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Abstract

X-ray absorption spectroscopy (XAS) is a powerful
tool for investigating the local atomic and electronic
structure around selected types of atoms in materi-
als, independently of the presence of long or medium
range order. We show on several examples, how
XAS can bring useful information in the case of
ceramic materials, when combined to theoretical
modelling of the absorption spectra. Local structure
around Ce doping atoms in Y2O3, structural mod-
i®cations of PbO during the a±b phase transforma-
tion are presented ®rst. We illustrate in the case of
iron oxides, the possibilities o�ered by XAS at dif-
ferent edges (Fe and O K, Fe L23) in determining
both the valence and site symmetry of the iron
atoms. We conclude with the perspectives provided
by the third generation synchrotron sources in the
®eld of microanalysis by XAS. # 1998 Elsevier
Science Limited. All rights reserved

1 Introduction

X-ray absorption spectroscopy (XAS) has become
an essential tool to extract structural and electronic
information on a wide range of materials, thanks
to the development of experimental synchrotron
radiation sources. This method presents important
assets:

. It allows characterisation of the local order in
every material, whatever its crystalline state.
No long range order is needed.

. Each atom of the material can be probed
separately (chemical selectivity).

. With appropriate experimental devices, the
study of dynamic processes is possible, for
example phase transformations produced by
varying pressure or temperature.

Moreover, the intrinsic polarisation features of
the X-ray beam produced by synchrotron radiation
sources can be exploited to do dichroism experi-
ments, which are widely developing in the ®eld of
magnetic materials.
The present paper is intended to illustrate the

possibilities o�ered by XAS in the ®eld of ceramics.
In the ®rst part, we brie¯y recall the physical basis
of the method, by making the usual distinction
between EXAFS (Extended X-ray Absorption Fine
Structure) and XANES (X-ray Absorption Near
Edge Structure), and the principles of XAS data
collection. The second part deals with EXAFS.
Two examples are taken: the determination of local
order in Ce doped Y2O3 ceramics, and a dynamic
study of the �! � phase transition mechanism of
PbO. The third part, devoted to XANES, shows in
the case of iron oxides, what kind of information
(valence and site symmetry) can be gained from the
near edge structures. Knowing reference spectra at
di�erent edges, it is possible to use them as a ®n-
gerprint of the valence and site symmetry, so as to
characterise unknown samples or to follow phase
transformations. Last part deals with the possible
use of XAS as a microprobe of the local order
around selected atoms and with the perspectives
opened in the ®eld of micro-XANES by the high
brilliance third generation synchrotron sources.

2 XAS: Basic Principle

We recall here only the basic principles of the
method. For a general review of X-ray absorption,
the reader is referred to specialised books such as
that of KoÈ ningsberger.1 The interaction of X-rays
with matter underlying XAS is described in a
recent lecture of Cartier dit Moulin.2 The basic
process is the excitation of electrons from deep
core levels of a selected atom by the absorption of
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a photon (photoelectric e�ect). When the photon
energy h� is larger than the binding energy of the
deep core level Ebinding, an electron of this level can
be promoted to an empty state. If h� is larger than
Ebinding ��, where � is the work function of the
solid (energy required to promote an electron of
the solid from the Fermi level to the vacuum level),
a photoelectron can be emitted in the continuum,
with a kinetic energy Ekinetic � h�ÿ Ebinding ��

ÿ �
.

In the frame of the electric dipolar approxima-
tion, the selection rules (�1 � �1) dictate that an
excited 1s core electron is sent to an empty state
with p symmetry, and that a 2p core electron is
excited into empty s or d states.
Figure 1 shows, as an example, the Si K absorp-

tion edge in SiO2, which corresponds to excitation
of a Si 1s electron into empty p states.3 The
absorption coe�cient measured as a function of
photon energy increases sharply when h� becomes
equal to the binding energy of the Si K level. This
is the absorption edge. Usually two domains are
considered, depending on the photoelectron kinetic
energy. If the photoelectron is excited into the
continuum with a high kinetic energy (e.g. larger
than 50 eV), then the inelastic mean free path of the
photoelectron is small.4 The corresponding region
of the absorption spectrum (starting from about
50 eV above the edge) shows oscillations, the
intensity of which decreases with photon energy.
These are called Extended X-ray Absorption Fine
Structure (EXAFS) oscillations. EXAFS is sensi-
tive to the short range order and gives the radial
interatomic distance distribution function around
the absorber up to 4 or 5 AÊ . At low kinetic energy
(less than 50 eV), the mean free path of the photo-
electron is large, and the photoelectron can be
scattered by atoms located at larger distances and/
or scattered many times (multiple scattering
regime). This part of the spectrum is called
XANES (X-ray Absorption Near Edge Structure).
Very often, the study of these two parts of the
spectrum is complementary, and one uses only the
acronym XAS.

3 XAS: Data Collection

An XAS experiment consists in measuring the X-
ray absorption function versus photon energy in
the vicinity of an atomic threshold. A synchrotron
light source is needed because of the tuneable
energy and high intensity required.
X-rays can be monochromatised with crystal

monochromators or with gratings.5,6 Data collec-
tion can be performed in two modes: either scan-
ning energy mode or energy dispersive mode.
In the ®rst case, energy scanning is obtained

from a mechanical step-by-step rotation of the
monochromator. The most simple experiment is a
transmission experiment across a thin foil (thick-
ness t), in which one measures the I=Io ratio, where
I is the intensity transmitted by the sample, and Io
the intensity of the incident beam. According to the
attenuation law I � Io exp ÿ�t� �, ln I=Io� � is pro-
portional to the absorption function �. The trans-
mission mode, standard for hard X-rays, is limited
to very thin foils. Usually, the thickness x of the
sample has to be adjusted such as �:x � 1, where �
is the absorption cross-section at the energy of
interest. The absorption cross-sections of elements
can be found in the tables of Ref. 7. For soft X-
rays, in order to obtain a detectable signal, the
sample has to be as thin as typically 0.1�m, which
sets technological problems for most materials. As
an alternative, other detection modes can be used
like the detection of the electrons or of the ¯uores-
cence photons, emitted as a result of the decay of
the core hole. Under proper conditions, the total
electron yield and the ¯uorescence yield can be
considered to vary like the absorption coe�cient.8

The ¯uorescence yield technique is well suited to
the study of thin and dilute samples. Owing to the
small mean free path of electrons, the electron yield
detection is more sensitive to the surface layers. In
the case of insulating samples, charging e�ects
under the photon beam may make it di�cult to use
electron detection, so that the ¯uorescence detec-
tion mode is preferred. In the scanning energy
mode, the time necessary to register a spectrum is
always limited by the time taken to rotate the
monochromator at each step.
To reduce the recording time, which is essential

for real time studies of dynamic phenomena such
as phase transformations, an alternative mode is
used: the energy dispersive mode.9 An energy dis-
persive spectrometer is a transmission spectrometer
allowing rapid XAS spectrum recording. The white
radiation is dispersed by a focusing dispersive
optics (a bent single crystal), which focuses the
beam on the sample. The transmitted XAS signal is
collected by a photodiode array, which is a pos-
ition sensitive detector, in which each of theFig. 1. Si K edge in �-quartz.3



sensing elements (e.g. 1024) measures the trans-
mitted intensity at a photon energy ®xed by its
position. Then the whole XAS spectrum is recor-
ded simultaneously, without any mechanical
movement, so that the energy scale is very stable,
which allows accurate and reliable detection of
small changes in a series of closely related samples,
as is the case in magnetic studies using circularly
polarised X-rays2 and structural determination
under high pressure.10 Compared to the scanning
energy mode, the recording time is decreased.
Another advantage of the energy dispersive mode
is that, thanks to the focalisation, very small sam-
ples (<0.5mm2) can be studied. One of the most
important limitations however, is that only the
transmission detection mode can be used in dis-
persive XAS.
Synchrotron radiation o�ers the possibility of

producing either linearly polarised or circularly
polarised X-rays, which can be used for X-ray
magnetic circular (or linear) dichroism experiments
(X-MCD or X-MLD). In X-MCD, one measures
the di�erence in the absorption cross-section for
right- and left-circular polarisation. This technique
is valuable to study ferromagnetic materials, as one
probes the local magnetic moment hMi. X-MLD is
the di�erence in absorption cross-section for light
polarised perpendicular or parallel to the magnetic
moment and depends on hM2i of the ions, and can
be used in any system with collinear magnetic
ordering, even antiferromagnetic.6

4 EXAFS: Application to Ceramics

From the absorption coe�cient � E� � the EXAFS
function � k� � is obtained from the expression
� k� � � �ÿ �o� �=�o, where � and �o are the X-ray
absorption coe�cients for the sample and the iso-
lated atom, respectively. Schematically, there exist
two approaches to interpret the EXAFS data. In
any case, the essential point for extracting the
maximum of information from the EXAFS data is
to get the best signal/noise ratio.

4.1 The standard EXAFS data processing
The basic interpretation of the EXAFS signal relies
on single scattering of the wave associated to the
emitted photoelectron by the neighbouring atoms.
A classical procedure consists in deriving, from the
EXAFS function, partial EXAFS spectra corre-
sponding to the successive shells j of neighbours
around the absorbing atom.11 These partial
EXAFS spectra are then simulated so as to obtain
the structural parameters of each shell: Rj (average
coordination distance from the absorbing atom to
the neighbouring atoms in the jth coordination

shell), Nj (the number of atoms in the jth shell at
the average distance Rj) and �j (�

2
j represents the

variance at distance Rj and contains the contribu-
tion from both static disorder and thermally
induced vibrational displacements within a shell of
neighbours). More precisely, the EXAFS function
is written as the sum of contributions of the di�er-
ent coordination shells j:

� k� � � ÿ� Nj=kR
2
j

� �
jfj k;Rj

ÿ �j eÿ2k2�2j eÿ2Rj=l

sin 2kRj ��j k� �
ÿ � �1�

where k �
����������������
2m EÿEo� �

�h2

q
is the electron wave vector

and Eo the edge energy.12 Here m and �h are the
electron mass and Planck's constant divided by 2�,
�j k� � represents the phase shift, fj k;Rj

ÿ �
is the

backscattered amplitude and l the mean free path
of a photoelectron. The chemical transferability
principle states that phase shifts and backscattered
amplitudes mainly depend on the central and
neighbouring atoms, and are independent on the
environment in the condensed state, so that they
can be determined either by calculation or from
reference samples. From � k� � it is possible to
derive a pseudoradial distribution function around
the excited atom, F R� �, which is the modulus of the
complex Fourier transform of � k� �. This function
displays a series of peaks, whose positions are
related to the coordination distances Rj, shifted by
the phase shift �j k� �. Selecting a shell on F R� �, the
back-Fourier transform to k space yields a partial
EXAFS spectra, which can be ®tted using the
phase and amplitude functions derived from the
EXAFS data of the reference material, leading to
Rj, �j and Nj. It is important to note that �j and Nj

are correlated parameters.
At this step, it is worth mentioning that the

experimental EXAFS signal probes a mean local
order. Indeed, if di�erent types of sites exist in the
material, then the structural parameters deduced
from the EXAFS analysis will be an average of the
parameters of the individual sites. This is why such
a method is restricted to the study of single-phase
materials. Moreover, in the case of strongly dis-
ordered materials (large � values), the above pro-
cedure relying on expression (1) is no more valid,
and one has to use a cumulant expansion of the
EXAFS function.11 In the case of EXAFS at the
cation edges of ceramic oxides, the EXAFS signal
is very weak, because of the low coordination
number Nj of the absorbing atom, and the low
backscattering factor of the oxygen atoms. More-
over, the transferability of phase and amplitude
factors in the case of oxygen atoms is only an
approximation.13±15



The standard EXAFS data processing has been
successfully used to study the defect structure in
ceramics, especially in the case of doping. For
instance, the local structural environment around
Y3+ and Zr4+ in Y2O3-ZrO2 solid solutions was
investigated,16±18 as well as the e�ect of other
dopants on zirconia stabilisation,19 or the mod-
i®cation of local order in Y2O3 produced by oxy-
gen vacancies.20 We report below an EXAFS study
of the local order in Ce doped Y2O3 ceramics.21

Ce doped Y2O3 ceramics (5 and 13 atm %,
respectively labelled YCe5 and YCe13) were stu-
died by EXAFS at the Ce L3 edge (5724 eV), in the
total electron yield detection mode, with the aim of
determining the local order around the Ce atoms.
For all experimental details (sample preparation,
data collection. . .) the reader is referred to the ori-
ginal paper.21 The X-ray di�raction spectra recor-
ded prior to the EXAFS study exhibited the lines
characteristic of solid solutions with C-type struc-
ture (Y2O3 structure). In Y2O3, all Y atoms are
surrounded by a ®rst shell of 6 oxygen atoms, at a
mean distance of 2.28 AÊ . These oxygen atoms are
located at the vertices of a cube, from which two
are vacant. More exactly, there are two types of Y
sites YI and YII depending on the location of the
vacant oxygen sites, but the experimental EXAFS
signal yields an average of the two individual sites.
In the CeO2 cubic structure (¯uorite), the Ce atoms
are surrounded by a ®rst shell of 8 oxygen atoms at
2.34 AÊ , with a perfect cubic symmetry. Figure 2
shows the amplitude of the Fourier transform of
the EXAFS function of the Ce L3 edge in Ce doped
Y2O3, together with that of a reference spectrum of
CeO2. The ®rst large peak at �2AÊ in the ®gure is
related to the ®rst oxygen coordination shell
around Ce, while the second one (3±4 AÊ ) is related
to the second coordination shell, made of cations.
Standard data analysis of the ®rst coordination
shells showed that there were 8 oxygen atoms
around the Ce atoms (instead of 6 around Y in the
Y2O3 structure), at a mean distance of 2.27 AÊ (the
same as the Y±O distance in Y2O3). Analysis of the
second coordination shell in the doped samples

showed that there were 12 cation neighbours, at a
distance 3.75 AÊ from the probed Ce atom, the same
distance as the ®rst Y±Y distance in the Y2O3

structure. Then these EXAFS results showed that
the Ce atoms were substituted for Y in the Y2O3

structure, the additional O atoms around Ce occu-
pying the intrinsic vacancies of the Y2O3 structure.
This example shows how useful EXAFS can be for
determining the defect structures in ceramics,
especially in the case of doping or impurities.

4.2 The ab initio approach
An alternative approach to the standard data pro-
cessing consists in performing an ab initio calcula-
tion of the EXAFS spectrum by assuming a given
local structure around the absorbing atom, and
comparing the theoretical spectrum with experi-
ment. This can be done, e.g., by multiple scattering
calculations.22 This approach has the advantage of
making it possible to take into account the con-
tribution of multiple scattering contributions in the
EXAFS spectrum, which are neglected in the stan-
dard analysis of EXAFS data we describe above. It
has been shown in some cases that taking into
account multiple scattering contributions allows
the extension of the analysis of the EXAFS data
well beyond the second shell.23 This approach has
proved to be very useful in a dynamic study of the
phase transition mechanism �! � of PbO.24

The aim of this study was to evaluate how XAS
could bring new structural data complementary to
those classically obtained by di�raction methods to
study phase transitions.24 Lead monoxide PbO was
chosen because the tetragonal form � undergoes
important local structure modi®cations during the
phase transition to the orthorhombic form �.
Moreover, the phase transition occurs at ambiant
pressure at 490�C, which is an easily achievable
temperature in an experiment.
Both PbO forms are layered structures consisting

of PbO4 pyramids arranged in planes perpendi-
cular to the (001) direction. In the � form, the
pyramids are symmetric with four identical Pb±O
distances at 2.30 AÊ . In the � form, they are dis-
torted, with two Pb±O distances at 2.21 AÊ and two
at 2.48 AÊ (Fig. 3).
The phase transition was followed by recording

EXAFS spectra (dispersive mode) at the Pb L23

edge (13050 eV). A constant heating kinetics of
10�Cminÿ1 was kept. A full EXAFS spectrum was
collected every minute, that is every 10�C. The
acquisition time was equal to 4.8 s. Such a time
resolution was imposed by the minimal signal to
noise ratio allowing the processing of EXAFS
data. The pro®le of the EXAFS curves in the range
138±517�C, surrounding the expected �! � phase
transition is displayed in Fig. 4. A detailed exam-

Fig. 2. Amplitude of the Fourier transform of the EXAFS
function of the Ce L3 edge in Ce doped Y2O3 (YCe5: 5 atm%;

YCel3: 13 atm%), compared to that of CeO2.
21



ination of the EXAFS spectra shows that the
oscillation at k � 4 AÊ ÿ1 is not altered when cross-
ing the transition temperature but a continuous
modi®cation at k around 6.5±7.5 AÊ ÿ1 is observed.
The concavity of the curve is indeed progressively
reversed.
To interpret these data, simulation of the

EXAFS spectra of PbO � and � was done using the

FEFF code.22 Single and multiple scattering calcu-
lations were performed on clusters of increasing
size centred around Pb (Fig. 5). It was checked that
the calculations correctly described the experi-
mental reference spectra recorded at the beginning
of the heating process (� phase, 100 �C) and at the
end (� phase, 692 �C). In both cases, the EXAFS
oscillations mainly depend on single scattering dif-
fusion on the ®rst oxygen coordination shell that is
inside the pyramidal structural unit PbO4.
The second coordination shell made of Pb atoms

signi®cantly contributes to the amplitude of the
®rst EXAFS oscillation at about 4 AÊ ÿ1 and also to
the shape of the EXAFS curve for high k values.
The amplitude of this ®rst oscillation is noticeably
smaller for PbO � than for PbO �.
For PbO �, only the ®rst oxygen coordination

shell signi®cantly contributes to the EXAFS signal
in the k-range 6.25±7.25 AÊ . The strong EXAFS
amplitude weakening observed in this k-range for
PbO � is due to beat patterns produced by the
superposition of the two di�erent (Pb±O) scatter-
ing shells characteristic of the � crystallographic
structure.
Using linear combinations of the � and � calcu-

lated spectra of Fig. 5, it could be veri®ed that the
experimental spectra obtained above the transition
temperature were not characteristic of a mixture of
the � and � phases, but really of a progressive
phase transformation. The fact that the ®rst

Fig. 3. (a) Projection of the PbO� structure along the [001]
direction. (b) Projection of the PbO� structure along the [001]

direction. Numbers represent the z-coordinate.24

Fig. 4. Pb L3 EXAFS curve pro®le of PbO in the temperature
range 438±517�C obtained after a time smoothing procedure.
The expected phase transition temperature of 490�C is

shown.24

Fig. 5. Theoretical XAS curves obtained by FEFF5 code for
PbO�, for cluster sizes varying from PbO4 to Pb19O16 (upper
panel) and for PbO�, for cluster sizes varying from PbO4 to

Pb17O19 (lower panel).
24



oscillation at �4 AÊ ÿ1 is not changed means that, in
a ®rst step, the Pb atoms do not move. On the
other hand, the decrease of the oscillation at �7
AÊ ÿ1 means that the pyramids made of oxygen
atoms are distorted ®rst.
This time resolved XAS study of the poly-

morphic transformation of tetragonal to orthor-
hombic PbO gives evidence for a dynamical two-
step transformation. The phase transition seems to
be initiated by O atom displacements within the
PbO4 pyramidal unit. The displacement of Pb
atoms, caused by anion displacement, should occur
in a second stage of the transformation. This study
illustrates the possibilities of time resolved XAS
spectroscopy to study solid state mechanisms such
as phase transitions in ceramics. Great improve-
ment in time resolution and signal to noise ratio
can be expected from both the recent high ¯ux
storage rings and the constant improvements of
detection systems.

5 XANES: Application to Ceramics

While EXAFS is mostly used for structural pur-
poses, XANES brings information on both the
local order and the electronic structure, which are
strongly interconnected, so that electronic structure
calculations are necessary to interpret the spectra.
A very complete review on XANES of transition
metals and their compounds, including ceramics in
which the cation is a transition metal, has been
written by F. M. F. De Groot,6 who presented also
the di�erent electronic structure models relevant to
describe the absorption spectra at the di�erent
edges. A more recent review of XANES investiga-
tions of transition metal oxides, nitrides, carbides
can be found in Ref 25. In the present paper, we
will focus on iron oxides �-Fe2O3, Fe3O4 and FeO.
�-Fe2O3 (corundum structure with formally

Fe3+ ions) and FeO (NaCl structure with Fe2+

ions) are antiferromagnetic insulators in which the
iron sites are nearly perfect octahedra. Fe3O4 is a
ferrimagnetic semiconductor with distorted octa-
hedra and tetrahedra with formally Fe2+ and
Fe3+. This family of compounds is then well suited
to evaluate the in¯uence of both the local structure
around the iron atoms and the valence on the
absorption spectra.
Whatever the excited atomic level, the near

edge part of the XAS spectrum corresponds to a
kinetic energy of the photoelectron smaller than
50 eV, hence to a large value of the inelastic
mean free path. Therefore multiple scattering
events occur between the wave associated to the
photoelectron and those scattered by the
neighbouring atoms.

5.1 The K absorption edges
The one electron approximation, in which one
considers that all the electrons of the system
remain passive during the absorption process, is
usually valid for describing the K XANES spectra,
in which one electron of the 1s level is promoted to
a ®nal state with p symmetry. These can be mod-
elled either by band structure calculations (periodic
calculation based on the unit cell of the crystal), or
multiple scattering calculations (performed on a
cluster centred on the excited atom). The core hole
has to be introduced in the calculations, that is one
should calculate the distribution of empty states in
the ®nal state of the absorption process. Compar-
ing the ground state density of states directly with
the X-ray absorption spectrum is in general satis-
fying in the case of the oxygen K edge, because
there is an e�ective screening of the 1s core hole
state by the valence electrons, which are in the case
of oxides predominantly O 2p electrons. However,
the e�ect of the core hole can be to pull down
states to the bottom of the bands.6 In the case of
the cation 1s edges, the core hole can have a very
strong importance to describe the shape of the
absorption spectra, as is the case for the Si K
spectrum.3

One advantage of multiple scattering calcula-
tions is that they can be performed on clusters of
growing size and it is very convenient to observe
the theoretical changes when increasing the
number of neighbours and scattering paths around
the absorbing atom. Figure 6 shows the compar-
ison between experimental and theoretical oxygen
K edge absorption spectra (multiple scattering
calculations performed on clusters centred around
the central O atom).26 The experimental spectra of
the di�erent oxides exhibit clear di�erences in the

Fig. 6. Experimental (left panel) and theoretical (right panel)
oxygen K edge absorption spectra of �-Fe2O3, Fe3O4, and
FeO. The theoretical spectra were obtained by full-multiple
scattering calculations performed on clusters centred around

an oxygen atom.26



shape of the ®rst peak A, as well as in the energy of
peaks B, C and D measured from the edge. These
changes are well accounted for by the calculations.
By performing the multiple scattering calculations
on clusters of increasing size, it is possible to dis-
cuss the origin of each structure of the spectrum
with respect to the contribution of the di�erent
neighbouring shells of atoms. The near edge fea-
ture (doublet A1ÿA2 in �-Fe2O3, single peak A in
Fe3O4 and FeO) is due to O 2p-Fe 3d hybridiza-
tions. The A1-A2 doublet of �-Fe2O3 is character-
istic of the crystal ®eld splitting for Fe3+ ions in
octahedral site. The broad peaks B and D are due
to di�usion by the ®rst oxygen coordination shell
while peak C originated from di�usion by the sec-
ond oxygen coordination shell. For the other iron
oxides, similar explanations can be drawn. A
detailed discussion of these structures in terms of
single and multiple scattering can be found in
Ref. 26.
The Fe K edges of �-Fe2O3, Fe3O4 and FeO are

shown in Fig. 7. In the iron oxide compounds with
larger [O]/[Fe] ratio, the main peak broadens and
shifts to higher energy. Moreover, a small prepeak
at the low-energy side of the main peak clearly
appears on the three spectra. Such prepeaks are
observed in the K-edge of 3d transition metal oxi-
des such as iron oxides and TiO2. The origin of
these structures is still debated.6,28 In the case of
the K edge of iron and for octahedral environment
(FeO or �-Fe2O3), Chou et al interpreted the over-
all cross-section shape as originating from the
coupling of the 4p partial wave of the central Fe
with the 3d resonance of the neighbouring iron
atoms.29 The ®ne structure of the prepeak in some
iron compounds has been shown to be character-
istic of the tetragonal or octahedral coordination
of iron.30 Although there is not yet a consensus on
the physical origin of the pre-peak, the preedge
structures have been used to estimate quantita-
tively either the ratio of 4-fold iron to 6-fold,30 or
the Fe3+/�Fe ratio.31 In this latter study, the

Fe3+/�Fe ratio was determined from the mea-
surement of the energy shift of the pre-edge in
reference compounds (Fig. 8).

5.2 The L23 absorption edges
When L23 (2p) edges are concerned, the monoelec-
tronic approach is no more valid, because of elec-
tron-electron interactions. For instance, with a
hole on the Fe 2p level, and a formal charge Fe3+,
we have to consider a transition of an initial state
=2p63d5 > towards a ®nal state =2p53d6 > (a hole
on the 2p level, one more electron on the 3d level).
There are several electronic con®gurations for each
state, interacting with each other. To interpret the
Fe L23 edges, it proved necessary to use con®gura-
tion interaction methods which took into account
the e�ect of the core hole, spin-orbit coupling, and
multiplet e�ects.6,32 In �-Fe2O3, all iron sites are
3+ octahedral. In FeO, they are all 2+ octahe-
dral. The comparison between the experimental
L23 edges with the theoretical ones obtained by the
con®guration interaction method (Fig. 9) clearly
show the importance of the valence on the shape of
the absorption spectra.32 Indeed with close octahe-
dral surroundings, the spectra of �-Fe2O3 and FeO
are very di�erent. These di�erences are due to the
change in the number of occupations of the d
orbitals (formally d5 for Fe3+ and d6 for Fe2+),
which leads to very di�erent multiplets for d5 to
2p5 ÿ d6 and d6 to 2p5 ÿ d7 con®gurations. In
Fe3O4, the situation is more complicated, as
octahedral (Fe2+ and Fe3+) and tetrahedral
(Fe3+) sites coexist, so that the experimental
spectrum can only be reproduced by a summa-
tion of the di�erent site theoretical contribu-
tions.32 Fe L23 edges thus depends both on
valence and structural environment.
Once the di�erent absorption spectra at the O K

and Fe L23 edges of �-Fe2O3, Fe3O4 and FeO are

Fig. 7. Fe K absorption edges of �-Fe2O3, Fe3O4, and FeO.27

Fig. 8. Variation in the energy of the Fe K pre-edge, measured
as a function of the Fe3+/�Fe ratio in reference compounds

(after reference 31).



interpreted, they can be used as a ®ngerprint of the
di�erent phases. In this way, the phase transitions
in the surface layers of a �-Fe2O3 single crystal
were followed as a function of di�erent in situ (T,
P02) treatments leading to di�erent stability
domains of the iron oxide phase diagram.33

Magnetic dichroism, using the dependence of
the absorption spectra on the polarisation of
the X-rays, may give important additional
information on the electronic structure. �-Fe2O3

(antiferromagnetic) exhibits, at Tm�ÿ10 �C (Morin
temperature) a `spin-¯ip' transition. Above Tm, the
magnetic moments are perpendicular to the (0001)
plane, while below Tm they lie in this plane. The
spin orientation can thus be rotated with respect to
the incident beam, by just changing the tempera-
ture while keeping the crystal in place. In this way,
a magnetic linear dichroism was evidenced at the
Fe L23 edge by Kuiper et al.,34 using the total

electron yield mode. More recently, the linear
and circular magnetic dichroism of Fe3O4 (ferri-
magnetic) was measured.35 In this case, the
sample was magnetized by an electromagnet. For
all polarisation directions, the Fe L23 absorption
edges were calculated, with atomic multiplet
spectra for iron atoms. The best ®ts allowed the
authors to derive a set of parameters, including
e.g. the di�erent crystal ®eld splitting on octa-
hedral and tetrahedral sites. This set of para-
meters was used to calculate MCD spectra of
ferrites like CoFe2O4 and Li0�5Fe2�5O4. Qualita-
tive agreement with the experimental spectra
suggests that the Fe 2p dichroism of other fer-
rites can be predicted.

5.3 New developments
Most of the examples above were obtained by
using photon beams with a size of several mm2 on
the sample. One of the new developments of XAS
concerns the microanalysis of materials. Micro-
XANES would indeed give the ability to make
measurements of the oxidation state of an element,
as well as of its abundance in micrometer volumes.
High brilliance sources and developments of X-ray
optics make it possible to obtain focused X-ray
microbeams (see, e.g. Ref. 36). As an example, the
ratio Fe3+/�Fe could be determined in geochem-
ical materials containing Fe with di�erent oxida-
tion states, at the Brookhaven Synchrotron
Facility, with a 30�50�m beam, from the study of
the Fe K edges.37 More recently, the charge-state
ratios of iron in two phases in the mineral ilmenite
FeTiO3 could be quanti®ed from micro-XANES
experiments at the Fe L23 edges, compared to the-
oretical simulations of the spectra.36 There is to-
day great interest for such studies in the ®eld of
geochemical materials and environmental research,
and there is no doubt that such a microanalysis
tool could be pro®table also in the ®eld of
ceramics.

6 Conclusion

Using a set of selected recent studies, we have
shown what kind of information XAS is able to
bring in the ®eld of ceramics: structural informa-
tion, but also information on the electronic struc-
ture around a given atom. One important asset of
the method is its possible use in real-time studies,
such as phase transformations induced by tem-
perature. Besides the growing interest in dichroism
experiments on magnetic materials, important
developments of XAS in microanalysis of materials
and especially ceramics are expected.

Fig. 9. Theoretical and experimental Fe2p X-ray absorption
edge in �-Fe2O3 (upper panel) and FeO (lower panel). In each
panel, the upper solid line indicates the experimental spec-
trum, the lower line is the calculation, the vertical bars are
poles of the theoretical spectrum. In the lower panel, the dot-
ted lines are those corresponding to �-Fe2O3, which are

reported for comparison.32
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