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Abstract-A method, based on X-ray absorption spectroscopy (XAS) in the range 0.8-1.5 keV, to determine 
the relative amounts of rare earth ions in different valencies is explained and tested for the case of terbium 
mixed oxides. The results are in agreement with those obtained by existing analytical methods. The XAS 
method is advantageous in that it can be applied where other, conventional, methods break down. 
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In this paper we show that, making use of the recentfy 
calculated spectra for the rare earth configurations and 
their tabulated properties by Thole [ 11, one can obtain 
information about the valency concentrations of rare 
earth ions in solid materials. These numbers are of 
technological importance and we will pick out an ex- 
ample. 

Materials with conducting oxygen ions are frequently 
used in applications such as oxygen sensors, pumps 
and fuel cells in conjunction with platinum electrodes. 
It has been suggested that the electronic contribution 
to the conductivity of the solid electrolyte may improve 
the performance of the noble metal electrode or can 
even substitute these [2-51. This has led to extensive 
studies of mixed oxides, like (Tb~Gd~_~)~Zr~O,+~ in 
which both Tb3+ and Tb4’ are found. From studies of 
electrical conductivity and ionic transport properties 
of these materials it is apparent that there is an elec- 
tronic contribution to the conductivity due to hopping 
of electrons from Tb3* to Tb4’ sites [6, 71. The acti- 
vation energy for this latter process is thought to arise 
from the lattice distortion around the Tb3+ and Tb4’ 
ions and can be treated in small polaron models [7- 
9]. In order to put the understanding of such electronic 
conductivity on a firm basis, it is necessary to know 
the relative quantities of reduced and oxidized forms 
of the ions in the lattices. There are not many methods 

for making this analysis. In some cases this is possible 
using thermogravimetric analysis (TGA). In this 
method the oxygen weight loss as a function of tem- 
perature or oxygen partial pressure is measured and if 
the stoichiometry of the sample is known at one tem- 
perature and pressure, then the stoichiomet~ at all 
temperatures and pressures can be deduced. This ap- 
proach is not possible if one of the components of the 
mixed oxide is volatile or if more than one of the atoms 
present can exist in multiple valencies. Other possible 
methods, such as X-ray photoelectron spectroscopy, 
are very surface sensitive and may suffer from surface 
decomposition in the ultra-high vacuum environments 
used. 

In view of this paucity of methods to analyse the 
valency of metal ions in mixed oxide conductors we 
have attempted to use X-ray absorption spectroscopy 
(XAS) at the 3d edges of the rare earths. These spectra 
are known to have sharp peaks and multiplets which 
are characteristic of the metal ion valency [ 11. We will 
show that the XAS method does yield semiquantitative 
results for the rare earth valencies in these materials. 
Another example of this method for the case of mixed 
Ce valencies can be found in Ref. [lo]. 

EXPERIMENTAL METHODS 

All materials were prepared by means of thermolysis 
of a viscous solution of citrate complexes of the con- 
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stituent metal ions. After calcination at 800°C for 6 
hours the powders were pressed isostatically and sin- 
tered into dense ceramics at a temperature between 
1200 and 1550°C. X-ray diffraction revealed the flu- 
orite structure for ail materials investigated. 

To study the stoichiometry of these compounds 
thermogravimetric analysis (TGA) runs were carried 
out for several compositions in the solid solution series 
(TbxGdi-x)2Zr207+y. Extensive results of TGA mea- 
surements together with results of electrical conduc- 
tivity measurements have been reported elsewhere [7]. 
In summary, runs were carried out in air and under 
reducing conditions in the temperature range 300- 
1000°C. The latter conditions were realized with a gas 
mixture consisting of 1% CO and 99% CO*, resulting 
in a sample stoichiomet~ for the (Tb,Gdi_,)2Zr207+Y 
compositions with all Tb in the 3+ state 171. This was 
used as a starting point to determine the stoi~hiomet~ 
at all temperatures in air. 

For XAS experiments discs of the ceramic specimen 
were equilibrated at 6OO’C in air and quenched to 
room tem~rature rapidly. Reduced samples were ob- 
tained as above for the TGA measurements. 

X-ray absorption spectra of the Tb M4,S excitations 
were obtained using the synchrotron radiation emitted 
by the Anneau de Collisions d’Orsay (ACO) at Orsay. 
The use of a constant deviation double crystal mono- 
chromator equipped with beryl crystals results in an 
energy resolution of 0.4 eV [ 1 11. The spectra were re- 
corded by the electron yield method so that no samples 
of thin foils were required. Checks were made on the 
X-ray flux using an Al sample, displaying a flat X-ray 
flux in the energy region of the Tb M4,* absorp- 
lions. The energy scale was calibrated by setting the 
La 3d3,* and Mg 1s edges to an energy of respectively 
850.5 and 1303.0 eV. 

The samples were measured under ultra high vac- 
uum conditions. The spectra were identical for a sam- 
ple without any surface treatment and for scraping the 
surface in the vacuum, indicting that bulk and surface 
have the same composition. 

RESULTS 

Fig. 1 shows the measured XAS spectrum from Tb3+ 
in TbA& compared with the calculated XAS spectra 
from Tb3+ and Tb4”. The spectra have been explained 
as being transitions from the Hund’s rule ground state 
to final states where a 3d core electron has been 
excited to the 4J level: 3d”f8 (7F6) - 3dg4f9 and 
3d”‘f7 (8S,2) - 3d94.J8 for the Tb3+ and Tb4+, re- 
spectively. The&final states are multiple1 split but the 
dipole selection rules severely limit the number of ac- 
cessible states [I]. The spectra are roughly separated 
in a 3d5,2 (M5) and a 3dJi2 (M4) multiple1 at - 1240 
and - 1270 eV respectively, due to the large 3d spin- 
orbit splitting. It is clear that the Tb3+ and Tb4’ spectra 
are quite distinct, but that they will overlap when the 
two species are present together. We use the Ms peaks 
for analysis because they are sharper, stronger, and less 
influenced by Fano effects [I]. 
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Fig. I. ~x~~rnen~1 &,5 X-ray abortion spectrum of TbA& 
compared with the calculated spectra for Tb3+ and Tb4’. 

Fig. 2 shows the XAS spectra of various Tb mixed 
oxide samples. It is seen that the spectrum of the re- 
duced mixed oxide of Tb is very similar to the calcu- 
lated Tb3’ ion spectrum and Tb in TbA12 (Fig. 1). In 
this spectrum we should surely have detected a 5% 
contribution from Tb4’ but none was found, in agree- 
ment with the conclusions of thermogravimetric anal- 
ysis 171. 

If we now look at the oxidized forms of 
Tbi.2Gd&&0, and CeO.~TbO.~O,,ss+Y we see distinct 
shoulders on the high energy side of the main peaks. 
These are attributed to the Tb4’ contributions in the 
spectra. 

In order to extract the amount of Tb3+ and Tb4’ 
from the ex~~rnent~ spectra, one could deconvolute 
the theoretical spectra. However, there are minor dif- 
ferences between theory and experiment, partly due to 
the fact that only atomic effects and no solid state effects 
have been taken into account in the calculated spectra. 
In order to avoid possible complications we simply use 
the experimental Tb3+ curve from the reduced com- 
pound and substract it from the total spectra of the 
oxides. This procedure is demonstrated in Fig. 2. We 
already have seen from Fig. 1 that at the relative max- 
imum at the left side in the Tb3+ peak (- 1238 eV), 
hardly any Tb4+ contribution is present. Thus we can 
use this point to normalize the spectra. The dashed 
line in Figs. 2(a) and (b) is the Tb3+ contribution 
whereas the full line represents the Tb4+ contribution. 

There is a small background problem in some of 
the GdTbZr oxides (as seen in Fig. 2a), which may be 
due to the slowfy varying EXAFS oscillations from the 
nearby Gd &,, excitations at about 23 and 53 eV lower 
excitation energy. This compIi~tion is not present in 
the Ce-Tb oxides where the Ce M4,5 transition is at 
much lower excitation energy. Choice of the back- 
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Fig. 2. The experimental M4,5 spectra from Tb1.2Gd,,8ZrZ07+y 
(a), from Ceo.7Tbo.@1.~s+y (b) and from material a in reduced 
form (c) are given by the dotted curves. The Tb3+ and TV’ 
contributions in the oxides are given by the dashed line and 
the solid line, respectively: also given is a suggested background 

(lowest solid line). 

ground is somewhat arbitrary and is certainly a limi- 
tation, although not a dramatic one. Note that the po- 
sition of the Tb4+ contribution is within 0.2 eV of that 

predicted [ I]. 
The relative valency concentrations are obtained by 

dividing the areas of the Tb3+ and Tb4’ contributions 
by the theoretical MS cross sections. Theoretical cross 
sections for all rare earths are found in Thole’s tables 
[ 11. The XAS values obtained for the Tb4+ and Tb3+ 
percentages are given in Table 1. Also presented are 
the percentages for other Tb mixed oxides studied, 
Tb0.8Gd1.2Zr207+y and Tbo.~Bir.403+y. The values are 
comparable to values from TGA. Note that the inde- 
pendent determination of the amount of Tb4+ using 
TGA measurements is almost impossible in the Ce- 
Tb oxide, due to the presence of both Ce and Tb in 
two valencies. 

DISCUSSION 

The ability to determine by XAS the Tb3+ and Tb4’ 
quantities in the mixed oxides depends on the sepa- 

ration of the Tb3+ and Tb4’ contributions to the spec- 
trum. There are three tests for the validity of this sep- 
aration. 

Is the Tb4’ contribution at the predicted energy? 
Here the answer is yes within 0.2 eV. 
Is the shape of the residue attributed to Tb4+ rea- 
sonable? Here we find a larger width to the Tb4+ 
contribution than calculated. There are various 
possible explanations for this but most probably 
it is a result of small changes in the shape of the 
Tb3+ contribution from one compound to an- 

other. 
Is the Tb4’ weight derived from these measure- 
ments comparable to that from the standard 
methods? The standard method for these mate- 
rials is thermogravimetric analysis and we have 
compared various results from TGA with our 

XAS data in Table 1. The agreement is remark- 
ably good. 

The accuracy of XAS measurements of the valency 
of Tb is difficult to assess. Systematic errors can enter 
due to the background subtraction or small changes 
in the Tb3+ line shape. We estimate an accuracy of 
-3-S% in the Tb4+ content. 

The sample of Ce0.7Tb0.30i.85+y showed a very large 
Tb4’ contribution of -2590, which was much higher 
than for the TbGdZr mixed oxides. This is in accord 
with preliminary conductivity measurements [6, 121. 
We also find a very low Tb4+ concentration in the 
Tbe.6Bi1.403+y sample exposed to the same oxygen 
treatment. Clearly the lattice has a significant effect on 
the equilibrium Tb3+:Tb4+ ratios. Considering effects 
of strain energy, one might expect larger fractions of 
Tb3+ to be present in the host lattice with the larger 
cations, since the ionic radius of Tb3+ ( 1.04 A, Shannon 
and Prewitt values for 8-coordination [ 131) is larger 
than the ionic radius of Tb4+ (0.88 A). Thus the Tb 
ions fit better in their host lattice and the lattice has a 
lower free energy. This concept explains the result ob- 
tained for C~.7Tb0.301,85+y compared to the result ob- 
tained for Tbo,sBi L.403+Y. Extending this concept to 
TbGdZr mixed oxides, the results indicate that the Tb 
ions occupy Gd ion lattice sites, which are nonequiv- 
alent to the Zr lattice sites. This is in accord with the 
observations of short range order in the fluorite lattice 
and the formation of pyrochlore ordered microdomains 
for the TbGdZr mixed oxides [6, 141. 

CONCLUSIONS 

We have shown that X-ray absorption is a suitable 
quantitative tool for analysis of the valency of Tb in 

Table I. % of Tb4’ as obtained from XAS and TGA mea- 
surements 

XAS TGA 

%.2Gd0.8Zr207+y 15 14 
Tb0.8Gd1.2Zr@7+y 13 14 
Ceo.77hsQ.~+~ 25 - 
Tb0.&i1.403+y 5 - 
Tb0.8Gd1.2Zr207+y (reduced) 0 0 
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mixed oxide materials. In some cases the concentration 
of Tb was as low as -5 atomic% Tb, but we still obtain 
usable results with recording times as low as ten min- 
utes. Thus the sensitivity of XAS is adjudged to be 
high. Also for the Ceo.7Tbe.301,ss+y and Tb0.6Bi1.403+y 
the standard method, thermogravimetric analysis, is 
not applicable. We thus conclude that XAS is a suitable 
adjunct to the standard analytical methods for study 
of such systems. 
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