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ABSTRACT

The present thesis is mainly concerned with the X-ray
emiasion spectra of vanadium, titanium and chromium-
compounds. The high and the low-energy satellite 1lines
associated with the KB, ; emission band are investigated.
Variations in the energy, shape and intensity of suich non-
diagram lines with the oxidation state of the X-ray emitting

atom are presgnted and discussed.

Al especial attention is alseo focussed in the
determination of the KB/K0 intensity ratio. Although KP and
Kit lines are asspociated with transitions between inner core
electrons, the influence of the chemical Eorm of the X-ray
emitting atem and the type of ligand present in the melecule

upoen the Fipal ratie is investigated.

The techniquesz X-ray emission and X-ray photoelectron
spectroscoples are combined to give a complete wpicture of
the molecular orbitals formed by the chemical association of
atoms in the compound. The most commen structures which use
d wvalence’ orbitals for fufming molecular orbitals are
tecrahedral andg octahedral. Both configurations are
discussed in some detail, and the spectra coencerning each

individoal campound are examined separately.
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CHAPTER I

INTRODUCTION

1.1 Purposes of the Present Research

The main purpese of the present researck 1z to study
the "chemical effects" in the X-ray emission spectra of some
transition elements in different compounds. By "chemical
effect" we mean the influence exerted by the valence band
electrons on the X-ray emission spectrum of the molecule
under consideration. These "chemical effects” can be
vbserved not only in the spectral lines directly invelvead
with valence electrons, but also in spectral lines which

originate in inner-shell’ electron transitions.

The elements investigated were firsc-row transition
metals, where the d orbhital is partially Eilled,
e.q. titanium, vanadivm and chromium. In hnaeture these
elements are found- in compounds with widely varied oxidation
states, Consequently, they should provide E;C611Eﬂt examples
for studyinﬁ the so called "chemical effects" observed in

emission spectra.

It is well known that a formal change in valenge of a
transition metal gives rise ta variations ip the radial
Funetigns of itq atomic srbitals. We shall investigate if
these wvarlations result in intensity differences in the
emission lines HKa and KB. For this purpese we shall study
the KO/Ka intensity ratioc in terms of the valence state of

the emitting atom. <Changes in Kg and K peak energies and

shapes will also be analysed.
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I.2 Historical Survey

I.2.1 Discovery of X-ravs and Early Works

It was In the course of a2 systematic attempt to see if
any radiatioen could be produced which would traverse matrer
opaque ko ardinary light that Roentgen discovered X-rays in
1895. fThe X-rays were so named by him dus to their unknown
nature. Basides producing luorescence in ‘certain salts,
these rays ware found to affect a photographic plate and to
ionize gases, s0 that three methods, namely the visual, the
photagraphic and the electrical, could be employed in their
exanination. Roentgen (1898) classified his tubes as "hard”®
and "soft", terminology applied to X-rays today. The hard
tupes . had a lower gas pressure than the soft, The potential
difference reguired to generate X-rays in the hard tube was

higher and these X-rays were sStronget in penetrating power.

It was Ssoon recognized that the properties of X-rays
could be explained if the X-rays were assumed to De
electromagnetic waves of wavelength much smaller than that
of light. Many attempts were therefore ;ade to investigate
the diffraction of X-rays by passing them througqh a narrow
slit {[Haga & wind,ﬁlﬂﬁﬁ; Sommerfeld, 1988; Walter & Pohl,
1509) . Sommerfeld ({1912} malculated the . effective

wavelength of hard X-rays. finding i x 1H'g cm the

wavelength of soft ¥-rays was Seé&én to be measurably greater.

The X-ray diffraction technigue began with the ¢lassic
experiment of Friedrieh et al ({1%12), 1in which the
remarkable fackt  that crystals act as suitable gratings for

diffracting X-rays was discovered. From this discovery has
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grown, on the one hand, a surprisingly exact knowledge of
the stroecture of many crystals and, on the other hand, a
means of studying X-ray spectra which was comparable in

precision with other methods of optical spectral analysis.

The first measurements, which indicated a relaticnship
between X-ray emission and the atomic numher of the emitting
atom, were performed by Barkla {1911), who demonstrated thart
different "hardnesses" of radiation were emitted, depending
upon excitation and target characteristics. It was in fact
Barkla who propeosed the line series nomenclature K, L, M,
ato, s£111 in use today. But the researcher o whom much
credit must go for the confirmation of the relationship
between wavelength and atomic number is Moseley (1914). He
showed tha% the characteristie wavelength A for each element

in the perigdic table is related t¢ the atomic number Z by ¢

1=K(z-0) (T.1)
A

where K i8 a constant depending vpon the spectral series and

O is the shielding constant.

Bragg {1912) suggested a simple interprétatiﬂn of the
Aiffraction as arising from "reflection” of the incident X-
ray bheam from the planes within the trystal. He verified
this interpretation by refliecting X-rays from the c¢leavage
planes okf mica sheeks. Bragg's eguation for X-ray

diffraction iz :

nh = 2d sip @ , {I.2)
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where n is an integer, & is the angle of incidence of the X-
ray beam with respect to the crystal plane, and & is the
distance between adjacent members of the set of diffracting
planes, Within Bragg's eguation lies the basis for the two
major branches of X-ray analysis, namely X-ray diffraction
{the study of crystal structures using radiation of Known
wavelength) and X-ray spectroscopy {(the analysis of X-ray

wavelength using a crystal cf known dimenszions).

1.2.2 Development of Quantum Theory

During the period referred to above, guantum theory was
also concelived, Planck (190@} was able o announce the
mathemaﬁical form of the law which governs the energy
distyibution. He discarded the precept that energy was ko he
assumed as strictly continucus and suggested that an
oscillator could acqguicre energy only in discrete upits
called guanta . Planck Intreduced the postulate that the
magnitude of the guantum of energy E is not fixed, but

depends on the freguency ¥V of the oscillater :
E = hv ¢ {1*3}

where h, Flanck's constant, has the dimensicn of energy

times time.

Einstein {1985) extended Planck's concept of guantilzed
radiation. Einskein brought back the concept of a
corpuscular unit of radiation, eor photon, as it is now
called, in his effert te account for the phetaelectric

effect. Acceording to him, the maximum kinetic energy of the
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chotoelectrons observed when light

{photeelectric effect)

the 1light as it would be

elactromaqnetic theory, but

Einstein's equation

is an expression of the energy conservation for

conversion of one photon {hv)

{mv2/2}) of one photoeclectron.

is net dependent on
expected

only

inte

13
Falls on & metal plate
the intensity of
classic

from

on the frequency..

{I.4)

the energy

the kinetic energy

The B constant represents the

wotk required to remove the electron from the metal.

In order to understand the meaning of the remarkable
reqularities observed in X-ray specktra, Bohr*s theory
£1913) of the crigin of spectral lines must be gconsidered

at this point. Its essential feature
the atom may exist in any of a series
that no radiation is emitted while it
When the atom changes from one state

energy, however,

the lost
unit, er guantum. If W; is the energy
initial
the frequency of the emitted

ralation -t

The

photoelectric egquation (I.4)

state of the atom 1is Ehe state of least possible energy.

radiation

iz at once evident.

is-the assumpkion that

of discrete states and

.1z in a certain state.

tc another of less

energy is radiated in & single

of the ataoam in the

state, and W, in its fipal state, Bohr assumes that

is given by the

{1.5)

similarity between this expression and Einstein's

The normal

In
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this conditioen the atom cannot radiate, buc may absorb
radiaticon with a resuclting change to an excited state of

higher energy.

De Broglie (1924) was able to show that the dynamics
of any particle might be expressed In terms of the
propagation of a group of waves. That 1s, the particle might
be  replaced by a mathematically equivalent train of waves,
as.far as their motion is concerped. The motion of a
particle 1in & straight line is represented by a plane wave.
The wavelength is determined by the momentum of the

particle. Thus, just as the momentum of a photon is :

hv = h (I.6)

n
-

50 the wavelength of a moving electron is given by :

A=h_ . (1.7)

mwv

4 fundamental belief of classictl mechanics was that it
iz possible to measure simultanecusly the position and the
momentum of any body. However, In wave mechanics, based on
the de Broglie equation, this concept was replaced by the

fameus uncertainty principle . Thls states that 1f the

wavelength or frequency of an electron wave is to have a
definitce value, the wave must have ap infinite extent. The
uncertainty principle was first stated by Heisenberg in 1926
fKauzmann, 1957) and can be expresscd in tocrms of energy
and time, as follows :

coMIScAG RACIONIL LE ENERGHA NUCLEAR/SP - \PEK
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AEAE 3 h =4 . (1.8)

2T

Schrodinger and Heisenberyg independently discovered the
basié principles for &8 new kind of mechanics, which provided
mathematical technigues competent te deal with the wave-

particle deality of energy and matter {(Pirac, 1964).

I.2.3 Effects pf Chemical Combination in X-ray Spectra

Tha :equipment used in the first experiments of X-ray
emission spectroscopy did not allow the analysis of elements
which were net in the selid state, under pormal temperature
and pressure conditions. Heneg, when the element appeared in
the 1liguid or in the gaseous phases, its analysis was done
by means of one of its chemical compounds In the solid
state, It was not believed, at that stage, that the ligands

might have some influence in the spectral lines obtained,.

The First evidence that the chemical state of the
element under consideration did influence the X-ray
absorption spectrum was obtalned by Bergengren {1928).
Lundquist (193%), on the other hand, was the [irst to
observe analogous effects in X-ray emission spectra, when he
investigated a series of sulphur XKp spectral lines. Deodbar
{1931) discovered new spectral lines, which were emitted
just by some compounds of an element and not by all of them.
e thus proved the cxistence of npew coergy levels in an
atom, when it is linked to one or more different atoms.
Skinner ([(1948) verified that the effect of the chemical
combination was clearer when transitions originated In the

valence band were investigated, that is, when soft X-rays
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were analysed. As these lines are generally of low
iﬁt?nsity, the samples were excited by electron hombardment.
Such a way to excite the sample presepnted a sSerles of
inconveniences, the principal of these being the possible
deterioration of the sample. Technnlagical gdvances were
essential for the development of X-ray spectroscopy as a
powerful means £for the expfanatiﬂn of the electronic

structure of metals and related combounds.

White a2t al (1867) surveyed the data op te 1967
referring to the dependence between the binding energy of an

electran and the chemical state of the emitting atom.

I.3 Theoretical Aspects of X-ray Emission Spectrascopy

I.3.1 Basic Theory

When radiation of sheort wavelength interacts with
matker, iz can cause elegctrons to be ejected (Eram the
cocupied orbitals). The high-energy electromagnetic

radiation normally conzists of vy-rays or X-rays.

il

X-rays are =lectromagnetic radiation in the wavelength
range 5424 A to 1 A. An Ai-ray tube is aperated oy
accelerating electrons to high energy and then allaowing them
to strike a metallic targer. Inside the targer, the
interaction between the incident electreons and the atoms can
occur in two distinect ways., Firstly, the electrens may be
strongly affected by the fields of the atomic nuclei, so
that they are thep deflected, giving rise to the continuous
radiation for bremsstrahlung radiation}., BSecondly, the
electrons can cause the ejection of a bound electron,

COMISZA0 NEGIGNA NF Frememie ...
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leéving a hole 1In the target atom. Then an electron of &an
outer shell can fall irto this vacancy and a dgquantum of
radiation will be enitted. As a consequence of these two
processes, the J-ray spectrum of the target material will be
formed by the characteristic of the target atom superimpased

on the centinuoius emission.

hv e

- -
{a—
Y/

phutcelect?dn spectroscopy

Exin= BV~ Epe ™ Popees

SN

N
M
L
K

J— N N
- & FI;J M —0- 4f/ M
. i — L — L
-
— o— K o K
X-ray emission Auger spectroscepy
hv*={EhK—EbH} Emn“{Enx_zEbm}

Flgure I.1

Basic excitatien and de-excitation processes

The process of displacement of sne electron from its

criginal state is called excitation , Figure I[.I illustrates

the ejection of an elecctron from the K level by an incident
photon of energy h¥. The Kinetic energy of the ejected

electron will be equal to h¥ - E -tpuuﬂ ; where E,, is the

binding energy of the electron in the ¥ shell and ¢Hwﬂ is
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the spectrometer work funcrien. The atom is thep said te be
in the excited state K'. The study of these éjected
photoelectrons, whose guanticy and energy are characteristic
of the individual meolecular erbital from which they
agriginate, is called photoelectron Spectroscopy. This topic
will be discussed ir more detail in section I.4, The excited
ign can relax through wvarious precesses, two of which are

predominant, Figure T.,l illustrates the basic progesses of

X-ray emission and Auger spectroscopy.

According to the X-ray emission process, an outer shell
electron £ills in the existent vacancy, with conseguent X-
ray emission, Here, the electronic relaxatiocn process is
always accompanied by radiation emission whose energy is
egual to the difference between the binding energies of the

shells invelved, which is (E,, - E,,) 1In the example given.

" The second process is quite similar to the first one in
its Initial stage, altheugh the radiation produced by an
electronic transition from an outer shell is net emitted,
-but can be regarded as being used, for a3 new ifonization
within the atem. Such a process, illustrated in Figure 1.3,
is known as Auger process. In this case, the electron will
have an enecgy approximately egual to the relaxaticn enerqgy,
Eyx — By (in  the given exemple), less the energy reguired
for the ejection of kthis electron, i.e. the binding energy
of the ejected electron in the presence of a hole in the #
level . The Auger process leads to the formation of two orf
more vacanciés in the outer shells, This double vagancy
could eventvally be responsible for the formation of

satellite lines.
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1.3.2 Selecticn Rules and Diagram Lines

The nomenclature mwost commonly used to describe the
various X-ray lines depends upon the primary vacancy. Thus,
K spectra result from the relaxation of an atom w.ith a
vacancy in an arbital with principal quantum number 1, L

spectra refers to principal quantum number 2, and so on.

Bas Y,
NIII B N Pz
2,5 2
Nu - pln
Ny - 5 2
a
M\r T <+ 'TL d %72
B, a;
Mw B T 8, T ) d kTF;
!
Mm 8 B ' — P
3 4
Mll N _— puz
Ml '_F T . - %
[ R ]
Lm . i JI P a2
a
L” 2 ¥ ? i p”f
LI :..b_ X J 5 g2
I { series
K q‘- +_ ‘lir ¥ ‘ﬁ' !}' 5 12
. v
K series

Figure I.2

Princlipal X-ray emission processes for the lighter slements
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- &n inner wvacancy can of course be filled in by
transitions from a variety of less tightiy bound orbitals.
These are denoted by Greek letters further differentiated by
Arabic npumerals, Thus, a 2p —-—-—4 ls transition could give
rise to two pessible ¥-rays of similar energy, depending
upan the £final electronic state of the ion P, of B,
These two X-rays are Kq, and Ka,. When the two peaks are not
resalved, the subscripts are written together. The symbols

used for the principal X-ray emission lines are summarized

in Figure I.2.

Another description of the ions in use is based on the
orbital notation. The principal guantum number {n) and the
orbital! angular momentum {£) of the ejected electron are
used te describe the electronic transitiocn, together with
the spin-orbit coupling which splits the energy of each
ienic state. The transition Ku1*2, for instance, will be

described in this netatieon by ls —Japzpjn and ls ~—4:2p1!2.

The intensicy of a given spectral line is determined by
the transition probability, that {5, the preobability that

the system will change from a2n initial state to another one.

In several problems, particwlarly those dealing with
emission and absorption of radiation, it 15 necessary to
estimate the effects produced by a perturkation which is a
function of the time. The rete of photoemission is described
in terms of a perturbing Hamiltonian e¢perator H', such that
T, the transition probability matrix, 1s given by {(Evring et

al, 1967}

T =I Wi oH' W, at (I-9)
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where W, is the wave function of the £inal state;V; is the
wave function of the initial state and H' is defined by :
H=H, + H' r .18

where H_ 1is the Hamiltonian far the system in absence aof

perturbation and H is the Hamiltanian for the perturbed

SYstem.

The wave functions for an atoem can all be classified as

being even or odd . An even wave functicn is defined as one

such that W{x,y,z) is egual to W(-x,-y,-2}, that is, the
wave function is unchanged on changing the signs of all the
positional coordinates of rthe electroens. An odd wave
function is defined as one sech that  Wi{x,v,z) is equal to

~Yi-x,-y,-2).

It is verified that the only transitions accaompanied by
the emissian or absorption of dipole radiatien which can
ogcur are those hetween an even and an odd state {an even
state being one repreésented by an even wave functien}.
Conseguently, the integral of eguatien {(I.9) will vanish in
case both W; and W are either even or odd, but it is not
reguired to vanish in the case that one 1is even and the

other odd.

The above discussion leads to the very important

selection rule that transitions with emission or absorption

of dipale radiation are only allowed betwsen even and odd
states. The one-electron wave functions are even for
t -0, 2, 4, ete (s, d, g, etc orbitals) and odd for

1«1, 3, 5, etc {p, £, h, etc orbitals). The electric-
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dipole selection rules can then be expressed as :

An 3 1 ; (1.11)
Al = ; {1.12)
Ay = £1, @ ; (1.13)
As = @ . (1.14)

This means, for instance, that a vacancy in a p orbital can

only be filied by transitions from s and 4 arbitals.

The observed characteristic X-ray emission lines which

obey these selection rules are called diagram lines . Bll

the others are named satellites . DSatellite 1lines are
therefore defined as peaks whose origin cannot he explaired
as a straightferward consequence of the various enerqgy
levels of the neutrai atom of molecule. These satellite
lines can have higher or lower energlies than the main peak
but they are rarely very intense. Some satellite lipes
result Erom gquadrupecle transitions in accordance with the

selection rules :

AL

Il

@ or +2 ; {I.15)

A3 B, 1 or +2 N {I.1l&)

It can be demonstrated that the dipole tramnsitions are by
£ar the strongest. In fact, they are lﬂ2 times more Intense
than the next strongest lines, due to the guadrupole

cransitions,

The single ionized states formed beilwre and after the

emission of a photan have a transient existence. The
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probability of an electronic tramsition is given by tﬂe
Einstein equation, which shows_a dependence upon frequency.
i relaxation process which ipnvelves the emission of a highly
energetic guantum will proceed more rapidly than the
emission of a less energetic guantum. Typical lifetimes are
of the order of 1677 - 19°'% seconds {(Sevier, 1972). The ion
witich results after X-ray emission will alse have a
characteristic lifetime, but this will be relatively longer,
since lower energy processes are inveolved in its decay. The
consideration of lifetimes is of importance because of the
relationship between the uncertainty in the energy of the
emitted X-ray (natural line widtk) and the lifetime of the
shortest excited state, The short lifetime At of an excited
state limits the time avallable to determine the energy of
this state, Therefore, there is an uncertainty in the energy
described by the Helisenberg uncertainty principle :

AE At = H ~ 6.6 x 187" eV sec . (I.17%)

where AE is the natural energy width of the level and At is
the lifetime of the state, Such values are important as they
give an indication of the resolution which can be

experimentally achieved.

I.4 Theeoretical Aspects of X-ray Photoelectron Spectroscopy

The quantity measured in photoelectron spectrascopy IS
the kinetic energy required for the removal of electrons

from different atomic and melecular arbitals. The

LTiffan s Al b oo mial
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fundamental egquation for the photoelectric process is based

on the energy censervation principle :

kin T ® speat - (1.18)

According to the scurce of radiation, which has to be a
flux of nearly monoenergetic radiation with mean energy hv,
photoelectron spectroscopy can be divided inte twe main
areas : ultraviolet photoelectron spectrascopy (UPE) and X-
ray photoelectron sSpectroscopy ({usually Known as XPS or
ESCA), In the former case the incident radiatien is provided
by photons from rare gas resonpance radiation, e.g. He I
21.2 e¥, He II 46.8 eV. This energy is only sufficient to
iorize valence band electrons of the molecule, which are
involved in the chemical bonding. The latter technigue,
which normalily utilizes Mg and Al X--ray tubes is mere
appropriate when wa intend ta study both the valence and the
core electrons at the same time. The most intense line
emanating from such kubes is the unresolwved Kﬁhz doublet,

" reswvlting from the — 1z transition In the

zpifz,jfz
metallic ancde. For Mg and Al these X-rays have 1253.6 eV

and 1486.6 eV, respectively.

IT.4.2 valence and Core—electron Levels in Solids and Gases

Normally, when the element te be analized is an
isplated atom flike a monoatomic rare gas) the
photoelecsror ejection will give rise to peaks which are due
to specific states of single-icenized ions : 1s , 25 , etc.
In same cases, the egxistence of different energy levels in a

final ionic species is verified. These levels are due to
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electranic ipteractions within the species itself, like the

spin-orbit coupling.

Spin-orbit splitting is a process that arises from a
coupling eof the spin and orbital angular momenta. For
orbitals with + » 8, there are a number (24 + 1} of
equivalent ways in which the orbitals may be criented in
space, In the absence of ap elactric or magnetic field,
theze aorientations are degene;ate. Ionization, however, will
cause the Fformaticn of & hole in apn inner shell, giving rise
tg a splitting of the degenerate levels. Thus, for an
especial case of one hole in an otherwise clesed shell, a

new guantum number {3) can be defined :

i=tr) . (1.19)

T3

No spin-orbit splitting occurs for s subshells, fer which
j =+ 1/% , since the energy is propoertional te the absolute
magnitude of j. The relative intensities of the

photdelectron lines are given by 2£ and 2¢ + 2.

TE we start dealing with molecules instead of
monasatomie gases, we realize that the valence electrens are
in principle wvery different from free atoms, whereas the
core <lectrons are almost the same. The wvalence band
electrons will be strongly affected by the ligand atoms due
to the formation of molecular orbitals. The photoelectron
spectra uf core electrans, on the other hand, will merely
undergo a displacement in energy, giving rise to the
phenomenan known as "chemical shift". That “"chemical shifts™

were actually due te shifts of core lavels, rather than
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changes in the reference level, c¢ame from experiments on
substances containing one type of atem in different
positions {Hagstrom et al, 1964)}. Three possible effects are

responsible for these "chemical shifts" changes in

valence, ligand and lattice configuration. The charge of the
valence shell is by far the most important of them. In fact,
the basic physics of ceore-level binding energy shifts can be
upderstood in  terms of shielding of the core eiectrgns by
gleckrons in the valence shell, When the charge in the
valence shell changes, this shielding will also change. We
can consider a model of a Eree ion as being core electrons

inside a spherical charge shell of valence electrons with

radius R. The potential inside the sphere is :

Vi =0 (I.28)

where : Q elecktric charge;

R = atomic radius;

<
i

Q potential energy of a core electron, dug to the

valence shell.

The binding energy shift can thus ke written :

B{B.E.}) ~ - 8V, ~ -840 (I.21)

=

where A{B.E} = binding energy shift.
If the charge § has been remaved, all core-electren binding
energies will be increased by this amount. The binding

energies will decrease by Q/R, if the charge § has been
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added.

There are other effects which are also chserved in XP5™™ 7
spectra of chemical compounds, namely :
- spin-orbit coupling in open shell systems;
- electron shake-—-up and shake-off processes;

- multiple excitation due to configuratien interaction.

I.4.2.1 Spin-orbit Coupling ip Qpen Shell Systems .

There are many compounds with unpaired electrons which
present a component of spin or orbital angular momentum,
even before the jonization. That is the case, fer instance,

c} the trapsition metal compounds, which possess the d
arbital not completely filleé, ard of the rare earths and
actinides with their unfilled f orbitals., In these cases,
the problem of multiplet splitting wiil be far more complex,
a; the coupling between the electroqs of the valence band
with unpaired spins and the hole arising from the ionization -

will lead te the formation of more than one final state.

The first photoelectren spectra obtaipned for transition
metal compounds were taken by Fadley et al ({1969, 19278}, who
measured ;plittings of core-electron binding energy for Mn
and Fe compounds. To understand the origin of these
splittings we have to consider kthe Ma?* ion configuration
[ {core) 352 3pb 345 ] whose greund state s P5. If we remove
one electren from the 35 shell, the ion will pe left with an
additional unpaired electron, which leads to the foermakiaon
of two possible final states : [{core) 3s'(t) 3p% 3d% 1 and
[{core) 3s'(}) 3pE 3d® ]. In one of these two fipal states,

?S, the 35 electren can be considered as having its spin
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parallel to those of the five 3d electrons, whereas in the
ather one,ss, the 35 and 3d electrons will present
antiparalle] spins, Because the exchange interacktion acts
only between electrons with parallel spins, the 'S energy
will be lowered relative ko the 55 energy ({S5later, 1964).
Experimental rescvlts indicated a core-electron bkinding-
eneryy Splitting of ~ 6.5 eV for the 3s level of Mp in  MnF,

and MnQ {Fadley et al, 1569, 1978}.

Freeman &t al ({1974 have extended this study by
pecforming theoretical calculations of the multipliet
structure of the c¢ore-electron binding-energy splittings.
They obtained 11.3 eV for the isolated Mn? ion and 6.8 ev
for the MnF;' cluster, This calculation, 25 well as those
for miFg‘ (El11is et al, 1968; Moskowitz et al, 1973) led to
higher splictings than the expesrimentally observed wvalues,
This can be partially explained because in a molegular bond
the unpailred electrons in the wvalence shell will be
influenced by the covalent bonding effects, decreasing the
overlap between the copre and wvalence electrens. The large
redugtion in value for the 35-3d exchange splitting in gqoing
from  free ion to & complex can alse be explained by the
decrease of the exchange inteqral between the 35 and 3d
orbhitals, caused by an increase iIn the 3d shell radius, due

te the cluster formatien {(Clarver et al, 1972).

S50 far, we have been discussing the rultiplet
splittings which occur in the 3s-~s5hell. If we now consider
the 3p reglion of the spectrum, we realize that the resulting
splitting is not so simple as that opserved in the 35 regiaon

{Briggs et al, 1974; Nefedov, 1266; Tsutsomi obF al, J8GHE).
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The effects will be more complicated because of the
possibility of coupling both sSpin and orbital angular
momenta in  the core-ionized state. The orbital angulaf
momentum of the 3p electron permits several L-S c¢ouplings
within the 3p®-3a° configuratcion, giving rise to four
possible final multiplet states. Fres—ion calculations of 3p
splittings for Mn?* vield results in gualitative agreement

with the experimental data for MnF, {(Fadley et al, 19€9).

1.4.2.2 Electron Shake~up and Shake-off Processes

The other phenomenon leading to a multiplicity of final
glectronic states is cancerned with nmultielectraon
grcitation. Ceonelusions about the origin and relative
intensities of these multielectron spectra can be based on
the "sudden approximaticen®., The fundamental assumption 1is
that _the primary photoabsorption process (which excites a
core electron frem an inner shell into a continuum
photoelectron state) occurs Sg rapidly that the valence
electrons do noet have time to adjust to the change in the
potential. The initial state #£nd the electrons which will be
left after the ionizatioer can therefore be described by the
same wavefunction, accerding to Kooepmans's theorem (1933).
Thié theorem states Lthat the ionization potentizl of an
glectron is egual te the negative energy of the corbital from

whence it comes

1%, = = E(V;) . {1.22}

Koopmans*s theorem can be applied in both X-ray

photoelecreren and X-ray emission spectroscopy eXpvliments.
romiss e NARINNY OF ENERGIA NUCLEAR/SSP - IPEN
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One of the limitations of the appreximation is that it
neglects the relaxation energy and treats the electronic

orbitals as though they were unchanged or "frozen” during

the ionization,

Several authors (Aarons et al, 1973; Coulthard, 1967;
Hedin et al, 1969; etc}) observed that the determinatior of

the iconization energies of inner core electrons iIs more

accurate if the relaxation energy invelved in the process is
taken into account. No improvement was found, on the other

hand, for the outer core electrons . Generally speaking, the

cenclusions achleved by these authors show that the
relaxation energy becomes more evident as the electrons are

more tightly bound.

=
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Figure I.3
Shake-up and shake-off structure in photoeleckron spectram

of core shell of necn (from Carclsen, 1875)°

As a result of the ejectien of a core electron, the

Coulombic poteptial felt by the outer electrons will be
altered. This "sudden" change may cause the excitation of a

valence electron to a higher previously unocgupied orbhital
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felectron shake-up) orf to the contipuum {electron shake-
off). Beth processes can be regarded as taking place
simultaneously with the photoelectron ejection. Figure 1.3
gives an illustration of a satellite structure arising Iin
photeoelectron spectra of core shell ef neon. In this figure,

the shape of the shake-off spectrum has been exagerated far

viewing purposes,

Studies of electron shake—up and electron shake-off
following phat?ionizatian have been reported to appear in
XP5 of a large number of subsctances, from simple atoms
tCaLlsnn, 1967; Hrause et al, 1948, 1972) to more complex
molacules, as rare earth and uranivm compounds {Jergensen et

al, 1972; Wertheim et al, 1%72).

The energy balance for a two-electron transition in
wvhich double ionization occurs (shake-off event) can be
understood in the same way as for the shake-np excitation.

The energy of the final state will be reduced hy

E, + E2 = hv - E, - Ean. = gonstant . {I.23)
where (&, + E2} iz the zum of the kinetic energies of the
ejected electrons; hY 1s the pheton enercgy; £y, is the
binding energy of a K electron and Eug) 1s the ionization

energy of a np electron in an atem with a hele in the K

shell,

Usually, shake-up and shake-off satellites appear on
the higher binding-energy side of the main peak. In £first--

row transition-metal compounds, these satellite peaks

normally appear less than 15 eV away from the main peak.
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Frost et al (1972) and Brisk et al (1975} obtaiped
satellite peaks for Cu®* apd Mn®* ions, respectively, whose
intensity was almest the same as the corresponding main

peak.

dcecording te what we have been discussing, the
characteristic electron energy-loss spectra of many
compaunds can be attributed te excitation of the electrons
helonging to the valence band. In some cases, haowever, the
Coulomb interaction between these electrons can result in a
collective oscillation at a high frequency. When a charged
parcticle excites s;ch collective oscillations, the energy
transfer will be related to all the electrons that are
cooperatively moving, causing a collective loss of energy.

The process 1is kpown as electronic plasmon sscillation and

is extensively discussed by Pines (1956} and Best (1962).

1.5 Auger Transition

Meitper (1922) and Robinson {1923} Eound that atoms
ignized in inner shells emit moncenergetic electrons, with
energies which do not depend upen the manner in which the
atéﬁs are ionizeq, Later., in 2 classzic series of
axperiments, Auger (1925, 1924) produced direct pracf that
atoms ionized in inner shells emit electrons whose
transitions are not accompanied by emissien of radiation.
These electrons were later named "Auger electrons". Auger
found that the production of these electrons was not
dependent on the energy ef the incidemnt X-rays (h¥), in
contrast with photoelectrons, whase energy was dependent

tpon h¥. He also verified that the rate of production of
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;Huger elecktrons" increased with the atomic number (Z) of
the target atom, despite the fact that the process did rnot
always accompany the ejection of photoelectrons. We can
consider, for instanrce, the transition in which the initial
state has a hale in the K shell, and this vacancy is filled
by an L,; electron with expulsion of an M,,, electron. The
notation used to describe an Auger process is obtained by
the naming of the orhitals or shells in which vacancies
oceur, both in the initial and the final states., In the
exadple given, the emitted electron is referred to as a
KLy My, Auger electron. Enpergetically, this is eguivalent
to the preoduction of an X-ray (2p —u 15 Eransition) which
will in a second stage belrespansiﬁle for the ejection of an
electron from the M shell. The way an Aupger transition
::ac-cu;:s, however, 1% .is rather a two-electron Counlombic
readjustment to the initiazl! hole, In this way, it 1is
possible to explain several transitions which actuvally take
place, although they are not always allowed in the dipole

approximation.

The Auger transition has three important consagquences
in X—ray spectra

- the Auger transition <competes with the X-ray emission
precess in the de-excitation of =zn atom and therefare
influences the width of the X-ray emission lines;

- the Auger transition changes the pesition eof a vacancy
from one shell to another, and therefore influences the
intensity of the X-ray emission lines;

- the Auger transition can be cne of the rcausaes for the

origin of the satellite 1lines in X-ray spectra, as it

Tasmwireese +ha atnam in & ckata AF Armthle fonisatinn,
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CHAPTER IT

EXPERIMENTAL ASPECTS

All spectra presented in this research work were
recorded using a Philips PW1419 flat single crystal X-ray
emission spectfnmeter and 2 Yacuum Generator ESCA 3
photoelectren spectrometer. 7This chapter -deals with the
description of iﬂdividual components of such ecuipment, as
well as of the sxperimental procedure uvsed for obtaining the
spectra. Some aspects concerning the fipite resecliving power
of the spectrometer and hew to improve it are discussed, as

well.

IZ.1l Practical Aspects of X-ray Stimulated Emission

Spectroscopy

ITI...1 Instrumentation

The instrumentation required to carry out X-ray
spectroscopy measurements can be divided into three
principal sections, namely stimulatien, dispersion and
detection of the characteristic X-rays. The primary source
unit, responsible fer the stimulation of the sample, can in
principle be any high-energy particle e.q. electron,
preten, ion or a high-energy phaton, sSwch as an X or Y-ray.
Howadays the majority of commercial X-ray spectrometers are
fitted with primary ¥-ray source consisting of a sealed X-
ray tube. The dispersicn 1s normally achieved using &

wavelength dispersive system, which Is based on the



Chapter Il 35

diffracting property of a large single crystal to disperse
.the polychrematic beam of excited radiation, Finally, we
have the ¥X-ray detector, whose function is to convert the
energies of the X-ray photons into voltage pulses which can

be counted, givirg a measurement of the X-ray flux.

The layout of a conventional A-ray flucrescence
spectrometer can be seen in Figure II.1. Air can be
tolerated bestween the various parts of the spectrometer if
hard X-rays (A < 0.2 nm) are being stuedied, but for softer
¥srays (8.2 pm <X ) vacuum 1Is essential within the
spectrometer. This vacuum is ohtained by means of a single
retary pump and must be better than 18" torr if X-rays

softer than 2 keV are to be analysed.
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Figure II.1

Layout ef a conventional X-ray fluarescence Spectrometer
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fa} X-ray tube

Tha exciting radiation is provided by the
bremsstrahlung and characteristic X-ray lines of a chromium
or copper sealed X-ray tube of maximum power 2.7 kW. In the
X-ray tube a beam of electrons is accelerated on to a target
made of a metal, and this target Wwill emit its own X-rays
and alse a considerable amount of white radiation. This
radiation leaves the tube via a thin beryllium wirdow. These
tubes are evacuated to lﬁ"s tarr. The power is supplied by a
PW113@Q d.c. X-ray generatoer which has the advantage that the
current {maximum of B# mA) and the voltage {(maximum of 5@
k¥) can be independently varied. The efficiency by which 2
particular element can be stimulated to emit its own
characteristic radiation varies with the irradiating
frequency, so that a variety of X-ray tubes are necessary in
order to ensure the optimum conditions fer the detection of

any particular element that may be present in the sample.

"Difficulties may Sometimes arise due to the similarity
between emission freguencies of the X-ray tube and of the
sample, when iV is necessary to use a different excitation
spurce, In chromium containing samples, for instance,
undegirable interference was observed £rom the emission
spectrum of the chromium metal from the X-ray tube. A copper

f~ray tube was used instead to overcome this problem.

"The sealed X-ray tube, however, is not suitable if we
desire te study the soft X-ray lines (energy less than
1g8dev), because of the abserption properties of the
beryllium wi;dnw. Figure 11.2, which shows window

tranamissicn as- a function of wavelength for different
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. thieknessas of X-ray tube windows, clearly illustrates this
pr@blem. From the curves shown, 1t is clear that it is guite
difficult to obtain any excitaticon at all for long

wavelength radiation,
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Figure Il.2
Transmission characteristics of beryllium X-ray tube windows

Erom Jenkins {1974)

In these c¢ases, the rtraditional tube 1is replaced by a
windowless CGR glent lé soft X-ray tube. The Elent 10
apparatus comprises a cold cathode windowless tube, an
electrical Supply unit andg an internal-pressure
stabilization device, The anode i5 combosed of sSolid
tungsten continuously water cooled. The cathcode 1s composed
of pure aluminium, the discharge being produced within a
fused silica insulating tube preovided with a hole threough
which the radiation passes. The back of the tube comprises
the high veltage connectien and the air inlet for pressure
stabilization., The discharge takes place at a gas pressure
of 4x18°% torr and it is controlled by the air entrance at

the back of the tube. This air leak is governed by an

I:.ﬂMiS'Ef&b HACIGHEL DE ENERGIA NUCLEAR/SP - IPEN
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especial valve system linked ke the tube curcent, so that
anf change in the discharge causes a wvariation in the
current which feeds hack to altér the wvalve setting and
rastore the Eurrent to its original level. *n this maoner,
the X-ray output sheuald be greatly stabilized. Nevertheless,
in practice, we did not manage to ohtain 2 current as stable
as we had wished. The generator supplies the discharge tube
with a stabilized voltage. The normal eoperating voltage and
current lie in the range of 4-7 kV and 3-6 mA, although the

. generator can woerk at a maximum power of 188 W,

{b] Spectromekter

The sample is placed as near as possible to the X-ray
tube, S0 that to receive the éaximum intensity. The
radiation eﬁitted by the sample is collimated before and
after its dispersion by the analysing crystal., The primary
cellimater can be used in either a2 coarse or a fine mode,
depending on the emission intensity of the desired spectrum.
A= we shall zee later, a fine ¢ellimation implies in a
hetter resolution on the final spectruﬁ. The X-tays are then

diffracted according to Bragg's eguation :
nh = 2d sin 8 ) {II.1)

whtere ! n = order of diffraction [integer);
M = radiation wavelength;
d = distance between two diffracting plapes in the
crystal;

8 = angle of incidence (see Figure II.1).

R o ey
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For the detection of the X-rays, the spectrometer is
cqﬁipped with a gas—flecw proporticnal ecounter and a thallium
activated (1%) sodium igodide secintillatien ecounter. The
detectors rotate arcund the crystal axls at & rate that is
twice the rotation of the ¢rystal. In this way, a wvariation
of 46 in the angle of incidence of the X-ray is accompanied
by a movement of 246 by the detectors s¢ as to follow the
reflected radiation. wWhen we want to use the scintillation
.counter, it is not necessary, although it is possible, to
renove the gas—-flow proportional counter and its coellimater,
The efFficiency of the scintillatien counter, however, is
seyarely reduced due to the absorption of X-rays in the
Eront windoew (one micron) and ‘in  the back window (six
microns) of the flow counter. The eguipment geometry is
such  that the scintillation counter cannot be used for 2@

angles larger thanp 12g%.

The gas-flow propertienal counter is placed inside the
vacuum chamber, so that it can be used to detect soft X-
rays. On the eather hang, the scintillation counter is
ocutside the vacuum chamber and this restricts its use to X-

rays with energias larger than 4.5 keV.

The pulses emitted from tha detectors are amplified,
subjected te pulse height apalysis and éisplayed as an
intensity measvurement on a rate meter. When &2 Spectrum is
being scanned automatically, the rate meter reading can be
nsed te operate a chart recorder, which then gives &
permanent -recnrd of the spectrum. The spectrometer is alse
cguipped wikth the facllity +to record automatically a

spectrom by remaining stationary at a specific angle far a
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fixed time, recording the count rate on a teleprinter and
then moving on, by a small increment. This process {"step-
scanning”} continees unti]l a2 complete emissiop band has

been scanned,

iI.2.1.1 Sample Preparation

The compounds to be analysed were finely powdered and
then comprassed into a disk shaée, using terephthalic acid
as a binding agent, for presentaticn te the spectromﬁter.
The disks, with diameter of 3.6 tm and thickness between 2
and 5 mm, were prepared in a ring press. In some cases,
hewever, as in the analysis of the oxygen K spectrum, the
samples were pressed with polyethylene powder or into a
copper mesh, to avoid interference of the oxygen present in
the terephthalic acid. Moskt af the compounds studied in the
present work were obtained from chemical supply companies.
Some, as the chreomium complexes, were prepared in the

laberatory using straightforward technigues,

I7.1.2.2 Collimators .

The angular divergence of a collimator is given by :
49 = 2 arc tan(w/A ) p (II.2)
where w is the collimator blade separation and & is the

collimator blade length.

The primary collinator, placed between the sample and
the analysing crystai, has blade separation of 558 um ({for

the coarse collimation) and 150 H¥m {for the Eine
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collimation). As its length is 12.2 cm we deduce that the
anéular divergence is @.52° ard 0.14%, respectively. The
small ceollimator placed between the analysing crystal -and
the entrance to the properticnal counkter has a rather large
angular divergence (w-= 558 um and £=3 cm}. Its main
purpose is to reduce scattered backgreund radiation, since
few diverging X-rays are aliminated by this secondary
cnllim§tinn. However, the collimator placed in front of the
.sgintil}lation counter has an angular divergence of @8.17°
fw = 158 um and { = 19 cm), which appreciably enhances the
resplution. The increased péth length of the X-rays in this
case is another factor which <contribhutes Eto a2 major

reduction of the divergent heams.

I1.1.1.3 Crystal Choice

The selection and cholce ¢f analysing cerystals depend
on two basic properties : its angular dispersion and its
reflecting power., The angular dispersicn (D) méy be defined
as the variafian of the incident angle in terms of the
wavelength of the incident radiation :

= n . (LI.3)

Hence, D tends to increase as the incident angle gets closer
to 98°. In practice, the cﬁoice will £all, whenever
possible, en the crystal which gives a larger value of 8,
for a eertain wavelength. It s also apparent that, for
different crystals, the dispersing power increases with Ethe

decreasing of 2d spacing, and that the higher the order of




Chapter 1II 47

reflection (n)}, the better the dispersion.

In practice, the maximum possible value of © is 75°,
thus® the maximuin value which sin 8 can take is around §.95.
Therefore, according to Bragg's law, a crystal of very large
2d spacina wouid cover a wide range of wavelengths.
Unfortunately, however, the angular dispersion of such a
crystal for a shorter wavelength would be completely
unacceptable because of its large 2d spacing, A compromise
has obviously £o be achieved and, for this reasch, a range
" of analysing crystals is pearly always employed to cover

adeguately the whole wavelength range.

The choirce musk of course lie on  the basis of
optimizing the reselving pewer [(E/dE), without a drastic
loss of sensitivity., The resolving power can be derived by

gombining Bragg's equation (II.1l) and eguation (IL.3)

_E = - A = — tan 6 . {(II.4)

d A dae

m

where E (eV) = 12398.1/h (A).

Therefore, although the dispersion of a given crystal
improves with the increasipng of n, in practice the best
sansitivity 1is obtained Dby using a crystal of larger 2d

spacing and comparahle dispersion at lower orders.

The angular dispersion of the crystal is not, however,
the only factor affecting the shape cf a line prefile. Just
a5 important are the divergences allowed by the primary and
serondary collimators, as well as the orientation of the

first layers of the analysing crystal. These facters will be
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discussed in more detail in the section concerning the

resolving power of the spectrometer.

IT.1.1.4 _[)_EtECtﬂIS

The purpose of the X-ray detevtor Is basically that of
converting the energy of the x—réy photons into pulses which
can be counted, thus determining the X-ray flow. Two types
of detectors are commenly employed : the gas-flow
proportional counter and the scintillation counter. Both
‘detecting methaeds are based on the X-ray interactien with
the matter the detector iz made of, and its consegquent

lonization or excitatian.

When an X-ray Interscts with an inert gas, cuter shell
electrons are uswvally sjected, giving rise te & positively

charged ion, e2.9. for argan -
Ar __ hV ; Ar + & . (I1.5)

The number of ion pairs produced by the incident X-ray bean
is proportional to the radlation energy E,, and is given
by _:

n=E (I1.6)
£

where E£ 1is the energy necessary for the formation of anp ion

pair.

The gas-flow proportional detector basically consists

of a 32 cm diameter metal bex and a thin tungsten wire

s ewr amuma ml
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(.85 mm in diameter) along the middle of the box, which is
the anode. A mixture of 99% of argon and 10% of methane, at
a little above atmospheric pressure fiows through the
counter, The counter wall is fitted with a thip window
{thickness of one micron) through which the incident X-rays
may enter the propertional counter. This window is protectad
agalinst the external spectrometer vacuwm by the small
secondary collimator. Another thicker window (& Lm) is
placed at the exit o allow the radiation to enter the
_ scintillation counter, 1f necessary. Both windows are ceated
with aluminivm in order to ensure & uniform electric field
inside the detector. Figure JI.3 schematically illustrates

"the qgas-flow proportional counter used 1In the -present work.
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Figure II.3

The gas-flow proportional counter

&n X-ray photon entering the detector produces n  ion
pairs acecording to eguatien ({II.6). The difference 1in
potential between the cathgde (which is earthed) and the

anode wire (whigh carries an initial positive voltage of

. B S
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1.4-1.7 kV) prevents the recombination of these ions and
cchpels the electrons towards the anode. The electrons thus
generated are accelerated towards the anode. due to the
glectric field. The electrons may collide with other arqcon
atoms in their krajectory, in which case part of the stored
energy may be made available, allowing 2 new ionization, The
initiél number of electrons 1is thus muitiplied, 85 the
~electrons get closer to the ancde, where the field is
Stronger. This effect is responsible for a huge
multiplication of the number of electrons (N} which finally

reach the anede (Friedman, 1949}. The gain G I5 given by

G =N=Ng |, {TI.7)

n E

where ¢ is normally of the order of 18° to 12°.

One of the common problems associated with gas-flow
proportional counters congerns the so called dead time. This
eEfect‘ has its erigin in the decrease of the electric field
in the vicinity of the anode wire, due te the relatively
slaw dissipation of the popsitive ieons.' The Ekrue count rate

will therefore be lowered by an amount given by

Il = I‘I‘ﬂ r {II#E}
.]. == Imt‘d
whare : [, = true count rate;
I, = measured count rate;

t, = average dead time value,

Normally, t; is af the order of 1-2 ps.

CARMES AN YMACCNST FE FEFERGN NICTEAD 720 1oen
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Froblems also arise when the energy of the X--rays
enkering the proportienal ecounter is greaker than the
absorption edge energy of the counter gas. This can give
rise to the so called “escape-peax" vhenomena. The resulting
escape peak will bave an  energy that corresponds to the
difference bhetween the energy of the incident radiation and
the anergy reguired to ignize a core electéun of the argon
atom {when the argon Iis the ionizable gas, of course).
‘Therefore, the escape peaks will always he present on the
low-energy side of the pulse associated with a particular %-

ray, with an enerqy attenwation of about 3908 volrs,

IT.1.1.4.2 Scintillation Detector

The scintillation detector consists of two essential
parts : the phospher and the photomultiplier. The first part
is normally composed of 2 sodium iodide crystal doped with
thallium whose fungtion is to transform the energy of the X~
ray photon in a light pulse of appreximately 3 eV of energy.
The energy of the incident X-ray promctes valence hand
electrons to a higher' level. The excited electrons come back
to their original position emitting energy at a longer

wavelength.

45 kthe sodium iodide crystal is highly hygroscopic, the
crystal holder must be hermetically sealed. The beryllium
and aluminiuom window {@.2 mm of thickness) placed between
the cr}stal and the entering radiation prevents wavelengths
abeve 2 A from being measured. In Figure I1l.4 a simplified

drawing of the scintillatien counter is depicted.




WIHDOW

Chapter I1I 47

Ha 1{Ti} FHOTOCATHODE (C=f5h)

ANODE

!
I
Al.-‘e/ ‘ OuUTROT

—— EE— R e

227

b e e e

-
SILICONE
oIL _ Ak A AR A A _

Figure II.4

The scintillatien counter

The X-rays, after having been converted intoe light,
cellide with the S5Sb/Cs photocathode producing electrons.
These electrohs are then accelerated by 3 series of dynodes
to each of which is applied a successively higher positive
potential. The wveoltage pulses which result are then
collected and amplified as in the case for the gas-flow

proportional counter.

In principle, the scintillation counter should provide
3 ‘larger number of ionh pairs per incident X-ray photen than
the proportional ceounter, since the necessary energy to
generate an ifon pair Iin solids is smaller than in gases.
Hevertheless, this advantage is not realized, since losses
are bound to eccur in the process of converting the free
electrons inte light pulses and of converting the light

quanta into eleckrons in the photomultiplier. Due to these
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two factors combined, the nhecessary epergy to produce an
elqﬁtrmn iz approximately 3086 eV. This value is indeed
larger. thap the energy reguired to produce an ion pair in
the gas--flew proportional counter (30 eV). Hence, the
resolution of the scintillation counter is far worse than

that of the proportional counter.

The scintiilation <¢ounter is also subjected to escape
peak interference, mainly due to the ejectien of K or L
electrons Er;m the iodine atoms in the phosphor., OF these
twoe absorpticns, however, the icdine L edge (—~5 keV} does

not interfere too much, since its energy is not within the

normal range utilized by the detector.

I1.1.1.5 Pulse Height Analysis

The pulses provided by the Jdetectors relative to a
given pheoton of energy will not be exactly of the same size,
but will warvy arcund an average value. The pulse height
analyser eliminates pulses which have a voltage above oY
below =a given range, by using a "window" that rejects ali
the wvoltage leyvels which are oot of the range pre-—
astablished. The "window" dimensions are defined by a
threshold on the side of lower voltages and, at the other
end, by an arbitrary adjustment. This unit can also be used
for attenuating the energy of the background 1level that
arises from scatterad primary radiation, and for separating
lines of different orders of reflection which present the

same angle of diffraction (equal sin @ in Bragg's equatien}.

b

————— L
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II.1.2 Experimental Procedure

Faer the Kg and KB lines of all chromium, vanadium and
titanium compounds studied here, the exciting radiation was
provided by the bremsstrahlung and characteristic lines of a
ccppef- ¥-ray tubhe, runhing at 58 mA and 58 kV¥. For the
analysis of the soft lines, the traditional .copper sealed
A-ray tube was replaced by the CGR Elent 1§ X--ray tube,
working at a power of 4 k¥ x 3 mA. In order to cobtain soft
spectral lipes, it was essential to work at starting
. pressuras lawer than 4 x lﬂ_ztnrr- Iin all cases, the photons
were detected with a conventienal gas-—flow preportional
counter in conjunction with a Harwell 2808 series courking

egquipment.

For the hard lines, the spectra were recorded in the
"step—scanning" mode, that 1is, the number of cowenkts in a
given time was printed for interJéls of 28 corresponding to
8.62°, This method ¢f recording the data provides a better
statistical qualirty, as it involves ceunting, at a
particular spectrometer setting, for 2 period of time as

laong as desired.

Nevertheless, we did net manage Lo use Lthe “skep-
scanning® mode for the soft lines, because the X-ray
discharge tube produced interference pulses, which stopped
the step-scanning unit. Therefore, for the soft spectral
lines, the data were regorded by means of a chart recorder,

running at a speed of §.25° (29) per cantimetre.

A AT T - e e ST
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Chapter II
ELEMENT ENERGY | DISPERSING ORDER ANGLE OF
:AND (aV) CRYSTAL OF INCIDENCE
LINE REFLECTION {28)
CHROMIUM
| Ko 5411 ADF 4 118.92°
Kp 5946 ADP 4 183.22°
L 573 RbAD | 111.88°
VANADIUM
Kot 4949 ADP 4 14@.87°
KR 5426 ADE 4 118.36°
La 511 RbAP 1 136.36°
TITANIUM
Ko 4508 EDDT 3 138.9¢6°
Kf 4931 EDDT 3 117.79°
L 452 Fbmyr 1 i8.62°
OXYGEN
K@ 525 RbAP b 126,45°
CARBON
R, 277 Pbmyr 1 69.¢8°
“NITROGEN
Ka 392 Ebmyr 1 47.28°
FLUGRINE
Kot 677 RbAP 1 89.87°
Table II.}

Energy,'ﬂispersing crystal, order of reflection and -angle of

incidence used for the analysis of X-ray lines

(from White & Johpson,

1973
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CRYSTAL CRYSTARL d
DESIGNATION | NAME SPACING
o
(A)
1 EQDT (B23) ETHYLENEDIAMINE B.H1
D-TARTRATE
ADP (161) BMMONIUM lB.Eﬁ
DIHYDROGEN
- PHOSFHATE
ReAP (1808} RUBIDIUM ACID 26.12
PHTHALATE
Pbmyr Pp MYRISTATE 79.68
Table II.2

Analysing crystals used and corresponding d spacing

In order te obtain the best compromise between
gfficiency and resclution, & number of crystals were tried,
as well as different orders of reflections. The best results
were obtained with the conditions described in Takles II.1

and II.2.

IL.2 Practical Aspects of X-ray Photoelectron Spectroscopy

The basic rcomponents reguired teo perform an XPS
experiment consist of a source of X-radiation, which is vpsed
to excite photoslectrons from the sample; the electron
spectrometer, which measures the kinetic enerqy of the
emitted electrans; and, £inally, some form of detection. The
anode matgrials most commonly utilized in XPBS X-ray sources

ate Mg and Al. Both elements give rise ke a gomplex X-ray
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spectrum in which the strengest line {(the unresolved K“uz

doublet) results from the transition 2p,, 3, — 1s. The
other lines present in the spectra are satellite lines whose
origin can be understood as due te transitiens 2p — 15 in
atams which are doubly or triply lonized. Unless very weak
peaks are to be studied, when possible interference from
satellite lines associated with other more iﬁtense peaks can
occur, these satellite peaks do not interfere with the final
spectra. In Mg and Al X-ray *+tubes, the most intense
_ satellites, Ka, and Ko, » occur at about 19 eV above the Kahz
peak and present an intensity of approximately 3% and 4% of
Kﬂhz  respectively. Photoelectron spectra ohbhtained with
nan-monochromatized sources af this type thus always exhibit
a ¢haracteristico double peak at kinetic energies about 19 eV
above the strong Kalﬁ peak. The other satellite lipes can
be neglected, as they are normally less thar 1% of the main

peak in magnituode.

A yery thin X-ray transmitting aluminium window
Separaces the sample and the ancde. This windew prevents the
clectrons scattered from the anode from interfaring in the
analysis, and Eeduces part of the white radiation which is
respohsible for the high bhackground abserwved in
photoelectron spectra. The instrumental resclving pewer of
such an apparatus will theresfore be limiced by the natural
aine width of 1:11»3'1{:1.‘2 iline used. The full width at half-

maximum intensity (FWHM) is about 9.8 eV for Mg Ka,g_ and

8.9 ev for Al Ko, , .

Basically, X-ray photeelectron spectra can be obtained

for samples {n different physical states (gaseous, liquid or
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solid}. The description of the experimental apparatus npsed
ih‘ the present work, however, will be concerned with
analysis of s0lid samples. Indeed, all the samples studied-
were in  the form of a finely ground powders. The sample
amount which was exposed to excitation normally did not
exceed - a circular region of diameter 5 mm. These samples
were introduced into the spectrometer mounted on a double
sided =sellotape. Unfortunately, this precedure can have the
inconvenience ¢f giving interference peaks in the final
: spectra, especially 1f ocne Is interested in carbhon and

oxXygen peaks,

Inelastic scattering effects drastically reduce the
emission of photoelectrons, restricting the sample analysis
to a mean depth of enly 1§-80 A. Therefore, any change of
the chemicail composition in the first ateomic layers due to
surface coptaminaticon will seriously affect the resuléing
spectrum. In order to minimize surface contamination, it is
important to keep the sample thamber at very low pressures,
approximately lﬁﬂ torr. This is done by using liquid-
nitrogen cooled oil-diffusion pumps. An argon ion gun is
also available in the preparatiocn chamber, directly above
;he target, and can be used to reduce surface contamination
present in the sample. This argeon ionh gun coanslsts of a cold
cathode electron gun with icn beam extraction, acceleration
and focusing, The device must, however, be used with great
care as an exposure of the sample to the beam {28 mA,2-4 k¥
foer only a few minutes can cause serious damage {especially
reducktion} to the chemical composition o©f the sample

surface, interfering in the results.

FIVISCAO NACKCH/L OE ENERGIA NUCLEAR/SP - IPEN
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In Figure II.5 the X-ray photoelectron spectrometer

ué&d in the present work is schematically repgresegnted,

X-RAY IURE

SAMPLE L )

e ALUMTHIUM wWINDOW

I : SAMPLE. FROBE
i
L=

| piapmrap— §

FARADAY CAGE

RETARDING GRID Vg

CURYED PLATES

I @ ELECTRON MULTIFLIER
D__
|

5:

Figure I1X.5

Schematic representaticn of the photoelectron spectrometer

The X-ray tube can be operated up to a maxinmum ofF 993 W

and is cabpable of supplying a voltage potential from @ to 15

kY, and a current of 5, 18, 28, 40 and 66 mA.

The sample preparaticn chamber and the spectrometer
chamber are connected by a gate valve. Before introducing
the procbe inte the spectrometer chamber, the sample
preparation rchamber must be evacuated until the pressure
reaches lﬁs torr. The gate valve between the two areas can

then be opened, and the sample probe is moved into position

by iks own transfer mechanism.
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The characteristic electrons that are emitted from the
taréet material enter the energy analyser through an
entrance siit (S,) after being subjected to a retarding
potentlal (V,}. The ernergy analyser consists of two curved
plates. The electrons passing between these plates will
describe different paths depending upon thelr energlies and
the porential difference (V] between the analyser plates. ¥
gan be pre-set to give analysing energies of 5, 14, 28, 58
and .188¢ e¥. The resolution af the photoelectron peak is
. greatly improved if the analysing energy is decreased, but
the corresponding intensity Is dramatically reduced, as
well. For that reason, ocur experimental work was done using

an analysing energy of 58 eV. :

Considering that the electrons are retarded to an
enerdy -E, by the retarding grid (V,]) and that the anslyser
allows only the photoelecttons of energy E + 8E te reach the

exit slit (5;), the Kinetic energy of these electrons 1s

given by :

Eyin = ER + E +AE . {II.9)

These electrons enter & channel electren multiplier
vhich consists of a smooth curved glass tube cocated on  the
inside with a high resistance material ‘and having a
petential diffsrence between its ends. This detector

amplifies the current by & Factor of 108 .

The pulses are then fed inte a single channel analyser.
The resulting spectrum gan be sScanned over ranges of 1, 5,
18, 25, 108 and 18089 eV in perieds of 30, 160, 398, 1288 and

i0P8 seconds. The spectrum obtained is then displayed by an
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%-¥ recorder on chart paper, the count rate being registered
in . the Y-axis as a function af the kinetic energy in the X-

axisg.

If we are interested in the binding energy <f the
photoelectron, the accurate value of the source of energy
must be known. Fer an aluminium X-ray tube, the binding

energy in a gaseolus sSample will be given by
1\" — »

where EE is the binding energy of the electron referred to

the vacuum level; E,;, 1is the kinetic energy.

For sclid samples, however, the Permi level is usually
a more convenient reference level. For metals, the Fermi
level has the interpretation of being the highest ococupled
level. The work function of a solid (9,) is defined as the

energy separation between the vacuum 1level and the Fermi

level. Thus, an initial kinetic energy (EC., ) at the
surface of the specimen becomes Ein inside the
spoctrometer, 3avcording to the equation :
' F

Ekin = E':l:in - {‘Dspact -¢s] = 1486.6 - E'h _¢sper;t r {11'11}
where : o, = gpecimen work function;

P pect = spectrometer work function;

Eyvin = recorded kinetic energy;

Eg = binding energy of the electraon referred to

the PFermi level.

=T
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For semiconductors and insulaters, however, the problem
of. locating the Fermi 1level is not so simple, as it lies
somewhere between *he filled wvalence band and the empty

conduction hand.

II.3 Spectrometer Broadening., Determination of the True Line

Profile

Both X-ray emiszssion and X-ray photoelectron spectra are
subj;cted te experimental broadening effects. In this
section, we shall study a technigue normally used in an
attempt to eliminate or reduce these effects to supply the

"true—-line" profile.

I1.3.1 £ptrudugj}gﬂ

According to diffractien theory, the lines associated
with a sample aof any polycrystaline species in powder shguld
appear extremely sharp. In practice, however, due to the
combined effect of a series of instrumental and physical

factors, such lines will be considerably broadened.

For the determination of any wavelength (A), the X-ray

line cannot be considered as a monochromatic wavelength, but
rather 1t must be recognized as having a wavelength profile.
The intensity in a small range dA may be described by the

expreszsion :
dl = t(h = Ay) dA ; {I1E.12)

where Rﬂ is the wavelength at the peak of the profile and

t{A - A } is the intensity distribution,
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The true line profile will thus be medified by Lhe
spectrometer characteristics, The effect of any X-ray
diffraction .apparatus -in medifying a pure--diffraction-.

maximum ¢can be analysed by employing the sSuperposition

theorem {Spencer, 1939, 1%49). According to this theorem,
the profile of the cbserved maximom £(N) is the
convolution, or fold, of the pure diffractiqg prefile +£({A}

and the weight function of the apparatus m(A). This

statement <an he expressed as s

gy = [Ty mt Ry an (II.13)
-

where A' and A represent independent wvalues of the

spectrometer setting; f£{A"') is the corresponding intensity:

and m{A' =X) rafers to the total instrumental smearing

function., Since the data are collected in terms of angles

rather than wavelengths, it is convenient to express

eguation (I7.13} in Ethe form :

£(6') =_|wt{gl m(a' - 9) 4o . (II.14)

~
-

The function m expresses the sum total of the apparatus
effects wupon the pure functicon being measured. In general,
the functions £ and w are known and the preblem iz how to
detérmine &; the determination 1is ealled unfolding. This
problem has beaen approached by several authors ({(Jones &
Misel), 19687; Paterscon, 1958; Sauder, 196&; etc) In recent
years. The two most cammqn methods  encountered in  khe
literature £for the unfelding determination are hased eitnher

on the Fourier theory or on the i{terative deconvolution
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theory.

The Fourfer theory expressesr the known fupnctions as
series of harmonie functions {Porteus, 1962; Stokes, 1%48;
Wertheim, 1975). The analysis is based on the fact that the
Fourler transform of a convelution of two functions is the

product of the Fourier transform of the functions.

The iterative deconvolutien method 1s hased on repecated
convolution of f with m te -yield t, in which Eunerical
integrations are performed. This method was proposed for the
first time by Burger and van Cittert (1931, 193Za, 19320)
and has been applied by Ergun {(1968) to X-ray diffraction
prafiles. As this latter approach is used in  the present

work, it will be discussed in some detail in section II.3.3.

Alcthough it was stated that the functiens f and m are
noemally known, the exact determination of the machine
function 1is by no means trivial. It is therefore needed to
study the varicus broadening effects separately, indicating
how they c¢an bea taken into account in the deconvolution

procedure, whether analytically or experimentally.

IT1.3.2 Spectrometer Broadening Effects

For the PWl4l@d, the geometrical machine function
denoted by n{g' - 9 may be reascnably regarded as
consisting of two specific instrumental functions m, and m_.
The total instrumental prefile 1s then given by the

convelution product of these twe Ffunctions :

m{B' — @) =m_ * m_ . fIT.15)

SoMISCAD NACCN/L CE ENERGTA NUCLEAR/SP - IPEN
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where m, 1is the crystal recking curve and m, is the total
collimator function; the neotation * indicates 2 convolution
preduct. The wvalue ¢f the total collimator functlon in its

turn may be evaluated azs

m,=m, *m, | ' (II.16)

where m, is the horizontal divergence functien and m, is the

vertical divergence function.

11.3.2.1 m , m, and m,

2 des¢ription of <cellimator orientations can be
facilitated by definipg the reotation axis of the crystal as
pointing in the vertical direction. Of course, the choice of
the collimater ocrientations and the asscciated divergence
functions is arbitrary. We have attempted, irn this respect,
to be ccoherent with the convention most commonly encountered
in the literature. Nevertheless, it must be emphasized that

in the particular case of the Philips PW141pf spectrometer

Es
-

the rotational axis of the crystal is in a horizental plane.

The vertical diveraence () of an Incident beam 1is
dafined as the angle bhetween the beam and its projecticn on
a plane perpendicular to the instrument axis (i.e., a
horizental plane). Here, it is not necessary to establish a
sign convention for the angles, since the m, function is
symmetric with respect to beams situated above or below the

horizontal plane. On the other hand, the horizontal

divergence ({®) of a beam is the angle between the beam and
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its projection on a vertical plane containing the cenﬁral
ray. A positive wvalue of ¢ means that the angle formed
between the beam and- the crystal is larger than that formed
between the central ray and the crystal (and negative
otherwise)., According to this convention, a single incident
ray r on @a c¢rystal will present the geometry depicted in
Figure 1I.6, where x, ¥ and 2 show directicons of axes of
coordinates. Here, the zZ-axis is vertigcal and the %y plane

is harizental, the x-axis centaining the crystsl surface.
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Geometry of the incidence of a ray r on the crystal, showing

the angles of horizeontal and vertical divergence
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Since ¢ is small, we can wse ¢ instead of . This can be

seen as follows

sin s5in ¢' cos Q@ . {II.17)

Therefore, for small angles :

/

[ $‘(l - uf fin radians), or ¢ ~ 9 . {IT.18)

g

In a similar fashion, we can assume the approximation :

o ~ . ) (11.149)

The primary ceollimator limits the direction of the X-
rays in the incident beam to that included in the angle
2 Pays Which can be seen in Figure II.7.a. X-rays travelling
parallel to the plates of the collimater and forming an
.angle zero with the collimator axis {central ray), will
encounter the crystal surface at the Bragg angle, & , and
will be reflected inte the detector. Yet, due to the crysﬁal
rotation, the :divergent rays 1lying between +¢,.., may
eventually satisfy Bragg's equation, se that they are also
reflected inte the detector, together with the tentral ray.
The characteristic curve of the detecter will therefore have
an approximately triangular shape, with base ecual to 2%n,y
{Soller, 1924), where %, 1is the maximum horizontal

divergance :

$pax = Arc tan {(w/L) r {I11.28)



&3
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ﬁepce we conclude that the horizontal divergence, which
gives rise -.to the horizontal divergence furction {mu) .
depends neither on the Bragg angle {B,) nor on the X-ray
wavelength {(A). This effect will be consequently constant
for any region of the spectrum under investigatien, Far the
Fhilips pW1l41p spectrometer with the gas-flow proportional

counter in use, ¢, has the value of B.867845°.

All X-rays parallel to the primary collimator are

allewed to pass threugh it. Let us consider rays forming an
angle o'~ with a plane perpendicular to the crystal axis

- seae Figure II.7.b. We may easily deduce froem this figure

that =

caos 0 = b gin 6™ = zin &! and fIZ.21}
sin 6, b sin o,

sin@*' = cos® sin g, . (II.22)

We therefore conclude that the incidence angles of these
rays (8'} arelalways smaller than Fhe Bragg angle of the
ceﬁtral ray (8;). Moreover, it c¢an be seen that the vertical
divergence, which gives rise to the vertical divergence
function (m, ), does depend on the Bragyg angle &, and,
consequentiy, on the X-ray wavelength (A}, The vertical
divergence function thus gives rise to high-angle distorticon
of the peak shape. After rotatien of the crystal by a
certain angle A, these rays may be Bragg reflected, that is,
g' becpomes ©

, when the central ray strikes at an angle of

18, + A). The value of A comes out Efrom the following
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expression 3

-

5in 8, = cosa sin (8, +4) . {II1.23)

The maximum value of the vertical divergence o Is given by :

Q. — are tan (t/s} ] ) {(II1.24)

where : &

height of the primary collimator blades = 3 cm;

i
I

total X-ray path between the sample and the

detector = 25 cm.

For the Philips PW14l® %pectrnmeter with the gas-flow
proporticnal counter ip wse, a_, is approximately 7°. It is
clear that the vertical divergence function (m,}] will only
seriously compromise a peak prefile at high B angles, The m.,,
funetien will then be altogether asymmetric and it will
introduce low energy tails intg all peaks {(Haycack & Urch,

1978).

As already mentioned, the machine broadening functien
will be alsc affected by the crystal rocking curve {m,). The
ideal crystal functiun‘ is defined by considering the
spectrometer response for monochramatic radiation having a
degree of collimation much finer than the diffraction width
of the ocrystal, A schematic representation of the rocking

curve for an ideal crystal can be seen in Figure II.8.
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Figure I1I.8

Single crystal recking curve CE{E] from Burek {1975).

In practice, the crystals in use are buile up by a so
called mosaic of very small upits. These units are roughly
oriented in the direction of the c¢leavage planes of the
erystal, but may be tilted some minutes of arc from that
direction. The profile of the function will bke broadened,
since there is a misorientation of the upper blocks relative
to the average surface of the crystal. The total diffracted
intensity can theresfore be inereased at the expense of a
breadened dlffracted profile, The FWBM of a rocking curve of
a mesaic crystal 1is of the order of some minutes of arc,
whereas in the case of én ideai crystal it is not larger
than 1-12 seconds of arc. Cne advantage of using a mosaic
crystal is that the resulting rocking curve is a Gaussian

due to the random nature of the crystal surface,
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To avolid dealing analytically with the vertical
1diqergence function (sirpce its consideration is not trivial
at all), we have attempted to akttenuate this effect
experimentally by introducing another collimator in  the %X~
ray trajectory, between the primary collimator and the
analysing ecrystal. This secondary cellimator with dimensions
3omx 6bom x 1.5 cm and specing B.85 cm between hlades was
positioned in such a way that 1its blades resulted
perpendicular to the blades of the primary collimatar. For
_ this new experimental array a_. iz sensibly smaller

{ 1.9¢), thus increasing the respolving power of the

equipment.

I1.3.3 Application of the Iterative Decenvolution Methaod

The iterative deconvoluetion, method (Burger & wan
Cittert, 1%32a, 1932b) was applied to the experimental
spectra 1in order to eliminate the instrumental broadening
function. This mechod is based on  the principle that an
experimental X-ray spectrum is the result of the convalution
of the true Jline shape and the inscrumental broadening

function :

£{8') =_[ t(e) m(e' - 8) dé@ =t * m=m* t . (11.25)

As a crude starting point, it is assumed that the true
profile (t,) is equal to the experimental ene (£}. If this
assumption were correct, the fold m *» t, = m * £ should be
equal to E. Yet, this is not clearly sc and the difference

between £ and m * ¢, is then added to t, to produce a first

approximation {or unfeld) t,, according te the expressicn :
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t, =ty FE-m* ) = £+ (F-m*£) . (LX.26)

The sSecond approximation may be obtained by folding the

first approximation (t;} and adding the difference between

£ and this second fold to the first approximatian :

L, =t

2 y P -mx ) . (II.27)

-

In general, the appreximation of order (n + 1} is given by :
Bpet = B, + (E~m * £} =t + 1, ; {X1.28)

where r, is the n'" residpal,

The - procedure is repeated until a prescribed
convergence criterion is satisfied. 1In practice, however,
convergence is seen to be reasonably achieved zfter a small
nuomber of iterations {3 or 4), when the residual is of the

same otrder of the statistical precision of £.

An  sessential gonditicen for the method to be
sucgessfully applied is that the machine broadening function

be normalized :

b
J m {e' — 9} 46 =1 . ({IIl.29)
~a
Morepver, the machine broadening function must have bounded
suppert, . that is, it must have rather small wvniform values

in the region cutside the interval -a and +b.
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An especial problem arises in the successive foldings

-;f t, due to the reduction of the wvalidity interval for the
data, afrer each eyele. In other words, if we consider thaE
the demain of m is comprised within the interval (a + b)),
and that t extends £rom ¢ to d, then the domain ¢f & * nm
will be reduced to (¢ + b, & = 2). To aveld such a reduction
in the daomain ofF ¢t, it is common practice to set the
unfolded fungtion t egual to the Experiméntal data £ in the
intervéls ¢ to e+ b and d — a to d. This simplification
. produces no seriocus preblems, since these intervals normally
ds not exhikit cutstanding features 1n the profile, like

maxzima or minima.

& FORTRAN program sed to chtain all successive folds,
vnfoelds and residuals is included in the Appendix. This

program 1s an adaptation of that used by Haycock (1878).

Figure 1II.5 illustrates the sequence of the process of
unfolding the machine broadening function £rem the chromium

KP spectrum of chromium {(III) oxide.

S8ince the experimental data are affected by random
errors {noise), which rause proklems te the deconvolution
procedure, a “smoothing" is required befarehand. This is the

subject of the next section.
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Tterative unfold of Cr, ¢y - Cr HE1,3

SONIZSAO KACICN/L D ERERGIANUCLEAR,SFP - IPEN



Chaprer II 71

IT.232.3.1 Data Smocthing by a Bimplified Least-squares

Procedure

The removal of the raise superimposed o the
experimental data, without intreducing distertions, is of
major Importance for the satisfactory application of the
iterative method. Indeed, the -amplification of righ
frequency noise appears to limlt the number of iterations
which e¢an be employed in the decvonvolution., After a
sufficiently large number of iteraticﬂs, the calculated
carrection consists largely of noise components, It becomes
then essential teo apply a2 smoothing technigque to  the
experimental results, before sucbmitting them to the
iterative Jdeconvelution itself. The data ¢an be considered
ag 4 linear sum of signal, s{8), and noisge, n{B) (Willson &

Edwards, 1978} :

t(e) = s(8) + n{a9) . {II.38)

Aocarding to Erpst (1966), the signal-to-noise ratio
(s/n) 1s defined as the ratio of maximum peak height to the
rootbt-mean-square wvalue of the noise. aApplying pre--smeothing

will increase the signal-to-noise ratio.

One of the simplest ways to smooth fluctuating data is
by & moving average. In this procedure we take a £ixed
number of points, add thelir ordinates tegether, and divide
by the number of points to obtalin the average orainate at
the centre abscissa of the group. Next, the point at one end
of the group is drﬂppéd, the next peint &t the other end
added, and the process is repeated. The above mentioned

procedure is based upon the concept of a convolote and of .a
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convolution function, which can be generalized accerding to

the expression :

+r I
Ij = faom Ci L ’ (11.31)
N
.m
where ¢ N ==;§% ¢, is the normalizing factor;

3 repressnts the running index of the ardinate
values (I)- im the original data;
Ij iz the ordinate data;

c; is one of the convoluvting inteqers,

In the case of the moving average, eguation {II.3l} is
greatly simplified, since each ¢, is equal te the unity and,
tharefore, N will be the number of .conv01uting integers.
Nevertheless, thisz procedure is not the most favourable
when, as in the present sitcation, the experimental spectra

Include one or more sharp peaks.
The polynomial function which best fits a plet of
axperimental points may be written as = 3

n
= n n-t - Z Ll
f(x) = a x" + a_, % # ...+ ax Fag = 5 oa.x , (IT.32)

n
where the valldity interval for x waries from -m te +m and x
is equal to zero in the central point of the sek of
(Z2m + 1) values. Assuming less uncertainty in 2 walues
fabscissa}l than ip y valoues {erdipnate}, ecach y valpe will

FErILe Lrow Lie FLELET CUrve Sogesbar, So DEAES ROLSTE, 2308

experimental y valwe will differ from the SO res o ggd i
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Efx] value calcoulated from expression (I1.32%, These
‘deviatians are called residuals ., The method of least
squares is based oh the assumptions that the residuvals will
be randemly distributed and that the best representative
curve for a set of data is that for which the sum of the
squares of the residuals is a minimum over the interval
being considered. The coefficients of E(x}, a,, are to be
selected according to this criteriop and the value which i=
pbtained by this procedure is then chosen as the best value

for the central point  {x = 2} in the interwval {2m + 1)

examined.

It is however seen that the wvalues obtained for the
coefficients of £(%} are only valid for the determination
of a4 zingle central point. We would have to repeat the same
precedure several times, always using the same set of
{2m + 1} consecutive values, but dropping one point at one
end of the inﬁerval and adding one on the other end of the
same interval. In each interval the hest values for the a

K
coefficients would then be obtained.

3 Savitzky and Geolay {2964), wusing the same method of
least squares, derived g series of integers which provides
the* best weighting function for all the ipterval of
Fariation of x. In Table II,3 we present the set of integers
and the corresponding normalizing factors obtained by them
for 2 5, 7 and 9 point smaothing. The derivacion of this set
cof integers was done for either a cubic or guadratic

function, it being found that the integers are exactly the

S4ame.



Chapter II 74

INTEGERS HORMALIZING
FACTOR
{-POINT SMOQTHING -2,3;5,?,6,3,—2 21
E_PU‘INT EM{]GTHING —21J'14;35;54:55;54;39;14;_21 231
Table II.3

Convoluting integers of £(x) and normalizing factors for a

cubic or quadratic polynomial (from Savikzky et al, 18G4}

Willson and Edwards (1976} arrived at the conclusion
that the shape of the curves obkained by means of a
gquadratic polynemial smoothing, fer distinct values of
{Zm + 1) 9, 13 and 25, respeckively] varlies only
slightly. They concluded that the effect of smocthing on a
line shape is, therefore, approzimately the same, since the
FWHM/SR ratice {S5R is the smocothing range in the same units
of FWHM) is kept constant. The sSmoothing range (5R) is
thus the parameter . which plays the mest important rdle in
the choice of the better smoothing for a given ?curve.
Cbviously, the lérger the value af {2m + 1), the better will
be the attenuvation, as far as the FWHM/SR ratlie is kept
constant. If we take for the value of SR the number of
peints (2m + 1}, and for FWHM the number of experimental

peints across the line's full wideh at half height, we shall

bhe able to determine the most suitable =moothing function.

In practice, the best results werce obtained when we

applied a five-point pre—-smoothing te bhe experimental data.
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It is iptuitive that, far high-intensity peaks with FWHM
Eelqtively small (as it is the case of K@ and K&}, a large
number for SR will not be convenient, Sipce-to consider
{2m + 1) peoints in Ehe peighboorhood of the peak, valuves of
the taiis wowld be included. This would be responsible for

the distortion of the smoothed curve.

1I7.3.3.2 pimitations of the Iterative Metheﬂ

The random neise in the data generaliy determines the
extent to which deconvelutieon procedure can be employed.
Sometimes even the pre-smoothing of the experimental data is
of restricted wutility, hkecause noise comPonents in the
relevant frequency range cannot be cempletely removed, This
iz the c¢case, far instance, of the KBEj and Lg emissicon
lines, where the data are characterized by & very poor
signal-te-noise ratio. Indeed, any attempt to apply the
deconvolution preocedure ta these spectra was unsuccessful,
as the noise level was found to be axcessive from the very

first iterations.

+ Even in cases in which the deconvolution procedure is
successfully applied, the amplification of high frequency
noise appears to limit the number of iterations which can be
enployed. According ko Wertheim (197%), after several
iteratians,. the ecalculated correction {residual LS
consSists basically of noise components. Consequently, the
last g¢alculated <correction could -be used to subtract the
h

noise that has been building up with each iterakion. Tha n'

jeeration result’ {(t,}) sheould then be improved 25 follows
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t=t, - nlE - { "t (0) m(e* - &) del . (11.33)
L ~ J
rl'lo‘

In the above expression we have assumed that the noise added

after each of the p iterations was identical to r_,, .

aAnother restriction of the method 1is related to the
max imum nunber of iterations (n) allowed. BSince the
validiey interval after each folding of t is reduced of
fa + b)), 1t 1is clear that a2 large number of iteratlons may
eveptually cause it to vanish. The maximum n is therefore
fixed 1in such a way that the validity interval for t, still
itncludes all the main features of the sSpectrum {which are
assumed to be from m, to m,) . The number 0 must therefore be
chosen as the least of the integer results of the following

expressions :

n o= ry. - o ; (II.34)
i
n o= [_ -~y  : (IL.35)
a -
?

where : a + b

It

validity deomain of the m function;

o+ 4 validity domain oF the t{g) function;
m, + m, = Interval of t{9) which includes zll the

main features of the spectrum,

In cur experimental work we have conpeluded that the
maximum nunber of iterations allowable is 3, according to

the above mentioned criterian.
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I1.3.3.3 Determination of the Machine Broadening Function

mf(a' - &)

In section 1I1.3.2.1, a detailed account of the
experimental functions {m, , m, and m, }, which are
responsible for the broadening of the spectra, was
presented. It was then seen that the major errcrs in spectra
registrered on ceonventional spectrometers result from the
use of finite spectral slit widths. The slit distortion
associated with the wvertical divergence was drastically
reduced by the use of a secondarﬁ collimator introduced in
the trajectory of the X-rays, between the primary collimatar
and the analysing crtystal. In these conditisns, the
distortion associated with the horizoental divergence ({which
presupposes a ktriangular slit function independent both of
the incidence angle 6, and of the X-ray waveleagth A) was
taken, in a first approximation, as the oanly factor
responsible for the total machine broadening function. The
resulting triangular funetien {m,), after normalization, can
be seen in Figure IZ.15. Ergun (1968} has menticoned that
the unfolding eof a triangular functien ([like m} from an
experimental spectrum will always yield a Gaussian curve.
¥et, when this trianqular function was applied to unfold our
experimental spectra, it d4did not supply satisfactory
results. I Pigure II.1]1 we illustrate the unfolding of the
triangular _function {m,) Erom the aluminium K&,
experlmental data., Althouvah the wunfolded function has
improved (FWHM = 08.18"), the fine structure present oI the
side of lower energies did not agree well with the

thecoretical curve {?iguce II.12).
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Figure II.l0H
Normalized triangular machine function {m)

Normalized total machline broadening function {m,}
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1 Figure II.1l
Eourth unfold of the triangular Eunction {m,} £from the

aluminium K&t, , experimental data
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Aluminium Ko, , obtained from Beatham et 2l (1976)
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This unexpected fine structure has shown that the m
fhnction does not correspond to the true machine broadening
function., We have therefore attempted to determine a new and
more correct function (m, ). capable of embracirg all

experimental factors responsible for the broadening of any

spectrum,

An observed X-ray emission spectrum is indeed the
result of the convolution of intrinsic line shapes with all
the various experimental broadening functions. The iterative
deconvolution method can be used te unfold the experimental
spectrum and remove all the unwanted components, as
described in the previcus section. The spectrum thersbhy
chtained should have enhanced resclution and the line width
should be determined only by natural broadening effects

assoclated with the fipite life-times of the ilonized states.

It was soon realized that the same procedure could be
applied for the deconvolutlion of the theoretical data from
the experimentsal sSpectrum in order te obtain the tgtal
machine breadening functien (my). In other words, the
sunfolding of the theoretical X-ray emission line from the
experimental spectrum of the same element should supply a
" function which is expected to contain all relevant
experimental brosdening effects due to the spectrometer in
use, This procedure requires the accurate knowledge of the
natural line shape of a suitable X-ray line. Beatham and
Occhard  (1978) have discussed some characteristics of the
aluminium HKa radiation. Thesse data [Tahle I1I.4) wera
obtained from an optimization by computer simulation studies

of a number of experimental resulbs found in the literature
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[Dodd et al, 1968; Fischer et al, 1%65 and Lauger, 1971).

Using the data of Tahle Il.4 and suppesing that each
line (Ko, and qu} is described by a Lorentzian curve, we

have manaaed to determine the theoretical spectrum ef the

T

metallic aluminium Kulz .
']

LINE | POSITION RELATIVE FWHM HRELATIVE
TO THE -, LINE {ev) INTENSITY
{eV)
' 8 - 9.416 .56 + 6.02 50
oy @ p.58 + 4.82 100
Table II1.4

Characteristics of the enargy distribotion of Al Ka, ,

radiation {(from DBeatham et a3l, 1976}

The expression of the normalized Lorentzian function, with

centre at x = @, is :

y = 1_ (_____a_’__) ' (IL.36)
art ‘a’ + x? !
where : a = FWHM . (I1.37}
2

The obtained aluminium Ka, , theoretical curve can be  Seed

in Figure T11.12. The total 1line width of this resulting

curye is B.E aVv.

0f course, the program of the Appendix must be adapted,
ge that it may serve the purpose of finding m . 1In the

original program, when the problem was the unfolding of £, f
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and m wvaried 1in opposite directions {(since for a positive
ihérement d8 - see eguation (II.29) — the independent
variable of £(®) increases , whereas that of m(@' - §)
decreases ). Analogously, in the preblem of determination of
the m function from * and £, the values of £ and £ must be

supplied in oppasite directions, the result of the urnfolding

{which is m) being obtalned in the same directlion as E.

The machine broadening funpctieon (m;)}) determined by
this procedure ié also illustrated in Figure II.1I8. We see
that it is not perfectly symmetric and, Eurthermore,
presents a more proncunced effect on the lower energy side.
The fine structure is preopably due to scme residual vertical

divergence, which was not conmpletely attenuvated by the extra

cellimation (seckion II.3.2.1).

In PFigure II.13 we show, for the sake of a cemparisocon,
the result of the unfolding of this new machine breadening
fupction (m) from the same aluminium Kuhz experimental
data. Indeed, the function m, does include other effects
like [m, and m,) which were net present in m, . By simply
comparing the FWHM of the two machine functions {Figure
17.19}, we can demﬂnshrate this £fact : the m, function
{FWHM = B.18°) 1is sensibly wider than m, (FWHM = §.13%).
Moreover, the aluminiom spectrum {(Figure II.13) determihed
after the unfolding of m, from the experimental data, does
not have the undesirable fine structure ;n the side of lower

energies, and it is closer £o the true line shape than the

" epectrum determined by using m, (Figure II.1ll} is.

We therefore conclude chat m describes better the

broadening effects due +o the spectromater geometbry. This
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functionh was indeed used as the machine broadening functicon
m{g' - 8 in the iterative deconvolution method for all the

Koo and EKfi spectes presented in the next chapters.

— la—— 0.16° .

-

L 1
g 28 1NCREASING

1
0.1¢ E DEGREASING

Figurﬂ II-13
First unfnld of the total machine broadening functien (m.)

from the aluminium Ka, 2 experimental data
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CHAPTER III

THE K{ SPECTRUM OF FIRST-ROW TRANSITION METAL COMPOUNDS™ "

IIT.1 Introduction

When the various X-ray emission peaks for a transition
metal compound are studied, we can observe the influence of
"chemical effectks". These "chemical affects™ are by no means
exclusive to X-rays originating from valence--shell te inner-
‘orbital transitions. They can Sometimes be seen in  the

transitions invelwving inner-shell orbitais, as well.

In this chapter the X-~ray emission spectra for the K
line of several titanium, vanadium and chromium compounds
will be presented and discussed. Pesition, intensity and
shape of peaks will be studied, so as to chtain a complete
analysis of *he above mentianed speectra. The intensity is
normally mesasured in relation to other existing peaks,
whereas the peak pesition may be determined in absolute

terms.

The Kﬁhﬁ X-ray diagram arises from the electronic
transition 3p — 1s. In the final configquraticn the BFF
state splits into {wo energy levels 3p3Ir2 and EPUE ¢y due to
the spln-orbit coupling. The KB emission spectrum should
therefore consist of two lines relative to the transitions
39”2——ﬂp 1s  (Kf,) and 3Pif2“-“b 1s {KBEJ. In practice,
however, it Is found that the doublet f and Bs iz not
resolved, and the final result is a single peak known as

KB.‘JS -
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KB, , emission spectra for different chremium compounds
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In Figure III.1 the KB,; emission spectrum for the
chromium metal is depleted. Similar spectra for compounds in
which the. chremium appears with oxidation states 43 and +6
may be seen in the same figure. We car observe the presence
of a satellite peak on the low-energy side of the maln peak,
the so called Kf*, whose origin will be investigated liater
in this chapter. In Figure III.2Z the KB:;} emission band
reglion - for the same set of chromium compounds are shown. On
the high-energy side of the Kﬁua peak the KBEFE region can
also be  seen, reflecting the electronic transition
4p —+1s, whose origin and characteristics will be

investigated in the present chapter, as well.

I111.2 The KB,, Peak

I1E.2.1 Bhifts in the Kf,; Main Peak Energies

X-ray emission spectra are Known to be influenced by
chemical states of X-ray emitting atoms. The effects of

chemical states, however, are very small and difficult to

quantify.

Eince the characteristic energy of an emission 1line
supplies the difference in energy between two ionized states
of the same atom or molecule, experimental peak shifts de
not lead to any <¢onglousion concerning che degree ot
directlion of the bkinding energy shifts of the individual
levels. X-ray data must therefore be combiped with the
result observed by means of photoelectron spectrascopy,
which supplies the exact_ualues of the binding energies of

the individual 1levels, If the electrons of the 3p and s
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levels were both consldered az true core electrons, we
“should expect a shift in the XPS spectra {a and b,
respectively, in Figure III1.3), due te a charge variation in

the valence band, of about the same order of magnitude.

3p .
T
KB, 5 |
KB, ;1 4
is ~ l -
| lb-a ] L

f = b - a = shift in the X-ray emission line

Figure III.3
Shift in an X-ray emission line duve to variation in the

valence band charge

The shift in the corresponding X-ray emission 1line is the
difference  between a and b. G5ince thene wvalues are
approximately the same (of the order of a few wvolts), it
results  that the change in the X-ray emission energy should
be of the order of one tenth of the changes in the
corresponding ipner-ocbital ignization energies. The
division irnte core and non-core electrons for some elements,
however, 15 net sSo obviocus, e.g., the 3p and 3s electrons in
first-row transition metal compounds. Several authors
investigating the chemical- shifts in transition metal

complexes goncluded that the 3p arbital cannot be classified
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as a "deap" gore level {Jahanssean et al, 1974; Politzer et
al, 1973). Thus, for a first-row transition element, a
-decrease in the number of 3¢ electrons, asseciated with a
change in the valence state will affect the binding forece of
the true c¢ore electrons and the "near valence band” core
electrons inp a different way. The 3p level will therefore be
subjected not only to the shift in the kinding energy, but
alse to chemical interactions with the partially filled 3d

orbital.

III.2.1.1 Chromium Compounds

Although the total KR emission spectrum £or the
chromium rcompounds spreads over a range 20 eV wide (see
Figere IXIL1), we shall firstly consider the iInfluence of
the oxidation state of the X-ray emitting atom in the energy
of the Hﬁ,j main peak. Later in this chapter, after having
examined the origin of the KB' low-energy satellite peak, Wwe
shall tackle the same probiem by considering the shifts
which occur in the total EB,J + Kf}* emission spectrum. The
chromicm KB‘J peak poasitions for a number of compounds were
recorded relatively ko the co?respnndiﬂg metal. The results
are summarized in Table IIZI.!. These data reveal that the
energy Shifts for the KE‘J peak depend upon the chemical
state, especially upeon the oxidation number of the X-ray
emitbting atem. Although the range eof walues within the
trivalent and hexavalent states Is quite large, the energy
separation between different oxidation states is big enough
to be used for the classification of the chromium oxidaticen

state in the compounds.

c 43SA0 NACIONIE CE ENERGIE NMUCLEAR/SP - [PEX
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=

CHROMATES

OXIDTH, KB 3 | Ka, BINDING
COMPOUND NUMBER | * | SHIFT|SHIFT | ENERGY {eV)
(ev) |{ev) 3 |21y,

|CHROMIUM METAL § (-{ 3.0 ] 8.8 | 4¢1.4 1573.8
|CBROM T UM {III} CHLORIDE| +3 ni+6.9 |+468.3 | == | -
POTASSIUM +3 m[+8.7 [+0.1 | 42.8 |578.1
HEXATHTOCYANATO
CHROMIUM (ILI)
T RIETHYLENEDIAHINE +3 m|+8.7 |+8.1 | 42.8 |575.8
CHROMZUM (III) CHLORIDE
cuROMT UM (III} SULPHATE| +3 ¢ |+0.6 [+0.2 43.9-+5?6.;
HEXAUREACHROMIUM (IIT) +3 1)+p.5 [+6.2 | 44.1 [576.9
CHLORIDE :
(POTASSIUM TRIOXALATO +3 e |+8.4 [+8.1 | 43.9 [577.6
CHROMZUM {III}
ACETYLACETONATO +3 e |+8.4 [+B8.3 | 43.6 [575.8
CHROMIUM {YIT)
CHROMIUM (III) OXIDE +3 e l+5.4 |+8.2 } a2.6 |575.4
CHROMIUM (IV) OXIDE +4 k| +8.4 |+6.1 | 42.9 |575.8
CHROMIUM (VI) OXIDE +6 Ih|-8.4 |-8.2 | 46.3 §578.6
POTASSTIUM DICHROMATE +6 i|-0.7 1-8.65] 46.9 1579.6
SODIUM & POTASSIUM +6 jf-1.9 |-8.5 | 46.6 [578.7

Table ITI.1

Chremium KB, , and Ra,

peak positions

Chromium 2py,, and 3p binding energies derived from XAPS

* Key for Figure IIL.4
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The phancmencn of the dependence between the chromium
oxidation .state and the KB, , peak position was indeed used
by Gohshi et al (1973} for the determination of the
chemical state of chromium and manganese in inorganic

pigments, and chromium and tin in glass.

In Figure III.4 ghe experimental results obktalned by
Gohshi et =) {1973) are compared wlth those obtained in the

presant work.

) PE2X POSITION {eV) .n
« 0.8
« 0.5 | ¢m
a!
-
« 0.4 - e [ ¥
« 0.2 ]
ed
0.0
- 0.2 4
il 3 ) Ba #h
= 0.6 " PRESENT WDRK .
-3
ETANDARD DEVIATION = 0.1 4V LA
-0.8 -
ebh
L
- 1.0 .
DXIDATION STATE
T T T T L] 1 b'
3 & ] [
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As  the M, , M, and K levels containing the 3p and ls
electrons are completely filled, the shifts in the KBy 5

allow general cenclusions to be drawn as to the infiuence of
the w~alence o¢f the metal ion or to the change in the
covalent character of the chemical bend. In the chromium
compounds we notice a Kﬁ:,s shift te lower energy values, as
one goes from Cr,0, (Cr’"} to Cro, (cr*)y  and to cro?-

{Crs‘}, that is, 35 we Increase the egvalent character of

the metal in the compound.

If we want to éﬁtimate from the experimental results
the degree of shifts of the levels involved In the KBIJ
transition ({that iz, 3p ard 1s), we shall have te caonsider
theiCr 3p binding energies, as weli. These wvalues, derived
From the X-ray photoeleckron spectra, ware obtalned by using
the energy of the C ls peak present in the form of surface
contamination in all the studied éompounds as a calibration
reference. They are shown in Table III.l, The 1ls level

pinding energy can he cobtained by direct summation of the

ﬁﬁtg and 3p binding energies.

It is now possipble to estimate from the experimental
results the energy shifts of the levels involved 1in the
5313 transition, and. draw an energy level diagram (see
Figure II1I.5). We conclude that the ip level is shifting to
higher energy values, as ane goes from Cr(IVv) to Cr{vi)
more quickly than the ls level 1is, the My M”1 and K
levels being shifted towards one anether. Stil} from Figure
II1.5, it is seen that the ensergy shifts in the 1s level are

mare pronounced than the corresponding ones in the 3p level,

as one goes from Cr metal to Co{IV).
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In principle, one could expecc a monotonic increase in
Ehe' binding energies, both in the 1s and 3p levels, This
general pattern is somewhat perturbed In~ the region from
Cr(III) te Cr{Iv), where the X[(' satellite line may bhe
influancing more strangly the KBHB peak energlies ({see

section ITI.Z2.3).

The faet that similar shifts were also abserved in the
Koy, emission lines (see Table 1III.1 and Figure IILI.5)
allows us to conclude that neot only chemical bonding azffects
" the binding energy of core electrons, but also that

different core levels are influenced to different degrees.

A more detailed analysis of Table III,1 suggests that
there 1is also a2 correlation between Lthe energy of KB1J and
the electronegativity of the ligand. For the trivalent
chromium compounds, for instance, we observe a shift towards
higher energies when the ligand atom cxygen 15 substituoted

by chlerine.

This behaviour can be explained if it is assumed that
the Cr{III) - 0 bund_ is more ionic thar the Cr - C1 bond,
and that the effect of the charge on the chromium atom 1s
gareater for the 3p than for the is level. Thus, for the more
icniec compuund the 3p_1evel will be more tightly bound and
so the 3p - 1s enargy difference ({and hence the KB,r3
energy) will be less than for the more covalent compound,
i.e., KPBy,3 should be less for Cr(III} - O coempounds than

for Cr{1l1) - 2l compounds.
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II1.2.1.2 vanadium and Titanium Compounds

Analogous gtudles to that of section III.2.1.1
irelative to chromium compounds) have alse been performed
for vapadium and titanium compoonds. The relevant results

are summarized in Tabkle I11.2 and depicted in Pigure IYI.G.

lere, the general trend shows a negative KB,, shift,
az one goes from the metallic to the more oxidized states.
Actﬁally, this can be explained by the fact that the 3p
kinding energlies are increasing more rapidiy than these of
the 1ls 1level (see Figure II1I.6}). Although the energy
variations for the titanium compounds are rather small
ipractically within the experimental errors), it is observed
that the Kp' satellite lire influence on the peak energies
does not Seem to be relevant [(in section IXI.2.2.1 a
detailed study of the K(' peak is presented). This can be
understocod Erom the smaller number of eavailable 23d
electrons, in comparison with the chromium ard wvanadium

compounds,

Similar study Eor the Ko peaks was not pursued, since
the energy shifts were in these cases so small that they

could not be detected experimentally.



Chaptec ILL Y
{:n-[ri.?ﬂ:'m.l1rc|;3J,J:,I 3p BINDIHG]
COMPOUND NUMBER | SHIFTS] EMERGIES

(eV) {2V}
TITANIUM METAL B g.0 34.8
TITANIUM (III} FLUQRIDE +3 —6.3 35.2
TITANIUM {(III) OXIDE +3 -8, 4 35.2
TITANIUM (IV) OXIDE . +4] -6.3 35.£
CARLCIUM ORTHOTITAMATE +4 ~0.4 35.6
BARIUM METATITANATE +4 -G.9 35.4
METHYLMETATITANATE- +4 -@.2 5.4
TITANIUM CARBIDE +4 -3.5 I6.3
POTASSIUM HEXAFLUOROTITANIUM {IV] +4 -B.4 3.8
CALCIUM METATITANATE +4 ~B.2 25.5
STRONTIUM METATITANATE +4 -8.3 35.5
VANADIUM METAL ;3 B.o 38.8

ACETYLACETONATOVANADIUM (III) +3 -0.3 39.6 |
VANADIUM (III} FLUORIDE i +3 -5.1 40.6
VANADYL SULPHATE +4 -6.1 48.3

VANADYL ACETYLACETONATE +4 -B.6 39.8 J

VANADYL PHTHALOCYANINE. +4 ~0.4 39.6 |
VANADIUM PENTOXIDE +3 -3.4 4).5
AMMONIUM METAVANADATE +5 -d.4 41.6

Table III.

2

Titanium and vanadium Rf, , peak positions and 3p binding

T eneryies
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1I1.2.2 Origin and Intensity of the Low-energy Satellite

FPeak Kﬁ'

In this section we shall be concerned with the origin
of long wavelength s=satellites (named KQ'} which ara
ohserved in the X-ray emission spectra of compounds of the
first-row transiticon netals. The KB' structure may appear as
either a low-intensity peak or a widening of the main peak

on the side of decreasing energies.

In Figure TIII.7 the Kﬁ,ﬂ emission line of a chromium
(IXII} compound, together with the cortesponding ip
photoelectron peak, is deplcted. It is observed that the
main XRES peak does line up with the 3p malin XP5 peak. The
K" peak alsc seems to have & correspondingly weak feature
in the XPS spectrum, so that both spectra are dominated by
f£inal state effects. The main peak is more affected by this
'satellite line in the XRES5 than in the XP5 mainly due to the
difference in resclution achieved by the twoe technigues.
Actually, the 3p photoelecctron spectrum presents a FWHM of
cnly 3 e¥, whereas the FWHM is about 7.5 eV in the KB,J

main X-ray emission peak.

When the sample 1s Dbombarded by a beam of X-rays,
electrons in the K inner shell are removed Eausing a
vacaacy. This wvacancy, accoernding to the dipole atomic
selection rule, may eventually be filled with any electron
from Ethe levels 2p, 3p, 4p, <t¢., accampanied by an X-ray
emission characteristic of the atom. One can clearly realize
that nane of these trapnsitions «an be solely respoensible [or
the KB' sacellite line, Several attempts have been made in

order to ¢larify the origin of such a non-diagram line.
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Energy {e\{'}
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Figure III.7

X—-ray emission and 3p photoelectron spectra for Cr,04
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Rooke [(1863) and Lukirskii et al (l9s4) ipterpreted
-the KB' peak as an attenuvation of the principal line energy,
due to successive plasmon excitaticns. This theory, however,
Wwas soen considered inadequate for the explanation of suchk a
satellite line. One of the limitations of the theory was
that 1t did not explained the variations of the KB°
intensity with the valence state of the emitting atom or
with Lthe ctype of ligand present in the molecule, The fact
that no such a satellite was observed in the K& line of the
. Studied transition metal compounds also leads to  the
rejection of the plasmon excitation theory. Afterall, it
would bhe rather curious that this phenomenon should be
confined to particular emission lines of the X-ray emitting
atom, or that 1t should depend upan the type of ligand
present in the melecule. A chemical explanation for the
origin of such low-energy satellites would therefore be more

reasonable than the plasmon theory.

Two main proposals have been made in order to explain
the "chemical effects" responsible for the origin of EKp'.
The first suggests that the peak splitting is associated
with exchange coupling hetween the unpaired electrons in the
final 3pY state and uppaired electrons in the 3d shell
{Slater et a&al, 1973; Tsutsumi et al, 1968). The second one
explains the Kf}' origin as a result of a discrete loss
process affecting the KB,J photon {Kester & Mendel, 157§).
These topics will be discussed in more detail in the next
section, where the experimental results obtained in this
research will also be presented. We shall see that nelther
model i1is completely satisfactery, so  that they cannet

completely clarify the physical process invelving the
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formation of KQ'.

111.2.2.1 Emission Line Intensities

First—-row transition metals have the d orbital
partially filled. In the case aof the chromium compounds, far
which especial attention will be given in this section, the
electronic cenfiguration will be {[XK1IL] 3523953d“. The value
glven te x can wvacy from zero toe 3, according to the
oxidation state of the chromium ({from +& Lo +3,
T respectively) present in the sample, As a result of the
presence of unpaired electrons in the 3d orbitals, the
compounds of such elements are generally paramagnetic, due
to the spin apgular mementum assoclated to the electrons of
this orbital. As the oxidation number of these elements inp
their variocus compounds is geverned by the number of
existiég electrons in the d orkital, one concludes that most
of the physical and chemical properties of these compounds

may be understeood in terms of the 3d shell.

Table III.] shows the results obtained for the K@?
iptensity as a function of the yoxidation state of the
emiéting atom for several chromivm compounds. Similar
results  for the vanadium compounds are summdrlzed in Table
II1f.4. For the titanium compounds, as a whole, the K@
relative intensity was found o br practically constant
{around 8%). The intensity of the KB' peak wasn expressed by
means of the ratio ({198 IHG'KIKB,} ). where IKB' is the
height of the KB' satellite peak and IH553 in the height of
the Kﬂth main peak. In some cases, however, It was almoste

impossible to discern clearly IRB', since the satellite peak
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was not completely resolved, it appearing as a tail on the
lower energy side of Kﬁ,ﬁ_. In order to overcome this
difficulty, the intensity of Kf' was considered as being the
count rakte ét a peint sitvated 12 eV te 14 eV apart from the
Kﬂ,ﬁ main peak (en the lower energy side), depending on the
pxidation number of the transition metal, as suggested from
the analysis of the deconvoluted spectra (see Figure TII.8).
Indeed, for the chromium compounds it was found, as an

average, that the K@, , - K@' energy separations are

- far metallic chromium, ~12 eVy;
-~ for Cr{IIl) compounds, ~14 e¥V;
- for CriIV} cnmpaundé,-l4 el;
- for Cr(vI) compounds, -~ 13 ev.
On the other hapnd, only a minor variation was found to geocur
for the KB1J - Kf3' energy separation Eor the vanadium

compeunds, so that it was assumed for them a mean wvalue of

~l4 e¥V.

In both measurements, that is, IKf,; and IKR', the
background level was considered as being the same, and it

was ftaken as the count rate at a polint far away from the

peak regign.

We observe from the results of Table III.3 that the KB'
intensity «arles with the chromium oxidation state,
increasing &S the oxidation number decreases, Although the
same consideration is also wvalid for the vanadium compounds

{Table IIX.3), & much smaller variation is obhserved here.
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OXIDTH. HB'
COMPOUND NUMBER | INTENSITY

%

CHROMIUM METAL | g 19
CHROMIUM {(III] OXIDE +3 23
ACETYLACETONATOCHROMIUM (III) +3 24
TRIETHYLENEDIAMINECHROMIUM {(II1TX) CHLORIDE +3 25
POTASSIUM TRIOXALATOCHROMIUM {III) +3 23
HEXAUREACHROMIUM (IIXI}) CHLORIDE +3 23
CHROMIUM (LII) SULPHATE +3 23
FOTASSIUM HEXATIOCYANATOCHROMIUM (III) +3 23
CHREOMIUM (IIXI) CHLORIDE +3 24
CHROMIUM {IV) OXIDE +4 22
CHROMIUM (VI} OXIDE +6 17
SODIUM CHROMATE +6 by
POTASSIUM CHROMATE +6 1&
LEAD CHRCMATE +6& 18
POTASGIUM LICHROMATE _ +5 lé

Table III.3
Chromium KB3' intensity as a function of the oxidation state

of the emitting atom
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OXIDTN.| Kf'
COMPOUND NUMBER |INTENSITY

3

VANADIUM METAL a 13
ACETYLACETONATOVANADIUM {III) +3 13
VANADIUM {%II) FLUORIDE +3 13
VANADIUM (III) OXIDE +3 14
VANADYL SULPHATE +4 13
VANADYL ACETYLACETONATE +4 13
| VANADYL PHTHALOCYANINE +4 13
AMMONIUM METAVANADATE 5 19
VANADIUM PENTOXIDE +5 1

Table III.4
Vanadium Ké' intensity as a function of the oxidation state

of the emitting atom

Indeed, in this case the number of available electrons in
the 3d orbital is less than for chromium {3id population
varies from @ to 2, as the wvanadium oxXidation state
decreases from +5 to +3}. It is .thereforeyexpected that any
interaction between these electrons with unpaired 3p

electrons shoul be less iptense.

{a} The spin-only exchange model

According to Tsubtsumi {1959), electronic interactions
may occur between the 3p5 and 3d uncoupled electrons, due Lo
g coupling of the respective spip angular momenta, preducing
multiple final states, The two final states would thep give

rise to the two existing emission lines KB' ard KB,; . In

———— e m—— - e
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other words, Kﬁ’ﬁ and KfB' Llines are emitted due te
.tfqnsitiuns from the states having the tetal spins equal to
8 + 1/2 and s5.- 1/2, respectively, where s Is the tetal spin
of the partially fllled 3d shell and 1/2 is that of the
partially filled 3p shell in the final state. The separation
in energy betweer the HBHE and KB' lines will therefore he
similar to the difference between the exchange energies for

5+ 1/2 and s ~- 1/2.

~Elthcuqh this propusai iz guite simple, involving
‘ exclusively the idea of the coupling of the spir angular
momenta of uncoupled electreons, it is by itself sufficient
to invalidate Rooke and Lukirskii's statements that the anly
explanation £for the e¢rigin of KB' would pe the plasmon
excitation. Yet, it 1is seen that the spin coupling
hypothesis of Psubksumi {1959} presents limitations, so that
it rcannot be taken as the only physical process respensible
for the origin of KB3'. Problems arise, anyway, when ane
attempts to relate the experimental results cellected for
the Kf' relative intensity to the theoretical predictions of
Tsutsumi. According te his theeoretical calculations, based
on the multiplicity of the two possible final states of the
lan, the relative intensity for a chromium (III} compound
{configuration a%) should be IKﬂ'KIEB.; = @.60. ‘'The
experimental values of the relative 1intensity for such
compounds (~@.24) are actually much lower than the one
resulting only from the exchange coupling meodel. We shall
come  back te this point in sectien (¢}, where a more

sophisticated model is presented.
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{b} Attenuation of the main K@, , peak due to successive

electronic excitations

Roster and Mendel {1978) proposed that the maip KBus
¥X-ray photon is attenuated by specifiec electraniec excitation
precesses involving the 3d electrons, that is, the X-ray
analogue of "shake-up". The changes in intensity of KB' with
valence would then be simply duae to the increased
probability opf attenuvation caused by an increase in the
number of é electrons. In other words, the formation of KB
"was thought to be due to promotion of 3d electrons to the
conduction band. The energy for this transition was supplied
by the self-absorption of part of thes Ittﬁ.,‘3 gquantum, whose
Energy ﬁas acocordingly decreased by the same amount. The
presence of the low-energy tall on the Kf@,3; line Eor
chromiom {VI) compounds, whose configuration is d® cannot
be explained by the simple exchange model. Actually, the
absence of electrons ‘in the 34 orbital would dismiss any
possibility of multiplet effects. According to the theory of
Koster and Mendel (1978}, however, 1in such a case the
ijp —+ 15 transition wouid be accompanied by the excitatian
of a valence electron to & vacant shell, giving rise to &

shake-up satellite.

{c) The spin-orhit coupling model

More tefined models, however, emerge when the spin-
orhit coupling is taken inteo account. Fadley et al (197@)
analysed the splittings in the several compounds showing the
3@ orbital partially filled. Acccording to them, these

splittings are due to the various possible multiplet states
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formed by coupling & hole in a metal atom subshell te an
unfilled valence shell. In this case, the orbital angular
momentum of the 3p electron permits several possible L - 8

couplings within the 3p®3d* final state configuration.

Results collected by Faddley et al (1873) and by
Ekstig et al (197@) indicate that the sgpectrum obtained in
practice is more complex than the two peaks foreseemn by the
simple electronic smpin coupling. Even in the case ih which
the spectrum may be divided inte two peaks, the intensity of
the second nne-will e much weaker than the expecked by
applying the spin-orbit medel. The KR! relative Intensity
cbtained by Ekstig et al (1978} faor a a’ compeund, @.43, is
indeed smaller than the cglculated value of Tsutsumi (1959},
P.60. Ekstig's result would be further reduced to 8.33, if
the configuration effect was taken in%o account in the spin-
erbit coupling method. Of course, all these calculations
were carried out considering only free atoms or ions. It is
not therefore surprising that they are not in good agreement
with the experimental results, where we should expect a

large chemical combination effect,

Slater and Urch (1972), studying . the KB' region for
several iron compounds, observed a preminent K@Y peak for
high-spin ferrous and ferric compounds, whilst no such a
peak was seen for the low-spin eyanide complexes. The origin
of EKB' would then he .connected with the population of
unpaired electrons of the 3d eorbital. lron can appear in two
different oxidation states {Fez', whose configuration is dﬁ,
and Fea' r whose configuration is dgj. Whent the iren atom is

surrounded by "weak ligands®, its grbitals will) receive very
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1ittle influence of the puter orbitazls of the ligand atom.

in 'guch a case, the principle of maximum multiplicity will
prevail {Hﬁ;d's rule). We shall thus have a total number of
4 uncoupled electrans for the Fez* cation and 5 in the case
of the Fea' cation. On the cther hand, when the ligand is
"strong", the d orbitals will no more be degenerate, but
will be unfolded into two energy levels. For molecules with
cctahedral spac&al orieptation, Lthe tzy symmatry orbitals
will ée more tightly beound, whereas those of e, symmetry
will be less tightly bound. Therefore, the Fe’® complexes
will have a single unpaired eledtron, whilst in the Fe’’
complexes al% electrons will be coupled. The results
obtaired by Slater and Urch (1972) - see Table I111.5 -

clearly illustrate this behaviour,

i HUMBER OF RB' /KB, 5 | TYPE OF
SAMPLE UNPAIRED 34 | IMTENSITY | LIGAND
ELECTRONS RATIOD %
Fe, 04 .- 5 3D weak
Fe,(50;); 5 35 weak
KqFe (C,0,]), % 25 weak
Fe'’ ailum a 22 weak
Fel'l alum i 28 weak
K, Fe {CN); i <5 strong
kyFe{CN)g - 1 <5 strong

Tahle III.5
KB'IKB13 intensity ratio (%) for soeme iron conmpounds as a
Function of the number of 3d unpaired electrons

{Eraom Slater and Urch, 1972}
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In conclusion, one can say that changes occur in the ¥
¥-ray emission spectrum which are dde "to varlations in the
emitting atom oxidation state, that is, in the population of
the 3d orbital. The experimental results cbtained here show
that the electreonic interactlen forming multiple £inal
states is the most adequate explanation for the origin of
KB'. Indeed, for this hypothesis, thearetical predictions
and experimental resulks are.in better ayreement, The spin-
'unly exchange model does not seem completely sultable
bacause theLKB' satellite intensity predicted by this model
is roughly the ktriple of the experimental results cbtaiped.
Th; origin of the Ef' line seems to be mere reiated to the
multiplicity of the metallic ion itself than to its formal
oxidation state. Of course, effecrs ‘such as configuration
interaction must also pe taken into consideratien to acéaunt
fFor d° compounds which present some emission in the KB

region.

I11.2.3 Shifts in the K@, , + Kf' Emission Spectrum Energies

In this sectien we shall he concerned with the shifts
whick oeccur in the total Kﬁlj + KB' spectrom for the
chromium compounds. As discussed in the previous section,
the relative intensity oF the Kfi' satellite peak varies with
the oxidation state of the central atom-. We should therefore
expect a displacement in the centre of gravity of the
system. This displacement has to be taken into account 1in
the study of the shift in the Kf emission npectrum as a

whole. The corrected energy value (E..,) was c¢valuated as
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follows :

E = EKB'&I_'{' EKB|=3 ]

CQrr

l +r

‘where : v = IKB'/IKR, ;:
EKR' and EKQ,, are the experimental energies of the

KB' and K3, 3 peaks, respectively.

[IIT.L1) -

We now recast the same problem of section IIXI.2.1.1,
.namaly that of the determination of energy shifts, as shown
in Table III.6.

OXIDTH. T EKB, 5 EKB* E.orr SHIFTS
NUMBER J{AVERAGE) [ {AVERAGE) {AVERAGE] | [AVERAGE) | (AVERAGE)
2 g.1%9 5347.5 5935.5 5845.6 .2
+3 B.23 - Esq8.1 £934.1 5945.4 -3.2
+4 p.22 5847.49 5933.9 50454 -B.2
+6 .17 5946.8 5933.8 5545.8 ~-g.6

Table IL1.6

Influence of KB' on the KB emission spectrum shifts

It is now seen that all the shifts cccur to the lower—energy

gide with respect to the metallic chromium, and their

absolute wvalues 1increase with the increasing of the

oxidation state.

R
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Although the above explanation concerning the influence
;f'.the satellite 1line (Kfi'} implies in a different trend
for the K{}, , energy shifts, it caonot be used for the Ka
shifts ([see Pigure III.5), for the simple reason thkat the
very small effect of such a2 non-diagram line was completely
loest in the experimental results. Calculstions carried out
by Demekhin et al (1974} far iron compounds, however, show
that a weak satellite line really exists on the low-energy

side of the Ka, . donblet.

III.3 High-energy Satellite Lines : the KPB,. Region

I11.3.)1 Intreduction and Experimental Results

On the side of higher erergy of the HB!J main peak ane
normally finds the so called KBZJ region (see Figure
IIX.2). The péaks pregent ir this reglion have their origin
in thsa electrunic transition 4p —» 15. 3uch X-ray enission
lines are, therefore, connected with transitions dircctiy
relaced to the valence band. The relative intensity and
positcion of these satelléte lines wvary with the type of
ligand ;nd oxidation state of the metal arom. In general,
these satellite Jlines for the transition metal compeunds

copnsist of two peaks, in order of increasing energy

Kp < KBys .

The first researchers who analysed the Kﬂz,a line
attriboted it to the 3Id —— 12 transition (Idei, 1929).
Indeed, the calculated binding energy difference [3p - 3d)
was very close to the transitien energy gap between the

peaks KE.I3 and Hﬁz g - The assumption which led the first
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investigators to attribute the “52,5 spectral line to the
édi——ﬂ-ls transition, was based on the study of the "free
atom". Yet, the electronic configuration of an element .in
- the gaseous state cannot be considered eguivalent to the
ealactronic configuration for the =seolid state, especially
regarding the cuter shells near to the valence band. On the
other hand, the X-ray enission Spectra of isplated
transition metal ions were never studied. The experimental
resvlits were collected for ceompounds in which the lons are
bound te different elements. We sheuld therefore expect the

metal 4p to be involved in the bond.

According to the first explanations, the KBz‘s emission
line would be associated with a gquadrupole transitien,
because the 3d —w 15 Etransition corresponds to a dipole-
forbidden transition. Hevertheless, it is poassible to verify
from the experimental results that the K@, intensity
frelative to the E:B.hzI main peak) for the transition metal
compounds is strenger than the real KB, peak for the
temalning elements of the same row. The larger Hﬁzj
intensity for the transition metal compounds indicates that
this amission band should not be e#plained in terms of a

3d —= 15 guadrupole transition.

The srigin of the KB, s and K[f"* cransitiens can be
explained ir a similar way to the KBIJ and KB' peaks
observad in the elements of the second main group. With that
purpose, Urch (12708, 1971} studied the bond formed beitween
second group elements and several ligands, such as oxygen

and fluprine,
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For the compounds of particular interest in this
Enﬁestigatiun, the transition metal ion is either
vctahedrally or tetrahedrally coordinated to the ligands. We
shall not discuss here the bonding in both tetrrahedral
(ML, ) and octahedral (ML) units, since this topic will bhe
presented in Chapter V. From the analysis of the molecular
orbital diagrams, one observes Lthat the only allowed
transition for the 1s level is the one which originates in

t, symmetry orbitals for ML,, and t,, for ML, compounds.

In order to obtaié results concerning to the energy and
intensity of such peaks, the short wavelength profile of the
Kﬂha main'peak was subtracted from the corresponding KBLE
and Kfi" intersities. In Figure III.9 this operation is shown
for 'K;CEDL. The results obtained for the line intensities,
for the energy gap between Kfi; 5 and KB" and for the KB;s«
energy shifts, are shown in Tables III.7 and III.8. In these
tables the relative intensity of the Kfi;,s spectral line was
expressed as : (168 IKB, ¢/IKB, ), where IKB,; is the
height of the Kﬁzﬁ peak and IKﬁlﬁ is the heiaht of the
I':[Sl‘3 main peak, In the same way, the relative intensiﬁy of
KB* was evaluvated in terms of : {lﬂﬁ IEB"/IKB, 5 ). where

IKf3" is the height of the Kfi* satellite peak.

For all the compounds studied, a Kﬂz,i peak was always
observed with an intensity of between 1% and 4% of the K{, ;
main peak. The Kf" satellite peak lincreased in  inkepnsivy
relative to Kazgs with the oxidation state of the transition

metal,
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Figure III.H9

KB, s and K§" peaks for K,Cr0,

after subtraction of the KB, , main peak taill
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iDRIDTH. INTENSITY {%]i * k8,5
COMPOUND !EThTE KRB, s | KB" 4 {SHIFT
B (ev) | (ev)
CHROMIUM METAL g 3.9 = -} B.0
ACETYLACETONATO +3 2.1 NN U
CHROMIUM (IIT)
HEXAUREACHROMIUNM (T1L) +3 2.2 S N
CHLORIDE . l
CHROMIGH (III) SULPHATE +3 2.1 — | ——l-1.7
POTASSTUM TRIOKALATO +3 2.2 11 las.sl-2.9
CHROMIUM (III)
CROMIUM (III} OXIDE +3 2.1 18 [ 14.6]-1.4
PRIETHYLENEDIAMINE +3 2.2 17 6.8| 8.9
CHROMIUM (III] CHLORIDE
CHROMTUM (I11) CLORIDE +3 1.8 — )1
CHROMIUM (TV) OXIDE +4 2.5 26 | 14.p|-6.9 |
CHROMIUM (VI) OXIDE 46 2.9 82 }14.5]+1.9
LEAD CHROMATE +6 a.e | 77 lia.s{+1.6
POTASSTUM DICHROMATE 6 | 2.5 88 | 15.9|+1.5
SODIUM CHROMATE +6 3.1 88 | 15.4|+2.8
POTASSIUM CHROMATE w6 § 3.0 | 75 |1s.5l+2.2

Table III.7

Chromium KB,  and KR" emission line iptensity and energy

separation, Kﬁz’s energy shifts

* {KBZ,S - KB"Y energy separation
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OXIDTH.| INTENSITY (%) * FKB; s

COMPOUND STATE Kﬁz,si Ka" A JSHIFT

(eV) 1 {eV)

TITANIUM METAL g 1.9 - =1 0.0
TITANIUM (III) OXIDE +3 2.5 —= -———1-5.8
TITANIUM (I1l) FLUGRIDE +3 3.3 - -———1-2.8
TITANIUM CARBIDE +4 3.0 54 7.85-1.8
|rrraNIum {1V} OXIDE +4 3.2 64 15.0]|-2.5
CALCIUM ORTHOTITANATE +4 3.3 61 14,9 |+9.5
CALCIUM METATITANATE - +4 3.7 75 15.11+6.5
STRONTIUM METATITANATE +4 3.6 67 14,1 [+2.5
METHYL METATITANATE +4 3.0 13 14.8|+2.5
POTASSIUM HEXAFLUORO +4 4.5 64 21.8]+1.5

TITANIUM {IV)
VANADIUM METAL @ 2.3 - --—| 2.9
ACETYLACETONATO +3 2.2 50 14.6|-2.4
VANADIUM (III)

VANADEUM {IXI} FLUQRIDE +3 2.5 - e | =25
VANADIUM (ILI) OXIDE +3 2.9 41 15.00-2.5
VANADYL SULPHATE +4 2.6 58 14.3|~1.6
VANADYL ACETYLACETONATE +4 2.1 57 14.3|-1.0
VANADYL PHTHALOCYANINE +4 2.9 47 15.1{-4.5
AMMONIUM METAVANADATE +5 3.7 72 15.4 8.5
VANADIUM PENTOXIDE 5 3.5 75 14.4|+8.5

Titanium and vanadium KB, . and K(B"

Table I1II1I.B

and energy separation. Kﬁzjﬁ energy shifts

* (KB, - KB™) energy separatian

emission line intensity
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In ML, compounds, the metal 4p orbital participates in
.siéma bonds, by overlapping with the ligand orbitals of same
symmetry, i.e., t,, . One therefore realizes that the 2p and
25 1ligand orbitals strongly interact with the 4p orbital,
giving rise to the K{,; and KB" transitions. The higher
enargy peak K]‘jz,‘5 iz related to the electronic transitions
from M with 4p character, and from L with 2p character. On
the other 'hand, the lower energy peak (KP") is related to
the elactronic transitions from M with 4p character, and

from L with 2s character.

In ML, cempounds, the existence of similar peaks may be
understood in the same way. In  this case, the metal 4p
orbital will interact with the t, symmetry orbitals of the
ligand derived from 2p and 2s orbkltals, giving riss to the

same set of peais.

I11.3.2 Changes in the KB, ¢ and KB" Relative Intensities

It can be seen from Tables I1I.¥ and 1I1II.8 that the
KBEJE rélative intensity dincreases as the vcentral atom
oxidation state dees so. This fact is not at ail surprising
because with the increase of the oxidation state, the 4p
electrons will be mpre tightly bound({larger ionizaticon
Bnergy) decreasing the gap between this orbital and the 2p
orbital of tne ligand atom. Consequently, there will be a
targer influence of the dp ‘orbital in the t, molecular
orbital for tetrahedral cenfiguratien and t,, for octahedral
configquration, whose nature is predominantely determined by
the ligand 2p erbital, and therefore a greater anount of 4p

character present in these orbitals. This will have the
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effect of increasing the KB, . relative intensity with the

central atom axidation stabe.

The influence of the metal oxidation state ipn the
studied compounds can alse be seen in the intersity of the
KE" line. For the compounds in which the metal has a higher
cxidation state, the electrons will be more influenced by
the nucleus pesitive charge and will be more tightly bound.
All the electrons will therefore have a higher ionization
energy, decreasing the separation between the 4p orpital of
‘the metal and the 25 orbital of the ligand atom, thus
favouring the owverlap. For this reason, the lower energy
peak {KB") becomes more intense as the metal eoxidation
state ipcregses. Thus, the bonds to trapsition metal ions LIn
high oxidation states will have proenounced covalent

character.

IIr.3.3 Energf Separation between KBy and K3"

The experimental results cobtained in the present work,
concerning the separation In energy (A} between Kﬁz'ﬁ and
KB", are shown in Tables III.7? and ¥IIl.B. As the molecular
aorbitals formed by overlapping the metal 4p orbital with Lthe
ligand grbitals of same symmetry {i.e. 2p and 25 orbitals)
are mainly influenced by the ligand orbitals,the KBE,E - K"
differgnce in energy will be a function of the separation
between the valehice electrons of the ligand atoms, that 1is,
the difference hetween the 25 and 2p biuding energles. Ino
Takle III.% the approximate atomic eorbital ionization

energies compuned fTrom Lhe atomle Speckia iMoore, L0A%Y  can

be sSean. -

COMISSAD NACIGN/L CE EMERGIA NUCLEAR/SP - IPEN
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) ATOMIC ORBITAL IOMIZATION EMERGIES
ELEMENT ENERGIES {aV)

25 2p 1 2s - 2p
¢ 16.6 11.2 5.4
N 28. 4 14,4 6.8
o 28.4 13.6 14.8
F- 37.8 17.4 24, 4

- 38 ip 3s - 3p

= 28.2 18.4 9.8 i
| @ 24,6 13.5 11.6

Table ITI1.%9

Approximate atomic orbital ilonization energles

The difference A found for the compounds in which the
Iigand atoms are basically oxygen corresponds to the
difference hetween the lonizatien energy of the 2p and 2s
atomic orbitals of the liqand atem, it being approximately
15 eV. It is therefore clear that the melecular orbitals,
which are responsible for the K@" and KB;}S transitions,
have predeminantly oxygen 25 and oxygen 2p character,
respectively. The same reasoning is also valiad for compounds
in which the ligand atoms are other than the .ﬂxyqen.
Potassium hexafluoreotitaniom (IV), for example, presents Eor
A& a wvalue of 21.0 eV¥, which 18 appraximately equivalent to
the difference between the ionization energies of the 2s and
Z2p atomic orbitals (28.4 eV} of the ligand atoms
;iflunrinej. Titanium carbide presents A equsal to 7.8 eV.

This value also agrees with the energy separation between
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the 25 and 2p akomic orbkital ionization enerqies for carben

65.1? ev) .

Best (1965, 1966) performed a saries of measurements
of the KB X-ray emission spectra from the metal atems in
MhO; , Cr0i” and v0}" ions. The aobserved emission lines
were attributed to transitions from the 3t, (metal 3p), the
4t, {(oxygen 25} and the valence 6t;, (predominantly oxygen
2pa} orbitals. Other auwthors, studying the origin of the
K" spectral line in cother compounds, supported Best's
‘interpretation, It is the case, for instance, of Brn et al
{1965), who skated that the titanium KB" X-ray line in the
compounds titanium boride and carbide comes frem the
trénsitiun between the 4t, orbital (mostly ligand 28 1in
character) and metal s orbital. In both cases the energy
differences between emission lines formed the basis for the
assignment. Indeed, the energy separation between the Kﬁt,a
and Kg" xtray lines agreed well with the métal 3p - ligand
25 eneryy separation. The same reasoning was used for the
Kﬁ1,3 and Kﬁz,sr the encountered difference in energy being
clese ko the value oabserved for the separatien in energy
between the metal 3p and the ligand 2p orhitals.
Hevertheless, these consideratiens did not allew Best to
conclude anything abaut the origin of the KB; ;. that is,
whether 5t; and 6t; would participate im the transition, or

whether K@, s would be fermed by an unresolved doublet.
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IIT.3.4 KB, 3 Energy Shifts

In Tables III.7 and ITI.8 the observed energy shifts in
the Kﬁ115 peaks for some ehromium, titanium and vanadium
compounds were presented, The reference in all the cases was
assumed to Dbe the Kf3;  peak energy of the correspending
metallic element. It is seen that the KB,s peak is shifted
te the higher energy side, 8s eone goues from the less to the
more oxidized state.-When the transitica which gives rise to
the X-ray emission directly invﬁlves electrons of the

‘valence shell,;, the variation of the foarmal oxidation state
of the emitting atom causes a much more pronounced energy
shift. The effect observed 1is indeed rather streng, but
completely opposed to that shown by the K@i, 3 peak (see
Tables III.! ard III.2). Since in the molecular orbitals the
ligand character is the dominant eEfect, the ionization
energies of these orbitals will be determined by the ligand
otbital energies. The ilonization energy of the ls €lectrons,
on the pther hand, increases with the increase af the formal
oxidaticon number of the metal atom. In Figure III.10 the
energy shifts of the levels inx{ulved in the KB:,B transition
for the chromium oxides are depicted. It is observed that
the - C; 1s orbital is more tightly bound in the Cr(v¥I) than
in the Cr{III} compounds, that is, the ls energy Iis
decreasing as one goes from Cr(vI) to Cr{III}. ¥Yet, the
energy of the molecular orbital invelved in the same

transitien is practically constant.
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CHAPTER IV

CHEMICAL EFFECTS IN K[(/Kit X-RAY EMISSION INTENSITIES

IV.l Introduction

Up to this point, we have mainly studied the <chemical
effects which ¢cecur iIin emissior spectra for different
compounds in terms of the absolute energy of the peaks. 1In
the present chapter we shall investigate the variations
which eccur in the intepsity of the K and Kg emission lines
in terms of the formal oxidation state of the transition

metal in the compound.

+ Chemical effects in X-rays arising from core
transitions are usually small and most investigations have
concentrated on precise measurement of the shifts in peak
energies. For first-row transition elements, perturbations
in Koy ;. K3, KB*' and KB, s energies have been studied
for many compounds. Changes in peak intensities, however,
have been less investigated, with the exception of the
rélative intepsities of £3' /KB, ;3 which were found to be
correlated with_the number of wnpaired 3d electrons (Slater
& Urch, 1972). urch (1975) suggested that the relative peak
intensities miéht also be influenced by the chemical state,
that is, wvalepce and ligand envirorment of the emitting
ataom, and that swuch information ceould then be used to
investigaté the chemical state of a radicactive recoil atom
in a solid makrix, provided it decayed by electron capture
with consequent emission of X-rays. Chremium has such an

iectope and the work described in this chapter ig concerned

T Y
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with & wide range of chromiuvm, as well as vanadium and
titanium compsunds. Results using an energy-dispersive
technigque have already been reported- (Tamaki et al,~ 1575,
1978, 1979} tbet the c¢laim to have observed a clear
variation in the K@/Ka intensity ratio with the chromium

valence has been disputed (Lazzarini, 1978).

Emission of radiatien can wococwur whenever the electronic
states of.an atom have been excited. Within the independent-
electron approximation, sxcited srates are considered to be

"greated when one electron has been ejected from its nermal
state. In principle, any electron less tightly bkound can
£all to the wvacancy Fformed. The excited states may, amohg
other decay processes, radiate the excess of energy in  the

form of photons, There are normally several electrons that

are capable of filling a vacancy,.

The intensity of a particular X-ray line will depend
upceh . the electronic wpopulatioens of the levels between which
ke transition takes place, 'and upah the transition
prabability. If we are dealing with absclute intensities, it
is important to consider the ionization crosns section of the
initially lanized 1level, as well. Qne way of avoiding this
additional calcuvlation is to consider the relative
intensities between X-ray lines which have their origin in
the same ipnized level. This is the case, For instance, of
the KB and Ko emission lines, whose transitions arise from
vacancies formed in the same 1s level. The electronic
pop:ulatinn of the level from whence the transition takes
place can alsc be ignored, as we are dealing with compaunds

of transition wmetals, in which the 2p and 3p levels are

—
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completely filled. The transition ptobability will therafore
be the only important factor in the determinaticn of the

KB/Ka intensity ratic.

As it is known,; the intensity of an X-ray emission line
can also be influenced by the possibility of an Auger
transition (Chapter I, section I.5). Here, again, the
prablem can bhe overrome by studying the relative intensities

of two lines griginating in the same Initial level.

In Figure IV.1 the radial probability funectlions for the
1s, 2p and 3p orbitals of the hydrogepn atom are iliustrated

{Huheey, 1978; Herzherq, 1544).

These functions give the probability of finding the
electron In & spherical shell of thickness dr at a distance
r from the nucleus., The presence of ong or more nodes Causes
small maxima in electron density between the nucleus and the
largest maximem. It is often stated that these nodes and
maximﬂ have no chemical effect, but this 1s slightly
misleading. There are several ways in which these nodes and
maxima could influence the bonding, affecting the total
overlap of the atomic erbitals which cambine to form the
bond. It is ©possible to verify by the analysis of Figure
Iv.1l that the degree of interaction hetween the 1ls and 2p

orbitals is much more intense than in the case of the 1ls ang

3p orbitals.
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Radial distriputieon functions forn =1, 2, 3 for the

hydrogen atom
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As the 2p and 3p orbitals are completely filled for the
tfansition elements, the first experiments performed did not
take.. inte account, in the final results, the effects of
chemical compositieon or of the axidation state of the
element upder investigatien. It was origipally thought
{Beckman, 1933; Meyer, 1829; Williams, 1933) that the
KB, 3 /Ka,» ratio was only depenpdent on the different degree
of interaction of the 3p and 2p orbitals with the l1s
orbital. It was alsc believed that the ratic varied .very
{ittle with the Increase of atomic number for the first-raw
transition metals. As the 3p and 2p orbitals represent “core
levels" with the same electronic population, it was then
concluded. that the radial distribution curve for the 3p and
2p orbitals did not wvary extensively due to the increase of

valence electrons in the 3d sub-shell.

It is now known that the c¢hange in valence of a
transition metal implies in variations in the atomic orbital
radial furction (Urch, 1971}. As the transitien probability
is influenced by these variations in atomic erbital radial
function, we should also expect changes in the corresponding
emission peak intensities,., The purpose of the present
chapter is tp measure the intensity of emisszion lines such
as KB and Ko for transition metal compotnds in different
oxidation states, and establish to what extent these changes

tan be experimentally verlified.

e T A e —,

Lol
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I¥.2 Thearetical Calculations of X-ray Emission Rates

in the Filling of Vacancies in the E Shell

Theoretical calculations of the radigactive trapsitien
rates have been carried cut by several authors {Asaad, 1959;
Babushkin, 1564; Lasker, 1955; Massey et al, 1936; Payne et
al, 1956; Scofield, 196%; Taylor et al, 1968). All of Lhese
calculations except A&Asaad's were based on the Coulomb
potential. Massey, Lasker and Babushkin introduced an
effective nuclear charge to account Eor the screening of Ehe
nhcleus by the electrans. Scofield caleuvlated the Kfi/Ka
ratio for the titanium, wvanadium and chromium metals,

obtaining the ° wvalues 2.1128, B8.1367 and @.1337,

raspectively.

IV.3 Experimental Data on the Relative Intensities of X-ray

Lines

In the first experiments several attempts were made in
order to measure the relative intensities 0f some lines in
the ¥ series of_certain isplated elements [(Allison et al,
1825; Duane et al, 1%28; Siegbahn et dl1, 1923; Woo, 192R).
as the main aim at that time was to obtain reliable data on
the relative transition probabilities of these lines, it was

necessary to apply very accurate corrections to the

experimental results.

In all- the methods there was little difficulty in
obtaining reliable results on the relative intepsities of
two lines of small wavelength separation. As the separation

cf the two lines incresases, however, the corrections which

had £ be applied became increasingly difficult ta
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calculate. This iz because the reflection coefficienc of the
"analysing crystal varies with the incident beam wavelength,

as was verified in the course of the present experimental

work.

The range of atomic numbers in which these early
experiments were performed has been completely covered in
the work of Meyer (1929}, of Willisms {1933) and of Beckman
{1933). Meyer measured the relative intensities in the K
series from vanadium to indium. But the values given by him
were uncorrected for ebsorption effects., On the other hand,
Williams had made measurements from chromium to tellurium
correcting his cbservations for the fraction of the direct
beam absocrbed iIn the length of the ionization chamber, the
absorption in the air path, In the windows cf the X-ray tube
and 1ionization chamber, and .- for  the variaticn of the

coefficient of reflection of the crystal with wavelength.

Iin order to abtain data on the relative transition
probeabilities aof these lines, a correction had alsa ko  he
made for self-absorptien within the target. This correction
was very difficult to calculate with high zecuracy. A rough
estimate was made assuming that the rate of loss of kinetic
energy‘of the incident radiation {as a fupction of the
penetration depth of the Etarget) and the probability of
ionizing the K shell {as a function of &electron velocity)
were known. Williams has carried out such a2 calculation and
found that the correction to be applied te the intensity
ratio KB, ; /K6 (as measured on the-surface of the target)
veried from a factar of £.97 in chromium to 1.88 in

tellurium, it thus beipg within the experimental error. A
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survey o¢f the resvlts obtained up to the 1968's was

takulated by Wapstra et al (1953).

With the advent ef various theorelical models used to
calculate the radicactive transition rates ta the K shell,
the measurement of the Ki/Ka ratie became impertant as a
test of these models, BSeveral experimental studises were

therefare made w©sing high-resclution sclid state X-ray

detectors.

One feature of the theoretical results is that KR/Kx is
relatively constant for 21 £ 2 & 38, where the 31d levels are
being filled. The experimental results of Salem et al
{1969}, however, showed a rapidly increasing ratio with Z
and no flat partion anywhere in this regian. Their results
favoured the theoretical calculations by Babushkin (1964)
who Ecunﬁ no flat region for 21 § Z £ 36. But the resulis of
Blivinsky et al (1972) formed a smcothly varying function
with Z which aqrees well with the calculation by Seofield

[1969) .

Hapnsen et al [(1%78) performed KPE/KO measurements for
cases of K vacancies created by K-electron capture. Hansen's
results showed a relatively flat portion of the curve only
for 26 € 2 £ 33; for elements with 2 £ 26, K@/Ka decreased
more rapidly with decreasing 2 than the theory indicates
{Scofield, 1969). Their data concerning the Ti, ¥ and Cr
elements displayed a marked departure from the bedy of KB/Ka
raktios measured via excitation by bremsstrahlung X-rays or

electron bombardment (see Table IV.1}. >
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REFERENCE Ti v Cr
Scofiéld p.1138 2.1367 B.1337
{1969}
-Salem G.135% 8.137 B.138
et al (1972}
Hansen - g, 8945(*} B.2853(%) B.113548.00823(%)
et al {197¢)
Slivinsky @.1319+4Q.8817 ﬁ.lEEBjﬂ_Eﬂll g.1394+2.2011
et al (19372} -
th;hi - 5.134ia:éaz §.134+0.082
et al (1973}
paid - B.133+0.002 5.134;5.332 B.13449.092
et al (1076)|@.123+D. 802 (*){ A.121+P.0Q2{*)|B.127+B.8Q2(*;
Tamaki - B.1332{%*) @B.134
et al [1975, -ETEEE}*] o labelled
1978, 1979} {CIII compounds

E.123~ﬁ.135f*}{1abelled

CrIII compounds

B.131-6.144(*) flabelled
Crvl compounds

Lazzarini ) A.147-9.136(*) | labelled
et al (1978] i CrIli compounds
E.l4l=ﬂ.135{*}{labelled

CrVI compounds

e .

Table IV.l
KB/Ho intensity raties (**)
i{*) experimental data obtained fram K-capture excitation
{*#*) all the values were compiled from experimental results,

except Scofield's theoretical calculations.
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Besides the work of Hansen et al {(1978), there was a
mEQSGEEment of the KB/XKa ratioc in the 2 ¢ 28 region, with
espe;ial emphasis on the comparison of X-ray excitation and
K-capture decay (Paid et al, 1976). It can be seen that the
results obtained by X-ray excitation are in wvery gond
agreement with the evaluated wvalues proposSed by Salem et al
{1972) and Slivinsky et al {1972). On the gther hand,
differences exist between the EKEP/Xa ratie Ffor K-capture
nuclei and that for X-ray exrcitation, although the

discrepancies are not so significant as in the axperimental

results of Hansen et al (1978) (see Table IV,1).

A survey of the theoretical and experimental results
nétained in the 1866's has been carried out by HNelson =t al
f1979) . They pletted different relative transition
probabilities as functigns of atomic rumber. In Figure IV.2

the transition prebability ratio K3/HKa, where

KB = KfBya + KB* + KB, 5 and Ka = Ko, + K&y, is shown,

In 2all the measurements which had been carried out up
te that time, an emphasis was placed on 2 comparison of the
experimental results with thearerical calcuelations. The
effect of the chemical composition on the KB/KG intensity

tatio, however, has never been considered at all.

Elivipsky et al (19732} mentioned that chemical
effects, such &s an oxidized thin target, did not change the
results, Salem et al (1972} have rcompared the results
obtained from amorphous sSamples with those from crystalline

metal samples, but 4ld noet f£ind significant effects.

——

—r
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Kp/Ka,

SLIVINSKY E EBERT {1963}
01 E ] _
% HaMSEM ET Al (1970 )
—— — SMOOTH CURYE THROUGH EXAPERIMENTAL DATA

— — —=~ THEURETICAL CALCULATIONS OF SCOFIELD [1865)
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Figure IV.2. %
Transitien precbability ratio Kf/Hao as function of the aromie
number {2}

from Nelson et al (197@)

On the other hand, studies by means of an X-ray
Elugrescence sSpectrometer have revealed Ehat the X-ray
energy and intensity ace altered by the chemical state of
the target compounds ({Yech, 1971). In particular, the
appeatance  of ¥R savellite peaks giues rise to alterations

An peRR Snape,  Bnerny and invtensity . Mtess altetations

o W — o

o b iyl e
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should affect the KB/Ka intensity ratico measurements, as

well.

Tamaki et al (1975, 1978, 1979) and Lazzarini et al
f1978) studied the KP/KQ intensity ratics by measuring X-
ray emitted from various Cr - labelled compounds. The 9'cr
decays primarily to ground state of Iy by electron capture.
Thus, a hole created in the K shell as a conseguence of
eleckbran capture is quickly filled by a cascade of
electrons, with the simultanecus ejection qf Auger electrons
and emission of X-rays. Lazzarini et al {1978) s=stated that
the chemical bond would influence not only the relative
probability cf the twe transitiens, but alss the probability
that the transition occurs with emission of radiatien. In
this latter case, a competition between the de-excitation by
means of thé Anger transition, and the de-excitation by
means of the ;FIE? emission would be occurring. The Auger
transikiun, however, should not affect the resulb, since we
are dealing with the relative intensity of ttwo lines
originated in the same initial excited state. Although in
the electron capture decay the effects of recoll and of
eiectronic excitation as a result of the sudden change in
nuclear charge may, to some extent, be associatad, on the
monent of X-ray emission we can consider that the chemical
structure of the parent molecule skill remains unchanged in

the daughter molecule.

The results ghtained by the two authors, using the same
experimental technigue can be seen in Table IV.l. The datz
obtained by Lazzarini et al (1978) for the Cr'' doped

crystals seem to suggest that the lattice parameters of the

COMISSAD HACION/L CE ENERGIA NUCLEAR/SF - IPEN
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host crystals have a great influence on the phenomencn.
Indeed, they Ffound that the KB/Ka ratic depends beth on the
chemical form of the parent radionuclides and on the type of
crystals in which the radiconuclides are embedded. The formal
eidation number of the emitting atom, on the ather hand,
was found te have no influence on the values of the KfB/Ra

ratio, contrary to results found Ly Tamaki et al (1975,

18478, 1979).

In the next section the experimental results obtained
in the present work will be presented. We shall) then compare

our results with the previcus experiments and calculations.

-

IV.4 Experimental Results and Discussicn

The expariméntal resulcs were obtained by stepping over
the peak positions at @P.P2° 28~intervals, and counting for a
fixed time. The time of counting was adjusted for each
sample. At least two determinations of each spectrum were

made and the resvlts obtained were conmpared with each other.

The intensity of an emizasion line may be estimated by
the height of the respective peak or hy the a}ea under the
spectrum. The =econd appreach, it being more accurate, was
chosen for the development of the present study. Actually.,
it allows smell variations in shape and peak width te be
taken inte a&accgunt, whereas in the former appreach they
would be crudely neglected. For each sample the intensity of
Kf and Ko were therefore obtained by the evaluation of the
area under the spectrum. The final KB/Ko ratio was expressed

by the following equaticn :
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AKB + AAKB = RKB + AKP [(ﬂﬁ.m

ARG + AAKQ AR AKe

F 2. 172
+ (ﬂaxg) ] . (IV.1)

AKQ

AKR

l

where : AKP = area under the K[ spectrum;
AKa = area under the Ko Spectrum;
A AKa, AAKD = absolute standard deviations of the
| guantities AKa and AKS, respectively.
! .

In principle, the intensity I(hj} of an X~ray line
arising from an elément j in a matriz made up of different
elements is affecte& by both primary and secondary
absorptions. Since we are dealing with KB/Ka intensity
ratios, the .primary absorption can be duly neglected, on the
grounds that both lines originate ip transitions from the
same initia) ionized state (ls*}. &s for the secondary

absorption, its influanca can be astimated by the

exponential law :
I = I, exp{-upx) ‘ (1V.2}

where : I/I; = fraction of the radiation which passes

through the absorber;

n = mass absorption coefficlient of the matrix;
2] = density of the mateix;
x = penetration depth ¢f the radiation.

Therefore, the radiation intensity measured should be

corrected to take inte acceunt the secondary absorption.
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A+ Ah A +AA (%) (*)
SAMPLE KB 3+ K3’ Kay,, KBy s8R KBy 3
Kety 2 [Kay 2
?ENF‘EDIUN METAL d.781242. 0668 |12.75 710 . 085 (8. 061 3.355-
ACETYLACETORATO A.3893+2.0033| 6.128+P.924110.064 [GF.856
VANADI UM I:II-I:I
. ENRDIUM (III) G.500810.0443] B.484+R.B85716.06%9 |2.858
FLUCRIDE ]
VAMADIUM (I1II) DXI;]E _D.Eﬂ_ﬁlgiﬂ.ﬁﬂqﬁ B.472+0.B57 ﬁ.ﬂ:ﬁ-?l F.@56
;A-NADYL SULPHATE B.3248+0.0028 ) 4.B29+0.633|0.067 ' B.B60
VANADYL @.486146.8841; 7.592+40.051 |8.064 |8.8357
ACETYLACETONE
‘u"ﬁNﬁDE’L—_ #.l6c64+0.0815) 2.8B1840.219}146.0859 ﬁ.ﬂ';
PHTHALOCITANINE '
VANADT UM FENT-'E]TXIDE B.71224p -;;Eﬁ-zl.l'?ﬁj:ﬂ-ﬂ?; B.HE;_- d.858
AMMON T UM B.6654+0. 0658 |10.29948.071 |6.865 |0.858
WETAVANADATE

Intensity of vanadium KB, ;

Table IV.2

+ KB' and Ka,;

peaks. Relative intensities

X-ray emissian

{*} The absolute standard deviation of this ratio is 8.881
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A +AA A+ AA {*} f#)
SAMPLE ! K|31‘3 + KB Ky 3 KBia+EB' KBy 3
KOy 2 | X%,

TITANIUM METAL B.20857+0.6018 | 3.032+5.921 |@.058 [0.663
TITANIZUM (III) OXIDE |8.171110.6615 | 2.444+6.817{pB.57a H.Eﬁd_
*ITANTUM fIE&} 6.1123+0.8810 _;.65913.512 @.068 |9.263
*LUCRIDE
"iq0g F.2L37+40.0015 | 3.060610.062210.872 |0.666
",03 + Ti0O; + Ti0O {5.172518.2016 | 2.407+0.617(0.872 |B.067
TITANIUM CARBIDE A.218918.0020 | 3.13040.022(0.07¢ |B.066
"ITANIUM {1V} OXIDE |B.2256+8.08021 3.221+5.092310.078 E.ﬂggl
JALCIUM A.068513.0PP6 | .950+0.06710.072 E.HEE;
JRTHOTITANATE
TALCIUM METARTITANATE é.aﬁdgiﬂ.ﬂﬂﬂS 4.745+0.065)6.2974 ) d.869
ITROWTIUM o ﬂ.éiﬂ?ia.ﬂﬂﬂa @.555:0.08418.873 | 0.870
1ETATITANATE
JETYL METATITANATE |B.1228+@.8011 _ll??BtE.ElE g.069 E:BE4
30TASSIUM ﬁ.ﬂagsia.aﬂaq aféé%ia.éﬁl"5}5¥§ a-ﬁai_
IEXAFLUOROD
PITANIUM {IV)}

Intensity of titanium K@, ,

paaks.

Table 1IV.3
+ Kf* and Ra, ;

Relative intensities

X~ray emissian
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A+ AA A+ AA [*) f*}
SAMPLE K, 3 + KB° Kty 2 KB, sHEB' T KBy s
K':'LZ_ K{ll,_z_
CHROMIUM METAL #.2153+8.0028 | 2.843+0.022|n.876 {B.66¢
CHROMIUM (IIf} OXIDE a.¢Bqﬁ}ﬁ:EE;;_-Ei;;;;éj;;; ;:55;77;.551
ACETYLACETONATO B.3063+3.0027 4.@41£ﬁ.a31 B.876 |g.@61
CHROMIUM (III)
;HIETHYLEHEDI§HIME #.1269+0.6811 |1.641+6.813 ﬂ.ﬂ%ﬁ__a.aﬁz
CHROMIUM (III}
CHLORIDE
HE XAUREACHROMI UM . ﬂ.lﬁﬂ?iélgﬂld l:é;liE.BlQ B.881 |@.p6¢
{III} CHLORIDE
CHROMIUM (III) . B.2195+P. 0020 |t 2.790+0.021%0.075 | 0.86¢
SULPHATE
BOTASSI UM “15.030440. 0803 | 6.40940.003{0.074 | .06
HEXATHIOCYANATO
CHROMIUM (ILI} i |
BOTASSTUM TRIDXALATO a.lﬁsétﬁ.aﬂlﬂ 1.34119.31513.9?9 B.06
CHROMIUM {III)} ]
E;RE;IEH_{III} _ B.1056+0.6018 | 1.367+0.811|D.677 |8.06!
CHLORIDE . 3
CHROMIUM {IV) QXIDE H.ZHEEfﬂ.éﬂlB 2.665+0.021|8.877 | B.B6-
CHROMIUM {VvI) OXIDE |8.5316+8.8847 {7.155x0.855|0.874 éféE?
POTASSTUM CHROMATE |[2.1562+8.0815 |1.96610.916|06,.088 | 0.66!
;osxum CHROMATE B.3941+6.6037 | 5.136+3.848|2.0877 | 5.06i
‘LEAD CHROMATE B.p456+6.0084 1 B.55540.084 19.082 [ 3.8
POTASSIUM DICRHGﬂﬁTE @.2014+0.02029 E.El?iE.HEEiE.ﬂBE [ .25

Intensity of chromium HB'J

pPeans.

Table 1V.4

Relative intensities

+ KB' and Ka,;

X-ray emissian
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Hevertheless, it can be shown that the correcticon factor
ﬁhi?ﬁ should be applied to the KB/KX intensity racies is
roughly equai to one. Therefore, within the order of the
experimental ertors, we may assume that the theorekical
values of the KJ/Ka ratios are practically the same as those

determined experimentally.

The results obtained far the KB/Ka ratic for the
chromium, vanadiuom and titanium compounds are summarized ip

-

Tables 1v.2, IV¥V.3 and Iv.4.

The K& characteristic emission spectrum has its origin
in . the 2p ——4 15 electronic transitien. In the final
configuration, the 295 is =splitted in two esnergy levels
{1 = 1/2 and j = 3/2) due to the spin-erbit coupling. The
emission spectra is therefare made up of Ewo spectral lines
B, and Ko, which carrespond to the transitions
2R3y = 18 and 2p,;; —— 15, respectively. In analegy with
what we bhave described for the 3p® orbital in Chapter III,
electronic interactions will also occur between the 2p°
electrons and Lthe uncoupled 3d electrons. The coupling of
the respective 1spin angular momenta will give rise to
multiple final states, which on their turn will influence
the shape apd the intensity of the obtained peaks, exactly
in the same way as for the 3p% electrons. Yet, due to the
fact that the 3p electrons are not copsidered "true core
electrong”, the degree of interaction will be different in
both cases, the "chemical effects" being more pronounced for
the electrons belonging to the 3p subshell. Indeed, it is
possible to verify by the analysis of the radial preobability

functions that the degree of overlap between the 3p and the
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3d orbitals is much mere intense than in the case of the 2p
and Ehe 3d orbitals, The above argument leads logically to
the idea of greater chemical effects for the Hﬁ,ﬂ + Kf3'
than for the Kety - If there were observable effects in both
KB,3 +KB' and Ka,,;. then the ratic might well be
invariant . If, on the other hand, the two emission peaks
were subjected te different valence shell effects, then
these effects might he present in the KB/Ka ratio, as well.
The direct analysis of the experimental results obtained

does not lead to any correlation between the EB/KO ratio and

f——

the formal oxidation number cof the tranzition metal present

in the molecule.

-

In Chapter III 2 more detailed study on the KB spectrum
was pursued and it was verified that the KB' intensity
increases as the oxidation number of the- transitign metal
decreases, This increase in the K{B' peak intensity nmust
pccur at the expense of a drop in the main peak {Kﬂ,j )
intensity, in order to keep the pverall intensitky unchanged.
We therefore decided to study the Kf/Ka ratic from other
viewpoint, trying to eliminate the inflﬁence of the K(3' peak
on the area under the Kf} emissium spectrﬁﬁ. In other words,
we have attempited to consider secparately the intensity of
the main peak {KBIJ1]. Te do so, the values obtained for the

RB' + KB, , ares were multiplied by the facter :

F = Ll +  IKfQ )" , (IV.3)

IK[, 3

where @ IKf3' = Kfi* peak intensity;

IHﬁ,J = KBIJ peak intensity.
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The resuvlts thus obtained are sSummarized in  Tables
Iv.g, IIU.B and IV.4. We can now discern an increase in the
KBi,3/Ka,, ratio; as the oxidation number of the emitting
atom increases. We were ahle to verify this behaviour from
the experimental spectra only because of the high resolution
of the spectrometer, which separates the Kﬁ,ﬁ main peak
from the Kf' satellite line, whenever they are resolvable.
It is therefore surprising that Tamaki et al ({1975, 1978,
1379) have managed to obtain the same variation using an
energy-dispersive detector, which exhibits poorer resolution

than wavelength-dispersive methods.

Estimation of an emission 1line lintensity (by the
evaluation of the area under the spectrum) supplied us with
reliable results, since we were interested in the
investigation of the relative KB/Ka ratiec for & series of
compounds of the same element. Yet, problems do occur when
the resclts are compared in absolute values wilth those of
all other experimental works. All the studied spectra were
recorded using an order of reflecticn equal or superior to
3, which gave us the best experimental compromise between
efficiency and resolution, Sincé the separation betwsen the
two Iires (K& and KB) increases with the increasing of the
order of reflecticn, it 1is possible that the effect of
factors suech as the reflection coefficient of the analysing
crystal be varying, as well. The KB/KQ ratio of metallic
samples were studied for different order of reflections. The
results obtalned {Table IV.5) =chow that the ratio is indeed
varying with n, in a dramatic way, appreoaching the values
found in the literature &S n iS getting Smaller.



-'“JETMj.LIC SAMELE n =4 I —:-3 -__m_]; 1-. 2

TITANIUM d.468+32.9401 2.1389+8.022

VANADI UM . g.061+0.001 | #.122+0.082 2,13145.002

CHROMIUM g.876+B.2081 P.136+6.082 8.138+0.682
Table IV.5

(KBy3 + KP') /Ka, ; ratio for different order of

reflections

For the specific case of the determinatieon of KJ and Ko
spectra Efor the vanadium compounds, we have used the faurth
order of reflection. If we evaluvate the angular dispersiaon
ratio between K and Ko for the order n equal ko 4, we shall

find (focr metallic wvanadiom)

R, = (d9/d\) KB = (cos O} Ka = 8.66 . (Lv.4)
fde/dh) Ko {cos BY Kf

2nalogowusly, for the third order we shall have :

Ry = 8,93 . {Iv.5)}

Therefore, this ratioc has increased by a facter of 42% when

we go fromn =4 tonn = 3.

We can alse see that the angular dispersion in bheth
cases (Rf and K@) is getting cleser, @as Lthe angle of

incidence for the KPf and Ha tend toe the same value, that is,
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when the order of reflection n tends to 1, the ratio R, also
tgnds to 1. The angular dispersion might therefore be one of
the possible factors (due to the analysing orystal)

responsible for the difference found in the KB/KA intensity
tatlias. Unfortunately, it was not pessible to obtain
reliable results for the KB/KW ratic for the first order of
reflection, because the corresponding Bragg angles were very
close to 2ach other. Anyhow, the results shown in Tabkle 1IV.5
{for the sacond order aof reflection) are already very close

ta those found in the literature (compare with Table IV,1}.,

The analysiz of Tables IV.2, IV.3 and IV.4 allows us to

conclude that the Kf, ; /K&, , ‘ratio is being affected by the

oxidatien state of the X-ray emitting atom. The chemical

envirenment of the emitting atom was found to influence very
1ittle the KB/ /Kdy ratio, the variations being
practically within the experimental error (see, for
iﬂstance, the resulks cencerning the potassium, sodium  and

lead chromates). The influence of the chemical bond in the

relative probability of the two transiticns SEems,;

therefore, the most reascnable explanation for the results

chtained.
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CHAPTER ¥

MOLECULAR ORBITAL INTERPRETATION OF X-RAY EMISSICN SPECTRA

INVOLVING VALENCE BAND ELECTRONS

V.l Introduction

In this chapter we =shall investigate spectral lines
which originate from electronic transltions in the valence
band region. The X-ray emisslon 1lines LGy, and LB, are
phetons emitted when an atom ionized in the 2p subshell
undergoes radiocactive decay by means of the 3d -—e 2p
transition, bDue te the spip-orbit coupling, the initial
state zp* spiit into twe energy levels Ep;” and ZPT}I‘
Transitions Frum the 3d;; level to either state are allowed
aceording to the eleectric dipole selection rule. On the
aother hand, the 3ds,; level can only relax by means of a
transition to the 2P 34 level, the 3dg,; —* 2Py,
transition being Ferbidden, as it transgresses the dipole
selection rule AT = B, + 1. We therefare have two emission
lines, L&y 3 (3d3;,5p2 —p 2paspz ) and LBy (3d3;z - & 2D ).
Since the 2p;,, state ls less excited than the 2p],, state,

the L3, photons wil? be of shorter wavelength..

The KB;s region, on the higher-energy side of the
KB,3 ©peak, also relates to valence band electronic
transitions., Indeed, in such & regicen of the spectrum we
nnrmaily Eind one or more peaks arising from the 4p —& 13

electronic transition.

At & slightly higher energy thap these emlssions from

valence band orbitals, the corresponding absorptlien edyes
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will be found., However, for elements with a partially filled
34 shell {such as vanadium, titanium and chromium), emission
and absorption could, fo a first approximatioen, have the
same energy. Nevertheless, the edge is actually observed a
few eV abave the emission peak. Thls is usually less than
the La - LP energy difference, so that the LP spectral line

is readily abscrbed by the sample itself,

V.2 Molecular Orbital Theory Applied to the Interpretation

of Soft X-ray Spectra

The combination of the Xf,¢ and L& X-ray emission
spectra gives useful information about boeth 4p {KGL5
emissiaon line}), and 3d and 45 (L2 emission line) character

in the wvalence band.

Fischer and Baun (1968), and Fischer (196%), studying
the 1La,., and LB, spectra of some titanium and vanadium
compounds, reported an anomalous satellite peak on the
lower-energy s£ide of the main peak La, , . By supposing that
the metal-ligand bonding is mainly ioniec and assuming a
complete transferring cf the. metal charge to the ligand,
they showed that the satellite line depended on the ligand
anion. It was suggested that this additional band, which was
not found in the pure metal, was due to 2 transition from
the 2p level of the anion to ap L), vacancy in the metal,
Similar ienic models had been previcusly used by the same
author to explain the K3 band of some compoupds ¢f third-row

elements (Fischer, 137Qa).

One objlection ke the lonic medel is that 1t did not

take into account the abviaus interactions betwsen the outer
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orbitals of the metal and ligand in forming a compound. It
iz unlikely that the bonding in these compounds 15 purely
ionie, there probably being 2 certain amount of covalent

character presant,

More recently, howewver, Urch (1878}, reviewing the low-
energy satellite peaks and the theories to explaln their
origin, concluded that molecular orbital theary (MOT) could
be used o explain the origin of these peaks. He suggested
that the low-energy satellite peaks Brose from the
*perturbation and splitting of atomic orbitals due to bond
Eormation. This new approach provided an explanation for the
bigh emission intensity of the observed satellites, which is
nore adequaté than the crossover transition theory of

O'Brien and Skinper (1948}.

Many investigators seemed to have the impression that
molecular orbital thecory was somehow restricted to highly
covalent materials. Actually, the theery is gquite capable of
handling the various types of bonding, from completely ionic
at one end to completely covalent at the other. Many other
researchers have also fecugnized the wutility of MOT iIin
cxplaining certain features of X-ray band spectra which are
difficult or impessible to rationalize by any other means
{Bast, 1966, 1368: Dodd et al, 196B; Manne, 1978; Seka et
al, 1969). Amonyg these authors, the only ones to study
first-roew transition metal compounds were Best (1965) and

SEeka et al [18a9).

Having in mind the MOT approach, Fischer published a
secries of papers in which he tried to give a molecular

orbital ipterpretation to the scft X-ray spectra from some
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titgﬁium and vanadium ﬁaﬁpuunés {1978b) énd'f}Emhﬁﬁiﬁh$qﬁ'r
compounds [1971). He used an experimental techniqué in which
the soft X-ray emissicn and abscrpbign SPectfa ﬁere combined
to Eunst;uct-a complate molecular orbital diagréh for the
compounds studlied. X-ray emission bands, according to the
theory, are ﬁue to eleétronicmtransitionszfrﬂm~the GCCUFied-E
valence band to an inner-level vacaney. Cn the other hand,
the absorption spectra are due to ﬁhe ejection of an inner-
level electren into one of the avallable vacant states in
the outer regihﬁ of the atﬁm. These combined techniques
allowed him tol'have a campiéte pleture of the MO ensrgy
dlevel diagram, involving batﬂ occupied and - vacant orbitals
‘within 28 eV or so of the‘Férmi level. Although dealing with’

insulatnrs, Fiuchﬂr used this lével as a reference Ear the

'alrgnmEnt of all the X- ray spectra thh the MO structure. He

placed the zero af energy at the Cr, L,“ absorption edqe, by . .

-“hassumlng far a camman ab5urpt1ﬂn edge fur all spectra the

— —_

' Eainp. where ‘the’ emlssian gpd abSDrptxun Spectra for the

g.giﬁenmélgmgnp:uverlapmiwﬂﬂf‘ul,‘;5~:1.hﬂ-'3%¢¢;iumu T

u ' - L ' —_ . -

fam 'This'ﬁséumptianamay ncﬁ howéuéf-be true,'and-the.ﬁseﬂéf

-bdré ionlzatlon energies dire¢tly d&termlned by x-ray’

phutuelectron spect:oscnpy is perhaps a bettar basis uf

3 —— -

alignment for the ' X-ray emission spectraw In thg next

b

seét_ion the applicatiun-._gf".the,. XP5 and’ ?(_“H:E:S combrined

techniques w:ll ke presentEﬂ.L :

- T n - L]
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v.2.1 Alignment of the X-ray Emission and

A-ray Photoelectron Spectira

The purpose, here, is ta study the electronic structure
of the valence band, using as experimental technigues X-ray
emission and X-ray photoelectron spectroscoples. Although
Ehese techniques are related teo different types arnd
probabilities of electronic transitions, they supply
complementary results, since the former allows us to
investigate the difference in energy between orbitals of the
"constitvent atoms, whilst the latter gives the snergy of all
the orbitals present in the molecule {both core and valence

bﬂnﬂ} "

-

When a compound such as ML, (where M is the metal and [
is the ligand) 1is formed, the 3d, 45 and 4p levels of the
metal atom interact with the 25 and 2p levels of the liganc
atoms. The ligand atoms are normally composed of second-row
ElemE]ﬂ;S; for which the 2p orbital 1s only partislly filled.
For the sake of brevity, we shall refer to any of thesc
elements as L in what follows. The major difference In  the
molecular orbital enérgy level diagrams will be caused by
the energies of the ligand 3p and 32s orbitals, In fact,
there is a considerable decrease in the 2p - 2s energy
separation, as one goas fron oxygen to nitrogen and e
carben [Siegbahn et al, 1967). This decrease will move the
reselrant melecielar orbitals closer together and the X-ray
emission bkand spectra will therefore be spread over ¢
smaller range. It Is important te nete, here, the additior
¢f ligand 2s interaction with the metal orbitals., The ligane

23 orbitals are usually considered to be too tightly bount
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to take part in the bonding. In Chapter IIL, however, it was
shown that these orbitsls need vto be considered te account

for the KB" satellites in the spectra.

A combination of the metal KB;s  Lity,z and the ligand
¥ X-tray emission spectra will therefore provide us with
useful information about the distribution of the molecular
orhitals, These spectra, however, cannot be directly
compared by plotting them in 2 same energy scale, unless the
ionization energies of some inner oibitals of the atoms
cancerned are Known. Wevertheless, it is possible ta place
the different emission spectra on a common energy sScale by
utilizing cere-=level binding aenergies determined by X-ray
photeelectron spectroscopy. XPS measurements of metal 2p and
ligangd 1= level, for instance, allocw us to drew the La and
the ligangd KoL on a sSame scale of the Xp5 valence band

Spectrum.

The sama reasqning can alse bhe applied to the KBLE
emission spectrum. Tﬁe energy of this peak can be considered
as the difference bejtween the metal binding energies of 4p
and 1s ﬂrﬁitalﬁ. jThis- latter energy ecan be ipdirectly

d

obtained from : ;

1

il

}
binding snergy (M?s} = energy of MKEQ +
I
; + binding energy (M2p} . (V.1)
In order to 'interpret all the available spectra once
they are plutteé in & same energy scale, it is impartant to

have also at hanﬁ the schematic meolecular orbital ensrgy-

T

level diagram. of tourse, this diagram will be different for
]

each compound, depending wupon 1ts sStructure. The commen
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structures which wuse d walence orbitals for [forming O

bondiné molecular orbitals are tetrahedral and vctahedral,
These configuratiens willl be discussed In more detail in the

next sections,.

V.3 Bonding in Chromium Compounds

V.2.1 The Chromate lon

In the chromate anion the chromium atom 15 surrounded
by a regular tetrahedral arrangement of oxygen atems. The
metal iom can be considered as being at the centre of a
cube, the alternate vertices of which form the tetrahedren;
the Cartesiaﬁ axes pass through the centres of the faces of
the cube. 0On each ligand atom a p orbital (namely a p,
orbital, If we consider a k,1,m Cartesian system for each
ligand atom} is directed towards the metal atom. In this
arrangement, the ligands do not directly approach any of the
metal 4 orbitals, but they come closer ta the 3d,y .z .
orbitals, directed to the edges of the cuoube, rather than to
the deYazz orbitals, directed to the centres of the faces

af the cube,

If the atomic orbitals of M and L are glassified

arcording te their symmetry preoperties, we gelb :
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TYPE OF ORBITAL NMUMBER QF|REPRESENTATION
ORBITALS
1
! M 3d 5 e + L,
M 4s 1 a,
M 4p 3 t,
L 25 4 a, + &t
L 2p pointing to M - 2Dk 4 ar + .3
L 2p perpendicular to M - L bond B e + t, + t;
2py and 2pq

Table v.1
Representation of the atomic corbitals of M and L according

to the peoint group Ty

The determination ufrthe molecular orbital energies can
be greatly simplified if ‘it is considered £hat the
Hamiltenian eoperator commutes WwWith the wvarious symmetry
cperations, such as reflection gr rotation, Therefore, the
only atemic orbitals which have to he considered as
interacting are these belonging teo the same irreducible

representation,
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a, representation

Only three types of orbitals will interact according to
this representation i the 4s orbital of the chromium and the
28 and 2py orbitals of the ocxygen. Since four oxygen atams
are involved, the resulting functionms, which interact with

each other in order to produce three molecular orbitals will

ba =

Cr 4s orbital;

2 -
D=1 (0,2py + 020 + 032p + 0;2Py) ; {V.3}
, :

where each individual ligand atem Is distinguished by the

suhscripts 1 to 4,

Lty representation

The orﬁitals which transform accordirg te thic
representation may givé rise to bEwD typesypf bending {0 anc
W) . Within any degenerate representation, the component
functions will be orthogonal. In the case of any trio of
functions whick transform as t; (under T, configuratien), it
will be possible to lidentify them as members of three
erthogenal subgroups. In the case of tetrahedral cowmplexe:s
of the transition metals, each subyrowup will have four
members. If wWe copnsider the 4p, orbltal of the central atom,
Eor instance, each of the four 2p, orbitals of the 1ligands

will have the same amount of overlap with this orbital, anc
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will enter into the combination with the same coefficient,

with the appropriate sign {see Figure Vv.la).

The overlap of the ligand 2p, orbitals with the metal 4
orbkitals may a2lsoc be investigabed in the same way. The metal
3dygy orbital has its lobes directed through the edges in the
iy Pplane. This 1is represerted in PFigure ¥.lb by the
appropriate + and - signs in these edges. It can be se@en
that the 2py ligand orbitals overlap with the d,, metal
orbital in precisely the same way as they de feor the dp,

“orbital, except that all the signs are reversed.

Figure v.1

Overlap of ligand 2Zpy orbital with metal p and d orbitals

Concisely, the 4p, orbital of the central atom may be
combined with the 34,, orbital of the same atom, and the 2s
and 2py otbitals of the ligand atoms, The set of resulting

functiens, in this case, will bhe :

r
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Cr 4p, orbital;

Cr 3d,, orbital;

¢'3 =&_ EDI 25 + 0225 - 6325 - G‘ES} i '["u"-"l,'!
2

¥ = 1 (0)2py + 022p — 032py — 04 2Pk) . (V.5)
2

In principle; all the metal-atom d orbitals which
transform as t;, as well &s the p orbitals, can enter into T
bonding with the ligand atoms. The overlap of the central-
" atom p orbitals and the pw orbitals of the 1ligand atoms,
however, will be very poor., The T bonding will then be
predominantly of the ¢type dT - pi, with only a small

gontribution from the chromium 4p orbitals.

e representation

The p ligand orbitals with ¢ symmebtry can interact with
the chromium adxaqazz Evnctions which bhelong te the same
symmetry. Such an interaction will be very similar te the
dT - pNi  type of the t; symmetry and a pair of bonding and

antibonding orbitals will be formed.

t, representation

The ph crbitals of the ligand atoms are the only ones
which beleng te this representation. This set of ligand
orbitals will therefore constitute a group of non-bonding

furnctions and will play no part in bond formation.
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some mixing was considered here berween the ;T and t;o

Representation of the occupied molecular orbitals in the

chromate anian
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Baving in mind what has been discussed above, we can
draw a ‘qualitative melecular orbltal diagram for the
chromate ion (Figure ¥.2), with scme of the possible X-ray
emisslon transitions, Since the t,7 bend has & nede where
the t;0 bond has a maximum, the interaction between these
orbitals should be very poor,. Even so, we could consider the
possibility of a very small interaction which might thern
result in the t,;T molecular orbital being less tightly bound
than thé t; non-bonding orbital. In the pext section we
~shall try %tc assign each of the molecular orbitals present
‘in Figure V.2 with all the XPS and XRES spectra obtained for
the chronate ion,

-

v.3.1.1 Ezfgiyﬂﬁﬂgal_ﬂgsults

In Figure V.3 is depicted the La emission spectrum
obtaired for the chromate ion using a seft X-ray tube as a
source of excf%ation. As the pepstration pﬂwér of Ehis tube

3
iz not so0 effective as in the case of the sealed X-ray tube,
the outer layers of the target material {where any
contamination may eventuwally be present) might play a
rather relevant role. In order te he suge about the
reliability of the experimental results, the LO spectrum was
repeated under the same experimental conditions, but using
the chromium—-sealed tube instead of the CGR elent 186 soft X-
ray tube, The spectra are shown in Figure ¥.3. The sample 1
spectrum was obtained by using the CGR elent 1@ soft X-cay
tube, whereas those For the samples 2 and 3 were o¢btained
with the c¢hromium-sealed X-ray tube. For the sample 3 we

have used the same coenditions adopted for the sample 2, the

only difference being the superimpoSition of an  extra



Chanpter V l4ad

cullimator in the X-ray path, between the primary collimator
‘and the analysing crystal. Although the resolution achieved
was considerably better in the latter case, the general
features of the curve were not drastically chapged, showing

no evidence of surface decomposition.

The relevant XP5 and XRES spectra cobtained for Na,CrD;
are shown in Figure v.4. Although the spectra depicted are
congcerned with Na,CrQ,, experimental results were also
pursued for potassium and lead chroﬁates and it was verified
that the nature aof the cation hasx very little infleence upon

the spectra.

The spectra obtained in the present work for the
chromate anion (Figure V¥.4) are indeed guite different in
appearance from that obtained by Haycock (1978) fer the
sulphate ion {(Figure Vv.S), although the two anions should be
expected Ko show similarity, as they have the same symmetry,
and the bonding involwves, in principle, orbitals of the same
type. The XPS valence band spectrum in the latker presents
at least two emission peaks reasonably resolved. According
to the melecular orbital diagram, these peaks {& and B in
Figure V.5] were assigned to the 2a, and 2t; levels. In the
case of our chromzte ion, howaver, the valence band spectrum
consists of ane single peak (dencted by & in Figure Vv.4).
Prins et al (1972) and Wertheim et al (1973), on the othet
hand, measuring the X-ray photcelectron spectra of bott
valence region and 0 25 For the chromate ion, obtained twe
peaks whose shapes, relative intensity and FWHM are indee

very cleose to curs (A and B, regpectively, in Figure V.4}.
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X-ray emission data for the chromate anion
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Jith regard to the lining wp of all the experimental
pectra, a.gond agreement was found between our results and
*ischer's, although using different technigues as a basis of

ilignment.

Having in mind all the chromate spectta obtained iIn the
sregsent work {Figure V.4), we shall firstly try to assign
sach emission band to any possible molecular orbital lawvel.
¥¢ shall then attempt to ecompare our results with those
sbtained theoretically (Clack, 1972; Hillier et al, 1971;
Jleari et al, 1965; Viste et al, 21964) and experimentally
(Fischer, 1971; Rurmaev et al, 19%79; Mazalov, 1377%;
Fadovskii et al, 1975), as well as to discuss the possible

sbserved discrepancies.

The ¢ 25 XP5 spectrum is aligned with the Cr KB"
emission band {peaks B and E, respectively, 1n Lthe same
Figoure V,4). We can therefore position in this region the
melecular orbitals which present a high percentage of Q0 2s
in their composition, that is; la, and 1lt,. The five
remaining orbitals {(that is, 2a,, 2t;, le, 3t, and t,;} can
be positianed under the XFS uélence band spectrum [(peak &)
and the ©Q K& emission (peaks ¢ or D}!. Except for the t,
orbital, which is entirely formed by the oxygen 2p "lone-
pairs", all the other orbitals sheculd be present in some
extent in the Cr L& band. Since the 2t; and 3t; are the anly
orbitals presenting in *their compesition some amount of
Cr 4p, these two orbitals should be aligned with the

Cr KB, 5 band, as well,

In the lining up of 211 the spectra available, it 1is

found that the Or L& band has a considerable emission on the

e B

, —— ==
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high-energy side, which corresponds to ne appreciable
emissien in the XPS or in any other spectrum; like O KO. It
is‘ difficult ¢to bese sure about the relevance of any
corresponding emission present in the XPS spectrum, since it
seems to be greatly influenced by the positicen where we
locate the background level. We should therefore expect in
this region an erbital whase compesition has almest none
contribotian frem the O 2p atemic orbital. There are, of
coursa, some difficulties in the interpretation of such a
short-wave sub-band on the basis of MO-LCAQO theory. The
possibility of an interaction between the &,©T and ¢t,0
orbitals, shown in Figure V.2, could make the t,m less
tightly bound than the %, non-bonding orbital. This could
pfovide‘ a "ope—-glectron® solutien for the Cr LE short-wave
emission, altheugh it does net explain why we do not have
any corresponding emission in the other spectra. Before we
proceed with the discussion of the experimental resnles,
however; ‘'we  shall try te compare them with the electronic

ctructure calculations.

The energles, symﬁetry designations and crbital
companents of the valence molecular orbitals used in Clack's
calculation are shown in Table Vy.2, According to him, the
highest Filled orbitals are 1t;, 2a; and 3t,, mainly of
axygen non-bonding 2p character. Mstal-oxygen bonding cccurs

mainly through the le and 2t, which are closely spaced,
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ORBITAL ATOMIC COMEQSITION (%)
ENERGY | SYMMETRY Cr ORBITAL O DRBITAL
{ev) 3d 45 ip 2g 2p
+ 2.27 1t 166.063
+ P.46 2a, 6.87 3.28| 99.74l
- 8.81 3t; 2.03 7.46) 6.48} B84.81
- 2.83 le 30.51 59.49
- 4.19 2t; 36.54 3,29 6.62) 60,14
-21.8%5 1t, 3.78 frrarafr.rel 1.27
~23.65 la, 22.89 77.19| 5.18
Table V.2

Molecular orbitals for chromate ions [Erom Clack, 1972}

An 0 25 atomic orbital contributien in molecular
orhitals which are predominantly O 2p in character, was
found In the theoretical calculatlons of Clack (1972) and
Hillier et a2l (1971). This contributian will, of course, be
relevant in the Xp8 valence bpand intensity, since the
photeionization cress section is greater Eor the 0O 2s
electrons than for the Q 2p electrons. From Tabkle V.2, and
‘the theoretical results of the phaﬁninnizatiun Qross
sections (Scofield, 1976), the ratio of relative intensities
for XPS peaks 0 2s5/VBE was calculated to be 3.82 : 1, Bearing
in mind this theoretical value, and comparing it with the
intensities obtained in the present experimental work (2558
cps  and 11988 Cps for the © 25 and wvalence band,
respectively), it iz realized that the intensity of the XP5
valence-band peak cannot be explained as selely due to 0 2p
and Cr 3d. Some additional amount of 0 2s (~12%) must be

taken inte account in the valepce-hand peak, in order to
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explain its high relative intensity.

Considering the contribution of Cr 33, 48 and O 2zp
atomic orbitals in the final molecular orbitals, the Cr La
and 0 Ko emissien spectra can be drawn (see Figure V.6}. The
X-ray experimental results of Figure ¥.4 do not agree well
with the theoretical calculations. The 0O KO theoretical
emission spectrum (FWHM ~ 8.5 eV) 1is spread over a larger
energy range than our experimerntal curve {FWHM ~ 3.5 eV},
whereas the trend for the Cr L& is the opposite ‘[FPWHM of
4.8 ¥ and 7.8 eV, respectively). Major differences are also
found in the positicning of all the molecular orbitals in
both cases. Accordipg te the calculatieons, the £, non-
Bonding erital {whose composition has to be 130% 0 2Zp) is
lying hig@gst in enpergy than the occupied set. From the
experimental results, however, this is not seen to be true,
if we consider that the emission present on the high-energy
side of the Cr Lo is conhected with some of the five

pecupied lavels,

Fischer (1971) suggested that the main intensity
magimum ~ of the cr Ld' spectoum Was dug to the
le MO — Cr 2p3;» transition, and the short-wave emission
was connected with the 3f, MO —e Cr 2py;; transitien. Clack
{1972) has actempted to explain this hy considering the way
in which X-ray transitions are originated. Whilst the
Cr Kﬁzﬁ and Cr Lo lines wriginate Lrom transitions to core
levels very close to the nucleus (1s and 2p, respectively),
the 0 KO spactrum arises in transitions to the 15 level,
which is more susceptible to the valence electrons, Clack

therefore assumed that the exchange integral would be
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iteater in the latter transition (0 Ka), causing a shift of
he spectrﬁm to lower energies. S5till acceordipng te him, all
the levels derived from the O Kot spectrum should be shifted
:a higher energies in arder to obtain & more realistic
syicture of the orbital energies. As the t; level is the one
+hich has the major percentage of O 2p character {188%), it
should present the largest displacement teo higher energles,
znd, therefore, cocupy the highest filled level of the
nplecular orbital diagram. This explanatlon, howWaver, does
raf seem very reasonable, for the simple reason that, if we
ﬂﬁ net believe in the experimental alignment of all the
levels derived from O Eg spectrum in the chromate example,
we cannot be sure about the alignment feor other oxy-
compounds, as well. Furthermore, Clack's assunption does net
explain satisfactorily the difference between the widths of

the 0 K& curves obtained experimentally and thecretically.

Sadovskii et al {1975), on the other hand, associated
the origin of the main peak with the 2r; MO —e Cr 2py,,
transition, and that ¢f the sheort-wave band with the

le MO -—p- Cr 2pg4;, transition. HNone of these assignments
{given Dby ?&Scher, 1971, and Sadovskii et al, 1975},
however, seems reasonable to us, for the simple reason that
we do not; have any relevant corresponding emission in the
XPS or 0O K& spectra. These assignments alse do noet  agree
well with the theoretical caleculatisns of Clack (1972), who

"Found that the 2t;, le and the 3t;, le melecular orbitals

are close in energy.

COMISSAD MACIGH/L CE ENERGIA NUCLEAR/SP - TPEN
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18V,

Energy

Flgure ¥.A8

Chromate Q XK@ and Cr Lo curves

(from the theocretical calculatlions of Clack, 1%72)
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The zhove discussion has shown that the Iinterpretation
of the experimental results is not stralghtforward. We shall
next.-try to discuss the prablem following different
approaches, assuming that the theoretical calculations give
the correct ordering of molecular orbitals, QOne possible
interpretation connects the existence of such a shorr-wave
emission with excited states [(Kurmaev et al, 1978). In this
case one of the empty levels (arbital 2e, for instance)
might be populated during X-ray spectra generation when an
electron is excited to this orbital (i.e., "shake-up®). This
electron would then decay to the metal 2p,, level, giving
rise to ¥-ray emission. Thus, it is possible that the low-
energy emission of the metal L spectra of oxy--anions is due
to le, 2ty, 3ty, 28, MO —p Cr 2p;,, transitions apd the
short-wave band to 2e” or 4t% MO —e Cr 2pjs transitions.
The fact that we do not have any relevant corresponding
emission in the ¥®PS wvalence-band specktrum strengthenr the
above interpretation. The absence of any emission in the
0 Ko spectrum fdue to the 2e* or dt§ MO — 0 1=
transition), however, can be satisfacteorily explained only
if we assume that one nf these orbitals have & very small
contribution f£rom the 0 2p atomic orbital. The corresponding
le or 2&2 bonding orbitals could indeed be aligned to the
emission present on the low-energy side of the Cr W
spectrum (see Figure v.4} which corresponds Lo a very weak
peak In the ¥ps wvalence bard and a tall {n the O Ea

spectrum.

& second interpretation for the shart-wave emission in
the Cr Lo spectrum takes intg accoupt Ehe crossover

transition theory of Q'Brien and Skinner {1948). The higher-
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energy sub-band of the Cr Lo spectrum, neominally arizing
from Cr id,4s — Or 2py,; transitions, could be assigned to
2 1t, —p Cr 2p transition, althcugh neither the Cr 3p nor’
ds orbltals belong to this representation. This latter
approach does not agree with the nermal assumption that the
selection rules governing X-ray emission are atomiec in
natuvre, i.e,, for L spectra the upper lavel must be an S or
d state, On the contrary, It assumes that the correct
selection ruvles are actually molecular in nature, i.e.,
determined by the Ty peint group. In this case, since the
hole In the Cr 2p level (initial state) and the dipole
moment cperatolr are both of t, character, the allowed upper
stastes ¢an have a,, e ar kt, symmetries, The use of molecular
selection rules admits the possibility that the highest
filled orbital is in fact the lt,, 2nd therefore allows the
participation of this erbital in the transiticn that gives
origin te the higher-energy Cr L& sub-band { Tossell et al,
1974) . We c¢an make the general assumption that in cases in
which the upper atemic levels normally invelved in che X-ray
transitions are essentially empty (e.g. Cr 3d and 4s in the
chromate ian), absolute séectral intensities are reduced and
cransitions forhidder by atomic selection rules, but weakly
agllowed by the molecular selection rules, cah geherate
appreciable relative intensity and, therefore, yield
spectral features. For this appreach to pe carrect, we
should expect approximately the same width for O EQ and
Cr LQ spectra, Mevertheless, experimental results (FWHM of
3.5 eﬁ and 7.8 ev far O K& and Cr Lo, respectively) de not

agree well.
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Another interpretation for the origin of such a short-
ﬂavg- sub-band emission considers the possibility of a
transition from a doubly-ionized state, If, by some
mechanism, 8 core Cr 2p electron were to be ejected at the
same time of a less tightly bound electron, a doubly-ionized
species would be obtained, The energy levels in this type of
doubly--ionized species would, of course, be different te the
energy levaels in the singly-ionized species, giving rise to
transiticns at higher energay values. These high-enercgy
satellites could, in principle, provide an explanation for
the origin of the shorg-wave emiésian in the Cr LO spectrum,
although it is not clear why we do not have any
corresponding feature on the low-energy side of the ¥PE

valence band spectrum,

As a £inal appceach, we <an censider that Lthe
approximatign implied by Kpopman's thecrem, which has beel

used so far with good results, does not hold true for thi

chromate anion . In other werds, the electrons in  thy

chromate are being affected by the excitation ¢of the sampl:

and conseguent ¢reation of vacancies in core levels.

-

Vv.3.2 The Chrnmigm_j?[} Oxide and the Dichromate Ion

The complete set of spectra obtained for the chromia
V1) oxide and the potassium dichromate are deplicted i
Figures V.7 and V.8, respectively. Dichromates result fro
'the sharing of wvertices between limited numbers of CrQ
tetrahedra. In potassium dichromate the anion has th
structure shown in Figure v.9a, whaere the bridging Cr -

bonds are much longar {1.79 3] than the terminal ones, wit
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mean 1.63 A (Wells, 1975). The chromium {VI) oxide is built
ef infinite chains formed by the linking of Cr0o; tetrahedra,
by sharing twe corners (Figure Vv.9b). Chromium in the oxide
as in the dichromate is therefare approximately
tetrahedrally coerdinated. This tetrahedron, however,
becomes more and more distorted as we proqress from chromate
to dichromate to Cr0;. As beth Cr0y; and dichromate have
basically the same configuration as the chromate, we should
expect, in principle, similar ¥-ray emission spectra, but
for a considerable broadening of the related bands due to
the symmetry distertion. This broadening, if any, should be
visible in the ¢ KO spectrum, since we have an increase in
the number of bridging oxygens as we go Lrom chromate to
dichromate and te CrCy. In practice, however, no appreciable
change is cbserved in the width of the 0 KOt spectra related
to the mentioned compounds. The oxygen KA spectrum and the
chromium Kﬁzﬁ ¢an be lined up with the XPS valence band in
the same way as for the chromate anion. But problems arise
if the Cr L0 spectra are compared with each other. In Cr0y.,
the Cr L& spectrum presents short and long-wave Sub-bands
which cor;espund to a very weak emission in the XPS valence
band, and te nething in the 0 Ko spectrum, The same feature
in the LO spectrum is also visible in the dichromate ion.
although the praoblem’is similar to that of the chromate ion,
galready presented in section v.3.1.1, it is seen that the
struckure is even ore preonounced in the case of bkoth CrD;
and dichromate. In all kEthe spectra there is evidence of
Cr 34 character in bonding molecular orbhitals which are

mainly oxygen in character.
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CfO;

1265
0,Cr 0

{a) Petassium dichromate structurae

5 1.75 A 3 .
- H\L'Cr iZ3° Cr"/ ™~
o~ T~ T o7 T
160 A
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Figure V.9

Even though difficult to interpret the chromate and related
cumpﬁunds using the one-electron model {sea section
¥v.3.1.1}, it is possible to investigate the relative
intensity of the various L peaks, in order to try and
estimate the amount of 3d character present in moelecular
orbitals with exygen. If we compare the intensity of the
Cr Lo spectrum obtained Eor these compeounds with the same
peak for Cr; 03 {namely a Cr 3d° compound), we can have an
estimate of the number of electrons that are taking part in
the band forwatieon. In Table ¥.3 the Cr LO/0 Ko intensity

ratios obhtained For different chromium conpounds are
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depicted. Tiis ratlie was obtalined by taking inte account the
chemical compositian, that is, the percentuzl welght of each
individual -elewment {2r and 0O, respectively)- - in -the
compound, Sipce the intensity of 0 Ko is expected to be
constant, the ratie wvariatioen should roughly provide ap
indication o¢f the number of 3d electrons taking part in the
bond formation. It is therefore seen, from Table ¥.3, that
the 3d electrons participatien in melecular orbitals mainly
0 2p in character -is more prorcounced in the {r8, and

dichromate ion than for the chromate ion,

CHROMATE 8.16
DICHROMATE B.46
Cro; 2.39
Cr, 0, 6.78
Table V.3

Cr Lo/0 K2 intensity ratio

v.3.3 The Chromium {III) Oxide

The Cr; 03 system c¢an ke treated as & 5Sl-eleccron
problem arlsing from an isoplated Cr”lﬂﬁ species. The
chromium (III) oxide has an hexagonal close-packed array of
oxide idons in which six oxygen atoms form an octahedral
group around the metal atom, and each oxygen atom is
surrounded by four metal atoms {Mewnham et al, 1962). For

convenience, the six ligands can be considered as entering
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along the axes of the coordinate system. Under chese

zonditions they will strongly interact with the d_2 and

1,242 orbitals 1lying =aleng the x, y and =2 axes. The.

romplete classification of the atomic orbltals of the
renkral atom (M} and of the ligand atoems {L), according to

:heir symmetry properties, is given in Table v.4.

| TYPE OF DREITAL NUMBER DF REFRESENTATION
DHBITAQE~
M 3d ‘ 5 ey + fzg
M 4s 1 a3,
M 4p 3 Ly
L 2s 6 A, by +ogy
L 2p pointing to M o a, + by *+ gy
L 2p perpendicular to 12 tlg + tzg + b, + b,
Mm - L bond
Table V.4

Representafian oF the atomic orbitals of M and L according

to the point group 0,

The t,, (4p) and ég {3d) orbitals are directed
ovards the ligands and are used to form strong sigma bonds.
'he tzy metal 3d corbitals, on the other hand, are directed
2tween the approaching ligands and will interact, forming &
ond, with all the ligand orbltals belonging te the same
rreduciple representation. The t,, and t;, orbitals formed
rom the twelve appropriate atomic orbitals of the ligand
tom& must remain nop-bonding Eor the simple reason that

here are no t,, and t,;, orbitals in the central atom,.
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In Figure ¥.lg a gqualitative wolecuvlar orbital energy
level diagram for the chromium (II1) exide ls depicted,
including an approaximate indication of the atemic eorbital
character that might he present in each melecular orbital.
In the following section, the experimental results obtained
for the ¢hromium (III) oxide is presented, as well as a

discussion of the molecular orbiltals invelwved in  each

emission,

V.3.3.] Experimental Results

The Cry0; XPS spectrum is shown in Pigure V.ll. Alse
shown, in the same energy scale, are the poesitions ang
relative Intensities of the various components present in

the Or Kﬁzﬁ , Cr K", Cr Lo and O Ko emission spectra.

From the calcelations of the electronic band sStructure
for Cr;03 carried out by Clack (1972} fsee Table ¥.5), the
Cr L0 and 0 KX emission spectra were drawn. The Ltheoretical
curves obtained are depicted in Figure V.12. These curves
are in better agreement with our experimantal results than
they were in the case* of the chromate lon. It can be
observed from Table V.5 that the orbital energy values
calenlated &re higher than expected, probably due to the
thenretical ﬁodel chasen by Clack {Crﬂ%’}. From the
melecular orbkital representation (Figure V.18), we can
assume Lthat éhe Cr L% emission band is cumposed o peaks
erigipating ' in the 1tz r 2tzg and 2ey orbitals. As the 2ty
is the orbital which is partlally Eilled, it will be the one
lying highest in energy. Clack assigned to this orbital 76%

of ceontripltion E£rom the Cr 3d, whereas the 2e; and 1ty

COMISSAD RACION/L LE ENERGIA NUCLEAR/SP . Ry
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orbitalsﬁhave 186% and 24%, respectively, of Cr 3d character.
The Cr LO will presumably have sSome intensity from
transitions origipated in the Zalg orbital, which {lack
caloulated as having 11% 4s character. This contribution,

however, does not appear Lo be present as a distinct feature

in the L spectrum.

ORBITAL . ATOMIC COMPOSITION (%)

EﬁEHGl" SYMMETRY ) Cr ORBITAL D CRBITAL )
{ev) 34 Mrgs _mdp 25 2p
53.43 2t 76.4¢ 23.6¢8
51.15 3Ly, 1.73 98.27
49 .27 lt,g 108.686
49.55 ita, 100.80
49.13 2ey 13.3-5 Bl.65
48.83 23,4 1R.71 %.BE Bl.43
47 .88 1t g 23.68 76.48
46.9¢ 2t 1y . 9.421 8.71]| Bl.86
34.29 le, 2.21 97.19 B.608
27:54 b T t28.B7|77.15 1.99
25.48 la,g 24,95 74.30 .75

Table V.5

r

Levels of valenge molecular orbitals for Cri0y

(from Clack, 1972)

The XPS valence band spectrum consists of two distincu
peaks. Peak C, of higher energy, is mostly 3d in character,
gince it is aligned with the main emissien of the Cr L&
band, it being therefore assigned toe the 2, orbital, Pedk

D, 1lying lower in enecgy, is mostiy O 2p ln character, it
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being mainly aligned with the 0 Ka and CrvKBEJS emission
Eands. Seven valence molecular orbitals are primarily 0 2p
in character (2t,, , ltz; . 2a; . 28y , 1ty » lbig and 3k, ).
0f these, it is assumed that the 1ty and lt;, non-bonding
Z2p "lone-pairs" give rise to the main oxygen KO emission
compohent (10 of O 2p character}. Even the small
contribution of 24% from the O 2p in the thg orbital is
evident in the 0 KO spectrum obtained wusing extra-
collimation (see Figure V¥.11). The .-2t, and 3t,, are
calculated to have Some ameunkt of Cr 4p character in their
composition and are therefere assumed to give rise to the

Cr KB, s emission line.

The 0 2s XPS spectrum {peak A In Figure ¥.11}) 1is
"aligned with the €r KB" emission band (peak B in the same
figure}. In this reglon the orbitals which are mostiy 0O 2s

in character, that Iis, layg , 1lty,, and le are found.

g !
According to <Clack's caleculations, the €r 4p contribution
was found to be greater for the lt, orbital (21%) than for
the 2t,, and 3t;, (9% and 2%, respectively), this fact being

in disagreement with the "relative intepsities obtalned

experimentally for the Cr K" and Cr Kf, o bands.

£rill aceording te Clack's calculations, there is some
contributiaen from the 0 25 atomic erbital in two melecular
orbitals which are predominantly O 2p in character. This
centribution from the 0 25 should alse be visible in  the
intensity of our XPS5 wvalence band. We can compare the
intensities experimentally obtained for the XP5 0O 25 peak
and Ehe XPS wvalence bBand spectrum {1308 cps and BS8 ops,

. respectively) with kthe ratie of relative intensities
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calcuelated Efrom Table V.5, including the centribution of
D 2s foreseen by Clack (0 25 : VB 1: 3.63 : 1l). We realize
that indeed an even larger amount of 0 25 [-~13% more than
already assumed) must be taken intec account in the walsnce
band peak to explain ics high relative incensity, as in the

cagse of the chromate ion,

Several asuvthors {Adler et &al, 1%967a, 19%67b; Morin,
1961}, have suggested that the 3d electrons (Y, symmetry)
could give rise to two different kinds of bending. One type
would be related to the interaction between the chromium t,
and oxXygen ph electrons in the orbitals 1ty and 2ty . The
other type would be formed by a direct cationp-catian
interact&un, giving rise Ea & strong Bag = by covalent
bonding between the chromium atoms. As a result of this
bonding, the 2t orbital should split apart and therefore
become non—degenerate. XPS peak € in Pigure W¥.11, which
corresp?nds to the thg orbital, however, is too sharp {(FWHM
~ 3.8 eV) te account for any possible splitting. Besides,
the smallest distance between the chromium atoms ({2.65 i}
is =still toe big to allew any extensive overlap of d
orbitals from neighbouring cr?  ions, with iopnic radius

B.55 A (Cottan et al, 1966).

The zabove discussion was based in the assuvmption that
the chromium (III} oxide is an isclated Cr"lﬂﬁ species,
without considering the effert on the speckra caused by the
cxygen bridging. This effect, if any, should be vizible only
as a band broadening in khe O HA spectrum. Yet, the width of
the O K& curve experimentally obtained {4.0 eV} is narcower

than in the theoretical curve (5.8 eV in Figure V.,12).

LI TV
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Figure V.11

X-ray emission data for Crp0,
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] Bonding in Titanium and Vanacdium compounds

1.1 Titanivwm Carbide

The XPS and XRES spectra obtalned for the titanium
rtbide are shown in Figure ¥.13. The titanium carkide has
g Nal sitructure, in which each metal ieon is cctahedrally
reounded by six carbon ateoms, Althowgh the TiC does,. not
ve tha same structure of Cr,0, outside the isolated MO
ecles, we can assume that the schematic diagram of Figure
18 {for Cr,05) is applicable for TIC, as well. Of course,

do not have to conslider here the transition which has
‘igin in the 2t,, orbital, since Pi in TiC has a 4°
mEiguration. We should therefore expect that the major
fferences 1in the molecular orbital energy level diagrams
mald be due to the energies of the 1ligand 2p and 12s
‘bitals. In fact, there is a coasiderable decrease In the
¥ - 25 energy separation, as one goes f[rom oxygen te carben
L5 ev and 6 eV, respectively). This decrease will mpve the
agsulting orbitals closer tegether, and the X-ray emission

ind spectra will therefore be spread over a smaller energy

ange.

The Ti KBI,S emission band consists of two peaks (A and
¥ separated by ~7.8 ¥, whieh have their origin in
ransitions from the Ti 4p character in melecular orbkitals,
hich are mostly € 2s -and € 2p in character. Both peaks can
2 aligned with some emissioen in  the XPS valence band
ipectrum. Figure v.13 shows that peak B and the Ti L& and

! ¥t emission bands oecur at approximately the same energy

A M g
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positrien. This means that in this region the € 2p and Ti 3d
'and 4p states admixed together are found. The Ti L& spectrum
presents some emission on the inwmenergy gide, which is not
far from peak A& iIn the Ti Ksz spectrum [(mainly C 25 in
character). As it is reasonahle te expect that the ateric
orbitals will interact more streongly with each other in the
TiC tham in the oxides, giving rather more covalent bonds,
we can assume a conSiderable conktriboticon frem the Ti 34
orbital in the leg molecular orbital, this contribution
being responsible for the low-energy sub-band in the Ti Lo
spectrum. The C Ko spectrum, on the other hand, shows no
peak in the region of Tl KB, 5 peak A, which indicates that
the possible carben 2s - 2p mixipg has pnot occurred.
Calculations ¢f the TiC structure carried out by a number of
authors (Conklin et al, 196B; Ern et al, 1285) alsc
included the C 23 level in the density-of-states histogram,
and are in good agreement with our experimental .results. The
width ‘of the KPz,5 (peak B) 1line {~5.8 eV) agrees with
the computed width (4.5 eV) of the 2p bands (from Ein et
al, 1965). Further good agresment exlsts between the peak
A4 — peak B distances as measured by us}{-a?.ﬁ BY) and the
respective separation of che 2s and {3d + 2p) filled maxima

ir the density of states histogram (7.1 ev).

The high intansity of peak A in the Ti K@z may
correspond to an enhanced kransition probabllity because of
the streng cavalent character in TIC, The law-energy sub-
band present in the Ti Lo emission spectrum also lllustrates
this character. In fact, this strugture which corresponds to
some mixing between the Ti 3d and the € 2s Is nat seen to

exist in titanium oxides (see segtion V.4.2).
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Figure V.13

X—-ray emission data for TiC
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4.2 Titanium Oxides ({(Ti0, and Ti; 05}

Transition metal oxzides are ideal swubjects for an
ivestigation of insulating and metallic states, because of
ne wlde variety of electrical properties ohserved in
pparently similar materials, Metals are characterized by a
oW resistivity at room temperature and by a linegar increase
n reslstivity as kEhe temperature is ralised. Insulators and
amicanductors, on the other hand, have extremely high
esistivity at room temperature, it decreasing expoaentially
ith increasing temperature. Some materials, however, do not
all into either group. They are semiconductors at low
.emperaktures, but at a certain higher temperature their
:unﬁucéivity suddenly jumps by a2 large factor (23 great as
.B?] and they are typically metallic. Such a semiconductor-
:e-metal transition has been observed In Ti 03 and Ti;0g,
for instance, vwhereas the Ti0; Dbehavas always as an
insulqtor. These different electrical properties are
pelieved to Dbe dependent on the degree of cccupancy of the

metal 38 orbital. QOF course, the interaction between the

metal 34 and O 2p orbitals 1ls-also important,

In arder to explain the metal-to-insulator transitian
phenomencn, various theoretical models have been suggested
for Ti,0, {Ashkenazi et al, 1973, 1%73%). In Figure ¥.14 2
schematic diagram of the band structure for Ti;0,, as
ebtained by Ashkenazi et al (i1975), 1is shown. The
calculations performed by them included the gxygen 25 and 2p

bands, as well as the titanium 3p band.

-
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Figure V.14

Schematic diagram of the band structure for Ti, 04

The Ti,0; has the corundum structure in which six
gxygen atoms form an cctahedral group argund the metal atom,
ard each oxygen atom is5 surrounded by four titanium atoms.
We can therefore assume that the schematic diagram of Figure
V.19 ffor Cr,0;) is applicable for the local coordination
of the Ti in Ti;03, as well. The X-ray data obtaiped for
Tis0a are shown in Figure v,15. It is seen that the LG band
is congsiderably broader (as a reswult of a worse resoluticn)
for the Ti iIn Tiz;0;, ¢than it 1is fer the Cr in all the
compounds presented in section V.2. This comes from the fact
chat the RbAP crystal is not suitable for the analysis of
the Ti La (28 angle larger than 14¢%), so that the Pb
myrisktate with largqer 2d spacing has to be used instead,

which gave a 20 angle of only 48.5%,

According to  Ashkenazi et al (1975}, the width of the
0 2p and 0 2s bands are 4 eV and 2 eV, respectively., These
values are in good agreement with our experimental results

for the 0 K& spectrum and the XPS O 25 band {peak & in
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Figure v.15), 4.9 ey and 3.5 eV, respectively, 1if we
consider a lipne width of L.5 eV for a single XPS line. It is
alsos seen that the XPS peak B [(FWEM = S.9 eV), which is
mainly O 2p in character, spreads over the same energy range
as the 0 Ko spectrum. The band structure diagram of Figure
V.14 was calculated considering a completely ionic bond
between the central metal and the oxygen atoms (that is,
neglecting the peossibility of any cevalent character in the
bond formaticn}. In the molecular nrbitai picture, on the
other hand, sScme mixing betwaeen the 0 2p and the Ti 3d
states has to be considered in the Eormation of the covalent
bonds., To realize this, it suffices to compare the XPE
Q0 2s/VB relative intensity for a typically ionic bond withn
that for Ti,0,. We therefore consider, firstly, the t,
orhitals of the sulphate ion [see Figure Vv.5), which is
mainly nron-bonding in character. Only three out of eight
2p -1 orbitals are clearly non-bonding. The area under the
XPS peak in the lt, region, therefore, corresponds to only
these three orbitals, and it would lead to the experimental
ratio 0O 25 : O 3p :: 17.¢8 : 1. HNevertheless, If the bond
were considered as whelly ionic, then we should have twelve
Zp orbitals contributing for the area under the XP5 O 2p
regien, that is, the 0 2s/0 2p ratic shouwld be four times
smaller, or 4.2 : l. We now rekturn te Ti; 0, (Figure ¥.15},
where it is found thae 0 23 : ¥B :: 1.6 : 1. In rconclusion,
this ratie is smaller, thus indicacing that there must be

some contribution from the Ti 3d orkitals.

The main emission of the Ti LG spectrum lines up with a
veiy weak peak in the XPS valence band (peak <€ in Figure

Y.15). This emissian Can be attributed to the

——————— - A e e
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2ty MO —= Ti 2p transition, since Ti03; has one clectron

avatlable in the 34 aorbkital {d1 configuratieon).

Rutile (TiO,}, whose experimental results are shewn in
Figure V¥.l6, crystallizes in a tetragonal structure in which
the cpordination numbers are six for the btitanium and three
for the <xygen, there being oetahedral and triangular
arrangement of nearest neighbours of positive and negative
ions, respectively [Grant, 195%),., This sStructure iz
illuscrated in Figqure v.17. In the experimantal rasults of
Figure V.16 it is gquite difficult te discern how many suh-
band emissions there are in the rutile Ti LO spectrum. If we
consider that the Ti La spectrumn presented in section V.4.1
for TIiC is formed by two sub-band emissions, we can have an
estimate of the FWHM which can be achieved experimentally
for this particular diagram line. This value was found to he
of the order of 5 ev. Havirg in mind this walue, and
comparing It with the width of the rutile Ti L0 spectrum of
Figure V.16 (~12.2 eV), we observe Lhat this spectrum
shows at 1§ast two breoad intense sub-peaks. We <an  assume
that the long-wave sub~band 1Is lining up with the main
bondipng orkitals of 'the system (2t,, . lth . 2am and Eegj,
which possess appreaciable metal and oxygen character. Here,
as in the case of the chromates, problems arise when we try
te explain the origin of the short-wave sub-band. This sub-
emission is aligned with the orbitals which are primarily
0 2p non-bonding orbitals, with relatively 1little metal
character and 1little density in the interatemic region
{1ty r 1ty and 3t,, ). The elactronic structure of rutile

was calculated by Tossell et al (1974}.
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Figure v.15

X-ray emission spectra for Ti, 0,
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X~ray emission data for TiG,
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Figurs v.17

The rutils structure

The higher-energy LG emi;sion sub-band was assigned by them
te a lg,—— Ti 2p transition, whereas Fischer {1972)

assigned this peak to the ltag orbital, discounting the
pussihﬁlity of 1lt,, participation, because nelther the Ti 3ad
nor the Ti 4s orbltals belong te this representation. Of
course, the approach fellowed by Tassell et al [1974), bhased
oh the crossover transitian theory is not the only possible
Interpretation for the origin of such a short-wave sub-band.
We are not going to discuss here all the possible
approaches, since this was already done in section v.3.1 for

the chromate ion.

As ' the 234 electronic population decreases a5 one goes
from Cra' {3 electrons) to T {l electron) to Ti‘* [a
glectrong), we should expect a decrease in the intensity of
the peaks, which are mainly metal 3d in character (such as
the metal L& and the ®PS walence band spectra)l. Comparing

he set of spectra ontatned Trom TY; 04 (Figute WALy, TAD,

(Figate 3.A68% =204 Cr;0, \Figute V.Ul we obhatuwe That e
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main differences 1lie on the intensity of part of the XES
valence hand [peak € in all the Eigqures), which decreases
with the pumber of 3d electrons_available. Changes are also
ocbserved in the relative positicn of the 0 KX and metal Ia
spectra. In the TiD; the 0 K spectrum 1lines up with the
Ti L& emigsion band, whereas in the Ti, 0, and Cr, 045 the main
Lt sub-band emission is shifted of a few ey te the right,
with respect to the O Ko spectrum. & dgreat deal of
infarmation about the electric properties of these oxides
should arize from the analysis of the Ti L0 emissien bands,
since the overall shape of such emission speckra should be
significantly affected by changes of the valence state of
the titanium metal. Fischer (197%2), studying these spectra
from differant titanium oxides, wverified that the metal ion
exerts its main influence on emission component assigned to
the orbital 2t, {which presents the higher percentage of 3d
character). He argued that this compenent is 1ndeed the
predoninant part of the Ti0 LA spectrum; it becomes
copsiderably smaller in Ti,0; and it finally disappears in
TiQy. These changes were interpreted as being due to the
decrease in the number of 3d-like elect:ﬁns of the 'meta}
icn, ag the oxidation state ipcreases. The lower—-energy
region of the Ti La spectrum, on the other hand, reflects
Ti 3d character in the 1t,, and 2e, orbitals, in which the
titanivm is fotrming covalent O bonds with the ligand atoms
(0 2p]. Tha batter resolution of FPischar's resules showed
here an increase 1in the relative intensity of these
components, as one goes fraom Ti0 to Ti;0; te TiN;. The same
tendency can also be chserved in ocur results for Ti;0; and

Ti0;, despite the very poor resicluticn of the Ti L& spectra,
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in Ethe relative position of the O Ko and Ti La spectra. In
Tis 0y, the main emission of Ti LO coincidas with peak C in
the XPS spectrum (mainily 34 in character) and is at a
higher energy than the 0 K& peak, whereas in Ti0;, it |is
#ligqned with the 0 Ko spectrum, it being in this case more

influenced by the 0 2p orbitals.

V.4.3 Metatitanates and Orthotitanates

For thase metatlt-anates in which the bivalent gcation Is

+

much larger than the i ion, the perovskite structure is
- adopted. Calcium, stroptium and barivum metatitanates are of
this type. The mineral BaTi®; has a structure ip which the
oxide lons and the large cation ({Ba’') form a cubic -
close — packed array with the smaller cation {Ti‘*}

occupying the octabhedral holes formed exclusively by oxide
ions, as shown in Figure ¥.l18. This structure, with the Bea

atom surrounded by twelve oxygens, and the Ti atom by six

oxygens, is often sliaghtly distarted.

» small cation
O lage calion
O oxide ian

o

Figure V.18

The perovskite struckure
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The X-ray emission data related to tha barium
metatitanate are depicted in Figure v.1%. IC is expected
that the BaTi0, band structure should be similar te that of
TiC,, since the short-range crder is yirtually the same in
both materials, although tke long-range urdér is quite
different. L[f the experimental results obtalned for Ti0Q, and
BaTi0; (Figures V.16 and V.19, respectively) are compared,
we realize that they are indeed very similar, except for the
0 Ko spectrum, which shﬁws a little more struacture on  the
low-energy side for the metatitanate lon. The differences
abserved in the 0 K& spectrum can be explained by the fact
that in BaTiO, the Ti-0D bonds are being affected by the Ba-D
bonds, which are mainly ionic In character, so that the Ti-0
bonds in BaTif{ are more covalent khan in Ti0 . Furthermore,
in Figure V.19, the T L& and the Ti KB: 5 overlap with the
shoulder of the 0 Ka spectrum, mostly Ti - 0 honding in

character, in & slightly different way than for the TiQ,.

The only crthoetitanate whose experimental results were
pursved was Sr,Ti0, (see Figure V¥.2p¢). This compound has the
KaNiF, type of structure (Ruddlesden et al, 1857}, which is
clnselg related ko the perovskite structure. In the Kzﬁifl
struecture, the one—-unit cells are displaced with respect to
one angther, =so that the Ti1 astoms h?ve the same environment
as In the perovskite, namely 5ix OXygens arranged
acktahedrally, but the Sr atoms have an unusual arrangement
of nine oxygens instead of the original twelve neighbours.
The major difference between the set of spectra cbtainec
Erom 5r,;Ti0;, and BaTibDy lies in the presence of a peak A ir

the - 8r,Ti0; XPS spectrum. This peak arises from the Sr 3

laval.
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¥-ray emission data for the metatitapate ien (BaTiOjz)
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Rll the other features of the Sr,TiD, spectra are very close
te that obtained from BaTiD;, showing that the local
cogordination of titanium is of paramount importance and that
structural changes beyond the basic TiO; ceordisnatien unit

are of little importance.

V.4.4 Titanium Flucride

In the titanium triflucride the metal atoms occupy
octahedral holes in a close packed arrangement of fluerine
atoms. The metal atom has six equidistant F atoms, the Ti-F
distance being 1.97 4 {Siegel, 19548). These MF; species are
linked by bridging fluorine atoms, such that each fluorine
atem is bound tao two metal atoms, the interbond angle being
~158°, In Figure V.21 the set of spectra obtained for TiP,
is depicted. The intense main peak present in the P Ka is
attributed te the F {(2p} —» F (15) transition. This
transition takes place in a singly-ienized species. The
high-energy satellite {Ktty,:} observed at about 3 - 4 eV
from the main F Ko peak is thought to arise from transitiens
inv&lving doubly-ionized initial levels,1The doubly-ionized
species could be obtained IE a core F 15 electror and a FL
electron  were tc be ejected at the same time. The
transitions between the pertorbed energy levels in  the
doubly-ionized species would result in higher-snergy
emission lines. Since tha floorine ig the mast
zlectronegative element, it should form bonds which are
nainly ionic in character. In the absence of any Interaction
ekween the F 2p and the metal valence orbitals, we should

:xpect the 2p orbitals to be degenerate,

-—————ia—r—r—— T = —
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In this’ ' case, the transirion 2p —¢p. 15 should give rise to
only one emission diagram line ({neglecting the spin-orbit
coupling), 1In practice, however, a small degyree of overlap
btetween the metal and the fluorine wvalsnce orbitals is
possible, and the F X is expected to show Scme more
structure than just one single emissiorn line. In the TiF,
each fluorine atom is linked to two Ti atoms and we have ane
of the F 2p orbitals directed a2long the Ti - F - Ti axis.
These orbitals will therefore interact with all the metal
orbitals belonging to the same irreducible representation,
Seme inkteraction will alsos eccur between the F 2p “"lone-
pair® orbitals lying perpendicular to the Ti - F - Ti axis.
These small perturbing effects will cause a certain
broadening of Gthe F ¥ peak. The main perturbing influence
will of vourse be that due to the interaction between a F
atom and its nearest metal atoms. As a consequence of this
cverlapping, we should expect te see some more structure on
the low-energy side of the main F K4 spectrum, which is
indeed observed in the spectrum experimentally cbtained (see
Fiqgre V.21). The experimental F KO spectrum does not show
here separate emissicn ilines begcauvse the resclution of the
spectrometer for X-rays of about 780 ev is of the order of
il eV¥. Furthermore, 3in the alignmert of all the spectra
available, we found that the Ti L& band presents some lLow-
energy emission whieh lines up with the low-epergy shoeulder
in the F K& spectrum, as would be expected if the Ti 3d
orbitals were making bonds with the flucrine. The Ti KB:;
alse dees 1line up im the same rcegion; showing the

participation af Ti 4p orbltals, This means that in this
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region the F 2p, Ti 3d and Ti 4p states are found admixed
together. The XPS valence band spectrum shows a broad peak,
which also lines up with the F Ka and Ti Kﬁzﬁ;,FDn the low-
binding-energy 5ide of the XPS speccrum an unrescolved peak
{C in Figure ¥.21) can be seen. In this region the Ti 38
arbitals which are non-bonding in character are found. This
fact is confirmed by the increase in the relative intepsity

of the Ti L@ spectrum in the same region.

v.4.5 Vanadium Qxvanions

X-ray emission spectra were also cbtained for zome
vanadium oxyanions. In Figures v,22, V.23 and V.24 the set
of sapectra related t; vV, 05, WH,VD, and acetylacetonato
vapnadium (IXI} complex are depicted. 1In V,C; and HH VO,
campounds, the metal atom has the highest possible coxidaticon
number. It is c¢learly seen in Figures V,22 and V.23 that the
L emission bends of both compounds present some structure
on the high-energy side. This strugture appears as a
distinct peak A for the NH, V0, and as a high-energy sub-band
in the V,0, compound. Both emissions do not present any
relevant corresponding feature either in the XPS ngence
band or in the O K& emission spectra. In the NH V0, the
central atom is surrounded by a tetrahedral arrangement of
axygen Aatoms. Since the NH,VQ; has the same problem as for
the chromate lon, we shall ass5ume here the same
Interpretation given 1in secktion ¥.3.1.1. The V,0; compound
{in which the oxygen atoms form a very distorted octahedron
around the gentral atom} was studied by Fischer (1969} =and

Kurmaev et al {1979).

R T r———
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Figure V.23

X-ray emission data for WH;VO;
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Fischer (1969} assigned the main peak and the short-wave
sub-band of the ¥ L spectrum to transitions €£rom the same
molecular orbiral, but to different core levels — V 2p,,
and V 2pys; s respectively. In other words, he assigned the
main emission te the La transition and the short-wave sub-
band te the L transitien. It shonld be pointed out,
hewever, that the energy separation hetween the twe sub-
bands in the V L& spectrum (-~ 4.5 e¥) is much smaller than
the energy difference between the V 2p,,;, and ¥ 2pj, levels
obtained by EBCA measurements ({ -~7.5 e¥). We therefore
conclude that the LP transitiorn cannot he taken inte account
to explain the origin of the short-wave sub-band. Eurmaev et
al {1979), on the other hand, attributed the origin of th&E
sub-emission to the transition bekween the vacant 2t
molecuiar orbital and the V 2p,, level. This second
gssignment, showing a participation of excited states in the
generation of X-ray 'L emission spectra, seems to us more
reasonable than Fischer's. In fact, it accournts for the
aresence of LO short-wave sub-band, even when we do not have
iny corresponding emission in the XPS valence band or 0 K&
ipectrum. Clearly, this is not the only possible
-nterpretation Ffar the origin of this short-wave emission.
Jther possibie explanations wete already discussed in

ieckion V.3.1.1 in connectiaon with the chromate ion.

in Ethae écetylacetonatﬂ vanadium (II1} cCcompound, the

rentral atom iz surrourded hy an octahedral arragement of,

igand atoms. The main V LG emission (peak A in Figure
.24) lines.up with the XPS valence band peak €, presuvmably

orresponding to the 2t, orbital, which is mainly v 3d° in

g — i e—"—— ey —)

=
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chacracter, The 0 Ko spectrum  and the V KB s are allaned
with the XP5 valence band peak I and the low-energy sub-band
of the V LG spectrum. In this region the. main. .bonding
ctbitals, which have some 0O 2p, V¥V 4p and 3d character
admixed together, are fcund. The acetylacetone coorgdinates
to the central atom as the enclate ion through its two
oxygen atoms to form a six-membered ring. Some
delocalization of the T electrons may occur within this
ring, extending over at least the five atoms of the ligand.
The metal will alsp particlipate in the T-system ofF the
chelate ring by using its d-orbitals of appropriate symmetry
fehat is, the tzg symmetry, namely 3dxh¥h=£ Y. This
involvement is believed to make a significant contributian
to the stability ¢f the chelate ring. The oxygen non-bending
melecular orbitals £rom the three 1ligands will therefaore
irteract ip two @ifferent ways. The XPS valence band peak D
gxperimentally obtained (Figure ¥.24) shows some Sktructure
at about -5.5 eV, which .may correspend to these two

different interactions.

v.4.8 Vanadium Flugoride

The vaﬁadium triflucride is an halegen-bridged polymer
involving six-coordinated metal atoms. The structure is the
same already described for the tikaniom fluoride, the M - F
distance being, in this case, 1.95 A {Jack et al, 1951}). The
resules obtained for the VF, are depicted in Figure V.25. As
both titanium and vanadium are octahedrally ceoordinated to
the same ligand atom, we should expect very similar X-ray
emission spectra, except £for the Lo line, which reflects

primarily the metal 3d character (Figures V.21 and V.25).
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regk C of the XPS valence bapnd spectra should alsce reflect
:he metal 3d character, as it is aligned to the main L2
seak, Unfortenately, it is difficult to do a meaningful
romparison between the relative intensities of such peaks
‘or the simple reason they are not well resolved. Even =o,
it seems odd that the XP3 wvalence band VFy; {whose
renfiguration 13 42} gives only a veary weak peak when the
:orresﬁonding XPS wvalence band Cr,0, {d? canfiguration)

jives a very intense 2t,, peak {éee Figure V.11). It seems
rery llkely that the V¥, had suffered a considerable
»xidatien, which Is indeed confirmed by the very intense

yxygen peak obtalned for the same compound,

In VF, the Lu X-ray line comprises two peaks (A and B},
shose intensities are roughly the same. Here, again, the
tigh relative intensity ofF peak B {(compared with the same
seak obtained experimentally from another vanadium (III)
sompound - see Figure V.24) seems to indicate a reductlen

in the number of 3d eleckrons avallable.

v.5 Influence of the Auger Transition in the Soft X-ray

Spectra, Suggestions far Further Work

The L& and L{ 1lines arise £Erom the relaxatlon of
init;al states with a hole in either the L, or L
subshells. However, the inner-shell ionized atom may
rearrange without radiation by the emission of &n electran
{Auger effect), which vcan sometimes affect the X-ray
spectrum. All Auger decay processes of Lthe general type

RE Xy r where p and g are subshell indices and X is one
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efectronic shell, will result in doubly ionized species, at
least one hole being in the L shell, In particular, when
L =X, a Coster~Kronig {l935) type electronic transiticn,
.between levels of the same principal gquantum number, takes
place. Coster-Kronig transitions play an impoertant réle in

the L-line X-~ray enission spectrum.

Apart fLrom the possibility of self-absorption, the
La/LP ratio will be determined by the relative populaticen of
Ly and L;;; holes. An interesting Situatiun.arises in the
transition metal series of elements, where Gthe energy

differences between the L,; and Ly hole states Iis nearly

equal to the 34 icnization energy. This means that the
Lt Lipp#py v hugerlprdéess might eccur with the rapid loss of
L,} holes and conseguent reduction in L3 intensity. If
Ez; > E, {Sea Figure V.28), the 2p;,; -—+. 2py;. Auger

transition will prevail.

FERMI LEVEL

€

o : 2papn
.l ) D !
- L ZP”;

Auger trarsition smisEion af LB

acegmpanied by
amission of Lw

Figure V.26
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‘he final result, in this case, will be a large number of
oles In the 2p,; subshell of a doubly-ienized atem and,
herafore, a lot of emission in the LA region, with hardly
imy LB emission. The final configuration LH[”;Lv will also
.mply in a decrease of the number of 3d electruns awvailable
wnd, conseguently, changes in the valence state speckrum. ©On
:he contrary, if E, < E,, there will npot be any Auger
mission, the heole will stay in the subshell 2p,,; and we
shall see a lot of LB,. The La ~ L] enargy separation [E,)

for chromivm in the metallic sample is approximately 18 =v.
d¢ can therefore assume that E, > E, for the metal, since it
is wery unlikely that E, (energy separaticn hetween the
zonduction band and the Fermi level) is of the same order
>f magnitude as E,. We can also assume that the number of
2h,;; holes avallable will pe less thar statistically
expected. We conclude that 1if the Auger effect i3 to be
relevant in the chromiom coumpounds studied, we should
expect an inecrease in ‘the LG/LP ratio for the chromium
metal. In addition, for the chromates, this ratio should be
approximately egual te 2 3 1,  which is the statistically

expected ratio.

It 3is difficulct, however, to get any meaningful
conclusion about the relative pepulation of the Lj; and Ljp
holes from the Cr LA/LP experimenrtal ratio. In fact, the
intensity of both LO and LP will be sericusly affected by
the Lj;; absorption edge (due to a 2Zp -3 3d promotienj,
since its energy is very clgse to the L& emission, and has a
lower. energy than the LB emission. ‘The absorption edge
effeét should therefore be greater Eor the Cr (VI)

compounds, whose electronic configuration is g%, with

—_—r —_—
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caonseguent weakepning of LP and increase of the ILa/LB ratio

aver 2.

In Table V.6, the Cr Lo/LE experimental ratio for
different compounds &re depicted. 1t 1s seen that the
intensity of the Lf line is relatively stronger in the metal
than in the compounds of the same element. We can therefare

conclude that the abscrption edge effect is the predominant

ong for the chromium compounds studied.

COMPOUND La/Lp
INTENSITY RATICL
Cr metal 3.9
Crz 03 1,1
Cray 7.5
Na. CrQ; 7.5
Table V.6

Chromium Lo/LP intensity ratio

The 1initial state in the production of Lx and LB
photans, a hole in the Ly subshell, is exactly the same
as that for the L; (3= ——b—ipan )] and Ll [3s L—%-ZPIIZJ
emissions. A detailed study of the L, and L11 lines, which
result from transitions between electronic levels which are
nominally regarded as care levels, would eobviously be of
mueh value in the idertification of that part of the spectra
related to conmplications in the initial 2p+ state. It is

therefore believed that a further study of the L , LTl lines

woluld complement the work done in this thesis.
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APPENDIX

A FORTHAN PROGRAM FOR ITERATIVE DECOMVOLUTION




Appendix . R

PROGRRM ITER
DIMENSION DATAL(589) ,H(564) ,ERROR(588) ,G(158),
1DATEZ [ 50Q) ,FOLD(SBE) ,RESID{560)
DIMENSIQN SMOO({44),SMDAT(508)
CHECE=0.3
READ (5, *;NGMQD, NASM , NBGM , RMORM
REALD(S,*} {SMAQO{L) ,I=1,H5EMOC)
READ(5,*)BACK
READ(S,*)LTIM],LIMZ, NA  HE, ENUF
READ{A,*) (G (Jd) ,J=1,LIMZ}
DG 18 J=1,LIM]
10 READ(L,*) ISTEF,BATAL [ J) -
COMPUTE ERROR BARS FCOR CRIGINAL DAT
Do L34 I=1,LIM]
DATAZ{T)=DATAY{I}-BACHK
ITF{DATAZ2{I).LT.B.98Q0)DATAZ(I)=0.00208¢%
164 CONTIHUE -
ne 11¢ 1=1,LIM1
118 ERROR(I)=5QRT{DATAL{I] +BACK)
LIK=LIMI-WNEMOO+1
0 497 E=1,LIE
SUM=5.0
MORE=K
DO 488 I=1,NEMOO
SUM=DATAZ (MORE) *SMOO(I)+5UM
48 MORE=MORE+1
SMDAT (MBSM+K) =5SUM/RNORM -
487 COWNTINUE
DD 4@2 I=1,NBSM
469 SMDAT(I}=DATA2({I)
IKA=LIMI1-HASM+1
DC 41p I=IKJ,LIMI
416 SMDAT(X)=DATA2{I)
IFP{BMDAT{I).LT.2.R008)SMDAT(I})=0.0800
411 DATAL(I)=SMDAT(I}
PRINT ORIGINAL SHMOOTHED DATH
WRITE{&,185)
145 FORMAT({1H1,5H DATA)
WRITE(G,188) ]
l1@s FORMAT(IH ,23H ORIGINAL SMOOGTHED DATA)
ﬂRITE{E,lﬂ?]{DHTEl[J},J=l;LINl]
187 FORMAT(1GF19.1)
WRITE DATHE AFTER REMOVAL OQF BACKGROUHND
WRITE(G,128)
188 FORMAT(1H ,19H ORIG DATA MINUS BG)
WRITE({6,100) (DATAZ (T} ,I=]1,LIM])
189 FORMAT(18F1f.1)
ERINT ERROR VALUES
WRITE{6,211}
111 FORMAT{1U ,22H ERRQR WALUES FOR DATA)
WRITE(BE,112) (ERRCR{I),I=1,LIM]1)
112 FORMAT(I4F1a.1)
STORE TREATED DATA IN MATRIX H
po 113 I=1,LIM1
113 H{I}=DATAL(I]
WORK OUT RMs FOR ORIGIMAL DATHA
Sum=g.d
ng 114 r=1,LIiMl
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RMS1=DATAL [1)+5UM

SUM=RMS]

RLIM1=LIM]l

RMS=S0RT(AMS1/RLIMI)

PRINT RMS FOR ORIGINAL . DATA
WRITE{G6,115)

FORMAT{1H ,24H R.M.S. OF ORIGINAL DATA)
WRITE{f,11R)RMS

FORMAT{F10.1)

LIX=LIM1-LIM2+]

00 391 K=1,LIK

SiiM=a. P

NUMB=K

MORE=K

BG 362 I=1,LiM2
SUM=DATAL{MORE}*G{I)+5UM

MORE=MORE+1

FOLD { KB+ NUMB) =5UM

CONTINDE

DG 383 I=1,NB

FOLD(I}=DATALI(I)

IKI=LIMl-NA+]

BG 34 T=IKJ,LIML

FOLD{I}=DATARI{I)

WRITE{6,385} {FOLD{IY,I=1,LIM]}

FORMAT (1BF12, 2}

SUBTRACT FOLD FROM DATA

DG 123 I1=1,LIMl

RESID(I)=H({I)~FOLD({I)

PRINT RESIDUALS

WRITE{6,123)

FURMP.T{].H T RESIDOALS'Y

WRITE{§,124) {RESID({IY,I=1,LIM1}
FORMAT({18F12.2)

COMPUTE RME OF UNFOLD

CONS=0.H

DO 151 I=2,LIMI

RMS2=({RESID{I) *RESID(I) )+CONE
CONS=RMES2 '
RMSFN=SQRT{RMS2/RLIM]}

WRITELG,152)

FORMAT (14 ,31H COMPARISON RMS OF ABOVE UNFOLD)
WRITE(6,Ll52) RMEFN

FORMAT(F16. 3)

GENERATE MNEW FUNCTION

0D 125 I=1,LIM]

BATA) (IY=DATAL{I}+RESID{I)
IF{DATA{I).LT.0.8006) DATAL{I)=0.00068
CONTINUE

PRINT NEW FOLD

WRITE{6,126)

FORMAT({1H ,18H UNFOLDED FUNCTIGN)
WRITE{(G,127)} {DATAL(I),I=1,LIML}
FORMAT(10F10.2) 5
CHECK=CHECK+1.D N
IF (CHECK.EQ.ENUF) STOPD '
GO TO 158 |
END
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