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"Hier wordt gener waarheid gezegd,

hier wordt der we tenschap gepleegd. "

Prof. Prlwytzkofski MV I58-8854

ERRATA
AB A ^

p.120: read 'I elem, 'I elem instead of I elem, I elem
p.120: read "where F is a constant factor".
p.120: read 'I elem instead of I elem
p.120: omit F in eqs.(17) and (18) and in the second sentence after (18).
p.122: omit F in the first sentence.
p.169: Eq(l) - read the left ratio with indexes "all" and

interchange A and B in I elem and I elem
p.169: Eq(2) - read the left ratio with indexes "all"
p.170: line I and 16, read "all" instead of "rel"
p.170: read I , I with an index "all"
p.170: line 1 and 15, omit "relative"
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STELLINGEN

Bij de interpretatie van hun blanco metingen hebben Hayashi en Kauasaki

geen rekening gehouden met de aanwezigheid Van Pt-electroden in kun cel.

Hierdoor zijn hun conclusies met betrekking tot de thermische desorptie

van koolmonoxide van glas aan twijfel onderhevig.

N. Hayashi en K. Kawasaki J.Catalysis í»8 (1977) 2^3.

II

Wood en Wise gaan bij de analyse van hun Auger Electronen Spectroscopie

metingen aan Pd-Ag en Pd-Au legeringen uit van een aantal vooronderstel-

lingen die door voor hen toegankelijke literatuur gegevens worden weerlegd.

B.J. Wood en H. Wise Surface Sei. 52 (1975) 151.

Ill

Bij een analyse van een natuur-wetenschappelijke sub-discipline door middel

van citaten is, indien deze sub-discipline een technisch getint karakter

heeft, een citaten analyse van octrooien een noodzakelijke aanvulling op

de gebruikelijke citaten analyse Van publicaties.

IV

De waarde van de electronen uittree-arbeid van het W-110 vlak zoals op-

gegeven door Prutton in zijn boek "Surface Physics" is niet in overeen-

stemming met de hem ter beschikking staande literatuur gegevens noch met

het door hem in zijn boek vermelde model.

H. Prutton Surface Physics Clarendon Press Oxford (1975)

J.C. Riviêre Solid State Surface Science 1 (1969) 179-



Gezien de onbepaalbaarheid van de onbetaalbaarheid van het Nederlandse

landschap han het beginsel "de vervuiler betaalt" moeilijk van toepassing

zijn op natuur- en landschapsbescherming.

VI

Het door Izumi uitgevonden verschijnsel van "telepathische katalyse" mist

behalve elk experimenteel bewijs ook rechtvaardiging door de theorie.

V. Izuroi Proc. Japan Acad. 53 (1977) 38.

VII

De bepaling van de standaarddeviatie in het gehalte acetosal van zetpillen

zoals beschreven door Cox c.s. is onjuist.

H.L.M. Cox, R.P. Dessing en C.P. Scholten Pharm. Weekbl. 113 (1978) 398

VIII

Het in het proefschrift van Jonkheer beschreven verschijnsel dat de hoe-

veelheid katalysator, die wordt gebruikt van invloed is op de ligging van

het evenwicht van de beschouwde reactie zou de weg openen voor een perpetuum

mobile.

P.C.Th.M. Jonkheer proefschrift Leiden

IX

Volgens de beschikking van de staatssecretaris van sociale zaken en volks-

gezondheid Van 7 oktober 1966 nr 181286, en de wet op de geneesmiddelen-

voorziening artikel 2.7 lid S, zou de apotheker en de apotheekhoudend genees-

kundige zorg moeten dragen dat, indien op een recept de aflevering van een

zelfstandigheid, welke wordt gebruikt ter onderdrukking van de ovulatie bij

de mens, wordt voorgeschreven, het bij de verpakking daarvan gevoegde

geschrift (inhoudende inlichtingen omtrent het geneesmiddel), niet met het

geneesmiddel wordt afgeleverd ten behoeve van de in het recept met name dan

wel met cijfers of letters aangeduide persoon. Het bovenstaande kan niet de

bedoeling van de wetgever zijn geweest.

stcrt 1966, 197

stb 1975, 557.



Het doop middet Van prijzenbesahikkingen maximaliseren van prijzen en

tarieven voor nagenoeg alle goederen en diensten heeft in het merendeel

van de voorkomende gevallen eerder een prijsverhogend dan een prijsstabi-

liserend effect.

XI

Gezien de gevoeligheid van geneesmiddelen voor vocht en warmte verdient het

aanbeveling om medicijnkastjes esthetisch zodanig vorm te geven, dat men ze

ook buiten de badkamer op kan hangen.

XII

In hun artikel over het opdampen van Fe over Si passen Eidgaay en Haneman

de formule Van Gallon verkeerd toe.

J.W.T. Ridgway en D. Haneman Surface Sei. 2k (197D ^51.

XIII

Hoewel de metingen die in dit proefschrift beschreven zijn, met behulp van

een "manipulator" werden verkregen, dient hier niet uit te uorden opgemaakt

dat met de metingen gemanipuleerd zou zijn.

XIV

Gezien zijn spelregels dient hockey als een "rechtse" sport te worden

gekarakteriseerd.

F.J. Kuijers Leiden, 14 juni 1978
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P r e f a c e

This thesis comprises eight chapters of which Chapter V

has already been published in Surface Science. Chapter IV ( co-authors

B.M. Tieman and V. Ponec) has been accepted for publication in Surface

Science and will appear soon. The Chapters VI and VII ( co-author V. Ponec)

have been submitted for publication to the "Applications of Surface

Science" (accepted) and the "Journal of Catalysis", respectively.

In Chapter I motives which led to this work are discussed.

Chapter I I presents a brief survey of the theory of Auger Electron Spec-

troscopy. Chapter I I I deals with the experimental methods and the apparatus

used in this thesis. The thesis is closed by Chapter VI I I with a general

discussion and conclusions.
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Chapter I

I N T R O D U C T I O N

1.1 INTRODUCTION

Almost 200 years after J . Priestly discovered by coincidence

the catalytic activity of a stone tabacco-pipe in the conversion of alcohol,

heterogeneous catalysis has become very important in modern society.

More than 90% of the modern industrial chemical processes

make use of catalysis, and catalysis is involved in the production of a

great variety of products ranging from chlorine to margarine. In future,

catalysis may even play a s t i l l more important role, due to its potential

contribution to the solution of the world energy problem. The production

of liquid fuels from coal is mainly a catalytic process (e.g. the Fischer-

Tropsch synthesis) which is accompanied by many problems of fundamental as

well as of engineering nature and can s t i l l be very much improved.

Two problems have a central position in fundamental catalytic

research v i z . :

1. activity and

2. selectivity of the catalysts.

r e . l . Activity and stability of catalysts are very important and are

governed by factors such as surface area and surface composition

of the catalysts, the temperature and other reaction conditions,

chemical properties of the reaction components etc.

re.2. The selectivity as well as the selectivity of a solid catalyst

13



may - in principle - be determined by the electronic structure of the

catalyst (electronic factor, 1igand effect) and (or) by the surface

composition and structure (geometric factor, ensemble effect).

Both factors are, of course, not independent cf each other

and this can cause quite complicated situations, particularly when working

with alloy catalysts. Actually, any discussion on the catalytic properties

of alloys should be based on the knowledge of the surface composition and

information with regard to the changes in the electronic structure due to

alloying.

The exact reason why one catalyst is more active and selective

than another is - for most reactions - unknown. Nevertheless, the trend

of the catalytic practice is towards multi-component catalysts. Each com-

ponent specifically influences some aspect of the overall catalytic process

inclusive the side processes like poisoning, sintering, chemical side

reactions etc.

Much of the work in the design of new catalysts is still done

by empirical research with a big role for "catalytic intuition". The theo-

retical background of catalysis is still very incomplete and because of the

complexicity of the problems no dramatic improvement can be expected on

short term.

However, this does by no means mean that there is no perspec-

tive at all. One field where much success has been booked in recent years

is catalysis by alloys, already briefly mentioned above.

Actually, this is not a subject which has been introduced

but recently. It was already Ipatief who discovered in 1910 that alloying

of two metals improves both the activity and selectivity of catalysts.

Much experimental work has been performed thereafter and the most recent

achievement is the finding that alloys like Pt-Re, Pt-lr, Pt-Ni, Pt-Sn etc

are very good catalysts for the reforming of hydrocarbons. The understanding

of catalysis by alloys progressed very much in last years. However, in many

cases the progress of the theory is still hindered by the absence of re-

liable knowledge of the surface composition of alloys and more work in this

direction was, and still is required.

In this thesis the determination of the surface compositions

of a number of catalytic systems is described and the relation of the

surface composition to the catalytic properties is discussed.

The means to determine the surface compositions of alloys are

lit



numerous but each technique has i ts own drawbacks, ei ther of experimental

or f inancial character. To give an impression of the poss ib i l i t i es a survey

of available techniques is presented in Table 1.

TABLE I

Comparison of surface sensit ive techniques

technique price advantage disadvantage

work-function cheap
(

p
k/)

selective chemi- cheap
sorption

very surface sen-
sitive

surface sensitive

rather surface sensitive
expensive

Auger Electron
Spectroscopy

Low Energy Ion
Scattering

AES combined with very surface sensitive
LEED and ESCA expensive

()

expensive very surface
( ) sensitive

no quantitative method
not general applicable.

quantitative, but the
surface composition may
be influenced by the
method itself,not gene-
ral ly applicable.

quantitative, but cali-
bration may be difficult
as well as the inter-
pretation of data.

quantitative, almost all
combinations of elements
can be analysed.
No UHV set up available
yet.

quantitative, but cali-
bration may be difficult
as well as interpreta-
tion of the data.

1.2 The systems studied

In our laboratory many alloy systems have already been inves-
2 3 4

t igated by means of selective chemisorption * and work function measure-

ments ' . Auger Electron Spectroscopy has been added to these methods in

order to obtain addit ional information on the surface compositions of al loys

which have already been studied and to have an independent check of results

obtained in future by one of the other methods.

I t was also expected that a proper use of Auger Electron

Spectroscopy would f i n a l l y set t le some controversies which have been accu-

mulated in l i t e ra tu re in the course of time. In Fig. 1 as an example of

such controversies, some data re f lect ing the surface composition of Ni-Cu

alloys are presented.

15



(au.)

Hads
(au.)

Hads
(au.)

Sachtler et al.

v.d. Plank et al

Cadenhead et al.

Franken et al.

» Ponec et al.
° Sintelt etal

Engels et al.

20 40 60 80 20 40 60 80

Fig. 1

Compilation of some literature data on the Ni-Cu alloy system.
n

The work function measurements are from Sachtler et al. and
o

Franken et al. • The hydrogen adsorption measurements are of
Sachtler and v.d. Plank , Ponec et al. , Sinfelt et al.11,

22
Cadenhead et al. ( o - adsorption at 78 K,O- adsorption at

173 K) and Engels et al.13.

The authors ' usually make an assumption that the ex-

tent of H or CO adsorption or the intensity of the relative Ni
17—25

Auger signal (corrected for sensitivity etc) is proportional

to the Ni content in the surface. This was — as a very rough

approximation - also expected with respect to the work function

changes. In the complete absence of surface enrichment a diagonal

straight line should then be expected in all such graphs as

shown here.
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d
(au.)

AES
(au.)

AES
(au!

»Lyubarskii
et al.

/ ' —Engelsetal

o Harris
"Helms et al .

Takasu et al .

Harberts et al .

»o

°Ertl et a l .
"Quinto et a l .

20 40 60 80 20 40 60

Fig. 1
14CO - adsorption data by Lyubarskii et al. ( o and full line),

Engels et ál. (dashed line)3 Barbevts et ál. ( * PJO phase

alloys, o one phase alloys).

AES data by Bcavis1'1', Helms et al.18~20, Ertl et ál.21'28,

Quinto et al. , Takasu et al. and Watanabe et ál.

( o: high energy signals; A: low energy signals).
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I t can be seen that the data, in spite of being abundant, are

rather contradictory. Of course, when the various data are being compared

i t should for example not be forgotten that the work function measurements
7 8

supply us with only a qual i ta t ive picture of the surface composition.

The apparent contradict ion between the results obtained by

hydrogen and carbon monoxide adsorption measurements is most

s t r i k i ng . The Auger data presented in Fig. 1 also d i f f e r considerably where-

by i t should be mentioned that Helms and Watanabe et a l . used low-

energy electrons while high-energy electrons were used by a l l other workers.
Al l th is confusion in the information available in the l i t e ra tu re ( a pre-

25
pr int of Watanabe1s work only reached us during the preparation of our

own manuscript) wi th a rather simple system ( l i ke Ni-Cu al loys) led us to

the choice of Ni-Cu al loys as a f i r s t object of our studies.

The l i t e ra tu re data on the surface composition of Pd-Ag al loys

although less extensive, show similar contradictions. Chemisorption data
R7

and work function measurements indicate a rather pronounced surfacep

enrichment in s i lver whereas the published Auger data ' suggest only a

marginal ( i f any at a l l ) surface enrichment. For cata lys is , knowledge of

the surface composition of Pd-Ag alloys is very important for any attempt

to establish the role of the two effects mentioned above v i z . the geometri-

cal and electronic e f fec t .

In contrast to Ni-Cu al loys where the holes in the d-band

stay localized in the Ni-atoms even when ferro magnetism disappears (the

average electronic structure of Ni-metai is always 3d As " ) , the elec-

tronic structure of the Pd-atom changes by al loying from ltd 5s ' (pure

metal) to Ad 5s (the electronic structure of free Pd-atoms^ * ) .

This means that for Pd-Ag alloys changes in cata ly t ic a c t i v i t y , when found,

can in pr inc ip le be also at t r ibuted to an electronic (1igand) e f fec t . How-

ever, we must f i r s t know whether there is Pd (and how much) in the surface

at Ag bulk concentrations, for which Pd is already ent i re ly diamagnetic

(Ag>50%). The selection of Pd-Ag al loys as an object for our studies was a

consequence of these considerations.

The surface compositions of the other two a l loy systems d is -

cussed in th is thesis (P t - l r and Pt-Pd) cannot be studied by selective

chemisorption since no suitable gas is available that is only adsorbed by

one component. Auger Electron Spectroscopy is thus one of the few possibi-

l i t i e s which is l e f t .

J' A
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Pt— Ir alloys are of particular catalytic interest due to

their outstanding properties in reforming processes . I t seemed strange

that the surface composition of these alloys has never been investigated

before. The knowledge of the surface composition could namely have been

a key for the explanation of the catalytic results.

Another system studied in this thesis was the Pt-Pd alloy

system. Up to now, these alloys have not been used frequently as catalysts.
3h 35

However some data are already available. Gomez et al. ' studied benzene

hydrogenation and dehydrogenation of cyclohexane. Grjaznov et a l . re-

ported that alloying with Pd increased the dehydrocycl ization act ivi ty of

Pt-catalysts. The interpretation of these results is far from being satis-

factory - among others - because of the complete lack of information on

the surface composition of these alloys.

However, there were more reasons to investigate the surface

composition of Pt-Pd alloys by Auger Electron Spectroscopy. Pt-Pd is a

good model system for attacking the problems of proper calibration and

correction for the so-called "backscattering". Moreover, because of the

fact that the solutions of Pt and Pd are almost ideal, i t is possible to

test the various theories of surface enrichment with this system.

1.3 Auger Electron Spectroscopy

After a very rapid growth in the early seventies of Auger

Electron Spectroscopy as a quantitative non-destructive analytical tech-

nique i t was realized that the technique was not so harmless and that

quantification of the results could be sometimes quite a problem. In se-

veral cases the surface can be easily damaged and its composition may

change during analysis. Moreover, only in the most favourable cases the

technique is really "surface sensitive". In fact, the maximum percentage

of the f i r s t atomic layer contribution to the total Auger electron yield

was found to be only y>0%.

These and similar problems were but slowly recognized. This

thesis is an attempt to contribute to the development which turns Auger

Electron Spectroscopy from a qualitative tool into a quantitative analy-

tical method.
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Chapter 11

AUGER ELECTRON SPECTROSCOPY

2.1 HISTORY

Auger electron transi t ions were discovered in the twenties

when Pierre Auger f i r s t established experimentally the radiationless

de-excitat ion of atoms . This de-excitat ion had in fact been predicted
Q

by Rosseland , but Auger was unaware of this theoretical work and only
q

learned about it from a letter to him from Niels Bohr .

Auger found that photographs of the interior of an X-ray

irradiated cloudchamber clearly showed the existence of paired electron

tracks originating from the X-ray path. One of these tracks was that of

a photoelectron; the other was due to an electron emitted upon the filling

of the created vacancy in the atom. Later such electrons were named after

Pierre Auger. In Fig. 1 the Auger process is schematically indicated. The

vacancy has been created by electron impact.

It can be seen that two possible de-excitation processes

exist viz. 1. emission of a photon (X-ray fluorescence)

2. emission of an Auger electron

The emitted Auger electron has a very well defined energy; this energy

is characteristic of the atom involved in the Auger process. (This energy

can be given in first approximation by the following relation:
EAuger = EK " EL

- E, (see Fig. 1)).
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excitation radiative Auger

de-excitation

Fig. 1

Schematic representation of the Auger process. A primary electron

(left) ejects an electron from e.g. the K-shell. ny> de-excitation

processes (right) are possible: a radiative and an Auger process.

Studies concerning the Auger effect were f i r s t limited to
gases and they were performed mainly by nuclear physicists who were using
Wilson cloud chambers, but after the invention of the electron multiplier,
the emission of electrons from solids became the subject of much research.
It was in particular important that the energy distributions of secondary
electrons emitted from metals were studied intensively.

Haworth observed the existence of small "humps" in the
11energy distribution superimposed on a large background whereafter Rudberg

was the first who pointed out that the measurement of the energy distri-

bution of scattered electrons should in some cases be a sensitive too) for

the study of surfaces. This was as early as in 1936. However it took

15 years before the first application of electron impact in solid state

science appeared.

Steinhardt et a]„ analysed the energy spectrum of photo-

electrons ejected by X-rays from metal surfaces and showed that his spectra

could be used for qualitative and quantitative analytical purposes. Lander

was the first to use low energy electrons (333 - 1210 eV) to excite Auger

electrons from a solid. He studied carbon, beryllium, aluminium, nickel,

copper and barium. He suggested that data on adsorption coefficients could

be obtained by monitoring the secondary electron spectrum when one material

was adsorbed onto another. Harrower determined in 1956 the energy distri-

bution of secondary electrons from targets of Mo and W.
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These energy distribution measurements revealed that several

peaks were present with energies characteristic only of the target material

and independent of the primary energy. However, all these measurements

lacked sensitivity and only a qualitative picture was possible; furthermore

no commercial analysers were available so that the use of the technique was

limited to a few laboratories which could afford the construction and

developement of such instruments.

In 1967 Scheibner and Tharp and Weber at al.'^ showed

that Auger spectra could be obtained with a conventional low energy electron

diffraction (LEED) system, which was already commercially available at that
I Q

time. Harris showed in I968 that electronic differentiation of the energy

distribution function greatly increased the sensitivity of the method.

Finally in 1969 Palmberg et al. refined the experimental

technique still further by developing the cylindrical mirror analyser (CHA),

which was far more sensitive (and much faster) than any analyser before.

With these experimental breakthroughs Auger Electron Spectroscopy grew in

45 years out of its infancy to become an important quantitative surface-

sensitive analytical method.

2.2 THE SECONDARY ELECTRON ENERGY DISTRIBUTION

N(E)

EleV)

Fig. 2

The energy distribution of secondary electrons



When a solid is bombarded with primary electrons, secondary

electrons are emitted with an energy distribution as shown in Fig. 2.

Three regions can be distinguished:

I. In region 1 one can observe the secondary electrons that are emitted

from a solid during ionization (see the left hand side of Fig. 1).

The large peak can be understood in the following way. A primary elec-

tron will make "several collisions inside the solid, creating energetic

secondaries. These in turn create more secondaries, initiating a

cascade of electrons with a decreasing average energy per electron.

Only electrons which have sufficient energy to overcome the work

function $ may escape from the surface and contribute to the large

peak on the left hand side of Fig. 2. Superimposed on this large peak

small Auger peaks may be observed, indicated in Fig. 2 by an arrow.

2. In region 2 backscattered primary electrons are found which have

undergone energy losses characteristic for the solid. Furthermore

Auger peaks are also present in this region.

3. In region 3 a sharp peak is found due to elastically scattered elec-

trons which have retained their primary energy. About 5 - 30 eV

below the elastic peak, small peaks are observed with metallic

samples. These peaks represent generally electrons which have lost

discrete amounts of energy by excitation of plasmons in the metal

It is clear from Fig. 2 that, as already mentioned in

section 1, Auger electrons are very hard to detect on the huge background

of all secondary electrons. In Fig. 3 a differentiated spectrum of

stainless steel is given, showing the improvement in sensitivity.

Since the peak to peak height magnitudes in the differen-

tiated spectrum are a legitimate measure of the Auger current , the use

of differentiated spectra is to be prefered in most cases of quantitative

Auger Electron Spectroscopy.
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Fig. 3
Differentiated Auger spectrum of stainless steel obtained witk

the apparatus used in this thesis. Identification of some peaks;

°»180 eV-sulphur; ^270 eV-carbon; ^510 eV-oxygen.

2.3 NOTATION OF THE AUGER TRANSITIONS

The theory of the notation of Auger spectra is a rather

di f f icul t matter (see e.g. D. Chattarji in "The theory of Auger transi-

tions" ) and therefore we shall confine ourselves to several qualitative

remarks only.

There are three electron energy levels involved in an Auger

electron emission process (two levels in a Coster-Kronig transition) :

1. the level where the primary hole is created (E.)

2. the level which supplies the electron for the internal transition (Eg)

3. the level from which the electron leaves the atom (E.)

For this reason the notation of Auger peaks is a three letter symbolic

(EA,Eg,Ec). Historically, the f i rs t assignment of Auger transitions has

been made by means of the energy levels derived from X-ray emission ( i . e .

de-excitation of one electron by a radiative process). The X-ray spectros-

copy discerns K,L,M,N, etc shells corresponding to the principal quantum

numbers n=1,2,3>4 etc. These shells split into several subshells according
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to the angular quantum number. The state of an atom with one innershell

hole is equivalent to the state of an atom with one electron in the same

state. Therefore we have (from a certain atomic number Z) three L levels

(L|;L2,L,), five M levels (Mj-M,.) etc. An example of a simple process

with a simple notation is given in Fig. h.

1732
KLM

3 -

8 -

9 9 -

152-

1839-

1737 881
LMM

T

83

-M2.3

-Mi

-L2.3

"Li

Fig. 't

Sahematio representation of a KLM and a LMM Auger process for Si

However, an Auger electron leaves behind an atom with two

holes; this state is equivalent, at least as far as its assignment is

concerned, to a state with two electrons. The energy of the final "two

electron" system depends on the electrostatic interaction between the

"two electron" holes, as well as on the interaction of the spin and angular

momentum of each of them.

The theory developed for the atomic spectra shows that there

where the electrostatic interaction is more important (this is the case

with the light elements), the assignment of spectra should be made on the

basis of the so-called L-S (RusselI-Saunders) coupling scheme. With heavier

elements the spin orbital interaction of each electron becomes more impor-

tant and the assignment should be made on basis of the j - j coupling. In the

limit of the pure j - j coupling the number of levels and their assignment

coincides with that what has been introduced on basis of the X-ray emission

energies. This is the reason why the three letter symbolic in terms of
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X-ray levels (K,L,M,. . . with appropiate indices) is universally used in

Auger Electron Spectroscopy. When necessary, that is when degeneracy is

removed by electrostatic interaction (roughly between Z=30 and Z=60) the

individual levels are characterized by an additional letter showing the

assignment of the state in the L-S coupling scheme. For example two levels

KLjI^C Pj) and KLjL-( P-) are derived from one common KLjL2 level of the

j - j coupling scheme (see e.g. Siegbahn ) . I t can be shown that a two hole

(electron) KLL system reveals nine radiationless transitions according to

the L-S coupling scheme and six transitions according to the j - j coupling

scheme (see Fig. 5 ) :

1.0

0.8
relative
energies

06-

04-

0 2-

0-

2S22P

2S12P5

2S°2P6

20

KL3L3

L-S-
(0 60

- Intermediate coupling-
80 100

-J-J

Fig. 5

Relative line positions in KLL Auger transitions as a function

of Z. At low Z one has nearly pure L-S coupling and six lines.

At high Z one has nearly pure 3—3 coupling and six lines; nine

lines are possible in the intermediate coupling region.
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1 .

2 .

3.

' t .

5.

6.

KL,L, ('So)

KL,L2 ( 'p, )

KL,L3 (3P,)

KL2L2 ('s,,)

2

(3P0)

KL,L2

(3P2)

(3P0)

Sometimes, when the energies of two core levels are nearly the same, these

two levels are combined in the notation e.g. M, ?• Furthermore, when an

electron in the valence bond is involved in the transition this electron

is denoted by V, e.g. a M2 , W transition.

2.1) THE ENERGY OF AUGER ELECTRONS

In the procedure of assignment or calculation of the energies

of Auger trans istons i t is possible to distinguish two cases:

1. The Auger process in the free atom state

2. The Augt process in solids.

Let us start with the simplest problem f i r s t .

2.k.\ Free atom energies

It is possible to approach the assignment and calculation of

free Auger electron energies from two different viewpoints. An experimenta-

list is in most cases satisfied with a reasonably accurate estimate of the

electron energies, such that it enables him to interpret the Auger spectrum

to assign the transition correctly. However, a theoretical physicist who

wants to learn more about the physics of the Auger process from the compa-

rison of the calculated and measured electron energies, tries to calculate

the Auger electron energies as exactly as possible.

2.4.1.1 The empirical approach

As is already mentioned above the energy of Auger electrons

is given by the following relation:

) - EA(Z)-EB(Z)-EC(Z) (1)

where E«(Z) is the energy of the A-shell (of an element with atomic

number Z) with respect to the vacuum level from which the incident beam has
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removed an electron, Eg(Z) is the energy of the B-shell from which an

electron drops into the created vacancy and E-(Z) is the energy of the

C-shel1 from which the Auger electron is ejected. In f i r s t approximation

the binding energies of these electrons may be inserted in the equation.

However, the s i tuat ion is somewhat more complicated and some other factors

have to be included to calculate the exact Auger electron energies. I t is

not correct to use E~(Z), the binding energy of the shell from which the

Auger electron is ejected in the calculat ions. Since the atom is already

ionized we have to use E_(Z), which is the ionization energy of the atom

already ionized in an inner shell, Er(Z)>Er(Z). It has been suggested by
22 I

Burhop that E-(Z) can be represented by the binding energy of an electron

in the C-shell of an element with higher Z:

E£(Z) = Ec (Z+A) (2)

whereby A can be taken as approximately equal to 1. I t has been shown
experimentally that by taking the value of A=1 only a rough approximation

23is obtained. Bergstrum and H i l l found from the Auger spectrum of mercury
that A=0.55 for the L, and L. shells and A=0.76 for the L, she l l . Other

24-26values up to 1.5 have been reported

Despite of these and simi lar refinements th is approach s t i l l

leads to a re la t i ve ly poor agreement with experiments on free atoms .
28Matthew has recently shown that the approximation for Ej. can be improved

by taking free ion data, i .e . E_(Z+1)+.

Another way to calculate the Auger electron energies from

experimental data uses the tabulated binding energies for inner core

levels and opt ical data for the f ina l states .

EABC = EA - EBC (3)

Where E.g. is the energy of the 'ABC' transition and Eg- is the energy of

the doubly ionized atom with appropriate final mul tiplet state, relative

to the neutral atom energy. The energy E„- can be obtained from optical

data by summing up the energies required to produce the final two hole

state.

- IP(2) + e W'

Where IP(1) and IP(2) are the first and second ionization potentials and c

is the energy of the required two hole state above the ground state of the

doubly ionized species. This method gives a very good agreement with
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experiment

avai lable.

36 but is restr ic ted to those cases where opt ical data are

2.^.1.2 Theoretical calculations

I t is possible to calculate Eft and E _ from SCF values for

one and two hole defect states with proper allowance for r e l a t i v i s t i c

effects for inner l eve l s 3 ' . With the aid of Eq. (3) i t is then possible

to calculate E.R(.. In view of the d i f f i c u l t i e s of such calculations this

approach has not been widely used but i t is already possible to predict

Auger energies correct ly with an accuracy of a few eV. Inclusion of corre-

la t ion effects can improve this s t i l l further and a very good agreement
38

with experiment is then obtained •

Besides these completely theoretical calculations i t is also

possible to perform semi-empirical calculat ions. This approach which is

the most widely used one to data uses the fact that accurate one electron

binding energies can be obtained from XPS (X-ray Photo electron Spectros-

copy) or X-ray emission measurements. We can now wr i te the Auger energy as:

(5)ABC
EA - EB - EC - V

where W_ . is the recombination energy of the two f ina l state holes, also

called the hole-hole interact ion energy H.

EBC EC>

j s\j ng

(6)

WD_ is obtained from model calculations usling the theory of Hedin and
39 \

Johansson where the term is s p l i t as fo lnows :

WBC = FBC " RBC (7)

where FR_ is the recombination energy calculated according to literature

data and R„- is a calculated "polarisation" term. It should allow for the

effect or relaxation of other "passive" orbitais.

Such relaxation will reduce the binding energy of the emitted
40

electron. The term R.,. was introduced by Shirley and called by him the

static atomic relaxation energy. He published a table of KLL Auger energies

calculated by this method using the intermediate coupling scheme of Asaad

and Burhop .
ti to

Recently Larkins ' has published an improved theory based
upon this approach. Larkins determined R„. from A RHF calculations for a

range of Z-values and interpolat ing for the remaining Z.
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Both methods do give good agreement with experiment with

accuracies ranging from a few eV at lower Z to tens of eV at high Z. This

is also uncertainty with which the experimental values are determined.

It should be noted that when comparing theoretical values with experimental

results one has to include a term equal to the workfunction of the analyser

$., which is often not known better than up to 1-2 eV.

2.'t.2 Auger energies in the solid state

We have already mentioned that in the free atom the final

two holes couple to give a multiplet structure and this effect is also

observed in the solid. However, in the solid the final doubly charged state

will alter the local charge distribution and this polarisation will lead

to a reduction in the final state energy and hence increase the energy of

the emitted Auger electron . For a solid we can write:

ABC = EA - E8 . Ec . H - p (8)

where P represents the reduction in the f ina l state energy due to the

response of the surrounding electrons to the two localized holes ' .

The sum of the hole-hole and polar isat ion energies may be combined to give

an ef fect ive sol id state potential U , , so that equation (8) now gives

(9)ABC EA - EB - EC - U e f f

If E.,ED and Er are taken from XPS measurements on solids these values

will automatically include a part of the polarisation energy but only

that part which is produced by a single charged hole. For linear polari-

sation the polarisation energy will be proportional to the square, of the

charge, so that the polarisation energy of the doubly charged Auger final

state will be approximately four times that of the single charged XPS

final state. Then P in Eq (8) is approximately twice the polarisation

correction in E., E„ and E. as already included in the XPS data. If H in

Eg (6) may be obtained from optical data, the polarisation energy may

also be found empirically ' . More refined calculations including "the

static extra atomic relaxation energy" yielded a still better agreement

between experimental and theoretical values and brought thus a deeper in-

sight in the physics of the Auger process .
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2.5 PEAK SHAPES AND SHIFTS

In Fig. 6 the H^

is compared with that of solid Cd and CdS . It can be seen that the

spectrum of Cd in the vapour phase

Cd vapour

Cd metal

365 370 375 380
Electron energy (eV)

Fig. 6

The MaR^4SN4S Au9er spectra of Cd vapour
Cd metal and Cd sulphide

mul t ip le t structure is s t i l l present in solid Cd but the peaks are shifted

with respect to those in Cd vapour by %11.8 eV (the origin of this shif t

is described insection 2 . 4 ) . I t can also be seen that for the solid specimen

line broadening occurs leading for CdS to an almost complete disappearence

of the multiplet structure. The shift in energy for CdS is smaller than

that for solid Cd namely ^7.9 eV.

33



2.5.1 Chemical shifts

When chemical compounds are formed, this is accompanied by a

rearrangement of the outer electrons. This rearrangement gives rise to a

shift in the binding energies of the core electrons - called chemical

shifts. If all levels in an atom are shifted by an amount of +AE, the

energy of the Auger transitions involved would also be reduced in energy
52by a similar amount. Such a behaviour is seldom found . Measurements of

Auger shifts due to the oxidation of metals generally shows larger shifts

than those observed in XPS. In Table 1 these chemical shifts are compared44

TABLE 1

Chemical shifts between element and oxide for selected

Auger and Photo electron lines

Element

Zn

Ga

Ge

As

Cd

In

Sn

Photo

2 p 3 / 2

0.4

1.7

3.0

2.3

1 ine shifts

3 d5/2

0.6

2.2

3.3
3.6

0.4

0.8

1.5

(el/)

4d

0.9

0.9

1.2

Auger

LMH

4.2

6.2

6.7
6.4

line shifts (eV)

MNN

5.5
2.6

3.9

The difference can be explained by polarisation or extra atomic relaxation

(see section 2.4.2).

Let us compare the Auger emission from a metal and a metal

oxide. The final state hole in a metal will be screened by conduction

electrons and this gives a rather large contribution to the energy of the

Auger electron. However, if one oxidizes the same metal into a bulk oxide

the final state hole will again polarise the surrounding dielectrics but

the screening energy will now be smaller than in the metal. This will lead

for the oxide to a shift of the Auger lines to lower energies, nearer to

the gasphase values. The XPS lines will be lowered similarly but the

effect for a singly charged hole will be smaller.



The shift in energies of the XPS core level lines due to oxidation is

given by:

AE x p s = e AP (10)

where c arises from the charge transfer from the rotal to the oxygen atoms

and AP is the result of changes in the polarisation energy. For an Auger

line, the analogous change in energy involving the same core levels will be

AEAES + 3AP (11)

Of course this is a very simple model but it is an acceptable first

approximation.

It is possible to use the chemical shift in the study of

solid surfaces. An example of the use of AES for the possible determination

of the chemical state of surface atoms is the work of Szalkowski and

Somorjai . They compared the peak heights and energy positions of the

Auger transitions L3M?3M23 ant' *"3M23V 'n vana<*'um metal with the same

transitions from vanadium in the three oxides VOQ .,, V,0, and V0-. The

authors found that the energies of the L,M2-M,, transition varied smoothly

as a function of the oxidation state of vanadium as shown in Fig. ~j: the

average shift was -0.6 eV' for an increase in the oxidation number by one

(the oxidation number is the valence state, e.g. k for vanadium in VO,).

Another smooth variation with oxidation number was found

for the ratios of the peak heights of the principal oxidation peaks

belonging to the KVV transition, and the vanadium L,H,,V peaks as can be

seen in Fig. 7. If the ratio was normalized to 2.00 for V02, then the

experimental peak height ratios agreed with the 0/V ratios for the other

two oxides.

The authors used the relationship between oxidation number

and peak height ratios to study the oxidation of vanadium metal. Their

results in Fig. 7 suggest that after oxidation at 1200 C a chemical

composition of V0. ,_. - is reached corresponding to the V,0,- phase.

Of course, similar relationships should be in principle observable with

other compounds (sulphides etc.) as well.
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3.0

-AeV

"1.0 2.0 3.0 4.0 1.0
oxidation number

2.0 3.0 4.0 0
oxidation number

1.0 2.0 30
ho/hv

Fig. 7

Left hand part: shift in energy àeV of the LJi^Jt.- Auger transition

in vanadium as a function of oxidation number ( the points represent
V00 92' V2°S and V02' from le^ t0 the ri9ht -'•
Middel part: Variation of the ratio of the peak height hQ of the
principal oxygen Auger peak, to the peak height h of the vanadium
L3M23V Pea^ as a funsti°n °f oxidation number.
Right hand part: Oxidation of vanadium metal. Dependence of the
ratio of the oxygen KW peak height to the vanadium LJ4~J/ peak
height on the energy shift of the vanadium LM„J42S peak. The data
already obtained for bulk oxides have been entered as reference
points^ denoted by full circles.

2.5.2 Width of Auger peaks

I t could already be seen from Fig. 6 that Auger l ine widths

increase when going from the vapour phase to the so l i d . Several phenomena

contribute to this broadening v i z . increased l i fe t ime broadening, phonon

broadening, depth var iat ion in polarisat ion energy, energy losses and

non-uniform charging.

2.5.2.1 Lifetime broadening

When outer electrons are involved in the Auger process

there should be considerable differences between the f ina l state l i fet imes

in the gas and sol id phases. The i n i t i a l levels of the Auger process mostly
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lie fairly deep so that the initial states in the gas and the solid should

be similar. If the final atomic state is long living, formation of a solid

will give rise to additional de-excitation channels via band states and

this could lead to a decrease in the final state lifetime .

This decrease will, due to the uncertainty principle lead
55 43

to an increase in the line width. Inter atomic or cross transitions

could also reduce the lifetime although calculations show that these

processes are rather slow and broadening will be not significant.

2.5.2.2 Phonon broadening

Coupling to the lattice via lattice vibrations generated by

the Auger process can cause considerable broadening in the case of ionic

solids . It was predicted that the line width should then be temperature
rO

dependent and this effect has been indeed found with alkali hal ides .

For other materials such a behaviour has not been found up

to now which may be due to a too limited temperature range used ( a coth

(T£/2T) dependence is predicted, where T_ is the effective phonon tempera-

ture). This suggests that either phonon broadening does not contribute to

the observed width or that they are dominated by zero point broadening at

the temperatures examined.

2.5.2.3 Variation in polarisation energy

For insulators a very significant line broadening is observed.

Since the atomic environment, in terms of numbers of neighbouring atoms,

will be different for atoms in the surface region as compared with bulk

atoms, a possible explanation of the large line width is that each layer

in the surface region has a different polarisation shift from the layer

above and below and summing up of the layer contributions to the Auger

signal leads to an overall broadening of the spectrum.

2.5.2.4 Energy losses

Almost all Auger peaks from solids are broadened by small

energy losses suffered by the escaping Auger electrons on their way to the

surface. Such losses are in general more significant if the Auger electrons

originate from deeper layers with respect to the surface layer. It may

therefore be expected that Auger electrons from surface layers are less
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broadened and therefore show a more detailed fine structure. Results of

Ar condensed onto Ag seem to justify these conclusions (with increasing

thickness of the Ar layer, the fine structure is lost and the peak is shift

to lower energies) .Variation in polarisation energy (5.23) and surface

charging (5.25) may also play a role in line broadening.

2.5.2.5 Non-uniform charging

As is already mentioned in section 2.5.2.3 the largest line

broadening is observed for insulators and a possible cause is that the

electron beam used for excitation produces local charging which is either

spatially or time dependent or both.

Concluding we would like to add that the variation of line

breadth has been still insufficiently investigated up to now and this is

still a handicap for a detailed analysis of Auger peak shapes.

2.5.3 Line shape analysis; band broadening

The energy distribution of Auger electrons has a Lorentzian

Iine shape:

I (E)
r + r
m n

(E - Em + En>2 + * (rm + ?f
(12)

w h e r e the e n e r g y and natural line w i d t h o f the initial state o f the

transition are E and r , respectively while E and r are corresponding
m m ' >. ' n n r =

parameters for the final state . The observed intensity distributions

involve the Lorentzian function folded with an instrument function. In

Fig. 8 an example of a well resolved Auger electron line is shown '

Auger electron spectra from solids are more complex due

to effects of the band structure. Let us consider a core-band-band

de-excitation process (the in i t ia l vacancy exists in a core state and the

two electrons originate in the conduction band). Transitions of this

type are conventionally called AV.V- (or ABV when only one electron

comes from the valence band).

Let us now analyse in which way the band structure of the

metal is reflected by the distribution N(E) of the Auger electrons.

The electron energy levels in the valence band are denoted by Ç.
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Fig. 8

Shape of the K^2Ls Au9er electron peak of neon. The observed

shape corresponds to a Lorentsian function folded with an

instrument function.

The simplest situation occurs when the electron which was emitted

(up-electron) and the electron which underwent the transition into the

ionized inner level Eft (see Fig. 9 lef t hand side) are from the same

level ç. This is according to the definition above, the level ç which

corresponds to E according to the relation:

£ = EA - 2Ç -

where t is the work function and E_ »

(13)

0 .

However, i t is also possible that the down-electron coroes

from a level higher than ç ; i .e. ç t x . The up-electron must (then)

originate at a lower level: Ç - x. I f U denotes the transition probability

of the transition into the vacuum energy level (U(ç - x)) or inner level E.
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Fig. 9

Scheme of a core—band-band type of Auger electron de—excitation

process. E„ is the Fermi level, ç is a given energy in the band,

Ç, is the bottom of the band and E. is the ionized inner level,

(for further details see the text)

respectively (U(£ + x)), the number of Auger electrons N(E) for a given £

is proportional to the integral:

o/
a U(ç - x).U(ç + x) dx (14)

where a is the properly chosen limit of the integral. If £ is in the upper

half of the band than a is simply ç . When £ is in the lower half of the

band, the maximum possible value of x is no more £ but the distance to the

bottom of the band and a = £b - Ç.

The transition probability U depends on the density of states

in the band (mostly responsible for a l l structure in the measured N(E),

the density of the final states (usually featureless, an almost constant

function) and the transition matrix elements (only marginally dependent

on the energy as wel l ) .

Several characteristics of the Auger line shape associated

with a core-band-band de-excitation become now apparant

1. The N(E) begins at an energy E offset from |E. | towards lower energy

by an amount equal to the work function of the analyser t i .e. the

line threshold occurs at E.l - *'A'



A 2E-peakshift occurs in that a peak in U(£|) a t Ç. becomes a peak

N(E) a t 2ç, below the l ine shape treshold, | E . | - «•..

The width of the l ine is 2 £ . , twice the occupied width o f the band.

k. A peak multiplication occurs where each pair of peaks in U(ç) produces

three peaks in N(E);

If we neglect final state effects, which is a good approximation since

Auger energies are generally quite high and the final state is then almost

a state of a free electron and we assume that the transition matrix

elements are constant across the band, equation (\k) reduces to the self

convulation of the density of states. This suggests that Auger peaks

Intensity
(a.u.)

5 0
Energy (eV)

Fig. 10

Comparison of Auger electron spectra (AES) for Ni(left) and Cu

(right) with soft X-ray emission spectra (SXES) and X-ray photo

electron spectra (XPS). The Auger electron peaks are both verti-

cally aligned with the Sd-band peak position of the lower curves.



of the type AW might be unfolded to give the local density of states

-LDOS-, which might or might not be the same as the average bulk density

of states. Similarly processes of the type ABV should immediately give the

density of states, possibly broadened by the contribution of the core

hole broadening. The AW Auger profiles should have a breadth of 2Ç. and

the ABV processes a breadth of Cb. An example of an ABV type of transition

is given in Fig. 10.

Powell and Handl used a transition of this type to examine

the density of states in nickel and copper. They compared their results

with soft X-ray emission spectra data and with X-ray photo electron

spectra . An example of an AW type of transition is given in Fig. 11.

Electron Energy !eV)
60 70

Intensity
lau)

10 0
Energy trom Fermi level leV)

Fig. 11

In the upper half of the figure the L^x^ Au9er spectrum of Al is
shown. In the lowev half the self convulation of the density of

states ( ) is compared with the Auger profile with a substracted
background ( ).



68
Powell used the L93W transi t ion in Al and compared his

results with the sel f convolution of a calculated DOS (density of states).

I t is apparent that the width of the two d is t r ibut ions are very close,

considering the uncertainty in substracting the experimental background,

but there are important differences as we l l . In par t icu lar , the maximum

in the experimental d is t r ibu t ion f a l l s at higher energy than that of the

self convulated DOS.

I t was also demonstrated that electron excited Auger electron

spectra supply us with information similar to that from ion-neutral izat ion

spectroscopy. In part icular i t was shown that the electron-excited Auger

electron l ine shape from a Ni(110) - c(2x2) surface, correlates with that

found by Becker and Hagstrum for the same surface structure . Coad

and Riviere performed a simi lar study on polycrystal I ine n icke l .

A fundamental problem in l ine shape analysis is the ef fect

of the instrument on the recorded data. The measured Auger electron l ine

shape M(E) d i f fe rs from the "natura l " l ine shape A(E) due to cumulative

effects of f i n i t e instrument resolution and inelast ic scat ter ing. I t is

assumed that the la t te r effects can be described as an instrument

broadening function B(E).

Mularie and Peria have analysed this problem and have

demonstrated that by removal of instrument effects an Auger l ine shape

comparable to that obtained in a high resolution ESCA spectrometer

can be obtained, in Fig. 12 thei r Auger results are compared with an

ESCA spectrum of TiO,.

I t may be concluded that even a f ter correcting for ins t ru-

mental imperfections the experimental Auger l ine pro f i les f a i l to give

a generally consistent picture of the contr ibut ion of the DOS to the
72-77Auger l ine shape " . Even in the most, favourable cases (see e.g. Fig. 11)

the measured Auger prof i les are not predicted exact ly. I t can therefore

be doubted whether AES is indeed a technique well suited for these DOS

determinations.
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F ig . 12

Comparison of the oxygen KLL Auger spectrum from

TiO„ using ESC A C ) and from oxidized Ti using

deaonvoVuted AES data ( ).

2.6 THE YIELD OF AUGER ELECTRONS

For quantitative Auger Electron Spectroscopy it is necessary

to get an insight in the processes which determine finally the yield of

Auger electrons. Many parameters have influence on the Auger electron yield

thus complicating the quantification of the technique. In this section the

parameters determining the Auger yield are discussed whereas in section 2.7

the implication of these parameters for the calibration procedure is

discussed.

2.6.1 Parameters specific for the elements

2.6.1.1 The cross-section o for ionization in the A-shell

The production of Auger electrons depends on the f i rs t place

on the ionization cross-section of the inner level which is involved in the

* See e.g. Powell for a more detailed discussion.



Auger process. The cross-section is dependent on the way of primary

excitation and the reduced energy U (the ratio between the excitation

energy Ep and the ionization energy of the electron in the A-she)l

w-
„78Worthington and Tomlin stated that the maximum value for n

which is reached between U=2 and U=3, proportional to b/l^ , where b is a

constant, which may have different values for a K or a L level. Bishop and

Riviere' quote values b of 0.35 and 0.25 for the K and L levels respec-

tively. Different formulas for the cross-section have been proposed by

Gryzinsky , Drawin ° 3 and Lotz ' . A plot of the cross-section as a function

of U give rather similar curves for a l l the above cited models. In Fig. 13

the cross-section for K-shell ionization is given for various models.

Fig. 13

A plot of some theoretical (Gryzinski ) and semi-empirical

(Worthington-Tomlin , Drawin -.-.- and Lotz ) cross-

sections as a function of the reduced energy V (U=E /E •).



The agreement is satisfactory at higher energies. Relatively

few measurements of cross-sections relevant for AES can be found in the

l i t e ra tu re . Glupe and Mehlhorn ' have measured the cross-sections for

carbon, nitrogen, oxygen and neon in the gas phase. The shapes of the curves

of the cross-sections as a function of U were identical and could be rea-

sonably f i t t e d to the Gryzinski and Worthington Tomlin equations.

Jacobi and Hölzl measured the Auger electron y ie ld for a

carbon f o i l as a function of primary energy. Using the cross-section curve

of Glupe and Mehlhorn and assuming an escape depth of 7-5. A for the

carbon Auger electrons (285 eV) and a small contr ibut ion (<5%) of the back-

scattered electrons the authors could explain their resu l ts . As we shall

see later on (sections 2.6.21 and 2.6.22) both assumptions are quite cor-

rect . Meijer and Vrakking and Gallon also f ind a reasonable

agreement between thei r experimental values and the values calculated

according to Gryzinski

The determination of cross-section of L-shells and part icular

for solids is very complicated due to a contr ibut ion of Coster-Kronig

transi t ions and a contr ibut ion of backscattered electrons. These c o n t r i -

butions can influence the Auger y ie ld curve from which the cross-sections

are determined.

1.

A Coster-Kronig t rans i t ion is a special type of Auger t rans i t ion in which

one of the two f i n r l holes is located in the same shell as the i n i t i a l

hole, i .e . A'A"C t rans i t ions. The existance of th is t rans i t ion thus effects

the red is t r ibut ion of holes over the sub-shells A' and A" of shell A.

So part of the intensity of the A'BC l ine is transferred to the A"BC l i ne .

McGulre has calculated that the L.L, ,M, , Coster-Kronig t rans i t ion rate
i t-tj t-fj

is about t h i r t y times that of a LjM-oM,. t rans i t ion . This phenomenon may
increase the Auger y ie ld curve and may thus give the impression of an

enlargement of the cross-sections of sub-shells.

2. Ba£ksc£ttered

When determining ionization cross-sections on sol id samples, the contr ibu-

t ion of backscattered electrons to the ionization process (see for a more

detailed discussion section 2.6.22) may give erroneous resul ts . I t can be

seen from Fig. 13 that a maximum for the ionization cross-section is

reached for U=E / I -=3 after which the yield strongly decreases; Pessa ,

' . ÍÍ



Gallon" ' ° ' ° , Meijer ' ~ ° and Neave et a l . have a l l found experimentally

that U can be taken as large as-10 I .wi thout losing much intensity and

that the yield then decreases less drast ica l ly than suggested by F ig . 13.

This can be understood by taking into account the contribution of back-

scattered electrons.

2 .6 .1 .2 Probabil i ty of an Auger process versus photon emission

As already described in section 2.1 there are two ways of

de-excitation a f ter a hole has been created in shell A v i z .

1 . an Auger process ; EAuge r EA * EB - EC
E A " E B2. emission of an energy quantum ; hv

Both processes are complementary; the Auger yield can be given by the

following re la t ion:

a„ = 1 - u„ (15)

where a„ and u„ are the Auger and fluorescence fractional yields respec-

tively both for the K-shell. In Fig. 14 experimental values for the Auger

1.0

20 40 60

Z (atomic number)

Fig. 14

The Auger electron yield (1-u) for the K,L and M shell as a

function of the atomic number Z.

'• '• t.



yield are presented for K-shell ionization ' as well as for L and M-
93 99shell ionization ' . I t can be seen that with increasing atomic number

the fluorescence yield increases and therefore the Auger yield decreases.

In Fig. 15, taken from ref 100, the principal Auger electron

energies for the different elements are plotted as a function of the

electron energy. I t can be seen that groups of Auger transitions are

present (KLL, LMM, MNN). If we only.consider Auger electrons with energies

up to 1000 eV (most commonly used in AES) and compare Fig. 14 with Fig. 15

we can see that the Auger transition probability in the range of interest

is almost unity.

2.6.1.3 Relative probability of de-excitation from shells B and C

We have seen up to now that the fluorescence yield is negliga-

ble in many cases so that when a hole in the A-shell is created (assuming

we know the ionization cross-section) only the relative transition proba-

bi l i ty from the shells B and C remains to be known to construct a quanti-

tative expression for the Auger emission from atoms.

A purely theoretical approach is however very much hindered

(especially for L, Mand N-shells) by Coster-Kronig transitions which

"redistribute" the electrons over the sub-shel Is 9 9 ' 1 0 1 ' 1 0 Z . All this

makes calculation of Auger electron yields from atoms a tedious af fa i r .

2.6.2 Matrix parameters

2.6.2.1 The escape depth of Auger electrons and the problem of its

determination.

One of the most important factors in the quantification of

Auger Electron Spectroscopy is the "escape depth", the depth from which

Auger electrons can reach the surface without energy loss. Since several

definitions for the escape depth are used in l i teiature and experimental

data are measured under conditions varying from one paper to another, i t is

often di f f icul t to extract the required escape depth value.

We shall confine ourselves to the most commonly used escape

depth ,namely the so called "mean escape depth". However, i t should be

mentioned that in the literature also some other escape depths are defined

viz. the "half intensity escape depth" X, , the "equivalent escape depth",
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Chart of the principal Auger electron energies.

(Reproduced with the permission of Physical Electronics)



and the escape depth at 951 or 99% in tens i ty , XQ „, and Xfl The "mean

escape depth" x can be conveniently defined by the following re la t ion :

Fr = exp ( -á/X ) (16)

where Fr is the fraction of the electrons which escape from a depth d

without any energy loss. As we shali see below (in chapter 3). We prefer

to define the mean escape depth as the depth from which 63% of the detected

Auger electrons originate.
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Fig. 16

The mean escape depth \(%) as a function of electron energy (eV).

lhe squares refer to UPS experiments., the triangles to AES expe-

riments and the circles to XPS experiments whereas the lines

represent transmission experiments. The full symbols are related

to experiments in which evaporated films are used.
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Many are the ways in which one has attempted to measure the

mean escape depths (or mean free paths) for various materials. In Fig. 16

and Table II some of the literature data are compiled. It can be seen that

despite the different ways of determining the mean free escape depths and

a considerable scatter of the data a comparable behaviour for the various

materials emerges from this comparison.

In Fig. 16, the squares are for UPS experiments, the triangles

for AES experiments, the circles for XPS experiments and the full lines

for transmission measurements. The full symbols represent experiments in

which adsorbed layers were used in the determination of the mean escape

depth.

As can be seen most of the data are obtained from experiments

where a condensate is layed down on a substrate whereby the decrease in

intensity of the substrate signal and the increase in the condensate signal

is followed. Assuming uniform deposition of the condensate it is then

possible, with a model for the electron attenuation in the solid, to cal-

culate the mean escape depth. Apart from these assumptions several other

problems arise, not only with the deposition technique, but also with

other techniques. These problems will be discussed in the next paragraphs.

2.6.2.1.1 Deposition technique

As was already mentioned earlier it is necessary for an exact

determination of the mean escape depth that uniform layers are formed

instead of "island like" structures. If one evaporates a metal such as

Ni onto a non-metallic material like SiO^, island formation is very likely.

If the formation of the second layer is started before the first layer is

completed erroneous conclusions might easily be drawn.

In Fig. 17 the several possibilities of film growth are

schematically shown together with their consequences for the course of

the Auger intensities as a function of time. It can be seen that the

several growth mechanisms have a different influence on the Auger inten-

sities so that it should be in principle possible to distinguish the

different mechanisms. Small deviations from one of the mechanisms may how-

ever be hard to detect.

Apart from the condensation mechanism, the geometry of the
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Electron energy
(eV)

5
5
6
6
5.6
6
6.7
7
7
7
7
7
7
8.6
9
9
9
10
10
11
12.6
17
20
40
45
48
48
48
60
60
65
72
72
60
91
91
105
110
120
120
148
170
234
262
266
321

Mean

material

Se
AI
Au
Ag
Bi
Se
Cu pthal.
Ni
Cd
Y
Si
Au
Ag
Bi
Ag
Au
Ag
Se
Si
Sr
Bi
Hg
Ag
Ag
Fe
Mo
Fe
W
Se
Cu
Al
Ag
Au
Hg
Fe
Ni
Be
Be
Mo
W
S
Cs
GeO,
C 2

GeO,
Si 2

TABLE

escape

X(S)

50
50
40
38
24.5
40
11
10
10
10
12
34
30
10.4
25
21
20
5-8
16
5
6
3
10
5
5
5.2
4.7
7-2
4.7
6.1
2.7
4
4
3
7.4
4.5
3.9
8.6
6.7
6
5.5
6.7
6.1
7-5
6.8
13

11

depth A

method

UPS

» »
» t

f »

1 f

r »

y f

» t

9 t

* r

t *

t »

» >

> *

f )

í i

» j

AES
9 J

» S

J »

» J

Í >

» >

Í 9

» *

» )

) »

Ï )

» J

» »

> J

7 »

Í I

XPS
AES
XPS
»i

reference

105
106
106
106
108
107
109
110
110
110
111
106
106
108
112
106
106
107
113
105
108
114
112
112
115
117
133
117
118
118
135
119
119
120
115
116
135
118
117
117
133
121
122
123
122
131
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Electron energy
(eV)

350
350
355
355
355
362
515
554
850
920
935
940
940
950
1169
1178
1260
1389
1403
1403
1414
1450
1455
1616
1736
1736
2671
3208
3856
1000-5000
1000-5000
1000-5000

Continuation of TABLE II

Mean escape depth A

material

Mo
W
Cu
Ag
Be
Ag
0
Si
Ag
C
Cu
Hg
flu
Cu
C
Si
Cs
AI 0,
H g 2 3

Au
Al .O,
W 2 3

WO,
Si3

Mo
W
Au
Au
A 1 0 ,
Al2 3

Ge
Au

X(8)

7.7
10
5.3
7.2
Iff
8
9.8
23
8.9
15
12.7
7
19
6
18
39
13.5
13
9
26
25
13
26
48
24
17
36
37
22
25-54
15-50
17-31

method

AES
9 9

V F

t 9

9 f

Ï t

XPS
AES
XPS
AES
XPS
» f

AES
XPS
r 9

» »

i f

t t

f t

* >

AES
* »
XPS
> >

transm.

f 9

f I

reference

117
117
118
132
118
119
134
131
132
124
118
114
125
119
124
131
126
125
128
125
127
129
129
131
117
117
125
125
125
130
130
130
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Fig. 17

Variations of Auger signals for the substrate and the adsorbate

during film growth by different mechanisms as a function of time.

Left hand side: Volmer—Weber mechanism, crystallites are formed

without a monolayer stage.

Middle: Frank-van der Merwe mechanism, monolayer by monolayer.

Right hand eide: Stanski-Krastanov mechanism, after the first

monolayer, crystallites are formed.

experimental set up may play an important ro le . I f the beam of the evaporam

is not perpendicalar to the surface of the substrate, a non-uniform

adsorbate layer may resul t and as Shelton " pointed out this w i l l lead
118to an incorrect value for the mean escape depth. Seah estimates that

a l l this may introduce an uncertainty of about 251 in the determination

of the escape depth.

• ' £ t er£Ct i onb£tween

Is there at any temperature d i f fus ion of the adsorbate into

the substrate (or vice versa) or i f a surface a l loy is formed a f te r comple-

t ion of the f i r s t monolayer i t is not possible to perform an exact deter-

mination of the mean escape depth by evaporation technique.

In F ig . 18 the course of the Auger in tens i t ies is given for

th is case. I t can be seen that due to the fact that the substrate material

remains a l l time present in the surface layers, the in tens i ty of the



Intensity
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Fig. 18

Variations of Auger signals for the substrate and the adsorbate

during film growth when a surface aompound is formed. After com-

pletion of a monolayer the substrate atoms are inserted in the

adsorbate layer or vice versa.,

138
substrate signal will not drop to zero. Baetzold observed diffusion

of Ag, Au, Cu and Ni into carbon films, whereas Biberian et a l . 1 ^ showed

that Pb condensed onto Au(100) formed a AuPb, alloy.

In this study it is shown that upon evaporation of Ni and

Pd on top of Cu and Ag respectively, the intensity of the electron beam

is sufficient to make diffusion of Cu and Ag back to the surface possible.

In Fig. 19 such a behaviour is shown for Pd evaporated on top of Ag.

In most detection systems, the angle of detection is not

equal to 90° with respect to the surface plane of the specimen. The CMA

(cylindrical mirror analyser) accepts electrons emitted in directions

making 42.3 with the surface normal whereas a retarding grid analyser

''• si
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Fig. 19
Variation of the Auger peak-to-peak height of Pd and Ag as a
function of time after evaporation of several layers of Pd on
top of Ag. The silver atoms diffuse to the surface.

vacuum

-n=1

-n=2

-n=3

Fig. 20

Scheme of the direction and path through the metal layers of

electrons detected by the CMA.



col lects electrons emitted from various angles. This means that the d i s -

tance, that the electrons travel through e.g. a monolayer to the CMA, is

larger than the thickness of th is layer.

In F ig. 20 a scheme of the s i tuat ion is given for a CMA.

Sean and She I ton have analysed th is problem and derived similar

numerical corrections for the mean escape depth determined by the CMA and

retarding gr id analyser. This correction amounts to about -̂35% for both

detection systems.

Í back£cattered

I f Ag e.g. is adsorbed on a Au substrate, the intensi ty of

the Ag signal w i l l be increased due to the so-called backscattering ef fect

(see section 2.6.2.2 for a more detailed analysis) . In short this is due

to the fact that more electrons are backscattered and part ic ipate in the

ionization from Au than from Ag. This means that a monolayer Ag on top of

Au gives r ise to a higher Auger intensi ty than e.g. a monolayer Ag on top

of Pd. This increase in signal intensity may obstruct the accurate deter-

mination of the mean escape depth.

S_ -_Su_rfaæ_piJ r_i_ty_

I f one adsorbs a monolayer of a material on top of a surface

which is contaminated i t is very d i f f i c u l t to determine the monolayer

signal intensi ty of that material and the mean free path in that material

cor rect ly . Argi le et a l . ' have shown that this disadvantage for the

determination of the mean escape depth can be turned sometimes into a

means of quanti tat ive determination of the amount of surface contaminants.

£._Assum£tion about _the _iaxe£

There exist several possible ways to determine the amount

of adsorbate. I f a thickness monitor is available in the experimental set

up, the layer thickness can be determined d i rec t l y . In th is way the mean

escape depth can be determined with an accuracy of approximately 1 Angstrom.

However, for the interpretat ion of AES spectra of al loys

this mean escape depth must be converted into a corresponding number of

layers. To this end assumptions about layer thickness have to be made. I f

one is working with single crystals the thickness of one atomic layer is
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known exactly, but this is not the case with polycrystal1ine material.
142 143

Experiments ' have shown that the surface of fee metals is mainly
1 A4

composed of (111)-planes. Sachtier however has shown that in spite of

the fact that a (111)-p1ane may form the surface of the films, the majority

of the layers parallel to the surface have a (110) structure (see Fig. 21).

Fig. 21

Two possibilities of the surface structure of evaporated metal films.

7. (above) the surface layer is parallel to the underlying layers.

2. (below) the surface layers have another orientation with respeat

to the substrate surface.

The uncertainty in the interlayer distance causes that an error of as

much as 20% can be introduced in X (in 8). If no thickness monitor of

sufficient accuracy is available, the layer growth can still be followed

by monitoring the Auger signal intensities. The calibration can be perform-

ed by determining a certain "breaking point" of the curve or by using
119

LEED intensities . In this way the mean escape depth can be obtained

immediately in terms of number of layers. Conversion -if required- of

the number of layers in a distance introduces however the same uncertainty

as discussed above.

2.6.2.1.2 Other techniques

It is possible to use the difference in electron energies for
122

determination of the mean escape depth. Todd and Heckingbottom have
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compared the intensit ies of XPS lines with X-ray induced AES lines appearing

in the same spectrum. In the case where the Auger process is the only im-

portant de-excitation process, the relevant XPS and AES signals ( i f d i f f e r -

ent in energy) should have an equal intensity i f i t were not for the d i f -

ference in their k inet ic energy and hence in their mean escape depth. The
122

authors determined the mean escape depth from these XPS/AES intensity

ra t ios .

Another method is the transmission technique in which

electrons are directed through a thin foil. (Note that in making these

thin foils, evaporation is used frequently).

All these methods have been used in relatively a few cases

as compared with the overlayer technique, but where the results obtained

by them are available they fit nicely the general picture shown in Fig. 16.

One can conclude that it is indeed surprising that the scatter in Fig. 16

is actually not greater in spite of a non uniform deposition , a possi-

ble interaction between adsorbate and substrate , no correction for

the angle of detection ' , angle of evaporation , backscattered

electrons ' , surface impurities ' , assumptions made with regard

to the layer thickness and the different techniques used. A behaviour

of the same general features is observed for all materials studied.

2.6.2.1.3 Theoretical calculations of the mean escape depth

Let us f i r s t analyse which factors govern the mean escape

depth, or what type of inelast ic processes give r ise to energy losses of

an electron in a so l i d .

1. electron-phonon interact ion energy loss AE<0.1 eV

2. electron-electron interact ion energy loss AE>1 eV

I t is evident that electron-phonon interact ions, i f l imited in number, do

not lead to a loss of ident i ty of the Auger electron considered. However,

electron-electron interaction generally lead to a considerable energy loss,

so that the Auger electron ceases to contribute to the Auger t rans i t ion

considered.

Let us now discuss qua l i ta t i ve ly the shape of the curve in

Fig. 16. At k inet ic energies below 10eV there exist only few exci tat ion

mechanisms by which a considerable proportion of the i n i t i a l k inet ic energy

could be lost (only phonon-electron co l l is ions and electron excitat ions in

the conduction band are possible). At high kinet ic energy the cross-section
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for exci tat ion mechanisms with an energy transfer low compared with the

i n i t i a l energy, is also small. In the region 40-100 eV, where the mean

escape depth is at a minimum, the electron-electron interactions reduce

A to only a few Angstrom. Compared with the extensive experimental work

only a few theoretical papers on the mean escape depth have been published.
145Shelton has calculated the inelast ic mean free paths for

electrons in bulk j e l l i u m . His results are based on Lundquist's calcu-
147lations and are shown in Fig. 22. Penn calculated the mean free path
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Comparison of the measured mean escape depths (see Fig. 16) with

theoretical oalaulations I Shelton, Penn).

for materials where well defined plasmon excitations are possible with an

energy close to the free-electron value. The main result of these calcula-

tions (also shown in Fig. 22 for Pt) is that the mean free path due to

valence and core electron excitations can be expressed by:
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E/(A(lnE + B)) (17)

where A and B depend on the electron concentration of the host material

as well as on the core levels of the consituent host atoms.

Although Penn derived his equation for free electron like

materials he showed that this equation was valid for a l l materials inclu-

ding transition metals, noble metals and rare earths. From Fig. 22 i t can

also be seen that the theoretical calculations match very well the experi-

mental values. This is particularly surprising in the case of the jellium

calculations since there is no allowance for the effect of structure on

he mean escape depth.

Feibelman pointed out that the usual assumption that the

mean free path is spatially non-varying inside the metal can be substantia-

ted theoretically, by virtue of the fact that the surface plasmon excitation

probability increases where that of the bulk plasmon decreases (and vice

versa).

I t can be seen from Fig. 16 that matrix effects can play an

important role in the value of the mean escape depth. Carlson and McGuire

determined a mean escape depth of 13 8 for 1455 eV electrons in W-metal

but this increased to 26 8 in WO,. Penn's theory gives 18.9 8 for the

metal and 20.6 8 for the oxide. The theory predicts a trend in the correct

direction but the absolute values are s t i l l largely in error. Much more

theoretical work is needed before the absolute value of the mean escape

depth can be calculated quantitatively.

Concluding it can be said that at this moment it is possible

to estimate the mean escape depth for an unknown material within a factor

of two.

129

2.6.2.2 The effect of backscattered electrons

In addition to the ionization produced by the primary beam,

ionization will also be caused by the more energetic electrons which have

been scattered back to the surface. This will lead to an enhancement of the

Auger yield which effect can be formally accounted for by introducing the

backscattering factor r. The backscattering factor is a correction factor

for additional inner-shell ionizations caused by backscattered electrons

with sufficient energy. Literature data on backscattering are very scarce

due to the experimental diff icult ies experienced in its determination.
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1̂ 9 79
Bishop suggested a Monte Carlo procedure for simulating

the scattering of electron, beams with incident energies in the range

S~kQ KeV. Despite the approximate nature of the initial scattering data,

his calculations agreed well with the at that moment available experimental

data for the light elements. His values of the backscattering factor r are

in the range 1.0-2.0; whereby r increases both with atomic number and

primary energy.
91 92

Gallon determined r by a relatively simple experimental

iterative procedure. Qualitatively his results are in good agreement with
90

those of Bishop. Vrakking and Meijer have measured backscattering factors

for silicon and germanium by using el 1ipsometric techniques to estimate

the surface coverage of adsorbed elements. Other experimenta-1 data are

also in good agreement ' with the measured and calculated backscatter-

ing factors already mentioned above. In Fig. 23 the increase of the back-

scattering factor with the reduced primary energy is given as determined
92

by Gallon and Smithr .

1.0

Fig. 23

Baekseattering factors for various elements as

a function of reduced primary energy U (U=E /E^
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Fig. 24
Backscattering factors for U-S as a function of atomic number,

o: Smith and Gallon, +: Bishop and Riviere, 0 : Goto et al.,

O-' Vrakking and Meijer, x: Fain et al..

In Fig. 24 the backscattering factor is plotted as a function of the atomic
number of the metal studied. The backscattering factor used in this cor-
relation is for a reduced energy U = E /E. = 5 . It can be seen that apart
from Bishop's results at higher atomic numbers the different results
correlate quite reasonable.

When working with alloys i t is very convenient to define a
relative backscattering factor which is the ratio between the two back-
scattering factors considered (the largest backscattering factor is divided
by the smallest). In Fig. 25 this relative backscattering factor is plotted
as a function of the relative atomic number Z , . Z , is defined as the
ratio between the atomic numbers (the heaviest element divided by the
1 ighter).
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Fig. 25

Relative backscattering factors as a function

of the relative atomic number.

Although the scatter is considerable, particularly at low

values of Z . a trend can be observed: after a sharp rise at low values

of Zrej the increase of rrg| becomes less steep for higher Z. This means

that when working with alloys (which have mostly a low Z ,) the relative

backscattering factor will be relatively small but the uncertainty (due

to the scatter) in the absolute value is considerable.

When working with light elements as adsorbates on a heavy

element one has to consider that the signal intensity of the adsorbate

will be increased considerably due to backscattered electrons.

2.6.2.3 The influence of surface roughness and sample morphology

Surface roughness may have an important influence on the
154Auger intensities. Holloway measured the Auger electron signals from

gold'films on smooth glass and on rough ceramic substrates. 'For a sample

with its normal parallel to the axis of the analyser, the surface roughness



decreased the detected intensity by \0% for normally incident electrons.

Bouwman et al. published Auger intensities for samples prepared in

different ways. These results confirm Holloway's conclusions. The rougher

the surface, the lower the Auger intensity. This effect is even greater

when a grazing incidence electron beam is used. This means that in cali-

bration experiments care must be taken that the surface roughness of the

various samples is approximately the same.

2.6.2.4 The angular distribution of the emitted Auger electrons

Already Harris has shown that the Auger intensity varied

with the angle of emission. This phenomenon is nowadays the subject of

more detailed studies and has established its own abbrevation in the

field of surface science viz. ARASS (Angle Resolved Auger Surface Spectros-

copy).

Gadzuk has studied this phenomenon theoretically and

concluded that the role of the initial state symmetry in determining

the ARASS spectrum is smalt so that the ARASS spectrum is expected to be

a smoothly varying function of angle with modulations due to diffraction

effects. This conclusion is up to now in agreement with experimental

results available .

2.6.3 Instrumental parameters

2.6.3.) The angle of influence of the primary beam

The angle between the incident beam and the surface of the
159

sample has also a great influence on the Auger electron yield. Palmberg

found an increase in the Auger yield for angles of almost grazing incidence.

This phenomenon can be explained qualitatively as follows.

When an incident electron beam makes a small angle with the

sample surface the path length of th is electron beam in the escape region

of the Auger electrons w i l l be greater so that more Auger electrons can

be exci ted. Er t l et a l . ' have used this phenomenon to increase the

surface sens i t i v i t y in their measurements. However, other experiments

revealed that the increase of Auger electron y ie ld may be also due to other

effects such as backscattering. Neave et a l . " have predicted on the basis

of cross-section curves that upon decreasing the angle of incidence of the
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primary beam the contribution of backscattered electrons to the total yield

increases considerably viz. from 10 up to 1*0%. Bishop et al. came to

similar conclusions, Kosh ikawa et al. , Darlington et al. , Shimizu

et al. and Drescher et al. found a strong decrease in the backscat-

tering coefficient with increasing angle of incidence.

These results suggest that also the effects observed by Ertl

might have been due to an increase in backscattering. The signal intensity

of the light (low molecular weight) adsorbate was in their experiments

strongly enhanced by electrons backscattered on the heavier substrate.

2.6.3-2 The solid angle of detection of the Auger electrons

Every commercially available spectrometer detects only part

of the emitted electrons. In section 2.6.2.1.1 -3 the influence of the

detection angle on the determination of the mean escape depth has been

already discussed. In section 2.6.2.4 we discussed the influence of the

angle of Auger emission and concluded that the distribution function of

Auger intensities was a smooth function of the angle (with superimposed

diffraction effects). This all means that the angle of detection is impor-

tant for the Calculation of the absolute Auger yield currents. For relative

measurements this parameter does not bring about a particular problem.

2.6.3.3 The effect of electromagnetic fields on the Auger electron yield

Holloway and Holloway have shown that the Auger peak height

ratio varies when Auger electrons are excited in different parts of the

target. The origin of this phenomenon lies in part in deflection of elec-

trons by weak electromagnetic fields causing energy dependent displacements

of the Auger electron transmission functions throughout the CHA. This

phenomenon is important since the analysed area is often varied (by scanning

or by changing the beam focus during the measurements) which results in

changes of the peak height ratio. For this reason care should be taken

when comparing data from different instruments.

2.6.3.4 Sample positioning

When working with a cylindrical mirror analyser (CMA) the

distance of the sample to the CMA is very important because small changes
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in the sample position will have a strong influence on the electron yield

. This means that a standard positioning procedure has to be applied

to eliminate yield differences only due to the position of the sample,

(for details see chapter 3)

2.6.3-5 Other parameters

There are still some other parameters which influence the

yield of Auger electrons. Firstly there is the primary beam current I

to which the Auger yield is directly proportional. This means that care

should be taken when measuring Auger intensities that the setting of the

beam current remains the same during the whole experiment.

Secondly only a part of the emitted electrons really reaches

the analyser. This is due to the fact that the transmission or transparency

of the analyser is limited. One should bear this in mind when comparing

absolute intensity measurements from different analysers.

Thirdly the Auger intensity is dependent on the number of

atoms per cm , so that any dilution (e.g. by alloying) of the component

monitored should be accounted for.

2.7 Quantification of Auger Electron Spectroscopy

In the previous paragraphs the parameters determining the

Auger yield are discussed. For quantitative Auger Electron Spectroscopy

knowledge of these parameters is necessary; either their absolute magnitude

or at least their influence on relative Auger intensities.

2.7.1 Absolute calculations of Auger intensities

All previously discussed parameters being known it is possible

to calculate the absolute Auger intensities. The Auger yield can be ex-
90

pressed by thp following relation :

I A = a(E)(l-u) I cscS (18)

where o(E ) is the ionization cross-section of the inner level at a primary

energy E , (1-to) is the probability that an Auger process follows the

ionization of the inner level, I is the primary beam current, iC_ is the

angle between the incident electron beam and the sample surface, Í2 is the

solid angle within which Auger electrons are detected and T is the trans-
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mission of the analyser. N. is the number of atoms per cm on site i. There

is also a corresponding backscattering factor r. and attenuation factor

for the Auger electrons q. (q is the chance that an Auger electron which

has been emitted will reach the analyser without any energy loss and thus

depends, among others, on the escape depth). The summation is over all

the different sites in the crystal which the atom can occupy.

It may be obvious from the previous paragraphs that the

determination of the mentioned parameters (which in turn often include

other primary parameters) is a very difficult task and is accompanied by

large errors. It seems therefore at this moment impossible to determine

the absolute Auger electron yields with the required accuracy. This way

of calibration is thus at the present moment not advisable.

For relative measurements it is however not necessary to

know the absolute values of all the parameters. The cross-sections remain

the same for the same primary energy, the probability of the Auger process

is almost unity, the primary beam current can be set at a constant value,

the angle between the surface and the primary beam is fixed as well as

the acceptance angle of the CHA. The transmission of the analyser is a

constant factor, so that only few factors remain important. These factors

are matrix dependent.

2.7.2 The use of external standards

If we neglect the influence of the matrix on the Auger yield

(backscattering factor, surface roughness etc) we can define an "elemental

sensitivity factor" by measuring the Auger signal from the pure elements

under standard conditions (standard CMA position, standard beam current,

modulation amplitude, primary beam energy, the same physical structure

of the calibration samples etc).

When working with binary alloys the "relative sensitivity

factor" is put equal to the intensity ratio from both metals (A and B),

whereby A and B must been determined on the same physical form of the

material analysed (both single crystals, metal films, powders etc).

F = IA(»)/IB(») (19)

With this relative sensitivity factor it is possible to normalize the

Auger intensities (see chapter 3). This method can be used for simple
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systems where backscattering factors, surface roughness etc are expected

to be the same for all the samples analysed (e.g. NiCu, Ptlr). Correction

for the different densities should be applied when necessary.

2.7.3 The use of internal standards

It is in principle possible to determine relative sensitivity

factors in which also matrix effects (as e.g. the backscattering coeffi-

cient) are included. To this end polycrystalIine rods with a known bulk

composition are prepared and fractured in vacuum (see e.g. refs 169 and 170).

It is assumed that the surface created in this way has the composition

of the bulk. This assumption may be incorrect if the fracture is not trans-

granular but intergranular whereby a possibly enriched grainboundary is

exposed to the vacuum.

Furthermore energy evolved upon breaking the crystal can

give rise to surface segregation. However, where this method is applicable

it can bring information on the relative sensitivity factor which includes

matrix effects. Another method is - instead of breaking - mechanical

scraping . However, this treatment can also alter the surface composition

due to the different mechanical properties of the elements and the energy

evolved upon scraping.

It is also possible to obtain relative sensitivity factors

by the ion-bombardment technique ' in which the sample is bombarded

with ions to reveal the bulk. However, ion-bombardment can change the

surface composition considerably which makes it impossible to obtain rela-

tive sensitivity factors without correction for this effect.

2.7-'i The combined approach

In this thesis a more or less "combined" approach is suggested

and used. No effects due to surface roughness are expected due to the

uniform preparation technique applied. This meant that only variations in

the backscattering coefficient would disturb a straightforward use of the

relative sensitivity factors ("external calibration"). In those cases

where backscattering plays a role it is necessary to measure the backscat-

tering coefficient or at least to estimate it from e.g. Fig. 2k . For all

other cases the determination of the relative sensitivity factor can be

performed as described in section 2.7.2.
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Chapter I II

EXPERIMENTAL AND DATA EVALUATION

3.1 EXPERIMENTAL SET-UP

3.1.1 The vacuum system

The ultra high vacuum system used was manufactured by Riber,

France and in Fig. 1 a scheme of the experimental set-up is presented.

The backing-vacuum line for the gas-dosing system consists of a membrane

pump and two sorption pumps (SP) enabling the 25 l/s vac-ion pump (VIP 25)

to start at a pressure 1.10 Torr. The gas-dosing system could be baked

at 200°C so that with the VIP 25 a pressure of 1.10 Torr could easily

be reached. The connection of the gas-dosing system with the sample

isolation valve (SIV) or the bell jar was made by two variable leak valves.

The bell jar and the SIV could be pumped down from atmos-

pheric pressure by a 200 l/s turbomolecular pump stand (THP) from Balzers

(Liechtenstein). Further pumping could be performed by a titanium subli-

mation pump (TSP) and a 200 l/s vac-ion pump (VIP 200). The VIP 200 could

be isolated from the bell jar by means of a viton sealed gate valve.

3.1.2 The Auger system

The Auger system was manufactured by Physical Electronics,

(USA) and was composed of the following parts:
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CMA ION PIR

cp

PIR

F i g . 1

Scheme of the UHV system

TMP - turbe/molecular pump

ION = ion-ization gauge

PIR - pirani gauge

TSP - titanium sublimation pump

VIP - vac-ion pump (ZO or 200 l/s

CMA = cylindrical mirror analyser

SIV - sample isolation valve

SP = Sorption pump

MP = membrane pump

G = gas bottle

SI - variable leak valve

® - CHPD valve

© - viton valve
e s = viton sealed gate valve
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3.1.2.1 The cylindrical mirror analyser (CMA)

The CMA used (model 10-150) was of the type first used by

Palmberg et al. in 1969. In Fig. 2 a scheme of the CMA is given.

/ ^.
s

f' "\
X

\ " ' —

1 Electron
1 gun

^

' ^ .

_ • — • " ' ^

u-metal

V

detector

V

shield

CMA

Fig. 2

Simplified scheme of a cylindrical mirror analyser

The analyser consists of two coaxially arranged cylinders, the inner one

being held at ground potential. A negative deflection voltage is applied

to the outer cylinder. A primary electron beam from an electron gun which

is either mounted coaxially in the centre of the analyser or placed

externally at glancing incidence, is directed at the sample which is held

in front of the entrance aperture.

Secondary electrons emitted by the sample, enter the CMA

through the entrance aperture and are energy analysed in the space between

the two cylinders. Only those electrons having a specific kinetic energy

are imaged onto the exit aperture of the analyser. The resolution R of the

analyser is about 0.3% and is independent of the deflection voltage applied

to the outer cylinder.

(1)AE/eV
defl R

The transmission of the analyser is roughly comparable with that of a

retarding gr id system. When the negative def lect ion voltage V. , . applied

to the outer cylinder is swept l inear ly and the sample is kept at a fixed

potent ia l , the sampled width AE of the energy d i s t r i bu t i on , increases with

tfdef, (seeEq. (1 ) ) .
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The current reaching the col lector i s :

i ( E d e f l } = K R E d e f . N ( E ) (2)

where K is a constant for the geometry used, R is the resolution, N(E) is

the distribution of electrons according to their energy and E. ,. = eV. ,..

It is possible to differentiate the current ï (E. ,.)

electronically by applying a modulation voltage k sinuit to the outer

cylinder and detecting the first harmonic of the output current.

One obtains:

i(Edefl = e k sinwt) = i(Edefj) + e i'(Edef]) k sinut +

e2i' (Edefl)(k
2sin2o)t)/2

1 (3)

where the prime indicates differentiation with respect to energy.

Neglecting higher order terms, ws see that only the i'(E .) term

corresponds to the first harmonic. The amplitude of this first harmonic

of the current is:

di (to) = e k K
dEdefl

(R Ede f ]N(E)) = e k K R + Ed e f ,N'(E)) Cf)

We see that the f i r s t harmonic contains N(E) in addition to N'(E). However,

since N'(E) gets mult ip l ied by E. .., the N(E) term happens to be re la t ive ly

small except at very low energies, i .e . at E<50eV.

A great advantage of a CMA compared with an other detection

system such as the retarding gr id analyser is the low noise level (only

AE of the tota l spectrum is being measured). The high scanning rate makes

i t possible to use a scope display.

3.1.2.2 Ion-gun and grazing incidence electron gun

As can be seen in Fig. 3 (top view of the apparatus) an

ion-gun and a grazing incidence gun were also a part of the experimental

set-up. The ion-gun (PHI model 0*1-161) made i t possible to clean the

sample surface by means of high energetic (up to 2.5 kV) noble gas

ions (Ar ) .

The grazing incidence gun (PHI model OA-015) v»as mainly used

when working with isolat ing samples such as catalysts on car r ie rs .
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—«•to turbo pump

^-^ to gas dosing system

Fig. 3

Top view of the experimental set-up

1 - sample isolation valve

2 - sample holder
3 - evaporator
4 - manipulator

5 - ion-gun

e - viewing ports
? - quadrupole mass spectrometer

The CM is situated perpendicularly to the plane of droving.
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Fig. 't

The sample holder

1 - molybdenum rod for the attachment to the manipulator

2 - quartz to molybdenum seal

3 - frame for the attachment of the quartz plates

4 - grooves for the heating wire

5 - view of the sample holder with attached plates

6 - top view with attached plates
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3.1-3 The sample holder

The sample holder could be used for two purposes:

1. to hold pressed powder alloys

2. as a substrate for the evaporation of metal films.

The basic material for the construction of the sample holder was quartz

(see Fig. 't). Heating could be performed by a Ta-wire, the temperature

of the sample was measured via a Pt/PtRh thermocouple. Depending on the

type of experiment two types of quartz supports were used:

1. for powder experiments quartz plates were used with a profile as shown

in Fig. 5. In this way the pressed powders could be prevented from

falling from the sample holder. Electrical contact was made via an

aquadac (colloidal graphite) strip which was painted on the quartz

plates.

top view side view

Fig. 5

Top and side view of the mounting of pressed powders

2. for the f i lm experiments f l a t polished quartz plates were used. At

certain distances grooves were cut (These grooves fec i lated the breaking

of the plates af ter the experiments so that the evaporated f i lms could

also be analysed by X-ray d i f f rac t i on or X-ray fluorescence). Electr ical

contact was also made by aquadac s t r i ps .

This experimental set-up enabled the study of a variety of materials.

3.1.'t The evaporator

When metals are being evaporated in a bell j a r as described

above, evaporation of the metals on other parts than the sample holder

(e.g.- the CMA) must be avoided. A second problem is the fact - that the

sample isolat ion valve (SIV) has to be closed for some operations, so that

the evaporator should be versa t i le .
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Furthermore the evaporator should produce a directed beam

of metal atoms onto the sample holder, and moreover, the different fila-

ments should not evaporate metals onto each other.

In Fig. 6 a schematic drawing of the evaporator is shown.

CÍ)

Fig. 6

The evaporator

1 - tungsten feed-throughs

2 - with glas insulated tungsten connections

3 - attachment of the head of the evaporator»

to the central rod

4 - feed-throughs to the filaments

5 - place for the filaments with quartz shield

I t can be seen that bellows permit spatial adjustment of the evaporator.

The metal filaments for evaporation can be attached to tungsten rods and

a quartz shield prevents the filaments to evaporate metal onto each other.

A quartz tube is placed over the end of the evaporator to guide the

evaporant stream. Holes are made on the side of the tube to maintain UHV

conditions inside the tube. These holes have such a shape that no metal

can evaporate out of the tube. By placing the front opening of the evapo-

rator against the sample holder i t is possible to evaporate c i rcu lar metal

f i lms on top of the aquadac contact s t r i p s .
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3.1.5 The sample isolation valve

As can be seen in Fig. 3 the system was also equipped with

a sample isolation valve (SIV). This SIV is commercially available (Riber,

France) and offered the possibility to pretreat the samples up to atmos-

pheric pressures without disturbing the vacuum in the bell jar. Furthermore

a quick replacement of the samples is possible (also without disturbing

the vacuum in the bell jar) and the space taken by the SIV is relatively

smal 1 .

The SIV has the form of a cylinder which envelopes the

sample holder whereby the seal is obtained with an aluminium gasket which

can be used various times (depending on the applied torque, and the vacuum

requirements in the bell jar from 5 to more than 20 times). A disadvantage

of this type of isolation valve is that it is not possible to observe the

sample under treatment.

3.2 SAMPLE PREPARATION

For Auger Electron Spec troscopy clean, non contaminated

samples are required. In this study two ways to prepare clean samples

have been applied and are described below viz.

1. evaporation of metal f i l *

2. chemical preparation of powder samples which are cleaned by sputter

etching.

3.2.1 Evaporation of metal f i lms

By evaporating metals in u l t ra-h igh vacuum from thoroughly

outgassed filaments i t is possible to prepare surfaces of the highest
2

pur i ty . I t is possible to evaporate metals from a W-support or from a

filament of the metal i t s e l f . The choice mainly depends on the poss ib i l i t y

to make filaments from the pure metal (the mechanical strength and the

vapour pressure at the melting point of the metal) and the chance that

the metal being evaporated forms al loys with the W-support.

In Table 1 some useful data for the evaporation of metals

are summarized. In F ig. 7 the Auger spectrum of an evaporated Cu-film is

shown.where the Auger electron energies of potential contaminants (which

are not observed) are indicated.
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Nickel

Pal ladium

Platinum

Silver

TABLE 1

Some useful data for the evaporation of metals

Metal

Cobalt

Copper

Gold

Iridium

me 11 i ng

po in t (°C)

IA78

1083

1063

245*1

evap. temp.

<°C)

1649

1273

1465

2556

evap.

Co,

W

W

I r ,

from

W

W

remarks

Alloys with W,
evaporant weight
must not exceed 35%
of that of W-spiral.

Does not wet readily
W-spiral.

Ir wire breaks very

1455

1555

1774

961

1510

1566

2090

1047

N i , U

Pd, W

U, Pt

w

easi ly and is hard
to spiral i ze.

Al loys with W,
evaporant must not
exceed 30% of the
weight of W.

Al loys with W.

Ag does not wet W.

For a vapour pressure of 1.10 Torr

900
E(eV)

Auger speatrum of an evaporated copper film.

The contaminations are indicated by arrows.
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When a metal is evaporated on top of an insulating substrate

such as quartz, care should be taken that the thickness of the metal f i lms

is su f f i c ien t to prevent island formation and d iscont inu i t ies . To meet

this problem metal f i lms were evaporated thicker than 250 A. Another

problem can be the adhesion of the metal f i lm to the substrate. With Cu-

fi lms th is adhesion was so bad that, regardless of the thickness of the

f i lm (up to 1000 A) an attempt to perform Auger analysis resulted in

surface charging of the fi lms due to the poor contact with the substrate

(and the conducting s t r i p of aquadac).

This phenomenon had already been observed before and could

be circumvented by evaporating f i r s t a thin f i lm of another metal

(e.g. Ni,Pt) which had a greater adhesion to the substrate and to use th is

as a substrate for a Cu- f i lm. l t should be emphasised that before evaporation

of the metal f i lms i t is necessary to outgas the filaments thoroughly and

to pre-evaporate a small amount of metal to ensure the maximum possible

cleanliness of f i lms used for analysis.

To prepare al loys the evaporated bimetal l ic f i lms are sintered

at a required temperature (see chapters ^,5 and 6 for de ta i l s ) . In preparing

the bimetal l ic f i lms i t i s , of course, possible to vary the sequence of

evaporation (A on top of B, B on top of A and A and B simultaneously

deposited) and to check in th is way the process of approaching the e q u i l i -

brium state.

3.2.2 The preparation of a l loy powders

There are several poss ib i l i t i es to prepare a l loy powders

without car r ie r . The chemical properties of the metals and metal-ions

mainly determine the choice of the way of a l loy preparation.

3.2.2.1 Melting

When one makes alloys by melting the components together,

high sintering (annealing) temperatures (>0.3 T . . for "two dimensional"

equilibration in thin layers and >0.8 T . . to achieve "bulk" equili-

bration) are required. Bulk diffusion in solids is often very slow and

long equilibration times may be necessary.

Furthermore, this method is not easily applicable for alloys

with a component which forms irreducible oxides (like AI), because it is

86



very difficult to prevent oxide formation upon prolonged sintering at high

temperatures. Oxide formation can lead to chemisorption induced segregation

of a component to the surface layer, an effect which should be avoided

when determining the surface composition of alloys.

3.2.2.2 "Adams" powders

By this method mixed oxides are formed from soluble salts

(n i t ra tes , chlorides) in a melting mixture of n i t r i t e s and n i t ra tes . The

oxides are then reduced by H. at the-required temperature. I t is a very

good method for making al loys of metals with a high melting point

( I r , Pt, Ru) . A disadvantage of this method is the fact that the al loys

must be cleaned from a l ka l i ions.

3-2.2.3 Simultaneous decomposition and reduction

Various compounds can serve as a star t ing material for th is

way of a l loy preparation e.g. carbonates, hydroxides etc. These compounds

are decomposed (when necessary in an inert gas stream) whereafter reduction

and sinter ing in a hydrogen atmosphere completes the a l loy formation. This
6 7 8

way of preparation is par t icu lar ly suited for e.g. NiCu , NiCo and NiFe

al loys. A drawback of this method is the fact that af ter the preparation

the a l loy surfaces are contaminated by various carbon compounds.

3.2.2.4 Liquid phase reduction

By this method soluble salts of metals (n i t ra tes , chlorides)
q in

are reduced by formaldehyde , sodiumborohydride , hydrazine hydrochloride

or hydroxylamine . With regard to a possible contamination of the

a l loys, hydra^ine hydrochloride seems to be one of the safest and at the

same time most universal reduction agents. Because of this and the fact

that by th is method the metals are mixed upon reduction at an atomic scale,

this method was chosen to prepare the Pt-Pd and Pd-Ag a l loys . The reaction

is autocatalyt ic and proceeds at the serface of the al loys already formed.

In general, the procedure of making the al loys is according to Kulifay

as fol lows.

The metals are dissolved in the desired rat io in aqua regia

and this solution is slowly added to a water solution of hydrazine

hydrochloride and ammonia. Admission of metal chlorides to the solution
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and the subsequent reduction is performed at 80 C under vigorous s t i r r i n g .

After one hour the bimetal l ic powder is f i l t r a t e d and washed with water

and methanol. After this treatment the powder is dried at about 100 C in

a i r . Hereafter the a l loy is equi l ibrated for 16 hours at ii00°C in a

hydrogen flow (1 atm). In this way good alloys can be prepared i f a number

of requirements is f u l l f i l l e d .

1. The l iqu id phase reduction of both components should proceed at compar-

able rates. This can occur even i f the pure metals are reduced quite

d i f fe ren t l y because one of the metals can catalyse the reduction of the

other (e.g. Pt increases the reduction rate of Au).

2. No side processes l i ke precip i tat ion of chlorides etc should occur.

(This is the case e.g. with Ag when chloride-ions are present).

re 1 . This is the case with PtCu alloys where the reduction of Cu is so

slow that Cu w i l l be reduced only pa r t i a l l y . I t is then very hard

indeed to obtain Cu-rich al loys by this method.

re 2. When AgPd alloys are prepared from Pd dissolved in aqua-regia i t

must be prevented that AgCl w i l l precipi tate from the solut ion. This

can be achieved by converting the chlorides into ammonium complexes

which are soluble in water and by performing the reduction at a

high pH.

The Kulifay method i s , when applicable, quite suitable for making homo-

geneous a l loys . This can be i l lus t ra ted by the following example:

Pt-Au al loys exhibi t a broad m isc ib i l i t y gap.

This phenomenon can be established by fol lowing segregation

in bulk al loys prepared by melting as described in section 3-2 .2 .1 .

However, the equi l ib ra t ion times, necessary to obtain a thermodynamic

stable s i tua t ion , are in melts very long (up to one year) . Kuli fay

powders equi l ibrate in contrast to i t very rapidly wi th in Ik hours ,

because of their small par t ic le size and probably due to the presence of

many defects in the solids and grain boundary d i f fus ion taking place. This

means that a thermodynamic equil ibrium is more easily obtained in this way.

The question to what extent the method of preparation influences the

surface composition was recently answered by Mittemeier and Delhez

By using l ine shape analysis of X-ray d i f f r ac t i on spectra

they could construct a composition p ro f i l e of the PtAu c r y s t a l l i t e s . They

concluded that for an unsintered a l loy the kernel is composed of almost

pure Pt surrounded by a Au layer, whereby the outmost layers are again
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Pt - r i ch . This means that the expectation that Pt is reduced f i r s t where-

af ter Au is ca ta l y t i ca i l y reduced on Pt, is experimentally confirmed. After

s in ter ing , the mean c r y s t a l l i t e size increases and a homogeneous al loy

is obtained except for the surface region which is enriched in Au. (This

Au came from deeper layers.)

The experiments described above were the f i r s t experimental

evidence that by the Kulifay method of preparation homogeneous and thermo-

dynamically stable al loys are obtained af ter s in ter ing .

3.2.2.4.1 Sample preparation and surface cleaning

After reduction the powders are pressed into pel lets by a

press used to prepare samples for Infra Red Spectroscopy (pressure is 10

tons on the ram). These pel lets (.$ 0.7cm) could be mounted on the sample

holder. In Fig. 8 an Auger spectrum of a Ag powder is shown.

100 300 ' 500
E(eV]

Fig. 8

Auger spectrum of a sputter-ateaned silver powder
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Cleaning of the sample surfaces could be performed either by sputtering

with Ar+-ions or by oxidation followed by reduction in a hydrogen flow

(p = 10 Torr). Equilibration following the mentioned treatment could

be performed by heating the samples at a given temperature during a

required time in situ (UHV conditions).

3.3 MATERIALS USED

The metals used for evaporation had a specpure qual i ty and

were obtained from the Materials Research Coorperation (USA) and Dri j fhout

(the Netherlands). The metals used for the powder al loys had a pur i ty of

99.95% and were obtained from the same manufacturers.

The gases used had a pur i ty of 99.999% and were obtained

from l 'A i r Liquide (Belgium). The quartz substrates were from Heraeus

(Germany) and were of the Heras i 1 1 qual i ty (polished).

3.It EXPERIMENTAL CONDITIONS

As already discussed in the previous chapter, i t is very

important for quant i tat ive Auger Electron Spectroscopy that the experimental

conditions remain unchanged during the experiment. This holds par t icu lar ly

for the posit ion of the sample with respect to the analyser. To obtain

maximum reproducibi1 i ty the fol lowing procedure was appl ied:

With a primary energy of 2000 eV, the analysed electron

energy is scanned from 1950 to 2050 eV. With the manipulator the posit ion

of the sample is now adjusted so that the e last ic peak has a symmetrical

shape and the correct energy. With this procedure an optimal reproducibi1 i ty

of the spectra is obtained so that differences in peak height due to sample

positioning can be neglected.

For other experimental deta i ls the reader is referred to the

chapters h, 5, 6 and 7.

3.5 DATA EVALUATION

3.5.1 Contribution of the various metal layers to the Auger signal

As already described the detected Auger electrons do not

all originate in the outermost surface layer alone, but depending on the

energy of the electrons they may come from several layers.
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When calculating surface compositions from Auger Electron

Spectroscopy data it is therefore necessary to know more about the atten-

uation of the Auger electrons in the solid. Two models can be distinguished:

1. a model assuming exponential attenuation of the electrons and

2. a model by Gallon based upon the calculation of the intensity I(n) of

an Auger signal originating from n layers for a material for which the

parameters I (=>), the signal of the bulk material, and 1(1), the signal

for a mono atomic layer are known.

As will be shown both models are in, fact almost identical.

3.5-1.1 The exponential attenuation model

In Fig. 9 a scheme for the calculat ion with this model is

given.

Nx.dNx

:dx

Fig. 9
A scheme fop the derivation of the

exponential attenuation model.

A constant f lux of electrons NQ is entering the sol id and at a distance x

only N of the or ig ina l electrons are present. There are dNx electrons

lost in dx due to non e last ic co l l i s i ons . We can now wr i t e :

kNxdx

HS
Q * d V N x _Akdx

F = Nx/N = exp(-kx)

where k is called the extinction coefficient.

(5)

(6)

(7)
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We can define the mean free path as:

N =0(x=»)
(8)

where dN /N stands for the probability that an electron undergoes an

inelastic collision in the interval between x and x+dx. This relation

can be converted (by using Eq(5) and (7)) into:

\ = k ƒ exp(-kx)xdx

Simple integretion leads to:

X = 1/k

so that F can be written as:

(9)

(10)

F = Nx/No = exp(-x/A) (11)

When x is equal to A, the fraction of the nonscattered electrons is:

F = Nx/No = 0.37 (12)

I t can thus be shown that the mean free path is also defined as the depth

from which 631 of the detected electrons originate; 37% of the electrons

originate from a depth greater than A.

In Fig. 10 the contributions to the signal are given as a

function of the depth (expressed in terms of A).

3.5.1.2 Gallon's model

.16
Gallon has suggested a model which considers the sample

as built up of a set of planes 1,2, n parallel to the surface (see

Fig. 11). The incident electron beam has a probability P of being scattered

at the first layer and (1-P) of penetrating into the next layer. The

probability of a scattered electron to produce an ionized atom and an

Auger electron which emitted in the direction back to the surface is A.

The probability of this Auger electron to penetrate without energy loss

the layer immediately above is denoted as Es.

If there are NQ primary electrons incident per second then

NQ(i-P)
n"1P electrons are scattered in the nth layer producing No(1-P)"~'PA
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1.0
relativa
intensity

Fig. 10

The relative intensity of the Auger signal

as a function of the depth in terms of A.

primaryVbeam

tP-—A
r:.

1-P^PÜ-PI

vacuum

1

2

3

i

nlayers

Fig. 11

A scheme for the derivation of Gallon's model
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Auger electrons in the direction to the surface and of these

No(1-P)
n"'pAEsn"' reach the surface c

from n layers I(n) is then given by:

N (1-P)n PAEs" reach the surface and escape. The total Auger current

N Q P A

For a monoIayer n=1 and i t holds:

1(1) = NQPA

For the bulk n=°° and

I(») = N_PA 1

(13)

(11)

(15)

(16)

(17)

The charm of this formula is that once the monolayer intensity is known

(1(1)) i t is possible to calculate the Auger intensity of every other

layer; I (°°) is very easily obtained from measurements on a bulk material.

3.5.1.3 Relation of both models

It can be easily seen that Gallon's model is in fact the same

as the exponential model. I f n layers are responsible for 63% of the total
A

signal then:

o " 1-(1-P)Es

1(1) and I(») inserted in equation (14) give:

l(nx)/l(») 0.63

and

ln(0.37)

It means that

ln{1-l(1)/l(o=)} = -d/X

where d(h,k,l) = X/n. and is equal to the lattice spacing.

= 1-exp(-d/X)

(18)

(19)

(20)

(21)



From the last equation I can be easily calculated if the

other parameters are known. Vice versa when literature data on X are

available it is possible to calculate 1(1).

In this thesis we have used Gallon's model for the data

evaluation for several reasons. Firstly, this model can be easily used

by the experimentalist since only the monolayer intensity 1(1) and the

bulk signal I (>») have to be determined. Secondly, this model gives the

mean escape depth in a number of layers n, which is exactly what we need

for further data evaluation.
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Chapter IV

THE SURFACE COMPOSITION OF PLATINUH-PALLAOiUH ALLOYS

DETERMINED BY AUGER ELECTRON SPECTROSCOPY

S u m m a r y

Platinum-Palladium alloys were prepared as powders by a

chemical reduction method and as films by evaporating the specpure metals

onto a quartz substrate. Results were evaluated by means of the equation

given by Gallon; the parameters of this equation - the signal intensity of

a monolayer and of the bulk material - were determined experimentally for

all relevant Auger peaks.

The backscattering factor for the alloy system was evaluated

from experiments in which a layer of one metal was evaporated on top of the

other. The value determined in this way was compared with results obtained

in the literature on similar systems.

The theoretical surface compositions are calculated for

several models and compared with the experimental results. Experimental

results reveal surface enrichment in Pd, in good agreement with the theo-

retical calculations.

Interactions of alloys with carbon monoxide and propane are

discussed and a possible explanation of the observed effects is suggested.
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k.\ INTRODUCTION

Auger Electron Spectroscopy (AES) is nowadays one of the most

important techniques in the determination of the surface compositions of

alloys. The element specificity and the relatively small escape depth of

Auger electrons makes i t possible to analyse surfaces of a variety of b i -

metall ic systems. However, in every case calibration is necessary for

quantitative analysis. Calibration can be quite simple for al loys, the com-

ponents of which are neighbours in the periodic system (e.g. Ni-Cu ) ; i t

becomes more complicated when the atomic numbers Z of the components di f fer

more. The reason for this complication is the so-called backseattering of

primary electrons. Due to this effect an element with a lower backscattering

has a higher yield of Auger electrons in a matrix of an element with a

higher backscattering. Since backscattering is related to the atomic number

Z (the backscattering increases with Z) i t becomes important for alloys

such as Pt-Pd.

The Pt-Pd alloy system has beenstudied for several reasons.

I t is a potentially interesting catalytic system ( i t is composed of two

catalyt ical ly active components which di f fer in their se lect iv i t ies) , and

some catalytic data are already available (on benzene hydrogenation and

dehydrogenation of cyclohexane ) . Furthermore, i t is a good system to test

some procedures of calibration and to apply the existing theories of surface

composition of alloys.

k.2 THEORETICAL BACKGROUND

In this paper a l l parameters necessary for the evaluation of

Auger data were determined from experiments with evaporated metal films and

used thereafter in the analysis of the results obtained with both films and

metal powders.

4.2.1 Gallon's model

Gallon developed a model which he used to calculate the rela-

tive contributions of individual atomic layers of the metal(alloy) to the

overall Auger signal intensity. His approach leads to a formula which is

very simple to handle, namely:
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(D

In this formula I(n) is the intensity of an Auger signal originating from

n atomic layers, whereas 1(1) and I (•») are the Auger signal intensities of a

monolayer and the bulk material, respectively. Since I (<=) is easy to deter-

mine, the only unknown parameter is 1(1), the "monolayer intensity". If this

parameter is known it is possible to calculate the relative contribution of

any atomic layer. We determined the l(1)/l(°>) values in experiments in which

layers of one metal were evaporated onto the second alloy component, there-

by monitoring the increase and decrease of the relevant intensities (see

sections 't.3 and k.k).

4.2.2 The backscattering factor

The measured Auger electron current can be wri'lto as:

'A = C °A ( E
P
) rA (2)

where C is a constant which is characteristic for the analyser and given

experimental conditions. I t comprises the primary beam current intensity,the

dependence on the angle of incidence of the primary electron beam, the

acceptance angle, etc. a»(E ) is the ionization cross-section for the inner

level involved in the Auger process and r. is the backscattering factor which

is a correction factor for additional inner shell ionizations caused by back-

scattered electrons with sufficient energy. When a metal A is evaporated on

top of another metal - say B - with a different backscattering factor (e.g.

Pt on top of Pd) another Auger current is measured because of the difference

in backscattering:

I.' = C aAEjr' (3)

C °A(E
P
)rA'

= R

4.2.3 The surface composition of binary alloys

There are several theories which predict the surface composi-

tion of binary alloys. For the Pt-Pd alloy system (a solid solution, the

latt ice constants di f fer by only 0.7?) several theories can be applied. The

most simple model is that which treats the alloy as an ideal solution where-

by the driving force for the surface enrichment is the difference in surface
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energies of the components only. Thermodynamics leads in this approximation

to the following equation:

XA XA

-1 = 4 expH YA - YB)a/RT)
X X1 xb

(5)

„Bwhere Xj and X. are the atom fract ions of components A and B in the f i r s t

surface layer, whereas Xfa and Xb are the respective bulk atom f ract ions.

Y and Y are the surface energies of the components while a is the area

of the surface/mole. Several authors have shown that in the approximation

of pairwise bonding in the metal, i t holds for the ideal so lut ion:

A D

where H , and H u are the heats of sublimation of the solid, Z is the num-sub sub v
ber of would be nearest neighbours in the missing atomic plane above a sur-

face atom (vertically bonded) while Z is the total number of nearest

neighbours of an atom in the solid.

Binary alloys are as a rule no ideal solutions, since they

have a finite heat of mixing. When in the approximation of pairwise bonding

bond enthalpies H.., H»R and H__ are calculated for the respective pairs, it

holds:

HAB - <HAA HBB ) / 2

H

= 0, ideal solution

0, real solution

(7)

In the approximation used:

HAB •
HAA HDD)/2 =

"0 'tot
(8)

H.D, Hfla and H0B are the respective bond enthalpies, Nn is Avogadro's number
Ao MM DO U

and Í2 is the "regular solution parameter" which is directly related to the

heat of mixing AHm by the relation:
n = AHm/X

A X^ (9)

In the approximation of the regular solution model ' * the entropy of

mixing is put equal to that for the ideal solution, so that when enrichment

takes place only in the topmost layer, the equation reads:
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 X A

Z. is the number of nearest neighbours in the plane of the atom. Besides a

simple model in which surface enrichment is iimited to one monolayer there

exists a model whereby the surface enrichment is extended over four top

layers . In this paper the theories mentioned (Eq. 5, 6 and 10) are compared

with the experimental results. The effect of strain energy has been neglected

due to the small difference in lattice constant. No electronic relaxation

effects have been included in the calculations.(This also holds for the

other chapters.)

4.3 EXPERIMENTAL

4.3.1 Apparatus

The experiments were performed in a stainless steel UHV

apparatus (Riber, France) equipped with a CMA (Physical Electronics, USA).

The UHV system offered the possibility to pretreat the alloys under atmos-

pheric pressure using a commercial sample isolation valve (Riber). This

sample isolation valve was connected via a leakvalve with the gas inlet sys-

tem whereas a turbomolecular pump (Pfeiffer 200 1/s) permitted a quick eva-

cuation after gas treatment. In Fig.l the outline of the apparatus is given.

The sample holder was constructed of quartz and could be used

either for evaporated metal films or for pressed powders. The heating of the

sample holder was performed by a Ta wire while the temperature was measured

via a Pt/Pt-Rh thermocouple. The evaporator from which the metal films were

evaporated onto the sample holder consisted of a manipulative cylinder

oriented perpendicular to the axis of the manipulator. The two filaments were

situated inside the cylinder whereby care was taken that no metal deposition

from one filament onto the other was possible. In this way the internal of

the UHV system and the CHA optics could be prevented from contamination with

the evaporated metals.
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—»to turbo pump

WML

Ns-»-to gas dosing system

F i g . 1

Top view of the experimental set up: 1 - sample isolation valve;

2 - sample holder; 3 - evaporator; 4 - manipulator; S - ion gun;

6 - viewing ports; 7 — quadrupole mass spectrometer.

The CMA is situated perpendicular to the plane of drawing.

't.3.2 Preparation of the alloy powders

The alloy powders were prepared from Pt and Pd sponge (purity

99.99%, Drijfhout, The Netherlands) which was dissolved in aqua regia (p.a.) .

The mixture of chlorides was then chemically reduced according to Kulifay .

The solution of chlorides is hereby added unde vigorous st i r r ing to a solu-

tion of hydrazine chloride at T - 80 C. After the reduction is completed the

system is neutralized with NH.OH. The powder is then f i l tered o f f , washed,

dried and equilibrated in a hydrogen atmosphere at i»00°C. The chemical and

phase composition of the alloys was checked by X-ray diffraction and X-ray

fluorescence. Only one-phase alloys were formed.

In Fig.2 the variation of the latt ice constant is plottee as

a function of the alloy composition (al l compositions are in atomic %).
o

The obtained result agrees very well with the wotk of Darby et a l . .
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3.93

al»)

3.89-

Fig. 2

Variation of the lattice constants with alloy composition (in at% Pd)
Q

• .• this work D-" after Darby et ál.

't.3.3 Preparation of the metal and alloy films

The metals (specpure from Materials Research Co., USA) were

evaporated from mult ihairp in W-filaments onto a quartz substrate. The pres-

sure during evaporation was below 1.10 Torr. After thorough outgassing

of the filaments (otherwise the surface, par t icu lar ly that of Pt, contained

traces of K and Cl) the evaporated f i lms were free of contamination. The

al loy f i lms were sintered in vacuo for 16 hours at ')00oC.

't.3.^ Experimental conditions for Auger spectroscopy

The Auger spectra were taken with a primary energy of 2000 eV

and a beam current of 10 pA for the low energy (up to 1000 eV) part of the

spectrum. The modulation amplitude was 2 eV peak to peak. The high energy

part (around 2000 eV) was taken with a primary energy of 5000 eV and a beam

current of V pA; the modulation was 10 eV peak to peak.
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4.3-5 Determination of the relative monolayer intensity l(l)/M°»)

When the relative monolayer intensity, i.e. the fraction U.

of the total signal which originates in the topmost metal layer

(Nj = l(1)/l(«>) ) is known, it is easy to calculate the contribution N. to

the total signal from the i-th layer by using the Gallon equation (1) and

the parameter Nj. We need these fractions for the evaluation of the data on

the surface composition of alloys. Knowing N., it is also possible to deter-

mine the mean escape depth X . Since the mean escape depth X is defined as

the thickness of the metal layer responsible for 63% of the total signal, we

construct l(n)/l(<») = f(n) by using Eq. (1) and the parameter N? = l(l)/l(°>),

find the point which corresponds to l(n)/l(°°) = 0.63 and convert the n^

coordinate of this point into > by J = Dj d where d is an appropiate inter-

layer distance. The problem is the knowledge of N^.

If the literature values for X(E) were more reliable and less

scattered, it would also be possible to calculate Nj from Nj = l(1)/l(°°) =

1 - exp(-d/X) or to use the formula for the exponential attenuation for all

calculations (see section 4.5). However, this is hardly possible with the

data now available and it is advisable to determine the parameter ItL (or X)

experimentally for the system studied.In some favourable cases N. can be

determined by using evaporated films and by the method which can be explained

by the following example.

Let us calculate the values l(n)/i(°°) according to the Gallon

equation (1) for two different M, (E) values: N , ^ ) = 0.5 and N^ (E2) = 0.2.

The first chosen value would correspond (according to the published vali'es

for X(E)) to E1 % 100 eV and the second to E2 % 900 eV. In this way a number

of points for n = 1,2,3 etc. are obtained as in Fig. 3. From the two sets of

points n can be eliminated and the points from Fig. 3 can be put in a graph

where the signal intensity for one energy is plotted as a function of the

other. In this way the points in Fig. h were obtained. These points are

interconnected by a continuous curve as one would do with points measured

experimentally. It can be seen from Fig. k that the curve starts to deviate

from the straight line when the point r'th the coordinates N.(E.) = 0.5 and

N j ^ ) =0,2 is passed. This can be used to advantage to determine the un-

known N.(E.) values experimentally.

If the Auger spectra of the metals studied reveal two such

suitable peaks as in the example above, the experimental data for

(l(n)/l (<°))uetal 1 = f (I (n)/l (•»)) metal 2 are obtained and put into a graph.
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6 B
number of layers

10

Fig. 3
Increase of the relative signal intensity as a function of the

number of layers according to Gallon's theory. It can be seen

that the relative signal intensity of the low energy signal in-

creases more steeply than the high energy signal.

Knowing that between zero and the point with coordinates N.ÍE.)
I I IMC LQ I I

^1^E2^metal 2 a s t r a ' 9 n t ' ' n e should always be drawn, we construct at the

origin a tangent to the experimental curve and find the coordinates of the

point at which the curve starts to deviate from the straight l ine. This is

the f i r s t t r ia l value for ^ ( E , ) ^ ^ , , and N, (^'metal 2 , Correctness of

the choice is then checked when these two parameters are used to calculate

the Gallon equation (1) and to f i t the whole experimental curve

(l(n)/l(»))tnetal 1 = f ( I (n)/ l (°°))metal 2. Eventually, a better combination

of Nj values can be found by looking for a better f i t .

A few additional remarks are necessary. The experimental data

for (l(n)/l(«>))metal 1 = f (I (n) / l H)metal 2 are obtained by evaporating one

metal on a thick continuous layer of the other metal (at low temperatures of

the substrates) and by monitoring the decaying intensity of the substrate

signal and growing intensity of the signal from the film being evaporated.

This is only possible when no alloying, island formation, etc. takes place.

The procedure as described above is only applicable when suitable Auger
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Fig. k
Increase of the relative signal intensity of a low energy

signal as a function of the increase of a high energy signal.

The points correspond to the number of layers of Fig. 3.

It can be seen that deviation from linearity occurs at the

first monolayer.

signals are available with the system studied. The condition is that at least

one of the signals is in the region of the minimum A, maximum Nj values and

the NJCEJ) and N ^ E ^ values are sufficiently different so that the deviation

from linearity (as in F'g. 't) allows us to fi;id the required parameter

N^E,) and N,(E2) .

It might be objected that in this way the success of the

method described depends very much on the way how the film is formed on top

of another metal. However, any quantitative Auger analysis of surfaces has

to use either the value of * (the mean escape depth) or of N, = l(l)/l(°°)

to evaluate the data. Most of the literature data for the X(E) values have

been obtained in experiments where one metal was condensed on top of another

metal, so that the same objections can be also raised against the use of the

tabulated X(E) values.

One more remark on the mean escape depth. From the experimental
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data ai in Fig. 't, the mean escape depth can be determined by converting n

for l(n)/l(») = O.63 into >. When working with polycrystal1ine material an

assumption must be made about the thickness d of the atomic layer in the

metal. A correction must be made for the acceptance angle G (being ^2.3 )

of the CMA, the mean escape depth is then n,-d(h,k,l) cos 0 = 1-35 "ĵ -d

1.35 n, .d(hkl). Notice , that a similar correction (̂  I.3) must be also
9

applied when a spherical retarding potential analyser is used .

k.k RESULTS

h.k.1 Determination of the parameters of the Gallon equation for Pd and Pt

The parameters are determined by the method described in

section 4.3.5. In Fig. 5 the relative decrease of the Pd(330 eV) signal upon

evaporating Pt onto Pd is plotted as a function of the increase of the

Pt((>k eV) signal .

100

Fig. 5

Decrease of the normalized Pd(330 eV) peak (P3 = I(t)S30 eV/

I(")330 eV) as a function of the normalised Pt(64 eV) peak

(P - I(t)64 eV/I(°>)64 eV) upon evaporation of Pt on top of Pd.

The curve drawn through the experimental points is the f i t to the Gallon

equation. The corresponding parameters a r e : l ( l ) / l ( ° ° ) Pt(6'i eV) = 0.^2 and
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Pd(330 eV) = 0.22.

In Fig. 6 the decrease of the Ptfo1! eV) signal upon evapora-

ting Pd onto Pt is plotted as a function of the increase of the Pd(33O eV)

signal. Two curves can be seen: the solid curve represents the experiment

under standard conditions as in Fig. 5 with a primary energy of 2000 eV

whereas the dashed curve is for an experiment with a primary energy of 500 eV.

The relative 1(1) intensities obtained are:

2000 eV - Pt(6i| eV) = 0.47 and

500 eV - I ( ! ) / ! (» ) Pt(6U eV) =-0.^7 and

Pd(330 eV) = 0-30;

Pd(330 eV) = 0.25.

As can be clearly seen the relative 1(1) intensities obtained in the two ex-

periments are different. This is caused by the fact that the backseatter ing

from the different substrates is different.

Fig. 6

Decrease of the normalized Pt(64 eV) peak (P1 = I(t)64 eV/

!("•) 64 eV) as a function of the normalised Pd(330 eV) peak

(Pg = I(t)330 eV/I(-»)330 eV) upon evaporation of Pd on top of

Pt. The open circles represent an experiment with a primary

energy of SOO eV (dashed curve), the full circles were measured

with a primary energy of 2000 eV (full curve).
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However, when, for example, Pt is evaporated on Ir ( or vice

versa) the backscattering from Ir is almost the same as it would be from Pt

and the same holds for the combination Pd-Ag. The relative l(l)/l(°>) intensi-

ties obtained from these data are:

l(l)/l(«) Pt {dk eV) = 0.47 and l(1)/l(») Ir (1908 eV) = 0.08;

K O / K » ) Pd (330 eV) = 0.22 and l(i)/l(~) Ag (360 eV) = 0.20.

It should be noted that due to the small difference in escape depths between

Pd and Ag the plot 1 ike in Fig. k is almost 1inear for this combination and

the accuracy of determining Nj is very limited.

k.k.Z Equilibrated alloys

The resul ts obtained wi th equ i l ib ra ted a l loys (powders ( f u l l

points) and f i lms (open points) s intered a t 673 K for 16 hours) are summar-

ized in F i g . 7 . The r e l a t i v e Pt peak height is p lo t ted versui the bulk

composition o f the a l loys as determined by X-ray f luorescence. I t can be

seen that the uncorrected data indicate a Pd enrichment.

10(H

20 100
V. P»

Fig. 7
Normalized peak ratio Pfi (P& - I(Pt (64 eV))/I(Pt (64 eV)) + f.KPd (330 eV)J
as a function of the bulk concentration of platinum* f is the relative
sensitivity factor which is equal to 0.46. The full circles are for the
experiments with powders, open circles are for film-alloys equilibrated in
vacuum, x is the normalised ratio P£ after sputtering of alloys.
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't. U. 3 Sputter ing

The powder samples were cleaned by sputtering with Ar+ ions.

I t can be seen from Fig. 7, (x) that Pd is selectively sputtered from the

sample. After annealing at 673 K the surface is again enriched in Pd to the

extent shown by the curve in Fig. 7. I f annealing was performed at a lower

temperature (e.g. 473 K) equilibrium was not reached within 50 hours and a

much lower Pd surface concentration was observed.

k.k.U Interaction with gases

In some experiments carbon monoxide, propane and hydrogen

were admitted at a pressure of 0.1 Torr at 673 K to the samples during 16

hours in a continuous flow. The results were as follows,

h y d r o g e n :

Hydrogen interaction with the alloys had no significant influence on the

normalized peak ratios as given in Fig. 7.

100 T

%Pt

Fig. 8

Normalized peak ratio P , (for definition, see Fig. 7) of alloys treated

with carbon monoxide at 673 K as a function of the bulk percentage Ft.

The dashed curve is for alloys sintered in vaouo (also shown in Fig. 7).
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c a r b o n m o n o x i d e :

Interaction of carbon monoxide resulted in a relative increase of the

normalized peak ratio P,- suggesting a relative decrease of the Pd surface

concentration. In Fig. 8 the results are summarized.

p r o p a n e :

Propane chemisorption at 700 K yielded the same P_ ratio as in Fig. 8.

Of course, when CO or C.H„ is admitted a carbon Auger signal is observed.

't.1!.5 Theoretical prediction of the surface composition of Pd-Pt alloys

For the theoretical prediction of the surface composition i t

is necessary to know the surface energy of the metals and the regular

solution parameter. Experimental data on the surface energy of solid metals

are very scarce (due to the experimental dif f icult ies in determining them)

and in most cases no temperature dependence is known. The regular solution

parameter can be easily calculated if the heat of mixing AH is known.

k.k.5.1 Surface energy

The experimental values for the surface energy of liquid Pt
2 2

and Pd are as follows: yp = 1700 - 1865 ergs/cm , Ypj = 1500 ergs/cm .

No experimental data for low temperatures (around 700 K) are available so

that the y values must be calculated from other data.

Overbury et a l . calculated the surface energy of several

liquid metals and metallic solids from semi-empirical relations correlating

the surface energy of a liquid metal with the heat of sublimation. This

method leads to the following values:
TPt(liq) = 1 8° 7 = 1 3 1 7

YPt(solid) " 2 2 1 9 e r9s 'c m 2> Y p d ( s o ] i d ) = 1498 ergs/cm2

Recently Tyson et a l . estimated the surface energy of solid metals from

surface energy measurements on liquids whereby he also introduced a tempe-

rature dependent term. His calculations yielded the following surface

energies for Pt and Pd at 700 K:

YPt(700 K) = 2 /*30 e r 9 s / c m 2 . Ypd(700 K) * ' 9 7 7

In our'calculations (see below) we used the last-mentioned values.

110



4.4.5.2 Regular solution parameter
o

Darby et a l . determined the enthalpies of formation for the

Pt-Pd system.From these data i t was possible to calculate the regular

solution parameter SI. Due to the "non-regular" behaviour of the Pt-Pd system

the regular solution parameter was not a constant. In our calculations we

used therefore two approaches: (1) we used the average of the regular

solution parameters (ft = -3265 cal/mole) and (2) we used the experimental

values for the regular solution parameter fl r > thereby introducing in a

way a non-regular behaviour in the formula derived for a regular solution.

As will be seen the difference between (1) and (2) leads to a slightly

different shape of the curves obtained.

Since i t is to be expected that the surface of the

equilibrated alloys is mainly composed of the most densely packed planes

(111, 110 and 100) only these planes were considered in the calculations

below.

%Ptsurf

0 20 40 60 80 100

%Pt bulk

Fig. 9
Theoretical surface composition for three different models (111 plane}:

1 -.-.-. ideal solution model

2 regular solution model with Ü - -3265 aal/mole

3 regular solution model with a varying Í2
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In Fig. 9 the calculated surface composition of the ( i l l )

plane of the Pt-Pd alloy system is shown for three different models: (1) an

ideal solution model (see Eq. 5, the difference in surface energy

Ay = 453 ergs/cm ) , (2) a regular solution model with a constant and (3) a

varying a fóvar)•

% Pt bulk

Fig. 10

Influenoe of the arystallographio structure (different arystal-

lographia planes) on the surface composition;

- . - . - . (Ill); (100); (110).

In Fig. 10 the influence can be seen of the crystallographic

structures on the surface composition of Pt-Pd alloys (regular solution

model with Si ) . I t can be seen that the rougher the surface, the higher

the surface enrichment of Pd. In Fig. 11 the calculated data are plotted

for a model of four layers (regular solution model with fl , (ill) plane).
var r

The results for the f i rst atomic layer of the four-layer model are

nearly the same as for the f i rs t layer in the one-layer model. The second

atomic layer shows a relative enrichment in Pt as should be expected forexothermic alloys5,6
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60 ' 80

°/.Pt bulk

F ig . 11

Theoretical surface composition of upmost atomic layers calculated

for the regular solution model with a varying S2 and the (111)

plane. first layer; -.-.- second layer; third and

further lay ere.

k.5 DISCUSSION

There are three points which deserve discussion in more

detail. First, the problem of backseatter ing and its influence on the peak-

height of an element in an alloy, second the analysis of the data on the

alloys yielding the information on the surface composition and third the

comparison of this surface composition with catalytic data and the

theoretically predicted surface composition.

4.5.1 The effect of backscattered electrons

As has been already mentioned, scattered electrons can play

a very important role in the Auger analysis of alloys. The enhancement of

the signal intensity of a metal with a low atomic number (in this case Pd)

when dispersed in a matrix of a metal with a higher atomic number (Pt),

makes it impossible to calibrate the signal intensities simply by using



pure metals.

TABLE 1

Relative nxinolayer intensities for the various systems

Pt-Pd Pd-Pt Ir-Pt Ag-Pd

I (O/ l («O Pt 64 eV 0.42 0.47
l (D/ i (« ) Pd 330 eV 0.22 0.30

0.47
0.22

In Table 1 the monolayer intensities are summarized for the

four different cases we investigated: Pt on Pd, Pd on Pt, Ir on Pt and

Ag on Pd. It can be seen that compared with results obtained under conditions

where differences in backscattering are small, the I (1)/l (~)Pt(64 eV)

intensity decreases when Pt is evaporated onto Pd whereas the relative

monolayer intensity of the Pd(330 eV) signal increases when Pd Ts evaporated

onto Pt.

In section 4.2.2 we mentioned (Eq. 3) that in this case the

ratio of the Auger signal intensities is proportional to the ratio of back-

scattering coefficients. It means we can define a relative backscattering

r P

coefficient is concerned Ag % Pd, Ir R; Pt).

factor R for Pd on Pt and R for Pt on Pd (as far as the backscattering

for Pd: R (0 . R(Pd on Pt) _ l ( i ) / l («°) (Pd on Pt)
R(Ag on Pd) 1(1)/!(») (Ag on Pd)

for Pt: R (2). R(Pt on Pd)
R(lr on Pt)

l(1)/l(°°) (Pt on Pd)
H O / U « ) ( l r on Pt)

1.36

0.89

(11)

(12)

Since for alloys a relative decrease of the Pt intensity means a relative
(2)increase of the Pd intensity, the R ratio of 0.89 means that the Pd

signal intensity in alloys, in the Pd-rich region is increased by a factor

(0.89 ) , i .e. by 1.12. In the Pt-rich region the relative increase of the

Pd signal is by a factor 1.36.

A few more words about the numerical value of the backscatte-

ring coefficients. No literature data are available on the relative back-

scattering factor of the Pt-Pd system, but other systems such .as Au-Ag are

expected to have a comparable backscattering (Pt-Au and Pd-Ag are neighbours

in the perodic system). Bishop calculated backscattering coefficients
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for Ag and Au using a Monte Carlo procedure which simulated the scattering

of electron beams in solids. He found a relative backscatiering factor

of 1.27 (= R« /R« ) whereas his experimental value was 1.19 for an incident

beam energy of 10 keV.

Seiler published results obtained by Bronshtein et al.

on the contribution of backscattered electrons to the yield of secundary

electrons. These investigations concerned Ag and Pb (the backscattering

of Pb is comparable to that of Pt because of the relatively small difference

in atomic number) and yielded a relative backscattering factor of

1.21 (= Rpu/R« )• Smith and Gallon measured the backscattering contribu-

tion to the Auger electron yield for various metals. If t><eir results are

extrapolated to higher primary energies, their relative backscattering

factor yields 1.26 (= RAl/RAg) •

Were all thi previous results obtained by measuring the

backscattered electrons direct ly, Bouwman et a l . measured the contribution

of the backscattered electrons to the Auger yield indirectly by measure-

ments of polycrystalIine Ag-Au alloy rods of different compositions broken

in s i tu . The authors assumed that broken rods expose the surface of a bulk

composition. By plotting the relative Auger intensities versus the bulk

composition i t was possible to determine the sensitivity factor of the

elements in the presence of each other.

Comparing this calibration with the relative sensitivity as

determined on pure metals a backscattering factor of 1.67 (R. /R« ) has

been found. A potential d i f f i cu l ty with this method lies in the following.

I t is possible that the breaking of the polycrystalline rods

occurs via grain boundaries which are already enriched or that the energy

released by breaking the rods leads to a surface enrichment in Ag. There

are indications this could be the case here. Recently, the Ag-Au alloy
18

system was investigated by low energy ionscattering spectroscopy and

the results suggested that the surface of equilibrated Ag-Au alloy was

enriched in Ag.

Since Bouwman et a l . did not find any surface enrichment

when they equilibrated their fractured alloys (using a backscattering coef-

f icient of 1.69), i t may be suspected that their backscattering coefficient

is actually too high because of the already present surface enrichment in Ag.
1 it

If one takes the data of ISS on the surface enrichment and combines these

data with the results of Bouwman et al. assuming that the broken surfaces
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were enriched in Ag to the same extent as the equilibrated alloys, the rela*

tive backscattering factor is then 1.25.

TABLE 2

Relative backscattering factors

Au-Ag Au-Ag Pb-Ag Au-Ag Au-Ag Pt-Pd

"rel
ref.

1.27

13

1.19

13

1.21

15

1.26

16

1.25

17

1.2V

this work

see text for definition

value corrected for surface enrichment of Ag

(uncorrected value 1.67)
• i
averaged value

In Table 2 all these results are summarized. As can be seen a satisfactory

agreement with other results is obtained, although a rather large error

accompanies all estimates.

Another aspect of backscattering which deserves discussion

is the dependence of the backscattering on the primary energy. Smith and

Gallon published some results on the energy dependence of backscattering

indicating that the backscattering rises sharply as a function of the

reduced ionization energy (U = E /E.) at !ow values of U after which a more

constant behaviour is observed. Our experiment with a lower primary energy

(E = 500 eV) yielded a monolayer intensity for the Pd (330 eV) peak of

0.25 which means that the relative backscattering coefficient for these

two energies is 1.14 (0.25/0.22 = 1.14). Inspection of the data by Smith

and Gallon show that for this case the relative backscattering factor for

the two energies is equal tot 1.1 for the Ag-Au system. All these results

seem to imply that our analysis of the backscattering coefficient is

justified with regard to values for the extreme cases. No information can

however be extracted from these measurements concerning the behaviour of

the backscattering coefficient in an alloy.

So the question arises what is the behaviour of the relative

backscattering factor R . (this is the number by which the signal intensi-

ties óf pure metals must be multiplied in order to get a proper calibration

factor) in the region in between. We have considered two possibilities:
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1 - a linear variation of the relative backscattering factor with the bulk

composition,

2 - a constant backscattering factor over the whole composition range,

expect for the region of the pure metals.

Fig. 12

Two considered courses of the relative backscattering factor

as a function of the bulk composition.

linear dependence; constant backscattering in a

broad range of concentrations.

In Fig. 12 the two possibilities considered are illustrated.

Since no theory exists to decide between the two alternatives, both

possibilities are considered below.

't.5.2 Surface composition of alloys

A quantitative analysis of surfaces by Auger spectroscopy

requires in any case knowledge of one of the two parameters which are

mutually interrelated: relative intensity of a monolayer of the material

or the mean escape depth of electrons X. Several authors determined the

mean free path X for a number of metals and it is possible to compare our
19

results with those obtained by Palmberg et al. .

The last mentioned authors evaporated Ag (as far as back-

scattering and escape depth are concerned, very similar to Pd) on the

(100) face of Au (equivalent to Pt, in our case). The data for Ag-Au are

compared with our data for Pd-Pt in Fig. 13 (compare with Fig. 6) and the

agreement is sat is factory. I t means that evaporation of metals onto a

monocrystal1ine plane which is almost ideal ly f l a t leads to the same results

as evaporation onto a polycrystai1ine f i l m . This is important because with

evaporation onto a monocrystal1ine metal plane the s i tuat ion is most favour-
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Fig. 13
Comparison of Pd evaporated on top of Pt film (solid curve;

Fig. 6) with Ag evaporated (full points) on top of Au single
19crystal (100) plane (according to Palmberg et al. ).

able for the formation of regular layers of the second metal on the sub-

strate. In this paper I(1)/I(°°) parameters were determined for a number

of metals and these parameters can be easily converted into the mean escape

depth X. An assumption must be made of course on the average distance

between the atomic layers in the metal.

TABLE 3

Mean escape depth X(A)

E(eV) n (atomic layers) X X

for d(1!0) for d(111)

XI i t *

?t(dk eV)
Pd(330 eV)

lr(i908 eV)

0.1(7
0.22

0.08

1-2
k

12

6

15

kS

5
12

37

3-6

5-13

17-1(0

* not al l the literature data are corrected for the acceptance angle of
the analyser.
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The values obtained and the values chosen for the calculations are evident

from Table 3- The results of this paper are in good agreement with the

literature which is not surprising when one considers that most of the

literature data were obtained with evaporated films.

Before discussing further the surface composition of the

alloys studied, let us turn our attention to the problem of the backscat-

tering effect. Model calculations with a relative backscattering coeff i -

cient linearly varying with alloy composition (dash-dotted curve) and with

constant backscattering coefficient Çdashed curve) performed for alloys

with no surface segregation led to the results shown in Fig. Ik.

Fig.

Calculated influence of a constant ( ) and a linearly varying

(-.-.-) backscattering factor (see Fig. 12) on the P, ratio in a

hypothetical alloy with no surface enrichment. The full line re-

presents this P, ratio without backscattering.

It can be seen that the backscattering effect simulates Pd enrichment of

the surface. Furthermore, the difference between the two forms of the

R I {% Pt) curve considered is very small yielding almost the same result.

At the moment there are two equations available which have

been suggested to express the integral current of Auger electrons by contri-
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but ions of individual atomic la/ers. The most frequently used, is the

equation with the term for exponential attentuation of the signal. When
A A
I (alloy) is the signal intensity for component A in the alloy and I (el
for the same component as a pure metal, the relative intensity is I .:

rel (13)

elem
th

Where x is the atomic fraction of component A in the n1"" layer of the

alloy, d is the distance between the atomic layers and R is the back-

scattering cactor giving rise to an increased or decreased signal intensity.

The signal intensities of the two components of the alloy are related by

the equation:

A

rel
I, x e
n=1 n

8
rel

'elem RA

• A „6

*)

If only the first atomic layer has a composition different from the rest of

the alloy and an average (constant) backscattering coefficient is assumed,

the equation can be written as follows:

.A

rel

're,

(15)

where F is the sensitivity factor and R . the relative backscattering

factor. An entirely analogous set of equations can be written on the basis

of the Gallon equation (Eq. 1). When N. is the contribution to the total

Auger signal of component A of the i layer (the atomic fraction of A in

the .th
layer is x.), then

A N.Ax.
• ' i

rel (16)

elem elem

* If necessary, the values obtained by calibration with pure metals must
be corrected for a varying planar density of the element in the alloy.
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The relative contributions N. are hereby calculated by equation (1). The

ratio for the two components A and B is then:

I'rel r N AxiSlNi xi

re.

(17)

I f only the f i rs t atomic layer deviates from the bulk composition of the

alloy the equation (17) has the following form:

bulk
R r e r F (18)

Using the experimental values for the intensity ratios and the experimen-

tally determined parameters f?re) , F, N,
A and N,6 (N,A = I (I)A/I (»)A) the

surface composition Xj can be calculated or, alternatively, we can use the

surface composition x. obtained from theoretical calculations together

20 40 60
V.Pt

Fig. 15

Comparison of experimental values of the Pr ratio (see Fig. 7) with

a theoretical surface composition (full curve). This theoretical P.

ratio is calculated assuming a constant baakscattering factor and a

surface enrichment according to the regular solution model for the

(111) face and a varying regular solution parameter (see Fig.9 -a).
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with R . , F, N.A and N.B and calculate the signal ratios which are then

compared with experiment.

We have determined the surface composition of the Pt-Pd

alloys using equation (18) but of course equation (15) gives similar

results. In Fig. 15 a comparison is made between the normalized experimen-

tal signal ratios of the alloys and signals calculated for alloys with a

theoretical surface composition (calculated for the (111) plane with çt

according to the data of Ref. 8 ) , with a surface enrichment limited to the

f i rs t atomic layer and a constant relative backscattering factor

(R - = 1.24). I t can be seen that the experimental results (points) are

almost matched by theory ( ful l curve).

4.5.3 Comparison with catalytic data

The results of the experiments with propane and carbon

monoxide are puzzling at f i rs t glance. The difference between the heats

of adsorption for carbon monoxide on Pt and Pd is very small, so that in

contrast with Ni-Cu alloys no corrosive chemisorption (chemisorption

induced segregation) should be expected. However, at 673 K carbon monoxide

can decompose on metals which results in a carbon overlayer (a carbon

signal was omnipresent in those measurements) and this overlayer can

possibly have effect on the surface composition of the alloys. Either by

carbon induced segregation or by a faster growth of carbon layers around

Pd atoms (the carbon layer is not homogeneous then). In any case, i t can

be seen that the Pd enrichment of the surface is partially removed after

the treatment with carbon monoxide at 673 K.

In Fig. 16 a comparison is made between the catalytic data

on benzene hydrogenation by Gómez et a l . and the surface composition as

determined in this paper. The similarity can be considered satisfactory,

indicating that the decrease in catalytic activity is mainly caused by

a "geometrical" effect, dilution of one elemenc into the other.

Concluding we may state that analysis of the Auger data and

the correction for backscattering effects as performed in this paper yield

surface compositions in good agreement with theory and experiment.
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surf 80

60 BO 100
%Pt bulk

Fig. 16

Comparison of catalytic data (in relative units) of benzene hydro—

genation (full points) with calculated surface compositions from

Figs. 7 and 8.

surface composition of alloys sintered in vacuo

alloys treated with CO or propane
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Chapter V

THE SURFACE COMPOSITION OF THE NICKEL-COPPER ALLOY SYSTEM
AS DETERMINED BY AUGER ELECTRON SPECTROSCOPY

F J . KUIJERS and V. PONEC'
tkirlams Ijxhttratima. Krtksttimvnuett U-'uicn. I't). Bov 75. leiden. Uw \i-tlwrlatids

Flic Ni-Cu alloys wcie prepared bj evaporation uf tlic specpurc metals in TJHV onto a quartz
sub.slra(e. Spectra were ublaim-l liom dean as well as liom isis coveicd suitaees. The Aucct
signal intensity oi d monolaltfi i>i bull) metal* was determined lor the low eneifiy electrons
(102 -105 eV) and I'm lhe hish enelgy electrons (716 920 cV). The ovcrlappinc peaks .if Cu
and Ni in the low incrjiy region UU2 105 eV) tveie evaluated by comparing them uith com-
puter simulated alloy snciira. The results uf th s sintered alloys arc interpreted by means of a
model by Gallon and Jackson, usinp the e\pen,nentally determined signal intensity ol 3 muno-
layer. Several surface enru liment data were used lu predict the experimentally observed Au£cr
signal intensities. A cle-jr mdkatiim «if surface enrichment vt Cu H.IS obtained: this is in pood
aeiecment with previous conclusions based upon hvdiouen adsorption and work function inea-
suicmenls. An explanation is sucticsted why previous woik with AI S and CO chcmisoiption did
not reveal any surface enrichment.

I. Introduction

The main purpose of the papsr is to obtain additional information on the surface
composition of Ni-Cu alloys by Auger electron spectroscopy. However, some
aspects of this work are more general and the procedure developed may be of more
general importance for future work on alloys.

In the past, Ni-Cu alloys have repeatedly attracted attention of many catalytic
and surface-chemistry scientists. First, Sachtier et al. [1,2] showed by means of
work function measurements that the surface composition of evaporated Ni-Cu
alloy films was constant and the surface enriched in Cu, over a wide range of bulk
compositions. Recently, the previous experimental results [1,2| were confirmed by
new experimental evidence obtained in a broader range of sintering temperatures
(420 -670 K) [9|. Some points in the explanation of dala [ 1,2] had to be modified
but the essential point - surface enrichment in Cu - was fully confirmed. Conclu-
sions with legard to the surface composition were also supported by hydrogen
adsorption and ben/enc hydrogenation measurements on Ni-Cu films (3- 5 | . The
behaviour of alloy powders sintered al T ~ 600 K indicated that conclusions made
for films actually were applicable to powders as well [6 -8 | .

However, an apparent controversy existed between the data just mentioned and
data from two other sources of information: (i) Auger electron speclroscopy in the
region 0.8-1.0 kcV [10-12] and (ii) volumetric adsorption measurements with CO
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at room temperature [13,14], The first controversy was partially removed by
Helms et al. ( lS-17) who have shown thai low-energy Auger electrons (80 -100
cV) have to be used in order to be able to detect a surface enrichment. However, no
attempt has been made by these authors to confirm the conclusions by quantitative
analysis. The second controversy has been explained recently [14] by the assump-
tion that CO can bind Ni also from the sub-surface layer and eventually even atrract
Ni atoms to the surface. Nevertheless, the need of additional data by Auger spec-
tromelry remained.

2. Experimental

The experiments were performed in a standard stainless steel UHV apparatus
(RIBER, France) equipped with a CMA from Physical Rlectronics (USA). The alloy
films were prepared by evaporating the pure metals (specpure Ni and Cu, Johnson
& Matthey, England) onto a quartz substrate. To protect the internal of the UHV
system and the CMA optics from contamination with the evaporated metals a spe-
cial evaporator was constructed of which the experimental details will be published
elsewhere. The pressure during evaporation and sintering (473 K) was below 1 X
10"'° Torr. The gases used (CO and Ar) were obtained from L'Air Liquide, Bel-
gium and had a purity of 99.999%. Auger spectra were obtained using a primary
energy of 2000 e V with a beam current of 5 (i A. For a more detailed analysis, the
spectra could be recorded on a Racal instrumentation recorder (Store 4) which per-
mitted computer treatment (such as integrating) of the spectra.

The analytical procedure applied below relies on the theory of Gallon [IS]. It is
necessary for this theory to know the signal of the bulk (/(•»)) and of a monolayer
(/(])) of the material investigated. To this end, thick (thicker than 250 A) sintered
(500 K) films were prepared and !("•) determined. Reproducibility of this determi-
nation was better than 95%. These films were then covered by evaporation of the
second component (substrate temperature was 300 K). The variation of signal
intensities during the evaporation was used to determine the parameter/(I). After
this, lhe composed layers of both metals were equilibrated. The results on surface
composition were independent on the sequence of evaporation (Ni onto Cu, Cu
onto Ni and simultaneous evaporation). The different preparation modes led to the
same state of equilibrium.

2.1. Calibration

Since the low-energy signals of Cu and Ni have a considerable overlap a proce-
dure is necessary to separate the peaks. The integrated experimental spectra showed
no changes such as peak broadening upon alloying so that essentially the peak
heights of the differentiated spectra were used in the calculations of the surface
composition. The procedure was quite simple: the low energy signals of pure Cu
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and Ni films arc recorded and, after corrections for varying background, mixed in a
computer to simulate the spectra of a series of Ni-Cu alloys (interval concentration
17c). These simulated spectra are then compared with the measured spectra of the
equilibrated alloys after which the contribution of the Cu and Ni signals can be
determined. The relative sensitivity factors can be reliably determined from the
spectra of the pure metals since the difference in cross-sections and back-scattering
coefficients of both metals is negligible (within the experimental error). The relative
sensitivity coefficients (fL = / C U / /NÍ w e r e ' -7 9 f° r lh e ' o w energy electrons and
2.52 for the high energy electrons (f"H).

Results

3.1. Determination of parameters of the Gallon /IS/ equation and data evaluation

The primary data are the peak-to-peak intensities of the Ni and Cu signals (from
Ni, Cu and Ni-Cu films), measured under the same conditions. There are several
possible ways to use these data for a quantitative analysis of the surface composi-
tion of alloys. Some authors, (21 —24] for example, have used an equation which is
derived under the assumption of an exponential decay of the signal intensity with
the distance, Z, from the surface:

where 1(0) is the intensity of the signal at the place of its origin and X is the mean
free escape depth. Another way is to use the theory and formalism of Gallon and
Jackson [18—20). We were particularly attracted by the possibilities which this
simple theory offers to the experimentalist and we shall, therefore, describe how
this theory can be used for quantitative analysis. The theory calculates the intensity
/(«) of an Auger signal originating from « layers fur a material for which the param-
eters /(«>), the signal of the bulk material, and /(I) , the signal of a monolayer, are
known:

/(«)/ / (»)=! - ( 1 - / ( I ) / / ( » ) ) " . (2)

It is an advantage of the Ni—Cu system that information can be gained from two
signals in the low and high energy region (Ft, Ej). In order to apply Gallon's model,
/(I) and ƒ(«>) must be known. It is possible to determine /(°°) experimentally and to
calculate the /(I) parameters from the literature data on X|(£|) and ^2(^2)-

The other possibility is to determine /(I) experimentally and calculate the MB)
value from the theoretical curve fitting the experimental data. The value A(f) deter-
mined in this way can then be compared with the literature data. We used the sec-
ond procedure because it might - to some extent — be an indepcnde.it check of the
procedure.

The curves calculated according to eq. (2) show that the high energy signal grows

127



F.J. Kuilers. V. Ponce I Surface composition ofMi-Cu alloy system 297

100 -

Fig. 1. Decrease ot* the normalized NH102 eV) peak (Aj) as a function of the normalized
Cu(920 eV) signal (/?2) (sec text for definition ol Ä, and R2, both are in %).

almost linearly with n over 2-3 layers while the low energy signal reveals a clear
bend already at the first monolayer (see e.g. fig. I in ref. [ I9 | . We monitored the
signals upon evaporating Cu over a Ni film and plotted the low energy signal ratios
R after various evaporation periods t (R{ = /(/)IO2eV//(<»)lO2eV) versus the high
energy level ratios (R2 = /(f)920eV//(°°)920eV). As can be seen, the curve starts to
deviate from linearity at /?2 = 15-20% and R | & 50%. These values can be taken as
trial values for /(IX102 eV) and /( I X920 eV) whereafter the theoretical curves can
be calculated with these trial values. The curve which fits the points in fig. 1 was
calculated with /(l)102eV//(~)102eV = 0.5 and /(l)920eV//(<»)920eV = 0.18.

The experiments just described were performed at room temperature in order
to avoid alloying of the substrate with the overlayer. Changing beam voltage and
current did not influence the peak intensities which showed that the beam did not
cause any change in surface composition.

Huwever, when the opposite procedure was applied and Ni evaporated on Cu, it
appeared that alloying already occurred with a beam voltage of 1000 eV. (This is
easily understood if one considers the minimum in free energy of alloy formation in
the Cu-rich alloys [3], so that Cu-rich alloys are formed very easily.)
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20 I

20 - c t o a ; -cc •::> ÍK

f'ig. 2. Fquitibratinn of a "sandwich" fílm prepared by evaporation ot Cu onto Ni. Composition
of the surface, characterized by the ratio A3 as a function of time (in minutes). Here. /?j -
{fLNi<102 eV)/[/LNi(102 eV) + Cu(105 eV)]} X 100%. Temperature of annealing is 473 K.

3.2. Equilibration

All alloys were sintered at 473 K during various periods. It can be seen from Tig.
2 that equilibrium is reached within two hours. In the first thirty minutes diffusion
takes place very rapidly, resulting in a nearly equilibrium state. A check by X-ray
diffraction showed that alloying was achieved (see for more details e.g. ref. [9|)
under the conditions of the experiment.

S.S. Information on the surface composition of the alloys

The results obtained with equilibrated alloy films are summarized in fig. J.
Instead of plotting the surface sensitive signal Ni(102eV) against the bulk composi-
tion we have plotted this signal against the high energy signal. This is a value which
is measured with a higher accuracy than the fílm composition ielermined by, e.g.
X-ray diffraction. The plot as in fig. 3 can be converted into a plot of surface com-
position versus bulk composition using one of the models described in section 4.
Since one of these models must be applied in any case to interpret the results we
prefer this presentation instead of introducing an inevitable uncertainty inherent to
the determination of the bulk composition of the alloy film.
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100

Hg. 3. Normalized peak ratios: Rj (for definition, see fig. 2) as a function of R4, where R4 =
{fHNi(7I6 eV/[/HNi(716 ^V) + Cu(920 eV))} X 100%. Tor the equilibrated alloys. The surlacc
sensitive ratio A3 reflects the surface enrichment in a more pronounced manner than the high
ratio 7?4, so that the curve shown gives already a rough picture of the surface composition.

6 0 -

60 120 180

Fig. 4. Variation of ft 3 as a function of time (in minutes) upon chemisorption of CO at 473 K.
Gas-induced segregation of Ni is clearly observable. Corresponding A4 ratio is 82% (tor defini-
tion of A3 and A4, see figs. 2 and 3).
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3.4. Spullering

Several samples were sputtered with Ar* ions and annealed at 473 K in order to
check whether a sputter and annealing procedure can change the surface composi-
tion. It appeared that although sputtering results in a Ni enrichment of the surface,
after annealing for 2 h the original surface composition was reestablished.

3.5. Carbon monoxide adsorption

CO adsorption was monitored at 293 K and 1 X10~6 Torr. No significant
change in surface composition was observed during an exposure period of two
hours. Care was taken to prevent CO dissociation by the electron beam by
decreasing beam voltage and beam current as far as possible. When the temperature
was increased to 473 K a change in surface composition became clearly visible. In
fig. 4 the process of Ni enrichment due to corrosive CO chemisorption is shown.

4. Discussion

There are several points which deserve discussion in more detail. First, the cor-
rectness of the procedure of data handling and determination of the necessary con-
stants and second, the information which is finally obtained on the surface compo-
sition of equilibrated Ni-Cu alloy films.

The whole analysis as presented in this paper relies very much on the model of
Gallon and Jackson [18-20], The first point which might be questioned in our pro-
cedure is the determination of the /(I) parameters. While a thick film of a sintered
metal may form a continuous layer [31], it is questionable whether the amount of
Cu characterized here by two signals /(1) (105 and 920 eV) is really in the form of
a monolayer or forms irregular islands. Metal condensed on metal can, in principle,
form regular layers [20,29] and the fast decrease of the surface sensitive signal in
fig. 1 indicates that this can be the case. Moreover, the values of /(I) lead to \(E)
values in good agreement with the literature data as can be seen in table 1. The

Table 1

E(eV)

102

920

\ (measured)

1-2 atomic layers
~4 A
~S atomic layers
~I2A

X (lit.) [28]

- 5 A

10-15 A
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100 -

«3

Fig. 5. Experimental data ( - — ) compared with a theoretical curve, calculated lor llic follow-
ing model: (he upmost foyer has a composition as determined by hydrogen adsorption, the rest
uf the film has an average bulk composition (Tor definition of R3 and R4. sec Tigs. 2 and 3).

result indicates that the model of Gallon and Jackson can be applied reliably in this
case.

As mentioned in section 3.1, the Gallon-Jackson model has not been applied
for the analysis of surfaces since most authors preferred the formulas based upon
the exponential decay of the signal with distance from the surface (eq. (1)). We
found it therefore interesting to explore the possibilities which the simple eq. (2)
offers *.

The second problem to be discussed is that of the surface composition. When
Auger electron spec tros copy was added to the arsenal of the surface sensitive meth-
ods, the expectations were very high and the surface sensitivity of the method was
rather overestimated. However, eq.(2) and, among others, also the data in fig. 1
demonstrate that several layers contribute considerably to the total Auger signal.
This means that, in principle, it is possible that a given signal intensity of a metal is
obtained by either a certain concentration of that metal in the first layer or by a
lower concentration in the first layer combined with a higher concentration in the

* During the preparation of this manuscript. Professor T. Yamashina kindly sent us a preprint
of his paper [32]. when: the exponential formula« were applied to tlic analysis of lhe same
system. The results are very similar to ours, which is not surprising, when considering the
mathematical basis ol the formulas applied here and in his paper.
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second layer. To discern between these possibilities several alternative procedures
are possible.
(i) The data obtained by another analytical method (selective chemisorption, ion
scattering) are used as an infonnation regarding the first layer composition and it is
checked whether the experimental Auger signal can be obtained using the Gallon-
Jackson model combined with a reasonable model for the depth profile,
(ii) A theory of surface enrichment is used which predicts both the surface enrich-
ment and the depth profile after which the theoretical and experimental values for
the Auger signals are compared.
(iii) A formula for a depth profile is used with one adjustable parameter, whereafter
this parameter and the surface composition are calculated from the two signals at
different energies.

The last mentioned procedure has been recently applied (see footnote) to the
Ni-Cu system. Let us analyse the other possibilities. Fig. 5 shows the signal ratios
predicted on the basis of the following model (model 1): the surface has a composi-
tion as determined by selective H2 chemisorption [5], the other layers have an

average bulk composition. The calculations were also performed for another model
(model 2): the upmost layer has a composition determined by low energy ion scat-

Fig. 6. Concentration of Ni in thr first and second Isyer as a function of the bulk concentration
in Ni. Wiih the concentrations as shown in this figure the experimental curve in fig. 3 can be
exactly reproduced. The three points shown arc the concentrations determined experimentally
at 300°C by Brongcisma and Buck [2S| by ion scattering spectroscopy.
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tering [25] the rest has bulk composition. This results in signal ratios thai do not
differ very much from those for model 1.

Fig. 6 shows which depth profile would fit the experimental data when lhe sur-
face has a composition given by ion scattering |2S|. The experimental curve is
almost matched even by the first simple model and it is evident that the determina-
tion o f the surface composition wil l be — at the present state of knowledge -
always accompanied by some uncertainties. However, it now seems fairly well
established that the surface composition is belter reflected by H 2 adsorption [3 - S]
or by work function measurements 11,2,9) and slow ion scattering [25] than by
CO adsorption [! 3,14].

Other work performed in our laboratory using the thermal desorption method
114] and infrared spectroscopy [26] indicated already what could be the reason o f
this apparent controversy between the H 2 and CO adsorption. It has been shown
[14,26] that Ni is attracted to the surface by adsorbed CO (gas-induced segregation
has been observed first by Bouwman et al. [27]) even at low temperatures (lhe
temperature of the infrared beam). This phenomenon is again confirmed by results
in this paper. The observation leads to another interesting conclusion. When CO can
attract Ni atoms to the surface, it must be bound rather strongly by those atoms; in
other words, Ni atoms of the second layer are somehow accessible and can bind
CO. Because of this effect the surface composition (in Ni) as determined by CO
adsorption is higher than the real one.
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Chapter VI

THE SURFACE COMPOSITION OF PLATINUH-IRIDIUH ALLOYS

S u m m a r y

The Pt - l r al loys were prepared by evaporating the specpure

metals onto a quartz substrate and equi l ib ra t ion at 700 K. The Auger signal

intensity of a monolayer of the elements was determined for the relevant

peaks. The results are evaluated by means of the equation developed by

Gallon. The theoretical surface composition is calculated for the ideal

solution model and compared with the experimental resu l ts .

A pronounced surface enrichment in Pt is observed, in agree-

ment with the theoretical predict ions. Experiments with propane adsorption

have been performed and a possible explanation of the results is of fered.

The obtained results are found to correspond well with l i te ra tu re data

on cata ly t ic reactions.
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6.1 INTRODUCTION

The platinum-iridium system has found several interesting

appl icat ions. E.g.,a P t - l r a l loy was selected because of i t s corrosion

resistance and good mechanical properties as the material for the construc-

t ion of the "Internat ional Metre" and the "National Kilogramme" of France.

P t - l r al loys are also good catalysts for oi l - reforming in

the petrochemical industry . Their ca ta ly t ic ac t i v i t y is very stable and

they are resistant against poisoning which aspect appears to be also

useful in the fue l l ce l l technology . I t is claimed , for example, that

the tolerance of Pt electrodes for the presence of CO in hydrogen increases

considerably, when Pt is alloyed with I r . I t is then surprising that very

l i t t l e is known about the phase diagram and, par t i cu la r l y , surface compo-

s i t i on of these al loys which makes any attempt to interpret the cata ly t ic

and electrochemical data very d i f f i c u l t . The lack of such important in for-

mation was one of the reasons why we have chosen this system as a subject

of our invest igat ion.

The use of Auger Electron Spectroscopy (AES) for the deter-

mination of the surface composition of sol ids is already a well established

procedure in surface science. The P t - l r system is par t icu lar ly suited for

analysis by AES. One can namely make advantage of the simultaneous

presence of well separated Auger electron emissions in the low energy

region ( I r - 5** eV, Pt - 6^ eV) with a low mean electron escape depth and

in the high energy region ( I r - 1908 eV and Pt - 20M eV) with a high mean

escape depth, Moreover, because of the small difference in atomic numbers

of Pt and Ir no complications in the calibration of the alloys due to
3 20backscattering ere expected and this makes the cal ibrat ion easier.

6.1.1 Gallon's Model

Gallon developed a model which considers the re lat ive con-

tr ibut ions of part icular atomic layers to the total Auger signal in tens i ty .

An equation can be derived which is very simple to handle, v i z . :

l(n)/l(°0 = 1 - (1 - KD/ lW)" (1)

In this formula I(n) is the integral intensity of an Auger signal origi-

nating from the first n atomic layers, while 1(1) and I (°°) are the Auger

signal intensities of a monolayer and the bulk material, respectively.
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Since I M is easy to determine, the only unknown parameter is l ( l ) , the

monolayer intensity. If this parameter is known, i t is possible to calculate

the contribution to the total intensity by every atomic layer. We deter-

mined the 1(1) values in experiments in which layers of one metal were

evaporated onto the other.whereby the increase and decrease of the relevant

signal intensities were monitored (see section 6.3.1) .

6.2 EXPERIMENTAL

6.2.1 Apparatus

The experiments were performed in a stainless steel UHV

apparatus (Riber, France) equipped with a CMA from Physical Electronics

(USA). The UHV system comprised a fac i l i ty to pretreat the alloys under

a higher (atmospheric) pressure using a commercial sample isolation valve

(Riber). This sample isolation valve was connected via a leak valve with

the gas dosing system. A turbomolecular pump (Pfeiffer 200 1/s) permitted

a quick evacuation after gas treatment. For an outline of the apparatus

we refer to Ref. 3.

The sample holder was constructed of quartz and could be used

either for evaporated metal films or for pressed powders. The heating

of the sample holder was performed by a Ta wire and the temperature was

measured by a Pt/Pt-Rh thermocouple. The evaporator from which the metal

films were evaporated onto the sample holder consisted of a versatile

cylinder oriented perpendicular to the axis of the manipulator and two

filaments situated inside the cylinder whereby care was taken that no metal

deposition occurred from one filament onto the other. The form of the

evaporator was such that the internal of the UHV system and the CHA optics

were protected against contamination by the evaporated metals.

6.2.2 Preparation of the metal and alloy films

The metals (specpure from Materials Research Co., USA) were

evaporated onto a quartz substrate. Pt from a multi-hairpin W filament and

Ir from a pure Ir wire. The pressure during evaporation was below 1.10

Torr. After thorough outgassing of the filaments (without this treatment

the surface, particularly that of Pt, contained traces of K and Cl) the

evaporated films were free of contaminants. The alloy films were sintered

in vacuo for 16 hours at ii00oC.
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6.2.3 Experimental conditions

The Auger spectra were recorded with a primary energy of

2000 eV and a beam current of 10 pA for the low energy (up to 1000 eV)

part of the spectrum. The modulation amplitude was 2 eV peak to peak.

The high energy part (around 2000 eV) was recorded with a primary energy

of 5000 eV and a beam current of 7 uA; the modulation amplitude was 10 eV

peak to peak.

6.2.4 Determination of the escape depth

To determine the escape depth of the Auger electrons of

different energies, experiments were performed in which one metal was

evaporated on top of the other ( the temperature of tha substrate was

kept at 300 K)(Fig. 1 and 2).

First, a thick film of the substrate material is evaporated

on the quartz holder and sintered. This film is then slowly covered by

evaporation with the other alloy component whereupon e.g. the decrease of

the substrate Auger signal and the increase of the metal being evaporated

is monitored. The variation of these two intensities is plotted against

each other and by means of the Gallon equation 1(1) is determined.

For details, see ref. 3.
If e

Analysis by means of the Gallon equation ' shows that such

curves start to deviate from linearity when one monolayer of the material

is condensed on the substrate. The point where deviation from linearity

sets in, supplies the first approximate trial values of the monolayer

intensities. The values used for analysis (and shown below) are those

found by the best fit of the experimental points and are calculated by

means of the Gallon equation starting with the trial values of 1(1).

Once '•he l(i)/l(<°) value is known the mean escape depth

can be easily determined from the same set of experimental data and the

Gallon equation by finding the point on the above-mentioned curves where

the relative signal intensity of 63% is reached.

Actually, what we primarily obtain is the number n of eva-

porated layers which are responsible for 63% of the signal. This number

must be milt i plied by the known (or assumed, when the orientation of the

planes in e.g. polycrystal1ine material is not known) distance d between

the crystallographic layers. Since the acceptance angle of the CMA is
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O = 42.3°, the real mean escape depth i s :

>i(real) = n
A'cos 0 Vd.1.35 (2)

When comparing this value with the literature data the following has to be

realized. Seah showed that the retarding potential method supplies us by

a value of *(exp) = *(rea1).0.7*1. However, not all the literature data

took this correction into account.

6.3 RESULTS

6.3.1 Determination of the parameters of the Gallon equation

As is already mentioned in the experimental section of this

paper, it is possible to determine the relative signal intensities l(1)/l(°°)

of a monolayer by fitting the Gallon equation to the relative signal inten-

sities experimentally obtained. In Fig. 1 the relative decrease of the

Fig. 1

Decrease of the normalized Ir(54 eV) peak (A, = 100 Ir(t)54 eV/

I(°>) 54 eV) as a function of the normalized Ft (2044 eV) peak

(A4 = 100 I(t)2044 eV/I(°>)2044 eV) upon evaporating Pt on top of Ir.

* so that comparison with literature data is not straightforward.



Ir (54 eV) signal is plotted versus the increase of the Pt (2044 eV) signal

upon evaporating Pt onto Ir. The curve drawn through the experimental

points is the fit of the Gallon equation. The corresponding 1(1) intensi-

ties are:

I(1)/I(<°) Ir (54 eV) - O.kk l(l)/l(») Pt (2044 eV) = 0.08

In Fig. 2 the decrease of the Pt (6ft eV) signal is plotted as a function

of the increase of the Ir (1908)eV) signal upon evaporating Ir onto Pt.

Fig. 2

Decrease of the normalized Pt(64 eV) peak (A = 100 I(t)64 eV/

I(«>)64 eV) as a function of the normalized Irll908 eV) peak

(As = 100 I(t)1908 eV/I(«)1908 eVl upon evaporating Ir on top of Pt.

The relative 1(1) intensities obtained in this case are:

K D / K « ) Pt (64 eV) =0.47 K O / K » ) Ir (1908 eV) = 0.08

6.3.2 Equilibration

All alloy films were sintered at 673 K during 16 hours. In

Fig. 3 a record of a sintering experiment is shown. In this experiment Ir

is evaporated onto a Pt film whereafter the bimetallic film is equilibrated



at 673 K.

I t can be seen that the diffusion of Pt to the surface of

the metal film is fast during the f i rs t twenty minutes whereafter equili-

bration proceeds more slowly. After 16 hours sintering complete equi l i -

bration is achieved (sintering up to 100 hours does not change the peak

height anymore). A check by X-ray diffraction with two films showed that

homogeneous one-phase alloy films were obtained under these conditions

(these films had a composition of 35 and 55 at % P t ) .

Fig. 3

Equilibration of a bimetallic film prepared by evaporation of Ir

onto Pt. Composition of the surface, characterized by the ratio

As as a function of time in minutes (A5 = 100 I(Pt(64 eV))/

I(Pt(64 eV)) + f.I(Ir(S4 eV)). Temperature of annealing is 673 K.

f is the relative sensitivity factor and is equal to 1.14.

Sintering up to 100 hours did not change the peak height anymore.

6.3.3 Surface composition of the alloys

In Fig. h the results obtained with the equilibrated alloy

films are summarized. Instead of plotting the surface sensitive ratio

(in % - A 6 - l(lr (5^ eV))/l(lr (5
1» eV)) + g.l(Pt W eV)), g - 0.88 against



Fig. 't

Normalized peak ratio Ag as a function of A? (for definitions of

Ag and A?, see text) for the equilibrated alloys. The "surface

sensitive" ratio A„ reflects the surface enrichment in a more

pronounced manner than the high energy ratio A?1 so that the

curve shown gives already a rough picture of the surface enrich-

ment, 0: Ir evaporated onto Pt

+: Pt evaporated on top of Ir

o: simultaneous evaporation of both metals.

the bulk composition we have plotted this ratio against the "bulk sensitive"

high energy peak ratio

(A? = I (I r (1908 eV) ) / l ( l r (I908 eV)) + h.l(Pt (2<M eV)), h = 1.9*0 (in %).

This ratio can namely be measured with a higher accuracy than the compo-

sition of the alloy films by e.g. X-ray diffraction or X-ray fluorescence.

I t can be seen even without more analysis that a surface enrichment in Pt

is observed. This enrichment is independent of the sequence of evaporation

(Pt on I r , Ir on Pt and simultaneous evaporation give the same result) .

6.3.'t Interaction with propane

In order to gain some information on the chemisorptive pro-
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perties of the Pt-lr alloys with respect to hydrocarbons, propane was
-fl

admitted to the alloys at a pressure of 6.10 Torr and T = 298 K and the

decrease of the Pt (64 eV) and Ir (54 eV) peaks was followed in time. In

Fig. 5 this decrease is plotted for two alloys, one with 20% Ir and one

with 85 %ir. It can be seen that a different behaviour is observed for

these cases. For the pure metals the same behaviour as in Fig. 5b is obser-

ved. Alloy powders (with 35 at% Ir) contaminated by carbon' showed a still

greater difference between Pt and Ir upon adsorption of propane than in

Fig. 5a.

rel.
peakheight 90

40 60
time (min)

F ig . 5

Decrease of the illative peak height (I(t)/I(t=0)) of the Pt(64 eV)

and the Ir(54 eVJ signal upon interaction with propane (p = 6.10

Torr, T = 298 K) as a function of time.

o : Pt(64 eV); x : Ir(S4 eV).

6.3-5 Theoretical surface composition

8 9Several authors have derived formulas to calculate the

surface composition of binary a l loys . To perform these calculations i t is

necessary to know the surface energies or , at least, the sublimation ener-

gies of the pure metals and the heat of mixing. Since no re l iab le data on

the heat of mixing AHm are available for the P t - l r system, i t is not

possible to calculate the surface composition in the approximation of the

regular solution model and only calculations for the ideal solution model

can be performed.

Tyson et a l . estimated the surface energies of sol id metals



from the surface energy of liquid metals, including also a temperature

dependent term. These calculations yield the following surface energies

Y for Pt and Ir at 700 K:

y Pt (700 K) = 2ii30 erg/cm2 y I r (700 K) = 3010 erg/cm2

In Fig. 6 the surface composition of the Pt-Ir alloys is plotted as a

function of the bulk composition as calculated for the ideai solution model.
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F i g . 6

Theoretical surface composition for Pt-Ir alloys
as calculated for the ideal solution model.

S.k DISCUSSION

6.4.1 The mean escape depth and the surface composition of P t - I r al loys

When Auger spectroscopy is to be used to determine the surface

composition of a l loys , one of two (mutually convertible) parameters must

be known: the mean escape depth of electrons monitored in the experiment or

the re lat ive monolayer intensi t ies l ( 1 ) / l ( » ) for the given system. In

Table 1 X as determined in this paper is compared with the l i te ra ture data.



The distance between the atomic layers in metal is assumed to be 2.7 and

2.3 8 (the distance between the (110) and (111) planes) ( corrected

values are compared with the literature (uncorrected) data).

TABLE 1

E(eV)

54
6k

1908

2044

I(l)/K»)

0.44

0.47
0.08

0.08

nA
at. layers

1-2

1-2

12

12

A

for d(110)

6-7

-v45

-.44

A

for d(l11)

5-6

-v,37

-V.36

A(üt)*

3-6

3-6

17-40

17-40

* not a l l the l i t e ra tu re data are corrected for the acceptance
angle of the analyser.

As can be seen the agreement is good. This is important, among others,

for the fol lowing reason.

I t may be objected that the procedure as applied in th is

paper re l ies too much on a regular uniform formation of the monolayer of

the f i lm being evaporated on the thick metal l ic substrate. This can be

questioned, indeed. Seah made an attempt to estimate theoret ica l ly the

error which is introduced by th is assumption. However, there are indications

that when a metal is evaporated onto another metal regular layers rather

than discontinuous islands are formed ' . The fast decrease of the

substrate signal such as e.g. in F ig. 1 and 2 can be already an indication

of i t . In any case, there is actual ly no real a l ternat ive to the method

used in th is paper. Most of the l i t e ra tu re data on X have been namely

obtained in experiments with evaporated f i lms , so that the same objections

can be raised against the use of these A's in the formulas for the expo-

nential attenuation.

Using the parameters of the Gallon equation determined expe-

rimental ly, we have calculated a curve simi lar to that in Fig. ' t , assuming

that the surface composition is as given by the formulas for the ideal -

solution - model. I t should be noted that calculations where the heat of

mixing is included may give d i f f e re r t results . The resul t of th is compa-

rison is shown in Fig. 7- I t can be seen that in the region of low I r

concentration (the left-hand side in the Fig.) the enrichment of the

-•• ft



Fig. 7

Comparison of the experimental Ag - f(A?) function (see Fig. 4) a

dash-dotted line, with the theoretical A~ = f(A?) curve, predicted

according to the surface composition as shown in Fig. 6 (ideal -

solution' - model), dashed line. For definition A. and A?, see text.

surface layer in Pt is higher than predicted by the ideal solution model

(see section 6.3.5) . The Ir signal is so weak in this region as if the

upmost layer were pure Pt. However, this does not seem to be a very

probable configuration. A more realistic picture is that the upmost layer

is actually less enriched in Pt but that the second layer is also enriched

as compared with the bulk. Just to demonstrate how strong this enrichment

could be, we have calculated which composition of the f i rs t and second

layer would entirely f i t the experimental data. The result of these model

calculations is shown in Fig. 8.
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Calculated composition of the first ( ) and second (-.-.-)

atomic layer for equilibrated Pt-Ir alloys as a function of the

bulk percentage of Ir. Such a composition of the Uio upmost

layers would reproduce the experimentally found A„-f(A7) curve.

6.4.2 Interaction with propane and relation to the catalytic data

When the pure metals Ir and Pt or an alloy with 85% I r ,

which has a considerable amount of Ir in the surface, are exposed to

propane, the relative signal intensity of both metals decreases with

exposure with the same rate. However, when an Ir alloy with only very

l i t t l e I r in the surface (20% Ir in the bulk) interacts with propane the

Pt signal disappears faster than that of I r . I t is unlikely that this is

due to chemisorptive segregation of Ir to the surface. Firstly the disso-

ciation energies of Pt-C and li—C are comparable and secondly one would

expect such effects also to occur on surfaces having a low Ir content.

There is no definitive explanation of the phenomenon at the

moment but perhaps the effect can be related to the following phenomena.

It is known that for certain reactions like hydrogenolysis or decomposition

of hydrocarbons an ensemble of several metal atoms is required . Hore



specifically experiments with Ir-Au ' and I r -Cu ' 6 ' 1 7 re.ealed that Ir

diluted in the matrix of a much less active metal looses its activity in

hydrogenolysis (breaking C-C bonds). If an Ir atom isolated in a Pt matrix

behaves differently from Ir in big clusters, the behaviour like in Fig. 5

can be understood.
18 19

Catalytic data obtained with the Pt-lr system ' in hydro-

carbon reforming (isomer i zat ion, dehydrocyclization and hydrogenolysis in

presence of hydrogen) reactions show that up to about 50 - 60% Ir in the

bulk the behaviour is not very much different from that of Pt. This is in

agreement with the findings in this paper that there is very l i t t l e Ir in

the surface of alloys with less than 60% I r . This means that Ir present

in the surface of the catalyst in that region of concentrations is likely

to be isolated and does not react in the same way as bulk I r .
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Chapter VII

THE SURFACE COMPOSITION OF PALLADIUM-SILVER ALLOYS

A b s t r a c t

Palladium-silver alloys were prepared by chemical reduction

at 353 K and by equilibration in hydrogen at 673 K. The equation derived

by Gallon has been used for the determination of the monolayer intensity

and for the evaluation of data on the surface composition of alloys.

The surface composition measured experimentally has been

compared with the theoretical predictions. I t appeared that in compliance

with the latter, the surface of equilibrated alloys is strongly enriched

in si lver. This silver enrichment is of the same order of magnitude as

indicated earlier by other methods. The implications of this surface

enrichment for chemisorption and catalysis is discussed in more details.
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7.1 INTRODUCTION

Palladium-silver alloys have been the subject of many studies

in the f i e l d of surface science and cata lys is . Pd and Ag form over the whole

range of compositions a series of random sol id solutions with interesting

cata ly t ic , chemisorptive ' J , magnetic and other properties ' '

. The f u l l so lub i l i t y makes these alloys a very a t t rac t ive object for

the studies on the surface composition of binary a l loys .

Pd-Ag or the similar Pd-Au al loys have been repeatedly used

to test various theories of catalysis by metals . I t is namely known that

when Pd is dissolved in Ag, the band of d-states becomes narrower and at a

certain d i l u t i on i t s highest energy level f a l l s below the Fermilevel of the
12al loy . Due to th is ef fect Pd-Ag alloys are then diamagnetic ( in contrast

to the strong paramagnetism of pure Pd) and their ca ta ly t i c a c t i v i t y is

found to be much lower than that of Pd. I t is a highly int r iguing question

whether and in which way the changes in the occupation of the d-band are

related to the cata ly t ic a c t i v i t y . However, before speculating on this

problem, information on the surface composition is desirable. I t is neces-

sary to know which part of the decrease in the cata ly t ic or chemisorptive

properties is due to the decrease of the surface Pd content and which part

of the decrease is possibly due to changes in the electronic structure.

Numerous attempts have been already made to determine the

surface composition of Pd-Ag alloys but no agreement has been achieved

in th is respect. Moss et a l . reported results which could be interpreted

in terms of a surface enrichment in Pd. Christmann and Ert l obtained

results by Auger electron spectroscopy which led the authors to the con-

clusion that the surface composition is equal to that of the bulk. Wise and

Wood applied AES as well and they interpreted their results as evidence

for a marginal surface enrichment in Ag. In contrast to a l l this Bouwman

et a l . concluded that their measurements of the work function * of al loys

and the work function changes At upon CO chemisorption revealed a very

pronounced surface enrichment in Ag.

Stephan et a l . who measured the adsorption of CO volumetri-

ca l ly and followed also the thermal desorption of CO from a series of al loy

f i lms, confirmed the qual i ta t ive conclusions by Bouwman et a l . . Such a

disagreement on a rather simple system l ike Pd-Ag is of course a challenge

to surface science. Which factor can be put responsible for the controversy?
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The corrosive character of CO adsorption (as is the case with Ni-Cu alloys

) , differences in the materials used by the various authors (poly-

crys ta l l ine f i lms , epi taxial f i lms , powders) or the methods of ca l ib ra t ion ,

data evaluation, insuf f ic ient sens i t i v i t y of the measurements, etc.?

With these problems in mind we started the study on the

surface composition of Pd-Ag a l loy powders. The procedure of data evaluation

and the determination of the necessary parameters is the same as in our
1^,15previous papers

7.2 EXPERIMENTAI

7.2.1 Apparatus

The experiments were performed in a stainless steel ul trahigh

vacuum apparatus (Riber, France) equipped with a CMA (Physical Electronics,

USA). The UHV system offered the poss ib i l i t y to pretreat the al loys under

atmospheric pressure using a commercial sample isolat ion valve (Riber).

The sample holder was constructed of quartz and could be used ei ther for

evaporated metal f i lms or for pressed powders. The evaporator from which

the metal f i lms were evaporated was oriented perpendicular to the sample

holder and consisted of a manipulative cylinder in which the two filaments

were s i tuated. In this way the internal of the UHV system and the CMA

optics could be prevented from contamination by the evaporated metals. For

further deta i ls of the experimental set up, see Refs. Tt and 15.

7.2.2 Preparation of the a l loy powders

The al loy powders were prepared from Pd sponge (pur i ty 99-99%,

Dr i j fhout , The Netherlands) and AgNO, (p.a. qua l i t y ) . The Pd sponge was

dissolved in p.a. aqua regia. After solution of the metal NH.OH was added

unt i l a yellow solut ion was obtained (af ter the f i r s t addit ion a yellow

precipi tate is formed which dissolves af ter further addit ion of NH^OH).

The AgNO, is dissolved in water af ter which NH.OH is added to obtain a

silver/ammonia complex. The two solutions are mixed together and at 80 C

added under vigorous s t i r r i n g to a solution of hydrazine hydrochloride in

ammonia. After the chemical reduction is completed, the al loy powders are

f i l t e r e d o f f , washed and dried and equi l ibrated in a hydrogen atmosphere
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The phase composition o f the a l l oys was checked by X-ray

d i f f r a c t i o n . Only one-phase a l l oys were formed, the l a t t i c e constants o f

which were in exce l len t agreement w i t h l i t e r a t u r e data (see F i g . 1 ) .

60 80 100
•/»Pdbulk

Fig. 1

Lattice constants (x) of Pd-Ag alloys as a function of the bulk
7 fí

% Pd; literature data ; Vegard law.

To make the handling of the metal powders in the UHV system easier, pel lets

were pressed with a diameter of 0.7 cm, which could be mounted on the

sample holder. After evacuation cleaning was performed by sputtering with

Ar ions. Equi l ibrat ion fol lowing the sputtering was performed by heating

the samples during 16 hours at 400°C in UHV.

7.2.3 Preparation of the metal f i lms

The metals (specpure from Materials Research Co., USA) were

evaporated from mu!t ihairpin W filaments onto a quartz substrate. The

pressure during evaporation was below 1.10 Torr. After thorough out-

gassing of the filaments the evaporated f i lms were free of contamination.

7.2.') Experimental conditions of Auger spectroscopy

The Auger spectra were taken with a primary energy of 2000 eV



and a beam current of 10 pA. The modulation amplitude was 2 eV peak to peak.

7.2.5 Determination of the escape depth

To determine the escape depth of the Auger electrons of

different energies, experiments were performed in which one metal was

evaporated on top of the other ( the temperature of the substrate was kept

at 300°K).

First, a thick film of the substrate material is evaporated

on the quartz holder and sintered. This film is then slowly covered by

evaporation with the other alloy component whereupon e.g. the decrease of

the substrate Auger signal and the increase of the metal being evaporated

is monitored. The variation of these two intensities is plotted against

each other and by means of the Gallon equation 1(1) is determined. For

detai ls , see Ref. 15.
L ç

Analysis by means of the Gallon equation shows that such

curves start to deviate from l inear i ty when one monolayer of the material

has been condensed on the substrate. The point where deviation from linear-

i ty sets in , supplies the f i r s t approximate t r i a l values. The values used

for analysis (and shown below) are those checked by the best f i t of the

experimental points to the curve according to the Gallon equation.

Once the l (1 ) / l (« ) value is known the mean escape depth

can be easily determined from the same set of experimental data and the

Gallon equation by finding the point on the above-mentioned curves where

the relative signal intensity of 63% is reached. Actually, what we p r i -

marily obtain is the number n of evaporated layers which are responsible

for (>3% of the signal. This number must be multiplied by the known (or

assumed, when the orientation of the planes in e.g. polycrystal1ine

material is not known) distance d between the crystallographic layers.

Since the acceptance angle of the CMA is 0 = 42.3°, the real escape depth

is:

•• n^-cos e = nA.d.1.35

When comparing this value with the l i terature data the following has to be

realized. Seah showed that the retarding potential method supplies us by a

value of X(exp) » x(real) .0.71!. However, not a l l the l i terature data took

this correction into account.
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7.3 RESULTS

7.3.1 Determination of the parameters of the Gallon equation,

mean escape depth

In some favourable cases i t is possible to determine the

re lat ive signal intensity I(1)/I(°°) of a monolayer af a given material by

the procedure described in our previous paper . The procedure applied to

Pd-Ag alloys is as fol lows.

A f i lm of Ag is slowly being evaporated on top of a thick

sintered f i lm of Pd. Upon evaporation, the decrease of the re la t ive Pd

(330 eV) signal is monitored and plotted in a graph as a function of the

re lat ive Ag (360 eV) signal which is monitored simultaneously. This p lot

is shown in Fig. 2. The curve drawn through the experimental points is the
Q

curve calculated by means of the Gallon equation with the fol lowing

Fig. 2

The decrease of the Pd (330 eV) normalised relative signal

(B1 - I(t) 330 eV/K-») 330 eV) as a function of the nor-

malized Ag (360 eV) peak (B,. = I(t> 360 eV/I(<») 360 eV)

upon evaporating Ag on top of Pd.
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values of the relative monolayer intensities: Pd (330 eV) = 0.22,

Ag (36O eV) = 0.20. It should be noted that Pd-Ag alloys are actually not

best suited for the method applied. Because of the very small difference

in Auger electron energies for both elements (i.e. the mean escape depth

of Auger electrons differs for both elements only marginally), the curve

in a graph shown in Fig. 2 is almost linear and the error in determination

of the l(1)/l(°>) parameter high. However, our estimate of the l(l)/l(æ)

parameter is supported by the results of the other experiments where Pt was

evaporated on top of a Pd film . The above estimate of monolayer intensi-

ties leads to values of the mean escape depth in good agreement with data

by Palmberg and Rbodin . It is also in good agreement with the upper limit

of the spread of X values in the published curves for A(E) (see below and

e.g. the curve in Ref. 17).

It appeared to be impossible to revert the procedure and to

evaporate Pd on top of a Ag film. With this sequence of evaporation Ag

diffused to the outer surface of the film even at low temperatures and

made the measurements as described impossible. It should be noted here that

similar behaviour was observed when Ni was being evaporated on top of a
li

Cu film .

7-3.2 Equilibrated alloys

Pd-Ag alloy powders were equilibrated at 673 K after several

sputter/anneal cycl i . After 16 hours at 673 K no further change in Auger

signal ratio was observed and alloys were free of contaminants after this

treatment.

In Fig. 3 the ratio B, is plotted as a function of the bulk

Pd content (in %). B, is defined as:

B3 - l(Pd (330 eV)/{l(Pd (330 eV) + j. I (Ag (360 eV))}.

If the whole Auger signal originated in the first outmost layer this curve

would represent the surface Pd concentration as a function of Pd bulk

content. It can be seen that a Ag surface enrichment is indicated by these

data. However, as we have already mentioned with Auger electron energies

of 330 - 360 eV only 20 - 22% of the total signal coming from the first

layer and this means that the surface Ag enrichment is actually much more

pronounced.
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20 AO 60 80 100
%Pd bulk

Fig. 3
Normalised peak ratio Bs (Bs = KPd (330 eV))/I(Pd (330 eV)) +
j.KAg (360 eV)); j - 0.93; as a funation of the bulk percentage
of Pd.

7.3.3 Interaction with carbon monoxide

The alloy powders were also treated with 0.1 Torr carbon

monoxide at 670 K during 16 hours. After pumping away the gas at room

temperature, it appeared that a less pronounced Ag enrichment was observed

as shown in Fig. 3- It should be remarked that carbon was clearly detected

during these experiments.

7.3.4 Theoretical surface compos ition

It is possible to calculate the theoretical surface compo-

sition of alloys if several parameters are known. For the ideal solution

model it is necessary to know the surface energies of the metals at a given

temperature whereas for the regular solution model also the heat of mixing

AHm is necessary
19'20.

The surface energies of the pure metals can be calculated

at any temperature using the model by Tyson et al. , so that the calcu-
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la t ion of the surface composition of an ideal system is simple

(Vpj = '977 dynes/cm, y„ = 1182 dynes/cm). The heat of mixing can also

be obtained from the l i te ra tu re . However, one has to consider that the

Pd-Ag a l loy system shows no regular behaviour (AH / (x(1-x)) is not constant;

with x = a t ! Pd). Two cases are therefore considered below, both applied

to the (111) face:

1. a constant regular so'ution parameter \.a = -I4966 cal/mole) and

2. a varying Q (calculated from the experimental values of AH ) .
m

In Fig. <4 the results of the various calculations are shown

(only the first atomic layer enrichment is calculated). It can be seen

immediately that a considerable enrichment of the surface in Ag is predicted

by this simple theory.

100

%Pd
surf

S0-

60-

40-

20-

60 80 100
%Pd bulk

Fig. i)

Theoretical surface composition for three different models

1. — ideal solution model

2. regular solution model with a - -4966 cal/mole

3. -.- regular solution model with a varying ü
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7.4 DISCUSSION

,15

7.4.1 The surface composition of Pd-Ag alloys

As has been discussed in our previous paper'3, the primary

Auger spectroscopie data (as in Fig. 2) can be evaluated in two ways.

Either by using a proper theory and known parameters, such as the mean

escape depth (or "monolayer intensity") the primary Auger data are con-

verted into information on the surface composition which can be eventually

checked by some other independent method, or the surface composition deter-

mined by some other method or predicted theoretically, is converted into

Auger peak intensities which are then compared with those experimentally

found.

In Fig. 5 a comparison is made between the experimental data

and the Auger signals calculated for surfaces with theoretically predicted

60 80 100
%Pd bulk

Fig. 5
Comparison of experimental values of the B, ratio (see Fig. 3 for

definition) with the values calculated from the theoretical sur-

face composition (-.- ideal solution model, regular solution

model with a varying Q).
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surface compositions. It can be seen that a good agreement is obtained

which means that quite a pronounced Ag enrichment is predicted and this

prediction is experimentally confirmed.

In Fig. 6 the surface composition of Pd-Ag alloys equilibrated

in vacuo and after interaction with CO is plotted as a function of the bulk

composition. It is observed that carbon monoxide causes segregation of Pd

to the surface which effect counteracts and partially removes the Ag en-

richment obtained after annealing in vacuo.

100

surf

80-

60-

iCH

20-

20 40 60 eo loo
%Pdbulk

Fig. 6

The surface composition of Pd-Ag alloys equili-

brated in vacuo ( ) and after- interaction with

CO ( ) as a function of the bulk composition.

The va l i d i t y of conclusions with regard to the surface com-

posit ion is a.o. dependent on the accuracy with which the parameters for

data evaluation are determined. In Table 1 our data (a l l corrected for the

CMA acceptance angle) are compared with those in the l i t e ra tu re . According

to the l i t e ra tu re , the mean free escape depth of electrons wi th an energy

around 350 eV is about k atomic layers (or about 8 8, i f no correction

were made for the acceptance angle of the CMA, as in Ref. 2h). This value
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corresponds to a value for l(1)/l(°°) of 0.2 - 0.22 in agreement with the

determination of the parameter in this paper.

TABLE 1

Mean escape depth A(A)

E(eV) K D / I W n̂  (atom, layers) X

for for d(lll)

Pd (330 eV)

Ag (360 eV)

0.22

0.20

15

15

12

»2

5-13

5-13

* not all the literature data are corrected for the acceptance angle of
the analyser.

The fact that only 20% of the total signal originates in the

first layer makes Auger spectra rather insensitive to the surface (upmost

layer) composition. Or, a rather pronounced surface enrichment is necessary

to cause at least such a small deviation from the diagonal line like in

Fig. 3. This means that the surface composition as determined from Auger

spectra is unavoidably accompanied by a considerable error. A rough esti-

mate of the uncertainty in the surface composition is indicated in Fig. 6

for two concentrations.

7.'t.2 Surface composition - comparison with l i te ra tu re data

As already mentioned, Pd-Ag alloys have been studied by

Christmann and Ert l . These authors have not detected any surface enrich-

ment. The reason of the discrepancy between their data and ours is not

known; i t should be checked what the role of epitaxy could be. In contrast

with Ref. 11, Wood and Wise have observed an enrichment in Ag, even i f

i t were only marginal. However, the experimental procedure of Wood and

Wise d i f fe rs from ours in two points:

1. the authors do not consider the signal bu i l t up from contributions

of several layers but analyse the signal as i f i t were coming from the

f i r s t layer only ;

2. the authors use the ca l ibrat ion factors according to the "Handbook" by

Palmberg25.

The f i r s t point c lear ly yields an overestimate of Pd in the surface but i t
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is interest ing to note tnat the second point causes the same e f fec t . The

sens i t i v i t y factors derived from the Handbook are d i f ferent from those we
26used and those published by Hath leu et a l . . However, the primary data

presented in the Handbook were obtained in a rather early stage of the

development of Auger spectroscopy and the question is how clean the sui—

faces used for cal ibrat ions rea l ly were.

The Handbook value for the Pd (330 eV)/Pd (270 eV) ra t io is

lower than in th is and other papers and this could be because of the carbon

peak contr ibut ion to the Pd (270 eV) peak. I f this is the case, the Pd

(330 eV) peak in the Handbook would be s l i gh t l y too low and i t s use for

calculations of sens i t i v i t y factors would lead to an overestimate of the

Pd concentrations in the al loys analysed. With the sens i t i v i t y factor of

this paper, the data of Wood and Wise become similar to ours.

Data of the volumetric CO adsorption measurements (n(C0)}

and the work function changes A4>(CO) also contain imp l i c i t l y information

on tile surface composition. Yet, i t is d i f f i c u l t to convert these data

in a quant i tat ive way into the surface composition. Carbon monoxide is

namely adsorbed in various forms, each having a d i f ferent ef fect on the

work function and requiring a d i f ferent number of Pd s i t es .

Nevertheless, we made the fol lowing rough estimate from the

data in Refs. 6, 7, '0 and 11. We took the number of CO molecules n(C0)

adsorbed per uni t surface area or the tota l change of work function at(C0)

as proportional to the concentration of Pd ( in molar ra t io) in the surface.

By using the molar rat ios of Pd in the surface determined in th is way we

calculated the re lat ive Auger signal intensi t ies as a function of the bulk

composition and compared these with the measured ones. As can be seen from

Fig. 7, a l l data indicate the same: a surface enrichment in Ag.

7.A.3 Implications for chemisorption and catalysis

CO adsorbed on Pd reveals two infrared bands which are usually

associated with two modes of adsorption: single (" l inear form") and mult iple

("bridged form") coordinated CO molecules. Soma-Noto and Sachtler as well
2ß

as Primet et a l . observed that the mult iple coordinated form of CO is

strongly suppressed when Pd is alloyed with Ag. In contrast to i t , the IR

band of the single-coordinated CO is even stronger on some al loys than on

Pd and i t is in any case less suppressed by al loying than the other band.
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60 BO 100
% Pd bulk

Fig. 7

Comparison of experimental Values of the B, ratio (o - sintered

in vacuo; • - after interaction with CO) with B„ ratios calcu-

lated using literature data on work function and results of the

volumetric adsorption measurements ' ' ' . The calculated

values fall in the indicated band.

It is then an interesting question whether the whole decrease in the in-

tensity I of the multiple coordinated band can be explained only by the

decrease in the surface Pd concentration or whether additional assumptions,

as for example about the role of the varying electronic structure of Pd

atoms in alloys are necessary.
29Sachtler calculated the normalized ratio of band intensities

of the single (I ) and multiple (I ) coordinated species, q = I /(I + I ),

as a function of the surface Pd concentration x (Pd). The formula for q(xs)

has been derived under the following assumptions: (1) on an isolated

Pd atom, totally surrounded by Ag atoms, CO is adsorbed in the "linear"

form; (2) on the Pd atom agglomerates both forms are possible, a fraction o

of CO molecules is adsorbed in a "linear" form, a fraction (1 - a) is mul-

tiple coordinated, the coefficient a being independent on alloying. In other

words, the decrease in the number of multiple coordinated molecules is only



due to the decrease in Pd concentration and not due to the changes in

character of the Pd atoms (the la t ter ef fect would lead a.o. to a varying

with x s (Pd)) .

The formula derived by SachtIer comprises one parameter A

which cannot be determined experimentally: A = - Ï — , where E stands for

specif ic absorbance and ø for coverage of given f i l e s (at given pressure)

for the single (s) and mult iple (m) coordinated species. I t is reasonable

to estimate A as being between, say, 1/5 and 1 .

The surface composition of the al loys on carr ier used by

Soraa-Noto and Sachtler is not known. However, i f we assume that i t was

the same as of our equi l ibrated al loys without car r ie r , the fol lowing

comparison can be made.

The measured q (x b u ) k ) function is taken from the paper by

Soma-Noto and Sachtler and compared with the q(x ) curve calculated
29 ^

theoret ical ly with the assumptions (1) and (2) formulated above. This
comparison can be, for example, performed in Fig. 5 in Ref. 29. From th i s ,

100

surf

80

60-

£0-

20-

20 60 80
°/.Pd bulk

100

Fig. 8

Comparison of the surface composition of Pd-Ag alloys sintered in

vaouo ( ) and after interaction with CO (...) with the calcu-

lated surface composition according to 1R CO adsorption data ( )

and the theoretical model by Saahtler (see text for details).

•. A
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it is easily found which surface composition x , x f ( x b u | k ) would lead

to the q(x. . , ) data as determined experimentally by Soma-Noto and Sachtler
2j Du I k

. The surface composition x = f (x
bu | ^) found in the way just described, is

compared in Fig. 8 with the analogous curve calculated from the Auger data

of this paper. As can be seen, the agreement is satisfying. I t means that

i f the surface composition of alloys in Ref. 27 were, indeed, the same as
29

of our alloys, the calculation by Sachtler and assumptions (1) and (2)

can explain a l l data available. The strong decrease in the number of mul-

t ip le coordinated species can thus be explained by simple di lut ion of Pd

in the surface of al loys.

I t is very d i f f i cu l t to discuss the absolute values ( i . e . not

only the normalized ratios as we did above) of the two IR band intensities,

as a function af alloy composition. There is always a danger that the part-

icle size and, therefore, the band intensities vary when metals are alloyed.

However, i t seems interesting to note that when fraction a of the linearly

bound, single coordinated molecules is low on pure Pd, a di lut ion by 50%

of Ag atoms in the surface s t i l l leads to an increase in the absolute band

intensity for this adsorption form. This is indeed found in Ref. 27.

I t has already been pointed out that an interesting d i f fer-

ence exists between Ni-Cu and Pd-Ag alloys. The electronic structure of Ni

does not change very much by alloying while the electronic structure of Pd

atoms changes by alloying from about 'id ' 5s ' into d 5s (the structure

of a free Pd aton). I t has also been observed that the catalytic reactivity

in various reactions does not reveal any particularly abrupt change at a

composition of 50 - 60% Cu in Ni, but i t remained almost constant up to

70 - 85% of Cu. In contrast to i t , the alloys of Pd-Ag (or Pd-Au alloys)

frequently revealed almost negligible (Ag-1ike) act iv i ty at Ag (Au) bulk

concentrations higher than 50 - 601. Having no data on the surface compo-

s i t ion, one would incline to relate the two phenomena and say that a Pd

'id 5s structure is inactive for many (al l) reactions. However, we have

shown in this paper that the concentration of Pd is very low at Ag-bulk

concentrations of 50 - 601.

If the surface composition were predicted correctly by the

simple theory of surface enrichment (see Fig. k), the surface concentration

of Pd at 60% Ag in bulk would be only 1 - 2%. This means that i t would be

a very d i f f i cu l t task to prove that the low act iv i ty of diluted Pd-Ag alloys

is caused by changes of the electronic structure of Pd because not in many
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reactions Ag itself has a sufficiently low activity, that it would be

possible to measure quantitatively the contribution of tha*. small per-

centage of Pd atoms in the surface.
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C h a p t e r VIII

GENERAL DISCUSSION

The discussion is subdivided into three parts:

1. a discussion on the data evaluation of Auger Electron Spectroscopy (8.1)

2. the implications for catalysis of the results on the surface compo-

s i t i on of alloys (8.2)

3. problems related to AES of catalysts on carr ier (8 .3) .

8.1. AUGER ELECTRON SPECTROSCOPY

In chapter k on Pt-Pd al loys i t was shown that the expression

for the signal intensity ra t io for two elements A and B in an al loy had

the following form:

rel
B

,ï,«t . R

B
e l em

'rel íh
r e l "

e lem

(D

If only the f i rs t atomic layer has a composition different from that of the

bulk, then:

re l bulk

're,
• R r e . - F (2)
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In these equations I and I , are the relative signal intensities of

metal A and B respectively, N. is the contribution to the total Auger sig-

nal of component A in the i layer (the atomic fraction of A ín the i

layer is x., the bulk concentration is x. Í K ) ; R > is the relative back-

scattering factor, the ratio of the backscattering factor of the two metals
A B

(R./R„). I , and I are the signal intensities of the pure metals,

the ratio of which is denoted as F.

Let us analyse - in some more detail - the consequences of

the validity of formula (1) with two summations. In the first place, it is

necessary for the evaluation of data to know a number of parameters. From

these parameters, F - the ratio of the absolute signal intensities of both

pure metals - is most easily determined. Caution must be only taken that

both elemental intensities are determined with samples of the same (or as

similar as possible) physical structure: the same planes of single crystals,

the same kind of polycrystal1ine material etc. The ratio of the relative
A B

signal intensities in an alloy (I ./I ,) can be determined as easily as

F, but for alloys with a considerable variation in the planar density of

the components a correction for this effect must be taken into consider-

ation.

Other parameters necessary to perform surface analysis by

Auger Electron Spectroscopy with a reasonable accuracy (in comparison with

the accuracy which can be achieved for bulk analysis, the accuracy of the

surface analysis is not very high in any case) are the "monolayer intensity"

and the "backscattering factor". It will be indicated below that when these

parameters are known for more elements than is the case now, the use of

tabulated values will be possible. However, at this moment an experimental

determination of these parameters is still advisable.

Last, but (certainly) not least the formula (l) for the Auger

intensities comprises a summation over various layers. In the most favoui—

able case (Eq (2)) it is a summation over two terms, but it is always a sum.

When looking in the available literature one gets the impression that this

has not always fully been realized. Of course, there are exceptions in this

respect, and in the last years some authors perform the analysis properly,

(e.g. Bouwman et al. , Overbury et al. ) and take into account the contri-

bution of the various layers to the total Auger signal. However, numerous

examples are available where uncorrected primary Auger data have been used,

with quite serious consequences for the interpretation of data.
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I f authors of the early papers on Ni-Cu al loys had realized

that Auger electrons with an energy of 800 eV or ig inate from more than

20 atomic layers whereby the contr ibut ion of the f i r s t atomic layer is only

18% of the tota l s ignal , probably they would have been more cautious with

thei r conclusions that the surface composition of Ni-Cu al loys was equal

to that of the bulk.

Another important example of the same kind concerns Pd-Ag

a l loys . The interpretat ion of chemisorption and cata ly t ic data is very much

dependent on the information regarding the surface composition. I f there

is - say at a bulk concentration of 50% Pd - s t i l l 50% Pd present in the

surface but these al loys are inactive for such simple reactions as those

requir ing only one act ive s i te for reaction, the conclusion must be that

the electronic structure of Pd in Ag Cid 5s ) is inact ive. Before the

results of th is thesis were obtained only Auger data by Ert l and Christmann
u

and Wood and Wise were avai lable. The f i r s t authors conclude that there
is no surface enrichment of Ag at a l l , while the last mentioned authors

state that only a marginal Ag enrichment was found. Both results would

lead us to the conclusion that the electronic structure of Pd is very im-

portant for i t s cata ly t ic propert ies.

Unfortunately, the authors ' did not pay su f f i c ien t at tent ion

to the fact that Auger electrons are generated in more layers than the

surface layer alone. Wood and Wise wr i te e.g. "73 eV Auger electrons from

gold can ar ise from no more than about two atomic layers beneath the sur-

face, while detectable 331 eV Auger electrons from palladium and 350 eV

electrons from s i lver can or iginate at depths no greater than about three

atomic layers". Apart from the fact that the values for the escape depths

are taken too low, i t seems that the l i te ra tu re data for the mean escape

depth are interpreted here as the distance in the sol id from which a l l de-

tected Auger electrons or ig inate . The mean escape depth is however the depth

from which 631 of the Auger electrons contr ibut ing to the signal or ig inate .

Due to their estimate of the surface sens i t i v i t y , the authors

come to the conclusion that the ra t io of Ag-Pd peak intensi t ies corrected

only for the difference in elemental in tens i t ies , is a correct measure of

the surface composition. This is a rather crude approximation and leads

to conclusions which are not correct, as has been shown in chapter 6. We

have shown there that the Auger data are consistent with a quite pronounced

surface enrichment in s i l ve r , which fact explains the dramatic changes in
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the chemisorptive and cata ly t ic properties of Pd-Ag alloys with the varying

al loy composition. Wood and Wise analysed also Pd-Au al loys star t ing from

the same considerations as mentioned above. They concluded that the Au-en-

richment of the surface was marginal. Howt.°r, 'also this statement should

be taken with necessary precaution.

Besides the objections one might have against the cal ibrat ion

and data evaluation procedure of the authors, there is one more aspect

which deserves a remark. Palladium placed in a gold matrix reveals a more

intense Auger signal due to an ef fect of backscattered electrons (see chap-

ter ' t ) . However, Wood and Wise state "The electron backscattering matrix

for Pd was assumed to be identical to those of Ag and of gold" .

A paper by other authors , which appeared la te r , showed that

there was a considerable surface enrichment in gold, par t icu lar ly in the

Pd-rich region and our preliminary results indicate the same e f fec t . One

more remark on the Pd-Au a l loy system: I t is not excluded that this system

might reveal less surface enrichment in Au than the Pd-Ag system in s i l ve r .

We have seen in this thesis that the model calculations (due

to the approximations made, they are not much more than model descriptions)

indicate the fo l lowing: when the mutual a t t rac t ion of the components in -

creases, the surface composition d i f fe rs less from the bulk composition

than for the ideal solution a l loy . I f ordening of the same system takes

place this ef fect should be even stronger. I t is interesting to note in

this context that there are authors which state that the Pd-Au system

shows some short range ordening.

8.1.1 Determination of the monolayer intensi t ies

Determination of the monolayer intensi t ies was performed in

this thesis by evaporating metal layers onto a metal l ic substrate whereby

the signal intensi t ies of the evaporant and the substrate were monitored

simultaneously. By the procedure based on the equation by Gallon (described

in deta i l in chapter k) i t is possible to determine the monolayer intens-

i t ies and thereby the mean escape depth. The j u s t i f i c a t i o n of these deter-

minations depends on whether continuous layer growth is occuring. This

aspect is even more important for this thesis because only polycrystal1ine

films were used as a substrate instead of single crystals which have a

better defined smooth surface. However, for a number of reasons we believe
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that in a l l analysed cases ( i t is indicated in the thesis where the proce-

dure was not applicable) a reasonable homogeneous layer growth occured.

Comparison of our results on Pd evaporated onto Pt with Palmberg's early

results of Ag (%Pd) evaporated on top of an Au(lOO) (%Pt) plane showed

(see Fig. 1) that evaporation of metals onto a monocrystal1ine plane which

is almost ideally f l a t , leads to the same results as evaporation onto a

polycrystal1ine f i l m . Another indication that rather homogeneous layer

growth is occuring, is the fact that the decrease of the substrate signal

is sometimes very rapid which would not be the case i f island formation

was taking place.

100

80-

60-

40-

20-

100

Fig. 1

Comparison of data for Pd evaporated on top of a Pt film (solid

curve, data of chapter 4) and for Ag evaporated (full points) on

top of a Au single crystal (100) plane (according to Palmberg

et al. ) . For the definition of P, and P„ see chapter 4.

In Table 1 the data on the monolayer i n t e n s i t i e s and the

mean escape depths are summarized. Two layer th icknesses ( i n t e r - p l a n a r

d is tances) are cons ide red , f o r (111) planes and (110) p lanes ; the f i r s t is

used because o f the f a c t t h a t the sur face evaporated f . c . c . metal f i l m s can
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TABLE 1

Relative monolayer intensi t ies and mean escape depths.

Comparison with the l i t e ra tu re .

54

64

102

330

920

1908

2044

eV

(Ir)

(Pt)

(Ni)

(Pd)

(Cu)

(Ir)

(Pt)

KD/K-)

0.44

0.47

0.50

0.22

0.18

0.08

0.08
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Relative monolayer' intensities (see the chapters

3 and i for definitions) as a function of the

Augev electron enevgy.
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be considered as being composed of mainly (111) planes (the most stable

plane for f.c.c. metals). The second was chosen because Sachtler et al.

showed that although the surface of an evaporated f.c.c. metal film may be

composed of (111) planes, the layers parallel to the substrate can still be

composed of mainly (110) planes. In Fig. 2 the relative monolayer intens-

ities are plotted as a function of the electron energy whereas in Fig. 3

the same is done for the mean escape depth in A. From these two figures it

40

30-

20-

to-

0-

\
\
\

1

o

r
i

l\

i

i°
o f

j

/ •

TOO 1000 tOOOO
E(eV)

Fig. 3

Mean escape depth of electrons as a function of

electron energy; o: (111) plane; A: (110) plane.

can be easily concluded that it is far more accurate to work with the expe-

rimentally determined relative monolayer intensities than with literature

data for the mean escape depth; among others because of the uncertainty

in the choice of the layer thickness and the problem with the correction

for the acceptance angle of the analyser used. Moreover, the scatter of

the literature values is also considerable.
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8.1.2 The backscattering factor

When components of an a l loy have atomic numbers which d i f f e r

considerably the ef fect of backscattering should be taken into account.

Relatively l i t t l e experimental work has been performed up to now on this

subject. In th is thesis the backscattering factor for Pt-Pd alloys was

determined using the same technique as described above for the determination

of the monolayer in tens i t ies . The re lat ive monolayer intensi t ies of Pt

evaporated on top of I r was compared with Pt evaporated on top of Pd where-

as a similar comparison was made for the systems Ag-Pd and Pt-Pd. The

results were compared with l i te ra tu re data on the re la t ive backscattering

factor of s imi lar systems and as can be seen from Table 2 a sat isfactory

agreement was obtained.

TABLE 2

Relative backscattering factors

Au-Ag Au-Ag Pb-Ag Au-Ag Au-Ag Pt-Pd

rel
Ref.

1.27

13

1.19

13

1.21

15

1.26

16

1.25'

17

1 .2V'

this work

1 value corrected for surface enrichment of Ag
(uncorrected value 1.67)

" averaged value

The drawbacks of th is method are the same as those mentioned in section

8 . 1 . 1 . When island growth of the evaporated metal f i lm is occuring no

accurate data on l (1) / l (°°) and the backscattering coef f ic ient can be ob-

tained in the described way. In any case even when the mentioned data are

known, the precise behaviour of the backscattering coef f ic ient in an a l loy

is s t i l 1 unknown.

8.1.3 Auger Electron Spectroscopy without experimental determination of

and R r c [

As has already been mentioned above, determination of the

re la t ive monolayer intensi t ies and of the re lat ive backscattering factor

as described above, is sometimes impossible, ( for example when the evapo-

ration experiments are troubled by island format ion). Only few other pors i -
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b i l i t i e s then remain fo r the determinat ion o f these parameters. To est imate

l (1 ) / l ( ° ° ) from the data on the mean escape depth in l i t e r a t u r e is not w i t h -

out problem mainly because of the great sca t te r o f data. I t seems therefore

bet ter to est imate l ( 1 ) / l ( ° ° ) by i n te rpo la t i on in F ig . 2 , where data are

co l lec ted for the r e l a t i v e monolayer i n t e n s i t i e s ( a l l data have been ob-

tained in a uniform way). Add i t ion o f more data o f other metals in the

fu ture w i l l hopefu l ly fu r the r improve the accuracy o f such an es t imate .

With regard to the backscat ter ing f a c t o r , the data compiled

in F i g . 't where the absolute backscatter ing fac to r is p l o t t ed as a funct ion

o f the atomic number, i t should be possible to p red ic t r e l a t i v e back-

sca t te r ing fac to rs w i th a reasonable accuracy. I t should be noted that the

data used for a reduced energy (U = E./E ) equal to f i v e , but s i m i l a r p lo ts

can be made for other values o f U as w e l l . For high values o f U, the back-

sca t te r ing fac to r is not so s t rong ly dependent on the precise value o f U.

With the a id o f these two f igures q u a n t i t a t i v e Auger Electron

Spectroscopy may be possible a lso fo r those a l l oys o f which no elemental

data on X and r are a v a i l a b l e .

20

1.8

1.6-

60 80 100

Z (atomic number)

Fig.
Backscattering coefficient as a function of the atomic number Z

(for the relative excitation energy U = 5). Soe chapter 2 for details.
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8.2 IMPLICATIONS FOR CATALYSIS

Catalysis is a mul t id isc ip l inary science. The kinet ics of

the reaction (physical chemistry), studied of the mechanism of the reaction

(organic chemistry), sol id state chemistry, the physics of the preparation

and characterization of cata lysts , they a l l form a part of ca ta ly t ic re-

search. In a l l these directions open questions ex is t .

However, already for years, the central question is the

following one: "Which factors on an atomic scale are responsible for the

ac t i v i t y and se lec t i v i t y of catalysts and to which parameter characterising

the sol id can the cata ly t ic properties be correlated?". Two principal fac-

tors have already been proposed in l i te ra tu re and have been discussed
. , 16-22extensively

1. The "geometrical" ( in re lat ion to al loys "ensemble"23) e f fec t .
23

2. The "electronic ( in re la t ion to al loys often called "1 igand" e f fec t .

By a l loy ing, both factors can be influenced. By changing the concentration

of an active ( t ransi t ion) metal in an " inac t ive" matrix (mostly Ib metal)

the concentration and aggregation of active si tes ( i . e . the formation of

ensembles of active si tes) can be varied. This has d i f ferent consequences

for d i f ferent reactions. On the other hand, i t is also possible to achieve

at least, with some a l loys , a var iat ion of the electronic structure of the

components.

8.2.1 Pd-Ag alloys

One of the al loys where the variat ions of the electronic

structure with a l loying are quite well established by various methods, are

Pd-Ag a l loys . We have mentioned this already in section 8 . 1 . We have also

mentioned the important question with regard to these a l loys : " i s the low

ac t i v i t y of al loys with more than 50% Ag in the bulk in simple reactions

l ike hydrogenation of olef ines (which do not require more than one s i te for

each olef ine molecule to be converted) indeed caused by the inac t iv i ty of

the Pd 'id 5s structure or is i t because of a very low concentration of

Pd in the surface of a l loys?" Another less general but in pr inc ip le

equally important question is, "can the change in the IR spectra upon CO
23 2hadsorption be explained only by a decrease in the concentration of

Pd in the surface of the alloys, or is it necessary to assume an additional

("Iigand") effect to explain the data?"
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We have seen that surface enrichment in Ag can be quite

pronounced and in pr inc ip le this alone can explain the data. I t does not

exclude that some other data can s t i l l prove the role of the varying elec-

tronie structure (see e.g. the sh i f t in the IR spectra ) , but the available

knowledge of the surface composition has certain ly restr ic ted the room for

speculations in that d i rec t ion . The number of speculative hypotheses is

always inversely proportional to the number of data avai lable. Another

example i l l u s t r a t i ng this statement are Pt-Pd a l loys .

8.2.2 Pt-Pd al loys

Unti l recently the data on the Pt-Pd a l loy system were scarce

in a l l respects, but par t icu lar ly the knowledge on the surface composition

was lacking. This was caused by the fact that both components are almost

equally active in the chemisorption of simple gases, so that no information

could come from this side. In th is s i tuat ion the "old mystery" of catalysis

dominated the scene. Gomez et a l . have studied Pt-Pd al loys and they wr i te

the fo l lowing: "For these catalysts (=co-impregna ted and reduced Pt-Pd

alloys on alumina) a substantial modification of the individual ca ta ly t ic

properties of palladium and platinum would be expected since under the

experimental conditions (temper;'•ire of s inter ing is 400°C) the metals

could form some sort of a l l oy " . One thing is sure in this respect, Pt and

Pd can form a continuous series of a l l oys , i t is a system with complete

m isc ib i l i t y and when the metal salts are absorbed on the carr ier simul-

taneously, a l loy formation af ter reduction w i l l cer ta in ly take place. On

the other hand, nothing from the l i te ra ture on analogous systems substan-

t iated expectations of dramatic changes in the individual ca ta ly t ic a c t i -

v i t y of a l loy components upon a l loy ing .

Indeed, we have shown in chapter h that the var iat ion of

cata ly t ic ac t i v i t y is in accordance with the surface concentration of

platinum in the presence of a hydrocarbon, and there is no sign of some

speci f ic , non addit ive ef fect which could be related to the - most probably

non exist ing - "substantial modif icat ion" of the electronic structure of

the components.

8.2.3 Ni-Cu al loys

Ni-Cu alloys are for the development of the theory of cata-
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lysis equally important as Pd-Ag a l loys. While with Pd-Ag alloys changes

in the electronic structure of Pd occur, these changes are almost to ta l l y

absent with Ni in Ni-Cu a l loys . This makes i t possible to relate the

changes in cata ly t ic a c t i v i t y , i f found, solely to the variations in the

number and the clustering of the active (Ni) atoms in the surface. Of

course the knowledge of the surface composition is a necessary prerequisite

for the interpretat ion of the data.

Auger Electron Spectroscopy performed with lov; energy elec-

trons has confirmed that hydrogen should be prefered to CO in the "counting"

of the Ni-atoms in the surface. According to Auger Electron Spectroscopy

and LEIS (Low Energy Ion Scatter ing), the Ni content of the surface is

somewhat lower than according to the hydrogen t i t r a t i o n . The reason for

this is not clear yet and i t would be premature to rely on only one of

these methods ent i re ly and disregard the other ones. A possible reason for

the exist ing differences could be for example that hydrogen can be adsorbed

on si tes which are not seen as the upmost layer by AES or LEIS. Such si tes

can be accessible along the defects in the structure of the solids and can

be eventually also active in cata lys is . S t i l l another poss ib i l i t y is that

the presence of Ni causes a very low but at room temperature s t i l l detec-

table hydrogen coverage on Cu-sites.

However, the real reason for the discrepancy not being known

i t is probably better to conclude that at this moment our knowledge can

only be summarized as fol lows: when Cu is added to Ni , the Ni concentration

in the surface drops, already at rather low Cu concentrations, down to

about 10 + 5% Ni and then changes only marginally up to SOZ Cu in the bulk.

With this in mind one can divide phenomenologically the cata ly t ic reactions
28

into two groups :

I . reactions for which the cata ly t ic ac t i v i t y of al loys (10-80% Cu) per

unit total surface area is not lower (with respect to pure Ni) than

by a factor of about 10 for a l l al loys in a broad composition range.

II. reactions for which the same ac t i v i t y is at least 15-20 times lower

(for some reactions this is more than two orders of magnitude).

In Fig. 5 this c lass i f i ca t ion of reactions is schematically shown.

£rou£ J_ £sa_c_t.io.ns_: hydrocarbon-deuterium exchange, H-atom recombination

hydrogenation of double and t r i p l e carbon-carbon bonds, hydrogenation

of double carbon-oxygen bonds, and probably a l l related reactions.
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Influence of alloying, schematically:
Ni/Cu

Activity

io-5-

Ni Cu

Fig. 5

Relative catalytic activity of Ni-Cu alloys.

Two kinds of reactions can be distinguished

as indicated (see text for further details).

i^ formation of ethers from alcohols, metathesis of amines

hydrogenolytic reduction of nitro-compounds, hydrogenolysis of C-C bonds,

isomerization and dehydrocycl izat ion of alkanes, methanation and Fischer-

Tropsch synthesis of hydrocarbons and most l i ke ly a l l related reactions.

As we have in this case information on both the electronic

structure of these alloys and their surface composition, rea l i s t i c con-

clusions can be made. I t is stated that the group I reactions are the ones

which can, in pr inc ip le also proceed on simple isolated active si tes (indeed

homogeneous mononuclear catalysts are already available for a number of

them) while the group I I reactions need an ensemble of several Ni atoms.

The next question is why the group I I reactions need an ensemble of a d i f -

ferent size than for the group I reactions.

The tentat ive explanation at the moment is that i t is because

in a l l these reactions a bond (C-C, C-0, C-N, N-0) is broken in part ic les

which are already bound to the surface by strong chemisorptive bonds, and

the intermediates of th is process of f iss ion can only be bound by an ensem-

• . A
181



ble of s i tes . For example hydrogenolysis of alkanes takes place after some

of the C-H bonds have already been broken and the dehydrogenated par t ic le

is adsorbed on the surface. The breaking of a C-C bond with a low act ivat ion

energy ( i . e . no radicals are formed) is on metals only possible when a

mult iple bond is temporarily formed between the adsorbed species and the

metal. Formation of mult iple bonds is even more l i ke ly w i th , for example,

the dissociation of carbonmonoxide in the methanation reaction on Ni .

Therefore, i t is concluded that the process of dehydrogenation (the degree

of which is d i f ferent on d i f ferent metals or ensembles of d i f ferent size)

involves several bonds whereby for the formation of a mult iple bond an

ensemble of several s i tes is required.

I t should be reminded that conclusions of t h i s k i n d became

only possible when by means of several methods, at least the qual i ta t ive

character of the var iat ion in the surface composition with a l loying f i n a l l y

became known. I t would cer ta in ly be un just i f ied to extrapolate that far i f

the surface composition of Ni-Cu alloys were taken equal to the CO-adsorp-

t i on , i .e . i f the Ni-surface content were proportional (see Fig. 1 in

chapter 1) to the bulk composition and on the ether hand cata ly t ic reactions

behaved l i ke in Fig. 5-

8.2.'t P t - l r al loys

The last example to discuss are the P t - l r a l loys . I t has been

established quite c lear ly that the surfaces of al loys are strongly enriched

in Pt. Up to 50% Ir in the bulk, isolated Ir atoms can s t i l l be present

in the surface. The behaviour of al loys with Ir concentrations <50% towards

propane adsorption was d i f ferent from both Pt and I r . Because pure Pt and

pure I r behave in a very similar way as al loys with more than 50% I r , we

are inclined to explain the phenomena (Fig. 5 in chapter 6) not by chemi-

sorption induced segregation (By the way no thermochemical data would sub-

stant iate th is explanation e i t he r ) . We believe that with some caution the

preliminary explanation can be accepted that isolated Ir atoms have proper-

t ies d i f fe rent from I r atoms in Ir crystals or big ensembles of I r . Out-

standing cata ly t ic properties of P t - l r reforming catalysts are mainly due

to the better s t a b i l i t y of these cata lysts , par t icu lar ly in the presence

of sulphur. In fac t , i t has been shown that with a par t ia l sulphur poison-

ing the catalysts are better than pure Pt.
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However, this a l l can s t i l l be in re lat ion to the deviating

behaviour of isolated I r atoms. I t should be reminded that with regard to

this system no dramatic changes in the electronic structure of the compo-

nents upon al loying can be expected.

In a l l o f the cases discussed above, the main body of the

available cata ly t ic and chemisorptive data was explained in terms of

"ensemble s ize" , "numbers of si tes and ensembles", " isolated atoms" etc .

At f i r s t glance i t looks l i ke i f there were no room at a l l for the effects

of the electronic structure of metals. The problem is however not that

s imple.

The differences among the d i f ferent metals cannot be explain-

ed by geometrical considerations alone. They may eventually also play a

role but they cannot explain everything. The difference in the chemisorptive

bond strenght, the difference in the a b i l i t y of metals to form mult iple

chemisorption bonds and some other phenomena as we l l , cannot be explained

without recal l ing to the differences in electronic structure of the metals.

What is suggested in the foregoing paragraphs as an explanation for the

cata ly t ic behaviour of al loys only implies that the perturbation in the

properties (electronic structure) of the individual a l loy components caused

by al loying is small in comparison with the perturbation by the adsorbed

(and reacting) molecules. Indeed, i t can be shown that even rather weak

chemisorption bonds are usually stronger than the bond of a metal atom to

i ts neighbour as calculated in a pairwise bond approximation.

Moreover, a l l evidence from UPS, XPS, soft X-ray spectroscopy,

and last but not least thermal desorption, indicates that in most of the

interesting cases of a l loy ing , the a l loy components keep very much of their

ident i ty in a l loys . So, i t should be actual ly less surprising that the

cata ly t ic study on alloys which was started more then twenty years ago with

the intention to determine the role of the electronic factor , mainly

brought evidence for the role of the "geometry" (ensembles of si tes) in

cata ly t ic reactions. Changes in the chemisorptive behaviour due to al loying

are probably l imited to such phenomena as the IR-band sh i f ts in CO adsorp-

t ion and perhaps in some cases also the variat ions in the act ivat ion

energy of the cata ly t ic reactions.

183



8.3 AUGER ELECTRON SPECTROSCOPY ON INDUSTRIAL CATALYSTS

In this thesis only alloys without carrier were investigated.

However, industrial catalysis uses alloys on carrier, with a low metal load

(<1% metal weight). The reasons why these catalysts were not investigated

here were mainly experimental.

First, the carriers used are all insulators (alumina, silica)

so that serious charging problems can be expected. This charging will lead

to a shift in the Auger energies even if only a minor charging is occuring.

In Fig. 6 the results are presented of Auger analysis on insulating samples

compiled from various laboratories

1420
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1400-

1380-
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Fig. 6

Peak shifts (top part) and relative intensities

of Auger peaks from insulating samples from

various laboratories.

I t can be seen from the top part of the f igure that i t was impossible to

obtain (with the same samples) a def in i te Auger electron energy. The lower



part of the figure shows that the relative intensities are neither constant.

These two phenomena seriously trouble any quantitative Auger Electron

Spectroscopy on industrial catalysts.

A second problem is the fact that e.g. silica will decompose
27

in the electron beam resulting into elemental silicon . The effect of this

decomposition on the metal adsorbed on the carrier will be another problem.

If all these problems were solved, one still would have to realize that

due to the low metal concentration on the carrier and the high surface area

of the carrier the ratio metal/carrier will be very low so that the metal

peaks of the smallest particles, if visible at all will be very small. This

effect will be even more pronounced due to a "negative backscattering

effect" which is caused by the fact that the electrons backscattered from

the carrier are less in number than those from a metal.

However, all these challenging questions make this research

field very attractive for the Auger spectroscopist oriented on catalysis.

It is hoped that problems like the mentioned ones will be solved in the

near future, so that it will then be possible to study real catalysts by

Auger Electron Spectroscopy.
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S u m m a r y

In this thesis it is described how the surface compositions
of some alloys could be determined by Auger Electron Spectroscopy. Four
alloy systems have been investigated in this thesis viz. Ni-Cu and Pd-Ag
(consisting of a component active in most catalytic reactions - Ni and Pd;
and a component which is almost inactive for a number of reactions -
Cu and Ag) and Pt-Pd and Pt-lr (consisting of two active components).

Chapter I formulates the motivation for this research and
the reasons for the choice of alloy systems studied in this thesis.

In Chapter II the theoretical background of Auger Electron
Spectroscopy is briefly discussed. After a survey on the history of Auger
Electron Spectroscopy, the secondary electron spectrum, the notation of
Auger transitions, the energy of Auger electrons, the shape of the Auger
peaks, the yield of Auger electrons and the quantification of Auger Elec-
tron Spectroscopy are discussed respectively.

Chapter III describes the apparatus used and the experi-
mental procedures applied. The development of the evaporator and multi-
purpose sample holder was a part of the outline of this thesis. Furthermore,
two models describing the attenuation of electrons in a solid are discussed.

In Chapter IV the Pt-Pd alloy system is discussed. The Pd-
Pt-Pd ailoys were prepared as powders according to the method of Kulifay,
while the alloy films were prepared by evaporating. Results were evaluated
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using the equation derived by Gallon. The parameters for this equation were

determined by experiments in which one metal was evaporated - layer by

layer - onto another.

lhe backscattering factor for this system was determined

in a similar way. I t was shown that a good agreement was obtained with

theory and Khe backseat ter ing factors of other s'roilar systems.

The theoretical surface compositions of the alloys was cal -

culated according to several models. The experimental results (enrich-

ment of the surface in Pd) were in good agreement with the theoretical

surface compositions. Experiments in which the alloys were exposed to

carbon monoxide showed that the enrichment of the surface in Pd was lowered

in the presence of this gas. I t was possible with the aid of these results

to interpret the catalytic data obtained with this alloy system.

In Chapter V the measurements on Ni-Cu alloys are discussed

Alloys were obtained by evaporating the metals in UHV. Results obtained

with sintered alloys showed a pronounced Cu enrichment of the surface.

This surface enrichment is in good agreement with earlier results obtained

by hydrogen adsorption and work function measurements.

The results obtained with carbon monoxide adsorption could be described

as "corrosive chemisorption".

Chapter VI deals with the Pt- lr alloy system. Alloys were

prepared by evaporation in UHV. Results indicate a strong surface enrich-

ment in Pt, especially for Ir bulk concentrations ^OX. I t is shown that

the behaviour of these alloys towards propane is different from that of

alloys with more than 50% I r . Existence of isolated Ir atoms in the surface

could be responsible for this phenomenon.

The Pd-Ag alloys discussed in Chapter VII were prepared

according to the Kulifay method. The surface compositions experimentally

determined were in good agreement with theoretical calculations (enrich-

ment in Ag) and earlier results (obtained in a different way) by other

authors. The surface compositions as determined in this thesis make i t

possible to interpret IR adsorption measurements with a "geometrical" model.

Chapter V I I I summarizes and interrelates the different

chapters. I t is remarked that in a number of cases i t is possible to deter-

mine the important parameters for the quantification of AES by using evapo-

rated metal films. When the method suggested, cannot be applied these para-
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meters can be often obtained by inter- and extrapolation of results already

obtained in this thesis. In this chapter also the implications for catalysis

by alloys are discussed. It is shown that most of the effects found in

chemisorption and catalysis can be explained by - in principle - geometrical

effects, such as the dilution of the active component of the catalyst,

the size of the ensembles of active sites etc. Knowledge of the surface

composition of the various alloy systems was shown to be essential for the

interpretation of the catalytic results.
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S a m e n v a t t i n g

In dit proefschrift is beschreven hoe, met behulp van Auger

Electronen Spectroscopie, de oppervlakte samenstelling van enkele legeringen

bepaald kan worden. Vier legeringssystemen zijn onderzocht n l . Ni-Cu en

Pd-Ag (bestaande uit een actieve component in katalyse i .e. Ni en Pd en

een meestal inactieve component i .e. Cu en Ag) en Pt-Pd en Pt- lr (bestaande

uit twee actieve componenten.

Hoofdstuk I bevat een motivering voor dit onderzoek en de

hiermee samenhangende keuze van leger ingssystemen.

In Hoofdstuk I I wordt de theoretische achtergrond van Auger

Electronen Spectroscopie beschreven. Na een historisch overzicht worden

achtereenvolgens het secundaire electronen spectrum, de notatie van Auger

overgangen, de energie van Auger electronen, de vorm van Auger pieken,

de opbrengst van Auger electronen en de quantificering van Auger Electronen

Spectroscopie besproken.

Hoofdstuk I I I beschrijft de gebruikte apparatuur en de

experimentele technieken. De ontwikkel ing van de opdamper en de voor meer-

dere doelen geschikte monsterhouder maakte deel uit van de opzet van dit

proefschrift. Verder werden twee modellen behandeld waarmee de opbouw van

het Auger signaal beschreven kan worden.

In Hoofdstuk IV wordt het Pt-Pd legeringssysteem behandeld.

De Pt-Pd legeringen werden als poeder gemaakt volgens de methode van Kulifay,

terwijl de legeringsfilms door opdampen verkregen werden. De resultaten
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werden met behulp van de door Gallon ontwikkelde vergelijking geëvalueerd.

De parameters voor deze vergelijking werden bepaald met behulp van metingen

waarbij één metaal laag voor laag over het andere werd opgedampt.

De backscattering factor voor dit systeem werd op soortge-

lijke wijze bepaald. Het bleek dat een goede overeenstemming werd bereikt

in vergelijking met de backscattering factoren voor vergelijkbare systemen.

De theoretische oppervlakte samenstelling van de legeringen

werd berekend volgens verschillende modellen. De experimentele resultaten

(verrijking van het oppervlak in Pd)' bleken in goede overeenstemming te

zijn met deze theoretische oppervlakte samenstelling. Experimenten waarbij

de legeringen aan koolmonoxide en propaan werden blootgesteld wezen uit

dat de verrijking van het oppervlak in Pd hierdoor werd verminderd. Met

deze resultaten konden katalytische metingen aan dit legeringssysteem

verklaard worden.

In Hoofdstuk V worden de metingen aan Ni-Cu legeringen be-

sproken. De legeringen werden door opdampen verkregen. De resultaten van

de gesinterde legeringen wijzen op een sterke oppervlakte verrijking in Cu.

Deze oppervlakte verrijking is in goede overeenstemming met resultaten die

met waterstofadsorptie en uittree arbeid metingen verkregen werden.

Koolmonoxide adsorptie metingen konden verklaard worden door corrosieve

chemisorptie.

Hoofdstuk VI behandelt het Pt-lr legeringssysteem. De lege-

ringen werden middels opdampen verkregen. De resultaten wijzen op een

sterke oppervlakte verrijking in Pt vooral bij bulk Ir concentraties lager

dan kO%. Het blijkt dat het gedrag van deze legeringen t.o.v. propaan anders

is dan bij legeringen met meer dan 50% Ir. Het bestaan van geisoleerde Ir

atomen in het oppervlak zou hiervoor verantwoordelijk kunnen zijn.

De Pd-Ag legeringen die in Hoofdstuk VII worden besproken

zijn met de methode van Kul i fay bereid. De experimenteel bepaalde opper-

vlakte samenstelling was in goede overeenstemming met theoretische bereke-

ningen (verrijking in Ag) en eerdere, op andere wijze verkregen, resultaten.

Aan de hand van de oppervlakte samenstelling konden IR adsorptie metingen

verklaard worden met een "geometrisch" model .

Hoofdstuk VIII verbindt de verschillende onderzoeken met

elkaar. Het blijkt dat het mogelijk is om (in een aantal gevallen) met

opgedampte metaal films de belangrijkste parameters ten behoeve van de

quantificering van AES te verkrijgen. Indien deze methode niet gevolgd
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kan worden, kunnen deze parameters vaak verkregen worden dmv inter- en

extrapolatie van reeds verkregen resultaten. Dit hoofdstuk bevat ook de

implicaties voor katalyse aan legeringen. Er wordt geconstateerd, dat de

meeste effecten (in chemisorptie en katalyse) in principe verklaard kunnen

worden door geometrische effecten, de verdunning van de actieve component

van de katalysator, de grootte van de ensembles van actieve sites etc.

Het werd aangetoond, dat kennis van de oppervlakte samenstelling van de

verschillende legeringssystemen essentieel is voor de interpretatie van

katalytische resultaten.
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was het in dit proefschrift beschreven onderzoek niet mogelijk geweest,

hierbij geholpen door de heren G.A.J. van Amsterdam, J.A.G. van Bezooijen,

H.C. Boom, B.J. Erades en C.J. van der Poel. De diverse metaalconstructies

werden door de instrumentmaker i j onder leiding van W.C. Bauer verzorgd.

De heren M. Pison, J .J . Pot en A.G. Huijgen verzorgden met toewijding de

tekeningen voor dit proefschrift.

Jos dank ik voor het lenen van de IBM schrijfmachine.

Nienke dank ik voor de consciëntieuze wijze waarop z i j de lay-out en het

typewerk voor dit proefschrift verzorgde.

Ik ben de "North Holland Publishing Company" erkentelijk

voor de verleende toestemming tot het herdrukken van de hun aangeboden

manuscripten. Physical Electronics dank ik voor hun toestemming tot gebruik

van Fig. 15 in hoofdstuk I I .

Verder dank ik al le niet genoemde collega's en medewerkers

van de Gorlaeus Laboratoria voor hun bijdrage aan de totstandkoming van

dit proefschrift.
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CURRICULUM VITAE

Na het afleggen van het eindexamen HBS-b aan de Beeklaan HBS te

's-Gravenhage in 1966, begon ik mijn studie in de scheikunde aan

de Rijksuniversiteit te Leiden. Het candidaatsexamen, letter S2,

werd in 1970 afgelegd. De studie werd voortgezet onder leiding

van prof. dr. W.M.H. Sachtler, dr. V. Ponec, dr. R. Louw en

dr. H.U. Joustra. Het doctoraalexamen met als hoofdvak heterogene

katalyse en als bijvakken organische chemie en physisch chemische

scheidingsmethoden werd in september 1973 afgelegd.

Naast deze studie vervulde ik van september 1971 tot september

1973 een assistentschap bij het physisch chemisch practicum. Van

oktober 1973 tot februari 1978 was ik verbonden aan de Nederlandse

organisatie voor zuiver-wetenschappelijk onderzoek (ZWO), aan-

vankelijk als doctoraal-assistent, later als wetenschappelijk

medewerker. Sinds februari 1978 ben ik als beleidsmedewerker

milieuzaken verbonden aan de hoofdafdeling natuur- en landschaps-

bescherming van het ministerie van cultuur, recreatie en maat-

schappelijk werk.
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Ben trek van onbeschrijfelijke opluchting verspreidde

zich over heer Bommels trekken toen al het weten uit

zijn schedel verdween.

MV 152-8'(ii5
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