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The purpose of this paper is to show that X-ray absorption spectroscopy (XANES and EXAFS) is a powerful
technique for characterizing both crystalline and amorphous solids from structural (local order) and electronic
point of view. The principle of this technique is briefly described by showing the main factors which must be
considered for recording and fitting the experimental results. Some non-trivial examples have been selected for
demonstrating that XAS spectroscopy is the only technique for bringing a definitive answer as for example:
the determination of the local distortion of the NiO, octahedra in the Li, ,Ni,,, O, layered oxides and the evi-
dence of the presence of copper pairs in the NASICON-type phosphate CuZr, (PO,);. Are also reported some
significant examples for which XAS spectroscopy is decisive with other characterization methods as (i) Raman
spectroscopy for glasses (ii) Mossbauer spectroscopy for LiNi,,,Fe,0, oxides (iii) magnetic measurements for

Ce-based intermetallic compounds.

Introduction

The understanding of the macroscopic properties of solids
requires the knowledge of such systems at the microscopic
scale. The methods that are used depend on whether the sub-
stance is molecular or non-molecular. However whatever the
substance it is necessary to determine the relative positions of
the atoms in the considered system and to know for example
the ground states properties and possible excitation of the
valence electrons and conduction electrons if any.

For molecular materials, details of the molecular geome-
try may be obtained from further spectroscopic meas-
urements and in the case where the molecules pack together
in a crystalline state, X-ray diffraction technique can be
used for structure determination.

For non molecular solids, it is necessary to clarify the
two following main points:

—the form of the solid (single crystal or polycrystalline
powder)

~the crystal structure (local and long range ordering)

and the crystal defects.

No single techniques is able to provide a complete
characterization of a solid and a variety of techniques is
used in combination involving diffraction, microscopic and
spectroscopic techniques.

Although many of the spectroscopic techniques were in-
itially developed for and applied to molecular materials, of-
ten liquids and gases, they are finding many applications in
solid state chemistry for example. Spectroscopic meas-
urements on solids are complementary to X-ray or electron
diffraction studies for instance, since spectroscopy gives in-
formation on local order whereas diffraction deals mainly
with long range order.

There are many different spectroscopic techniques but all
involve the same basic principle in which materials absorb
or emit energy. This energy is usually electromagnetic ra-
diation as in the case of (i) vibrational spectroscopy (IR and
Raman) (ii) visible and ultra-violet spectroscopy (iii) nu-
clear magnetic resonance (NMR) (iv) electron spin reso-
nance (ESR) (v) Mdssbauer spectroscopy (vi) spectroscopies
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as: X-ray and UV photoelectron spectroscopies (XPS, UPS);
Auger electron spectroscopy (AES); electron energy loss
spectroscopy (EELS) (vii) X-ray absorption spectroscopies.

In the present paper there are the spectroscopies in-
volving X-ray absorption which will draw our attention
since both electronic properties and local atomic order are
relevant to this type of technique.

After giving briefly the general principle of the X-ray ab-
sorption spectroscopy, significant examples will be chosen
in the field of solid state chemistry and molecular chemistry,
for showing that X-ray absorption spectroscopy (XAS) is
complementary to other techniques or in some cases it is
the only method for bringing structural information.

Principle and Interest of the X-Ray Absorption
Spectroscopy (XAS)'™

The X-ray absorption spectroscopy is based upon the ab-
sorption of X-rays by samples, especially at energies in the
region of absorption edges corresponding to the ionization
of K, L, etc. shells of the atoms embedded in condensed
matter. They are powerful techniques for studying local cry-
stal structure and probing electronic structure of the solids
but are easily accessible only with a synchrotron radiation
source.

The absorption of the matter by X-rays follows the clas-
sical Beer-Lambert law

b = log({y/])
where [ is the intensity of transmitted beam for an incident
intensity /,, x is the thickness of the sample and p is the
linear absorption coefficient of the material.

X-ray absorption spectra can be divided into two regions
which contain roughly complementary information, XANES
and EXAFS as shown in Figure 1.

The X-ray absorption near edge structure (XA-
NES). XANES region corresponds to an absorption edge
in which fine structure is associated with inner shell tran-
sition. The origin of XANES is relatively complex and de-
pends on a number of effects which are not completely
characterized so far. However XANES can provide a
unique information about oxidation state of the probing
atom, site symmetry and the nature of the bonding with sur-
rounding ligands in a broad range of materials.

The extended X-ray absorption fine structure
(EXAFS). Whereas the XANES regime deals with the de-
tails of the fine structure in the region of an absorption
edge, the EXAFS technique’® is relative to the variation of
absorption with energy over a much wider range, extending
out from the absorption edge to higher energies.

In the EXAFS region, spectra appears a ripple of the X-
ray absorption whose origin lies in the back-scattering of
the photoelectron. The modulation of the absorption is caus-
ed by interference between the outgoing wave emitted by
the absorber atom and the backscattered wave coming from
the surrounding atoms. Depending on the optical path, the
interference can be constructive or destructive. Since the in-
terference depends on the phase of the back-scattered wave
functions, the effect is sensitive to the phase-shift associated
with the backscattering and therefore to the distances to the
neighbouring atoms. From the periodic modulation of the
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Figure 1. Definition of EXAFS (a) and XANES (b) regions leg.
Cu K-edge spectrum).

absorption plotted against the electron momentum, we can
deduce precisely by using Fourier transform techniques, the
distance between the absorbing central atom and the neigh-
bouring ones.’” The Fourier transform of the modulation of
the X-ray absorption spectra looks like a radial distribution
function (RDF). Furthermore the intensity of the modulation
contains information about the coordination number, but its
determination is clearly less reliable.

The EXAFS formalism for condensed matter is based on
the Fermi's gold rule which gives the probability of tran-
sition for a photoelectron between an initial state |i> and a
final state |f>, both of which are multi-electronic wave func-
tions. In other words this probability corresponds to the X-
ray absorption which is given in quantum mechanics by the
following expression:

U=3 | <i | Hol > 125E,~ho)

—H,, is the interaction Hamiltonian in the dipolar ap-
proximation

—the & function expresses energy conservation where is
the energy of the photon and (E,—E) is the energy diff-
erence between the initial state |i> and the final state | f>.

Let us note that for an isolated atom A the final state of
the one electron transition is just an outgoing wave |f,>
whereas in a AB diatomic system the final state |f> con-
sists of two terms: (i) the atomic term |f,> (ii) a back-
scattering term | d;> (Figure 2).

Thus the final state can be written as follows

[f>=1fo>+ |df> =[|fo>( +Xey
X« represents the EXAFS modulation which can be deduc
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Figure 2. For an isolated atom the final state of the one elec-
tron transition is just an outgoing wave. The EXAFS spectrum of
a diatomic molecule is caused by interference between the out-
going wave and the backscattered wave. According to the optical
path (2k.r), the interference can be constructive or destructive.

ed from the X-ray absorption cross section:

WE)~ w(E)
(E) — po(E)

— k is the photoelectron wave-vector, evaluated using #tk*=
2m(E - Ey)

- E is the energy of the X-ray photon

- E, is a reference energy

—m is the mass of the electron

— WE) is the energy dependent oscillations of the ab-
sorption cross-section

~ W,(E) is the atomic absorption

— We(E) is the extrapolation of the pre-edge absorption

The extraction of the EXAFS signal from X-ray ab-
sorption spectrum is schematicaily represented on Figure 3.

By including the relevant phase-shifts and in the frame-
work of the plane wave approximation x(k) can be written
as

XEy= Xy =

Xy =2, A;(k) Sn(2R;+ 9))
7

The summation is over J coordination shells, R; is the dis-
tance from the absorber to the jth shell and ¢; is the total
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Figure 3. Extraction of the EXAFS signal from the X-ray ab-
sorption spectrum.
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phase shift.
Ayk) which represents the total jth shell scattering am-
plitude and can be expressed as

N,
A;jk)= W’Z F (k) exp—(20%?)
i

N; and ©; represent the number of atoms in the jth shell
and the root-mean square deviation of the interatomic dis-
tances over R; which results both from static and from ther
mal disordering effects, respectively.

F®= £ k)exp[—%]

where f(n, k) is the back-scattering amplitude which

looks like an electron-back-scattering form factor and A is
the mean free path of the photoelectron.

The argument of the total scattering amplitude A, (k) is
(2kR+¢;) where

2kR; is the optical path (~80% contribution)

¢=28,+6,

-8, is the phase change (~15% contribution) that the
photoelectron undergoes in the deep part of the potential of
the central atom A on each trip forth and back

—0; is the argument of the f{m, k) backscattering am-
plitude (~5% contribution).

From practical point of view the experimental EXAFS
spectra (k) are often analyzed by using standard methods
in the plane wave approximation. This approximation can
be justified by using model compounds with similar bond
lengths and therefore phase-shifts and amplitudes. After the
substraction of the background and of the atomic absorption
W(E) the EXAFS contribution to the various coordination
shells around the absorber are isolated by applying a k¥* or k°
weighted Fourier transform of (k) from k space to R
space in order to magnify the weak EXAFS signal at large
k. The resulting peaks of the radial structure function (RDS)
which correspond to individual coordination shells are
back-Fourier transformed, leading to filtered EXAFS func-
tions which are finally fitted to the parameterized fol-
lowing expression:

xk)=" A;(k) sin2kR;+ ¢;)
i

1 2R, .
A;(k)= sozm exp{-— ﬂ(k] ] [Njfj(pl,k)] [exp(—Zasz)J
J
damping scattering disorder

, where sZ is a scale factor (relaxation, multi-electron ex-
citations)

In the total scattering amplitude A/(k) appears three main
contributions showing the damping, scattering and disorder
effects.

The least square fit of the filtered EXAFS functions in-
volves adjustable parameters: R; (+0.02 A from the absorber),
N; (the coordination number is known generally with poor ac
curacy), ¢* (closely related to N;) and the edge position E,
which appears in expression giving the k wave vector (see a-
bove).

The number of parameters used for the fit of the filtered
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EXAFS function can be determined by the empirical ex-
pression:’

2Ak AR
b4

n (purameters) =

, where AR is the width of the filtering window
Ak is the width of the simulated spectrum.

In other words two bond lengths differing by AR can
only be separated if AKAR > /2.

Although the phase-shifts 8, and 6, and the backscat-
tering amplitudes f(n, k) are theoretically known for prac-
tically all the atoms,” nevertheless the best way is to meas-
ure them in a model compound, the structure of which is
well known and chemically close to that of the unknown
sample under investigation.

In conclusion EXAFS is a powerful technique, equally
suitable for non-crystalline as well as- crystalline materials,
for determining the local structure as bond distances and
with a certain caution the coordination number. Thus, it is
particularly interesting to study disordered and amorphous
materials such as glasses, gels and amorphous metals since
their structural information is generally hard to obtain. This
technique is also useful for studying solid surfaces
(SEXAFS).

Let us point out that EXAFS has one great advantage: by
tuning in to the absorption edge of each element present in
the material, a partial RDF for each element may be es-
tablished. By contrast conventional X-ray diffraction tech-
niques give only a single averaged RDF for all the elements
present.

Before illustrating the interest of XAS in solid state chem-
istry by some relevant examples, it is worthwhile noting
some points concerning the XANES and EXAFS regimes.

In the EXAFS regime, the modulation of the X-ray ab-
sorption cross section is dominated by simple backscattering
paths from nearby atoms. For XANES regime, the mean
free path of the photoelectron can be much larger and the
probability of off-linear scattering. increases. Both of these
differences tend to increase the number of scattering paths
which contribute significantly to the X-ray absorption cross
section. In particular higher order scattering, i.e. multilegged
paths involving several atoms, it become more important.
Essential features of successful scattering formulation for
XANES include the consideration of multiple scattering
paths and due to this fact the interpretation of XANES is
complicated as well as the non validity of the plane-wave-
scattering approximation applicable in the EXAFS range.
However the relevant methods for a numerical interpretation
of the XANES range of bulk solids are, on one hand elec-
tronic density of state (DOS) calculations, and, on the other
hand, single and multiple-scattering (MS) calculations.®

It is also well established that (MS) may contribute sig-
nificantly to EXAFS in a way that new peaks can be in-
duced in the radial distribution function (RDF) around the
absorbing atom, which is obtained by Fourier transfor-
mation of the EXAFS spectrum. Very clear examples have
been recently shown in perovskite compounds such as
tungsten and rhenium oxides™"” and expanded to various
structures based on MO, and MO clusters.!

For knowing the importance of the multiple scattering con-
tribution, a great care must be taken in the choice of both
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the energy range of the EXAFS analysis and the weighting
window in the Fourier transform. This remark is well il-
lustrated in the study of the iridium oxide."> Let us note that
the multiple-scattering analyses of the EXAFS data are gen-
erally performed by using the FEFF code."*

Xas Used for Solving Non-Trivial Problems
in the Characterization of Solids

Some significant chemical systems are presented here for
demonstrating that XAS spectroscopy (XANES and EXAFS)
is complementary to other techniques for characterizing cry-
stalline or non-crystalline solids from structural and elec-
tronic point of view, at the local level: formation of clusters,
location of dopants in crystal structures, site distortion and
local structure of glasses determined by EXAFS, site sym-
metry, oxidation state and intermediate valence state studied
by XANES. We have focused on systems that have (i) im-
portant technological applications: namely Li; ,Ni,,,0, and
LiNbO, (ii) outstanding optical properties in CuZr,(PO,),,
silicate and borophosphates glass matrices containing TiO,
and tellurite glasses (iii) peculiar magnetic and electrical
behaviors resulting from valence fluctuations in Ce-based in-
termetallic compounds.

Characterization of local structures in crystalline
solids.

The layered oxide Li; ,Ni;+,;0,. The electrochemistry
and the structural chemistry of layered nickel oxide A NiO,
(A=Li, Na) have been extensively studied as a result of its
technological importance as positive electrode material in re-
chargeable lithium ion batteries (particularly rocking-chair
ones using a carbon negative electrode).’”"®

In order to understand the electrochemical behavior of the
lithium nickel oxides it is necessary to know precisely the
evolution of their structure and the mechanism leading to
the nickel oxidation during the electrochemical cycling, in
other words at the time of the lithium intercalation-
(discharge)-deintercalation (charge).

Lithium nickelates exhibit a layered structure made of
NiO, slabs built up of edge-sharing NiO, octahedra: the
monovalent lithium cations are inserted between these slabs
in octahedral coordination (Figure 4). Previous crystallo-
graphic studies have clearly shown that the true formula of
lithium nickelates is Li; ,Ni,,,0, (0.05<z<0.20) instead of
LiNiO,.""” There are 2z nickel in the divalent state and z
extra nickel ions are located in the interslab space. Thus the
formula representing the Ni charge distribution is:*

(Lil—z lel l)interslah (lel ! Nil—z )intraslah O2

Since the electrochemical study of these nickelates in-
volves the lithium intercalation-deintercalation mechanism,
their formula hereafter will be depicted as Li, Ni,;,,0,. For
0.75<x<1 the structure exhibits a rhombohedral symmetry,
and for 0.5<x<0.75 the symmetry is monoclinic.”* The
main features of the electrochemical studies performed up
to now can be roughly summarized as follows (i) a sys-
tematic study of the open circuit voltage (OCV) cycling
curve (Figure 5) shows that the irreversible domain x de-
pends strongly on the z extra nickel content (ii) the nickel
ion distribution is never modified by cycling in the 3.0-4.1
V (iii) the best performances for a positive electrode are ob-
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Figure 4. (a) Perspective view of the Li,_.Ni,,.0, structure. (b)
Partial view of the Li,_,Ni,,.O, structure showing the existence of
divalent nickel ions in the slab and in the interslab space.

tained for 2<0.03.%

The X-ray diffraction studies were not enough relevant
for explaining the structural behavior of the lithium nick-
elates and two main questions were raised (i) why a ma-
croscopic structural distortion is not observed for LigsNij g,
O, (the better composition obtained with respect to the ideal
stoichiometric compound LiNiQ,) while it is seen for the
isostructural compound NaNiO,. (in both compounds, Ni*
which is in a low spin state #,,’¢,) as shown by magnetic
measurements, induces a strong Jahn-Teller effect), (ii) how
we can explain the nature of the monoclinic distortion
which occurs in the wide 0.5<x<0.75 composition range.

For trying to answer the two questions, EXAFS experi-
ments have been performed on two compounds: Li,eNi, p-
0O, and Li,Ni; 0, EXAFS spectra were collected on the
station of the SERC (Daresbury Synchrotron Radiation
Source in UK) for LiyeNi;,0,** and on the station EX-
AFS III at LURE-ORSAY in France for Li,gNi, 5,0,.*” In
both cases Ni-K edge data were collected in transmission
mode both at room temperature and at liquid nitrogen tem-
perature, using a Si(111) monochromator. The storage ring
was operating with a 150-250 mA beam current. The EX-
AFS oscillations were analyzed with the Daresbury suite of
EXAFS programs (EXCALIB, EXBACK and EXCURV
92). More details are given in ref. 24-27. However let us
mention that (i) pure NiO was employed as a model com-

wsVV) ws rV(V)

Ls
a

Li // Lip g7Niy 030,

3.0[

Li // Lio.gaNi1.0802

s as o X

A -X

4 -8 .8 .7 .8 .9 1,0 .4 .3 .8 .7 .8 <0 1.0
Figure 5. Correlation between the reversible composition range

and the loss of reversibility at the first cycle for two oxides:
Li47Ni; 030, and Lig ¢4Nij 060,
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Fourier Transform (A.U.)
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Figure 6. Experimental Fourier transforms for Ni K-edge EX-
AFS of LiyNi, 1,0, and Li, ¢;Ni, 4,0, phases.

pound to determine non-structrual parameters such as the
phase shifts and the back scattering factors (ii) the multiple
scattering contribution has been removed since in the lithi-
um nickelate structure the multiple scattering paths with O-
Ni-O angle, at centered absorbing atom equal to 90°, van-
ishes in the case fo K-edge, Thus the multiple scattering ef-
fects do not affect the first Ni-O and the second Ni-Ni
shells. Therefore, in order to refine both shells up to 3 ;\, it
was enough to use only the single scattering contribution.

For both compounds the Fourier transforms which have
been obtained by Fourier filtering procedure between 1.4 A
<R<6 A of the Ni K-edge EXAFS spectra are shown in Fig-
ure 6. The spectra contain information on many coor-
dination shells. In fact five main peaks on the Fourier
transform are distinguishable up to a radial distance of 6 A

Lig 0sNi; 020,.2** Since the X-ray diffraction data do not
show structural distortion, only an EXAFS study was able to
identify any Local distortion of the structure. Therefore the at-
tention was focused on the first two coordination shells which
were isolated in the raw data by Fourier filtering procedures.

The first shell (14 A<R<24 A) corresponds to only Ni-O
interactions (NiO4 octahedra). For this shell only five in-
dependent parameters [the radial distance (R), the edge po-
sition (E,) and the Debye Waller factors (26%)] were refined.
Due to the strong correlation between o° and the coor-
dination number N, this later was assumed to be 6.

Two models were proposed for the fitting of the first
shell: (i) the first one was carried out with only one Ni-O
bond length of 1 97 A (deduced from Rietveld analysis) (ii)
the second one takes into account two different Ni-O dis-
tances (four short distances and two long ones as for
NaNiQ,). The best fit is obtained with the second model as
shown in the Fourier transform (Figure 7). The data are
summarized in Table 1.

In the second shell, two types of interactions are dis-
tinguished (Ni-Ni and Li-Ni). Due to the fact that the back-
scattering amplitude is weak for Li with respect to that of
Ni, the contribution of the Li shell to the EXAFS spectra
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Fourier PN (a)
Transform X
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Fourier
Transform (b)
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Figure 7. Comparison between the Fourier transforms of EX-
AFS spectra of Li,Ni, ,0,. Solid line is experiment and dashed
line is the model fit (a) N=6; R,=1.97 A and N,=6; R,=2.87 A
(b) N;=4; R;=1.91 A and N;=2; R,=2.09 A and N,=6; R,=2.87 A.

has been neglected. From the results obtained with the first
shell, showing a local distortion of the NiO, octahedra, two
different Ni-Ni distances were expected in the second shell.
As shown in Figure 8 this hypothesis leads to a large dis-
crepancy between the experimental curves (EXAFS os-
cillations and Fourier transform) and the simulated ones.
The experimental results show that the best fit is obtained
with only one Ni-Ni distance (Table 2 and Figure 7).

So far there is no explanation of the absence of ma-
croscopic distortion in Li,4Ni, ,0,. The local distortion of
the NiO,4 octahedra is mainly due to a non-cooperative mo-
tion of the oxygen and not of the nickel atoms, leading to
an unmodified Ni triangular lattice, at least in first ap-
proximation. Maybe it is the presence of divalent nickel
ions, stable in an isotropic environment, which could hinder
the occurrence of a macroscopic distortion.

Table 1. Structural parameter obtained by fitting the EXAFS
spectra for the first coordination shell in the framework of the
second model used for Li,4Ni, ,,O,
R/ 6" R," 0" Riyer- dio (A)
A A A (AY (A)  Rietveld
191 0.008 2.09 0.011 1.97 1.969

Table 2. Structural parameter obtained by fitting the EXAFS
spectra for the second coordination shell of Li, o:Ni, 1,0,

R, (A) o (A) duni A (Rietveld)
2.875 0.009 2.879
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Fourier (b)
Transform

R(A)

0 1 2 3 4 5

Figure 8. (a) Comparison between the EXAFS spectrum of
Li, sNi, ,;O, and model fits. The solid line is the Fourier filtered
¥ weighted absorption . The dashed line is the model fit. (b)
Comparison between the Fourier transform of the results reported
in Fig. 8a. Solid lme is experiment and dashed line is the model
fit. N;=4; R,=1.91 A and N,=2; R,;=2.09 A and N,=2; R2_2 79A
and N,=4; R,= 292 A

Lio¢3Ni; 0202.%2" The main goal of the study of Ligg;-
Ni; ,0, by EXAFS spectroscopy is to show that the ob-
served monoclinic distortion is not due to a Jahn-teller ef-
fect as seen for NaNiQO,.

It has been well -established that lithium deintercalation
from LijgsNi, 4,0, leading to Lig Ni, ,0, involves the nick-
el oxidation from Ni™ to Ni".

As previously shown the Fourier transform of the Ni-K
edge EXAFS signal of LiygNi, ,0, revealed a well defined
splitting of the first peak around 2 A due to the Jahn-Teller
effect of Ni** in the low spin state. Such a splitting is not
observed for Liyg;Ni;,0, (Figure 6) at room temperature.
This behavior could be due to a hopping phenomenon
between Ni'(t;’¢.”) and Ni" (t,,°¢,") which tends to reduce
the local distortion. This assumption has been evidenced by
recording the EXAFS spectra at liquid nitrogen temperature
where the Ni"-Ni" hopping becomes smaller. The Ni" con-
tent (69%) remains high and a local distortion may occur
(Figure 9).

To conclude one can say that the monoclinic distortion
observed in Lij4Ni, 0,0, is not due to the Jahn-Teller effect
since in this compound the number of distorted NiO, oc-
tahedra smaller than those observed in LiygsNi, 4,0,.

The layered oxide Li;.,Ni.,.Fe0,.” This compound
belongs to the family characterized by the following general
formula:

(Li,_, Nif)(Ni"Nil"_, Fe™) O,

1-z—t
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4.0 Fourier Transform (A.U.)

- Ni-Ni
—  Lip.ggNi1,0202

Lio.g3Ni1.0202
At TTK

, R(A)

1.0 2.0 3.0 4.0 5.0 6.0
Figure 9. Experimental Fourier transforms for Ni K-edge EX-
AFS of Li,eNi, ,0, and Liy:Ni,; (,0, phases, at liquid nitrogen
temperature.

The study of the iron-based lithium nickel oxide is made
in the framework of the improvement of the positive elec-
trode in Li-rechargeable batteries. Several cationic sub-
stitutions have been used as for example AI/Ni, Fe/Ni and
Co/Ni. Only the Ni/Co substitution has clearly improved the
performances of the positive electrode by increasing the
amount of lithium intercalated in the oxide and by de-
creasing the polarization of the batteries.*”® The sub-
stitutions with Al and Fe were unsatisfactory. In order to
understand why the Ni-Fe substitution has rather a negative
effect, a structural characterization has been undertaken by
using X-ray diffraction (Rietveld method), EXAFS and Mo
ssbauer spectroscopies.

For t<0.30 the oxides are isostructural with Li, ,Ni,,,0,.
As for the other lithium nickel oxides the Rietveld re-
finement shows an electron deficiency at the lithium sites,
suggesting the presence of Ni/Fe cations in the lithium sites.

At this stage of the study two main questions were raised
(i) what is the oxidation state of iron cations. (ii) where are
located iron cations.

Magnetic measurements and Mdssbauer spectroscopy
study have shown that iron is in a trivalent state with a
high spin configuration for Li;Ni,¢Feq100,.

The Mgéssbauer resonance spectrum recorded at room tem-
perature exhibits a quadrupolar doublet which is charac-
teristic of the trivalent iron in a regular octahedral site (O,)
(Figure 10). The values of both the isomer shift and the qua-
drupolar splitting (6=0.33 mms”’ and A=0.33 mms’) are
very close to those found in the isostructural compound o-
NaFeO, (8=0.35mm and A=045mms ').* This ob-
servation which leads to the presence of Fe™ in NiO, slabs
is in disagreement with a previous study for which the au-
thors claimed, from a X-ray anomalous diffusion study, that
Fe" cations were located in the interslab space cor-
responding to the lithium sites.*

In order to settle the problem of the location of Fe
the structure, EXAFS experiments have been carried out on
LiNij g Fe, 20, at both the Ni-K edge and the Fe-K edge
with the same experimental conditions used previously for
Lig 4sNiy 0,0,

Weighted & EXAFS spectra and filtered Fourier trans-

i '
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Figure 10. Mossbauer spectrum of LixNi,Fe,;)O, recorded at
room temperature.

forms (Figure 11) show that Ni™* is located in distorted oc-
tahedral sites with four short and two long Ni-O bond
lengths and Fe™ is in regular octahedral sites (dni.0=2.012 A
from EXAFS measurements and dy,.0=1.983 A from Riet-
veld refinement).

For respecting the charge compensation, the divalent nick-
el cations Ni" are equallized in both NiQ, inter- and intra-
slab spaces.

It is worthwhile noting that in all the EXAFS studies per-
formed at the Ni-K edge of the layered oxides (Li,_, Ni,")
(Ni," Ni,_,™) O,, four short and two long bond lengths have
been evidenced. Due to the small amount of Ni” cations in
these oxides (<10%), the two different distances which are
observed result from the distortion of the NiQ, octahedra
are cannot be attributed to the simultaneous presence of Ni"
et Ni".

Location of cation dopants in oxides.”’ LiNbO,
and LiTaO, crystals exhibit a photorefractive effect and
have important applications in non-linear optical storage
and phase conjugation devices.*** The photorefractive pro-
perties are closely related to the nature of the impurities or
lattice defects in the crystals. Many techniques were used

LiNig goFeo.2002

od l"‘
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] v s qu v“vﬂv“v"

® (XJ)

X (l")

Fourier Fourier
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/
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Ni K-edge Fe K-edge

Figure 11. K weighted absorption spectra x(k) and filtered
Fourier transforms (a) at the Ni K-edge (b) at the Fe K-edge.
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Figure 12. Schematic representation of the crystal structure of
LiNbO,."

for determining the location of transition metal impurities.
For reaching this goal a lot of techniques have been used
such as EPR, optical and Méssbauer spectroscopies.*>+3%

Figure 12 gives a schematic representation of the struc-
ture of LiNbO; (R,. Space group) which derives from the
corindon one. Lithiom and niobium are located in oc-
tahedral sites. The octahedra are comer-sharing for a same
cation Li* or Nb™.

The problem which is raised concerns the location of the
impurities. Among the techniques used for situating the im-
purities in the structure, EXAFS spectroscopy is one of the
best, since it gives a direct information of the nature of the
nearest cation shell. For instance if the impurity is on a Li*
site, the shell of nearest neighbour cations will contain Nb**
cations which are strong backscatterers. In this case prom-
inent peaks should occur in the Fourier transform. In in-
verse order, the location of the impurity at the Nb** site will
lead to low intensity peaks for the second shell containing
weak Li* backscafferers.

According to these observation, the preference is for the
Li* site as host for the impurities like Mn?, Fe**, Eu*, Nd*,
Ti**, Ni**. However Eu** and Nd* and even Fe* for a mi-
nor fraction, can occupy Nb™* site.

The doping of LiNbO; by Fe* cations (6 mol%) has been
chosen as an example for demonstrating the interest of EX-
AFS spectroscopy for knowing the nature of the cation site
(Li* or Nb™) occupied by the dopants.”® A simple crystal
chemistry reasoning allows to conclude that the location of
Fe** in Li* site should show that Fe*-O distances are short-
er than the Li*-O ones. Conversely the location of Fe* in
Nb™ site should show that Fe**-O distances are longer than
the Nb™-O ones.

The strong peaks which occur in the Fourier transform of
the Fe-K edge of the EXAFS spectrum (Figure 13) in the re-
gion 3-4 A shows clearly that Fe** ions occupy the Li* sites.
This is confirmed by the detailed least-squares fitting of the
EXAFS signal which shows that the Fe**-O distances are
shorter than the Li*-O ones as indicated in Table 3 for the
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Figure 13. Fourier transform of the Fe K-edge EXAFS in 6
mol% doped LiNbO,. The data have been Fourier filtered over
the range 1-4 A. The solid line is the experiment and the dashed
line the theoretical fit."!

three oxygenated shells surrounding Fe’*.

Characterization of copper pairs in NASICON-
type phosphate Cu'Zr,(PO,); by EXAFS. The NASI-
CON-type phosphate Cu'Zr,(PO,); exhibits remarkable pro-
perties in two different fields of material science. On one
hand it is an active catalyst of 2-butanol decomposition
with a periodic oscillatory behavior;*® on the other hand this
phosphate is the first example of a Cu-rich insulating phos-
phor: under UV excitation blue and green fluorescences are
observed respectively at low and room temperatures.®

In order to explain the mechanisms involved in both ca-
talytic and optical properties it was of interest to investigate
in details the crystal structure of Cu'Zr,(PQO,);. In a first ap-
proximation, the structure of the NASICON-type phos-
phates, whose prototype is NaZr(PO,),, consists of a three
dimensional network formed by PO, tetrahedra sharing comn-
ers with ZrO, octahedra as shown in Figure 14. The site oc-
cupied by sodium is an elongated antiprism formed by tri-
angular faces of two ZrOq octahedra along the c-axis of the
hexagonal cell. This site is usually called M,. The frame-
work creates also a large ten-fold coordinated site M.,.
Every M, site is surrounded by six M, sites sharing com-
mon triangular faces.

The structural studies of Cu'Zr,(PO,); were motivated by
its luminescent properties observed in a wide temperature
range. At 6 K the optical spectrum displays an excitation
band peaking at 270 nm and a blue fluorescence band with
a maximum -of intensity at around 410 nm. As the tem-
perature increases a new fluorescent band progressively ar-
ises with a maximum at 540 nm; correlatively a broad
shoulder appears on the low energy side of the excitation
band which concerns only the green emitters.* Thus the

Table 3. Structural parameters obtained by fitting the EXAFS
spectra of lithium niobate

Shell Atom Coordination Bond distances (A) ¢
type  number  LiNbO,Fe* pure LiNbO, (&%)
1 0 3 1.985 2.068 0.013
2 0 3 2.028 2.238 0.024
3 0 3 3.046 3.287 0.004
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b (@)

Figure 14, (a) Schematic representation of the Nasicon-type
structure [e.g. CuZr(PO,);]. Projection onto the b, ¢ plane and
surrounding of the M, site. (b) Schematic representation of the
Nasicon-type structure Ce.g. CuZr,(PO,);]. Projection onto the a,
b plane.

unusual luminescent properties of Cu'Zr,(PO,); suggested
the existence of two types of emitting centers involving
copper.

X-ray and neutron diffraction experiments were firstly per-
formed on both CuZr,(PO,); and CuTiy(PO,);. Copper a-
toms are located in M, site and statistically distributed
between six off-centered equivalent positions (36 f) with a
statistical occupancy (1/6); the distance between the sym-
metrical positions in the lattice being is very small in the
case of CuTi(PO,), (1.59 A) and noticeably larger for the
zirconium phosphate (2.25 A).*!

At first sight the coexistence of two Cu atoms within the
same M(1) seemed to be unrealistic. Nevertheless, as al-
ready reported, the two fluorescence bands of CuZry(PO,),
observed at room temperature arise clearly from two distinct
excitation centers,” Both X-ray and neutron diffraction ex-
periments cannot account of the existence of two crys-
tallographic sites for the Cu ion.

However, as described previously, various fluorescent Cu'
complexes show low-energy emissions with their maximum
located between 550 and 628 nm as Cu'-Cu' distances are
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Figure 15. Radial structure functions, uncorrected phase shift
for CuTiy(PO,), and CUZra,(PO,);. The first major peak is at-
tributed to first-neighbour oxygen atoms and its amplitude re-
flects the number of first-shell oxygen atoms surrounding Cu.
The second peak is attributed to second-shell atoms surrounding
the Cu: copper and oxygen atoms for Cu'Zr(PQ,);, Oxygen a-
toms only for Cu'Ti,(PO,),.

smaller than 2.8 A According to theoretical calcula-
tions, Cu'-Cu' interactions should exist.****

The problem was to show the possible existence of Cu'-
Cu' pairs in CUZr(PO,); by performing EXAFS experi-
ments. For the sake of comparison the EXAFS analysis was
carried out by using standard methods in the plane wave ap-
proximation for both Cu'Ti,(PO,); and Cu'Zr,(PO,);.** Cu
,O has been taken as a reference compound for determining
the phase shifts and the backscattering amplitudes.

The radial structure functions of the Cu K-edge EXAFS
spectra given in Figure 15 show different peaks correspon-
ding to individual coordination shells.

In the first shell with Cu as central atom, two oxygen a-
toms are found for both compounds, as it is usually ob-
served for Cu' oxides. The Cu-O distances (=2 A) are
slightly less than those reported from X-ray or neutron dif-
fraction experiments: 2.08 A (X-ray) and 2.06 A (neutron)
for CuTiy(PO,);; 2.05 A (X-ray) and 2.09 A (neutron) for
CuZry(PO,),. "

The second peak attributed to the second shell sur-
rounding copper consists of copper and oxygen atoms for
Cu'Zr,(PO,); and oxygen atom only for Cu'Tiy(PO,),.

The EXAFS simulation relative to the second shell
around copper for Cu'Zr,(PO,),, indicates the presence of 1.6
oxygen atoms at 2.73 A from the copper central atom and
0.4 copper pairs exhibiting a short distance: 2.40 A. As
shown in Figure 16, the EXAFS signal cannot be fitted
without introducing Cu'-Cu' pairs in the second shell. This
can be demonstrated by comparing the EXAFS functions
generated by Fourier back transforming the second peak of
the radial structure, with least-squares fits obtained for dif-
ferent atomic compositions of the second shell: Figure 16a
(only 1.64 0); Figure 16b (only 0.4 Cu); Figure 16¢ (1.64
0+0.4 Cu).®

Thus, the EXAFS simulation of the second shell gives an
estimation of the number of M1 sites occupied by copper.
Since the number of M1 sites is equal to the number of
copper atoms, 0.2 M1 site are occupied by (Cu*),, 0.6 M1
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Figure 16. EXAFS function generated by Fourier back-trans-
forming the second peak of the radial structure function for Cu
in Cu'Zrz(PO4)3 (crosses) compared with least-squares fits ob-
tained with the following second-neighbour atoms (solid lines): a,
only 1.64 O; b, only 0.4 Cu; ¢, 0.4 Cu and 1.64 O, in the second
shell of central Cu.

site are occupied by single Cu* ion and therefore 0.2 M1
site are empty. In contrast for CuTiy,(PO,),, the smaller size
of the M1 site prevents the formation of copper pairs.

The existence of copper pairs has been indirectly evi-
denced by examining the optical properties of different ox-
ygenated materials through the STOKES shift as a function
of the excitation energy for isolated and paired copper ions
(Figure 17), While all the compounds containing (Cu'*), ex-
hibit a similar stokes shift, resulting from a quasi-constant
Cu-Cu distance in the host matrix, those containing isolated
Cu* ion show a STOKES shift which depends strongly on
the local structure.

Characterization of local structures in glasses

As already mentioned a valuable feature of the XAS tech-
nique is that it does not account of long range order in the
material and thus can be used to probe local structure in
both crystalline and amorphous solids. Recent reviews cov-
er the use of the technique in the structural investigation of
glasses. ™
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Figure 17. Stokes shift as a function of excitation energy for
various copper activated oxygenated insulators in a crystallitzed
or glassy state.

To show the interest of both XANES and EXAFS for
characterizing glasses we have chosen three systems ex-
hibiting non-linear optical properties for the development of
new materials for ultra-fast switching or signal processing.”
According to a semi-empirical model the materials able to
show non-linear properties with a high non-linear index n,
would be those exhibiting hyperpolarization chemical bonds
or structural entities.”> The purpose of the present study is
to characterize the local environment of titanium or tel-
lurium in oxygenated glasses and to relate the observations
made with the non-linear optical properties of the materials.
It will be shown that Raman spectroscopy in combination
with the XAS one is a complementary technique for charac-
terizing glasses.

TiO, in various silicate and borophosphate glass
matrixes. ™ Raman scattering and X-ray absorption stu-
dies have been carried out on non-linear otpical glasses hav-
ing the composition: xTiO,, yNaPO,, zNa,B,0;. As a gen-
eral rule, the non-linear refractive indices increase with TiO,
content. According to a previous work,” rutile finds its high
non-linearity in the hyperpolarizability of the Ti-O bond.
Therefore the nature of local environments around titanium
atoms in glasses was necessary to know in order to make
correlations between the observed titanium sites geometry
and the measured non-linear response.

Experimental procedures and the conditions used in both
Raman and XAS spectroscopies are detailed elsewhere.”*
Here, the conclusions of the studies will be reported.

In Raman spectroscopy Ti-O vibrations are identified by
four specifie broad bands (Figure 18) at around:

-930 cm ! (band a) corresponds to the v(Ti-O*) vibra-
tion where O* denotes an apical oxygen in a squared py-
ramidal environment of Ti.

—740 cm ! (band b) which proves the presence of --Ti-
O-Ti-O-Ti-- chains where short Ti-O bonds alternate with
long Ti-O ones as already seen in other compounds KTi-
OPO, (KTP) and NaTiOPOQ, crystals.** It appears that short
Ti-O* bonds vanish with the formation of Ti-O-Ti chains.

— 640 and 500 cm™' (band ¢ and d) could be the sig-
nature of distorted TiO4 octahedra by referring to the pre-
vious analysis of BaTiO; and K,NiF, fype titanates,”*

Complementary information has been brought by XANES
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Figure 18. Raman spectra of xTiO,(1-x) [0.05Na,B,0;, 0.95
NaPOQ;] glass samples of compositions x=0(1); x=15.0 (2); x=26.3
(3); x=29.0 (4); x=33.3 (5); x=38.5 (6); x=42.2 (7) and K,O-TiO,-
2Si0, silicate glass.

and EXAFS studies. By using reference compounds XANES
analysis (Figure 19) show clearly from the pre-edge peak po-
sitions which can be unambiguously compared each other
since the energy differences between different Ti site sym-
metry features remain beyond experimental error. TiO, ana-
tase, Ba,TiO, and K,O-TiO,-2SiO, glass are representative of
octahedral, tetrahedral and square-based pyramidal geometries
respectively. For example, each borophosphate glass spectrum
(Figure 19) shows a single pre-edge peak with shoulders on
each side, which is the signature of square-based pyramidal
sites. By a proportionality process using the height of the cor-
responding peak from the silcate reference glass, one can
roughly deduce the rate of this type of site in borophosphate

Normalized Absorption

Eler) Kev)

T T T T T T T
& 4% N0 05 N0 B4 4B M0 M5 MK Kn
Figure 19. Ti K-edge XANES spectra of borophosphates glas-
ses and reference compounds.
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Figure 20. Fourier transforms uncorrected for phase shift for
three compositions of borophosphate glasses and the potassium
silicate reference glass a an b point to the first and second shell,
respectively.

glasses. Square-based pyramidal sites increase with TiO, con-
tent which is in agreement with Raman studies. With respect
to XANES and Raman studies, EXAFS investigation (Figure
20) have allowed to precise not only the symmetry of the ti-
tanium sites but also the values of the Ti-O bond distances by
fitting the EXAFS first shell experimental signals with ad-
justable parameters as the edge energy E, which is allowed to
vary for simulations in view of ensuring the transferability of
the tabulated parameters (amplitude and phase functions of

the backscattered atoms), the electron mean free path M:—kf

where is a fitting parameter, 6° the Debye Waller factor and
two Ti-O distances resulting from the presence of two dif-
ferent type of sites already identified by XANES and Raman
studies; the number of oxygen neighbours N was fixed (six
for anatase; four in the plane square of pyramidal sites and
one in the axial direction for the silicate glass). From the EX-
AFS study itself we cannot decide between the presence of
TiOs tetragonal pyramids with a short axial titanyl bond Ti-O
or distorted TiO, octahedra. In fact both sites are present in
the borophosphates. However by combining Raman spec-
troscopy, XANES and EXAFS data one can conclude that
there is an original structural organization of Ti-O; sites in the
borophospahtes, exhibiting a short Ti-O bond whose hyper-
polarizability would be responsible for the non-linear pro-
perties of the materials.”

Tellurites glasses.” The interest for studying tellurite
glasses results mainly for their promising electrical and non-
linear optical properties and furthermore they exhibit high
values of both linear and non-linear indices, low melting
temperature and wide infrared transmittance.®® For exam-
ple the non-linear refractive index n,, found in TeO,-Nb,Os
glasses, is 40 times larger than that observed for Si0,. In
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Figure 21. Representation of the tellurium atom coordination
by oxygen atoms: TeO, trigonal bipyramid tbp; TeO,,, asym-
metric polyhedron; TeO, trigoral pyramid (tp).

order to understand such a behavior, the local structure of
both TeO,-Nb.Os and TeO,-Al,0; oxide glasses has been in-
vestigated by XANES and EXAFS spectroscopies and the
results obtained have been compared with those deduced
from Raman spectroscopy.”** The origin of the pre-edge
peak in the XANES study has been determined by ab-initio
calculations.

In Te-based oxygenated compounds three TeO, entities
can be observed (Figure 21): (i) a TeO, somewhat trigonal
bipyramid (tbp) (ii) a TeO,,, asymmetric polyhedron in
which one Te-O axial bond is shorter while the other is
longer with respect to which is observed for TeO, (iii) a
TeO; trigonal pyramid (tp) with three short Te-O distances.

For Raman, XANES and EXAFS spectroscopies, ref-
erence compounds have been investigated as (i) o-TeO,
which exhibits distorted TeO, (tbp) entity (ii) ZnTeO,
which shows TeO; (ip) entity.***** The experimental con-
ditions used for recording and simulating the different spec-
tra, are given in details in ref. 60.

All XANES spectra recorded at the Te-Ly; edge (Figure
22) exhibit pre-edge peaks P, whose energy positions are
comparable. However a zoom on this pre-edge peak shows
structural differences depending on the compounds. For a
ZnFeO, crystal, only one well-defined peak is observed,
whereas for a-TeO, a quite significant shoulder P, appears
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Figure 22. (2) Te-L;;, edge XANES spectra of xTeO,-(1-x)ALO,
and reference crystals (b) Zoom of the pre-edge peak.

exactly at the beginning of the slope of the edge, around 3
eV after the maximum of the peak P,. An intermediate fea-
ture tends to look like more and more that of ZnTeO, with
increasing Al,O; or Nb,Os content. These first results are
in agreement with those deduced from Raman spec-
troscopy studies,” indicating that both TeQ, and TeO,,,
clusters are present in glasses. In other words Raman and
XANES experiments indicate the transformation of some
entities into TeO;,,; ones as the rate of TeO, content de-
creases in glasses.

From ab-initio molecular orbital calculations made in the
restricted Hartree-Fock scheme (RHF) for TeO,*” and TeOQs*
clusters (Figure 23), it has been shown in both cases that
the highest occupied orbital a* (HOME) is of antibonding
character and combines essentially 5s AO of Te and 2p of
oxygen atoms. A part of this orbital is localized on tel-
lurium and oriented towards the external side of the clusters;
the electrons filling this orbital should be considered as
highly polarizable. Due to the fact that the polarizability
proceeds from an electric field dipolar moment coupling
between the highest occupied molecular orbital (HOME)
and the lowest unoccupied molecular orbital (LUMO), it is
expected that the polarizability is all the more important as
the energy gap between HOME and LUMO is smaller. Con-
sequently the antibonding electron doublet should be less
polarizable for TeO,” than for TeO,* and thus the linear
and the non-linear index values should be higher with ma-
terials containing TeO, clusters. Furthermore al these results
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Figure 23. Qualitative molecular orbital diagram of TeO,” and
TeO," entities (nbo O:nonbonding orbitals of oxygen atoms; Eg:
energy difference between HOME and LUMO).

suggest that the origin of the pre-peak P, corresponds to the
transition 2p,, 4a,;* (the third vacant antibonding molecular
orbital). So far, no explanation has been found for justifying
the presence of a shoulder in the XANES spectrum of o-
TeO,.

From RAMAN and XANES spectroscopy experiments it
has been shown that in all investigated glasses, the tel-
lurium environment consists of TeO, trigonal bipyramidal
polyhedron and TeOs, -type polyhedron and furthermore the
addition of AlL,O; or Nb,Os increases the proportion of the
asymmetric entity TeO;,;.

EXAFS spectra have been recorded (e.g. of 85 TeO,-15
ALO; in Figure 24) at the Te-K edge and for their simu-
lation both structural entities have been taken into account.
For the first oxygen shell are considered (Figure 21): two
short equatorial distances (R;), the shortest axial distance
(R,, R,) and the elongated axial bond R,. Assuming that
the proportion of TeO, and TeO,,, clusters are respectively
(I-x) and x, the number of equatorial distances N, is 2
whereas the number of axial distances N, is included
between 1 and 2, depending on the additional oxide rate
and assuming that the elongated axial bond gives an evanes-
cent EXAFS signal. Due to the low accuracy of the EXAFS
simulation on the number of atoms in the shell (less than
30% error) as well as the high correlation with ¢ a real-
istic estimation of both N, and N, has been excluded and
for the fitting N; and N, equals 2 for each. As expected the
EXAFS data show clearly that the equatorial bond lengths
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Figure 24. (a) Fourier transform of 85Te0,-15A1,0; glass (first
oxygen shell) (b) Experimental and simulated Te K-edge EXAFS
spectra of 85Te0,-15A1,0, glass (first oxygen shell).

remain practically constant (1.88-1.90 A) whereas the av-
erage axial distances decrease either with an increase of
Nb,O; content (from 2.06 A down to 2.00 A) or with an in-
crease of A1,0; content (from 2.07 A down to 2.01 A).%
This observation is consistent with a progressive transfor-
mation of TeO, polyhedra into asymmetric TeO;,, ones.

Characterization of the electronic structure of
solids: study of the cerium valence state in ternary
silicides.” The ternary silicides REIr,Si, (RE: rare earth)
have two allotropic varieties. At low temperature they crys-
tallize in the ThCr,Si,-type structure (space group I4/mmm)
which is adopted by several other ternary silicides such as
REM,Si, with M=Fe, Ru, Os, Co, Rh. The stable form at
high temperature is isostructural with CaBe,Ge, (space
group P4/nmm).** Both structural types are ordered ternary
derivatives of the binary BaAl,-type structure (Figure 25).

The physical properties of the silicides REIr,Si, are
strongly influenced by their crystal structure. For example,
in the CaBe,Ge,-type structure, Lalr,Si, and YIr,Si, are su-
perconducting at 1.6 K and 2.45 K respectively.®* On the
contrary, in the ThCr,Si,-type structure, Lalr,Si, is not su-
perconducting above 1K and YIr,Si, shows only an onset
of superconductivity around 2 K. Similarly, it has been
shown that correlations exist in these silicides between mag-
netic and structural properties: in the case of Tblr,Si,, the
Neel temperatures of the low and high temperature mod-
ifications are 80 K and 13 K respectively.”® The variety of
the observed superconducting and magnetic behaviors of
the REIr,Si, silicides results likely from the influence of the
different three-dimensional Ir-Si skeletons on the density of
states at Fermi level.
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Figure 25. Perspective of the structure of ThCr,Si, and CaBe,
Ge, deriving from BaAl,-type structure.

According to the structure in which cerium is embeded
and the nature of the components of the host matrix, cerium
can exhibit different electronic ground state: Ce*[4f'(5d6s)"],
Ce*{4f'(5d6s)"] and an intermediate valence state for which
the 4f level pinned at the Fermi level and the 5d-6s de-
localized states are degenerate [4f' (5d-6s)>— 41°(5d-65)"].

The Ce-based ternary silicides with the general formulae
CeT,Si, with T=Ru, Os, Co, Rh, Ir, have been chosen for
showing that magnetic and electrical measurements are com-
plementary to XANES studies at the Ly edge for charac-
terizing the electronic state of cerium.**”

Very schematically one can say that the electronic tran-
sitions which are involved at the Ly absorption edge of cer-
ium are:

2p°4£'(5d-6s) —1L~ 2p%4f'(5d-6s)*!  for purely Ce*
2p°4£"(5d-6s)* ] 2p’4f°(5d-6s)*'  for purely Ce*
2p°4f(5d-6s)' —2 - 2p4fi(5d-6s)™"
final states
!
fw

2p°4£'(5d-6s)* 2p°4f°(5d-6s)*!

On the XANES spectra, recorded at both room tem-
perature and Ce Ly-edge, occurs a main line assigned to 4f!
and in addition in the case of fluctuating compounds, a
high energy satellite due to the 4f° final state configuration
(Figure 26). In valence fluctuating rare earth compounds,
one should have to notice that the replicate splitting due to
the two possible configurations when the passive electrons
are included, is 8-9 eV, equal to the energy by which the 4f
level is lowered by the core hole.”

Magnetic susceptibility measurements (Figure 27) and
electrical measurements (Figure 28) performed in a large
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Figure 26. CeLlll-edge XANES spectra of CeT,Si, silicides
with T=Ru, Os, Co, Rh, Ir [(P)CaBe,Ge,type; (I) ThCr,Si-type].

temperature range are typical of an intermediate valent state
for cerium as it is shown for the two allotropic varieties of
Celr,Si,.”* From the ionic two-level (LC.F.) proposed by
Sales and Wohlleben, using a pseudo-Boltunann statistics”
the average valence of cerium has been deduced and its
thermal variation is shown in the inset of Figure 27.

1 i
Xm CeIrZSi2 P
{mol.emu™}
600}
H=4000G .
CeerS\z 1
«oo}
valence
. exp. .
— theor. °':-o._°
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) TIx)
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Figure 27. Experimental and calculated reciprocal susceptibili-
ties vs temperature for the two modifications of Celr.Si, (Inset:
thermal variation of the valence state of cerium).
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Figure 28. Thermal variation of the electrical resistivities of the
(P) and (1) varieties of Celr,Si,.
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Conculusion

The main goal of this paper was to show the power of
the X-ray absorption spectroscopy (XANES and EXAFS)
for characterizing both crystalline and amorphous solids
from structural (local order) and electronic point of view.
After recalling the main principles of the XAS spectroscopy
and mentioning the last developments dealing with multiple
scattering phenomenon, some non-trivial examples have
been chosen for showing that XAS spectroscopy is in cer-
tain cases, the only technique for bringing a definitive answ-
er as for example: the local structural distortion of Li; ,-
Ni,,,0, and the characterization of copper pairs in CuZr,-
(PO,); phosphate. In the other cases reported in this paper,
XAS spectroscopy was decisive in combination with other
characterization methods (X-ray and neutron diffraction ex-
periments, Raman, EPR and Massbauer spectroscopies, mag-
netic measurements, etc.) for characterizing local ordering
and electronic structures of solids. The examples reported in
this paper are rather taken in the field of solid state chem-
istry. However XAS spectroscopy is also a relevant tech-
nique for characterizing organometallic and molecular ma-
terials. In order to illustrate this last point let us mention
briefly two interesting examples (i) the characterization of
chemical bonds in bimetallic cyanides which are high T,
molecular based magnets; from L,, edges X-ray absorption
and comparison with ligand field multiplet theory some
parameters have been detennined as: crystal field paramet-
ers 10 Dq, spin-orbit coupling constants on the 2p and 3d
shells, the degree of delocalization of the 3d electrons, the
amount of charge transfer and its nature™ (ii) the iron-(Il)
and iron (III) basket-handle porphyrins, which belong to a
family of compounds designed in order to mimic the mi-
croenvironment of the active sites and the characteristics of
the metallic centre, the stereochemistry and the coordination
number, the oxidation and spin states; all these parameters
are closely related to the biological function of hae-
moproteins: for example from XANES and EXAFS studies
it has been shown that synthetic hemoprotein analogues, the
dioxygen adduct 3 may be better formulated as Fe™(0O,)
than by Fe™(0,) which was proposed for the biological ox-
yhaemoglobin and oxymyoglobin analogues and furth-
ermore the XANES spectra were sufficiently different for
being used as a local structural probe for following the ox-
idation kinetics of an iron (II) to hydroxoiron (III) basket
handle porphyrin.™

It is worthwhile noting that all the studies reported in this
paper has been made thanks to the use of the synchrotron
radiation source which offers more and more new op-
portunities due to the X-rays photon beams which are weak-
ly divergent, highly brilliant, polarized and pulsed. Due to
the outstanding features of the X-rays synchrotron radiation
many special devices dealing with the structural charact-
erization of solids have been recently developed as for ex-
ample (i) the in situ Quick EXAFS-X-ray diffraction com-
bination used on the same specimen of catalyst during the
conversion of reactants into products;75~78 an illustrative case
is that of the catalyst CuO/ZnO/Al,O; used in the methanol
synthesis™ (ii) the EXAFS spectroscopy used at very high
temperature (up to 2700 K) for examining molten samples
in order to study the local ordering in iiquids and the liquid
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— solid transition®® (iii) the EXAFS spectroscopy for fol-
lowing in situ phase transitions under high pressure (e.g.
CaN;™ H,0 solid®].
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