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ABSTRACT

LANTHANUM, CERIUM, PRASEODYMIUM, AND NEODYMIUM METALS AND THEIR INTER-

ACTION WITH OXYGEN STUDIED BY PHOTOELECTRON SPECTROSCOPY

Clean films of La, Ce, Pr, and Nd, prepared by in situ evaporation have

been investigated by photoelectron spectroscopy. Different light sources

He I (hv = 21.2 eV), He II (hv = 40.8 eV) and Mg Ka (hv = 1253-6 eV) have

been used for the electron excitation in order to characterize the

metals.

Measurements have been performed after exposing the clean metals to

various amounts of oxygen. Prom the vanishing of the emission from the sd

conduction band upon exposure the conclusion is drawn that an oxide layer

thicker than the probing depth (20 Å) is formed on all four metals and

that the oxide (at room temperature) has the form: Me20_, Me = La, Ce,

Pr, Nd. The tetravalent cerium oxide is obtained when the film is heated

to about 600 °C during oxygen exposure.

The interaction with oxygen is also characterized by recording the oxygen

1s level and some metal core levels (Me 3d, 4d, and 4p).

The results from the pure metals and from the metal oxides give further

experimental evidence for a 4f level binding energy of 1.9 eV in

Y-cerium.
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1. INTRODUCTION

In this thesis experimental results from photoelectron apectroscopy

studies of the light rare-earth metals lanthanum, cerium, praseodymium,

neodymium and their oxides are presented.

Photoelectron spectroscopy provides information about the electron states

in a solid. The electronic structure which is responsible for the chemi-

cal and physical properties of metals and compounds can thus be studied

using this technique.

The rare-earth series, a subgroup of 15 members also called "5d transi-

tion metals", starts with lanthanum, at atomic number 57, and terminates

with lutetium. The electronic structure of the atoms is described by a

xenon core (1s22s22p63s23pSd1°4s24p64d1°5s25p6) and a 4fn5d16s2 configu-

ration with n = 0 - 14. In lanthanum the 4f level is situated above the

Fermi level and is consequently not occupied. Going through the series to

the next atomic number, the nuclear charge increases with one unit, the

corresponding electron being added into the 4f shell.

All lanthanide metals are trivalent, except for Eu and Yb which are

divalent. The 4f electrons are, in general, well localized and give rise

to a magnetic moment due to a resultant spin with the exception of cases

with empty and full 4f shell. The magnetic moments can be ordered by

indirect exchange, which means that conduction band electrons are

polarized due to exchange with localized 4f electrons and that the

polarized electrons are interacting with 4f electrons located at another

site leading to an orientation of the magnetic moments (Ruderman-Kittel-

Kasuya-Yosida theory ). Because of the small overlap of 4f electrons

from different sites direct f-f exchange can be neglected.

The magnetic order has a big influence on other physical properties. The

main contribution in this respect comes from the scattering of conduction

band electrons at local moments. Changes in the magnetic order, observed

as phase transitions at certain temperatures, have consequences on struc-

tural behaviour, elastic properties, electrical conductivity, Hall



constant, thermal conductivity, thermoelectric power, heat capacity and
2)optical properties . In order to illustrate the connection between

magnetic structure and physical properties the heat capacity of neodymium

as a function of temperature 3' is shown in Fig. 1.1.

Neodymium orders antiferromagneticly at the Neel temperature, T2 (19 K).

When the temperature is lowered the structure changes from dhcp to hep at

T2 and a sharp peak is observed in the specific heat. Below T1 (7.5 K) Nd

has a cubic structure and another sharp peak is observed in the specific

heat at this phase transition.
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Pig. 1.1: Measured specific heat of neodymium as a function of tempera-

ture. Effect of distinct ordering temperatures .

Even though all rare-earth metals change structure dependent on pressure

and temperature 2\ cerium exhibits some unique properties due to the

fact that its 4f electron wave function has the largest spatial extention

in comparison with the other lanthanides and that the 4f energy is

located not far from the Fermi level. Some of these unique properties are



the change in valency and volume when compressed at room temperature, as

described by the y-a transition in the temperature-pressure phase diagram

shown in Fig. 1.2.

60 B0 P(kbor)

Fig. 1.2: The phase diagram of cerium (6 = bcc,

a

fee, U = dhep,

fee or distorted dhep). The extension of the y-a transition

line meets the minimum point of the melting curve .

The Y-<* transition in cerium occurs at room temperature and at a pressure

of about 7 kbar and it is accompanied by a volume decrease of about ̂ A%•

Both phases have a fee crystal structure. The Y-phase shows Curie-Weiss

paramagnetism due to a magnetic moment corresponding to the 4f configur-

ation, while the a-phase exhibits Pauli paramagnetism. The valency is

changing from 3.06 for y-Ce to 3.67 for o-Ce .



When this work was initiated the main interest was to try to answer

decisively some questions raised in earlier photoemission experiments on
6-7)

Ce . The key questions were: \

Where exactly is the 4f-level located in the Ce-metal? \

What kind of oxides are formed on the surface of Ce upon oxygen eiposure?

Is a protective oxide layer actually formed upon oxygen exposure as

proposed? »

An application of x-ray photoelectron spectroscopy seemed promising

because a study of the chemically shifted cerium core levels should

provide information about both the oxide stochiometry and the oxide \layer

thickness. The possibility to observe chemical shifts at submonolayer

exposures was also of great interest in connection with the question!

whether the chemical shift of a metal core level in the initial oxidajtion

is developed fully or growing gradually depending on the oxide layer !
8)

thickness

The observed chemical shift would allow an identification of the oxide

formed. However, a simple straightforward interpretation correlating

oxidation number and observed chemical shifts like in the case of simpjle
q)

metals, such as Be, Na, and K y/, is not possible for the rare-earth

metal compounds. The reason for this is that the core level signals of

rare-earth metal compounds show intense "charge transfer satellibes". The

final state configuration of the ion is described by a charge transfer

from the ligand valence band bo the metal 4f shell. The "main" core level

signal on the other hand corresponds to a final state without any change

in occupancy of the orbibals except for the photoionized (core) shell

considered.

Cerium is known to form trivalenb and tebravalent compounds. However a

debermination of the valency by an analysis of bhe chemical shift of the

3d level is a complicated task since the charge bransfer peak of tetra-

valent Ce coincides with the non-charge bransfer peak of trivalent Ce .

The decomposition of a mixture of betravalent and brivalenb compounds can

be determined only if bhe coefficients for charge bransfer are known.

This simply means in our oxidation experiments bhab we have to compare

the observed spec bra with spectra from clean CeOp and Ce„0,.



If a metax is covered by an oxide surface layer the photoemission inten-

sity from the metal conduction band is reduced due to inelastic scatter-

ing of the emitted electrons within the surface layer. The conduction

band intensity vanishes if the oxide surface layer thickness becomes much

larger than the electron mean free path, which depends on the kinetic

energy of the emitted electrons. A compilation of the energy dependent

electron mean free path for various materials is shown in Fig. 1.3-

Since the mean free path and thus the probing depth depends on the photon

energy used for excitation, He I and He II radiation as well as Mg Ka and

Al Ka radiation were utilized in this investigation.
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1.1 Photoemission

12)
The photoelectric effect was discovered by Hertz and explained by

Einstein, who introduced the concept of quantum theory of radiation

Light with frequency \> interacting with matter is treated as consisting

of photons with energy hv. When absorbed, the photon is annihilated and

its energy is transferred to an electron. If the photon energy is larger

than the binding energy E_ of the electron, the electron can be ejected

with a kinetic energy E, given by

hv = E k + E B (1.1)

By analyzing the kinetic energy of the ejected electrons the electron

binding energy can be determined if a light source with a known frequency

is used for the excitation. This method is named photoelectron

spectroscopy.

Depending on the choice of the light source one distinguishes between

ultra violet photoemission spectroscopy (UPS) and x-ray phoboemission

spectroscopy (XPS), when using light in the ultra violet and soft x-ray

regions, respectively. X-ray photoemission spectroscopy is also often

called "Electron Spectroscopy for Chemical Analysis" (ESCA), because of

its capability of identifying chemical elements and bheir binding states

from core level spectra. Of great advantage is the use of synchrotron

radiation, because the photon energy can then be chosen in the range

from 10 eV to 10 keV by suitable monochromators.

The energy reference (Eg = 0) according to equation (1.1) is an electron

at rest and at infinity. Therefore the binding energy of electrons from

the top of the conduction band is just the work function of the metal. In

fact in the first applications the photoelectric effecb was used to

determine work functions of metals ^'.



When using a metallic sample in electrical contact with the electron

analyzer, the Fermi level of the sample and the analyzer will coincide,

as shown in Fig. 1.4«

Sample

4-1

SAMPLE

Energy

VACUUM

Vacuum level

Detector

ANALYSER

-r - - Fermi level
Y/////7777,

1 — Core level

Fig. 1.4: Principles for an experimental set-up for photoemission

measurements. Energy level diagrams for the sample and the

energy analyzer material show the connection between photon
F

energy (hv), binding energy (Eg), work function of analyzer

material (e» ) and measured kinetic energy (E. ) of the
9)photoelectron .
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Taking the Fermi level as the binding energy reference the analyzer work

function 4 enters the binding energy relation and equation (1.1) can be
£t

rewritten as

hv = E^ + E k + e*a (1.2)

where E_ is the binding energy relative to the Fermi level.
a

The advantage of relating the binding energy to the Fermi level is the

possibility of calibrating the analyzer in electron binding energy inde-

pendent of the work function of the sample. Second standards for the bin-

ding energy calibration have been proposed , among these the Au 4f7/_

line, at a binding energy of 83-8 eV, is the most frequently used. Evapor-

ation of gold spots or meshes on top of the sample can be used. However,

this method, appropriate to metallic samples, has been questioned when

insulators are involved .

The equations (1.1) and (1.2) formulate the energy conservation principle

in the photoemission process and can be considered to d e f i n e the

electron binding energy.

In an experiment, as sketched in Fig. 1.4, a monochromatic light source

is used and only electrons with a kinetic energy E, are passing the

electron energy analyzer and are counted by the detector. A photoelectron

spectrum is obtained by stepping the spectrometer pass energy over the

range of interest. By virtue of equation (1.2) the spectrometer can

select electrons excited from an initial state with energy E. = e.

The number of electrons emitted from the sample N(hv,e) is determined by

the electronic structure of the sample and can be expressed applying a
17)

two-step model ' by:

N(hv,e) « jT(k)|<kf|AV|ki>|
2 6(Ef-E1-hv)6(e-E.)dk (1.3)
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The two steps are:

1. the optical excitation, described by the interaction of the electro-

magnetic (radiation) field, represented by the vector potential A,

|k_> and |k.> are Bloch states with energies E f and E., respectively.

The integration goes over the first Brillouin zone.

2. the transport and surface transmission. The excited electrons are

transported to the sample surface and transmitted to the vacuum. This

is described by the function T(fc"), which includes elastic and inelas-

tic scattering (electron-electron and electron-phonon scattering) of

the electrons within the bulk and the transmission through the surface

potential barrier.

Often transport and escape are discussed as two separate steps and

consequently ref. 17) is cited as the origin of the "three-step model".

The choice of initial and final states as Bloch states together with the

insertion of interactions in T(fc") shows that this model is able to in-

clude many-particle effects.

A complete expression for the photocurrent (one-step model) derived from

first priciples leads to a complicated many-body function which presently
18)

seems to be too difficult to handle . However, by performing an inde-

pendent particle reduction the step model above (1.3) can be derived from

the complete expression when inferring suitable approximations. In this

derivation a motivation for using the step model is given together with a
18)

critical discussion of its underlying assumptions . In this context

only some limitations should be mentioned: i) the step model is the

volume effect limit of the complete expression, surface effects being

neglected; ii) in the case of short escape lengths the momentum component

normal to the surface is strongly damped leading to a broadening and the

interference with surface effects will be important. If anisotropic trans-

port is assumed in the step model it means that T(k) depends on the

direction of k, and that the emitted electrons are redistributed into so
19)

called Mahan cones . From equation (1.3) follows that the excitation

is vertical in the reduced zone scheme, which means that momentum is

conserved in the transition (k-conservation)•
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If the matrix element <kf|AV|ki> and the function T(k) vary slowly with

energy they can be taken out of the integration as constants and the

number of electrons is then proportional to the integral

N(hv,e) «(Ef-Ei-hv)6(e-Ei)dk (1.4)

the "joint density of states". For final state energies high above the

Fermi level (Ef > 50 eV), the variation of the final state density can be

neglected and one gets a counting rate proportional to the density of

initial states. Therefore the photoemission spectra from the valence band

at high photon energies reflect the electronic band structure of the

solid and can be compared with band structure calculations. However, the

matrix element may be quite different for electrons from states with

different symmetries. The photoemission cross section for s-, p-, d-, f-,

... electrons depends on photon energy in a characteristic way. As an
20)

example the cross sections for differents subshells of xenon are

shown in Fig. 1.5«

Fig. 1.5:

Photoionization cross section

of xenon as a function of

photon energy. The total and

subshell central field HS

results are shown in solid and

dashed curves, respectively,

along with the experimental

gas measurements shown as

circles, squares, and
20)

triangles

IUUU

100

10

i

z

bol

001

0001

: ?
r \

U
 i

-
_

:
-

\°\°
\ °

/

i
*

1
1
1

1

1

i

d

1
' )

™'¥l

bo

\
V D

\

1 • 1 1

1

1 1 1

1

• \

L

I I I I . I

Xe

s*

1 •

1 
1

1
1

1

1

;

-

•s

-

-

100 1000
PHOTON ENERGY (tV)



j'JSfcVSV - -v

11

A comparison of spectra recorded at different photon energies can thus be

used for identifying the symmetry of the electron states. Sub-shell cross

sections for the elements with Z from 1 to 96 and for photon energies of

1254 and 1487 eV (Mg Ka and Al Ka) have been calculated and tabulated21 ̂ .

1.1.1 Binding energy and relaxation

The expressions for the the electron binding energy E_, (1.1) and (1.3),

are practical for a comparison with experiments. An equivalent formula-

tion more suitable for a comparison with calculations is given by

B(N-1) - E(N) (1.5)

B(N) is the initial state energy of the N-electron system (atom or solid)

and E(N-1) is the final state energy for the (N-1)-electron system after

the ejection of a photoelectron.

Also (1.5) can be considered to d e f i n e the binding energy.

The photemission process can be visualized by a semi-classical picture

shown in Fig. 1.6.

Fig. 1.6: Semi-classical picture of the photoionization process. The

arrows indicate the charge flow of the electron system caused
22)

by the creation of an electron-hole pair
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The photoeffect creates an electron-hole pair forcing the (N-1) electrons

of the system to rearrange in order to screen the hole and to avoid the

leaving electron. After the ejected electron has left the system the

electron rearrangement occurs with respect to the hole.

The relaxation lowers the final state energy leading to a higher kinetic

energy of the ejected electron and thus a lower binding energy is

observed.

The calculation of the initial and final state energy of the considered

system is a complicated many-particle problem, which can be solved only

after the introduction of some approximations. Tn the Hartree-Fock method

the electron-electron interaction is approximated in the following sense.

Each electron feels the static average potential due to the charge

distribution of all the (N-1) other electrons of the N-electron system.

The solution gives then N different electron wave functions together with

energy parameters, e-t for the N electrons. Since the N-electron system

is described by an antisymmetrized product of N one-electron wave

functions this description is called the one-electron picture.

After the photcejection of an electron, the i-th, the (N-1)-electron

system is left with an i-hole. If relaxation is neglected the electron

binding energy is given by the energy parameter as EL = -e., Koopmans'

theorem , and the other (N-1) wave functions are considered to be

unchanged in the presence of the hole ("frozen core model")- The relaxa-

tion of the (N-1) electrons can be treated by an application of the

Hartree-Fock method keeping the i-th orbital empty. The relaxed wave

functions are different from the frozen ones and the electron binding

energy is lowered by the relaxation energy, E„, which in the case of core

levels in atomic systems is approximately given by ' :

ER = 1/2»<i|V*-V|i> (1.6)

*
V and V are Fock potentials for the i-th electron for relaxed and ground

state electron wave functions respectively.
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A calculation of the electron binding energy of a core level from a solid

metal has to include both the relaxation of localized electrons at the

hole site and the screening of the hole by conduction band electrons

within a cell. This means that the positive excess charge due to the core

hole is shared by all atoms of the metallic sample resulting in charge

neutrality of the cell containing the atom with the core hole.

An application of this "renormalized-atom approach" for 3d electron

binding energies in rare-earth metals gives for example agreement with

XPS experiments within about 1 eV. The 3d electron binding energies are

of the order of 900 eV, whereas one-electron (Koopmans) results are

20-33 eV higher. In the relativistic Hartree-Pock-Wigner-Seitz band

calculations the charge neutrality is accomplished by putting an extra

"screening" charge into the 5d band. The contribution of the screening

reduces the binding energy by 4-5 eV as seen from a comparison with

calculations for ionic final states ("no screening limit"). The correla-

tion energy is estimated to be 1-2 eV.

1.1.2 Satellites

As a consequence of the relaxation process the observed photoemission

spectrum can have satellites. The sudden creation of a hole and the

following redistribution of the electrons may leave the (N-1)-electron

system in an excited state. The kinetic energy of the photoelectron is

then reduced by the excitation energy leading to a related shift towards

higher binding energy.

An excitation to a continuum state leads to a "shake-off satellite",

while an excitation to a bound state results in a "shake-upp satellite".

A further situation can occur in metals. The presence of a core hole can

pull down an electron level, which is unoccupied in the metallic ground

state, to a position below the Fermi level. An occupation of this level

by a conduction band electron in the photoemission process will result in

a "shake-down satellite".
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This situation is met in the 3d spectra of the rare-earth metals, where
26)

XPS spectra showing these satellites have been reported for La, Ce,

Pr, and Nd. It is important h o w the core hole is screened as can be

seen from the following discussion:

The screening of a localized hole embedded in a metal has much in common

with 1

metal

with the problem of screening a charged impurity in a free-electron-like
27)

Screening by an electron cloud is a collective phenomenon. The charge

distribution of the cloud can be represented (Schonhammer-Gunnarsson

model) by the occupation of an atomic "screening orbital" (or scatter-

ing resonance), which is localized at the hole site. This model justifies

the insertion of the extra 5d electron in the calculation of the 3d

excitation energies above . The more an orbital is localized the more

effective it will be in screening the hole. By a model derived from the

Schonhammer-Gunnarsson treatment of the screening problem it has been
?Q)

shown ^' that the 4f orbitals are more effective in screening the 3d

hole in rare-earth metals than the 5d orbitals are. In the framework of

this model screening by 5d and 4f electrons give rise to a "poorly

screened" and to a "well screened" peak, respectively in the photo-

emission spectra.

In the rare-earth metals screening by a 5d electron is considered to give

rise to the main 3d peaks whereas screening by a 4f electron is leading
26)

to a low binding energy satellite . This can be explained as follows .

In the initial state the unoccupied 4f level is located 1-4 eV above the

Fermi level. The hole in the 3d level of the metal with atomic number Z

pulls down the unoccupied 4f level to the position of the f level of the

metal Z+1, which is lying below the Fermi level. The hole state of metal

Z will act on the valence band electrons like the core state of metal Z+1

("equivalent core argument!"). The energy gain by filling this level with

a conduction band electron is carried away by the emitted 3d electron and

its higher kinetic energy corresponds to a lower binding energy« From

this argument it follows, that the energy separation of the main 3d peak

and its low binding energy satellite of metal Z is equal to the 4f

electron binding energy (relative the Fermi level) of metal Z+1.
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Recently the 3d excitation energies in rare-earth metals have been

recalculated with the screening charge occupying a 4f level in order

to get the low binding energy satellites. The positions of the satellites

agree fairly well with experiments. Also the exception found in europium

is understood where the empty 4f band in Su is situated above the Fermi

level even in the presence of a 3d hole. The same condition of the 4f

band is met in barium, but in contrast to the rare-earth metals, where

the occupied and unoccupied 4f levels are well localized, the barium 4f

bands are rather broad .

The "poorly screened" peak is usually considered to be the main 3d line

and the "well screened" peak is called the "low binding energy" or "shake

down" satellite, but in principle the well screened final state is the

ground state for a system with a 3d hole. This means that the well

screened peak should be considered as the main line although suppressed,

instead of the "shake-down satellite", whereas the poorly screened most
22)

intense peak corresponds to a pronounced shake-up satellite . The

different intensities clearly reflect the different probabilities of

filling the 5d or 4f "screening" orbitals in the presence of a 3d hole.

In both cases the screening orbitals are situated below the Fermi level.

Excited final states occupying a 5d or 4f above the Fermi level will give

rise to satellites on the high binding energy side of the poorly screened

peak (limit: "no screening limit"). This could explain the broad satel-

lite structure found in the 3d spectra on the high binding energy side of

the intense (poorly screened) peak '.

In insulating light rare-earth metal compounds the 3d spectra can show

such strong satellite peaks, that the concept of satellite is question-

able since the 3d intensity is split into different peaks. Examples are

the 3d spectra of LaF , LaCl , LaBr ^2' and LaF , I*2°3'
 L a B r3

Responsible for this split is the existence of nearly degenerate final

state configurations.
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In these compounds the rare-earth 5d6s electrons are localized to form

the chemical bonds. Therefore the screening of the 3d hole is performed

by a polarization of localized charges instead of a rearrangement of

highly movable conduction band electrons. The 4f electrons are very

localized and are not participating in the chemical bond - except for

cerium if it is tetravalent.

In presence of the 3d hole there are possibly two stable final state

configarations:

a) the occupation of the orbitals (different from 3d) is unchanged (but

relaxed),

b) one electron is transfered from the valence band (bonding) to the 4f

level (charge transfer).

If the empty 4f level is pulled down by the 3d hole below the top of the

ligand derived valence band, the charge transfer peak will show up on the

low binding energy side of the non-charge transfer (main) peak. If the 4f

level in the presence of the 3d hole is still above the top of the

valence band, the charge transfer peak will appear as a shake up peak on

the high binding energy side.

A further situation is met when the 4f level and the valence band have

the same energy in the presence of the 3d hole. The valence band and 4f

level then become degenerate and as shown by a consideration of a two

level model ' ' in the molecular orbital calculation the levels are

split by an exchange interaction (energy separation = hopping integral).

The two observed peaks in the spectrum may have equal intensity and an

interpretation in terms of charge transfer and/or non-charge transfer is

now questionable because of the mixing of the degenerate levels. The term
22)

"excitation in the bond region" has been proposed for the peak at

higher binding energy. An example for this situation is L&J)-.

In the literature discussed so far metals are considered with different

ligands and the relative intensity of the observed peaks changes as a

function of the actual ligand. In our work we are comparing oxides of the

rare-earths, having the same ligand whereas the metals are changed. In

this case the relative intensities are dependent on the metal.
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The case of cerium deserves special consideration. Cerium can have

different valence states III and IV. The 3d spectrum of Ce(lV) is more
Q Q

complex, showing a narrow line due to the 3d 4f final 3tate together

with the features obtained in spectra from Ce(lll). From this observation

one should not conlude that both valencies are present. The application

of core level photoelectron spectroscopy in order to analyze the formal

oxidation number is tempting but failing in its simplest version in the

case of cerium (and some other rare-earth elements). For example, the 3d
9 1

intensity due to the final state 3d 4f can be the charge transfer peak

of the initial state 3d 4f (Ce(lV)) or the non-charge transfer peak of

the initial state 3d10 4f* (Ce(lll)).

In spite of this complication it is still encouraging to use XPS in order

to investigate valence fluctuations and mixed valence systems, but

detailed knowledge about charge transfer rates are necessary in order to

draw quantitative conclusions.

The unique importance of photoelectron spectroscopy from compounds with

interconfiguration fluctuations is the fact that one gets information of

the individual configurations since the photoemission process is faster

than the fluctuation time. Other methods like Mbssbauer spectroscopy,

magnetic susceptibility and lattice constant measurements give average

properties.

Keeping a one-particle language but including many-body effects, like
22)

relaxation and screening (and correlation), means an application of

the "quasi-particle picture". Instead of core electron binding energies

one then considers the core hole excitation spectrum. Most elegantly the

core hole spectrum is calculated by the application of diagrammic many-
22)

body theory and Greens' function methods

A typical spectral function of a core hole including satellites and Auger

transitions is given in Fig. 1.7>



18

Aj(E)
1 . a

alL
—r

Ej O

Fig. 1.7: Schematic spectral function of a core hole. The Lorentzian

main line at E. is shown with a group of shake-up satellites

(a) and a group of Auger lines (b) (life time broadening of the

Auger lines has been neglected). Threshold energies for
22)

satellite and Auger excitations are marked

The Lorentzian line shape of a core hole level will be altered in the

photoemission from metals, since conduction electrons at the Fermi level

can be excited during photoemission. These "satellites" fall within the

main line because of the low excitation energies of the electron hole

pairs at the Fermi level and lead to an asymmetric main line with higher

intensity at the high binding energy side .

In a formal treatment of relaxation it is described by a multipole
22)

expansion of two parts, the static and dynamic relaxation .

The most important part is the static monopole relaxation. Monopole means

that no angular momentum is transferred from the hole to the electron

system by the relaxation process. Thus the order of multipole stands for

the angular momentum transfer from a hole to the electron system. The

dynamic relaxation is important in some cases leading to a break-down of

the quasi-particle model. As an example the 4p. ,„ spectral lines in the

rare-earth metals are suppressed by the dynamic relaxation process (giant

Coster-Kronig transition). Generally dynamic relaxation becomes important

when the system can develop configuration fluctuations.
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1.1.3 Multiplets

Final state effects have been considered so far only in connection with

the screening of the hole and in connection with satellite production.

However, considering core level photoemission from an open shell system,

different final states are formed giving rise to a "multiplet structure"

in the observed photoemission spectra.

As examples of this effect the 3d spectra of the light rare-earth metals

La, Ce, Pr, and Nd can be considered. The total angular momentum for

fully occupied shells is zero, which means that a 3d hole has the same

total angular momentum as a 3d electron. The 3d hole state and the open

4f shell electrons combine to final states with different total angular

momentum. The energy separation of the final states thus formed is

governed by the 3d-4f exchange interaction.

The well separated spin orbit levels (energy difference, 6E =17, 19,
so

22, 24 eV in La, Ce, Pr, and Nd, respectively) are spread out by

multiplet splitting due to 3d-4f exchange, and different final states

will result in the formation of a multiplet structure in the spectrum.

For Pr and Nd metal the multiplet splitting due to 3d-4f exchange have
•2/- \ •xrj 7 Q \

been calculated in the framework of fractional parentages and

agreement with experiment was achieved by expanding the calculated en-

ergy scale by a factor 1.5 when matching the low binding energy side of
26)

the 3d peaks. With recent experiments the agreement is quite satis-

factory without expansion of the energy scale, and the former discrep-

ancy 'is interpreted as due to a surface oxidation of the sampels.

The calculated intensities predict 3d peaks showing a sharp edge on

the low binding energy side and a gap between 3dc/p an^ 3^-*/o' ^ n e exPer^-~
mental observed halfwidths of the 3d levels exceed the theoretical

39)
ones ' by significant amounts. This discrepancy is interpreted as due

to the effect that a filling of the 4f level will give a contribution to

the life time broadening of the final state, while the theoretical calcu-

lations only include the contribution from an Auger deexcitation of the

3d hole.
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For La and Ce only the photo absorption spectra have been discussed in

detail 40~41 \ i. e. the transitions 3d10 4f° * 3d9 4f1 and 3d10 4f1 *

3d 4f • In photoemission on the other hand also transitions without

changes of the 4f occupation are important. Also the 4d spectra show
42)

multiplet splitting ; but the 4d-4f exchange exceeds the spin orbit

split, making a quantitative analysis quite difficult.
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2. EXPERIMENTALS

2.1 Exper imenta l s e t - u p

The vacuum system used i s made of s t a i n l e s s s t e e l and pumped by an ion

pump (200 l / s ) supported by a t i t a n i u m sub l ima t ion pump with a cryo

p a n e l . F i g . 2.1 shows a schematic diagram of the exper imenta l s e t up . An

open x - r a y tube (Mg or Al anode) i s i n t e g r a t e d i n t o the sys tem.

P i g . 2 . 1 : Block diagram of the exper imenta l s e t - u p used for i n v e s t i g a -

t i o n s under u l t r a h i g h vacuum c o n d i t i o n s . Numerals denote vacuum

chamber ( 1 ) , sample ho lde r ( 2 ) , e l e c t r o n gun ( ? ) , energy

a n a l y z e r ( 4 ) , e l e c t r o n d e t e c t o r ( 5 ) , x - r a y tube ( 6 ) , quadrupole

mass -spec t romete r ( 7 ) , v iewport ( 8 ) , argon gun ( 9 ) , LiF-window

( 1 0 ) , He-resonance lamp ( 1 1 ) , ion gauge (12) and h i g h - p r e c i s i o n

l e a k va lve ( 1 3 ) .
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A gas discharge lamp (He I, He II) pumped by an oil diffusion pump is

connected to the system by a windowless glass capillary. In order to ana-

lyze the photoejected electrons the system is equipped with a retarding

field electron spectrometer with differential output.

The total pressure is measured by an ion gauge with digital read out. A

quadrupole mass-filter is used for monitoring the partial pressure. It is

also very useful for leak detection. A variable leak valve allows for con-

trolled gas exposure. The system is bakable up to approximately 200 C.

2.2 Light sources

Since it is of advantage to have the possibility of using different

photon energies, both a UV lamp and an x-ray tube have been used as light

sources. The radiation sources have been constructed and built at our

department 4

2.2.1 UV lamp

In order to use the light of the helium resonance lines an open construc-

tion (Pig. 2.2) has been developed '. The light of a gas glow discharge

is extracted by a capillary which is connected to the UHV system. By

means of differential pumping one can keep ultrahigh vacuum in the

chamber with a pressure in the lamp of 1 torr. For the differential

pumping an oil diffusion pump with a liquid nitrogen cooling trap is

used. The pressure rise in the UHV system from 1*10" to 2*10* torr,

when running the UV lamp, was exclusively due to a rise of the partial

pressure of helium, as monitored by the quadrupole mass filter. No signi-

ficant rise in the other signals of the mass spectrum of the residual

gases was observed.
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Fig. 2.2: Schematic drawing of the He-resonance lamp used in the UV-
4.4)

photoemission measurements .

2.2.2 X-ray source

As a light source for the XPS measurements an ordinary x-ray tube for

unmonochromatized Mg Ko, „ radiation was used (see in fig 2.4).

A sublimated Mg film supported by a water cooled copper tube served as

anode. The tungsten filament is bent around the anode. The electrostatic

field between anode and the shielding focuses the electrons towards the

top of the anode. Typical values for voltage and emission current were

10 kV and 50 mA, respectively. It was necessary to outgas the x-ray tube

after opening the system since it was not separately pumped. After one

day operation the pressure rise due to the x-ray tube was negligible.
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X -rays
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\ Cooling water out
Cooling water in

Fig. 2.4: Schematic drawing of the x-ray tube (Hg Ka or Al Ka) used in
44)the x-ray photoemission measurements

The excited Mg Ka .-doublet has an inherent linewidth of 0.68 eV, and

its photon energy is centered around 1253.6 eV. In addition to this

doublet the emitted radiation contains the Mg Ko_ -satellite lines at

8 eV respectively 10 eV higher photon energy with an intensity of about

10JÉ of the Mg Ka- „-line. An XPS spectrum excited by this composite

radiation is thus a superposition of the XPS spectra excited by the

different components. In some cases we also used Al Ka radiation in our

experiments.
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2.2.3 Electron energy analyzer

The retarding field electron analyzer with differential output was built

at our department. A more general description has been given else-

where 45) The performance of the analyzer used has been reported in
46)

connection with an earlier investigation .In Fig. 2.5 a schematic

drawing including connections to power supplies and multichannel analyzer

is given.

Fig. 2.5: Schematic drawing of the energy analyzer system together with a

block diagram of the auxiliary electronics. Numerals denote

ultrahigh vacuum chamber (1), sample holder (2), energy

analyzer (3), electron detector (4), voltage divider (5), high

voltage supply for the electron detector (6), pulse amplifier

(7), bias voltage power supply (8), sweeping voltage power

supply (9), multichannel analyzer (10), display oscilloscope

(11), x/y-plotter (12) and high-speed paper tape punch (13).

The potential of the sample holder (2) may be changed by

applying an external voltage (Uo) 46)

••••.„ :•:£ ,t«-*.TS



26

The analyzer is working in the following way. Elections from the sample

are collimated onto the the entrance aperture (d) and focused onto the

exit aperture (n+o) by a number of cylindical electrodes. A metallic

circular stopper in the center of electrode (i) excludes the possibility

for an electron to pass along the optical axis. Only non-axial electrons

having a proper kinetic energy are therefore focused onto the analyzer

exit and thus counted by the channeltron. Electrons having an insuffi-

cient kinetic energy are crossing the optical axis before reaching the

exit, and electrons having too high a kinetic energy cannot be bent over

enough to reach the exit. Tip this property of the analyzer an energy

window is achieved which is the equivalent of a differential output.

The position of the energy window is defined by the voltage U. +U , while

the width of the energy window is given by the setting of the grid

potential U and to some extent by the diameter of the stopper. The

voltage U from an analogue power supply is kept constant while recording

a spectrum, whereas the voltage U from a digitally programmable power
3

supply is controlled by the multichannel analyzer. The voltage U is
s

defined by the channel number and the choice of the voltage step per

channel. Possible steps are: 1.0, 0.5, 0.25, 0.1, and 0.05 V. The number

of channels can be chosen arbitrarily up to a maximum of 999 channels.

The sampling time per channel is programmable. We chose 1s per channel as

a sampling time in all measurements. Repetitive scans are added, using

one of two different modes, namely, a) starting each new scan from the

starting channel, b) scanning back and forth.

The instrumental broadening follows a Gaussian distribution where the

halfwidth W. depends on the grid potential U by:

Vi = a + b'U (2.1)

The constants a and b are 64 meV and 60 meV/V, respectively for the

stopper used. Exchanging the stopper preserves relation 2.1 , however,

with a new set of constants a and b.
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For UPS measurements the instrumental halfwidth W. is chosen to be 0.2 eV
i

in most cases and 0.1 eV in some, while in the XPS measurements V. was

set to be 0.33 eV giving an experimental Au 4f?/2 linewidth (FWHM) of

1.0 eV when excited by Mg Ko radiation.

The linearity of the analyzer with respect to the retarding voltage

(U, +U ) and the independence of the transmission on kinetic energy of the
o s

46)
electrons has been tested and confirmed . During measurement the

counted pulses are stored in the multichannel analyzer and vizualized on

an oscilloscop. After a recording the spectrum can be documented by an x-y

plotter and paper tape from a high-speed paper tape punch. The paper tape

is important for the further data treatment.

2.3 Sample preparation and gas exposure

2.3.1 Sample preparation

Clean metal samples were prepared by in situ evaporation from tungsten

filaments onto a molybdenum substrate that had been polished mechanically

(3 Um diamond powder). The metals (commercial grade 99-9$) were cut and

machined to rods of 10 to 15 mm length and 5 mm diameter. The filament

consisted of approximately 10 turns of tungsten wire of 0.5 mm diameter.

Prior to evaporation the loaded filaments were thoroughly outgassed by

heating them to just below the evaporation temperature for some hours. In

order to get cleaner films some evaporation cycles were run before the

actual deposition. Currents used for evaparation were in the region of

10 to 40 A. The rare-earth metals showed contamination by chlorine (La

and Ce) and flourine (Pr and Nd), as could be detected in the ESCA

spectra. The contaminations are probably residuals from the technical

production process. After about four evaporations no further chlorine or

flourine signals were observed probing by ESCA. If "dirty" metal films

are burried by "clean" ones, the halogen is not diffusing to the surface

during measurements at room temperature. However, in experiments when the
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sample is heated after or during exposure to oxygen, the halogen will

diffuse to the surface and will be detected. In order to obtain clean

films which can also be used for oxidation at elevated temperatures new

metal films were evaporated onto clean substrates, after the halogen had

been boiled away from the evaporation source.

The oxide powders (commercial grade 99«99$) were kept in position during

measurement by a tungsten net spotwelded onto a stainless steel backing.

After loading the net with powder it was pressed mechanically in order to

increase the stability of the sample. The measurements on the powders

have been performed without any attempt of cleaning. It is known that

cleaning by sputtering might lead to a reduction of the oxides. In all

oxides except for Ce.O, the metals are in their maximal valency state.

Therefore it can be assumed, that Ce20, shows more clearly a reaction

from being in contact with air of normal atmosphere.

2.5.2 Gas exposure

In order to investigate initial oxidation under well defined conditions

oxygen exposures were made with the help of a high-precision leak valve.

The oxygen exposures were performed at pressures between 5*10 and

5*10" torr, as measured by an ion gauge. The purity of the oxygen was

monitored by a quadrupole mass spectrometer. At a pressure of

5*10 torr, only hydrogen (,<Q.5%) helium (<0.1^), nitrogen and/or carbon

monoxide (<2%), and carbon dioxide (<1$) were found in addition to

oxygen. The ion gauge and the mass spectrometer were placed at a moderate

distance, but out of the direct line of »ight from the sample in order to

prevent an oxygen excitation. After heavy oxidation of the metal films

further high exposures were performed at approximately 600 °C in order to

generate the bulk oxides. All other exposures were performed at room

temperature.
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DATA AQUISITION SYSTEM

3.1 Some simple but useful programs

3«1«1 Data storing on disk, plot routines

After performing a measurement the spectrum is stored in the multi-

channel analyzer« The number stored in a channel represents the number of

electrons counted within the corresponding energy window, while the

channel number together with the stepwidth and bias voltage defines the

position of the energy window on the binding energy scale«

A plot of the spectrum can be obtained by a fast x-y plotter, which is

connected to the multichannel analyzer (x = channel number, y = content

of the corresponding channel, i. e. the number of counted electrons).

Besides of such a plot it is necessary to get a copy of the spectrum in a

form handy for further numerical treatment.

The most elegant solution of this problem would be to connect the multi-

channel analyzer to a computer and to transmit and store the whole

spectrum together with the experimental parameters in a file on a movable

disc.

When starting this work a permanent line between the multichannel

analyzer and a computer was not at disposal. Therefore a tape copy of

each spectrum was created by a fast paper punch. With the help of a

developed program the spectra and corresponding experimental parameters

can be stored on disc-files on a Hewlett Packard minicomputer (HP 2100).

The programs developed in the course of this work are described in two
47) 48)

different ways, as user instructions and as program documentation '

Only the main points and motivation for the chosen solutions will be

discussed here, without going into technical details.

y
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Some programs are in principle fairly simple but in practice quite

useful: for example the plot programs* One advantage of computer plot

programs is that the x-axis is easily converted from channel number into

electron binding energy. The experimental parameters for this conversion

are stored together with the spectrum on the disc-file, so no further

input is demanded. X- and y-axis are scaled automaticly by the program.

A single plot of a spectrum can be presented in two different ways:

a) in the form as it stands,

b) relatively, which means that the absolute minimum of the spectrum is

substracted from the number of counts stored in each channel.

The latter form is in most cases preferable. The constant background

which is substracted is written as offset onto the left corner of the

plot. An interesting part of a spectrum can be expanded by entering the

corresponding binding energy interval to the program. For visual

orientation the plots can be performed on a graphical mode terminal, if a

paper plot is prefered the program can drive an x-y plotter.

From the obtained plot one can graphicly determine the binding energy

position of a structure in a photoelectron spectrum by interpolation.

This interpolation can easily be done by the computer, using the cursor

facility of the graphical mode screen in a special version of the plot

program. The cursor consists of two lines, parallel to the x-and y-axis,

respectively, which can be moved over the screen by turning nobs. After

adjusting the cursor to a piece of structure on the plot, the x- and y-

coordinates are converted to binding energy position and number of

counts, respectively, and printed out onto the system console.

In order to compare different spectra in an easy and fast way, a multi-

plot program can display up to 20 spectra in one plot. Each spectrum can

be multiplied by a real number and the distance between consecutive

spectra can be chosen by the operator. As in the case of the plot program

also here the binding energy axis can be expanded at will. Numerous

examples of the use of the plot programs are given in chapter 4.



If spectra are taken under almost identical conditions and no difference

can be seen besides statistics, one would like to add these spectra in

order to reduce statistical fluctuation. Therefore a data handling system

should have possibilities to add spectra. The program which adds spectra

takes them from two different files and creates a third file containing

the sum of the spectra. The header of the new file contains the experimen-

tal parameters as well as the names of the files which are added. When

creating such new files the original data is kept in their original

files.

If one is interested in small changes between different spectra, it is

useful to have a program to look at the difference between two spectra.

For this purpose a program was developed which places the difference of

two spectra onto a new file. To allow for an intensity adjustment the

spectrum which is substracted can be multiplied by a real number. As in

the case of adding spectra also here the names and the scaling factor are

kept in the new file.

Looking for the suitable scaling factor by trial and error for such

comparison can be time consuming. Therefore one can treat the changes

observed in the spectra after partial oxidation of the metals in a more

convenient way. The spectrum from the partial oxidized film is approxi-

mated by a linear combination of the spectra from the clean metal and the

(bulk) metal oxides,, respectively. The coefficients can by found by a

program based on variation in order to get a best fit of the superposi-

tion with the considered spectrum. Plotting then the original spectra the

calculated superposition and the inherent components in one plot gives a

handy opportunity for comparison. Examples of this are shown in the next

chapter, Fig. 4*18a and Fig. 4.18b.
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3.2 Numerical approximations, background and peak fitting

3.2.1 Background approximation

During the program development different numerical treatments have been

tried. First order and/or second order background approximation did not

give reliable results. A more sophisticated background approximation have

been calculated in the following manner. The background at each kinetic

energy is assumed to be proportional to the integrated no-loss intensity

at higher kinetic energies. As an example the La 3d spectrum of the clean

metal is shown in Fig. 3*1«
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Fig. 3>1: Background calculated for the La 3d spectrum. The background is

forced to pass through the marked two points.

This method has a better physical foundation and works in many cases

quite well, but it depends critically on the chosen start values.

However, the question: - what is true background in photoemission

spectra? - is not answered easily!
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3-2.2 Peak fitting

The task to decompose a more complex spectrum into simpler components is

leading to deconvolution or peakfitting procedures. We tried peakfitting

because we believe it is simpler and more suited to handle in a mini-

computer.

The shape of an observed photoemission line is determined by both the

natural form of the line and the spectrometer response. The natural form

of the photoemission line is a Lorentzian or an asymmetric Lorentzian

(of Doniach-Sunjic-type ). The spectrometer response is a Gaussian or

skewed Gaussian. This means that a delta function will be turned into a

skewed Gaussian by the electron analyzer. Therefore an observed photo-

emission peak is generally an asymmetric Lorentzian convoluted by a

skewed Gaussian.

A proper treatment would consist of the following steps:

a) The spectrometer response is determined by experiment.

b) An asymmetric Lorentzian is convoluted with the spectrometer response

function and the parameters determining the Lorentzian are varied in

order to give the best fit with the measured peak.

However, since unmonochromatized Mg Ka-radiation with an inherent line

width of 0.7 eV was used to excite the XPS spectra, such a tedious

treatment can be questioned. Therefore a simple peak fitting procedure

was prefered.

By chosing Gaussians and exponential tails, different for both sides to

allow for peak asymmetry, reasonable peak fits were obtained. The main

advantage of this simple approach is that one observes in an easy way

physically relevant parameters, such as peak position, haIfwidth,

amplitude, integrated intensity, and asymmetry parameter. The parameters

of the analytical functions chosen to approximate the peaks in the

spectra are varied to give the best fit. This is done by an explicite

least mean square calculation since the problem is non-linear.
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Corrections for the Ko- . satellite lines in the exciting radiation

must be made. The most intense satellite line in the unmonochromatized

Mg Kc^ o radiation is the Ka, . doublet. It gives rise to a shifted

photoelectron spectrum at lower binding energy corresponding to the

higher photon energy, at a relative intensity proportional to the

relative intensity of the Ka_ . doublet. Weak peaks in the Ko. o photo-
j 9 4 1 ,2

electron spectrum can be hidden by more intense peaks induced by the

Ka A radiation. This problem is solved by constructing to each peak

identified as induced by the Ka. „radiation a shifted peak due to the
Ka, .radiation.

The La 3d spectrum in Pig. 3«2 is given as an example of the corrections

made for satellite radiation.
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Pig. 3«2: Peak approximation of a La 3d spectrum. The crosshatched areas

are the peaks due to the Ka radiation.

Every user of programs working on non-linear problems has to be aware of

that there are regions where no unique solution exists. This means that

the sum of functions will be a good approximation to the total curve, but

that there are many ways to decompose it into different functions. A

simple example of such a situation is given by two peaks which are closer

to each other than half of their halfwidth.
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To give the exact conditions leading to a unique solution is a compli-

cated problem. For practical work it is more important to generate

decompositions and consider if the results are physically reasonable.

However, in spite of this general problem, even in cases where different

components cannot be separated, some conclusions can be drawn indirectly.

An example of this is given in chapter 4 where it is shown that the

assumption that the sd emission from Ce has the same width and line shape

as the sd emission from the La in XPS valence band spectra leads to a

systematic deviation of the calculated sum in the Ce spectrum. The sd and

4f contribution are overlapping and not uniquely separable, but it is

shown that the sd emission in Ce has to be smaller to allow for a better

fit.

The peak fitting programs are organized in the following manner. The

starting parameters for the curves are entered by use of the cursor

routine of the screen on the graphical mode terminal before executing the

program. The results in form of parameters which define the curves are

printed onto the same files where the spectra are stored.

The plot routines can then fetch these parameters from the file and

recalculate the analytical curves when needed. Physical parameters, such

as binding energy, integrated intensity, etc, are calculated by a

program, which can produce tables summerizing a sequence of spectra

treated by the approximation program.
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RESULTS AND DISCUSSION

In this chapter the results of the photoemission investigation of the

clean and oxidized rare-earth metals lanthanum, cerium, praseodymium, and

neodymium are presented.

In section 4-1 the valence band spectra of the clean metals are presented

and compared with each other. Special emphasis is put on the task to get

an estimate of the 4f level binding energy and halfwidth in y-oerium,
52)

since this has been a controversial question .

The valence band spectra (He I, He II, and Mg Ka) recorded after oxygen

exposure are presented and discussed in section 4-2. There it is shown

what exposures are necessary in order that the surfaces lose their

metallic character. The role of the sd and 4f states respectively in the

bonding at the early stages of oxidation are also elucidated.

In section 4«3 the forming of an oxide layer ia discussed based on the

oxygen 1s spectra and the rare-earth element 3d spectra recorded after

partial oxidation.

Cerium is discussed in some more detail in order to give clear examples

of the Ce(lll)- and Ce(lV)- oxides (Sections 4.2.2.2 and 4.3.2.4). The

spectra from the 4d and 4p levels after partial oxidation are presented

in section 4.3*3 and 4«3*4>

4«1 Fhotoemission from the valence band region.

The use of He II radiation for exciting the valence band spectra from the

clean rare-earth metals was interesting for the following reasons.

Compared to XPS the resolution for UPS (He II) was limited only by the

analyzer resolution rather than by the inherent linewidth of the exciting

radiation. UPS (He II) spectra from the valence bands were recorded

setting the analyzer resolution to 0.2 eV for La, Pr, and Nd while

choosing 0.13 eV for Ce. The improved resolution was of interest not only



with respect to the emission from the sd bands but especially for deter-

mining the 4f level binding energy and the 4f experimental halfwidth. The

emission from 4f states is nearly as intense as from the sd band at He II

photon energy. At He I photon energy the sd band emission is dominating.

The ratio of the photoemission cross section from 4f states and from the

sd band, 0^f/
a
gd, is greater at Mg Ka photon energy than at He II. In

Y-Ce the emission from the 4f level is overlapping with that from the sd

band, in both the He II and Mg Ka spectra. In the Pr and Nd spectra 4f

and sd structures are well separated from each other. Therefore the

energy dependence of the cross section ratio, aAf/a d, observed from the

He II and Mg Ka spectra from Pr and Nd, was used for determining the 4f

level energy position and halfwidth in y-Ce. Instead of comparing the

observed He II spectra with XPS spectra found in the literature it was

appealing to record XPS spectra from the same films by the same spectro-

meter using Mg Ka radition for excitation.

1 4 1 2 1 0 8 6 4 2 0
BINDING ENERGY («V) (EF*0)

hv= 1253.6«

14 12 10 8 6 4 2 0
BINDING ENERGY (eV) (EF=0)

Fig. 4.1: UPS (hv = 40.8 eV) and XPS (h\> - 1253.6 eV) valence band

spectra of La, Ce, Pr and Nd. The analyzer resolution was set

to 0.2 eV in UPS and 0.33 eV in XPS. The spectra have been

normalized to about the same peak height at the Fermi edge.



4.1 •! The clean metals

The photoemission spectra of La, Ce, Pr, and Nd (Fig. 4*1) show quite a

striking similarity in the region at the Fermi level where the dominant

contribution originates from the sd band.

Assuming that Y-Ce has essentially the same emission due to the sd band

as the other metals, the comparison of the spectra gives evidence for

believing that the Ce 4f level is situated at 1.9 eV relative to the

Fermi level.

49)
In an earlier paper of ours based on a comparison of spectra from Ce

and Ce-oxides (see chapter 4-2) we were able to state that energy. Also

some recent studies using somewhat different approaches ' ' 'do

confirm this result. One of these other methods is resonance enhanced 4f

emission which results when the photon energy is close to the 4d

excitation threshold ' . The other method is based on an analysis of

the 3d XPS spectra from light rare-earth metals in which the position of

the 4f level is derived from the separation between the shake-down
26)

satellites and the 3d levels .

The structures around 6 eV in the UPS spectra, shown in Fig. 4«1, are due

to electron emission from the oxygen 2p-level, arising from an initial

contamination of oxygen, which is estimated to be roughly half a mono-

layer for Pr and smaller for La, Ce, and Nd. The estimate is based on a

comparison of 0 1s (XPS) and 0 2p (UPS, He II) intensities from spectra

recorded on "clean" metal films and spectra recorded on films deliberate-

ly exposed to oxygen. The corresponding features are missing in the XPS

spectra because the surface sensitivity and the oxygen 2p cross section

are smaller at this photon energy. The weak structures between 8 and

11 eV in the XPS spectra are due to 5p emission excited by the Mg Ka-i .

satellite radiation.
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The position of the 4f levels as determined by XPS und UPS are given in

Table 4*1 together with theoretically calculated values
52)

. All values
53)are in good agreement with each other and with those reported earlier

By reassignment of the levels a much lower binding energy '* »•>•>»•> ' w as

reported for Ce but as said above the most recent studies all agree with

the higher binding energy for Ce 4f• For Nd the spread in the 4f binding

energy position is a lit ble large but the high value obtained by UPS may

in part be due to a contribution from 0 2p. A small oxygen contamination

has a larger influence on the UPS spectrum than on the XPS spectrum since

the cross section for the 0 2p level relative to that for the the sd band

is larger for low excitation energies.

La

Ce

Pr

Nd

Binding energy (eV)

4f level

UPS

-

1.9

3-6

5.1

XPS

-

1.9

3-5

4-9

Theor.

-

1.95

3-41

4.80

Table 4.1

Halfwidth (

sd
52> UPS

1.3

1.3

1.1

1.0

band

XPS

1,

1,

1.

2.

.7

• 4

• 9

.2

FWHM)

4f
UPS

-

1.3

1.4

1.7

(eV)

level

XPS

-

1.4

1.5

1.7

Intensity

ratios

I(4f)/I(sd)

UPS XPS

-

0.4 0.5

0.9 1.1

1.1 1.9

Throughout this thesis the uncertainty in the experimental binding

energies are estimated to be ±0.2 eV (XPS) and ±0.1 eV (UPS). In

Table 4.1 also the halfwidths of the sd bands and 4f levels are given

together with intensity ratios for the 4f and the sd emission. The widths

and positions are determined by fitting Gaussian functions to the peaks

after substraction of a background due to inelastically scattered elec-

trons. The Gaussians were modified by different exponential tails to

allow for asymmetry. The background at each kinetic energy is assumed to

be proportional to the integrated no-loss intensity at higher kinetic

energies. The intensities are calculated by a numerical integration of

these functions as described in chapter 3« The uncertainty in the inten-

sity ratios are estimated to be ±5^. In the case of Ce the sd and 4f

emission cannot be separated unambiguously and the given values should
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therefore be considered as tentative. Attempts in taking the same line-

width and shape for the sd XPS emission as found for La when calculating

the superimposed functions for Ce led to an obvious disagreement with the

measured spectrum. We thus conclude that the width of the XPS sd band of

Ce is smaller than that of the other metals.

The sd band width decreases for UPS and increases for XPS when going from

La to Nd except for Ce XPS, as discussed above. The interpretation of

this behaviour should be investigated further, probably are final state

band (matrix element) and relaxation effects involved. The width of the

4f level increases when going from Ce to Nd. This tendency is interpreted

as due to the existence of different final state electron configurations

(multiplets) when more than one electron is available (Pr and Nd). For

relative intensities and energy separations see refs. 37,56). The experi-

mentally observed 4f level emission is a superposition of unresolved

peaks due to these final states. Taking this into account together with

the fact that the experimental resolution in UPS is 0.2 eV our results

indicate a life time broadening of the 4f levels of the order of 1 eV in

Ce, Pr, and Nd as has been suggested ' '.

4.2 Valence band spectra after exposure to oxygen

Photoelectron spectroscopy is sensitive to the surface condition. Valence

band spectra recorded from a clean metal surface will be different from

spectra recorded after exposing the metal to reactive gases. These

changes are frequently used for studying adsorption and chemisorption pro-

cesses. In general an adsorbate will give a contribution to the electron

emission and will deform the density of states at the metal surface and

thus change the emission from the metallic valence band. This inter-

ference complicates the interpretation of the valence band spectra in

many cases. The rare-earth metals are very reactive, so that exposure to

oxygen at room temperature will lead to a chemical reaction. A systematic

investigation of the oxidation by exposure to clean oxygen is of inter-

est, together with the question whether a protective layer is formed at
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14 12 10 B 6 4 J O

BINDING ENERGY (eV) (Ep -O)
M 12 ID B B 4 2 Q

BINDING ENERGY (eV) <Ep-O)

M 12 10 I 6 4 2 0

BINDING ENERGY (eV) (Ep -O)
14 12 10 > i 4 2 0

BINDING ENERGY (eV) (EF-O)

Fig. 4*2: UPS (He I) valence band spectra of La, Ce, Pr, and Nd after

various exposures to oxygen.
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the metal surface within the probing depth or not. Since the probing

depth depends on the kinetic energy of the emitted electrons - and thus

on photon energy, different photon energies, He I, He II, and Mg Ka, have

been used. The changes induced in the valence band spectra by exposure to

oxygen are of importance also with respect to the measurements on the

"clean" metals. Because of the reactivity of the rare-earth metals oxygen

is a contaminant which is not easily eliminated. Therefore the changes

observed after small quantified exposures to oxygen also give an estimate

of the initial contamination of the metals.

4.2.1 UPS (He I) valence band spectra after exposure to oxygen

1 The UPS (He I) valence band spectra of La, Ce, Pr, and Nd recorded after

i various exposures to oxygen are shown in Pig. 4-2. To our knowledge no

- such (He I) spectra except for ours of Ce have been published so far.

• The emission due to the sd-bands, between 0 and 2 eV binding energy de-

creases with increasing exposure to oxygen. For La it vanishes after ex-

• posures greater than 30 L and for Ce, Pr, and Nd already after exposures

' greater than 10 L.

The structure at 6 eV, which increases with increasing oxygen exposure,

is due to emission from the oxygen 2p level. At small exposures the peaks

are broad and symmetric and at greater exposures the peaks become asymme-

tric with the main contribution at 5 eV and a shoulder at 6 eV. This

structure is interpreted as contributions from different oxygen 2p

orbitals. All oxygen 2p peaks on the four metals have similar shapes with

the exception of the Ce 3000 L spectrum. Its deviating form is probably

due to an artifact, which is connected with the small angle of incidence

used for the exciting radiation this case.

In the spectra of Ce and Pr one can see some evidence of emission from

: the 4f levels, at 2 and 4 eV respectively. However in the case of Nd the

: 4f emission cannot be separated from the oxygen 2p peaks. For Pr and Nd

\ one observes emission at 2 eV binding energy at exposures between 1 and

i 10 L. Obviously this emission is related to the oxide/metal interface,
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since it vanishes at higher oxygen exposures. The emission at 11 eV in

the La and Pr spectra could be due to adsorbed CO or the formation of

hydroxide/carbonate compounds'

The structures at 6 eV in the La and Pr "O L" spectra could be due to an

initial contamination by oxygen (0 2p emission), but most probably they

are due to emission from chlorine (Cl 3p) and fluorine (P 2p), respective-

ly. In a recent communication on the oxidation of La and LaNi5 the

He I spectra of La are described as: "He I (21.2 eV) spectra of cleaned

La show the narrow VB and an immense broad peak at 6.3 eV which does not

diminish at all with further scraping. The exposure to oxygen induces a

further peak at 5 eV". No He I spectra are shown.

The rare-earth metals which are commercially available with a purity of

99«9 % have to be considered with some care. Apparently the purity is

given with respect to other (rare-earth) metals but not with respect to

other elements in general. Consequently the metals may have quite an

appreciable content of chlorine and fluorine left from the oxide-chloride

(-fluoride) conversion process uaed during the production .

In our measurements wide scan XPS spectra recorded from the first few

films, which were obtained from a well outgassed evaporation source,

showed peaks due to chlorine and fluorine, respectively. The identifica-

tion is reliable, because peaks due to emission from core levels (Cl 1s,

Cl 2p, and F1s) and Auger lines were observed as well.

As mentioned in chapter 2, La and Ce metals contained chlorine as an

impurity, while Pr and Nd contained fluorine. After an identification of

the impurity the cleanliness was routinely checked by concentrating on

the Auger signals.

Repeated evaporations were made in order to get rid of the halogen con-

tamination. After at least four evaporations the Auger intensity was

merging into the background of scattered electrons. From the disappear-

ance of the halogen Auger intensity the success of the cleaning procedure

was concluded. However, in spite of this fact we might have a contribu-

tion to the emission at 6 eV because of the high cross section for Cl 3p

eaission at He I photon energy«
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The immense peak due to Cl 3p in the He I spectrum of a contaminated La

film together with the corresponding He II spectrum is shown in Pig. 4«3,

in order to demonstrate the dependence of the relative cross section for

Cl 3p excitation on photon energy. Considering these results the immense

peak at 6 eV mentioned in the cited communication is probably also due to

emission from the Cl 3p level. This explains why no changes of this peak

were observed when the surface of the macroscopic metal sample was

cleaned by scraping, since the chlorine contamination is no doubt a bulk

property.

Fig. 4-3:

UPS valence band spectra of

a La metal film showing the

Cl 3p peak due to the in-

itial contamination by chlor-

ine. The He II spectrum is

multiplied by 1.3 in order

to normalize both spectra to

have the same step at the

Fermi level. The 0 2p

emission is observed at 5.5

eV and the Cl 3p at 6.7 eV.
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Fig. 4.4: UPS (He II) valence band spectra of La, Ce, Pr, and Nd after

various exposures to oxygen.
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4*2.2.1 UPS (He II) valence band spectra after exposure to oxygen

In the UPS (He II) valence band spectra (Fig. 4«4) the emission due to

the 3d bands, between 0 and 2 eV binding energy, is disappearing for expo-

sures greater than 10 L (30 L) while the emission due to the oxygen 2p

level, at 6 eV binding energy, increases with exposure. The oxygen 2p

peak has the same broad and nearly symmetrical shape for all four metals.

In spite of the very high surface sensitivity the emission at 6 eV due to

initial contamination by oxygen is relatively low in the "0 L" spectra,

especially in the cases of La and Pr. Thus some intensity in the La and

Pr "0 L" He I spectra around 6 eV binding energy could be due to other

contaminants than to initial oxygen, as mentioned when discussing the He

I spectra. Comparing the "0 L" and the "1 L" He II spectra as shown in

Fig. 4«4 the initial contamination by oxygen can be estimated to be

approximately half a monolayer for Pr and less for La, Ce, and Nd.

When we observed the peak around 2 eV in the valence band spectra of

cerium for the first time we suspected it could be due to some contami-

nant or to an experimental artifact, since it did not decrease with

increasing exposure to oxygen. Therefore ESCA spectra were recorded

between the Fermi level and 1000 eV in order to look for impurities. No

contaminants having sufficient abundance to be responsible for the

mentioned peak were found. Hy application of a bias voltage between the

sample holder and the analyzer it was verified that the electrons contri-

buting to this peak were really excited from the sample.

The interpretation of this peak as an emission due to the 4f level was in

doubt because of two reasons: a) the 4f emission intensity was supposed

to be comparatively small since it had been recommended to use photon

energies higher than 80 eV for studying 4f levels; b) the 4f level in

pure Y-CS was supposed to be situated more in the vicinity of the Fermi

level rather than at approximately 2 eV below it. In an early communica-
)55)

tion the 4f level binding energy was given as 1.8 eV JJ>, which was sub-

sequently revised to 0.9 eV

0.5 eV was reported '.

54), and even a 4f level binding energy of
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Therefore further experimental evidence was of great interest in order to

elucidate the origin of this peak. The following idea had to be tested:

if the considered peak is due to 4f electron emission and is almost unaf-

fected by of oxygen exposure one can assume that the trivalent oxide

Ce_O_ is formed when Ce is exposed to oxygen at room temperature, since

the 4f level in this case does not participate in the chemical bond but

rather reacts like an atomic core level. On the other hand if one would

succeed to change the oxide into the tetravalent form CeO~ the 4f level

would participate in the chemical bond and consequenly change its binding

energy.

4.2.2.2 UPS (He II) spectra of Ce(lll)- and Ce(IV)- oxide.

Therefore a cerium film was exposed to 1000-L oxygen at room temperature

and subsequently exposed to 1000-L oxygen while heated to approximately

600 C. After oxidation at the elevated temperature the peak at 2 eV

nearly vanished, as shown in Fig. 4-5, and the oxygen derived structure

around 6 eV changed its shape.

The intensity which is still found at 2 eV after high temperature treat-

ment is interpreted as being due to unsufficient oxidation as it is known

that there exist oxides of the form Ce 0o „ (n = 4, 7, 9, 10, 11, ...)
n 2n-2

between the limits Ce 0 and CeO . Similar behavior has been reported in

the oxidation of uranium 59«60'.

After heavy oxidation the 4f emission vanishes completely as shown in

section 4.3.2.4, where the XPS (Al Ko) valence band spectra are

presented.
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Pig. 4-5:

UPS (He II) valence band spectra

of Ce after different treatments.

"Clean" metal, exposed to 1000 L

oxygen at room temperature, and

after further exposure to 1000 L

while heating the sample.

1000 L + / '•

IOOOLC6OO ( b/ I

CE VALB

2000 L

12 10 a E 4

BINDING ENERGY (eV) (EF-O)

In the He II "0 L" spectrum of Pr (Fig. 4-4) the emission from the 4f

levels, at 3«6 eV, is clearly separated from the peak which is due to the

initial contamination by oxygen. When the oxygen derived structure after

higher exposures broadens the 4f level emission is still seen as a

shoulder to this broad structure. It should be emphasized that the 4f

emission, with respect to binding energy position and observed intensity,

is seen to be nearly unaffected by the oxidation.

In the He II "0 L" spectrum of Nd the 4f emission at 5«1 eV cannot be

distiguished from the 0-2p peak which is due to the initial contamination

by oxygen. However, from the XPS spectra recorded from the 0-1 s level it

can be concluded, that the initial oxygen contamination is of the same

order as for the other metals. After exposure to oxygen the 4f peak in Nd

is totally covered by the 0-2p structure.

As in the He I spectra we also observe emission at 2 eV in the Pr and Nd

"1 L", "3 L", and "10 L" spectra.

Also the peaks at 11 eV binding energy are found for higher exposures

here in the He II spectra
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Fig. 4-6: XPS (Mg Ka) valence band spectra of La, Ce, Pr, and Nd after

various exposure's to oxygen.



4.2.3 XPS valence band spectra after exposure to oxygen.

In the XPS (Mg Ka) valence band spectra (Fig. 4.6) the 4f emission is

equal to or higher than that due to the sd-band. The clean spectra and

peak positions have already been discussed.

The changes upon exposure to oxygen are seen in Pig.4«6. After 1000 L

oxygen exposure the emission due to the sd bands disappears in all cases.

The reason is that the oxide film thickness has grown bigger than the

electron escape length. (At this high kinetic energy of the photoelec-

trons there is no practical difference between escape length and electron

mean free path.) In all cases except for Ce further exposures at elevated

temperatures were performed in order to produce bulk oxides. No signifi-

cant differences in these bulk oxides were seen compared with the

presented results for high exposures.

Thus, exposing the rare-earth metals La, Ce, Pr, and Nd to oxygen at room

temperature produces bulk oxides thicker than the probing depth.

Since, as mentioned above, Ce exposed to oxygen at elevated temperatures

forms CeOp, the nature of the Ce oxide produced by exposure at room

temperature is concluded from other facts: a) the vanishing of the

emission due to the (5d 6s) band after higher exposures to oxygen at room

temperature; b) the comparison of core level (3d) spectra recorded on

oxidized metal films and Ce„O_ oxide powder, see section 4«3>2.4.

The 0-2p cross section is smaller for 1253.6 eV (Mg Ka) than for 40.8 eV

(He II) photon energy, while the opposite is true for the 4f cross

section. As a consequence of that the 4f emission is of the same order of

magnitude as the emission due to the 0-2p levels for Ce, Pr, and Nd, even

when the oxide layer thickness exceeds the electron escape length.

Therefore the spectra shown in Pig. 4.6 clearly demonstrate, that the 4f

peaks of Pr and Nd show no significant changes dependent on oxygen

exposure in binding energy position and intensity. The same may be true

for Ce. The 4f and (5d 6s) peaks are overlapping in the "0 L" spectrum,

However, this does not exclude the possibility of a chemical shift.
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Pig. 4-7: XPS(Mg Ka) spectra of the oxygen 1a level from La, Ce, Pr, and

Nd after exposures to oxygen.
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4»3 Core level spectra after exposure to oxygen

In chemisorption (and adsorption) experiments the core level spectra of

the chemisorbed atoms or molecules are of interest as well as the core

level spectra of the substrate. The integrated intensity of core levels

from chemisorbed spices can provide a quantitative estimate of the

coverage, if the surface layer is small compared to the electron escape

length. The spectra from the subtrate core levels may after a chemi-

sorption process be different from the spectra recorded from the clean

substrate.

In the course of this work metal films of La, Ce, Pr, and Nd have been

exposed to various amounts of oxygen. The surface of the films have been

characterized by recording spectra from the oxygen 1s level as well as

spectra from the rare-earth metal core levels, 3d, 4d, and 4p« (The

spectra have been recorded from the same surfaces as the valence band

spectra discussed in chapter 4«2) The oxygen 1s spectra have been

recorded routinely different times after each exposure, immediately after

exposure, prior to a new exposure and in between. Since the oxygen 1s

spectra can be most directly related to the growth of the oxide layer

thickness these spectra are presented first, prior to the substrate core

level spectra.

4«3-1 Oxygen 1s spectra recorded from La, Ce, Pr, and Nd after

exposure to oxygen

The oxygen 1s spectra after various exposures to oxygen, shown in

Fig. 4«7, were recorded from La, Ce, Pr, and Nd films. The 0 1s intensity

increases up to an exposure of about 100 L after which it stays almost

constant.

From the vanishing of the emission from the 3d 6s conduction band upon

higher exposures, as discussed in chapter 4.2, the conclusion was drawn,

that the oxide layer had become larger than the electron escape length.
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Therefore the apparent saturation is well understood. If the oxide layer

already exceeds the electron escape length a further exposure will have

no influence on the recorded photoemission intensity, although the oxide

layer thickness is still increasing.

The 0 1s binding energy is in all cases roughly 530 eV. It should be

remarked that the peaks when measured directly after oxygen exposure are

about 20% more intense and shifted by 0.5 eV towards lower binding energy

than when measured one hour later. The 0 1s spectra selected for the

presentation in Fig. 4-7 were recorded about half an hour after the

exposure.

In order to learn about the kinetics of the oxygen desorption and

diffusion La, Pr, and Nd metal films were exposed to 1000 L oxygen and

valence band spectra and oxygen 1s spectra were then recorded, and

recorded again after heating the sample for 10 minutes to about 600 °C.

In the case of Ce oxidation elevated temperatures were used in order to

produce the tetravalent oxide. Prior to heating the normal 1000 L spectra

were found, which correspond to the oxides, but after heating the

recorded spectra looked like those obtained from films exposed to 1 L or

3 L of oxygen. To test whether it could be possible that heating leads to

a desorption of oxygen we also exposed the metal films to oxygen during

heating.

The spectra obtained this way were stable and did not change after

further heat treatment. Thus higher exposures to oxygen at room tempera-

ture produce an oxide surface layer thicker than the electron escape

length but smaller than the metal film thickness. Heat treatment

activates oxygen diffusion with the possible result of a constant oxygen

concentration throughout the metal film. Therefore the surface regains

its metallic character after a heat treatment.

Oxygen exposure at elevated temperatures on the other hand leads to an

oxidation of the entire film. Further heat treatments without exposure to

oxygen do not produce any further changes, since the saturated oxide has

already been achieved and the oxide formed is stable. However, the above

obtained result cannot rule out the interpretation, that the heat
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treatment will damage the oxide surface layer and cause the underlying

metal to flow up to the surface. But the assumption, that the oxygen

might have desorbed from the surface can be rejected since a moderate

heating, as described above, does not result in changes of the oxide once

formed.

We can now relate the oxide layer thickness to the observed integrated

peak intensities with the following model.

The observed XPS intensity of a core level from a homogeneous surface

layer with thickness x is given by

( 4- 1 )

I is the intensity for the bulk or a layer which is thick compared to

the electron mean free path L, and 9 the angle between the surface normal

and the electron detection direction.

From the integrated intensities derived from different oxygen exposures,

Pig. 4«8, we want to draw conclusions about the growth of the oxide layer

thickness. Therefore we calculated, by a least mean square fit, intensity

functions according to equation (4«1) under two different assumptions,

applying a linear (a) and a logarithmic (b) growth of the oxide layer,

respectively.

In both cases the surface layer is assumed to be homogeneous. In order to

make a better fit we did include an initial oxygen exposure QQ as a

parameter. We thus get the thickness dependence on oxygen exposure of the

form:



EXPOSURE (L) EXPOSURE (L)

Pig. 4.8: Integrated intensity of the oxygen 1s level observed from La.Ce, Pr, and Nd as a function of the
exposure to oxygen. The curves a) and b) are approximated to the experimental points

£ assuming that the oxide thickness is growing linearly and logarithmicly, respectively.
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parameter. We thus get the thickness dependence on oxygen exposure of the

form:

x = kg(Q0+Q) (4.2a)

x = xQ«ln(i +
 U

Q ) (4.2b)

The parameters k , x 0 , and Q are scaling the surface layer thickness

growth as a function of the exposure.

The experimental points in the figure are in each case from measurements

on the same film after the spectra had stabilized as discussed above. The

scatter in the experimental intensities does not exclude one of the

mentioned cases unambiguously, but we believe that the logarithmic

growth, which leads to a smooth curve, is more probable.
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4«3»2 The 3d level spectra of La, Ce, Pr, and Nd

The 3d level spectra from the oxides of the rare-earth elements are

drastistically different compared to the spectra from the clean metals.

The photoelectron emission from the 3d levels is moreover dominating in

comparison to the other core levels since the 3d levels have the greatest

photoemission cross section. Because of these properties the 3d level

photoemission spectra are especially well suited to investigate the

oxidation of the rare-earth metals by stepwise exposure to oxygen.

At small exposures the 3d level spectrum consisted mainly of two contri-

butions: a) the spectrum from the oxide surface layer and b) the spectrum

from the underlying metal reduced by inelastic scattering of the ejected

electrons within the oxide surface layer.

Therefore the partially oxidized surfaces have been analyzed by decom-

posing the recorded 3d spectra into the above mentioned two parts. A 3d

spectrum from a partially oxidized film is approximated as a linear combi-

nation of spectra recorded from the oxide and the clean metal, respec-

tively. Examples for such decompositions are given in section 4.2.3 and

presented in Pig. 4-18.

Some structures observed in the 3d spectra from the clean metals have

scarcely been paid attention to in the literature before. Therefore prior

to discussing the spectra from the partially oxidized films (section

4.3.2.3) the 3d spectra of the clean metals (section 4.3.2.1) and of the

corresponding oxides (section 4.3-2-2) are presented.
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4*3*2.1 The 3d level spectra from clean metals.

The XPS (Mg Ko) spectra of the 3d levels from La, Ce, Pr, and Nd are

presented in Fig. 4*9a-4«12a after subtraction of a calculated back-

ground, see section 3.2.1. Because of the principal ambiguity of any

background substraction the uncorrected spectra are documented in the

appendix together with the calculated background functions.

Although the multiplet structure including coefficients of fractional

parentages has been published for Pr and Nd, making a more correct

mathematical fit possible, we have for practical reasons chosen to

approximate the complicated multiplets by single peaks, lay this method

unresolvable components are grouped together allowing for a comparison

with the corresponding spectra from the oxides in an easier fashion. This

does not mean, however, that the more exact elaborate mathematical

treatment is considered to be unnecessary!

Fig. 4.9a:

XPS (hv = 1253.6 eV)

spectrum of the 3d

levels of lanthanum

metal after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of

La 3d levels by the

Mg Ko_ . satellites.
3,4
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z
LU
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BINDING ENERGY (eV) (EF -0)
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Pig. 4.10a:

XPS (hv = 1253.6 eV)

spectrum of the 3d

levels of cerium metal

after substraction of

a calculated back-

ground. The cross-

hatched peaks are due

to the excitation of

Ce 3d levels by the

Mg Ka, . satellites.
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Fig. 4.11a:

XPS (hv = 1253-6 eV)

spectrum of the 3d

levels of praseodymium

metal after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of

Pr 3d levels by the

Mg Ko_ . satellites.
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Fig. 4.12a:

XPS (hv = 1253.6 eV)

spectrum of the 3d

levels of neodymium

metal after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of

Nd 3d levels by the

Mg Ka.. . satellites.
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The results are summarized in the following tables:
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Metal

La

Ce

Pr

Nd

5d5/2
835-4

883.2

931-4

980.3

3d3/2
852.2

901.8

951.6

1002.8

Table 4-2

Binding energy (eV)

level

a a ' b b ' c c '
832.0 848.7 839-6 856.4 843.8 862.2
879-3 899-3 (886.5) 904-8 (895-4) 912.7
927.7 (949-1) 936.4 (955-3) (940.0) 962.2
977-3 (1001.4) (983-7) 1007-6 (987-7) 1013-1

Table 4-3

Relative intensity: Int(3d , ) = 1.0

Metal

La

Ce

Pr

Nd

5d5/2
1.0

1.0

1.0

1.0

5d3/2
0-51

0.54

0.49

0.52

a

0.12

0.21

0.18

0.21

level

a'

0.14

0.13

(0.06)

(0.05)

b

0.16

(0.34)

0.10

(0.12)

b'

0.14

0.21

(0.21)

0.22

c

0.16

(0.28)

(0.19)

(0-32)

c'

0.16

0.11

0.10

0.14

Metal

La

Ce

Pr

Nd

5d5/2
2.63

3.28

3-41

2.61

5d3/2
2.57

5-09

3.08

3.01

a

2.82

4-85

3-77

3-64

Table 4

Half width

-4

PWHM (eV)

level

a'

3.16

3-85

(5-67)

(1.70)

b

3.00

(3-96)

4.15

(5.42)

4
4

(4

3

b'

.13

.25

-44)

-99

5
(6

(6

(5

c

.10

-33)

.27)

.89)

6

5

5
6

c'

.04

.69

-74

-43

The given estimates for binding energies and intensities are valid only

for "normal" peaks, i.e. peaks which are trustfully resolvable.
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The best agreement between the superposition of the calculated curves and

the measured spectrum is achieved in the case of lanthanum. This is not

surprising because only in this case it is fully justified to use simple

single lines instead of the multiplet structure. The peaks which are due

to an excitation by the Mg Kct satellites are eliminated by adding for

each "real" peak the corresponding "ghost" when calculating the peaks and

when plotting. All these "ghost" peaks have been plotted but only those

due to the 3d,- /- and 3d.*/p have significant intensities and are cross-

hatched in the plots. After these "ghost" peaks have been taken care of

the label satellite will only be applied to "real" features in the

spectra.

Some small peaks, which were not relied on because of their unphysical

shape, have been put in parantheses in the tables 4«2-4«4- The

interference between different small contributions makes an unambiguous

separation difficult.

In order to get a survey over the position of the satellites relative to

the 3d levels the corresponding binding energy differences are tabulated

in table 4«5- The peaks a, b, and c are related to the 3d,-/o and the

peaks a',b', and c* to the 3d,/2 level, respectively. The second column

contains the binding energy difference between the 3d,- /~ and ^d,/«' the

spin-orbit separation, labelled as 3d
SO

Table 4.5

Binding energy differences (eV)

Metal

La

Ce

Pr

Nd

3dso
16.8

18.6

20.2

22.5

-3-4

-3-9

-5-7

-3.0

«

-3
-2

(-2

(-1

a-

.5

.5
• 5

• 4

level

)

)

6

4

(3

5

(3

b
.2

• 3)

.0

.4)

V
4.2

3-0

(3.7)

4.8

«c
8.4

(12.2)

(8.6)

(7.4)

10.

10.

10.

10.

,-

0

9

6

3



The shake-down satellites a and a' are due to the filling of an empty 4f

level, which has been pulled down below the Fermi level by the creation

of a 5d hole during the photoemission process.

From theory and experiment the following values for 6 have been

reported:

ital

La

Ce

Pr

Hd

theory

-4.4

-5.9

-7.4

-7.7

Table 4.6

« (eV)
a

61) 26)
exp.

-5-2

-4-9

-4-9

-5-5

61)
exp.

-5.6

-6.5

present

-5-4

-5-9

-5-7

-5.0

The agreement is reasonable in view of the relatively large width of the

shake-down satellites and the problems in resolving them unambiguously.

The structure labelled by b is clearly seen in the La spectrum. In Ce, Pr

and Nd it is interfering with the final state multiplet structure and

therefore difficult to separate. This is especially true for the

corresponding structure b' because the distribution of the final states

will lead to a more asymmetrical shape of the 3d,- /„ than of the 3d-, >-

line. Tentatively the structure b is interpreted as due to a shake-up

satellite in which an electron from the sd band during photoemission is

excited into an empty 4f state. The energy required for this excitation

is equal to the energy difference between the satellite and the 3d level.

The energies required to fill an unoccupied 4f level in the rare-earth

metala have been calculated and measured . Because of the presence

of the 5d hole one can apply the equivalent core argument, Z+1, when

comparing the shake-up energy. The main 3d peaks correspond to a situa-

tion where the 4f level, which is pulled down below the Fermi level, is
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unoccupied. This gives a different situation in which the shake-up

process fills a 4f level above the Fermi level while the pulled down 4f

level stays unoccupied.

Pilling the unoccupied 4f level in La, Ce, Pr, and Nd requires an energy

of 5-0, 3-5, 2.2, and 1.7 eV respectively. The satellite b in La has a

binding energy shift of 4«2 eV, which should be compared to the excita-

tion energy of 3« 5 eV required for filling the 4f level in Ce, if the

effect of the 4f hole below the Fermi level is neglected.

In Ce, Pr, and Nd the satellite structure b is closer to the main 3dj-,„

level and also some parts of the main peak intensity are interfering with

these satellites because of the increased asymmetry due to the multiplet

structure. Therefore the structures b in Ce, Pr, and Nd cannot be

determined reliably by a single peak approximation of the 3d lines. A

better analysis is hopefully achieved by using the correct multiplet

structure for the 3d line.

The results with respect to the satellite structure c are uncertain.

However, since c' is believed to have the same physical origin, it seems

better to concentrate on the structures c'. The distances to the 3d,/p

peak are 10-11 eV. Tentatively these satellites are interpreted as due to

the excitation of a screening 5d electron to the empty part of the 5d

band, a 5d intraband shake-up satellite, or to some other empty state
22)

above the Fermi level .
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4.3«2.2 The 3d spectra from the oxides.

The XPS spectra from the oxides of La, Ce, Pr, and Nd, Fig. 4«13a-4.i6a

show a two-peak-structure for the 3d peaks, with the "charge transfer

satellite" situated at the low binding energy side and the non-charge

transfer peak on the high binding energy side. As mentioned in the

introduction charge transfer means here that a valence band electron is

hopping to the rare earth 4f level during the ionization of a 3d

electron. As in the case of the 3d spectra of the clean metals the

spectra in Fig. 4.13a-4«16a are presented after substraction of a

calculated background and the corresponding raw data together with the

calculated background are presented in the appendix, Fig. 4.13b-4-16b.

The results are summarized in table 4>7>

Fig. 4.13a:

XPS (hv = 1253-6 eV)

spectrum of the 3d

levels of lanthanum

oxide after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of ,

La 3d levels by the

Mg Ka, . satellites.
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Fig. 4.14a:

XPS (hv = 1253-6 eV)

spectrum of the 3d

levels of cerium(lll)

oxide after substrae-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of

Ce 3d levels by the

Mg Ka satellites.
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Fig. 4.15a: \-

XPS (hu = 1253.6 eV) «

Spectrum of the 3d lu

levels of praseodymium z

oxide after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to excitation of the

Pr 3d levels by the

Mg Ka . satellites.
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Fig. 4.16a:

XPS (hn = 1253-6 eV)

spectrum of the 3d

levels of neodymium

oxide after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of

Nd 3d levels by the

Mg Ka_ . satellites.
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Element
La

Ce

P r

Nd

a

834-
881.

929.
978.

3d

5
3
4
7

5/2
b

839-
886.

934.

983-

0

1

1

0

Table 4..7

Binding energy (e

level

a '

851.3
899.9
949.7

1005.0

'2
b

855
904

954
1010

V)

'

. 8

• 5

• 5

.0

c

(847.
(895.
(944.

(993.

6)

5)

6)

6)

c '

864.
915-
966.

1018.

7
5
3
1

In all cases the low binding energy component of the 3d emission has a

smaller binding energy than the most intense peak from the clean metal.

In the oxides of Ce, Pr, and Nd an empty 4f level will be pulled down

below the top of the 0 2p derived valence band by the 3d hole. Thus the

charge transfer to the rare earth metal 4f level during photoemiaaion

will lower the 3d binding energy, and the non-charge transfer peak will

therefore be the high binding energy component of the 3d emission.

The situation is more complicated in lanthanum. In the 3d hole ionic

ground state the 4f level is pulled down but possibly still above the top

of the 0 2p derived valence band. This would imply that the low binding

energy component of the 3d emission is due to the non-charge transfer

peak and that the high binding energy component is due to the charge

transfer satellite.

On the other hand, if the 4f level and the 0 2p derived valence band in

the 3d hole state are degenerate, or nearly so, the level splitting is

determined by the "hopping integral" , and the screening charge is

transfered from the ligand to the ligand-metal bond. According to ref. 63

this situation is found in ^2
0^'
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Fig. 4.17: XPS spectra of the 3d level from La, Ce, Pr, and Nd after

various exposures to oxygen.
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4«3.2.3 The 3d spectra after partial oxidation.

The 3d spectra recorded after various exposures to oxygen, as shown in

Pig. 4.17, will be used in order to analyze the growth of the oxide films

developing on the metal surfaces. As long as the oxide surface layer

thickness is smaller than the electron escape length, a core level

spectrum will contain photoelectrons from both the oxide and the

underlying metal. Therefore it seems to be reasonable to "decompose" such

spectra as a linear combination of the spectra recorded from the clean

metals and from the oxide although the oxide-metal interface may give

rise to some modifications.

Spectra recorded after 3000 L (La, Pr) and 1000 L (Ce, Nd) exposure to

oxygen are taken as representatives for the oxide spectra. The spectra

obtained after oxygen exposures are thus approximated as a linear combi-

nation of the "0 L" and "3000 L" ("1000 L") spectra. As illustrating

examples some 3d spectra of Pr recorded after exposing Pr to oxygen of

10 and 30 L, respectively, are shown, in Fig. 4.18a and 4-18b. The

systematic deviation in the linear combination fit around the top in the

"10 L" spectrum gives a hint that the oxide is not growing uniformly.

Such deviations are observed in the "10 L" spectra of all four metals. In

the "30 L" spectrum no such systematic deviations were seen. However, a

"10 L" spectrum recorded some hours later shows in this type of analysis

a smaller systematic deviation and a smaller oxide spectrum coefficient.

Without being able to give any quantitative figure, we can state the

following results:

a) the oxidation growth is not uniform, island are probably formed

b) at room temperature the oxygen is diffusing into the bulk and within

the surface.
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Fig. 4.18a:

XPS spectrum of the 3d

level of Pr after expo-

sure to 10 L of

oxygen. The spectrum

is approximated as a

linear combination of

the corresponding

spectra from the clean

metal and from the

oxidized film.
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Pig. 4.18b: >

XPS spectrum of the 3d to

level of Pr after expo- m

sure to 30 L of z

oxygen. The spectrum

is approximated as a

linear combination of

the corresponding

spectra from the clean

metal and from the

oxidized film.
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The observation that the oxide spectrum coefficient is smaller from a

spectrum recorded after some time agrees well with the observed decrease

in the 0 1s integrated intensity as discussed earlier. Furthermore the

analysis in this case has the advantage of being less dependent on

fluctuations in the x-ray flux. Integrated intensities reflect the flux

directly with a maximum variation of 10 %, while the analysis reduces the

dependence on flux to the choice of the spectra representing the metals

and oxides, respectively.

The oxide spectrum coefficients as a function of oxygen exposure reflect

the growth of the oxide film. The results are presented in Fig. 4.19.
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is growing linearly and logarithmicly, respectively.
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This type of analysis has been tried with other core levels too. However,

the 3d spectra are most suited due to the following reasons.

a) Because of the high emission intensity we have 3pectra with resonable

"good" statistics.

b) In order to give unique results by combining spectra, the difference

between the metal and the oxide spectra should be as big.as possible

which is the case for the 5d spectra.

4.3.2.4 The Ce 3d spectra from Ce(lll)- and Ge(lV)- oxide and

transient surface phases.

When a metallic cerium film is exposed to oxygen while heated to approxi-

mately 600 °C the tetravalent oxide CeO2 is formed. This has been con-

cluded from the vanishing of the 4f emission, as shown in Fig. 4.5.

Also the XPS spectra from the 3d levels show drastic changes in a

characteristic way when cerium is oxidized at elevated temperatures. It

should be pointed out that the spectra A to D as shown in Fig. 4.20 are

recorded from the s a m e film as the UPS (He II) spectra in Fig. 4-5.

Fig. 4.20:

XPS spectrum of the Ce 3d levels

after different treatments; A

from the metal film directly

after evaporation, B immediately

after exposure to oxygen at room

temperature, C from the same film

as B but one hour later, D after

further exposure to oxygen while

heated, E and F from Ce^O, - and

CeOp - powder, respectively, for

comparison.
an sao aio 900 M O no »70
BINDING ENERGY (eV) (Ep-O)
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The 3d spectra from these films show different satellite structures,

dependent on the kind of oxide formed. Spectrum A shows the spin orbit

doublet from the clean metal, in agreement with the spectrum shown in

Pig. 4« 2, whereas B shows the satellite structure from the film directly

recorded after oxygen exposure at room temperature. Spectrum C is re-

corded from the same film as B but one hour later. Spectrum D is recorded

after further exposure at an elevated temperature. For comparison the

spectra from the oxides Ce_0, (E) and CeO_ (F) powders are presented.

Cerium becomes trivalent when oxidized at room temperature, and tetra-

valent when oxidized at elevated temperatures, as can be concluded from

UPS and XPS measurements of the valence band. Thus, the satellite spectra

C and D are characteristic for Ce_O_ and CeO„ , respectively. The simi-

larity of the spectra D and F is obvious, the apparent binding energy

shift for F may be due to charging effects. The slight discrepancy

between the spectra C and E is interpreted as being due to a surface

contamination of the Ce 0_ powder grains by CeO_, as a result of keeping

the powder exposed to air prior to the experiment. This interpretation is

supported by spectrum B, which shows

immediately after exposure to oxygen.

supported by spectrum B, which shows a decaying CeO„ phase at the surface

The spectrum D is in fair agreement with earlier reported XPS spectra

from CeO« °4,65)_ Tbe pOasibiiity of a partial reduction to Ce(lII)

compounds by water and/or carbon oxide was mentioned in one case,

while the other report was mainly concerned with the oxide formed

when cerium is oxidized by air and/or water. After the communication of

the spectra shown in Fig. 4.20 systematic studies of cerium oxidation
67)

under controlled conditions have been reported . These results confirm

the experimental results discussed above although a spectrum like D in

Fig. 4.20 was obtained after exposing cerium to 180 L of oxygen.

Therefore, it is worthwhile to point out, that even after exposures as

low as 30 L spectra similar to B in Fig. 4-20 are obtained, when recorded

i m m e d i a t e l y after exposure.
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The spectrum B is analyzed in some more detail as shown in Pig. 4.21a.

The substracted background is presented in Pig. 4.21b in the appendix.

Pig. 4.21a:

XPS (hv = 1253.6 eV)

spectrum of the 5d

levels of cerium from

CeO_ after substrac-

tion of a calculated

background. The cross-

hatched peaks are due

to the excitation of

Ce 3d levels by the

Mg Ka satellites.
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The evaluation of the Ce 3d spectra from CeO_ is summerized in table 4.8.

Table 4.8

Level Peak Binding energy Halfwidth Intensity/Intensity(a)

J5/2

a

b

c

a '

b '

c '

(eV)
882.4
888.4

898.2

900.8

907-3
976.7

(eV)
3.73

4.91

1.91
5.09
6.15
2.08

1.00

0.52

0.44
0.60
0.56
0.50
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The peaks a, b, and c are interpreted as due to emission from the 3d

level with the final states 3d94f2, 3d94f1, and 3d94f°, respectively.

5/2

The peaks a', b', and c' are the corresponding structures for the 3d,

levels.
3/2

To rule out the possibility that the peaks b and b' might be due to the

small Ce 0 admixture, we present data from earlier oxidation experi-

ments. In the XPS (Al Ka) valence band spectra shown in Fig. 4.22, the

"0 L" spectrum show the 4f- (5d 6s)- valence band emission. After 1000 L

oxygen exposure at room temperature the sd electron emission vanishes.

After additional exposure ("45000 L" spectrum) at elevated temperature

(> 600 C) also the 4f electron emission vanishes. The corresponding 3d

(Al K«) raw data spectrum, Pig. 4.23, shows a striking similarity with

spectrum (D) in Fig. 4«20.

Fig. 4.22:

XPS (hv = 1486.6 eV) valence

band spectra of Ce after differ-

ent treatments. "Clean" metal,

exposed to 1000 L oxygen at room

temperature, and after further

exposure to 45000 L while

heating the sample.

CO
z
LU

14 IE 10
BINDING ENERGY (eV) (EF-O>

This supports the interpretation above, that the different peaks are due

to the mentioned different final states, but not due to the presence of

Ce(lll)-oxide. Further evidence that the 4f emission is vanishing when

CeOp is formed is also given.
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Pig. 4.23:

XPS (hv = 1486.6 eV)

spectrum of the Ce 3d

level after exposure

to 45000 L oxygen with

the Ce film heated to

approximately 600 °C.
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4.3.3 Spectra from the 4d levels

The emission from the 4d levels al3o shows changes upon oxidation as seen

in Pig. 4.24. The structure at higher binding energy, which developes

after an oxygen exposure, increases with increasing exposure. In the

interpretation of the satellite structures one has to consider different

final states as discussed in connection with the 3d spectra. However, the

energy separation is in the case of 4d photoemission smaller than in the

case of 3d, because of the stronger interaction of the more localized 3d

hole with the 4f shell in comparison to the 4d hole interaction. The

spin-orbit separation for the 4d electrons is smaller than the multiplet

structure which makes a somiquantiative analysis difficult. Since the

changes in the 4d spectra upon oxidation are smaller than the correspond-

ing changes in the 3d spectra a decomposition of the partially oxidized

films into a metallic and an oxide contribution was tried but had to be

abandoned. In cases like this, where the differences between the spectra

are too small, i.e. too much overlap of the spectra from metal and oxide,

the coefficient of a linear combination cannot be determined sufficiently

well.

The 4d spectrum from the cerium film oxidized at an elevated temperature

has been included in order to show the characteristic change^ in the Ce

4d spectrum when CeO is formed. It is not believed that this spectrum

shows the coexistence of Ce(lll)- and Ce(lV)-oxides. The spectrum is

interpreted as due to Ce(lV)-oxide, showing well resolved satellites on

the high binding energy side due to the final state 4d°4f and a broad

structure due to the final state 4d^4f1.
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Fig. 4.24: XPS spectra of the 4d level of La, Ce, Pr, and Nd after

various exposures to oxygen.
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Fig. 4.25: XPS spectra of the 4p level of La, Ce, Pr, and Nd after

various exposures to oxygen.
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4.3«4 Spectra from the 4p level

The XPS spectra of the 4p~/2 level of La, Ce, Pr, and Nd also change

structure after exposure to oxygen, as shown in Pig. 4.25- Peaks due to

emission from the 4p1 /? level are not found in the spectra of the rare

earth metals because of the short lifetime of the 4p, /o hole caused by a
22) 1/'

so called giant Coster-Kronig transition

The increasing structures on the high binding energy side of the 4p peaks

are due to satellites related to different final states, as discussed

before.

Considering the spectra from the oxides (3000 L and 1000 L) when going

from La to Nd the energy separation between the two components is dimin-

ishing and the high energy component intensity is growing.

The spectra of the metals and the oxides have been approximated by peaks

in the same way as for the 3d levels. The results are summarized in

table 4.9.

Peak

metal
oxide

metal
oxide

metal
oxide
metal
oxide

Binding energy

(eV)

1

195.8
195.6

206.5
205-9

216.9
215-9
227-4
225.9

h

199-8

209.7

219.7

230.5

Table 4-9

Half width

(eV)

2.5

2.5

5.8

5.5

5.5

3-7

3.6

4 . 0

Intensi ty(h)/Intensi ty(1)

-

0.29
-

0.38
-

1.03
-

1.12

EM

La

Ce

Pr

Nd

KM stands for: rare-earth metal, 1 and h are the labels of the low

binding energy part and the high binding energy part of the structure,

respectively.
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CONCLUSIONS AND REMARKS.

Conclusions.

When this project T«IS initiated the 4f level position in y-cerlvaa was a

controversial question. Binding energy values of 1.8 eV , 0.9 eV ,
55)

and 0.5 eV had been reported.

This scatter in the re^o^ted values was rather due to different i^t

tations concerning the xa*. vling of the bands than to disagreement in the

measured spectra. Jti.fi rant theoretical models explaining the y-o. phase

transition demanded different 4f level positions. Therefore it was of

great interest to try to identify the 4f level emission in y-cerium unam-

biguously and to find experimental evidence for the correct labeling of

the bands.

This question has been elucidated from different points of view in the

course of this work.

a) The Ce 4f level binding energy has been determined from a comparison

of the valence band spectra from the clean light rare-earth metals, La,

Ce, Pr, and Nd at different photon energies. The interpretation was based

on the assumption that all four metals have similar sd band emission.

b) The Ce 4f emission has been identified unambiguously by comparing the

valence band spectra from different Ce-oxides. The 4f emission was

clearly observed in the valence band spectra from Ce(lll) oxide since

there was no interference with the emission from the metallic sd band. No

4f level emission was observed for the Ce(lV) oxide since the 4f electron

then is participating in the chemical bond.

All presented spectra are consistent with a 4f level position in y-cerium

of 1.9 ± 0.2 eV.
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In earlier communications ' ' the interaction of cerium with oxygen

was reported to lead to a thin protective oxide surface layer. The only

remaining question was, what kind of oxide is formed. However, the con-

clusion that a protective layer was formed was drawn rather from general

considerations of the nature of the chemical bond than from experimental

evidence.

Both questions are reconsidered in this thesis. From the vanishing of the

sd band emission it has been concluded that the oxide formed on cerium

upon large oxygen exposures is growing thicker than the electron escape

length (=20 Å). What kind of oxide that is formed is concluded from

valence band and core level spectra. When cerium is exposed to oxygen at

room temperature OeJ^-z i a formed. The sd band is depleted when forming

the chemical bonds and therefore the valence band spectra show no sd band

emission while the 4f emission is approximately unaltered. The 3d

spectrum shows a satellite structure similar to the spectra from the

other trivalent light rare-earth oxides. When cerium is exposed to oxygen

at elevated temperatures CeO is formed and the 4f emission vanishes. The

3d spectrum then shows satellites very different from those observed for

trivalent rare-earth compounds.

The metals lanthanum, praseodymium and neodymium show similar behaviour

upon interaction with oxygen at room temperature as cerium, except for

the fact that cerium can form tetravalent compounds.

There is some evidence that the oxide layer thickness is growing logarith-

mic ly with increasing exposure on all four metals. This conclusion is

supported both by the 3d and oxygen 1s spectra. However, a linear growth

cannot be ruled out because of the scatter in the data points.



5.2 Remarks

The changes observed in the spectra upon oxygen exposure have been

discussed. In principle one should relate these changes to the oxygen

uptake. This point is important for substrates with a low sticking

coefficient. Considering the initial oxidation of light rare-earth metals

one can suppose a sticking coefficient of approximately unity. However,

at higher exposures the velocity of the chemical reaction is governed by

the diffusion of oxygen through the oxide layer surface. In this

situation a measurement of the oxygen uptake would be of advantage.

The experimental width of the sd band and the 4f level may depend on

structure. A determination of the structure of the probably polycrystal-

line metal films was beyond the scope of this thesis. However, the

question what is the inherent width of the 4f level can only be separated

from interference with effects due to structure by angle resolved

measurements on single crystals.
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APPENDIX

The raw data and the calculated background of the 3d spectra of La, Ce,

Fr, and Nd from metals and oxides
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Pig. 4.14b: XPS (hv = 1253-6 eV) spectrum of the 3d levels of cerium(lll)

oxide together with a calculated background.
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Pig. 4.15b: XPS (hv = 1253.6 eV) spectrum of the 3d levels of

praseodymium oxide together with of a calculated background.
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Pig. 4.16b: XPS (hv * 1253.6 eV) spectrum of the 3d levels of neodymium
oxide together with a calculated background. o
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Fig. 4.21b; XPS (hv = 1253.6 eV) spectrum of the 3d levels of cerium
from CeOp together with a calculated background.


