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The coordination and valence of niobium in TiOr-NbOr solid solutions, Nb,Ti,-,O, (for 0.1 5 x 5 l.O), 
were studied by Nb K-edge X-ray absorption spectroscopy (XAS) as a function of Nb composition, x. 
Ten single-phase compositions in the Nb,Ti,-,O, solid solution with the rutile structure were examined: 
x = 0.1,0.2,0.32,0.4,0.5,0.6,0.7,0.8,0.9, and 1.0. Analysis of X-ray absorption near edge structure 
(XANES) data shows that the position of the preedge absorption shifts to higher energy with decreasing 
Nb concentration, indicating that the ratio of Nb5+ to Nb4+ is larger at low Nb concentrations than at 
high ones. The extended X-ray absorption fine structure (EXAFS) analysis indicates that the average 
Nb-0 interatomic distance increases nearly linearly with increasing Nb concentration. This structural 
modification of the oxygen environment about niobium suggests that an increasing fraction of Nb ions 
(i.e., Nb5’) occupy tetrahedral interstitial sites with decreasing Nb composition. 6 1991 Academic PXSS, 
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Introduction 

The crystal structures of TiO, (j-3), 
NbO, (4-6), and Nb,Ti,_,O, (7-10) have 
been well-established through various dif- 
fraction studies. In Nb,Ti, -xO2, however, 
local structures made up of specific ele- 
ments, such as Nb-0 interactions, have not 
yet been elucidated because diffraction 
techniques lack element-specificity. That is, 
X-ray (and neutron) diffraction is sensitive 
to the short- and long-range coordination 
about a specific site averaged over the differ- 
ent atoms occupying it. In view of this, the 
use of synchrotron radiation for X-ray ab- 
sorption spectroscopy (XAS) has received 
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much attention (11-13). XAS is sensitive to 
the short-range coordination and valence of 
a specific element averaged over its different 
sites. Through analyses of X-ray absorption 
near edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS), 
the average oxidation state and coordination 
environment of a specific element can be 
determined regardless of sample crys- 
tallinity . 

There are many recent reports of XAS 
studies of various titanium and niobium ox- 
ides: Ti K-edge XANES and EXAFS of 
Nb,Ti,-,O, for 0.0 5 x 5 0.9 by Poumellec 
et al. (14), and Picard-Lagnel et al. (IS); Nb 
L-edge XANES of Nb,05 by Sugiura et al. 
(16); Nb K-edge EXAFS and XANES of 
metal niobates by Nakai et al. (17); Nb K- 
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edge EXAFS of Nb(OEt)S by Vandenborre 
et al. (18); Ti K-edge EXAFS and XANES 
of TiO, by Greegor et al. (19); and Ti K- 
edge and Ta L-edge XANES of Ti, -xTa,O, 
for 0.0 5 x 5 0.5 by Poumellec et al. (20). 
Until now, however, no results have been 
reported for Nb K-edge XANESEXAFS 
studies of the Nb,Ti,-,O, system with the 
rutile structure. In the present investigation, 
the structure of the Nb,Ti,-,O, solid solu- 
tion (for 0.1 I x I 1 .O) was studied through 
niobium K-edge XANES and EXAFS. 

Experimental Procedure 

NbO, was prepared from Nb205 (Johnson 
Matthey, 99.9999% pure, metals basis) in a 
reducing atmosphere (5 ~01% H, in Ar) at 
1450°C for 5 hr. The heating and cooling 
rates were 2lO”/hr. Solid solutions of vari- 
ous x (x = 0.1, 0.2, 0.32, 0.4, 0.5, 0.6, 0.7, 
0.8, and 0.9 in Nb,Ti,-x02) were synthe- 
sized from mixtures of Ti02 (Alfa Products, 
998% pure, metals basis) and NbO, pow- 
ders by isostatically pressing at 30,000 psi 
and by solid state sintering at 1400°C for 5 
hr. The atmosphere for the synthesis was 
identical to that used for the preparation of 
NbO, powder. The synthesized solid solu- 
tions were hot-pressed in vacuum at 1250°C 
under 3000 psi in a graphite die. Pure TiO, 
and NbO, specimens were also prepared by 
hot pressing in the same manner. After hot 
pressing, the specimens were examined by 
X-ray diffraction (XRD) in order to ensure 
that the single-phase rutile structure was ob- 
tained and to determine the lattice parame- 
ters. The parameters obtained here agree 
with those previously published (7, 9). 

The specimen thicknesses, t (cm), for 
XAS measurements in transmission mode 
were calculated so as to yield a unit absorp- 
tion edge jump according to t = Il[(p/p)p], 
where ,x/p (cm2/g) is the total mass absorp- 
tion coefficient at 19.05 keV and p (g/cm3) 
is the density of the specimen. From these 
calculated ideal thicknesses, the specimens 

were prepared by mechanical grinding. The 
actual thicknesses were measured by using 
a digital micrometer with spherical tips (Mit- 
sutoyo): some 60 measurements were made 
per specimen, and the average thicknesses 
were obtained. Unfortunately, in all but two 
cases, the specimens proved to be too thin 
and brittle to withstand grinding to the ideal 
thicknesses (21). 

XAS experiments were conducted on 
beamline X-18B at the National Synchro- 
tron Light Source (NSLS), Brookhaven Na- 
tional Laboratory. The NSLS was operated 
at 2.5 GeV with approximately 90-180 mA 
of electron current. The X-ray beam was 
monochromated with a channel-cut Si(220) 
crystal with a weak-link. In order to mini- 
mize the harmonic content of the incident 
X-ray beam, the monochromator was de- 
tuned to pass approximately 80% of the 
maximum incident photon intensity. The slit 
width was set to 1 mm (V) x 10 mm (H) 
to attain a total energy bandwidth (i.e., a 
Gaussian convolution of the energy diver- 
gence of the synchrotron beamline and the 
rocking curve width, in eV, of the Si(220) 
diffraction crystal) of about 5 eV at 19,000 
eV. The total natural core-hole linewidth of 
the Nb K-edge X-ray transition is reported 
to be some 6 eV (22). Assuming that the 
energy bandwidth and natural linewidth add 
in quadrature, the overall effective spectral 
resolution is ca. 8 eV at 19,000 eV. 

The Nb K-edge X-ray absorption data 
were collected under ambient conditions 
with a step size of 1.0 eV/pt in the XANES 
region (18.94 to 19.05 keV) and 0.04 A-l/pt 
in the EXAFS region (4 to 16 A-‘). Counting 
times ranged from 2 to 10 sec/pt. Energy 
calibration was maintained to 5 1.0 eV by 
use of a niobium foil (25 pm, A. D. 
MacKay): the absorption edge inflection 
point in the first differential XANES data 
for the Nb foil was set to 18,990.8 eV. The 
incident intensity (lo) and the transmitted 
intensity (Z,) were measured using sealed- 
ion-chamber proportional counters with ab- 
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sorption lengths of 10 and 30 cm, respec- 
tively. The ion-chambers were filled with 
argon gas, and the pressures were adjusted 
to 1.19 atm for Z, and to 1.98 atm for It. This 
gave approximately 20% absorption of I, 
and 100% absorption of Zt at 19.074 keV. 

The X-ray absorption data were normal- 
ized according to a procedure similar to that 
described elsewhere (23). The preedge data 
were modeled with a two-term linear func- 
tion, which was fitted below the onset of the 
absorption edge and extrapolated above the 
edge. The postedge data were modeled with 
a three-term quadratic function, which was 
fitted above the edge and extrapolated be- 
low the edge. The normalized data were ob- 
tained by subtracting the preedge absorp- 
tion approximation from the raw data and 
then dividing the difference by the postedge 
absorption approximation. This normaliza- 
tion procedure facilitates a direct quantita- 
tive comparison of the shapes and intensit- 
ies of features found in XANES. Further, 
this procedure provides normalized EXAFS 
data with an absorption edge jump equal to 
unity. 

The first and the second differential 
XANES were obtained by use of a Fourier 
transformation technique (24). The EXAFS 
data reduction and analysis were performed 
as described elsewhere (25). The normal- 
ized data (ln(Z,,lZ,) vs E) were converted into 
k-space by using an experimental threshold 
energy (E,) of 19,000 eV in k = [0.263(E - 
Eo)]“*. In order to extract the EXAFS, x(k) 
vs k, the postedge background absorption 
was modeled with five sections (3.123 A-’ 
per section) of cubic spline functions. The 
EXAFS, x(k), were weighted by k3 and Fou- 
rier transformed without phase shift correc- 
tion. By applying Hanning window func- 
tions to the Fourier transform data, the 
oxygen coordination spheres about niobium 
were isolated from r-space (0.91-2.19 A) 
and back-transformed to k-space. Fourier- 
filtered data (k3x(k) vs k, for 4 5 k I 14 
A-‘) were employed in the nonlinear least 

squares curve fitting with the single scatter- 
ing theory of EXAFS (25). Theoretical back- 
scatterer amplitude and phase functions for 
oxygen as well as a theoretical absorber 
phase function for niobium were used in the 
curve fitting (26). The function for niobium 
(2 = 41) was approximated by an arithmetic 
average of those for Zr (Z = 40) and MO 
(Z= 42). Four parameters were refined in 
the curve fitting according to the method 
described by Teo et al. (27): (i) a scale fac- 
tor, B; (ii) a Debye-Waller factor, a; (iii) an 
interatomic distance, r; and, (iv) an energy 
shift A&, which is equal to Z$ - E, (I?‘$ is 
the theoretical threshold energy for the total 
phase function). Correlations within the set 
of parameters (AE, vs r) were examined and 
the corresponding phase correlation curves 
were employed to adjust the best fit in- . . 
teratomic distances, TN,&. NbO, was used 
as the model compound because its crystal- 
lographic parameters are well-documented 
(4-6) and the oxidation state of niobium in 
the bulk is known, i.e., Nb4+. The estimated 
standard deviation for the Nb-0 in- 
teratomic distances is 20.01 A. 

Results and Discussion 

XANES data. Figures la, lb and lc show 
the normalized Nb K-edge XANES as well 
as the first and the second differential 
XANES, respectively, for the Nb,Ti,-x02 
solid solution for 0.1 5 x I 1.0. These 
XANES data are characterized by three fea- 
tures: (i) a weak preedge absorption shoul- 
der at approximately 18,982 eV, which is 
due to an electronic transition from the Nb 
Is-orbital to the 4d-orbital manifold; (ii) an 
absorption edge at approximately 18,996 
eV, which is due to, in part, an electronic 
transition from the Nb Is-orbital to the 5p- 
orbital manifold; and, (iii) two strong edge 
peaks at approximately 19,005 and 19,015 
eV, which are due to low-energy scattering 
resonances of photoelectrons by neigh- 
boring atoms (28-30). Even under the low- 
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FIG. 1. (a) Normalized Nb K-edge XANES for the Nb,Ti, -xO2 solid solution, 0.15 x 5 1 .O. The arrows 
indicate the preedge shoulder and the first and second edge peaks, in order of increasing energy. (b) 
First differential Nb K-edge XANES. The arrows indicate the preedge and the first and second edge 
peak inflection points, in order of increasing energy. (c) Second differential Nb K-edge XANES. The 
arrow indicates the preedge peak. The preedge peak positions shown in Fig. 2 were obtained from 
these data. The numbers on each spectrum are: 1 for NbO,,T&,,Oz; 2 for Nb,.zT&,s02 ; 3 for Nbt,32Ti0,6802 ; 
4 for Nb0,4Ti0,602; 5 for NbO.sTit,,Oz; 6 for Nb0,sTi,,,02; 7 for NbO,,TiO,sOz; 8 for Nb0,8Ti0,202; 9 for 
Nb,,sTi,,,02; and 10 for NbOz. The vertical scales are offset for clarity. 
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resolution conditions that obtain at the Nb 
K-edge, the XANES of Fig. 1 are clearly 
sensitive to electronic and geometric pertur- 
bations of niobium in Nb,Ti, -xO, for 0.1 % 
x 5 1.0. 

Inspection of the XANES, Fig. la, re- 
veals an alteration in the relative intensities is 

of the edge peaks on going from one end -0 
a 18951 

member to the other. For NbO, , the normal- 
P 

a 

ized intensity of the peak at ca. 19,003 eV is 
t 

1635Ot- 

larger than that for the peak at ca. 19,013 eV 0.0 0.5 1.0 

(Fig. la, top curve), whereas the reverse is 
X in Nb,Ti,,O, 

true for Nbo,1Ti0,902 (Fig. la, bottom curve). 
The first differential XANES, Fig. lb, show 

FIG. 2. Variation of the position of the preedge shoul- 

a significant broadening of the main inflec- 
der with respect to Nb concentration, x, in Nb,Ti, -xOz. 

tion point peak at ca. 18,996 eV with de- 
creasing x. There is only minor variability 
in the peak shape of the secondary intlection the repulsive Coulomb interaction between 
point at ca. 19,010 eV over the entire compo- the core and all other electrons decreases. 
sitional range, 0.1 5 x 5 1.0. Most im- Therefore, the positive shift of preedge posi- 
portant, close inspection of the data in Fig. tion with decreasing Nb concentration ob- 
1 reveals that the relative intensity of the served herein suggests that the ratio of NbS+ 
preedge shoulder decreases with increasing to Nb4+ increases with decreasing Nb con- 
x. This is consistent with a decrease in the centration. This interpretation is in accord 
average formal valence of Nb on going from with previous molybdenum and vanadium 
Nb,,,Ti,,O,, with both Nb5+ and Nb4+ K-edge XANES studies, which revealed a 
sites, to NbOz, with only Nb4+ sites. That direct correlation between the edge inflec- 
is, the decrease in the preedge peak intensity tion point energy and the valence of MO and 
evident in the second differential XANES V over a wide range of formal oxidation 
of Fig. lc directly reflects a decrease in the states (31). In general, an increase of l-2 
density of empty d-states in order from x = eV in preedge position is expected for an 
0.1 (4didS for 0 < 6 < 1) to x = 1.0 (4d’). increase of valence by 1. Finally, Eror (32) 
Alternatively, this trend may reflect a modi- indicates that the maximum solubility of 
fication of the geometry about niobium, Nb5+ in TiO, is between 4 and 8 a/o (cation 
such as a decrease in the Nb site distortion atomic percent) at 1060°C in pure oxygen 
and/or a variation of the Nb-0 distance, at 1 atm. Within this solubility limit, donor 
etc., with increasing x. Further evidence to dopants (i.e., Nb) are electronically com- 
support the former interpretation is pro- pensated by additional oxygen uptake in the 
vided by the variation of the position of the oxidized state. According to Valigi et al. 
preedge shoulder with respect to Nb con- (33), the maximum solubility of Nb5+ in 
centration, Fig. 2. The position of the Ti02 is approximately 6 a/o in a reducing 
preedge shoulder increases with decreasing atmosphere, and the extra positive charge 
Nb concentration. This variation of the posi- due to NbS+ is compensated by the creation 
tion of the preedge shoulder is interpreted of an equivalent amount of Ti3+. 
as follows: when an Nb4+ ion loses its outer Based upon the analysis of Ti K-edge 
4d’ electron, the attractive potential of the XANES data for the Nb,Ti, -xO2 solid solu- 
nucleus on the Is-electron increases, and tion (0.0 d x i 0.9), Poumellec et al. (14) 
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suggested an electron exchange between 
Ti4+ and Nb4+ ions because of the proximity 
of the two energy levels, 3d0 and 4d’, re- 
spectively. Recently, Valigi et al. (33) re- 
ported results of TGA, EPR, diffuse re- 
flectance, and magnetic susceptibility 
measurements for Nb,Ti, -xO,, 0 4 x 5 0.1. 
They pointed out that, if all the Nb4+ions 
are ionized to NbS+, an equivalent amount 
of Ti’+ needs to be created to satisfy the 
electroneutrality condition. If this is cor- 
rect, then the carrier concentration in the d- 
band, and hence the electrical conductivity, 
is expected to increase (unless the electrons 
are localized) with increasing Nb concentra- 
tion. However, according to Sakata et al. 
(34), the dc electrical conductivity increases 
from TiOz to near x = 0.1, and then it de- 
creases with further increases in Nb concen- 
tration. Thus, it appears that the results of 
Poumellec et al. (14) are in agreement with 
those of Sakata et al. (34) for x < 0.1. For x 
> 0.1, the results reported herein are also 
consistent with those of Sakata et al. (34). 
These can be summarized as follows: (i) At 
low Nb concentration, the Nb4+ions are dis- 
persed randomly in the TiO, matrix, and 
an electron transfer from Nb4+ to Ti4+ ions 
takes place, thereby creating Nb5+ ions as 
shown herein by XANES (vide supra) and 
as suggested by Poumellec et al. (14). (ii) 
As the Nb concentration increases, Nb ions 
begin to interact with each other and form 
Nb . . . Nb pairs, as postulated by Sakata 
(7,8,10). That is, the pair formation process 
occurs such that the Nb 4&-electrons, 
which have been free in the Ti 3d-band, are 
reclaimed by niobium and become localized 
as Nb4+ ions. 

EXAFS data. The background-subtracted 
Nb K-edge EXAFS (k3x(k) vs k) and the 
corresponding Fourier transform data for 
0.1 5 x 5 1 .O in Nb,Ti, -xO2 are presented 
in Figs. 3 and 4, respectively. In the Fourier 
transform data for NbOz (Fig. 4, top curve), 
the principal peak at 1.46 A (before phase 
shift correction) is due to backscattering 
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FIG. 3. Background-subtracted, klweighted Nb K- 
edge EXAFS for the Nb,Tit -+02 solid solution, 0.1 5 
x I 1 .O. The numbers on each spectrum correspond to 
the individual phases identified in the legend to Fig. 1. 
Vertical scale is offset for clarity. 

0 1 2 3 4 5 

r (4 

FIG. 4. Fourier transforms of the Nb K-edge EXAFS 
for the Nb,Ti, ..xO2 solid solution, 0.1 5 x i 1 .O. The 
numbers on each data set correspond to the individual 
phases identified in the legend to Fig. 1. Vertical scale 
is offset for clarity. 
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from the six nearest oxygen neighbors at an 
average distance of 2.06 A about Nb (6). 
NbOz has a i-utile-type structure with a range 
of Nb-0 bond lengths of 1.92-2.23 A (6) 
and a static displacement about the average 
Nb-0 distance (2.06 A) of 0.085 A (35). The 
three distant peaks between 2 and 4 A in the 
Fourier transform data for NbOz are due to 
backscattering from niobium neighbors at 
2.743,3.256, and approximately 3.7 A about 
Nb (6). Figure 4 indicates that the intensities 
of the three Nb . . . Nb peaks gradually de- 
crease with decreasing Nb concentration. 
Also, as the Nb concentration decreases, 
two new peaks at approximately 2.6 and 
3.1 A (before phase shift correction) due to 
backscattering from titanium start to 
evolve. In fact, the Fourier transform of the 
Nb K-edge EXAFS for Nb,,,Ti,,,O, (Fig. 4, 
bottom curve) is nearly identical to that of 
the Ti K-edge EXAFS for TiO,, rutile (15, 
36). The overall intensities of the Nb . . . 
Nb/Ti peaks in the Fourier transform data 
for Nb,Ti,-,O, decrease gradually from x 
= 1.0 to 0.7 and, then, increase from x = 
0.6 to 0.1. This diminution of the Nb . . . 
Nb/Ti peaks is due to, in part, a phase differ- 
ence of approximately 7r radians between 
Nb . . . NbandNb.. . Ti backscatterings. 
The destructive interference of backscat- 
terer phase shifts for Ti and Nb is predicted 
for k L 7 A-’ from the theoretical functions 
(26). Similar phase cancellation effects were 
previously noted for Ti . . . Ti and Ti . . . 
Nb backscattering (15), Fe . . . Fe and Fe 
. . . MO backscattering (37), Ni . . . Mg and 
Ni.. . Ni backscattering (38,39), M . . . Ni 
andM.. . MO backscattering (M = MO, Ni) 
(40), and Ti . . . Zn and Ti . . . Si backscat- 
tering (41). The combination of the phase 
cancellation effects and, in the case of a 
random distribution of Nb and Ti cations in 
Nb,Ti, -xO2, the complexities of appro- 
priate numerical models prevented a de- 
tailed curve fitting analysis of the Nb . . . 
NblTi interactions with the available 
EXAFS . 

The average niobium-oxygen interatomic 
distances (rNbO) as a function of x in 
Nb,Ti,-*02 are presented in Fig. 5. In the 
same figure, the average metal-oxygen 
(M-O, M = Nb and Ti) distances (rMo) 
calculated from the neutron diffraction data 
reported by Yamada et al. (9) are plotted for 
comparison. The rMq values were calcu- 
lated from rM4 = [2~M-o,c,,o, + ~~~~~~~~~~~~ 
6. Here, rM-~,(llo) is the M-O distance on the 
(110) plane (i.e., the M-O distance from the 
body-centered metal to the oxygen at the 
vertex of the octahedra) and rM-O,Other is that 
on the plane perpendicular to (110) (i.e., the 
M-O distance on the base of the octahedra). 
In Fig. 5, it is noticed that r&o increases 
linearly with increasing Nb concentration, 
and that TN,&, is larger than rMeo. Since the 
radius of the Nb4+ ion is larger than that of 
the Ti4+ ion (42), rNm is expected to be 
larger than rMa. 

The clear decrease of the Nb-0 distance 
with decreasing Nb concentrations in the 
Nb,Ti,-xOZ series (Fig. 5) suggests an in- 
crease in the number of Nb cations with 
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FIG. 5. Variation of the average Nb-0 interatomic 
distance (rNu) with respect to Nb concentration, x, 
in Nb,Ti,-,02. For comparison, the variation of the 
average metal-oxygen interatomic distance (rM4, M 
- Nb and Ti) calculated from the neutron diffraction 
data of Yamada et al. (9) is also shown. The solid 
and dashed lines for rNM and yM-o, respectively, were 
obtained from least squares fits. 
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oxygen coordination lower than that for 
pristine Nb02 (6) as a function of decreasing 
x. In particular, the results are consistent 
with an increasing occupation of tetrahedral 
interstitial sites, with short Nb-0 distances, 
as a function of decreasing x. The principal 
fraction of Nb ions would, as expected, oc- 
cupy the regular octahedral cation sites, 
with long Nb-0 distances. This interpreta- 
tion is in line with the neutron diffraction 
study of Yamada et al. (9), which showed 
that at low Nb concentrations, Nb ions enter 
into TiOz by occupying tetrahedral (Td) in- 
terstitial sites as well as regular cation octa- 
hedral (0,) sites. For Nb0,,Ti,,90,, approxi- 
mately 20% of the total Nb ions occupy 
tetrahedral interstitial sites and the re- 
maining 80% occupy octahedral sites (i.e., 
Nb&,Nb~g,TiO,sO,). For such a distribution 
of Nb cations among tetrahedral and octahe- 
dral sites, the average oxygen coordination 
number is 5.6, i.e., [0.2 x 41 -t [0.8 X 61. 
In the analysis of EXAFS, it is generally 
recognized that accurate coordination num- 
bers are significantly more troublesome to 
determine than are interatomic distances. 
Even with high-quality data, it is very diffi- 
cult to obtain coordination numbers with an 
uncertainty of less than ? IO%, e.g., 6 t f 
atoms, 

In this investigation, the preparation of 
thin specimens (20-100 pm) of the calcu- 
lated ideal thicknesses was not possible to 
achieve; thus, it was impossible to avoid 
so-called thickness effects (43). It is well- 
known that the thickness effect has a large 
detrimental influence on EXAFS-deter- 
mined coordination numbers (44-48). 
Therefore, with the available data, it was 
not possible to obtain oxygen coordination 
numbers of sufficient accuracy to distin- 
guish between a coordination number of 6 
for Nb02 , on the one hand, and 5.6 for 
Nb,,,Ti,,O, , on the other. Although several 
reports have dealt with the thickness effect 
by using various after-the-fact numerical 
treatments (G-48), none of these correc- 

tions was found to compensate the thickness 
artifacts observed in the present work. For 
future Nb X-ray absorption measurements 
of the Nb,Ti,-,O, system, the use of elec- 
tron-yield signal detection, which is not sus- 
ceptible to thickness artifacts (49, 50), is 
recommended. 

Conclusions 

The initial results of niobium K-edge X- 
ray absorption studies of the Nb,Ti,-,O, 
solid solution (0.1 5 x I 1 .O) with the rutile 
structure have been described. For 10 com- 
positions of this NbO,-TiOz system (i.e., x 
= 0.1, 0.2, 0.32, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 
and l.O), the element specificity of the 
XANES and EXAFS techniques was ex- 
ploited to probe the site symmetry and va- 
lence of niobium. Even at ca. 19,000 eV 
where low-resolution conditions prevail 
(due to the combined effects of the mono- 
chromator bandwidth and the natural core- 
hole linewidth), the Nb K-edge XANES was 
shown to be a sensitive indicator of the va- 
lence of niobium. Analysis of the XANES 
revealed that the formal valence of a small 
fraction of niobium cations increases from 
4 + to 5 + with decreasing Nb concentra- 
tion, x. This suggests that the 4d’ electrons 
of Nb4+ are either donated to or shared with 
Ti4+ ions (3d”> at low Nb concentrations. 
The collection and analysis of high-resolu- 
tion Nb L,-, L2- and L,-edge XANES (ca. 
2370 to 2700 eV) for the Nb,Til-,O, solid 
solution is expected to provide further de- 
tailed insights about the electronic and geo- 
metric properties of niobium. The results 
of the Nb K-edge EXAFS analysis clearly 
indicate a contraction of the Nb-0 in- 
teratomic distance with decreasing Nb con- 
centration. These results are consistent with 
an increasing occupation of tetrahedral in- 
terstitial sites, with short Nb-0 distances, 
as a function of decreasing x in Nb,Ti, -+O, . 
The principal fraction of the niobium ions 
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occupies regular octahedral cation sites, 
with long Nb-0 distances, at low n. 
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