scatter and may reach either the forward or the backward detector. The 
incident partiele can also remove a partiele out of the surface and this recoil partiele 
can reach the forward detector. 
The detectors are based on the same principle as the EARISS detector. They consist of 
two channelplates and one collectorplate. The collected charge is amplified and 
shaped into a voltage pulse. 
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In forward TOF the time of flight is measured by a T AC (Time to Amplitude 
Converter). This TAC is triggered by the pulse generator which drives the deflection 
plates and is stopped by the pulse from the amplified detector signal. The voltage from 
the T AC is converted into a digital value with an ADC and put into a MCA. 
An example of a forward TOF spectrum can be seen in Figure 3.6. 

800 r----r-----r---.------.---.----.--~-----, 

600 

200 

H 

10 

Pd 

20 
Flight time (J.ts) 

30 

Figure 3.6 An example of a forward TOF spectrum. 
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The timing diagram of the backward TOF is schematically shown in Figure 3.7. The 
delay-time and the start pulse are triggered by the repetition generator. The frequency 
of the repetition generator can be varied between 2-22kHz. The start pulse drives the 
deflection plates. During this pulse ions are able to pass through the deflection plates. 
When the delay-time bas passed the register shown in Figure 3.8 receives pulses 
during the measuring-time and the counters, also shown in Figure 3.8, start 
incrementing. 
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Figure 3. 7 The schematic timing diagram of the backward TOF. 
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A schematic diagram of the electronics involved is shown in Figure 3.8. The 
frequency of pulses coming from the pulse generator is divided by a factor M. This 
factor is selectable by the user. The measuring flip-flop is also driven by the signa} 
coming from the pulse divider and therefore the measuring time is selectable by the 
user (10,20,40,80,160*4060ns). 
The register is driven by the measuring time flip-flop and the detector pulses. When 
the register receives a pulse it pushes the zero downwards and by doing this it stops 
the first counter with counting pulses and so on. The values in the counters can be 
translated to flight-times. After the measuring-time has passed the counters and pulse 
generator are reset. By repeating this cycle the spectrum as shown in Figure 3.9 is 
generated. 
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Figure 3.8 A schematic diagram ofthe electranies involved in backward TOF. 
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Figure 3.9 An example of a backward TOF spectrum. 

The backward TOF is more efficient then forward TOF because it has 4 counters and 
is therefore able measure 4 i ons in every cycle, instead of the 1 ion the forward TOF is 
able to measure. 
The TOF detector measures, contrary to the EARISS detector, not only ions but also 
neutrals. In order to be only sensitive to the atoms in the surface it is therefore 
important to choose a good combination of the kind of incident ions, the energy and 
the incident angle. 

The structure of a surface can also be investigated by using the shadowing and 
focussing effects. 
When for instanee regularly spectra are taken while tuming the sample in the 
horizontal plane, the total yield in the peaks as a function of azimuth in the horizontal 
plane can be extracted. From this graph the directions of the main crystal axis can be 
determined, as the graph is symmetrie around these directions. 
When the angle of incidence is varied it is possible to focus on certain sites. When for 
instanee a stepped surface is used, information is obtained about the composition of 
the step-edge sites when the beam is focused on these sites. 

In these experiments the error is typically 10 %. This error is caused by the error in the 
determination of the detector sensitivity of different elements and the statistica! error 
involved. 



3.4 The investigated crystal. 

The investigated crystal is a PtsoRhso (611) single crystal with double atomie height 
steps. A (611) crystal has a miscut of 13° and it has a FCC structure which is shown in 
Figure 3.7, tagether with the direction of the steps. The [110] directionsis the step
down geometry, whereas the [TI 0] direction is the step-up geometry. 
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Chapter 4 Results. 

4.1 lntroduction. 

In section 4.2 EARISS experiments will be discussed, starting in paragraph 4.2.1 with 
the experiments done to extract the surface composition as a function of temperature. 
From these experiments a temperature can be determined at which the atoms are still 
mobile but not mobile enough to reach equilibrium when the temperature is rapidly 
decreasing. The mobility at this particular temperature is investigated in paragraph 
4.2.2. 
In section 4.3 backward TOF experiments in order to determine the step-edge 
composition as a function of temperature will be discussed. Therefore first the 
experiments to determine the step direction will be discussed in paragraph 4.3.1. The 
experiments which define the step-up direction are described in paragraph 4.3.2 and 
paragraph 4.3.3. Paragraph 4.3.4 finally contains the step-edge composition as a 
function of temperature. 
In section 4.4 the introductory oxygen absorption experiments on the surface of this 
PtRh crystal will be described. Recommendations for future work in this field will 
also be given in this section. 
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4.2 EARISS experiments. 

4.2.1 Segregation as a function of temperature. 

Experimental. 
In this section the temperature influence on the Platinum concentration at the surface 
is investigated. 
The experiments are done with the EARISS detector. The spectra were taken with 2 
ke V Ne+ ions. This combination of ion and energy provides a good resolution while 
the surface only has to be submitted toa dose of 1012 ions/cm2 for obtaining the 
desired spectrum. This dose is below the upper limit at which the surface is damaged 
in such a way that it influences the results of the experiment. 
The experiments were performed three times at different spots at each temperature in 
order to obtain better statistics. The number of counts in the peak area was determined 
using a fit program, which fits a Gauss to the peaks and a linear fit to the background. 
The total yield is the yield in the Gauss peak as calculated by the fit program. 
Before each experiment the crystal was flashed three times to a temperature of 1050 
degrees Celsius. 
Immediately after the last flash the crystal cools down to the desired temperature. 
From experiments done by Siera et al [4] it is known that by doing this equilibrium is 
reached sooner than when the crystal is heated from room temperature. The time the 
crystal is given to reach equilibrium was 10 rninutes above 700 degrees Celsius and 
60 minutes below 700 degrees Celsius. 
The sensitivity of the EARISS detector is different for different elements. This is 
among others due to the difference in crossection. In order to correct for this 
sensitivity reference samples were used. The used samples were a Pt( 111) and a 
Rh(100) crystal. The experiments on these reference samples were performed with an 
identical incident ion beam in order to have equal conditions and an equal number of 
incident ions at each reference sample. The error in the calibration can be ignored with 
respect to the measuring error in the actual experiments. This calibration revealed a 
sensitivity factor of 1.46 of Rhodium with respect to Platinum. The concentration of 
Platinum, Cpt, is now calculated with: 

C 
. m) _ Yield(Platina) 

100 Pr ( atomlc -;o - x . 
- Yield(Rhodium) x 1.46 + Yield(Platina) 

(12) 

Before these experiments the surface composition was measured immediately after 
sputtering without flashing and this indeed revealed a surface composition of 50 % 
Platinum and 50 % Rhodium. 
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Results and discussion. 
The results of the experiments are shown with the dots in Figure 4.1, where the 
concentration of Platinum is given in atomie percentage as a function of temperature. 
Also shown as the triangles are the results obtained by Moest et al [Barry] from a 
Pt25Rh7s ( 410) crystal. 
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Figure 4.1 The surface concentration of Platinum as a function of temperature of 
the PtsoRhso(611) crystal (•) and the PtzsRh7s (410) crystal (L1). Also shownare 
the corresponding fits which are ciarifled in the text. 

What can be seen in Figure 4.1 is that in our experiments the concentration of 
Platinum stays reasonably constant at about 83 % until 500 degrees Celsius and than 
decreases to 65 % at 1000 degrees Celsius. 
This indicates that the surface is not in equilibrium at temperatures ranging from room 
temperature to 500 degrees Celsius. When the crystal is flashed and than cools down 
to the desired temperature, the concentration of Platinum follows the ascending line. 
But at a certain temperature the surface "freezes" and the mobility of the atoms is too 
small to reach equilibrium. 
These results are in accordance with the results obtained by Florencio et al [7], who 
found a Platinum concentration of 80 % of the surface layer at 700 degrees Celsius of 
a Pt4sRhss (00 1) crystal. 
The spread at higher temperatures can probably be explained with the error in 
temperature measurement (50 degrees Celsius). This error in the temperature gives, 
due to steep slope of the curve, rise to an error of 3 % in the concentration. 

From Figure 4.1 it could be furthermore expected that the concentration at even higher 
temperatures decreases to the bulk value of 50 %. Due to the danger of melting of the 
surface layer at even higher temperatures this assumption was not verified. The 
experiments done by Moest et al [5] on a Pt25Rh75( 410) crystal, shown as the triangles 
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in Figure 4.1, show that the Platinum concentration decreases toa value of 35 %. This 
value also approaches the bulk value of 25 %. This assumption is furthermore 
confirmed by Si era et al [ 4] who found a Platinum concentration of 25 % of a 
Pt2sRh1sC 111) crystal at 1000 degrees Celsius. 

The results shown could indicate either a zero or a non zero interaction coefficient as 
described in section 2.2. 
The segregation energy in the case of a zero interaction coefficient can also be 
approximated with the broken bond model when only nearest neighbour interactions 
are considered. Moest et all [5] fitted their experiments with a Mlsub of 18 kJ/mol. 
This fit is shown in Figure 4.1 as the dasbed line. Also shown in Figure 4.1 with the 

dasbed line is the corresponding fit for our crystal with this Mlsub of 18 kJ/mol. In 
these fits it is taken into account that the surface composition is determined by a 
combination of the terrace and the step.:.edge atoms. lt can be seen that this broken 
bond model does not fit the obtained experimental data contrary to the results of 
Moest et all. 
The fitted line is not steep enough and as can be seen in section 2.3 this could indicate 
a non zero interaction coefficient. The dotted line shows the best fit for our results. 
This yields a ilG of 2 kJ/mol and an interaction coefficient Q of 15.5 kJ/mol. Also 
shown with asolid line is this fit applied to the experiments of Moest et al. It is very 
obvious that the solid line does not fit to the data. A larger interaction coefficient than 
the segregation energy is also not what is expected since Platinum and Rhodium have 
similar properties. This large interaction coefficient is therefore surprising. 
There have to be done more experiments on other structures and more theoretica} 
research has to be done in order to explain this behaviour. 

The Platinum enrichment at the surface when the surface free energies are looked 
upon. The surface energies of Platinum and Rhodium calculated by Skriver et al[12] 
are given in Table 1. 

Crystal Surface energy Crystal Surface energy 
(J/m2) (J/m2) 

Rh(lOO) 2.78 Pt(lOO) 2.35 
Rh(lll) 2.90 Pt(111) 2.48 

Table 1 Surface free energies. 

The surface energy of Platinum is lower than the surface energy of Rhodium. This 
explains why Platinum segregates to the surface. 

The freezing process implicates that at a temperature around 600 degrees Celsius, 
when the atoms are not mobile enough to reach equilibrium while the temperature is 
decreasing but still posses mobility, the Platinum concentration would rise as a 
function of time after freezing. 
The experiments done to verify this are described in the next section. 
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4.2.2 Segregation kinetics. 

Experimental. 
In this section the mobility of the atoms at 580 degrees Celsius is investigated in order 
to gain insight in the "freezing" process. This temperature is chosen because in Figure 
4.1 it can beseen that this temperature is around the critica! "freezing temperature". 
During these experiments the crystal was repeatedly sputtered and flashed three times 
befare each measurement. After the last flash the crystal caoled down and kept at the 
desired temperature of 580 degrees Celsius. To obtain the same cooling down process 
for the different experiments the exact same settings for the oven where used, rather 
then using the pyrometer to adjust the temperature. The temperature indicated by the 
pyrometer was only used as an indication for the temperature. The indicated time is 
the time between the moment that the temperature indicated by the pyrometer 
remained constant and the moment at which the actual experiment took place. In the 
experiments after 12 and 20 minutes only 2 spectra where taken. This gives worse 
statistics but was necessary in order to minimize the error in the time determination 
since each spectrum takes about 1.5 minute. In the experiments after 40 minutes and 
langer 3 spectra where taken again. 

Results and discussion. 
The results are shown in Figure 4.2, where the concentratien of Platinum is given as a 
function of time. 
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Figure 4.2 The surface concentration of Platinum as a function of time at 580 degrees 
Celsius ( •) with the corresponding fit ( solid fine). 
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As can beseen in Figure 4.2 the concentration rises up toabout 83.5 %. This confirms 
the assumption that the mobility of the atoms is not high enough to reach equilibrium 
while the crystal is cooling down, but when the temperature of 580 degrees Celsius is 
maintained the atoms are still mobile enough to reach equilibrium. Not shown in this 
graph is the experiment done after 15 hours. This experiment resulted in a 
concentration of Platinum of 84 %. This is consistent with the results shown in Figure 
4.2. 

At elevated temperatures Rhodium segregates to the surface. When the temperature 
decreases after flashing the Rhodium at the surface desegregates into the bulk. This 
desegregation can be described with a first order reaction, i.e. the rate of decrease in 
the Rhodium concentration at the surface dC/dt is proportional to the instantaneous 
Rhodium concentration at the surface C: 

dC 
-=-kC 
dt ' 

were kis the rate of desegregation of Rhodium into the bulk. 
For a concentration Co at an arbitrary time t = 0 this integration yields 

C = C0 exp(-kt). 

The Platinum concentration CPt (including the measurement after 15 hours) as a 
function of time can therefore be described by: 

Cp
1
(atomic_%) = 83.9- C0 · exp(-k · t). 

(13) 

(14) 

(15) 

The factor 83.9 is the equilibrium Platinum concentration at this temperature as can be 
seen in Figure 4.2. 
This fit yields Co= 4.84% and k = 0.023 s-1

. 
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4.3 Backward TOF experiments. 

4.3.1 Introduction. 

In this section the experiments performed in order to find the step-edge concentration 
as a function of temperature are discussed. These experiments are done by using the 
backward TOF. 
The step-direction has first to be determined. These experiments are discussed in 
paragraph 4.3.2. In paragraphs 4.3.3 and 4.3.4 the experiments are described to 
determine the step-up direction and possibly the angle of incidence needed for step
focusing. In paragraph 4.3.5 the actual step-edge measurements are discussed. 

4.3.2 Azimuth scan in the horizontal plane. 

Expe rimental. 
In order to measure the step-edge concentratien first the step direction has to be 
determined. The crystal is symmetrie around the axis perpendicular to the steps. When 
an azimuth scan is made with the backward TOF the yield in either peak must also be 
symmetrie around this axis. 
These experiments where done with backward TOF. The used i ons were 4 Ke V Ne+ 
i ons which ensures good mass separation together with a good detector efficiency. 
The sample was sputtered and flashed three times before the experiment took place. 
The sample was tumed in the horizontal direction over 360 degrees, where a spectrum 
was taken at every degree in the horizontal plane. In the resulting 360 spectra the total 
yield in the two peaks is accumulated at every degree. This is done by a program 
which simply adds all the counts in an arbitrary energy region. 

Results and discussion. 
The output of the fit program can be seen in Figure 4.3, where the total yield in the 
two peaks together is shown as a function of degrees in the horizontal plane. 
The changing total yield can be explained with different shadowing effects in different 
crystal directions. In certain directions the surface atoms lie in the shadow cones of 
each other and this means a decrease in total yield. 
In Figure 4.3 it can be seen that the graph is symmetrie around two directions. Those 
two directions are at 141 degrees and 326 degrees (the positions ofthe dotted lines). 
The graph should be symmetrie in the [110] and the[ITO] direction as shown in Figure 
3.7. These two directions should be 180 degrees apart, insteadof the measured 326 
minus 141 = 185 degrees. This can be explained with a bad cabbration of the 
manipulator in this direction 
(see Appendix A). 
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Figure 4.3 The total yield as a function of degrees in the horizontal plane. 

The graph is symmetrie when one pays attention to not only the position of the peaks 
but also to the slopes of the peaks. There are two regions however which are not 
symmetrie. Those are region A compared with region B. The two peaks at 65 and 90 
degrees in region A seem to disappear in region B. These regions were even larger in 
earlier experiments. By changing the position of the crystal with respect to the 
incident ion beam the regions were minimal in size at the current position. That there 
still is a non-symmetrie region can probably explained with the sensitivity of the 
Time-Of-Flight technique. When the incident ion beam for instanee is not exactly 
focused, the result could be a totally unfocused beam resulting in a large decrease in 
total yield. This could be caused by a not ideally horizontal positioned surface with 
respect to the incident ion beam. Another thought could be that the contiguration of 
the sample could influence the total yield when the incoming beam is blocked by, for 
example, the sampleholder. This was found to be not probable because when the 
contiguration of the sample was changed the non-symmetrie regions still existed. 
The step direction has now been determined but in order to measure the step-edge 
composition it is also necessary todetermine the [110] and the [TÏO] direction and 
possibly find the angle of incidence needed for step focusing as described in section 
2.1.3. 
These experiments are described in the next section. 
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4.3.2 Varying the incident angle at 141 degrees. 

Experimental. 
When the angle of incidence in backward TOF is varied it is possible to see focusing 
effects when the yield in either peak is shown as a function of angle of incidence. 
From the angle of incidence and the related focusing effects it is maybe possible to 
extract the angle of incidence when the incorning ions scatter from step-edge sites. 
In these experiments the incident angle of the ion beam was varied between 7 and 50 
degrees. The sample was placed at 141 degrees in the horizontal plane. The crystal 
was sputtered and flashed three times prior to the experiments. The experiments are 
carried out at room temperature. At every degree a TOF Backward spectrum is 
obtained. In the acquired spectra the peaks are fitted with a Gauss. The yield in this 
peak is a measure for the i ons scattered in binary collisions. A demonstration of this 
fit program caobeseen in Appendix B. 
The output of the program is the yield in the Gauss peaks as a function of degrees, 
since only the ions scattered through binary collisions are an indication for the 
concentrations at the surface. 
Also in the TOF experiments the sensitivity of the detector, which is different for 
different elements, has to be taken into account. From previous experiments on PtRh 
crystals with 4 ke V Ne+ ions it is known that the sensitivity of Rhodium is 2.8 with 
respect to Platinum. 
The Platinum concentration Cp1 in atomie percentage is calculated in the following 
way: 

C ( 
. 01 ) Yield(Platinum) 

100 Pt atomtc -;o = x . 
- Yield(Platinum) + 2.8 x Yield(Rhodium) 

(16) 

Due to the (611) structure of the crystal, as shown in Figure 4.4, the second layer is 
also visible to the incident beam, and therefore contributes to the measured 
concentration. 
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"' "' Figure 4.4 The direction of the incident ion beam on the crystal. The circles 
re present the first layer atoms, the crosses the second layer atoms. 
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From these experiments the Platinum concentration can also be calculated and from 
this the concentration the contri bution of the second layer can be determined, since it 
is known from Florencio et al [7] that the Platinum concentration of the second layer 
is 30%. 

Simulations. 
In Figure 4.5 mirror reflection, the slide effect and neighbour focusing are 
demonstrated by using a simulation program. lt was not possible in this simulation 
program to create the ( 611) surf ace. 
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Figure 4.5 Examples ofmirror reflection (a), slide effect (b) and neighbour focusing (c) 
created by using a 2 dimensional simu/ation program. 

Results and discussion. 
The results can be seen in Figure 4.6, where the Platinum and Rhodium yield are 
shown as function of the incident angle of the ion beam. 
The decrease in yield below 15 degrees is due to the fact that the incident ions are in 
the mirror reflection mode and are not able anymore to reach the detector (see Figure 
4.5a). 
The maximum at 23 degrees in Figure 4.6 is due to neighbour focussing (see Figure 
4.5c). 
In the range between 28 degrees and 45 degrees the incident ion beam is in the 
unfocused mode. This means that every site will receive the sameion-flux and thus 
will the ion beam "see" every site equall y. 

32 



At 45 degrees the signal starts rising again which is probably due to focussing on the 
second layer. According to experiments done by Florencio et al [7] this layer should 
be Rhodium enriched. Unfortunately the setup does not allow measurements at larger 
angles of incidence. 
The peak of the Rhodium signal is not in the same place as the peak of the Platinum 
signal. This is due tothefact that the impact parameter in neighbour focusing of 
Rhodium is smaller than the impact parameter of Platinum. This results in a larger 
angle of incidence needed for neighbour focusing for Rhodium. 
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Figure 4.6 The Platinum (solid line) and Rhodium (dashed fine) yield as ajunetion of 
incident angle. 

The Platinum concentration, with correction for the sensitivity, as a function of 
incident angle is given in Figure 4.7. 
Th ere are several interesting aspects in this Figure 4. 7. 
In paragraph 4.3.4 it will be determined that this direction at 141 degrees is the step
down direction. This explains the value of concentration between angles of incidence 
ranging from 13 to 17 degrees. In this range the ions scatter from the step-edges and 
from terrace atoms near the step-edge. The height of this plateau in comparison with 
the rest of the graph is a first indication that the step-edges contain more Platinum, 
because relatively more step-edge sites are measured than at largerangles of 
incidence. This is also already seen by Moest et all on a PtRh(410) crystal [5]. 
The concentration then drops to a value of 45 % at an angle of incidence of 26 
degrees. This is caused by neighbour focusing. 
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Figure 4. 7 The Platinum concentration with correction for the sensitivity as a 
function of incident angle at 141 degrees. 

There is another plateau between 30 and 40 degrees at a value of 55 %. This plateau is 
due to the fact that at these angles of incidence the incident ion beam is in the 
unfocused mode. This plateau is not at the same height as the minimum at 26 degrees. 
This is caused by the fact that in neighbour focusing not every site, for instanee a step
edge site and a terrace site, is seen equally by the detector. 
From this plateau at 55 % it is possible to calculate the yield coming from the second 
layer with: 

55% = ê x 83% + (1- ê) x 30%' (17) 

where 55 % is the height from the plateau, 83 % the Platinum concentratien as 
measured in section 4.2, 30 % the Platinum concentratien in the second layer as found 
in experiments done by Florencio et al [7] on a PtsoRhso (00 1) crystal and E the 
percentage of ions scattered from the first layer. 
This yields E = 47 %. So half of the detected ions are scattered from the first layer and 
the other half from the second layer. 
The Platinum concentratien than decreases further toa value of about 40 %. At these 
larger angles of incidence incoming ions are getting focused on the second layer and 
this layer is Rhodium enriched as mentioned earlier. Therefore the Platinum 
concentratien decreases. 

In these experiments step-focusing can not be seen. The only way to determine the 
step-edge concentratien is by using the "slide" effect as shown in Figure 4.5b. The 
incoming ions slide over the surface and scatter from either the step-edges or surface 
defects. In order to determine the step-up direction the same experiments have been 
done in the direction at 326 degrees. 
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4.3.4 Varying the incident angle at 326 degrees. 

Experimental. 
In this section the experiments are described which were done in order to determine 
the step-up direction. 
In these experiments the same conditions were used as described in section 4.3.2. 
Now the crystal is tumed to the position of 326 degrees. The obtained spectra were 
analyzed with the samefit program used in paragraph 4.3.2. 

Results and discussion. 
The results can be seen in Figure 4.8, where the total yields of Rhodium and Platinum 
are given as a function of angle of incidence of the ion beam. 
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Figure 4.8 Yield of Platinum (solid fine) and Rhodium (dashed fine) as ajunetion 
of angle of incidence at 326 degrees. 

In this figure can be seen that the decrease at low angles of incidence, due to the 
mirror reflection mode, occurs again at angles of incidence lower than 9 degrees. At 
higher angles of incidence, up to 32 degrees, the incoming ions "slide" over the 
surface due to the potentials of the surface atoms. This implicates that the incoming 
atoms slide over the surface and than scatter of either a step-edge atom or a defect. 
The peak at 42 degrees can be subscribed to neighbour focussing. The effect of step 
focussing again can not be seen in these experiments. 
The small peak: at 52 degrees in the Rhodium concentration is probably due to 
focusing on the second layer which is Rhodium enriched as mentioned earlier. 
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When Figure 4.8 is compared with Figure 4.6 it can beseen that the peak of the 
neighbour focussing in Figure 4.6 lies at an incident angle of 23 degrees, while in 
Figure 4.8 this peak lies at an incident angle of 42 degrees. This difference can be 
explained with the configuration of the surface as shown in Figure 4.9 . 
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Figure 4.9 Schematic representation of the surface. 

In Figure 4.9 e is the angle of incidence needed for neighbour focusing. This leads to 
the angles a.1 and a.2 which are the angles of incidence as measured in these 
experiments. 
From the difference in the angle of incidence which causes neighbour focusing it can 
be concluded that the angle ~. the miscut of the crystal, is about 10 degrees as shown 
in Figure 4.9. The miscut of a (611) crystal is 13 degrees. This difference can be 
explained with a not ideally horizontal positioned sample. lt could be caused by a tilt 
of 0.4 mm. on one side of the crystal which is 7 mm. in diameter. This is not unlikely 
in the used setup. 
Por the step-up direction the neighbour focusing occurs at a larger angle of incidence 
then for the step-down direction as can be seen in Figure 4.9 ( a.1 > a.2). From this it 
can be concluded that the [ITO] direction is indeed positioned at the angle of 326 
degrees in the horizontal plane (neighbour focussingat 42 degrees), while the [110] 
direction is positioned at an angle of 141 degrees in the horizontal plane (neighbour 
focussingat 23 degrees). 

In figure 4.10 the Platinum concentration with correction for the sensitivity of the 
detector is shown. 
The "slide" effect as described on the previous page implicates that in the range from 
10 degrees up to 32 degrees the concentration should remain constant, because in this 
range the measured concentration equals the step-edge concentration. As can be seen 
in Figure 4.10 this is indeed the case. 
There is no plateau at the position of the neighbour focussing. An explanation is that 
the peak is too small to have a plateau in the concentration profile and because the 
concentration keeps decreasing this particular plateau can not be distinguished, 
contrary to the step-down direction where this plateau is a local minimum. 
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Figure 4.10 The Platinum concentration with correction for the sensitivity as a 
function of incident angle at 326 degrees. 
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4.3.5 Step-edge concentration as a function of temperature. 

Experiments. 
In the previous sections it was concluded that the position of 326 degrees in the 
horizontal plane is the m 0] direction. lt was also seen that in this direction the 
incoming ions "slide" over the surface and scatter not only from the step-edge atoms 
in the range of 15 to 32 degrees, but also from the atoms in the second layer of the 
step. 
In order to investigate the step-edge concentration this direction of 326 degrees in the 
horizontal p1ane and an ang1e of incidence of 20 degrees are used. 
The Platinum concentration is calculated according to formula (16) in paragraph 4.3.2. 
The crystal is sputtered regularly and is flashed three times before each measurement. 
After the last flash the sample is cooled down to the desired temperature. At this 
temperature the crystal is given 60 to 90 minutestoreach equilibrium. 

Results and discussion. 
The results are shown with the dots in Figure 4.11. Also shown in Figure 4.11 with 
the triangles are the results obtained by Moest et al [5] on a Pt2sRh?s(410) crystal. 
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Figure 4.11 The Platinum concentration in the step edges as ajunetion oftemperature 
for the Pt50Rh5o(611) crystal ( •) and a Pt25Rh75(4JO) crystal (,1). 
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In Figure 4.11 it can be seen that up to 300 degrees Celsius the Platinum concentration 
stays constant at around 90 %. After 440 degrees Celsius the concentration drops to 
82 % at 700 degrees Celsius. This concentration is a lower limit to the real step-edge 
composition, as not 100 % scatters from the step-edges. Wh en is assumed that 50 % 
scatters from the sites below the step-edge sites and that the composition of these sites 
equals the terrace composition of 80 %, the actual step-edge concentration at room 
temperature would be 95 %. 
In comparison with the surface concentration of Platinum as measured in section 4.2, 
the step-edge concentration of Platinum is significantly higher. This is in accordance 
with the results from Moest et al [5] and Wouda et al [6]. They also find a higher 
Platinum concentration at the step-edges. 
These results can not be fitted because of the upper limit in temperature of 700 
degrees Celsius. This upper limit is due tothefact that the Time-Of-Flight detector is 
not able to measure when e-beam heating is used. Without this e-beam heating the 
crystal can only be heated up to 700 degrees Celsius. 
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4.4 lntroductory absorption experiments. 

Experiments. 
In this section the introductory experiments investigating the absorption of Oxygen 
and the influence of this absorption on the surface composition are descri bed. This is 
very interesting from a catalytic point of view. 
The crystal was sputtered regularly and flashed three times prior to all the 
experiments. 
The experiments we re done with the EARISS detector and 2 ke V He+ i ons. The 
incident ion beam is approximately identical in the different experiments. 
The results are shown in Figure 4.12. 

-~ c 
::J 

1000 

8 500 -

0 
0 500 1000 1500 2000 

Energy (eV) 

Figure 4.12 TOF-Backward spectra obtained after in chronological order: flashing 
( solid fine), treatment with 2 ·1 o-7 mbar 02 during 45 minutes ( dotted fine) and 
treatment with 3 ·10-7 mbar H2 during 30 minutes ( dashed fine). 

First a spectrum of the crystal prior to Oxygen treatment was taken. This is shown in 
Figure 4.12 as the solid line. 
The crystal wasthen exposed to Oxygen during 45 minutes with a pressure of 3·10-7 

mbar. The spectrum was taken after the Oxygen was removed from the vacuum 
chamber. This spectrum is shown in Figure 4.12 as the dotted line. It can be seen that 
there is a peak at about 800 eV. The calculated Oxygen peak with 2 keV He+ is 
situated at 788 eV, soit cao be concluded that Oxygen is absorbed on the surface. 
Furthermore the peaks of Rhodium (left peak) and Platinum (right peak) decrease in 
height. The Rhodium peak decreases less than the Platinum peak. This could be due to 
Rhodium segregation but it is also possible that Oxygen preferentially absorbs on 

40 



Platinum and thereby decreases the Platinum signal. According to van Delft [ 1 0] 
Oxygen absorbs preferentially on Rhodium instead of on Platinum. · 
When it would be possible to remove the Oxygen at low temperatures the real surface 
composition can be obtained and also could be determined if Oxygen absorbs 
preferentially, for at low temperatures the mobility of the atoms is too low to reach 
equilibrium. 
Therefore the crystal is exposed at room temperature to Hydrogen during 30 minutes 
with a pressure of 2 ·10-7 mbar. This is shown in Figure 4.12 as the dasbed line. The 
spectrum is taken after Hydrogen is removed from the vacuum chamber. lt can be seen 
that indeed the yield in the Oxygen peak decreases with about 50 %. Both peaks 
increase but the Rhodium peak increases also with respect to the Platinum peak. From 
this it can be concluded that when Oxygen is absorbed on the surface Rhodium 
segregates to the surface. This is also seen in experiments done by Tamura et al [8], 
Matsumotoet al [9] and van Delft [10]. 

In future work it is recommendable to heat the sample to a temperature of, for instanee 
200 degrees Celsius, when the crystal is exposed to Hydrogen. At these temperatures 
the Oxygen is expected to be removed from the surface more easily, while the 
mobility of the atoms is too small to have a change in surface composition, as can be 
concluded from the EARISS experiments in section 4.2. 
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Chapter 5 Conclusions. 

The Platinum concentration of a PtsoRh50 (811) crystal at room temperature is 
83 ± 3 %. This is in accordance with experiments done by Florencio et al [7]. When 
the crystal is heated this concentration remains constant up to 600 degrees Celsius and 
then decreases to 65 % at 1000 degrees Celsius. The broken bond model can not 
explain this behaviour, contrary to the model with a non-zero interaction coefficient. 
The Platinum concentration of a PtzsRh7s ( 410) crystal can however be well described 
with the broken bond model. Therefore more experiments have to be done to explain 
this different behaviour. 
The Platinum enrichment at the surface can be understood when the surface free 
energies are looked upon. The surface energies of Platinum and Rhodium calculated 
by Skriver et al[ 12] are given in Table 1. 

Crystal Surface energy Crystal Surface energy 
(J/mz) (J/mz) 

Rh(lOO) 2.78 Pt(100) 2.35 
Rh(lll) 2.90 Pt(111) 2.48 

Table 1 Surface free energies. 

The surface energy of Platinum is lower than the surface energy of Rhodium. This 
explains the Platinum segregation. 

When the crystal is flashed and cooled down to 580 degrees Celsius the time 
dependenee of the Platinum concentration, Cpr. in atomie percentage at this 
temperature can be expressed as: 

C PJatomic_%) = 83.9 - C0 exp( -kt). 

where C0 is an arbitrary constant and k is the rate of desegregation of Rhodium into 
the bulk. This fit yields Co= 4.84% and k = 0.023 s-1

• 

The direction of the steps can be determined by performing an azimuth scan in the 
horizontal plane with Time-Of-Flight. 
By varying the angle of incidence in the two directions perpendicular to the step 
direction the step-up and step-down direction can be distinguished. 
No step focussing can be seen in these experiments, but by using small angles of 
incidence it is possible to measure the composition of the step-edge atoms as the 
incident ions "slide" over the surface and only scatter of the step atoms or defects. 
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The experiments show that the Platinum concentration at room temperature is in the 
range between 88 and 92 %. It remains constant up to 440 degrees Celsius and than 
decreases to 82 % at 700 degrees Celsius. This concentration is a lower limit to the 
real step-edge composition, since not all incoming ions scatter from the step-edges. 
When is assumed that 50 % scatters from the sites below the step-edge sites and that 
the composition of these sites equals the terrace composition of 80 %, the actual step
edge concentration at room temperature would be 95 %. 
The enhanced Platinum segregation to the step-edges is in agreement with 
experiments done by Moest et al [5], which also show more Platinum enrichment in 
the step-edges of a PtRh( 41 0) crystal. 

The crystal has been exposed to Oxygen during 45 minutes with a pressure of 3·10-7 

mbar. From the EARISS experiments it can be seen that Oxygen is absorbed on the 
surf ace. The yield of both Rhodium and Platinum in the EARISS spectrum decrease. 
The Rhodium yield decreases less with respect to the Platinum yield. This could be 
due to Rhodium segregation but it is also possible that Oxygen preferentially absorbs 
on Platinum and thereby decreases the Platinum signal. 
When it would be possible to remove the Oxygen at low temperatures the real surface 
composition can be obtained, for at low temperatures the mobility of the atoms is too 
low to reach equilibrium. 
Therefore the crystal has been exposed at room temperature to Hydrogen during 30 
rninutes with a pressure of 2·10-7 mbar. In the EARISS spectrum it can beseen that 
indeed the Oxygen yield decreases with 50 %. The Rhodium peak increases relatively 
to the Platinum peak. From this it can be concluded that when Oxygen is absorbed on 
the surface Rhodium segregates to the surface. This is also seen in experiments done 
by Tamura et al [8], Matsumotoet al [9] and van Delft [10] on PtRh crystals. 
There have to be done more experiments investigating Oxygen absorption in order to 
gain more insight and to be able to quantify the effect of Rhodium segregation due to 
Oxygen absorption. 
In future work it is recommendable to heat the sample to a temperature of, for instanee 
200 degrees Celsius, when the crystal is exposed to Hydrogen. At these temperatures 
the Oxygen is expected to be entirely removed from the surface, while the mobility of 
the atoms is too small to have a change in surface composition, as can be concluded 
from the EARISS experiments. 
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Appendix A. 

The graph shown is obtained when the azimuth scan in the horizontal plane as shown 
in Figure 4.3 is folded around the symmetrie point of 141 degrees. 
It caobeseen that the calibration of the step-motor drive is oot correct and that the 
position of the corresponding peaks shift. 
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Appendix B. 

In this figure a demonstration can be seen of the fit program used in analyzing the 
Time-Of-Flight spectra. 
In the acquired spectra the peaks are fitted with a Gauss. The tail of the peak, which 
consists of ions multiply scattered, is fitted as a linear curve starting at zero at the 
position of the FWHM on the left hand side of the peak of the Gauss curve. It rises 
Jinear until the position of the FWHM on the right hand side. At that point the curve 
drops exponentially. The overall background is taken to be linear. 
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Appendix C. 

This graph shows the total yield of the Time-Of-Flight detector as a function of time. 
1t caobeseen that the total yield drops with about 20 %. This is due to the stahilizing 
gas pressure in the ion source. 
During long measurements this effect has to be taken into consideration. 
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