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Stoichiometry-related Auger lineshapes in titanium oxides: Influence of valence-band profile
and of Coster-Kronig processes

P. Le Fèvre,1 J. Danger,1,2,3 H. Magnan,2 D. Chandesris,1 J. Jupille,4 S. Bourgeois,5 M.-A. Arrio,6 R. Gotter,7 A. Verdini,7

and A. Morgante7,8

1Laboratoire pour l’Utilisation du Rayonnement Electromagne´tique, CNRS-Universite´ Paris Sud, Baˆtiment 209d, Boıˆte Postale 34,
91898 Orsay, France

2Service de Physique et de Chimie des Surfaces et des Interfaces, Commissariat a` l’Energie Atomique, 91191 Gif sur Yvette, France
3Institut de Physique et Chimie des Mate´riaux de Strasbourg, CNRS-Universite´ Louis Pasteur, 67037 Strasbourg, France
4Groupe de Physique des Solides, CNRS-Universite´ Paris VI et Paris VII, Tour 23, 2 place Jussieu, 75251 Paris, France
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The ability to determine the nature and the occurrence of defects is a central need of ceramic surface
chemistry. In titanium oxides, the Ti-LMV Auger decays line shape is very sensitive to the titanium degree of
oxidation, and has long been empirically used as a qualitative probe of the stoichiometry. In the present work,
resonant Auger and resonant valence-band measurements at the Ti-L2,3 edges in TiO2 , TiO22x and metallic
titanium provide a clear evidence that the evolutions of the Ti-LMV Auger line shape are due to drastic
changes in the valence-band profile and in the probability ofL2L3V Coster-Kronig decay processes when a
fraction of titanium ions is reduced. Both are shown to be consequences of the filling of Ti-3d states near the
Fermi level on defects sites. These conclusions are confirmed by Auger-photoelectron coincidence experi-
ments.

DOI: 10.1103/PhysRevB.69.155421 PACS number~s!: 71.20.2b, 32.80.Hd, 77.84.Bw, 82.80.Pv
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I. INTRODUCTION

The electronic structure of transition-metal oxides h
been the subject of numerous theoretical and experime
studies. Indeed, depending on, e.g., the valence of the ca
the nature of the chemical bond, and the charge transfer f
the cation to the ligand, a great variety of situations can
encountered. For their fundamental interest as well as
technological applications in the field of microelectronic
glass industry or magnetic storage, 3d elements oxides hav
been widely investigated, by all kinds of techniques sensi
to their structural defects or to their properties at surfa
clean or after the depositions of thin metallic layers.

X-ray absorption spectroscopy~XAS! and electronic
spectroscopies such as x-ray photoelectron spectros
~XPS! or Auger electron spectroscopy are among the m
exploited tools for these studies, since they provide valua
information on both the electronic and crystallographic str
tures, including on possible local defects. The ability to p
duce a correct diagnosis about the nature and the amou
chemical defects is a central need of chemistry of cera
surfaces because they create new electronic states, in pa
lar in the gap, and perturb the reactivity.1 In this respect, the
occurrence of interatomic processes involving valence e
trons in Auger decays has been used to determine, at
qualitatively, the surface stoichiometry of some transiti
metal oxides.2 As an example, in Ti oxides, the relative in
tensities of the two main lines of the TiL2,3M2,3V Auger
decay were shown to be clearly correlated to the surf
0163-1829/2004/69~15!/155421~9!/$22.50 69 1554
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stoichiometry of the compound.3,4 This Auger spectrum
mainly involves two components. Due to its appearan
when the metal is oxidized, and its growing intensity wh
increasing the cation oxidation state, the low kinetic ene
component has been assigned to a so called ‘‘interato
L3MV(O)’’ decay,4 while the other component has been a
sociated to an ‘‘intra-atomicL3MV(Ti)’’ process.4–6 Here,
V(O) andV(Ti) refer to the O and Ti contributions to th
oxide valence band, respectively. This well-documented
LMV intensity ratio has been widely used to determi
changes in the stoichiometry of Ti compounds surfaces
well as variations in surface oxygen stoichiometry af
metal deposition.2–7 Raoet al.4 showed the coherent evolu
tion of the Ti-L2,3M2,3V Auger spectra through a series
compounds presenting a gradual reduction of the titan
ion from TiO2 to metallic titanium. The spectrum evolve
from mostly a unique line around 408 eV in TiO2 to a unique
line at around 414 eV in metallic titanium, the intermedia
spectra presenting these two lines with varying relative
tensities ~Auger spectra from samples under examinat
herein are shown in Fig. 1!.

To understand the link between the Auger line shape
the stoichiometry of titanium oxides, a detailed study of t
Ti-L2,3M2,3V Auger resonant behavior at the Ti-L2,3 edges
has been undertaken, as well as off-resonance coincide
measurements between Auger electrons and Ti-2p photo-
electrons on a series of three samples: a stoichiometric T2
crystal, a reduced-TiO2 sample (TiO22x) and a polycrystal-
line metallic titanium plate. From our comprehensive stu
©2004 The American Physical Society21-1
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the explanation of the relative intensities variations of
two Auger lines simply in terms of modification of the rat
between interatomic and intra-atomicL3M2,3V processes can
be ruled out. The occurrence ofL2M2,3V processes has als
to be taken into account, and we will show that the con
bution of suchL2M2,3V decays for Ti41 ions is mixed with
someL3M2,3V decays due to reduced Ti species, complic
ing the understanding of the Auger spectrum. The vale
band of the various compounds has been also studied, s
it is involved in theL2,3M2,3V Auger process, and must be
the origin of the sensitivity of this Auger process to the d
gree of oxidation of titanium. Indeed, the changes in
Auger spectrum will be shown to originate from filling of th
3d valence band states as well as to an increasing probab
of the Coster-Kronig~CK! decay of the 2p1/2 core hole, both
phenomena being due to the reduction of the Ti ion.

II. EXPERIMENT

Data were collected at the ALOISA beamline8 of the
Elettra Synchrotron Light Source in Trieste. Thes-polarized
light was impinging on the sample at grazing inciden
(;6 deg). The resolving power was around 5000 in
450–810 eV photon energy range used herein. The reso
Auger spectra were recorded using the ALOISA 33 m
hemispherical analyzers whose energy resolution was s
360 meV, leading to an overall experiment bandpass of
meV. For the coincidence experiments, two of the seven a

FIG. 1. Ti-LMV Auger spectra recorded off resonance in s
ichiometric TiO2 ~bottom!, reduced TiO2 (TiO22x) ~middle!, and
metallic titanium~top!. The spectra measured on TiO2 and TiO22x

were obtained at 542 eV photon energy. On metallic titanium,
spectrum was recorded at 465.6 eV. Note that the feature se
407 eV kinetic energy in metallic titanium spectrum is the Ti-s
photoemission. The two other Auger spectra, which were recor
at higher photon energies are not contaminated by this photoe
sion peak.
15542
e

-

t-
e
ce

-
e

ity

e
ant

to
0
a-

lyzers hosted in the ALOISA chamber were tuned at fix
kinetic energy on the maximum of the 2p1/2 ~or 2p3/2) pho-
toemission peak, with an energy resolution of 2.2 eV, in
der to integrate as much as possible on the photoemis
peak. The other five were scanning the Auger region with
energy resolution of 2.5 eV, in order to get the best comp
mise between maximum angular acceptance and good
and energy resolution.

The TiO2-rutile ~110! sample used herein has been pre
ously heated in vacuum at 900 K during 1 h. As a result,
rutile took a dark blue color and became conductive eno
to avoid charging effects. The stoichiometric surface was
tained by further annealings at 800 K under an oxygen p
sure of 131026 mbar. Further details on the sample prep
ration are given in Refs. 7 and 9. All the spectrosco
measurements (Ti-L2,3 XAS and Ti-2p XPS! which were
performed on the samples obtained by this preparation
cedure confirmed that the TiO2 stoichiometry was restored
on the depth probed by the photons, although we can
exclude the occurrence of some structural defects at the
surface, such as those which have been observed by ima
techniques.10 These defects are assumed to be marginal in
present measurements. The TiO22x sample was prepared b
sputtering the stoichiometric TiO2 ~110! crystal with 1 keV
Ar1 ions during 15 mn~Ar pressure of 131026 mbar, ionic
sample current of 4mA), in order to create oxygen vacan
cies near the surface. A 15 mn annealing at 400 °C in ul
high vacuum restored the surface reflectivity, needful for
coincidence measurements. The surface stoichiometry
characterized by monitoring both the Ti-2p XPS ~which ex-
hibits peaks corresponding to Ti31 and Ti21) and the Ti-L2,3
XAS spectrum. The latter is very sensitive to variations
the oxygen concentration, as shown by the strong change
the spectrum recorded on TiO22x with respect to the sto-
ichiometric TiO2 spectrum~see top part of Fig. 2!. The evo-
lution of the XAS spectra with stoichiometry had been o
served previously in TiO2-anatase11 and will be discussed
later. This preparation method leads to quite reproduc
surfaces.

The polycrystalline titanium sample was prepared by s
eral argon ions sputterings followed by annealings at 670
Due to the strong reactivity of titanium, the cleaning proc
dure had to be often repeated, but small amounts of car
were always detected by XPS. The high reactivity of t
surface prevented any coincidence measurement on
sample because data collection time is too long compare
the clean sample lifetime.

In order to determine precisely the origin of the differe
contributions of the complex Ti-L2,3M2,3V Auger spectra in
TiO2, we have recorded these spectra in resonance at
Ti-L2,3 absorption edges. The goal is, by increasing the pr
ability for the creation of a well defined core hole, to enhan
the relative weight of a given contribution in the Auger pr
file. In nonresonant conditions, theL2,3M2,3V Auger process
can be described as follows: first, a 2p core hole is created
by a photon whose energy is higher than the 2p binding
energy, and a core electron is photoemitted. Then, the exc
ion decays via the Auger process involving a 3p electron and
a valence electron. The first electron fills the 2p hole, and the
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FIG. 2. Experimental resonant electron spectra obtained on stoichiometric TiO2-rutile ~left part!, TiO22x ~middle part! and metallic
titanium ~right part!. The absorption spectrum~top!, the resonantL2,3M2,3V Auger spectra~bottom left!, and the resonant valence-ban
spectra~bottom right!, both recorded at the Ti-L2,3 edges, are presented for each sample. For the resonant spectra, the excitative
energy is given on the left of the spectrum. The slanting lines in the Auger panel indicate the position of the Ti-3p photoemission lines,
whose kinetic energy varies with photon energy. The strongly dispersive line observed in the valence-band spectra recorded on TiO2, marked
by a vertical stroke between 455 and 459.1 eV photon energy, is the Ti-2p1/2 photoemission excited by the monochromator second-o
reflection. The spectra recorded on metallic Ti, for photon energies above the Ti-L2 edge show some contamination effects through
presence of carbon or oxygen valence states.
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second one is emitted. In resonant conditions, when the p
ton energy is swept across theL2,3 absorption edges, th
Auger process can also be described, in a simplistic mo
as a two-step process, in which, following the excitation
the 2p electron to an empty state above the Fermi level,
excited atom decays via aL2,3M2,3V Auger process. When
the photon energy corresponds to the maximum of theL3
part of the XAS profile, only 2p3/2 core holes are created an
only the L3M2,3V part of the Auger decay is present in th
resonant Auger spectra. At higher photon energies, in theL2
part of the XAS profile, the creation of a 2p1/2 core hole is
allowed. Then, in the resonant Auger spectra, theL2M2,3V
part of the Auger profile appears. Since at this higher pho
energy the excited atom can also decay via aL2L3V Coster-
Kronig process, some resonance of theL3M2,3V can also
occur at theL2 XAS threshold through some kind of three
step process: creation of a 2p1/2 core hole, a Coster-Kronig
decay with creation of a 2p3/2 hole, and then aL3M2,3V
Auger decay.
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Finally, we have recorded resonant valence-band ph
emission spectra. Since theLMV Auger process involves
valence electronic states, the knowledge of the valence-b
structure for the different samples is of major interest.
resonance, the direct photoemission of a valence-band e
tron interferes with the two-step autoionization process le
ing to the same final state. The incident photon induces
transition of a 2p electron to an empty 3d state above the
Fermi level. Then, the excited atom decays, the photoe
tron filling back the core hole and a valence electron be
emitted.12,13 The photon energy dependence of the valen
band spectra allows to emphasize the local density of st
on the Ti atoms by the enhancement of its relative weigh
the Ti-2p→3d excitation threshold.

III. RESULTS

A. Stoichiometric TiO2

Ti-L2,3M2,3V Auger spectra recorded on stoichiometr
TiO2-rutile, TiO22x and metallic titanium at the Ti-L2,3 ab-
1-3
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sorption edges for different photon energies, are presente
Fig. 2, as well as resonant measurements of the vale
band. For stoichiometric rutile, concerning theL2,3M2,3V
Auger decay, it is clear that, if the low-energy structure of
Auger spectra appears above theL3 edge, the high kinetic
energy structure only shows up near theL2 edge, confirming
the attribution of these lines to theL3MV andL2MV com-
ponents of the Auger spectrum, respectively.9 The valence-
band spectra from the stoichiometric oxide can be compa
to measurements by Princeet al.12 ~see also Thomaset al.
for measurements on the anatase phase13!, with a dominant
structure due to the mixing of the O-2p and Ti-3d
states14,15,13 peaking between 5 and 10 eV binding ener
The small peak which shows up near the Fermi level~espe-
cially visible around a photon energy of 462 eV! is attributed
to the filled 3d states of titanium associated to the prese
on the surface of a small amount of defects. The mu
smaller intensity of this defects’ peak in our measureme
indicates that the surface of our sample was closer to
perfect TiO2 stoichiometry than that used by Princeet al. in
their experiment.12 In a previous paper, the resona
Ti-L3M2,3V Auger spectra on stoichiometric TiO2 ~Ref. 9!
was modeled by two peaks labeledB and C, which were
suggested to reflect the shape of the valence band.12,14 In-
deed, we confirm here that the splitting of roughly 1.7
between the two featuresVB andVC of the valence band is
similar to theB-C energy separation in the Auger spec
~2.4 eV!. Furthermore, in the decomposition of the reson
Auger spectra,9 it is clear that theC structure is always more
intense thanB, except for photon excitations around the se
ond peak of the Ti-L3 edge which corresponds to the tran
tion of the 2p photoelectron towards the 3d states ofeg-like
symmetry.16,17Notably, it is also in this photon energy regio
that the componentVB is the most intense in the valenc
band spectra.

B. TiO2Àx

The valence band of the TiO22x sample~Fig. 2! involves
a broadband between 5 and 10 eV binding energy an
sharp feature peaking just below the Fermi level which
hibits a strong resonance behavior at the Ti-L2,3 thresholds.
This structure corresponds to valence-band states highly
calized on the titanium sites. It is due to the filling of th
Ti-3d states in the vicinity of oxygen vacancies.12,13 In con-
trast with the stoichiometric case, the Auger spectra show
almost constant profile, with two separated peaks, through
the Ti-L2,3 edges. In addition to the line centered around 4
eV kinetic energy, anotherL3MV feature is peaking at 414.
eV, at an energy position close to that of theL2MV Auger
decay in the stoichiometric sample. The obvious origin of
414.7 eVL3MV Auger component is the intense valenc
band line observed below the Fermi level~Fig. 2!, as evi-
denced by the 6.2 eV separation in energy between the
valence structures which nearly matches that between
two L3MV lines (;5.7 eV). A complete interpretation o
the Auger spectra in this reduced sample requires a m
precise analysis which will be presented in Sec. IV.
15542
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C. Metallic Ti

As discussed in the introduction, there seems to b
gradual evolution in theL2,3M2,3V Auger spectra from TiO2
to metallic Ti. It is therefore relevant to analyze spectra fro
bulk titanium ~see Fig. 2!. The sharp feature of the valence
band spectra at the Fermi level is assigned to the Ti-3d filled
states. AL3VV (L2VV) Auger decay appears in the valenc
band spectra at constant kinetic energy when the photon
ergy reaches theL3 (L2) ionization threshold. Associate
with this valence-band profile, the Ti-L2,3M2,3V Auger decay
is dominated by a unique component. Unlike in the oxides
appears first as a Raman line, at a fixed binding energy, w
an asymmetrical line shape which can be explained by tak
into account the density of emptyd states above the Ferm
level, as it was shown at theL3 edge of silver.18 Its kinetic
energy becomes constant near theL3 edge, where the proces
becomes a normal Auger decay. Apart from a weak featur
420 eV kinetic energy appearing around theL2 edge, these
Auger spectra show very little differences between theL2
andL3 regions.

IV. DISCUSSION

A. Absorption

Changes in the oxygen concentration strongly affect
XAS spectrum at the Ti-L2,3 absorption edges as shown b
comparing the spectrum of TiO22x with that of the stoichio-
metric rutile~Fig. 3!. In the rutile structure, titanium ions ar
surrounded by six oxygen ions forming a distorted octa
dron which is stretched along one of its fourth-order a
(D4h symmetry!. Furthermore, in the plane perpendicular
this axis, the cell made of the titanium ion and of the fo
first nearest oxygen neighbors is not square but rectangul19

The Ti41 L2,3 edges in stoichiometric TiO2 have been al-
ready calculated in the multiplet model, including crysta
field effects in theD4h symmetry.16,17 We have performed a
similar calculation, which is compared to the experiment
Fig. 3 ~curvesa andb, respectively!. In a perfect octahedra
symmetry ~belonging to theOh group symmetry!, the 3d
levels are split intot2g andeg levels by the crystal field. The
two main lines of theL3 andL2 edges correspond to trans
tions of the 2p photoelectron towards these two levels.
distortion of the octahedron along one of its axis has to
introduced to account for the splitting of the second struct
of the L3 edge. In theL2 edge, larger broadenings of th
multiplets~0.5 eV and 1.0 eV for the transitions towardst2g
andeg orbitals, respectively, as compared to 0.15 eV and
eV for equivalent transitions at theL3 edge! smooth out this
splitting. These larger broadenings are justified by a 2p1/2
core hole lifetime reduced by Coster-Kronig~CK! decay,
which will be discussed later. Further distortions of the o
tahedron have been neglected.

A calculation done with the same crystal-field paramet
as for Ti41, but for a Ti31 ion is also presented in Fig. 3
~curved). A perfect agreement with the experimental spe
trum is not expected, since the TiO22x sample contains Ti
ions with various 3d fillings. However, this calculation gives
a trend. At theL3 edge, it reproduces the decrease of t
1-4
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intensity of the 2p→t2g-like structure at 457 eV, and th
high intensity of theeg-like structure around 458 eV. At th
L2 edge, the same tendency is observed, with a decrea
the 2p→t2g-like structure, and a quite intenseeg-like struc-
ture around 464 eV. The measured structure at 462 eV is
reproduced by this calculation. The two main absorpt
lines for the Ti31 ions are therefore twoeg-like features lo-
cated around 458 and 464 eV, two photon energies where
can expect intense resonances of Ti local electronic state
XPS spectra.

B. Auger line shape and stoichiometry in titanium oxides

The resonant behavior of the Ti-L2,3M2,3V Auger decay in
a stoichiometric TiO2 sample has been precisely studi
elsewhere.9 The low kinetic energy structure, which appea
from the L3 edge was assigned to aL3M2,3V Auger decay;
the high kinetic energy structure was attributed to
L2M2,3V, since it appears only above theL2 edge. This was
confirmed by off-resonance coincidence measurements.9 As
a consequence, in stoichiometric TiO2, the interpretation of
the Auger spectrum in terms of interatomic and intra-atom

FIG. 3. Ti-L2,3 absorption spectra:~a! 2p63d0→2p53d1 multip-
let calculation for a Ti41 ion in a D4h crystal-field symmetry, with
10Dq51.8 eV,Ds520.27 eV, andDt520.05 eV. The Slater in-
tegrals have been reduced to 80% of their atomic values. See
for the used energy widths.~b! experimental spectrum from sto
ichiometric TiO2-rutile and ~c! reduced TiO2; ~d! 2p63d1

→2p53d2 multiplet calculation for a Ti31 ion in theD4h symmetry,
with the same crystal-field parameters asa.
15542
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processes2 was ruled out, but the evolution of the Auger lin
shape with the degree of oxidation of titanium was still to
understood.

Figure 4 gives a general view of the Auger data set c
lected on the TiO22x sample. The spectra are plotted as
function of the electron kinetic energy~horizontal scale! and
for the different photon energies across the Ti-L2,3 edges
~vertical scale!, the colors indicating the Auger intensity fo
each of these two variables. On the right side of the ima
the slanting green line going from low kinetic energy at lo
photon energies to higher kinetic energy at higher pho
energies is the Ti-3p photoemission, which is mixed with th
Ti-L2,3M2,3V Auger spectra for photon energies around t
L3 edge.

Starting from the lowest photon energies, the first tw
yellow stains, around 407 and 414 eV kinetic energies a
respectively, the low and high kinetic energy structures of
Auger spectra visible in Fig. 2. The two structures alwa
exists throughout the Ti-L2,3 edges. At theL3 edge, the low
kinetic energy structure resonates mainly on the second
(2p→eg-like! of the edge~around 458 eV photon energy!,
while the high kinetic energy structure resonates both on
2p→t2g-like and 2p→eg-like absorption lines. Same ten
dency is observed at theL2 edge, the resonances bein
broader.

To obtain more quantitative results, the Ti-L2,3M2,3V
spectrum in TiO22x has been decomposed with the sam
procedure as in the study of the stoichiometric TiO2 sample.9

To account for the changes in shape of the low kinetic ene
line of the Auger spectra, this line has been decomposed
two components labeledC* andB* , at 408.3 eV and 410.7
eV kinetic energy, respectively~same as in the case of th

xt

FIG. 4. ~Color! Two-dimensional~2D! plot of the resonant Au-
ger spectra recorded on the TiO22x sample. The spectra are plotte
as a function of the electron kinetic energy~horizontal scale! and
for the different photon energies across the Ti-L2,3 edges~vertical
scale!, the colors indicating the Auger intensity for each of the
two variables. The Ti-L2,3 absorption edges in this sample a
shown on the left side of the 2D Auger spectra plot.
1-5
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stoichiometric sample9!. The component labeledA* at
414.75 eV stands for the high kinetic energy componen
the Ti-L2,3M2,3V spectrum~Fig. 2!.

The resonance of these three lines~Fig. 5! in theL3-edge
region demonstrates that they all belong to the Ti-L3M2,3V
Auger transition. In particular, theA* component, which ap-
pears at a kinetic energy very close to that of theL2M2,3V
component of the stoichiometric sample, has obviously
other origin in the reduced sample. The valence-band m
surements, presented in Fig. 2, allow to understand
L3M2,3V Auger line shape. Together with the broad valen
band, located between 4 and 10 eV binding energy~peaks
VB* and VC* ), which involves the O-2p and Ti-3d hybrid-
ized states, a sharp line (VA* ) is observed, close to the Ferm
level. This line exhibits a strong resonance behavior both
the Ti-L3 and L2 absorption thresholds, and corresponds
the filling of the Ti-3d states related to the presence of d
fects~see Fig. 6!. The more intense resonance of this part
the valence band at the Ti-L2,3 edges shows the higher degr
of localization of these valence states on the Ti atoms.
shape of the Ti-L3M2,3V Auger mimics the shape of the res
nant valence band with a broad peak around 409 eV kin
energy associated to the broad part of the valence band
a sharper peak at a 6 eV higher kinetic energy correspon

FIG. 5. Decomposition of the Ti-L2,3M2,3V Auger spectra in
TiO22x , recorded at photon energies of~a! 458 eV and~b! 462.4
eV @indicated by arrows in~c!#, including the photoemission 3p
lines ~dashed line! and three Auger components at constant kine
energies of 408.3 eV (C* : circles!, 410.7 eV (B* : squares!, and
414.75 eV (A* : triangles!; ~c! intensity of A* ~triangles!, B*
~squares!, and C* ~circles! through the Ti-L2,3 thresholds~solid
line!.
15542
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to Ti-3d defects states. Then, in this sample, the high kine
energy component of the Auger spectrum originates at le
partly, from aL3M2,3V(Ti) Auger decay related to the pres
ence of oxygen vacancies.

The resonant behavior of the valence-band Ti-3d feature
of the reduced titanium oxide VA* is displayed in Fig. 7. The
intensity profile exhibits maxima at the same photon ene
as the XAS spectrum, but with much higher enhanceme
both at 458 eV and 464 eV photon energy. This can be

c

FIG. 6. Valence-band recorded at chosen photon energie
stoichiometric TiO2 (hn5462.5 eV, dashed line! and in TiO22x

(hn5463.1 eV, solid line!.

FIG. 7. Intensity of the Ti-3d structure VA* of the valence band
~triangles! through the Ti-L2,3 thresholds~solid line! in TiO22x .
1-6
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derstood thanks to the XAS calculations presented on Fig
Indeed, one of the main changes from the Ti41 to the Ti31

calculation is the relative increase of these twoeg-like struc-
tures, and the decrease in intensity of thet2g-like compo-
nents. This confirms that the resonant behavior of this pe
typically of Ti31 origin, can give some indications on wh
would be a ‘‘site selective’’ XAS spectrum.12

The identification of theL2M2,3V part of the Auger spec
tra is not straightforward. Indeed, in theL2-edge region, the
Ti-L2,3M2,3V Auger decay can occur through three differe
routes. In addition to the resonant Ti-L2MV and the nonreso
nant Ti-L3M2,3V transition, a Ti-L3M2,3V decay is expected
to occur after the creation of a 2p3/2 core hole via aL2L3V
CK process. This Ti-L3MV transition will be labeled
Ti-L3MV(CK).

As in the case of stoichiometric TiO2, the resonances o
B* andC* in the L2 region arise from Ti-L3MV(CK) pro-
cesses. Indeed, it is observed~Fig. 5! that the total intensity
of B* andC* in theL2 region@resonant Ti-L3MV(CK) plus
nonresonant direct Ti-L3MV] is either equal or a little highe
than that observed in theL3 region ~a similar intensity be-
havior has been observed in the stoichiometric rutile cas9!.

The componentA* is also expected to resonate in theL2
region as a contribution to the Ti-L3MV(CK) transition. In
the absence ofL2M2,3V transitions,A* should show a be-
havior similar to those of theB* andC* lines. The very high
intensity of theA* component@see Fig. 5~b!# suggests in-
stead that it not only involves a Ti-L3MV(CK) component
but also, superimposed to it, a direct Ti-L2MVB* ,C* contri-
bution, which corresponds to theVB* andVC* structures of
the valence band~which are expected to appear at the sa
kinetic energy!. Moreover, theL2 resonant profile ofA* is
much broader in energy than theB* andC* ones, a behavior
which also supports a double origin of this resonance.

The present resonant Auger experiments clearly dete
uniqueL2MV Auger line. Therefore, the triple line shape
the three-featured valence band in reduced sample shou
present in theL2MV Auger as in theL3MV. The kinetic
energy of the A* peak, at about 414eV, corresponds to t
L2MVB* ,C* line, as measured on the stoichiometric samp
and aL2MVA* line should be present at about 420 eV. Ho
ever, it is not observed@see Fig. 5~b!#. Around theL2 edge,
the Ti-3p photoemission peak appears at a similar kine
energy with a quite high intensity. The presence of
L2M2,3VA* component superimposed to it cannot be co
pletely excluded. On Fig. 4, a photoemission peak shows
as a dispersive line, while an Auger peak has a nondisper
behavior. It is clear that, at theL3 edge, at 414 eV kinetic
energy, both a resonant 3p photoemission line and a resona
Auger structure are seen. But at theL2 edge, at 420 eV
kinetic energy, only the photoemission line seems to
present. This quasiabsence of theL2MVA* line even at reso-
nance is observed also on metallic titanium~see next sec-
tion!. This demonstrates that, for titanium atoms with p
tially filled 3d levels, the very high probability of CK deca
L2L3V transforms a 2p1/2 hole in a 2p3/2 one before the
occurrence of theL2MVA* decay, so that only theL3MVA*
decay is measurable.
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Last, let us add two remarks on these Auger spectra
corded on the TiO22x sample. First, the Ti-L3MV(CK) is
not significantly shifted in energy with respect to the dire
L3MV transition. No screening effects are detectable in
normal Auger spectra, and this is also true in the reson
Auger spectra. The resonant lines always appear at the s
kinetic energy as in the normal~off-resonance! Auger spec-
trum. Second, as in the stoichiometric sample, the twoB*
andC* peaks introduced in the decomposition of the Aug
low kinetic energy structure reproduce the double-pe
shape of the valence band. One sees clearly on Fig. 5 thaC*
is always more intense thanB* , the two peaks having
roughly the same intensity in the spectra recorded aro
461 eV photon energy. The shape of the valence-band st
ture between 5 and 10 eV binding energy indicates the s
intensity behavior for the correspondingVB* andVC* peaks.
VC* is always more intense thanVB* , which results in an
asymmetric shape of the valence-band structure, excep
the spectrum recorded around 461 eV photon energies~see
Fig. 2! where it recovers a symmetric line shape. This mo
intense resonance of the high binding energy part of the
lence bond is not surprising, since it was shown
calculations20 and by recent site selective photoemissi
measurements15 to be due to electronic states mostly loca
ized on Ti atoms.

C. Auger LMV -Ti 2p coincidences in the reduced titanium
oxide

To confirm these results out of the L2,3 thresholds region,
we measured the Ti-L2,3M2,3V Auger spectrum in coinci-
dence with Ti-2p photoelectrons. This technique was alrea
applied to stoichiometric TiO2.9 In this sample, the Auger
electrons collected in coincidence with the 2p1/2 photoelec-
trons clearly contribute to the high kinetic energy part of t
Auger spectrum, whereas the Auger electrons collected
coincidence with the 2p3/2 photoelectrons form the low ki-
netic energy part of the Auger spectrum. This confirms
attribution of these Auger structures toL3MV and L2MV
Auger structures, respectively, as deduced from the reso
measurements.9

The Ti-2p photoemission spectrum from the TiO22x
sample is presented in Fig. 8~a!. The 2p1/2 and 2p3/2 photo-
emission peaks are well separated. Although it is not visi
with the resolution used in the coincidence experiments,
reduced titanium cations Ti31 and Ti21 produce an addi-
tional structure on high kinetic energy side of the main ph
toemission peaks which are associated to the Ti41 ions.7 The
Auger-photoelectrons coincidences were first performed
setting the photoelectrons analyzers on the maximum of
2p1/2 and 2p3/2 photoemission peaks. The results are p
sented on the panels 1 and 2 of Fig. 8~b!, respectively. The
2p1/2 peak is superimposed to a large background aris
from the 2p3/2 peak. A nonnegligible part of the signal i
therefore due to coincidences with 2p3/2 photoelectrons,
mixed together with the coincidences with 2p1/2. Last, the
CK decay of the Ti-2p1/2 core hole can lead to the
Ti-L3MV(CK) transition, which will be also collected in co
incidence with the Ti-2p1/2 photoemission peak. For thes
1-7
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reasons, the Auger spectrum recorded in coincidence
the Ti-2p1/2 photoemission cannot be simply understood.
the contrary, the Auger spectrum collected in coinciden
with the Ti-2p3/2 emission can be safely interpreted as t
Ti-L3MV transition. Coherently with the conclusions draw
from the resonant experiments, it involves two main str
tures at 408 and 414 eV@Fig. 8~b!#. Next, we did another

FIG. 8. ~a! Ti-2p photoemission spectrum, recorded on TiO22x

with the same resolution than the one used for the coinciden
experiments. The arrows indicate the three kinetic energies~labeled
1, 2, and 3! chosen for these measurements.~b! ~1! Auger spectrum
recorded in coincidence with the 2p3/2 photoelectrons@kinetic en-
ergy 1 in~a!# ~circles!; ~2! Auger spectrum recorded in coincidenc
with the 2p1/2 photoelectrons@kinetic energy 2~a!# ~squares!; ~3!
Auger spectrum recorded in coincidence with the photoelectr
detected on the high kinetic energy side of the 2p3/2 peak@kinetic
energy 3 in~a!# ~triangles!. All the coincidences measurements we
done at a photon energy of 806 eV, far above the Ti-2p edges. The
Auger spectrum recorded at the same photon energy is also sh
~solid line!.
15542
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Auger measurement in coincidence with the high kinetic
ergy part of the 2p3/2 peak~labeled kinetic energy 3 on top o
Fig. 8! which, as explained above, is due to cations w
oxidation degrees of three and less. The coincidence s
trum is dominated by a unique decay structure around
eV which demonstrates that it mostly involves the Ti-3d
states of the valence band.

D. Auger line shape in metallic titanium

The intensity of the main peak of the Ti-L2,3M2,3V Auger
decay recorded on the metallic titanium across the Ti-L2,3
edges mostly follows the absorption edge profile, arou
both theL3 and theL2 edges~Fig. 2!. When the photon
energy reaches theL2 edge, the only notable change in th
Auger spectra is the appearance of a small peak at 420.4
kinetic energy, therefore attributed to the Ti-L2MV decay
~see Fig. 2!. The very weak intensity of thisL2MV decay,
which is only visible in resonance, is the most striking res
of this metallic titanium study. It demonstrates the occ
rence of a giant CK decay channel, which almost cancels
L2MV Auger decay probabilities of the Ti-2p1/2 core hole.
This is, of course, of key importance to understand the o
resonance Ti-L2,3M2,3V Auger profile which has to be see
only as a set ofL3MV Auger lines. As a matter of fact, th
importance of CK decay channel certainly strongly var
with the filling of the d states through the 3d series. The
width of theL2 absorption thresholds gives an indication
the 2p1/2 core hole lifetime. Indeed, it increases notably fro
calcium to manganese~see, e.g., Finket al.21!, denoting a
more and more shorter lifetime. Since the lifetime is limit
by the fast CK process, this might be explained by an
creasing CK probability while filling the 3d levels.

Hence, the Ti-L2,3M2,3V Auger decay in metallic Ti con-
sists in an apparently uniqueL3MV line, appearing at the
same kinetic energy position as theL2M2,3V Auger decay in
stoichiometric TiO2. It has long been misinterpreted as th
final state of a gradual evolution from a mostly interatom
to a completely intra-atomic Auger process. In fact, our co
prehensive study on a complete set of samples shows tha
explanation of this evolution is not as straightforfward.
should account for both the evolution of the valence ba
and CK processes.

V. CONCLUSION

Much information on the electronic structure can be fou
in Auger spectra. In this paper, we have presented a comp
study of the Ti-LMV Auger decay in a series of Ti com
pounds with various degrees of oxidation of the Ti atom
The evolution of this Auger decay with the chemical natu
of Ti shows the richness of such spectroscopic fingerpr
especially when it involves the valence-band states. The
main lines of this Auger spectrum were previously assign
to L2,3M2,3V(O) andL2,3M2,3V(Ti) decay, whereV(O) and
V(Ti) refer, respectively, to O and Ti electronic states of t
valence band. In stoichiometric TiO2, this picture is not cor-
rect, and both our resonant Auger and Auger-photoelectr
coincidences measurements show that these lines sh

es
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rather be attributed toL3M2,3V andL2M2,3V decays, respec
tively.

In a TiO22x sample, some Ti-3d states are populated, an
they appear in resonant valence-band spectra as an in
line below the Fermi level in addition to the main O(2p)-Ti
(3d) structure. Using the combined results of resonant A
ger, resonant valence band and Auger-photoelectrons co
dence measurements, we have established that
Ti-L3M2,3V is made up of two lines, reflecting the shape
the valence band with this additional 3d structure. A crucial
observation is that theL2M2,3V Auger lines are located at th
same kinetic energy position as the high kinetic ene
L3M2,3V peak, since the Ti-2p spin-orbit splitting is nearly
equal to the splitting between the two structures of the
lence band. This explains that the apparently change in sh
of the LMV Auger spectrum is in fact due to several ind
pendent phenomena. For these two samples, complete c
lations are mandatory to explain the simple single line sh
of the L2M2,3V, which, contrary to theL3M2,3V, seems not
to mimic the structure of the valence band. Last, the meta
Ti conduction band is only constituted from the Ti-3d states
at the Fermi level, and this gives rise to a single line in the
L3MV Auger decay, located at the same kinetic energy
sition as theL3M2,3V high energy peak in the TiO22x
sample. This is not surprising, since they involve exactly
es
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same Ti electronic 2p, 3p and 3d levels. In metallic Ti, the
L2M2,3V Auger decay is always very weak, and it is on
hardly visible on-resonance, for photon energies around
maximum of the Ti-L2 edge. In the normal off-resonanc
Auger spectrum, it is completely smoothed out by fa
L2L3V CK processes.

The CK probability increases as the 3d states just below
the Fermi level are filled, until having such drastic effects
the metallic Ti-L2,3M2,3V Auger decay. It is necessary to in
troduce such processes to fully understand all the results
tained in the series of titanium oxides studied here. In me
lic Ti, the absence of anyL2M2,3V line and the accidenta
occurrence of theL3M2,3V Auger line at the same kinetic
energy as theL2M2,3V Auger decay in stoichiometric TiO2
have led to an incorrect interpretation of the evolution of t
L2,3M2,3V Auger spectrum through the series of compoun
This could give the impression that the metallic Ti-LMV
Auger spectrum is in line with an evolution started fro
TiO2 and reduced TiO2. Actually, it is not at all the result of
a unique parameter which would vary continuously. The
evolutions arise from~i! the change in the population of th
valence band, especially the filling of the Ti-3d states, and
~ii ! the drastic increase of the probability of theL2L3V
Coster-Kronig decay processes which leads to a parallel
crease in intensity of theL2M2,3V transitions.
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