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Le assurditä della vita non hanno
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dell'arte che, per parer vere,
hanno bisognodi essere verosimili.
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Abstract

Amorphousmetals have gained much interest as precursors of cata-

lysts owing to their flexibility in chemical compositionand their high
reactivity. AmorphousCu7oZr3o ribbons heated at 473 K in hydrogen
atmosphere yield very active catalysts for the hydrogenationof bu-
tadiene. The catalytic activity is due to finely dispersed Cu particles
formed on a surfacecontaining several cracks. Auger depth profiles,
photoemissionexperimentsand scanningelectronmicrographsreveal
details of the surface chemistryand morphology. The observations
in Cu7oZr3o are compared with measurementsof other amorphous
and crystalline Cu-Zr alloys of different composition.

AmorphousPd33Zrß7 alloys, activatedat different temperaturesto
serve as catalysts for CO oxidation and CO2 hydrogenationare stud-
ied with Auger electron spectroscopy. The heat treatment induced
a decompositionand crystallization of the amorphous sample in Pd
and monoclinicZr02- The increasingcrystallization with increasing
temperature is monitored by the line shape of the Pd M^N^N^s
Auger transition which shows a large difference between Pd in the
amorphous alloy and Pd in crystalline Pd.

The applicationof electronspectroscopiesfor the characterization
of the Zr alloys led to the need of a deeper knowledge of effects
inherent to transitions exploited in these spectroscopies. For this
reason 3p, 3d and 4p excitation spectra of Zr, measuredin electron
energy loss, were studied. While the 3p and 3d spectra are well
explained by a model of non-interactingelectrons and can be related
to the empty density of states above the Fermi level, for the 4p-4d
transitions the strong Coulombinteractionbetween the 4p core hole
and the excited 4d electrons and the fast decay of the excited states
lead to a transition spectrumsimilar to that encounteredin isolated
atoms. Therefore the 4p excitationspectra were calculated in terms
of an atomic theorybased on effects due to configurationinteraction.
The dependence of the different electronic transitions upon changes
of the primary-electron energy and consequentlyupon changes of
the momentum transfer is discussed. The results are compared with
those obtainedfrom neighboringelementsof Zr in the 4d transition
metal series.



Riassunto

Data la flessibilitädella loro composizionechimicae l'alta reattivitä,
i metalh amorfi hanno guadagnato molto interesse come precursori
di catalizzatori. Dalla lega amorfa di Cu7oZr3o trattata a 473 K in
idrogeno si ricava un catalizzatore per idrogenazione di butadiene
molto attivo. L'attivitä catalitica e causatada particelle di Cu fine-
mente disperse formatesi alla superficie, rotta da numerose crepe.
Profili ottenuti con "AES", esperimenti di fotoemissione e immagini
ricavate col microscopio elettronico a scansione, mostrano dettagli
della morfologia e della composizione della superficie. Le osserva-

zioni fatte in Cu7oZr3o sono confrontate con misure ottenute in altre
leghe amorfe e cristalline di Cu-Zr di composizionedifferente.

Leghe amorfe di Pd33Zrß6 attivate a differenti temperature per
l'ossidazione di CO o l'idrogenazionedi CO2 sono state studiate con
"AES". II trattamento termico ha indotto una decomposizione e

una cristallizazionedella prova amorfain Pd e Zr02 monoclinico. II
progredire della cristallizazione con l'aumento della temperatura e

evidenziato dalla forma della transizione di Auger M^N^N^s dei
Pd, la quäle mostra una netta differenza tra Pd nella lega amorfa o

Pd in Pd cristallino.

L'applicazione di spettroscopie elettroniche per la caratterizza-
zione di leghe di Zr ha portato alla necessitädi uno studio piü appro-
fondito di alcuni effetti inerenti a transizioni utilizzate nelle spettro¬
scopie. Per questaragione sono stati studiati spettri dell'eccitazione
di elettroni 3p, 3d e 4p, misurati con "EELS". Mentregli spettri 3p e

3d possono essere spiegati con un modello di elettroni non interagenti
e pertanto con la densitä di elettroni sopra il livello di Fermi, per le
transizioni 4p-4d la forte interazionedi Coulombtra il buco 3p e gli
eletroni 3d eccitati e il veloce decadimento di questi ultimi, causano

uno spettro simile a quello ottenuto per atomi isolati. Pertanto gli
spettri di eccitazione 4p sono calcolatiutilizzandouna teoria atomica
basata su effetti causati dalla interazione di configurazioni. Inol-
tre e discussa la dipendenza delle differenti transizioni elettroniche
dall'energia degli elettroni primari e di conseguenza dalla quantitä
di impulso trasferito. I risultati sono confrontati con quelli ottenuti
dagli elementi vicini allo Zr nella serie dei metallidi transizione4d.



1 Introduction

In the last decade the improvementof existing or the development
of new techniques have induced an explosiveincrease in methods of
surfaceanalysis. The advances in experimentationtogether with the
improved computationalcapabilities owing to the availability of fast
Computers,supported the interest in the characterizationof surfaces,
in the understandingof surface-specificphenomenalike segregation
and the study of the influence of adsorbates on the surface structure
and composition.

Heterogeneouscatalysis is a domain wherethe detailedknowledge
of the surface phenomenais a prerequisite. As the catalytic processes
are strictly related to the structureand compositionof the catalyst's
surface, its characterizationis relevant for the manufacturing of the
catalysts and for the optimization of catalytic processes.

The aim of this work was the study of Cu-Zr and Pd-Zr alloys
tested as catalysts and in particular the analysisof the changes in¬
duced by the activationtreatmenton the surface of the alloys. For
this purpose various surfaceanalysis techniques such as Auger elec¬
tron spectroscopy, photoemissionspectroscopy and electron energy
loss spectroscopy were applied in combination with depth profiling.

During the use of the different spectroscopiesfor analyticalpur¬
poses, questions about the physical natureof some electronic transi¬
tions emerged. Either for the choice of the best Auger transition for
the determinationof the concentration in depth profiles or for the
understandingof the chemicalstate of one ofthe componentspresent
in the alloy, a better understandingof the physical properties of the
processes involved in the spectroscopieswas needed. Attentionwas
given to electronic transitions measuredin electronenergyloss spec¬
troscopy, in particular to unexpected struetures characterizingthe
4p edges of Zr. Therefore besides the analytical work performed for
the study of the Zr-base alloys, a large part of this work was dedi-
cated to the understandingof electronic excitationsin Zr and some

neighboringelements in the 4d transition metals series.

A descriptionof the experimentalmethods is given in section 2.
In section 3.1, following a short description of surface segregation



phenomena,the proceduresapplied for the calibration of the depth
scale in depth profiles and the determinationof absolute concen¬

trations from Auger spectra are presented. These two problems
have to be solved for an accurate depth analysis, and inherent limits
are discussed. The possibility and limits of resolution enhancement
by the deconvolution of Auger spectra are discussed in section 3.2.
The exampleof the Cu L2j3M4iöM4)5Auger transition shows how by
Fouriertransformation and an appropriate smoothing results can be
obtained which are otherwise only available in best-resolutionappa-
ratus. Section3.3 contains the theoretical backgroundfor the atomic
calculation of the np-nd transition spectra. Details concerningthe
measurement, the apparatus and the sample preparation are given
in section 4.

In section 5 the study of amorphous and crystalline Cu7oZr3o and
Cu3oZr7o is presented. Segregation phenomenaoccurred during the
exposure of the samples to the atmosphere and to H2 at elevated
temperatures. They were studied using Auger electron spectroscopy
depth profiles and photoemissionspectroscopy. The morphologyof
the surfacewas analyzedby means of electronmicrographs.

AmorphousPd33Zr67 alloys activatedin CO and O2 or CO2 and H2
atmosphereswere studied with Auger electrondepth profiles. These
results are presented in section 6. Here it is demonstrated how the
line shape of the Pd M^N^N^Auger transition is used to monitor
the crystallization of the amorphoussample after the heat treatments
at different temperatures.

In section 7 different electronic excitations measured in Zr are

shown. While the 3p, 3d and 4s edges can be explained in a picture
of non-interacting electrons, the unexpected shape of the measured
strueturesof the 4p-4d transition calls for an atomic theory, in which
the interaction of the excited configurationwith the excitations from
the 4d band is taken into aecount. The results of Zr are compared
with those obtainedfor Y, Nb and Mo, neighboringelementsin the
4d transition metal series.



2 Experimentaltechniques
2.1 Auger electron spectroscopy
An atom, which has been ionized in a core level by x-rays or elec¬
tron bombardment, has two different possibilitiesto establish the
ground state of the electronic configuration: by x-ray emission or by
an Auger process. The latter takes the name of Pierre Auger who
discovered it in 1923 [1]. Fig. 1 shows schematically the Auger elec-
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Figure 1
Energy level diagram illus-
tratingan ijl Auger transition.
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tron emission. The hole in a core level i of an atom is filled by an

electron of a higher energy level j. The energy set free during this
process can, if it is sufficientlyhigh, serve to emit another electron/,
the so-called Auger electronijl. The kinetic energy Ekin{ijl) of this
Auger electronis directly related to the binding energiesEß of the
involved levels, namely [2]:

Ekin(ilj) = EB-EB-EB-U$ - cp (1)



where (j> is the work function of the analyzer and Ueff is the effective
interaction energy of the two-hole final state. Ue/f can be written
as:

U{ej/} = F(j,l;X)-Ra(jl)-Re (2)
with F(j, /; X) the unscreenedinteraction of two holes j and / in the
final spectroscopic state X. The atomic relaxation energy Ra rep-
resents the relaxation of passive orbitals with the effect of reducing
the bindingenergy of the emittedelectron. For solids an additional
extra-atomic relaxationterm Re has to be introduced. An approxi¬
mation of the energy of the Auger electrons is given by the so-called
(Z + 1) approximation [3] in which the ionized atom with atomic
numberZ is considered like an atom with atomic number (Z+ 1) in
the ground state:

Euniijl) = EB{Z)-hEiB{Z)+EB{Z+l)]-\[EiB{Z)+ElB{Z+l)}-^
(3)

With equation (3) a good approximationof the Auger energy can be
obtainedfor transitions involvingcore states.

The first information which may be receivedfrom Auger Electron
Spectroscopy(AES) is an elemental analysis of the surface compo¬
sition. The intensity / of an Auger transition is proportional to the
atomic concentration N of an element in the surface region and is
given by [4]:

I = IP a{(EB, EP) uW(EB)N IX(EA,Matrix) (4)
x [1 + r(EA,EP, Matrix)]C

where <Ji(ElB,Ep) is the ionization cross section for an inner shell i
with bindingenergy ElB by an electronbeam of primary energy Ep
and current Ip. The Auger emission probabilityis given by lj^1(Eb),
and C is a constant including the geometrical collection factor and
transmission of the analyzer as well as the electrondetector efficiency.
The backscattering factor r(EA,Ep,Matrix) which depends on the
chemicalenvironment (Matrix), on the Auger electron energy EA,
and on the primary energy Ep, stems from backscattering primary
electrons or secondary electrons with enough energy to give rise to
additional Auger processes. The term I\(EA, Matrix) takes into



account that the Auger signal comes from a depth of the sample
given by the inelasticmean free path A of the electrons:

h = exp (-r-^—) (5)V AC0SQ7

with z the sample depth and a the escape angle of the Auger elec¬
trons with respect to the surface normal. The inelastic mean free
path A takes values between 0.2 and 2 nm for electrons in the energy
ränge from 10 to 1000 eV [5] and determinesthe surface sensitivity
of the technique. Equation (4) is of limitedvalue because of the dif-
ficulty to determine the individual factors with sufficient accuracy.
In order to get better results measurementsof elemental Standards
or of alloys of known compositionare required. It is then possibleto
determine concentrations with an accuracyof the order of 10%.

While the primary information obtainedfrom AES is an elemen¬
tal analysis, shifts of the Auger energies give information about the
chemical environment of the analyzed atom. The Auger line shift
is directly related to the binding energy shift of the different lev¬
els involved in the transition. In some cases information about the
valence band structure may be obtained from Auger transitions in
which one or two valence electrons are involved. The line shape
of such transitions will change if the atom is placed in a different
chemical environment. Therefore studies of this kind can provide
important information about the local electronic structure.

2.2 Ion scatteringspectroscopy
In Ion Scattering Spectroscopy(ISS) a monoenergeticnoble gas ion
beamin the energyränge of 0.1 to 10 keVhits a targetand the energy
distributionof the scattered ions is measured under a defined scat¬
tering angle (fig. 2). Such a measurement gives informationabout
the mass and the concentration of the atoms at the surface of the
target. The kinematics of the scatteringprocess is described by the
Binary Collision Approximation (BCA) [6]. From the conservation
of energy and momentum the relation between the energy E of the
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Figure 2
Schematicrepresentation of the scatteringof an ion froma surface
atom.

scattered ions and the mass of the target atomsM is:

En l + M. (6)

where Eq and Mq are the primary energy and the mass of the ions,
respectively,and 0 is the scatteringangle. The BCAmodel, in which
the target atomsare considered free and at rest during the collision,
can be used only for ions scattered at the outermost atomic layer of
the target because the ions which penetrate deeper into the sample
are neutralizedwith great probabilityand thereforenot detected. For
this reason ISS is a very surface-sensitive technique. The fact that
the experimentally measuredpeaks appear at the energiespredicted
by the BCA model confirms the validity of the assumptions made.

The quantitativerelation between measuredintensity and the con¬
centration is not simple. For a single binarycollisionthe intensity of
the scattered ions Is is [7]:

Is = I0Nae(l - PN)C (7)
where I0 is the intensity of the primary beam, N the concentration,
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gq the scattering cross-section and P$ the neutralizationprobability
of the ions. The transmission and acceptanceangle of the analyzer
are given by C. The impossibility of an accurate determinationof the
scattering cross-section and of the neutralizationprobabilitydo not
allow a precise quantitative analysis. With the help of calibration
measurementsof pure Compounds or of samples of known composi¬
tion, it is neverthelesspossible to determine surface concentrations
of alloys from the intensity of the ISS signal in the ränge of 5%.
A disadvantage of ISS is that the sample is damaged duringthe

measurementsbecause of sputtering. To reduce this effect it is nec-

essary to choose the primary ion current density as low as possible.

2.3 Electronenergy loss spectroscopy
In Electron Energy Loss Spectroscopy(EELS) the energy losses of
electrons after interaction with the solid surface are measured. His-
toricallyEELS developedto a useful techniqueto determine elemen-
tary excitations of solids by measuring energy loss and dispersion
of fast electrons (~50 keV) in transmission through thin films [8].
Following the improvements in preparingreproducible well-defined
solid surfaces by ultra-highvaeuum techniques,EELS was adapted
to the study of solid surfaces by reducingthe ineidentbeam energy
to the order of 1 keV or less. The experiment is then performed in
reflection geometry because of the reduced penetration depth of the
electrons. These experimentsprovide informationabout single par-
ticle excitations like interband transitions, comparableto an optical
absorption experiment. Furthermore collective excitations, surface
and bulkplasmons,can be examined. If a monochromatizedprimary
electron beamwith a primary energy of a few eV and a resolution of
'--'10 meV is used, information about vibrationalmodes of adsorbates
may be obtained, and surfaceoptical phonons can be studied.

EELS probes the density of the initial and the final electronic
states as well as the matrix elements that couple them. For the case

of excitations out of core states, which are narrow, one expects to
obtain information about the unoecupied density of states (DOS)
above the Fermi level (EF) weighted with the matrix element of the
transition.
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For this reason, EELS has its application in elemental analysis
and, as it is sensitive to chemical effects either by modification of
the valence band DOS or by shifts of the core levels, it can give
information about the chemical environment of the component in¬
volved in the transitions.

2.3.1 Momentumtransfer

In EELS when a primary electron of energy Eq loses energy equal
to AE in order to excite a core electron, the ränge of momentum
transfer q of the inelastic process is situated between two extreme
values qmin and qmax given by [9]:

irrnn 2m(VE~Q-VEQ-AE) (8)n

_ V2mAE
I qmax i— r (y>)

while | qmax | is independent of the primary energy Eq, \ <fm,„ | in-
creases stronglywhenEq is decreased,the upperlimit beingobtained
for threshold spectroscopieswhere AE = Eq so | qmin |=| qmax \-

The differential cross section for a transition from an occupied
initial state to an empty final state above Ep is given by:

|^ocl|<nY|e^|"0f (10)

where nl and n'V represent the initial and the final states and r

the position of the atomic electron. Expandingthe exponential, one
obtains:

e^ = 1 + iq • f- i(J. r)2 + ... (11)
Insertionof (11) in (10) shows that the first term does not contribute
to the transition probabilitysince the initial and final states are or¬

thogonal. The second term causes electric dipole transitions with
l = /± 1. Thesetransition are dominantfor small momentumtrans¬
fer q, which is the case of transitions excited with electronsof high
primary energy, leading to spectra similar to those obtained in x-

ray absorption spectroscopy. For increasingmomentumtransfer the
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third term in (11) becomes relevant, and causes monopole (/' = /)
and quadrupole (/' = / ± 2) transitions. For excitations with low

primary electronenergy the applicationof the dipole selection rule
is not appropriate,consequently contributionsfromhigher multipole
terms have to be considered.

2.4 Photoelectron spectroscopy
In PhotoelectronSpectroscopy(PES) photons with well-defineden¬
ergy are absorbed in a sample by the process of electron excitation.
If the photon energy is sufficiently high the sample may be excited
above ionization threshold leading to the emission of an electron.
The energy Ekm of the photoelectron with respect to Ep can be
measured, and the bindingenergy of the electronis:

EB = hv-Ekin (12)
where hv is the photon energy. Although photons have a penetra-
tion depth up to several micrometers, the emitted electrons have an
escape depth between 0.5 and 10 nm depending on the electronen¬
ergy. Therefore PES is particularly surfacesensitive and also useful
for the study of adsorbed species on surfacessince it is much less de-
structive than all electronimpact spectroscopies. PES is divided into
two categories depending on the energy of the photons used: X-ray
Photoemission Spectroscopy(XPS) {hv ~ keV) where the charac-
teristic radiationof an x-ray tube is used, Ultra-violet Photoelectron
Spectroscopy(UPS) {hv < 40 eV) wherethe UV radiation from gas'
discharge lamps is used. The excitationenergiesin UPS experiments
are in generalnot sufficient to ionize core levels. They provide mainly
valence band spectra. In dischargelampsthe energyresolutionof the
photons is of the order of meV which gives a clear advantage over'

x-ray photoelectron valence band spectroscopy with a resolution of
about 1 eV using unmonochromatizedMg Ka {hv = 1253.6 eV) or

AI Ka (hv = 1486.6 eV) radiation. With a monochromator the res¬

olutioncan be improved, leading however to a photonbeam several
times less intense than that in UPS.

In XPS experimentsthe excitationenergy is highenough to ionize
inner electron shells in addition to the valence band spectra. While
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the determination of the binding energiesof the inner shells reveals
the atomic species present in a surfaceregion, bindingenergy shifts
can give information about the chemical environment of the atom

under study. This shift is also referred to as chemical shift since
its physical origin is related to the charge transferredon forming a
chemical bond between dissimilar atoms.



15

3 Theoretical aspects and evaluation
methods

3.1 Surface segregation and depth profiling
Surface segregation is a phenomenoncommonly encountered in al¬
loys where the surface compositionis generally different from that
of the bulk. It was first formally treated almost a Century ago by
Gibbs [10], but only the developments in surface characterization
techniques acquired during the last two decades gave the principal
impetus for the renewed interest in segregation phenomena. Also
contributing to this trend was the increasing use of metal alloys as

heterogeneouscatalysts , for which surfacecompositionplays an im¬
portant role in Controlling activity and selectivity. Many attempts
were made to develop descriptions of surfacesegregationphenomena.
In a regulärSolutionmodel the surfaceconcentration xs of the solute
A in the alloy AxBi_j. is given by [11]:

•ES •E / *°( seg
exp -^ (13)1 - xs 1 - x
F V kT ) K J

where Qseg is the energy involved in exchanging a surface B-atom
with a bulk A-atom. Many theories were developed in order to get
estimates of the segregation energies Qseg and to predict the segre-
gating component of alloys. Some were restricted to Systems with
componentsof identical atomicsize [12,13], or the size mismatch was
treated in a rather crude way within the continuum theory [14,15].
Tomänek et al. [16] presented a microscopie theory for the surface
segregation in dilute alloys where the electronic contribution to the
heat of segregation was described within a multiband tight-binding
Hamiltonian,and size mismatch in the bulk and at the surface was
considered. Mukherjeeet al. [17] made predictions of segregation
for 702 binaryalloys belonging to the 3d,4d and 5d transition series
using a tight-bindingelectronic theory and considering a simple form
of the d-band DOS.

The chemisorption of gases on alloy surfaces can itself induce a

change in surface compositionowing to the fact that the chemisorp¬
tion energies of gas atoms or molecules, e.g., H2, 02, CO etc., are
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differenton different metals. Thesegregation energywill be modified
in the presence of adsorbates to give [18]:

QCse9m = Qseg + (EA+ EB)9 (14)
where EA and EB are the chemisorption energies for the adsorbate
on pure A and B metalsrespectively and 0 is the adsorbatecoverage
(0 = 1 means monolayer coverage). A better treatment of the prob¬
lem is reachedif chemisorption-inducedsurfacesegregationis treated
as a special case of the more general problem of segregation at In¬
terfaces of ternary Compounds [16,18]. Owing to the chemisorption
of gases it is possibleto have a change of the segregating element in
an alloy, e.g., for Ni-Cu a segregation of Cu is expected, while for
oxygen-coveredsurfaces a Ni enrichment at the surface is predicted
[17]. This exampleshows that the surface segregation in binary al¬
loys is very sensitive to changesin the treatment of the alloy.

Experimentallythe determinationof the chemicalcompositionas
a function of the sample depth requires the compositional analysis
of thin sections (in ultimate dimensionsof a monoatomic layer) de¬
fined on a depth scale. A frequently applied sectioningmethod is
surface erosion by ion sputtering. The sample is bombardedwith
ions typically in the keV energy ränge. A small fraction of the en¬

ergy is transferredto the surface atomsand causes them to leave the
sample. Combining AES, ISS or XPS with sputtering it is possible
to get information about the sample compositionas a function of the
number of removed layers, i.e., of the sample depth. The primary
data obtainedconsist of signal intensities / of the detected elements
as a function of the sputtering time t, i.e., / = f{t). The principal
task is to obtain the distribution of concentration C with depth z,
C = f{z), by an appropriate conversion of the measured data.

3.1.1 Calibrationof the depth scale

The transformation of the sputtering time scale to a depth scale
is based on the known sputtering yield Y, defined as the average
number of sputtered atoms per incident particle. If j is the ion
current density in fiA/cm2 then the sputtered depth S in Ä/s is
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given by [19]:
S = 10-3Yj— (15)

where p is the densityin g/cm3 and M the atomicmass number. The
sputteringyield depends on the energy and the mass of the incident
ion and of the kind of target and can change during the sputtering
time. Furthermore for multicomponentSystems like alloys the dif¬
ferent componentsare generallynot sputtered in proportion to their
concentration at the surface. This phenomenon, called preferential
sputtering, can be caused by mass differences of the target atoms,by
differentsurface energiesor chemical bonding differences between the
target constituents, or by recoil implantationand radiation induced
segregation. These facts show the difficulties in the calibration of
the depth scale. For a multicomponentsystem the total sputtering
yield Y is given by [20]:

Y = Y.Yi (16)
i

where Y{ is the partial sputtering yield of the component i. The
component sputtering yield Yf is defined as:

Yi = YfCf (17)
with Cf the equilibrium surface composition of the component i
during sputtering. At temperatureswhere bulk diffusion is not im¬
portant, an equilibrium Situation will be created under particle bom-
bardment between the number of sputtered atoms rii of the compo¬
nent i and the bulk concentration Cf.

- =£ (18)
nB CB

It is then possible to write a steady-staterelation betweenthe surface
concentrations and the bulk concentrations as the ratio of sputtered
atoms nA/nB is equal to the ratio of the partial sputtering yields.
Thus combining equations (17) and (18) it follows:

y%_ cuql
Y§ CBCSA (19)

from which it is possible to determine the component sputtering
yields by measuring the equilibrium surfacecompositionreachedaf¬
ter sputtering of a binary alloy of known composition.
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In spite of the large amount of experimentsperformed in the last
years, the sputtering process is far from fully understood for mul¬
ticomponent materials, and the calibration of the depth scale in a

depth profile is not very accurate.

3.1.2 Calibrationof the concentrationscale in Auger elec¬
tron depth profiles

Equation (4) shows that for fixed experimentalconditions and ne-

glecting the changesof the electron escape depth and of the backscat¬
tering factor, the intensity of an Auger transition can vary not only
because of concentration changes, but also owing to changes of the
chemicalenvironmentof the analyzedatom expressed in a change of
the Auger transition probability. This is certainly the case if elec¬
trons responsiblefor the chemicalbonds, e.g., valence electrons, are

involved in the Auger transition. It is evident that the intensity of
such a transition is not suitable for a correct determinationof con¬

centrations. It is necessary to choose an appropriate transition in
which electrons of binding orbitals where a large charge transfer is
possible are not involved. Once a transition of this kind is chosen
equation (4) can be rewritten as:

I = NA (20)
with A indicating all terms independent on concentration. The de¬
termination of the concentration fromthe Auger intensity requires a

calibration based on Auger signals frompure elemental Standardsor
from alloys of known composition. In the second case an additional
difficulty is introducedby the necessary cleaning of the sample by
ion bombardment. Different sputtering yields of the alloy compo-
nents cause a change in the compositionof the surfacelayer and can

lead to a wrong calibration. AES, as a surface sensitive technique,
yields the compositionof the surfaceas given by equation (19). The
low escape depth of the Auger electrons implies that most of the
signal comes from the top layers which are preferentially sputtered.
Therefore , one can relate the Auger intensity of element i to its
concentration at the sputtered surface. With equation (19) and (20)
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it can be written:
Qa _IAjY^Aßy ,01 v

CB-IB[YgAA* (21)
This gives a relation between the unsputtered surface composition
and two measuredAuger signals. The ratio Y^AB/Y§AA is constant
for a given experimentand can be determinedfroman alloy of known
composition.

Usually Auger spectra are recorded in the first-derivativemode
in order to distinguishthe transitions from the background. The
peak-to-peakAuger amplitude can then be related to the intensity.
This is correct for Auger transitions which do not show a change of
the Une shape upon changes of the chemicalenvironment.

3.2 Deconvolutionof Auger spectra
The resolution enhancement of experimentaldata beyond the in¬
strumental resolution limit using mathematical methods has been
the subject of many investigations (see e.g., [21]). In many exper¬
imental situations, if the desired data are represented by r(t) and
their Fourier transform by R(u) = fr(t)eiutdt, the Output of the
measurement is given by:

m{i) = J F(cj)R{u)eiu>tdüü (22)
with F(u) the Fouriertransformof the resolutionfunction f(t). The
function f(t) representsthe experimentalbroadening of the measur-

ing instrumentswhich convolutes the sought observable r(t) giving
m(t) as experimentalresult. If f(t) can be measuredor assumed, de¬
convolution may allow for a better estimation of the true line profile
r{t). The simplest way to carry out a deconvolution is to divide the
Fourier transform of the measured signal by the Fourier transform
of the resolutionfunction of the system. This procedure, though an-
alyticallycorrect, poses certain practical problems. In many cases it
can lead to nonphysical results since the Solutionmay not be unique.
In fact any frequencycomponent of the measured signal which is
attenuatedto zero in the resolution function will not be restored
by deconvolution. High-frequencynoise can easily be added to the
Solution since the Fourier transform of real resolution functions is
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very small with large random variations at high frequencies. With
smoothing this noise can be partially removed. It turns out that the
recovery of r(t) is more reliablein signal space rather than in Fourier
space. For this purpose an iteration method was developedby van

Cittert [22]. With this methodthe progress of deconvolution can be
observed step-by-stepand terminatedbefore the noise level becomes
excessive.

The possibilities and limits of the use of deconvolution in combi-
nation with smoothing for resolution enhancement of XPS spectra
was discussedby Wertheim [23]. He showed that the extent to which
deconvolution can be employedis determined by the random noise
in the data. However smoothing is of limited utility because noise
componentsin the frequency ränge where information resides can

not be removed.
In AES deconvolution can be applied for resolutionenhancement

and backgroundsubtraction. For measurementsof the Auger line
shape, its fine structure as well as the integral intensity, it is nec¬

essary to ehminate the energy loss peaks and the broadening of the
Auger line by the spectrometerresolution function. This can be
done by deconvolution of the measuredsignal m(t) with the elastic
peak function f(t) taken at the same energy. This implies that the
Auger electrons are subject to the same energy loss mechanisms as

the elasticallybackscattered electrons. The mathematical procedure
of deconvolution can be carried out by Fourier transformation. An
advantageof this methodis that the result is the same for the Auger
intensity measureddirectly or for its first derivative, since:

/^'e-^= /Ä-^= r(t) (23)
and:

ff{t)e^dt J F{üj)

/ -ifcr. e dcv = / Z)le~lwtduj= r(t) (24)
This propertyis of special value when the lock-in technique is used
and the first derivative of the signal is measured.

A crucial problemis the elimination of erratic featurescreated by
the division by small numbers with large random variations. The
high-frequency Fourier components of the measured spectrum and
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of the elastic peak are very low but neverdrop exactly to zero. This
is due to the noise present in both spectra. Therefore it is necessary
to eliminate high frequencieswhich are unrelated to the true signal.
This is done by setting to zero all frequencycomponents above a

threshold before inverse Fourier transforming. In principle a low-
pass filter is applied. The threshold frequencyis chosen to get the
lowest noise level without losing signal.
An exampleof the applicationof this procedureis shown in fig. 3

by means of the Cu L2,3M4)5M4j5Auger transition. The top curve

shows the Auger intensity obtained by numerical Integrationof the
measured curve in the first-derivativemode with a resolution of
about 2 eV. The peak around915 eVbelongs to the LsM^M^while
the L2M4i5M4i5 transition appears around935 eV. The curve in the
middle is obtained by the described deconvolution method dividing
the Fourier transform of the Auger spectrumby the Fourier trans¬
form of the elastic peak at 920 eV, both measuredin first-derivative
mode. Before inverse Fouriertransforming, the high frequencieswere
cut above Channel124. The result is compared with an Auger spec¬
trum measured with a resolution of about 0.4 eV (fig. 3 bottom).
The agreement is excellent: the deconvolutedcurve reproducesall
the struetures which, in contrast, are not resolved in the directly
integrated curve.

This method enhances drastically the accessible information in
AES, offering the possibility of Auger line studiesusing devices like
cylindrical mirror analyzers which do not allow measurementswith
good resolution for high-energy electrons. A detailed descriptionof
this method is given in [24].

3.3 Calculation of np-nd transitionspectra
EELS probes the densities of the initial and final electronic states
as well as the matrix elements that couple them. For the case of
excitations out of the core state, one expects therefore to obtain
information about the unoecupied DOS above Ep. While this gen¬
eral idea is true for solids with nearly free electrons, it has been
shown that the 3d transition metals show a severe deviation from
the expected behavior [25,26,27]. It has been observed that the 3p-
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Figure 3

L2,3M4i5M4>5 Auger transition of Cu: (top) integral of the mea¬

sured curve in the first-derivative mode with a resolutionof 2 eV,
(center) deconvolutedspectrum and (bottom) spectrum measured
with a resolutionof 0.4 eV. The deconvolution was calculated with
a larger step than used in the measurementsleading to a rougher
curve.
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3d excitations in some of them, e.g., Mn, Fe, Co, and Ni, exhibit a

highly asymmetric dispersionlike line shape, whereas in others, e.g.,
Ti, V, and Cr, the form is more Symmetrie and not related to the
3d DOS [26]. Dietz et al. [25] have suggested that the particular
shape of the transition spectra is caused by a resonant interaction
between the excitationto discrete levels and one or several continua,
and have computed the spectral density from the general formalism
for such interactions given by Fano [28].

The theory of Fano considers an atomic system having a set of
discrete states \ <j>i > .... \ (j>n > which experience configuration
interaction with a set of normalized states | ipB' > belonging to a

continuous spectrum. The portion of the energymatrix belongingto
these states is given by:

< (f>n | H | 4>m > = En6nm (25)
<!MH|tfn> = VE,n (26)
< ipE» | H | </>£' > = E'6{E"- E') (27)

The 6 factors in (25) and (27) imply that the submatrix belonging to
the subsets of states | <j>n > and | ipB' > has previously been diago-
nalized. The wave functions of the discrete states are dimensionless,
while those of the continuumare normalized per unit energy and
have a dimension of one over the Square root of energy. The dis¬
crete energy levels En he within the continuous ränge of values E'.
Each value E within the ränge of E' is an eigenvalue of the matrix
(25,26,27). The diagonalizationof this matrix leads to the determi¬
nation of the eigenvector:

I *e >=£ fl« I K > + / dE'bE, | </>£' > (28)
n J

an and bE> are functions of E but this dependence will not be indi-
cated explicitly. Thesecoefficientsare determined as Solutions of the
system of equations pertaining to the matrix (25,26,27) given by:

Enan + JdE'VnE,bE. = Ean (29)
Y,VE>nan+ E'bE. = EbE, (30)
n

This system of equations has peculiarities arising from the contin¬
uous spectrum. To solve it bE< has to be expressed in terms of an
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utilizing (30) and the result insertedin (29). This procedureinvolves
a division of (30) by E— E' which may be zero. Fano [28] introduced
a formal Solution of (30):

1
- + z(E)6(E - E')bE< = E-E' £VE>nan (31)

with the understandingthat upon Substitutionin (29) one shall take
the principal part of the integral over -^ze> and that z{E) is to be
determined later. Substitution of (31) in (29) yields:

Enan + £Fnmam + z(E)VnE£V£mam = Ean (32)
m m

where

Fnm{E) = PJdE-^AE - B W
represents the second-order interaction among the discrete states

arising from their coupling with the continuumconfigurations. The
diagonal elements of the matrix (33) represent the first-approxima-
tion line shifts caused by this interaction. P indicatesthe principal
part of the integral. Since Fnm constitutesa small perturbation it was
neglected. With this approximation we obtain the final normalized
Solution of the problem as:

"tan A„ 1
cos A (34)an =

bEi =

vVEn
VE>n tanAn

r(E-E>) WEn 8{E - E') cosA

with
7T

iE)
=-tanA = £^P%£=-EtanA»n JlLi — Hin n

(35)

(36)
The transition matrix element of the transition Operator T be¬

tween the initial state | i > and the energy eigenstate | VE > is
given by:

._ tanAn ,
. ,E-ZTT^1 < $n | T | i >- < xJjE | T | i >< VE | T | i >=

where

L n nVnE

$n >= | <ßn > +PjdE'^E, I ^ >

cosA

(37)

(38)
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The product cosAtanAn in (37) remains finite at the resonance

point An = f, i.e., E = En, because cosA vanishes there. E»^ g"
Swingsfrom —co to oo in each interval betweensuccessiveresonances
and thus causes a rapid Variation of < ^E | T | i >. In particular
the matrix element < ^E | T | i > vanishes once in each of these
successiveintervals.

The success of such an atomic model in explaining the 3p-3d ex¬

citations in 3d transition metals appears to be due to the strong
perturbation caused by the 3p core hole and the small width of the
3d band, leading to a localization of the excited 3d electrons. The

strong interaction between the discrete 3p63dAr —¦> 3p53dAr+1 excita¬
tion and the 3p63dAr —»• 3p63diV-1efcontinuumemission is given by
the short time scale for the super Coster Kronig transition to occur,
via which the 3p53dAr+1 states decay into 3p63dAr_1ef. The same ex-

planation has been adopted to account for the 4p-4d excitations in
some 4d transition metals [29,30,31] but without a calculationof the
struetures. In the present work calculations of the 4p-4d transitions
were carried out using equation (37) with the following approxima-
tions:
1- the second term in equation (38) was neglected as it was assumed
small,
2- the transition matrix elementto the continuumstates was taken
constant, < ipE, | T | i >= ß,
3- the matrix VnE representingthe amount of mixing of the discrete
states and the continuumwere taken proportional to the matrix el¬
ement of the transition to the discrete states, i.e., VnE — VEn =

a < cj)n | T | i >, supposing that the main contribution is the nor-

malization constant of the wave function | 4>n >.

Introducing these approximationsequation (37) becomes:
i

2
< VE I T I i >= ^ •TQ2|<^n|T|i>|2 j _j_ 1

l iL—hin J

^n-BZE:<<l>r,\T:\i>'i+ß
(39)

In 4d transition metalsthe discrete states | (f>n > were represented
by the 4p64dAr -+ 4p54dAr+1 final state multiplets which decay by a

super CosterKronig transition to a 4p64dAr_1efcontinuumstate giv-
ing rise to the configurationinteraction. The energies and the wave
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functions of the initial and the final states were calculatedemploy-
ing an atomicmulticonfigurationalDirac-Fock(MCDF) program [32]
using a jj coupling scheme. The total angular momentum of the ini¬
tial state was chosen aecording to Hund's rules. The package was

adapted to allow the diagonalization of the energy matrix for 200
multiplet components. The matrix elements < <j)n | T | i > were

calculated using the subroutine MCT of the MCDF program. This
routine computesthe coefficientsdkah(T,T") of the matrix element of
the single-particle tensor Operator < o || fW \\b> [33]:

< TM | FW | TM' > = < J'kJ, M | J'M',kq >
x <T||F(*)||T'>" "

(40)
= < J'kJ,M\J'M',kq>

x E«<6*(T, T')<a || f(*) || b >

where F^-* = EjfW(z') is an n-electron irreducible tensor Operator
of rank k, \ TM > and | T'M > are configuration state functions
obtainedby coupling n electrons. For the dipole Operator D one has
[34]:

<a||D||6>= (-l)^f \ l jA
\ ~2 U 2 / (41)

Xy/2JT+1fr{PaPb + QaQb)dr
with ja and j(, the total angular momentum, Pa,Qa and Pb,Qb the
large and small componentsof the relativistic wave function of• | a >
and | b >, respectively, and the term in parenthesis is a Wigner 3j
symbol.

Finallythe 4p-4d transitions have been calculated using equation
(39) and the computed dipoletransition matrix elementsusing equa¬
tions (40) and (41) and the wave functions P{ and Qi as well as the
coefficientsdkah which in term were calculatedwith the MCDFpack¬
age. The parameters a and ß in equation (39) were adjusted to give
the best fit with the experimentaldata. Because of the apprecia-
ble oscillations oecurring between the different resonances, i.e. when
E = En, a smoothingof the calculated spectrumwas achieved by
broadening the calculated curve by a Gaussian function with vari-
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able width. In the case of monopole and quadrupole transitions the
matrix element was taken proportional to the coefficientsd^. This
approximationproved to be feasible from the comparison of dipole
matrix elements computed with and without equation(41).
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4 Apparatusand sample preparation
For this work three different Ultra High Vaeuum (UHV) apparatus
with a total pressure in the IO-8 Pa ränge were used.

The first apparatuswas used to perform the AES and EELS mea¬

surements of the Cu-Zr and Pd-Zr alloys and the AES study of the
oxidation of Zr. A hybrid gun [35] producedelectronsfor AES and
EELS (beam size ~300 ßm) and ions for sputtering. Spectra were
recorded with a CylindricalMirrorAnalyzer(CMA) coaxialwith the
gun, and a Channelelectronmultiplier operating in the analog mode
was employed to detect the electron current. The energy resolution
AE/Ecould be varied between 0.1 and 0.8% by changing the diam-
eter of the aperture of the analyzer. Sputtering was performed with
2000 eV Ar+ ions with a current density of 1 [lA/mm2. Auger elec¬
tron spectra for the depth profiles were measured (primary electron
energy of 2000 eV) in the first derivative mode employing a phase¬
sensitive detector and modulating the pass energy of the CMA with
2.5 Vpp. EELS spectra were measured either in integral form or in
the second derivative mode. The resolutionwas always taken below
2 eV. The spectrawere recorded and sputteringtimeswere controlled
by a preprogrammed desk Computer. Details of this apparatus have
been described elsewhere [36].

The secondapparatuswas a VaeuumGeneratorsEsca Lab-5 spec¬
trometerin which PES was performed. UPS spectra were taken us¬

ing He I and a resolution of 0.2 eV while XPS was performed with
the unmonochromatizedMg Ka radiation. The photon beams had
a width of about 1 cm. Ar+ ion sputtering was used for the sample
cleaning.

In the third apparatusEELS measurementsof Y, Zr, Nb and Mo
were done. An electron gun produced a monoenergetic electronbeam
with a current of 5 /xA and a diameter of ~ 100 /rni. The energy of
the backscattered electrons was analyzedusing a Riber Mac 2 energy
analyzer. In this type of analyzer the energy analysisof the electrons,
focussed by an input lens, is obtainedby combining a two-grid re-

tarding stage with a dispersive energy filter. The energy resolution
is constant over the whole energyränge and was chosen between0.4
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and 0.75 eV. Sample cleaning was performed with 2000 eV Ar+ ions
provided by a hybrid gun [35]. The electron current was detected
using a Channel electron multiplier operating in analog mode. The
output signal was fed, after amplificationby IO8, to a voltage-to-
frequency Converter and to a counter. Data collection and sweeping
the energy analyzer were controlled by a PDP 11 Computer.

Scanning electron micrographs were taken in a JEOL JSM840
electron microscope to reveal the surfacemorphologyof some of the
samples.

Amorphousand crystalline Cu7oZr3o and Cu3oZr7o were obtained
from the department of industrial chemistry (Technisch-Chemisches
Laboratorium, ETHZ). They had been prepared by the melt spin-
ning technique using differentquenchingrates [37]. The sampleswere
hydrogen treated at 473 K for 16 hours. For this purpose, a special
vaeuum Chamber, evacuatedto 10~2 Pa, was filled with 1 bar of hy¬
drogen, passing through a liquid nitrogen cooled trap. After cooling
down to room temperature, the sampleswere quicklytransferredinto
the UHV apparatus to avoid long contact with atmosphere.

AmorphousPd33Zr67 samplespreparedby the melt spinning tech¬
nique and pretreated at 475 K and 555 K in a gas mixture of 0.2%
CO and 0.2% O2 with nitrogen as balancegas (totalpressure ~1 bar)
for ~100 hours, or at 495 K in a gas mixture of 25% C02 and 75%
H2 (total pressure ~15 bars) for ~40 hours were also obtained from
the department of industrial chemistry(Technisch-ChemischesLab¬
oratorium, ETHZ). After the treatmentsome of the samples were in
powder form and were pressed to pills.

Clean Y, Zr, Nb, Mo, palladium and Cu surfaces were prepared
by Ar+ sputtering until carbon and oxygen Auger signals were be-
low the limit of deteetability. For Y, Zr, Nb and Mo data acquisition
times were limitedto a few minutes in order to prevent the contami¬
nation of the reactive surfaces, or the measurementswere done under
continuousAr+ bombardment.
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5 The effect of H2 and O2 on the surface
of Cu-Zr alloys

Amorphousmetal alloys have gainedconsiderable attentionas novel
catalyst materials. They offer great potentialas catalyst precursors,
owing to their flexibility in chemical compositionand to their high
reactivity. Bulk and surface chemical and physical properties can
be modified by thermal and chemical pretreatements. The largest
enhancement of the reactivity is usually achieved by a finely dis¬
persedsurfacesegregationof the active species. Catalytic activation
of amorphous Cu-Zralloys has beenstudied by Yamashitaet al. [38]
and by Shibata et al. [39]. Recently Baris [40] has investigatedthe
catalytic potentialof several Cu-Zrribbons. The catalytic properties
of the catalysts were tested for the hydrogenationof 1,3-butadiene
to butenes and the cycloaminationof 5-amino-pentanolto piperi-
dine. Excellent results in activity and selectivity were found for a

catalyst prepared by thermal treatment of amorphous Cu7oZr3o in

hydrogen. In the present work, surface analysis of as received and
activatedamorphousCu7oZr3o and Cu3oZr7o is presented. The strong
segregationof Cu in amorphous Cu7oZr3o after hydrogen treatmentis
attributedto the particularsurfacestructure(crackingduringhydro¬
genation) and the inherent thermodynamicinstability of amorphous
Cu-Zr.

5.1 Results

Fig. 4 shows an Auger spectrumof amorphous Cu7oZr3o after 1000 s

of Ar+ sputtering. The inset shows the peak designations to the
different transitions. Two Cu and five Zr peaks are present in the
energy region shown. The argon signal stems from implanted gas
during the sputtering process. For longer sputtering times, the car-

bon contaminationdecreases. Oxygen,however,remains throughout
the depth analyzed in this work (300 nm).

In order to determine absolute concentrations, the M2,3M4)sM4)5
Cu transition at 61 eV was chosen in recording depth profiles; its
high intensity permitsto achieve a better precisionin concentration
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Figure 4

Auger electron spectrum of amorphous Cu70Zr3o after 1000 s of
Ar+ sputtering. The inset shows the peak designations to the
different Auger transitions.

measurementseven in regions of the sample with low Cu content.
Various Zr Auger peaks have the required intensity for quantitative
analysis, e.g., the M4)5NiN2,3 transition at 91 eV or the M4)5N2,3V
transition at 147 eV. The Zr peak at 91 eV was chosen for quantita¬
tive analysis because no valence electrons are involved in this tran¬
sition. Therefore changes in the intensity of this peak are directly
related to the change of Zr concentration (see appendix).

The peak-to-peak amplitudes of the Cu-M2,3M4)5M4)5, Zr-

M4)5NiN2,3 and 0-KL2,3L2)3 transitions are shown in fig. 5 for an

amorphous Cu7oZr30 ribbon as a function of the Ar+ sputtering time.
The carbon signal is not shown in the depth profiles because it is
only present in the first layers of the sample surface and is rapidly
removed during sputtering. After remarkable intensity changes dur¬
ing the first 500 s, the signals remainpractically constant indicating
that at this depth the bulk concentration ratio CCu/CZr of 70/30 is
reached. The ratio \Y§uAZr/Y§rACu] in equation (21) can be deter-
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Peak-to-peak Auger intensity of the Cu-l^^M^-jM^s, Zr-

M4i5NiN2,3 and 0-KL2,3L2,3 transitions as a function of Ar+ sput¬
tering time for amorphousCu7oZr3Q.

mined which permitsto calculate Ccu/Czr for all the Auger spectra
measuredwith the same instrumental parameters. To calibrate the
oxygen concentration,the same method cannot be applied because
the oxygen content is not a priori known; the calibration was done
comparingAES to XPS measurementsof the same sample. In XPS,
the calibration is obtainedfrom a comparison of the measuredinten-
sities with computed cross-sections [41] at given photon energies.

For the transformation of the sputtering time scale to a depth
scale, sputtering yields of 4 for Cu and 1 for Zr [42] were used, and
a sputtering rate of about 0.2 nm/s was determined using equations
(15) and (16).

In fig. 6 the concentrations of Cu, Zr and O in an as-received
amorphous Cu70Zr3o sample are displayed as a function of depth. In
an initial layer about 15 nm deep a strongly lowered Cu concentra¬
tion, a slight reduction of Zr and a large oxygencontaminationare
measured. In this surfaceregion, the Ccu/Czr ratio is clearly lowered
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Figure 6
AES depth profile of as-receivedamorphous CuroZr3o- The con¬

centrationswere determinedfrom the intensity of the Cu-JV^M^s
M4,5, Zr-M4i5NiN2,3 and 0-KL2,3L2l3 transitions.

indicatinga Zr segregation to the surface. Such a phenomenonwas
observed for oxidized glassy and crystalline Cu-Zr alloys [43]. The
driving force of the Zr segregation is ascribed to the large oxygen
affinity of Zr. At layers deeperthan 70 nm, the measuredconcentra¬
tions have reached a constant value that was used to calibrate the
Ccu/Czr ratio of 70/30, as mentioned above. A large amountof oxy¬
gen (12%) is alwaysmeasuredin the films. The diffusion of this large
amount of oxygen is unlikely to have occurredduring the prepara¬
tion of the sample, hence it is thought to have happened duringthe
measuring time.

In order to characterizethe chemical states of Cu and Zr, XPS
and UPS measurementsof the same sample were performed after
prolongedAr+ sputtering. In the upper part of fig. 7 a photoemission
spectrum of Zr 3d electrons is shown. Four distinct peaks are visible:
the peaks at 179.2 and 181.6 eV are of the 3d5/2 and 3d3/2 electrons,
respectively, emitted from metallic Zr, whereas those at 183.5 and
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Figure 7
XPS (top) and UPS (bot¬
tom) spectra of amorphous
Cu70Zr3o at a depth of about
1000 nm. Zr4+ indicates the
contribution of Zr oxidized to
a higher degree. It is diffi-
cult to determinethe exaet va-

lency of the Zr ions and hence
the stechiometry of the sur¬

face layers (see appendix).
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185.9eV, shifted by 4.3 eV with respect to the first pair, are of the 3d
electrons emitted from oxidized Zr [44]. From the relative intensity
of the two pairs of peaks it is possible to estimate that about one

third of the Zr present in the sample is oxidized. The Cu 2p3/2 peak
does not yield any information on the chemicalstate of the Cu atoms
because this level does not show a measurable chemical shift nor a

change in the line shape duringoxidation. The UPS spectrum(fig. 7
bottom) shows a maximumat 3.1 eV below EE: this is typical for
the Cu 3d band which shifts by 1 eV toward higher bindingenergy
in a Cu-Zr alloy [45]. Around 6 eV the pronouncedemission of the
O 2p band confirms the large oxygen content of the sample, while
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the structurejust below Ep is mainly determined by the 4d band of
metallic Zr.

Attemptsto reducethe oxygen content of the sample by different
cycles of annealing and sputtering led either to no appreciable result
or to crystallization.
An AES depth profile of an amorphous Cu7oZr3o sample treated

for 16 hourswith H2 is shown in fig. 8. A Cu-rich layer about 400 nm
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Figure 8
AES depth profile of amorphous Cu7oZr3o annealed for 16 hours
at 473 K in H2 at 1 bar.

thick is formed at the surface. The Cu concentration reaches a max¬

imum of 90% at a depth of ~ 20 nm and decreases afterwards to
reach a minimumaround ~ 700 nm. At this depth, Zr and O Con¬

tents, appearingat a constant ratio, both have a maximum. In layers
deeper than 700 nm, the Zr and Cu concentrations tend to reach the
bulk values of the untreated sample. Cu has thus diffused to the
surface from a mean depth of 700 nm, leaving a Zr enriched region
below the surface. The oxygen content is estimated to be twice as

large as that of Zr implyingthe presence of Zr02- This is confirmed
by XPS measurements(fig. 9 a top and 9 b top) which show only
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Figure 9
XPS and UPS spectra of amorphous Cu7oZr3o annealed for 16
hours at 473 K in H2 at 1 bar at a depth of a) ~ 100 nm and b)
~ 700 nm.

the Zr 3d levels at 183.7 and 186.0 eV typical for oxidized Zr [44].
Hence essentially all the Zr is oxidized up to a depth of 700 nm.

This indicates that during the hydrogen treatment, oxygen present
as impurityin H2 in the order of 1 ppm has diffused into the sample
and was boundto Zr. UPS spectra show for the Cu enriched layer
(fig. 9 a bottom) a maximum at 2.3 eV with a Shoulder at 3.0 eV
typical for the Cu 3d band. With increasingdepth (fig. 9 b bottom)
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this maximum in density of occupied states shifts to 3.1 eV like in
the untreated sample, showing the transition from pure Cu to Cu-Zr
alloy. The intensity of the O 2p emission as a function of the sample
depth follows the depth profile obtainedby AES.

X-ray diffractionmeasurementsof a hydrogen treated amorphous
Cu7oZr3o sample show Bragg reflections of f.c.c. Cu, confirming that
the segregated Cu has crystallized. No Bragg peaks appeared after
the segregated Cu layer had been removed by etching, which shows
that the underlying bulk material is in the amorphous state.

No Cu segregationwas observedfor samples heated at 473 K for
16 hours in vaeuum. The presence of H2 is needed for the process of
Cu enrichment at the surface duringthe 16 hours of the treatment.

A depth profile of a crystalline Cu7oZr30 sample is presented in
fig. 10. This sample was quenched at a lower rate so that crystal-
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Figure 10
AES depth profile of as-reeeived crystalline Cu7oZr3o.

lization set in. In an initial layer of a thicknessof ~ 20 nm there is a
small Zr enrichment. Whilethe oxygen content decreases with depth,
the Cu concentration increasesrapidly, reaching a constant value at
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about 50 nm. In deeperlayers, the measuredratio Ccu/Czr = 69/29
approaches the bulk value, while an oxygen content of more than
10% is measured. The H2 treatmentof this sample did not lead to a

marked change in the surface composition. An amorphous Cu7oZr3o
sample was annealedfor 2 hoursat 773K in vaeuumwith the purpose
to crystallizeit. After this treatmentthe x-ray diffractogram showed
sharpBraggpeaks of several intermetallic phases. A depth profile of
this annealedsample showed that the Zr enrichmentand the oxygen
contaminationreacheda depth of 200 nm (comparedto the 20 nm in
the crystalline quenched sample). No appreciable change in surface
compositionduringH2 treatmentwas found for this sample.

Glassyand crystalline Cu3oZr7o alloys were also analyzed. Fig. 11
shows the depth profile of an as-reeeived amorphousCu30Zr70 sample.
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Figure 11
AES depth profile of as-reeeivedamorphous Cu3oZr70.

300

The large oxygen contaminationis limited to the first 10 nm, and
after 15 nm the three concentrations reach a constant value. The
ratio Ccu/Czr is 28/66 which correspondsto the expected value of
30/70, confirming the validity of the adopted calibration method.
The oxygen content is estimated to be around 6%. A crystalline
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sample of the same compositionpresented an analogousdepth profile
except for the fact that oxygen contaminationreacheda thicknessof
40 nm. Because of the lower quenching rate of the crystalline sample
oxygen hademore time to diffuse into the bulk and reached a greater
depth.

X-ray diffraction showed Bragg peaks of CuZr2 and traces of at
least one more, not identified phase. From the Cu-Zr phase diagram
and the crystallographicdata [46] the peaks could not be attributed
to a known intermetallic phase. Both the glassy and the crystalline
Cu3oZr7o did not show any marked changes in the surface compo¬
sition after H2 treatment, apart from a little Zr segregation due to

annealing at 473 K.

5.2 Discussion

A surface segregation induced by selective oxidation is well known
for crystalline and amorphous alloys A-B,where A is a rather elec-
tropositive element (e.g., Ni, Cu, Pd). Upon the exposure of the
clean surfaceof the alloy to small doses of oxygen, the elementA ox-

idizes and becomes strongly enriched at the surface, whereas the re¬

maining atoms of element B Cluster together and precipitate. Some-
times further phases are formed. The metallic precipitates as well
as the metallic subsurface are thought to offer catalytically active
sites, e.g., for hydrogenation reactions [47]. Well-known examples
are crystalline LaNi5 [47], UFe2 [48], ThRh [49], and amorphous Ni-
Zr [50] and Fe-Zr [51,52]. The adsorption or absorption of hydrogen
could cause similar effects, though the enthalpies of hydride forma¬
tion are much smaller, but the results on H2-induced surface segre¬
gation are rather controversial. The exposure of crystalline UHV-
fractured LaNi5 to up to IO4 L H2 at 300 K has no effect on the
La/Ni ratio, and La hydride does not form [47]. No significant H2-
induced segregation was found in crystalline Mn2Zr, Cr2Zr, V2 [51]
and in amorphous Fe24Zr76 [53]. However, a strong surface segrega¬
tion of Pd was reported for amorphous Pd-Zr alloys [54] and of Fe in
amorphous FegiZrg [55]. As both surfacefree energiesand enthalpies
of hydride formationfavor a Zr segregation the observedPd and Fe
segregationshave unusual character.



40

All amorphous and crystalline Cu-Zr alloys investigatedin the

present study show oxygen induced surface segregation. In all the
samples a Zr enrichment in the surfaceregion is observedif the sam¬

ples had been in contact with oxygen. After hydrogen treatment at
473 K only the amorphous Cu7oZr3o alloy showedan enhancementof
catalytic activity [40]. This is clearly due to the strong enrichmentof
Cu at the surface, which seems to be possibleonly when hydrogen is
present. The segregation apparently leads to a Cu layer with a high
surface-to-volume ratio. Although at higher temperatures, during
the preparation of Cu-Zr ribbons fromthe melt, Zr has the tendency
to segregate to the surface [43], the Cu-rich metastableamorphous
alloy at 473 K is in a completelydifferent Situation. If kinetically
possible, it would decomposeinto two stable crystalline phases ex-

pectedfrom the equilibrium phase diagram. Completecrystallization
is known to occur, but at much higher temperature (~ 740 K [40]). If
it is assumedthat at lower temperaturesthe formationof intermetal-
lic Compounds is kinetically impossible, but nucleation and growth
of Cu is allowed (Cu is known to diffuse more rapidly than Zr, see,
e.g., [56]), a metastable equilibrium between Cu (crystalline) and
amorphous Cu-Zr with lower Cu concentration can be constructed
as schematicallyillustratedin fig. 12, and precipitationof Cu froman
amorphous Cu-Zr matrix becomes possible. It is presently unknown
whether this precipitationreaction occurs in the bulk of amorphous
ribbons, but it does occur at the surface at 473 K. The presence of
oxygen may reduce the effectivemetallic Zr content of the alloy and
will thus enforce the basis of the present argument as long as some

Zr remains unoxidized.

Cu7oZr3o samples annealed in vaeuum (473 K, 16 hours) showed
no Cu segregation. This can be attributed to the ZrÜ2 layer on

the surface of the as-reeeivedsamples which hinders Cu diffusion
and nucleation. The role of hydrogen is, as was already pointed out
by Shibata et al. [39], to introduce fresh surfaces in cracks oecur-

ring because of the appreciable diffusion of hydrogen into the sample
(see, e.g., [56]) and the accompanyingstrains. Fig. 13 top shows a

scanningelectronmicrograph of the amorphous Cu7oZr3o sample af¬
ter hydrogen treatment. NumerousCu particles have formed on the
freshly providedsurfaces, grown and coalesced. The size distribution
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Schematic of the free enthalpy of Cu-rich amorphous alloys in
comparison with pure crystalline Cu and some intermetallicCom¬
pounds (indicated by dots).

and arrangement of these particles is very irregulär. The AES depth
profile has a bad lateral resolution(~ 300 /im) and thus averages
over these details. Fig. 13 bottom shows a similar micrograph after
most of the Cu has been removed by etching in HNO3 (13 mol.%).
Cracks and pores are visible now, and these must be the sites where
the decompositionreaction started. The depth of the minimumin
Cu concentration found by AES, ~ 700 nm, correspondsto the av-

erageddepth to this reaction front, whereas the subsequentincrease
in Cu concentration correspondsto the averaged diffusion profile in
the bulk amorphous ribbon. At the interface of the reaction, the
metastableequilibrium concentration of the amorphous alloy is es-

tablished. From AES depth profiles, the Zr concentration is about
64%, but as this is again an average over a large area and a large
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Figure 13

Scanning electron micrographs of a hydrogen treated amorphous
Cu70Zr3osample (top) without etching, (bottom) after etching off
most of the Cu surface layer.
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amount of Zr is oxidized, it is not possible to deduce the relevant
value.

A subtleinterplayof hydrogen embrittlement, oxidationand phase
decomposition at fresh surfaces seems to be necessary for the ob¬
served activationof amorphous Cu7oZr3o. In the other samples stud¬
ied, at least one of the necessary steps is missing, and no Cu segrega¬
tion occurs. Controversial is the fact that amorphicityaccounts for
the differentbehaviorof amorphousand crystalline samples. Yu et al.
[57] have seen a strong Cu segregation on some crystalline CusiZrn
and Cu3Zr after annealing in hydrogen atmosphere. They propose
that oxygen dissolvedin the samples form a ternary metastableCu-
Zr-0 Compound. Elevated temperatures favor the exothermic de¬
compositioninto Cu and Zr02 while H2 induces Cu migrationto the
surface. But measurementsof the oxygen Auger signal after sput¬
tering of the amorphous Cu7oZr3o sample led to the conclusion that
the large oxygen signal in the depth profiles stems from oxidation of
the very reactive amorphous surface during measuring time. So it
is conceivable that a muchlower amount of oxygen than assumed is
dissolvedin the samples. Furthermore amorphous Cu7oZr3o samples
annealedin vaeuum at 473 K for several hundredhours or kept at at-

mospheric conditions at room temperature for a few months showed
a similar Cu enrichment at the surface. The crystalline samples or

those with different composition did not show this behavior. The
presence of dissolvedoxygen in the sample seems not to be strictly
necessary for the Cu segregation to occur. The presence of hydro¬
gen only accelerates the process which already takes place but on

a longer time scale, introducing cracks in the oxide layer to allow a
faster diffusion of Cu.
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6 AmorphousPd33Zr67 activated for CO
oxidation and CO2 hydrogenation

The catalytic potential of amorphous Pd33Zrß7 alloys activated by
different thermal treatmentswas studied in a recent work of Gasser
[58]. The catalytic propertieswere testedfor the oxidation of CO and
the hydrogenationof CO2. In the present work the surfaces of three
activated samples were analyzed and compared with the surface of
the as-received amorphous Pd33Zr67 alloy. Two of the samples had
been activated for the oxidation of CO in a gas mixture of 0.2% CO
and 0.2% O2 with nitrogen as balance gas (total pressure ~1 bar)
for ~100 hours at 475 and 555 K, respectively, and the third, for the
hydrogenationof CO2, was activatedin 75% H2 and 25% CO2 (total
pressure ~15 bar) for ~40 hours at a temperature of 493 K.

6.1 Auger depth profiles
Fig. 14 shows an Auger spectrum of amorphous Pd33Zr67 after 2
minutes of Ar sputtering. Also shown are the peak designations to
the different transitions. Three Pd and five Zr transitions are mea¬

sured in the displayed energy region. The argon signal stems from
implanted gas during the sputtering process. Carbon, oxygen and
nitrogen contaminationsare present. In recording depth profiles the
Pd M4)5N4)5N4)5 transition was chosen in order to determine absolute
concentrations. This transition exhibits a high intensity and is not

expectedto change markedlyupon oxidation. Amongthe various Zr
peaks the M4j5NiN2,3 transition at 91 eV was chosen for quantitative
analysis because no valence electrons are involved in this transition.
Therefore changes in the intensity of this peak can be directly re¬

lated to the changes of the Zr concentration and not to changes of
the chemical environment.
A depth profile of an amorphous Pd33Zr67 sample is displayed in

fig. 15. The transformation of the sputtering time scale to a depth
scale was achieved using equation(15) and (16) and sputteringyields
of 3 for Pd and 1 for Zr [42] obtaining a sputtering rate of about
0.17 nm/s. In the first layers of the sample a large amountof oxygen
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Figure 14

Auger spectrum of amorphousPd33Zr67 after 2 minutes of Ar sput¬
tering.

is present, while Pd is completelyabsent. This shows that Zr has
segregated to the surfacewhere it has oxidized. A segregation of this
type is expectedto take place in Pd-Zr alloys wherethe high oxygen
affinity of Zr is the driving force of the migrationof Zr atoms to the
surface. Down to a depth of 15 nm the Pd and Zr signals increase
while the oxygen signal decreases rapidly. Then a constant value of
the concentrations is found. The Cpd/Czr concentration ratio was

calibrated to give 0.5 assuming that at this depth the bulk values
are reached. The factor [YfdAZr/Y^rAPd] in equation (21) can then
be determined allowing the calculationof the Cpd/Czr ratio for all
the Auger spectrameasuredwith the same instrumental parameters.
Oxygen contaminationof a few percent is always measured; this is
due to the fast oxidation of the sample occurring after sputtering
duringthe measurementseven in UHV.
An AES depth profile of an amorphous Pd33Zr67 sample treated
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AES depth profile of amorphousPd33Zr67.

in a gas mixture of 0.2% CO and 0.2% 02 with nitrogen as balance
gas (total pressure ~1 bar) for ~100 hours is shown in fig. 16. The
main differences to the untreatedsample are an absence of Pd to a

larger depth and a drastic enhancementof the oxygen content at all
measured depths. The layer where Pd is absent reaches a thickness
of 10 nm while the Co/CZr ratio is about 63/37 pointing out the
presence of mostly Zr02 in the surfaceregion. At a depth between 10
and 100 nm the Pd concentration increasesrapidlywhile the oxygen
content decreases. The Zr concentration changes only slightly. At a

depth exceeding 100 nm the concentrations reach a constant value.
The Cpd/Czr ratio is 62/38 approaching the expected bulk value.
The oxygen is supposed to be bound to Zr. This is confirmedby X-
ray diffractionmeasurementswhich show Braggreflectionpatterns of
monoclinicZr02 and crystalline Pd. The annealing of the amorphous
sample in an oxidizingatmosphere at 475 K led to partial oxidation
of Zr while Pd precipitates and crystallizesand the sample becomes
very brittle.

The depth profile of the same sample annealed at 555 K in a gas
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AES depth profile of amorphous Pd33Zr67 annealed at 475 K in
a gas mixture of 0.2% CO and 0.2% 02 with nitrogen as balance
gas (total pressure ~1 bar) for ~100 hours.

mixture of 0.2% CO and 0.2% 02 with nitrogen as balancegas (total
pressure ~1 bar) for ~100 hours is shown in figure 17. A very large
oxygen concentration is measured throughout the whole measured
depth of the sample. The Co/Czr ratio has a value of about 2 show-
ing a complete oxidation of Zr to Zr02-a.. This is confirmedby the
Zr M4j5N2,3Vtransition whichappears at 142 eV as it is expectedfor
oxidized Zr (see appendix). The Pd concentration has a maximum
at a depth of ~10 nm. This result was not reproducible in other
parts of the sample. In every depth profile taken from this sample a

Variationof the Pd concentration was measuredbut with maximaat
different depths. This suggests that small Pd particles are dispersed
in a Zr02 matrix. In depth profiles measured at different places
of the sample the Pd particles appear at different depths. X-ray
diffractionmeasurementsshow Bragg-reflectionsof monoclinicZr02
and crystalline Pd. At this higher temperature the decompositionof
the amorphous sample is more advanced and the sample breaksinto
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Figure 17
AES depth profile of amorphousPd33Zr67 annealed at 555 K in
a gas mixture of 0.2% CO and 0.2% 02 with nitrogen as balance
gas (total pressure ~1 bar) for ~100 hours.

small pieces.

6.2 The Pd M^N^N^Auger line shape
The changesin the electronic structureof transition metals upon al-
loying have been the subjeet of several studies. Amorphous metals
offer a great potential in such investigations because of their flex-
ibility in chemical composition. It becomes possible to study alloy
concentrationswhich can not easilybe formedin the crystalline state.

Oelhafen et al. [45] have studied the behaviorof the valence band
of Pd-Zr alloys of different composition. They observed that the
4d bands of the two components do not coalesce into a single d-
band structure, but the valence band spectra are dominatedby two

separated peaks related to the 4d bandsof Pd and Zr. In the vicinity
of EF the electronic structure is mainly determined by the Zr 4d
band. The Pd 4d band is shifted by 2 eV to higher binding energy
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and exhibits a narrower shape than in pure Pd. A similar behavior
was measuredin different Pd alloys [59].

The Pd M4i5N4j5N4i5 Auger transitions in differentPd alloys were
studied by several authors. Weightman et al. [60] and Mariot et
al. [61] measureda drastic change of the Pd M4)5N4)sN4)5 Auger line
shape upon the Variation of silver content in Pd-Ag alloys. In Pd-Al
and Pd-Mgalloys was measureda narrowing of the Pd M4j5N4i5N4)5
Augerpeak with respectto the same transition in pure Pd [59]. This
fact was correlatedwith the decrease of the width of the Pd 4d band
and its shift to higher binding energies. Vos et al. [62] showed that
the Pd M4]5N4i5N4)5 Augertransition in a Pd2öMg75 alloy is atomlike.
They reproducedthe measuredline shape of the transition summing
the contributions from each atomic Pd 4d8 final state.

From these facts it is evident that the Pd M^N^N^s transition
is very sensitive to the chemical environment and the bondingstate
of Pd. Therefore measurementsof the line shape of this Auger tran¬
sition were done, in order get more information about changes of
the chemical state of Pd after the different activations. The Auger
spectra were recorded in the first derivative mode and deconvoluted
with the elastic peak measured at 330 eV following the procedure
explained in section 3.2. This eliminates inelastic processes and en-

hances the resolution of the Auger spectra, and a comparison be¬
tween different spectra becomes possible.

The top curve in fig 18 shows the Pd M4i5N4i5N4j5 transitionmea¬
sured in polycrystalline Pd. The two broad struetures are assigned
to the M5N4!5N4i5 transition at 322.9 eV and to the M4N4)5N4)5 transi¬
tion at 327.3 eV. The shape and width of this peakcan be understood
by seif convoluting the Pd valence band which is involved twice in
the Auger transition. In the amorphous Pd33Zr67 alloy a narrowing
of the transition is observed (fig. 18 center). The two peaks are well
separated and exhibit new struetures which are not visible in the
spectrumof polycrystallinePd. The energyshift of these peaks with
respect to those of polycrystalline Pd is not relevant. The chemi¬
cal shift of 1.5 eV which the 3d states undergo in Pd33Zr67 [63] is
compensatedby the shift of the Pd 4d band of ~1 eV [45]. The
measuredcurve is compared with a calculated Pd M4)5N4)5N4)5tran¬
sition taken from ref. [62] (fig. 18 bottom). The calculationhas been
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done for Pd2sMg75 summing up the contribution from each atomic
Pd 4d8 final state multiplet (verticalbars in fig. 18). The agreement
between the measuredand the calculatedcurve is good showing that
in Pd33Zrß7 this Auger transition can be understood on the basis of
an atomic model. In an analogousway to Mg in Pd-Mg, a charge
transfer fromthe less noble Zr to Pd fills completelythe Pd 4d band
shifting it well below Ep. Furthermore a narrowing of the 4d band
results from the reduction of overlap of the 4d Orbitals at adjacent
sites as the Pd concentration is reduced [64]. The reduction of the
overlap and the smaller width of the 4d band are responsiblefor the
Auger transition to behave like that of a free atom showing up the
strueturesof the final-statemultiplets.

The difference of the shape of the Pd M4)5N4)sN4)5transition for
pure Pd and Pd alloyed with Zr is obvious. Thereforethis transition
can be used to monitor the decompositionof the amorphous Pd33Zr67
alloy into Pd and Zr02 occurring upon annealing in different atmo-
spheres.

Fig. 19 shows the Pd M4)5N4!5N4)5 transition for amorphous
Pd33Zr67 annealedat various temperaturesin different atmospheres.
The first derivative of the spectra were measured and processed by
the deconvolution methoddescribed in section 3.2. The spectrumof
amorphous Pd33Zr67 annealed at 475 K in a gas mixture of 0.2% CO
and 0.2% CO2 is shown in fig. 19 (top). The line shape is similar
to that measuredin the amorphous Pd33Zr67 but the struetures are
a little broader. The maxima appear at 322.0 and 327.0 eV corre¬

sponding to the M5N4)5N4)5 and M4N4)5N4)5 transitions, respectively.
The shift of less than 1 eV with respect to the peak position mea¬
sured in the as-reeeivedamorphous or the polycrystallinesample is
not relevant because the resolution of the measured curve is worse

than 1 eV. X-ray diffractionresults showedBraggpeaks of crystalline
Pd and Zr02 indicating the decompositionof the sample into these
two phases. If we assume that the Pd Auger transitionis made up
fromcontributionsof pure Pd and from Pd which is still left in amor¬
phous Pd-Zr, it is possible to fit the measured curve summing the
Pd M4)5N4)5N4)5 Auger line measuredin polycrystallinePd and that
measuredin the amorphous Pd33Zr67 weighted with different factors.
Such a fit was done using the first derivative of the curves after hav-
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Figure 19
Pd M4)5N4)5N4)5Auger transitionin amorphousPd33Zr67annealed
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pressure ~15 bar) for ~40 hours at 493 K (bottom).
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ing lined up the peaks to the same energy. The weightingfactors
were taken as fit parameters. The fit gave, for Pd33Zrß7 annealedin
a gas mixture of 0.2% CO and 0.2% O2 at 475 K, a contribution of
76% of Pd in Pd-Zr and 24% of pure Pd. Certainly this procedure
is not exact. Nevertheless it can give an estimate of the extent of
decompositionof the amorphous alloy.

The curve in the centerof fig. 19 shows the Pd M4)5N4)5N4)5transi¬
tion from amorphousPd33Zr67 annealedat 555 K in a gas mixture of
0.2% CO and 0,2% O2. The peaks are very broad resemblingthose
of pure polycrystalline Pd. The fit procedure yields that a fraction
of 78% of the Pd in the sample has precipitatedto give crystalline
Pd. The higher annealing temperature leads to a larger amount of
crystalline Pd.

The Pd M4)5N4i5N4j5 transition in an amorphous Pd33Zrß7 sample
annealed in a gas mixture of 25% CO2 and 75% H2 at 493 K is
shown in fig 19 (bottom). It was not possible to measure a depth
profile of this sample because, duringthe heat treatment, the sample
disintegratedinto a powder. The width of the measured struetures
is between that of the two other samples. The presence of about
45% of crystalline Pd and 55% left in the amorphous alloy could
be calculatedfrom the fit procedure. This fact shows that not the
different gases in which the sample were annealed, but rather the
temperature determinesthe amount of precipitatedPd.

To compare these results with those obtained from samples of
well-defined Pd content, powders with 1% Pd in Zr02 and 5% Pd
in Zr02 were pressed to puls. Unfortunatelyan Auger spectrumof
this samples could not be obtainedbecause of charging effects. The
electron yield of a sample is known to be a function of the energy
of the primary electron beam. Thereforeby a good choice of the
primary energya yield of 100% may be adjusted avoiding a charging
of the insulatingsample. However, no appropriate primary energy
was found for these samples.

The Pd M4!5N4)5N4)5 transition was measured also for polycrys¬
talline Pd exposed to oxygen. An appreciable line shape difference
could not be seen. A change of the Auger line shape occurs when
Pd is bound to a more electropositive atom. The induced charge
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transfer to the Pd site narrows and shifts the 4d band. In the case

of adsorption of oxygen or of other more electronegativeatoms, if a
bonding takes place, the charge transfer goes from Pd to O leaving
the 4d DOS without relevant changes.

6.3 Discussion

In amorphous Pd33Zr67 samples the expected Zr enrichment in the
surface region is observed after oxygen or air exposure. Annealing
in a gas mixturesof 0.2% CO and 0.2% 02 or 25% C02 and 75% H2
led to a large oxygen uptake. Zr, known as a good getter material
owing to its high oxygen affinity, is oxidized to increasing depths
with increasingtemperature. The oxidation of one component of the
alloy leaves the other free to precipitate and crystallize. Theseare the
active sites whichcatalyze the oxidation or hydrogenationreactions.
The enhancement of the activity is not due to a higher density of
the Pd precipitates at the surface but rather to a disintegrationof
the sample into a powder, i.e., an extreme increase of the accessible
surface.



55

7 Electronic core excitationsin 4d tran¬
sition metals

Unexpectedfeatureswere seen in the EELS spectra of Cu-Zr alloys.
The strueturesattributed to the 4p edge of Zr were very broad and
extendedover more than 15 eV insteadof the expectedwidth of a few
eV . In order to get an understandingof this phenomenonan EELS
study of polycrystalline Zr was done. In addition the neighboring
elements in the 4d transition metal series were analyzed to obtain
a complete picture of the behavior of electronic transitions with the
progressivefilling of the 4d band.

7.1 Zirconium

The great interest in the understandingof the electronic properties
of Zr was pointed out recently by several authors [31,65,66].

In an independent-electron model the EELS spectra of np edges
(n=2,3,4) of Zr should show the struetures of the DOS above Ep,
in particular the 4d partial density of states because of the domi-
nance of dipole transitions. The DOS of metallic Zr calculated or

measuredwith BremsstrahlIsochromat Spectroscopy(BIS) extends
over a width of ~ 7 eV with two main strueturesappearing 1 and
5 eV above Ep [67,68]. Since the major contribution to the total
DOS near Ep is thought to be from the empty 4d states, it is ex-'
pected that the np edges of Zr exhibit similar struetures. This is
confirmedby calculations of the L3 x-ray absorption edges done by
Müller et al. [69]. They showed that the expectedshape of the 2p3/2-
absorption spectrumfor Zr shouldexhibita width of about 7 eV and
be composed of two ill-separated peaks. The binding energy of Zr
2p electrons is over 2200 eV. Thereforeit was not possible to mea¬
sure the excitation of these electrons with our spectrometerwhich
does not produce electrons with high enoughprimary energy to get
good signal intensity. In contrast, the 3p3/2 and 3p1/2 electrons, with
a binding energy of 329.9 and 345.5 eV, respectively [70], are well
suited for an analysis. Fig. 20 (top) shows the 3p-4d transitions of
Zr measured in EELS with a primary energy of 650 and 2300 eV.
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Figure 20
EELS spectra of Zr obtained with a primary energy of 650 and
2300 eV (top). The calculated spectrum is obtained by convo-

luting the calculated 4d partial DOS with a Gaussian function
(bottom).
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The two similar peaks appearingat 331.3 and 344.5 eV show the ex¬

citation of the 3p3/2 and 3pi/2 electrons, respectively. For the lower
primary energy the dipole approximationloses its validity, allowing
multipole transitions to occur with increasing probability (see sec¬

tion 2.3.1). The two curves measuredwith different primary energies
show no significant differences. The 3p-4d transition which is dom¬
inant at a primary energy of 2300 eV still remains strong at lower
energies becauseof the large d DOS with respect to the contribution
of the other angular momentumcomponentsnear Ep. The measured
spectra are compared to the calculatedempty d DOS broadened by
a Gaussian function (fig. 20, bottom). A value of 2 eV was chosen as

füll width at half maximum for the best fit with the measurements.
Since the resolution of the spectrometerwas of 0.7 eV, the broaden-
ing of these transitions is mainly due to the short lifetime of the 3p
hole. For this reason all the strueturesappearing in the calculatedd
DOS and measuredin BIS [67,68] are not visible in this case.

The empty d DOS aecounts well for the structure of the 3p-4d
transitions in Zr. An analogousbehavior is expected for the 4p-4d
excitations. That this is not the case is evident from fig. 21 (upper
curve) wherethe 4p-4d transition is shown, measuredwith a primary
energyof 2000 eV. The broad loss featurebetween26 and 46 eV is as¬

signed to the 4p-4d excitation spectrum. The width of this emission
exceeds by a factor of 3 that of the 3p-4d transitions. Because of the
large Coulomb interaction between the 4p hole and the excited 4d
electrons, the independentelectron descriptionbreaks down. There¬
fore, the 4p-4d transition resembles that of an isolated atom, and
the structure of the loss spectrumarises from the 4p64d2 —? 4p54d3
excitationmultiplets (fig. 21, vertical bars), broadened by Fano res-

onances. For the initial state, a 4p64d25s2 configuration was taken
aecording to the oecupationof the Orbitals for a Zr atom, and a total
angular momentum J{ = 2 was assumed for the ground state follow¬
ing Hund's rule. For the final state the total angularmomentum Jf
was set Jf = Ji, Ji ± 1 in agreement with the dipole selection rules.
The matrix elements were obtained from equations (40) and (41).
Fig. 21 (lowercurve) shows the calculated4p-4d transitionobtained
after broadening the multiplet componentsby Fano resonancesus¬

ing equation(39). For details of the calculationsee section 3.3. The
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Figure 21
EELS spectrum (upper curve) and calculatedcurve using the final
state multiplets of the 4p64d2 -rt 4p54d3 transitionbroadened by
Fano resonances (lower curve) of Zr. The vertical bars show the
energy and dipole oscillator strength of the multiplets for a Zr
atom.
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agreement between the measured and the calculated curve is good,
proving the atomic character of the 4p-4d transitions in Zr.

In fig. 22 the radial wave functions of the 2p, 3p, 4p and 4d
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Figure 22
Radial wave functions of the 2p (dash-dotted), 3p (dashed), 4p
(füll) and 4d (dotted curve) electrons calculated for a Zr atom

electrons calculated for a Zr atom are shown as a function of the
radial distance given in units of the Bohr radius. While the 2p and
3p wave functions are mainly limitedwithin 1 a.u. from the nucleus,
the main part of the 4p and 4d wave functions are spread over a

width of more than 2 a.u.. The pronouncedoverlap of the 4p and
4d wave functions favors a strong exchange interactionbetweenthe
4p hole and the 4d electrons. This interactionis responsible for the
Splitting of the 4dAr+1 state in its multiplets since the occupied 4d
band of Zr is quite narrow in the ground state and an additional
electronacts as a strong perturbation.
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The 4s and 4p edges of Zr measured in EELS with different pri¬
mary energies are shown in fig. 23. The structureappearingbetween
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52 and 63 eV is related to the excitation of the 4s electrons. The
low-energyloss side of this edge becomes sharper with decreasing
primary energy. This can be explained by the decreasing validity of
the dipole approximation as the minimum momentumtransfer in-
creases if the excitationis done with a low primary electron energy
(see section 2.3.1). Therefore 4s-4d transitions occur with greater
probability leading to a sharper structure of the low-energyside of
the absorption edge as the 4d DOS is dominantnear Ep. Between 27
and 47 eV the 4p-4d excitationis revealed. The curvemeasuredwith
Ep=2000eV was compared in fig. 21 with the Fano broadenedfinal
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state multipletscalculatedby applying the dipole selection rule. For
decreasing primary energya Shoulder appearson the low energyloss
side of the transition which develops to a distinct peak at 29.4 eV in
the spectrum measuredwith a primary energyEp=170eV. The min¬
imum momentum transfer for energy losses of 30 eV is 0.17 Ä-1 for
Ep=2000eV and 0.62 Ä_1 for Ep=170eV as calculatedfromequation
(8). The largest momentum transfer is 2.8 Ä_1 and is independent
of the primary energy (see equation (9)). Since the probability of
a transition with low momentum transfer is very high, the mini¬
mum momentum transfer is of great importance. As this quantity
increases markedly between 2000 and 170 eV for the primary energy,
the probabilityof multipole transitions, in particularmonopole and
quadrupole transitions arising from the third term in equation (11),
becomes relevant, too. The peak appearing at 29.4 eV can be re¬

lated to the 4p64dAr --> 4p54djV+1 final state multipletswith a total
angular momentum J/=Jj±2, i.e., J/=0,4. Fig. 24 shows the EELS
spectrum (upper curve) measuredwith 170 eV primary energy and
the calculated curve using the final state multiplets of the 4p64d2 —?
4p54d3 transition broadened by Fano resonances (lower curve) of Zr.
The vertical bars show the final state multiplets for a Zr atom with
total angular momentum J/=J;, J,-±l, J;±2=0,1,2,3,4, i.e., consid-
ering dipole, monopole and quadrupole transitions. The weighting
factors of the different transitions were taken as additional fitting
parameters. For details of the calculation see section 3.3. It has
to be emphasized that neither the energy position of the multiplets
nor that of the calculated curve was adjusted to fit the measured
spectrum. The line shape of the transition is well reproduced by the
calculationwhereas the maxima of the peaks appear shifted by a few
eV.

The overall agreement of the two curves and more precisely the
possibility to account for the appearance of the peak on the low-
energy loss side of the 4p-4d excitations by dipole-forbidden transi¬
tions, confirms the validity of the atomic picturefor these excitations
in Zr. In a non-interacting-electronmodel the growth of the struc¬
ture at 29.4 eV with decreasingprimary energycan not be explained.
Since the 4p-4d transitions are dipole-allowed and the 4d DOS has
its maximum near EF and is dominantrelative to the other angular
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Figure 24
EELS spectrum (upper curve) and calculated curve using the final
state multiplets of the 4p64d2 -rt 4p54d3 transitionbroadened by
Fano resonances (lower curve) of Zr. The vertical bars show the
final state multiplets for a Zr atom with total angularmomentum
Jf = Ji, Ji ± 1, Ji ± 2 = 0,1,2,3,4.
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momentum components, a structureappearing at lower energiescan
not be attributed to monopole and quadrupole transitions. Such a

structure can only appear if transitions not allowed by the dipole
selection rules into states just above Ep become possible for low pri¬
mary electron energies, as it is the case for the 4s excitation. This
occurs also for the 3d edge. The EELS spectrum measured with
three different primary energies showing the 3d excitations of Zr is
displayed in fig. 25. In the three spectra the beginning of the edge
is situated at ~178 eV and a peak at ~187 eV is present. The
loss spectrum is given summing the contribution of both the 3d5/2
and the 3d3/2 electrons which have a binding energy of 178.8 and
181.0 eV, respectively [70]. In the measured spectra the two parts
are not separated. The height of the first steep increaseat the begin¬
ning of the edge is a measureof the transition probability to states
just above Ep. A comparison of this height with the intensity of the
peak at 187 eV shows that the transition probabilityto states near

Ep increases with decreasing primary energy, i.e., with increasing
intensity of the dipole-forbiddentransitions. Therefore the structure
at low loss energy can be attributed to the 3d-4d transition. In the
spectrum measuredwith Ep=480 eV the 3d5/2 (at ~180 eV) and the
3d3/2 (at ~182 eV) transitions are separated while for higher primary
energies the 3d3/2-4d excitation, having a lower intensity, disappears
into the larger peak. The structure at ~187 eV can be relatedto a

dipole-allowedexcitation into empty f or p states above Ep. Since
the f DOS for Zr has a maximumat about 35 eV above Ep and the
p DOS at ~20 eV [71], it is not clear which transition accounts for
this peak appearing~9 eV above Ep. This peak increases markedly
upon oxidationof the Zr surfacebut even this additionalinformation
did not bring any furtherinsight into the nature of the structure.

Whilethe 3p-4d excitationcan be explained in terms of the empty
d DOS, for the 4p-4d transition an atomic model accounts well for
the measuredspectra. The 3d excitation spectrumstill leaves cer¬

tainopen questionssince the principalstructurecan not be definitely
related to an angular momentum component. Upon changes of the
primary electron energyleading to different probabilities of the non-

dipole transitions, the 3p-4d excitationdoes not show any changes.
This behavior is expected since the d partial DOS is dominant. The
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EELS measuredwith primary electron energies of 2000, 1200 and
480 eV showing the 3d excitations in Zr.
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3d-4d and 4s-4d transitions increase in intensity with lower primary
energy, leading to a sharpeningof the low-energy loss side of the 3d
and 4d edges, respectively. For the 4p-4d transitions, in analogy to
3p-4d, no changes are expected. However a structureappears at the
low-energyside of the excitation spectrumwhich can be explained
in the atomic model by final-state multipletswhich can be excited
by monopoleand quadrupole transitions. This is an additional con-
firmation of the atomic character of the 4p-4d transition in Zr.

7.2 Yttrium,niobium and molybdenum
In order to get a better insight into the natureof the different elec¬
tronic transitions in Zr, neighboring elements in the periodic table
were studied with EELS. The 4d band is progressivelyfilled going
from Y to Mo giving in particular the opportunityto follow the
changesof the excitations with increasingoccupancy of the 4d band.

For the 3p excitations the EELS spectra of Y, Nb and Mo can be
explained by the empty states above Ep in an analogousway as for
Zr. The main structure of the DOS of the 4d band exhibits a width
going from 7 eV in Y to about 5 eV in Mo [67]. The measurements
of the 3p edges show two peaks for the 3pi/2 and the 3p3/2 excitation,
respectively, with a width of about 6 eV.

Neither do the 3d excitations in Y, Nb and Mo show marked
differences relative to the 3d spectrumof Zr. Upon changes of the
excitationenergies, the same behavioris seen for all the 4d transition
metals studied.

On the other hand a remarkabledifferences of the shape and width
has been measuredfor the 4p-4d excitationspectra.

In fig. 26 EELS spectra of Y are displayed measuredwith primary
electronenergies of 400, 800 and 2000 eV. The structure appearing
between 30 and 42 eV is related, in analogy to Zr, to the 4p-4d tran¬
sitions while between 45 and 53 eV the 4s excitationis visible. The
increase of the intensity of this last transition relative to the 4p-4d
excitations for lower primary energycan be attributed to the increas¬
ing probability of quadrupole transitions permittingthe excitation
of the 4s electrons into the empty 4d states.
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Figure 26
EELS spectra taken with 400, 800 and 2000 eV primary electron
energy showing the 4s and 4p excitations in Y.
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The structurearound 27 eV, becominglarger with increasingpri¬
mary energy, is not well understood. The changesin intensity of this
structure suggest that it pertains to some dipole-allowed electronic
transition. The binding energy of the 4p electrons is about 24 eV
in Y [72] corresponding well to the energyposition of the structure,
implying that it is part of the 4p-4d excitation.

The shape of the main structureattributed to the 4p-4d transition
does not change markedly upon changes of the primary energy. The
curve measuredwith .Ep=2000 eV (fig. 27, Upper curve) is compared
with the curve obtained using the Fano theory (fig. 27, lower curve)
and the 4p64d1 —? 4p54d2 final state multiplets (fig. 27, vertical bars)
calculated applying the dipole selection rule. For the initial state

J,*=3/2 was assumed followingHund's rule. Thereforethe total an¬

gular momentum of the final state was chosen to be J/=l/2,3/2,5/2.
The measured spectrum is well reproduced by the calculation, in
particularthe energy position and the width. Yet no dipole-allowed
multiplets of appreciable intensity are present at about 27 eV loss
energy where the structure mentioned above appears. The atomic
calculationcan not account for this peak. Presently it is not clear
whether the interaction of the 4p hole with the excited 4d electrons
in Y is not strong enoughto lead to a complete localization of the 4p-
4d excitationand to the applicability of an atomic model, or whether
the structure at ~27 eV does not belong to the 4p-4d transition but
has to be related to other loss processes such as excitationsof 5s or

4d valence electrons or of collective oscillations.

For Nb the EELS spectra do not show any marked differences
for the 4p edges excited with different primary energies, i.e., upon
changes of the minimummomentum transfer. The 4p-4d transition
measured with a primary energy of 2000 eV is displayed in fig. 28
(upper curve). FromXPS bindingenergiesthe edge ofthe 4p3/2 and
4pi/2 excitations are expected at 30.8 and 32.6 eV, respectively[70].
The measuredstructureextendsover an energy ränge of about 22 eV
between30 and 52 eV. This width can certainly not be explained by
means of the DOS above Ep, which in the case of Nb has a main
structure of 6 eV width [67]. The measured curve is compared with
the atomic calculation using the theoryof Fano (fig. 28, lower curve).
The calculated4p64d4 —•» 4p54d5 final state multiplets are shown in
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Figure 27
EELS spectrum (upper curve) and calculated curve using the final
state multiplets of the 4p64d1 -* 4p54d2 transitionbroadened by
Fano resonances (lower curve) of Y. The vertical bars show the
energy and dipole oscillator strength of the multiplets for a atom
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fig. 28 by vertical bars. For the initial state Jj=l/2 was chosen

following Hund's rule. Consequently J/=l/2,3/2 was taken for the
final states aecording to the dipole selection rule. The agreement
between the experimentaland the theoretical curve is good. In the
calculatedspectrum a little Shoulder at the low-energy loss side of
the edge is visible. This structure is not present in the measured
curve.

An analogousbehavior is seen for the 4p-4d excitationin Mo. In
fig. 29 (upper curve) the EELS spectrumof Mo is shown recorded
with 2000 eV primary energy. The measured spectrumis compared
with the atomic calculation (fig. 29, lower curve) done by broaden-
ing the 4p64d5 —? 4p54d6 final state multiplets (fig. 29, vertical bars)
using the Fano formalism. For the initial state a total angular mo¬

mentum J;=3 was taken aecording to Hund's rule, and for the final
states the dipole-allowedvalues J/=2,3,4were admitted. From XPS
binding energies the 4p3/2 and 4p1/2 edges in Mo are expected at
35.5 and 37.6 eV [70]. The structure relatedto the 4p-4d excitation
extends over 20 eV, beginningat 35 eV. The agreement betweenthe
measurementand the calculation is less aecurate than in the other 4d
transition metals studied here. Althoughthe width of the transition
is well reproduced, a Shoulder which stems from low-energymulti¬
plets is not so pronounced in the experimentalspectrum. Certainly
the width of about 20 eV of the transition can not be reproduced by
a model of non-interactingelectrons as the 4d DOS above Ep of Mo
has a width of only ~5 eV.

7.3 Discussion

Excitations of different core electrons were studied for four elements
of the beginning of the 4d transition metals series. The motivation
for this study emerged from the Observation of unexpected features
in the EELS spectra of Cu-Zr alloys.

In Y, Zr, Nb and Mo the EELS spectra obtainedby excitinga 3p
electroninto the empty 4d states above EF could be explained by the
4d DOS. Struetures appearingin the calculated DOS do not appear
in the loss spectra becauseof the broadeningdue to the short lifetime
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EELSspectrum (upper curve) and calculated curve using the final
state multiplets of the 4p64d4 —*> 4p54d5 transitionbroadened by
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atom.
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of the core hole. The fact that the spectrum of the 3p excitations
does not change with different primary energies, i.e., with different
minimum momentum transfer, can be related to the dominant 4d
characterof the DOSabove Ejr which gives the principalcontribution
to the spectrum even if quadrupoleand monopoletransitions become
relevant at higher momentum transfer.

The 3d edges are also very similar for Y, Zr, Nb and Mo, and show
the same behavior for differentprimary energies. The low-energyside
of the spectrumcan be related to the 3d-4d transition because this
part becomes more pronouncedwith decreasing primary energy, i.e.,
with increasing probabilityof monopole transitions. In this case, a

non-interactingelectronpicture also accountswell for the measured
struetures. An open question is the nature of the marked structure
appearingabout 10 eV above the edge which can not be defmitively
related to an angular momentum component. However an atomic
calculation was not performed for this edge since the interaction of
the 3d hole with the excited 4d electrons is not expected to be so

strong to justify the application of an atomic model.

In contrast, the 4p edges differ markedlyfromthe expectedbehav¬
ior. The strueturesrelated to the 4p-4d transitions exhibit a width
between ~12 eV in Y and ~22 eV in Nb which are several times
more than the width measured for the 3p edges and expected from
the width of the empty 4d states. Following the work of Dietz et al.
[25] for the 3p-3d excitations in the 3d transition metals, the shape
of the 4p-4d transition in Y, Zr, Nb and Mo can be explained by an

atomic model considering the resonant interactionof the excitation
to discrete levels and one or several continua. The formalism of such
an interaction was given by Fano [28]. The applicability of an atomic
modelin these solids can be related to the strong interactionbetween
the 4p core hole and the excited 4d electrons due to the large spacial
overlap of the wave functions. The overall agreement betweentheory
and experiment is good and in particular, it is possible to aecount
for the unexpectedlylarge width of the measuredtransition spectra.
An additional confirmation of the validity of the theory is given by
the appearance of a Shoulder at the low-energyloss side of the 4p-4d
transition of Zr when the primary energy is low. This Shoulder can

be explained by final-statemultiplet componentsthat can be excited
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by quadrupole or monopoletransitions which become important for
high momentum transfer, i.e., for low primary energy. In Nb and
Mo this effect is neither seen in the spectra excited with different
primary electron energies nor expected from the multiplet calcula-
tions since dipole- and multipole-allowed multiplets are spread over

the same energy ränge and can not be separated. For Y, on the
other hand, a Situation similar to that measured in Zr is expected
as quadrupole-and monopole-allowedmultipletsappear about 5 eV
lower in energy than the dipole-allowedtransitions. In the measure-

mentsa structureappearsin this energyränge but shows an inverse
behavior upon changes of the primary energy. Thereforeit can not
be concluded whether this structurebelongs to the 4p-4d transition
or has to be relatedto the excitationof 4d or 5s valence electrons.

Themeasuredstructuresof the 4p-4d transition in the EELS spec¬
tra are well reproducedby the atomic model using final State multi¬
plets broadened by Fano resonances. The application of this theory
is based on the assumption that the strong interactionbetweenthe
4p core hole and the excited4d electrons leads to a localization of the
excitationlike that in an isolated atom. Certainly this is a crude ap-
proximationsince solid-state effects have been completelyneglected.
A theory which takes into accountthe fast decay of the excitedstates
in a solid (as in the Fanotheory for atoms) wouldprobablycontribute
toward a better understandingof the natureof the 4p-4d transitions
in 4d transition metals.



74

8 Conclusions

The present work started in collaborationwith the department of
industrial chemistry (Technisch-ChemischesLaboratorium, ETHZ)
who was interested in the surface characterizationof new catalysts
obtained from amorphous precursors. Owing to their flexibility in
chemical compositionand to their high reactivity,amorphous met-
als ofFer a great potential in catalysis. The surface studies were

startedwith the aim to obtain a better insight into the circumstances
responsible for the catalytic properties of different amorphous and
crystalline Zr alloys.

For the Cu-Zr alloys, the main attentionwas given to amorphous
Cu70Zr3o which, after activation in hydrogen at 473 K, showed large
changes in composition and morphologyof the surface. The large
enrichment of Cu at the surface is the origin of the good catalytic
activity shown by this sample. The driving force for the Cu segre-
gation could be attributed to the decomposition of the metastable
amorphous state into ZrC>2 and crystallineCu as the oxidation of Zr
proceeds, while the migrationof Cu to the surface is acceleratedby
cracks in the surface oxide produced by absorbed hydrogen.

In the Pd-Zr amorphous alloys such a remarkable change of the
surface did not happen. For these samples a decomposition of the
amorphous phase into crystalline Pd and ZrÜ2 occurrednot only at
the surface but throughout the whole sample leading to a decay of
the ribbons into a powder.

The highreactivity of the amorphoussamplesrequired a reduction
of the acquisition time of the spectra. Even with measuring times
of few minutes and a vacuum in the order of 10"8 Pa, oxidation of
the sample could not be avoided. Another problem in the study
of these alloys came from the circumstancethat the activation of
the samples, i.e., the exposure to gases at elevated temperatures,
could not be donein the same vacuum System as the measurements.
The exposure of the samples to atmospheric conditions after the
activationand the unavoidableprolonged heating of the System in
order to reach a good vacuum have been additional sources of error

for an exact characterizationof the active surface. The possibility
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of an in-situ manufacturing of the amorphous ribbons or at least an
in-situ activation is a prerequisite for better studies of the surface of
catalytically active materials.

From this analytical work where different types of electron spec-
troscopy were applied in order to obtain Information about the chem-
ical composition of the surface, questions regarding the spectro-
scopies themselves and their application for surface studies were

raised. It was seen that the intensity of not all the Auger transitions
can be used for an accurate determinationof the content of an de¬
ment. As the intensity of Auger transitions is not only proportional
to the atomic concentration but also to the number of electrons in
the shells involved in the transition, the chemicalstate of the studied
species has a large influence on the intensity of the Auger transition
if valence electrons are participating. This is especially the case for
very reactive species such as Zr. Thereforefrom an oxidation study
of Zr (see appendix) the Zr Auger transition was determined which
can best be taken as a measureof the concentration.

As some features were observed in the EELS spectra of the Zr-
base alloys which could not be accounted for based on the existing
knowledge on elementary excitations in solids, a deeper study of the
electronic transitions in Zr was undertaken. This study became a

relevant part of this work, since electronic excitations in solids and
in particular in transition metals showed very interesting proper-
ties which are not fully understood. Special attention was given to
the 4p-4d transition which could not be understood in terms of an

independent-electron picture but showed structures similar to that
encounteredin isolated atoms. Thereforean atomic theorybased on

configuration interaction was successfully applied to describe these
transitions. The fmdingsin this work are certainly far from givingan
answer to all the questions raised, but have brought a better insight
into the nature of electronic transitions in 4d transitions metals at
the beginning of the series.

Starting with a more analytical work based on the application of
electronspectroscopies, the physics behind those methods has been
the subject of further research, showing that a detailedunderstand-
ing of the processes involved is an important prerequisitefor the
accurate use of surface analyticaltools.
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Appendix
AES analysis of the oxidation of Zr

Zr has attracted a wide ränge of technologicalinterest owing to its
capacity of absorbing relatively large amounts of hydrogen, its uti-
lization as a getter material due to the large oxygen affinity, and
its corrosion resistance caused by the growth of a protective oxide
film on the surface. Thus many studiesdealt with the hydrogenation
[73,74] and oxidation [44,75,76,77,78,79] of clean Zr surfaces. Spec-
troscopic studies based on AES have mainly been concentrated on

kinetic energies above 80 eV [75,80,81,82]. In [55,83] two works on

the oxidation of Zr analyzed by AES were presented. The energy
shifts of the Zr Auger transitions between 20 and 200 eV have been
analyzedupon oxidation. Additionally a broad structure peaked at
~35 eV was attributed to an autoionisationemission, typical for the
3d and 4d transition metals. The autoionisationemission stems from
the relaxationvia a super Coster-Kronigtransition of the 4p64djV —?

4p 4dN+1 excitation. Here the main attentionwas given to the inten¬
sity changesof two differenttransitions after oxygen adsorption,with
the aim to look for the most representativetransition for concentra¬
tion determination. Fig. 30 shows the peak-to-peakAuger intensity
of the Zr-M4)5NiN2,3 and -M^^Vand O- KL2)3L2)3 transitions as

a function of oxygen exposure. The measurementswere done with
the same instrumental parameters as for the recording of the Auger
spectra for the depth profiles. While the intensity of the M4)5NiN2!3
decreases only slightly, that of the M4)5N2I3Vpeak changesmarkedly
during oxidation. In the first transition no valence electrons are

involved. Therefore, changes in intensity of this peak are directly
relatedto the change in Zr concentration. The second transition in
which valence electrons are involved, undergoes a large decrease in
intensity becausethe number of valence band electrons is loweredin
oxidized Zr. The peak-to-peakamplitude of this transition thus not

only depends on the concentration but also on the chemicalenviron-
ment of Zr atoms. For this reason the behavior of the M4i5NiN2i3
transition is representativefor concentration changes of Zr.

Another point of interest is the determinationof the amount of



77

er
LÜ
o

<

<
LU
Q_

i
o

^ Zi
< ü_
LLl S
Q- <

LÜ
Q
3

t r i r

rc m

0 K

?*

M N N23

J L \5N2,3\5
0 10 15 20 25

02 EXPOSUSURE ( L )
Figure 30

Peak-to-peakAugerintensity of the Zr-M4i5NiN2,3 and- M4i5N2,3V
and 0-KL2,3L2,3 transitions as a funetion of oxygen exposure for
a polycrystallineZr sample.

Charge transfer from the Zr conduetionband into the 2p orbitals of
oxygen. For this purpose it is necessary to analyze closely two Auger
transitions in which valence electrons of Zr are involved. Fig. 31
shows the secondderivatives of the Augerspectra in the energyränge
from 130 to 180 eV of clean and oxygen-exposed Zr surfaces. The
second derivative reveals struetures which can not be seen in an

integral form of the Auger spectrum,where the extrema appear at
the same energy position. For clean Zr the two observed transitions
are M4)5N2,3V at 146 eV and M4)5W at 173 eV. Both split into
two componentsupon oxygen adsorption. This fact shows that the
Charge transfer from the Zr conduetion band into the oxygen 2p
orbitals is not complete at this stage of chemisorption, but one 4d
electronremains at the Zr site. The two observed components, split
by 7 eV, of the two Auger transitions are M4)5N2j3Vand M4]5N2i3V0
at 146 and 139 eV, and M4)5VV°and M4)5VcJV0 at 170 and' 163 eV.
If the Zr 4d band would have been completelydepleted upon 02
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adsorption, the M4)5N2)3Vand M4>5VV° transitions should not be
present. Otherwise, if more than one electronwouldbe left in the Zr
conduetionband, apeak ofa M4)5VVtransition shouldbe observedin
the Augerspectrum of oxidized Zr. This is not the case showing that
only one electron is left in the Zr 4d band and that oxygen exposure
leads to the formationof a oxygen deficient zirconia (Zr02_j;) at the
surface.
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