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Abstract. Ce ions were implanted inXOs. Via x-ray absorption spectroscopy, Ce was found to
occupy the Y site, and to be surrounded by oxygen atoms. However, contrary to what one would
expect on the basis of this substitution, the oxidation state was not purely trivalent. Thanks to the
Anderson impurity model, it was possible to interpret the x-ray absorption features near the edge.
Ce is found in an intermediate charge state resulting from the interaction of the f state with the
valence band of ¥Os.

1. Introduction

By means of ion implantation, it is possible to introduce impurities in matrices. In ceramics,
the site occupied by the impurity mainly depends (a) on the charge of the site as compared
to the positive or negative character of the impurity, and (b) on the possible chemical bonds
between the impurity and the neighbouring atoms in the occupied site. For example, in the
AIN matrix, implanted Ti ions occupy the Al site [1], and hence are surrounded by N atoms,
the heat of formationA H, of TiN being —80 kcal mot®, more negative than that of AIN,
—76.1 kcal mol! [2]. Onthe other hand, implanted copper ions do not occupy lattice sites, and
thus form clusters for two reasons [3]: the Cu—N bonds are not thermodynamically favoured
(AHcyn = 17.8 kcal mot?) [2], and hence the Al site is forbidden and Cu (a positive
ion) cannot occupa N negativesite. In metallic oxide matrices, MQ implanted metallic
impurities usually occupy sites surrounded by O atoms [4, 5].

This ability of the implantation technique to introduce an impurity at a preferred site can
be used to study specific oxygen environments of metallic atoms, varying the coordination
number and the distance to the O shell. This might be especially interesting in the case of Ce,
for which the participation of f electrons in the chemical bonding is still under study.

The matrix in which we chose to implant Ce is®3. Several reasons guided the matrix
choice. The electronic structure of,®s is already experimentally and theoretically well
known [6]. It can be calculated in a one-electron approximation using a self-consistent tight-
binding method. We have already performed an implantation of Zrj@sY and Zr was
found to occupy the Y site [7]. If Ce occupies such sites, its expected oxidation state is a
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trivalent one, like that of Y. However, a study was performed on £é@ped Y,03 wherein
Ce was found to be surrounded by eight oxygen atoms instead of six oxygen atoms as around
Y [8]. In this environment, Ce is tetravalent, but some differences in the intensities and peak
energy separations in the bbsorption edge appear as compared to the case for. Jé@y
were qualitatively explained by an increase of the charge transfer in the initial state due to the
increase of the Madelung field as a consequence of the change in the mean Ce—0O distance.
Hence it appears that the Ce tetravalent state is more favoured than the trivalent one in such a
system, and that to be in this oxidation state, Ce must be able to trap the required number of
O atoms.

In this work, the samples were prepared by Ce implantation,iD3Y Several techniques
were combined to characterize them. The Ce content and its implantation profilin Y
were measured by Rutherford backscattering (RBS). X-ray diffraction (XRD) allowed us to
obtain the lattice parameter o®3; and of CeQ used as a standard sample. The main goal of
this work was to obtain information about the local atomic and electronic environment around
Ce and Y. Hence the x-ray absorption technique was used, recording both extended x-ray
absorption fine structure (EXAFS) and x-ray absorption near-edge structure (XANES) at the
K edge of Y and the .edge of Ce. Ce atoms were found to occupy Y sites, leading to a mean
coordination number of six O atoms located at a distance of 0.235 nm. However, contrary
to expectation foa Y substitution site, the cerium valence is not purely trivalent. Using the
Anderson impurity model, it was possible to reproduce the experimegtdde of Ce, which
is found in an intermediate charge state between 3+ and 4+.

2. Experimental procedure

2.1. Sample preparation

Pure powder (5N, Rine-Poulenc, France) of,©3 was sintered under hot isostatic pressure
(HIP): 150 MPa at 1450C for 45 min. After HIP processing, slices that were 1 mm thick
were cut, mechanically polished, and then annealed for two hours in air atC300emove
oxygen vacancies and residual stresses.

Three sintered YO3; samples were simultaneously implanted witk 30' Ce ions cn?
at 200 keV and 300 K [9]. The ion current was maintained.at,0A cm~2 to avoid target
heating. For such implantation conditions, the TRIM code [10] calculates a projected range of
54.5 nm and a FWHM (full width at half-maximum) of 49 nm. The TRIM code also provides
the amount of energy density which is deposited in the matrix when the implanted ions trace
out their paths. Under the Ce-implantation conditions, the energy density transmitted to the
matrix atoms is 14.6 keV nni.

In the following, the sample studied in this work will be denoted agO¥Ce-impl.’
whereas the sample of reference [8] will be denoted a©3¥Ce-dop.’.

2.2. Sample characterization

For sample characterization via RBS and XAS, it was necessary to cover the surfaces of
the samples (implanted or non-implanted) with 5 nm carbon layers in order to avoid charge
problems.

The RBS analysis was performed usingHearticles of 2.8 MeV with a current of 20 nA
and a total fluence of 1QC per sample [11]. The He incident energy was chosen such as to
separate the Ce peak from the Y signal so that the actual amount of Ce in the sample can be
deduced from the peak area compared to a standard.
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An x-ray absorption investigation was performed on the D42 station of the DCI storage
ring (LURE) equipped with a Si331 monochromator. EXAFS spectra were recorded atthe Y K
edge (17 038 eV) for an implanted and for a non-implanted sample from 16 850 eVto 17 950 eV,
with 2 eV steps, for two seconds. At the Cgédge (5724 eV), we performed both EXAFS
(from 5660 eV t0 6150 eV, with 1 eV steps) and XANES (5700 eV to 5800 eV, with 0.5 eV steps)
measurements. Special care was taken in checking that in the energy region near 5700 eV, no
contamination of the spectra due to the presence of harmonics occurred. The first ionization
chamber, where the incident photon intensity was measured, was partially filled with air. Asthe
matrix is implanted, and thus modified, on a layer of thickness about 80 nm, the total-electron-
yield mode was used, instead of the transmission mode, the escaping electron depth being of
the same order of magnitude as that of the Ce-implanted layer. Standard samples of compacted
Y 03 powder, of metallic Ce (made of a Ce layer covered by a Fe layer to avoid oxidation), of
CeQ where Ce is in the C& state, and of Ce pentanitrate Gs)s[ (CsHs)3CoHoP] where
Ce is in the C& state were also measured via XAS for comparison purposes.

The background was subtracted from the XANES spectra, and then they were normalized
at the energy value of 5785 eV.

The background was subtracted from the EXAFS spectra. After subtraction of the atomic
absorption, the oscillations were extracted, then the spectra were Fourier transformed to provide
a pseudoradial function [12]. Therange for the Fourier transformation was 26.51irto
130 nnt?! at the Y K edge of ¥Os and 25 nmi! to 100 nnt? at the Ce | edges of Ce@
and Y,03/Ce-impl. This limitation in thek-range arises from the occurrence of the Ge L
edge at 6165 eV. The first peak corresponding to the oxygen shell around the cation was
then filtered and back-Fourier-transformed. Fitting of these back-Fourier-transformed spectra
provides quantitative information about the local environment of the probed atom, i.e. the
number of O neighbours and the distances of the neighbouring shells. The filtered oscillations
were fitted using the phase shift and scattering amplitude for the cation—oxygen contributions
deduced from the FEFF code [13]. The uncertainties in the number of neighdouese
typically +10%, whereas the distance®, are given+0.002 nm. We recall that the FEFF
code calculates an x-ray absorption coefficient, using a multiple-scattering approach and a
curved-wave formalism. A cluster of atoms is built. Given the atomic charge densities and
atomic potentials, the scattering muffin-tin potentials are constructed, taking into account
renormalization, overlap, and self-consistency. From these muffin-tin potentials, phase shifts
and effective scattering amplitudes are calculated. Details on the FEFF calculations that we

Table 1. Structural results from XRD and XAS investigations. In the case of pentanitrate, super-
script a indicates our experimental result, while superscript b indicates results from reference [14].
a is the lattice parameteN is the number of neighbourg is the distance between the cation and

O atoms, and is the Debye—Waller factor, representative of thermal and structural disorder.

X-ray diffraction X-ray absorption
a Rcation-o  Osshell Oshell O shell
Sample (nm) (nm) N o (nm) R (nm)
Pentanitrate 10%  0.0085 0.257
1P 0.257
CeQ 0.5393 0.2335 8 0.0066 0.232
Y203, non-implanted  1.0597  0.2278 6 0.0079  0.226
Y203, implanted 1.0590 0.2277 6 0.0079 0.225

Cein Y203/Ce-impl. 6 0.0081 0.235
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have performed are given in the next section.

Diffraction spectra were recorded using Cait, x-rays irradiating compacted, s
powder, non-implanted and Ce-implantedO4 samples, and the Ce@ample. The penta-
nitrate is expected to be organized as follows: ten O atoms around Ce at a distance of 0.257 nm,
as reported in table 1 [14].

Which depths are analysed depends on the investigation technique. X-ray diffraction
probes several microns—a thicker depth than the implantation one. In the XAS experiments
performed at the K edge of Zr, a thickness of about 200 nm is probed—about double the
implanted-zone depth—whereas a thickness of about 60 nm is probed—slightly smaller than
the implanted depth—in the XAS experiments performed at thedge of Ce.

3. Results

3.1. The composition and structural state of th©Y matrix

The RBS spectrum allows us to measure a level of G8.@f+ 0.3) x 10'® atoms cn1? in the

target, in agreement, within the experimental uncertainty, with the implanted fluence. Using
the RUMP code [15] to fit the RBS spectrum, we obtain a Ce profile centred at 46 nm, whereas
the FWHM is 67.5 nm. This leads to an average composition,6:C e, 35 in the implanted

zone. The number of Ce atoms divided by the total number of cations is thus 15%, close to
the highest concentration reached in th&¥/Ce-dop. system, namely 13% [8].

Diffraction patterns display the typical cubic bixbyite well crystallized structure @Y
As in the case of ¥Os implanted with Zr [7], a partial modification of the crystalline cubic
structure to a tetragonal form is observed. Lattice parameters deduced from diffraction patterns
are reported in table 1. No increase in background is seen as due to amorphization of the
implanted zone. But we recall that the depth probed is larger than the implanted depth.

From XAS at tte Y K edge, we obtain the pseudoradial function (PRF) for around Y. The
similarity of the PRFs before and after implantation (see figure 2, later) is proof that order
around Y is retained over 0.8 nm and that no amorphization has occurred. The numbers of O
neighbours and distances deduced from the treatment of the EXAFS oscillations are presented
in table 1 for the non-implanted matrix and the implanted matrix.

Ced+ - CeO2
1 T ----+--- Ced+ - pentanitrate
4 b 4o Ce metal
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Figure 1. XANES spectra for Ce®(Ce** oxidation state), pentanitrate (Eeoxidation state),
metallic Ce, and Ce in XO3/Ce-impl.
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3.2. The oxidation state of the implanted impurity

The two different oxidation states present in the ga@d Ce pentanitrate samples are clearly
observed in figure 1. The ¢kedge is shifted by about 6 eV from the Cedge. It displays

two structures separated by 6.3 eV, in agreement with previous results [16], while only one
peak is seen for the &esample [14]. For comparison we plot the Ce-metal edge, located at the
same energy as that of trivalent Ce, with only one peak of much lower intensity. Superimposed
is the edge of Ce in ¥O3/Ce-impl., located between the edges of Ce metal and of oxides. A
main peak is present with a shoulder at higher energy. From these plots, it is clear that the Ce
implanted in .03

(a) has a local environment different from that of Geénd
(b) is neither in the C¥ nor in the C&"* pure oxidation state.

In addition, the fact that the edge of implanted Ce is different from that of Ce metal allowed
us to conclude that Ce has not precipitated in the form of metallic clusters. The most probable
site is thus a site surrounded by oxygen atoms. The EXAFS oscillations will give us more
detailed information.

3.3. The implanted impurity site

3.3.1. Calculations from the FEFF codeWe first calculated the absorption coefficient for
Y03, atthe Y K edge, taking into account the two different sites of Y in the bixbyite structure.
The structural parameters used for the FEFF calculation are given in table 2: the space group,
the lattice parameter, and the atom positions for O and the two Y types. 24 Y atoms (referred
to as Y2 in table 2) are surrounded by two oxygen atoms located at 0.2249 nm, two O at
0.2278 nm, and two O at 0.2336 nm—hence there are six O at a mean distance of 0.2287 nm.
EightY atoms (referred to as Y1 in table 2) are surrounded by six O atoms located at 0.2261 nm.
There are two vacant sites around each type of Y atom. As the Debye tempe@gi i,

Y03 is not precisely known, we accounted for the thermal disorder (which appears through a
Debye—Waller factos) by introducing®, = 650 K, a value chosen to adjust the calculated
amplitude of the first peak in the pseudoradial function more or less to the experimental one.
The parameteteg, Which represents the number of paths allowed in the multiple-scattering
approach used in the FEFF calculation, was fixed at 8 and the maximum length of the paths
explored was 0.7 nm. The calculated oscillations were Fourier transformed over the same
k-range as the experimental ones. The calculated and experimental pseudoradial functions are
compared in figure 2, where a very good agreement is observed at leask up €4 nm for

the number and position of the peaks. The first peak represents the O shell around Y, whereas
the second double peak represents the second shell containing Y atoms and the third shell
containing O atoms. A better agreement between the calculated and experimental pseudoradial
functions for the whol&®-range requires afitting of a large number of parameters, and is beyond
the scope of this paper.

Table 2. Structural parameters introduced in the FEFF calculation @Y

Atom position

Space group X y z Lattice parameter

Y03 IA3 Y1 (8 atoms) 0.25 0.25 0.25 a =1.0604 nm
Y2 (24 atoms) —0.314 0.0 0.25
(@) 0.389 0.15 0.377
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As the most probable site for implanted GeiY substitutional site, the FEFF calculation
was redone locating the Ce atom as the central one, taking into account again the two Y
sites. The calculation was performed at theeldge of Ce. Nothing else was changed in the
input file for the calculation—neither the lattice parameter nor the Debye temperature. The
pseudoradial function obtained by Fourier transformation of the EXAFS oscillations over the
samek-range as for the experimental ones is compared to the experimental one in figure 3. The
agreement is rather good. In particular, the occurrence of a single peak in the range 0.25 nm
to 0.4 nm in the pseudoradial function of Ce inQ¥/Ce-impl. instead of a double peak in the
pseudoradial function of Y in ¥O3 is well reproduced. This change could be attributed to
the modification in the absorbing atom potential, the only new parameter in the calculation.
The amplitude difference might be due to a supplementary disorder in the system, induced
by Ce implantation. There is also a shift in theaxis between calculated and experimental
pseudoradial functions, indicating that distances between implanted Ce ions and neighbouring
shells have increased—an increase not taken into acegoiori in the calculation—which
is related to the larger size of the Ce ion as compared to Y.

14 T T |A T T T T 1
12 L ii YZO3 non impl.
ia et Y O impl.
10 - Pl 273
b -4 FEFF

FFT

0 0.2 0.4 0.6 0.8
R (nm)

Figure 2. Comparison of the experimental pseudoradial functions fgDavbefore and after Ce
implantation and calculated by the FEFF code. The parameters for the calculation are given in
table 2.

CeinY O
2 3

FFT

0 0.2 0.4 0.6 0.8

Figure 3. Comparison of the experimental pseudoradial functions and those calculated by the
FEFF code for Ce in ¥O3z/Ce-impl.



The atomic environment of Ce implanted yO¥ 1231

3.3.2. Results from simulations.Using the phases and amplitudes delivered by FEFF for
Y-0 and Ce-0, we have fitted the oscillations resulting from the filters on the pseudoradial
functions of Ce@, pentanitrate, ¥O3, and Ce in %03/Ce-impl. The results are reported in
table 1. For the pentanitrate, the expected oxygen surrounding is found,Bgayid CeQ,
the distances are in agreement within the experimental uncertainty with the diffraction data.
Around Ce in ,03/Ce-impl., six O neighbours are found, as around Y, instead of eight, as
around Ce in Ce@ The Ce—0 distance (0.2350 nm) is larger than the Y-O distance (0.226 nm)
and similar to the Ce—O one in Ce@.2335 nm). This increase is in agreement with what
was observed in figure 3.

4. Interpretation and discussion

4.1. The effect of Ce implantation inQ3

After implantation, the matrix is still well crystallized, as seen from the XRD pattern and
the pseudoradial function deduced from the EXAFS data. No amorphization occurs under
Ce-implantation conditions: 300 K and 14.6 keV nhaeposited in the matrix, a result which

had already been found in the case of 300 K Zr implantation with 9.9 keV: miaposited in

the matrix. Yttria appears to be very resistant to implantation-induced disorder, as indeed are
Al,03 [17] and AIN [18] under similar conditions.

In Zr-implanted Y%Os, the tetragonalization of the matrix, as ‘seen’ by XRD, was
interpreted as due to O loss (measured by nuclear reaction over O atoms) associated with
ordering of the O vacancies [7]. This O loss results from Y-—O bonds breaking inside the defect
cascades, which is induced by energy deposition, followed by O-O bond formation,and O
desorption. Although we did not measure the O content in Ce-implant€d, Yve interpret
the similar XRD pattern modification as due to the tetragonalization of the matrix, induced by
O loss. Oxygen reduction of implanted yttria is thus due to two factors:

(a) supplementary cations are introduced, and
(b) implantation induces O desorption.

4.2. The Ce site

Implanted Ce occupies the Y site, as Zr did [7]. The atomic arrangement around Ce is well
ordered on a scale at least of the order of 0.4 nm, as indicated by the presence of a well defined
peak located at about 0.36 nm in the pseudoradial function, representing a second shell of Y
atoms and a third shell with O atoms. This is different from what was seen in the case of
Zr implanted either in ¥Og3 [7] or in Al,O3 [17], around which a high level of disorder was
observed. Looking at the phase diagrams [2], a very crude and qualitative explanation might
be found in the fact that the Zr-metal bonds are not so strong as the Ce-metal ones. Hence,
even if Y substitution occurred because Zr—O and Ce—O bonds are favoured, on a larger scale
structural order can only take place in the Ce case.

The average coordination number is the same around Y and implanted Ce: six O atoms,
whereas the cation distance is slightly increased, 0.235 nm instead of 0.226 nm. For a very
similar Ce concentration, a different atomic arrangement was found@/€e-dop. [8]: a
coordination number of 8 and a distance of 0.228 nm. As a consequence of this different
atomic arrangement, the XANES spectra also are different.
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4.3. The Ce valence

The question is now that of how to interpret the XANES of Ce yO¥/Ce-impl. A FEFF
calculation is not adequate: the ground state in £e&@ich is a mixture of multi-electron
configurations resulting from a strong hybridization between the oxygen 2p and the Ce 4f
orbitals [19], is not taken into account. Hence another approach is necessary. The Anderson
impurity model takes into account hybridization between localized states such as d and f
states and the valence band of the matrix in which the impurity has been introduced [20].
Recently, Jolleet al [21] checked the influence of the valence band shape and of the 5d band
shape, which allows one to model the crystal field, on thexitay absorption coefficient
calculated for a Ce impurity in several oxide matrices. They showed that the band shapes
significantly modify the absorption coefficient features near the edge. They performed a pure
Ce** calculation and a pure Gecalculation, that led to spectra different from the experimental
one. It was not possible with one set of parameters to reproduce the experimental spectrum
for a purely trivalent or a purely tetravalent state. In order to reproduce it, it was necessary
to mix the calculated spectra for the Cand Cé* L5 edges in the proportion 40% ¢eand

60% Cé". A consequence of this result is that the implanted Ce ions must be at two sites, one
corresponding to the Cestate, and the other corresponding to thé*Geate. Such sites are
correlated with Ce—0O distances of 0.257 nm and 0.232 nm respectively (see table 1). Hence,
the expected measured Ce—O distance should be 0.247 nm, in disagreement with the EXAFS
result which gives only 0.235 nm, a difference beyond the experimental uncertainty.

0,08

Intensity (a. u.)

0,04

-30 -20

-10
E (eV)

Figure 4. Ceé** L3 edges calculated for different values with the following parameters: the
Coulomb interaction between 4f electrobis = 10.5 eV, the exchange interaction between 4f
electrons/ = 0, the f-electron—core-hole interactidf; = 12.5 eV, the f-electron—d-electron
interactionUsgy = 4 eV, the d-electron—core-hole interactibg: = 5 eV, and the hybridization
between f electrons and the valence b&he: 0.76 eV. The shape of the valence band is a crenel
14 eV wide, and the shape of the 5d band is a crenel 6 eV wide.

Therefore we performed a new calculation: we started from tié €ate, the closest one
in terms of Ce—O distance, and varied the quamiity E: — E,o whereE,q is the energy of the
centre of the valence band. In doing that, we assumed that there is a charge transfer between
the f state and the valence band which is monitored byAtlparameter. The evolution of the
spectrum with theA parameter is shown in figure 4. ForAavalue of 5.5 eV, a calculated
shape close to the experimental one is found. This supports our assumption of a Ce ion with
an intermediate charge state resulting from the interaction of the f state with the valence band
of Y50as.
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5. Conclusions

Ce has been implanted in,®3;. The interpretation of the Fourier transform taken from the
oscillations of the absorption coefficient allowed us to conclude that Ce occupies the Y site.
The structural information concerning the Ce site is well provided by combining a FEFF
calculation and a simulation of the oscillation corresponding to the first O shell around Ce.
This substitution should lead to a trivalent oxidation state for Ce.

However, the XANES features are different from those for purely trivalent Ce. The
Anderson impurity model, as it was used here, i.e. with ingredients which take into account
actual electronic and crystallographic parameters, is needed to interpret the near-edge features.
Two possible interpretations of these features are thus provided. The XANES features can be
thus interpreted either as due to 40%*Cand 60% C#&' or to an intermediate charge state
resulting from the interaction of the f state with the actual valence band.©§.YThe first
interpretation is ruled out using the simple argument that the EXAFS result is incompatible
with a two-site occupancy corresponding to two different Ce—O distances. Hence it is the
coupling of the XANES and EXAFS interpretations which provides us with a more precise
description of the Ce state in,0s.
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