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Thallium metaniobate, TI;Nb,O4, belongs to the cubic pyro-
chlore structural type (space group Fd3m). It is demonstrated by
TGA, chemical analysis, and X-ray thermodiffractometry that it
gives a continuous solid solution TL,Nb,O4,, (0 = x = 1) under
oxidation; the cubic pyrochlore structure is maintained with a
continuous decreasing unit cell edge: x oxide ions being progtes-
sively incorporated into the network while x TI** ions substitute
to x TI* ones. Rietveld refinements of X-ray powder diffraction
data reveal that, in the classical model of the pyrochlore structure,
Tt* and TP+ are disordered on half of the 32e positions for § =<
x <2 0.5 and on the 164 ones for 0.5 < x < 1. Bond valence
calculations are in good agreement with the decrease in the splitting
of T cations from 32e to 16d positions when x increases, provided
that a correlation exists between oxygen insertion and the TP*
distribution: each extra oxygen O’ oxidizes one of its closest Tl
neighbors to + 3 while the three remaining monovalent T1 cations
are repelled.  © 1995 academic Press, Ine.

INTRODUCTION

Cubic T1,Ta,0, was first discovered by Vorres (1), Bely-
aev et al. (2) pointed out that the TINbO, X-ray powder
diffraction pattern was very similar to that of cubic natural
pyrochlore; they showed (3) that the TLM, O, , series
(M = Nb, Ta) can be obtained by thermal decomposition
of hydrated niobate or tantalate. Ramadass et al. (4) found
that TINb,O, , and T},Ta,0; are formed when T1,CO,
and M,0s (M = Nb, Ta) are heated in air at 700°C. Michel
(5) showed that TLNb,O, heated in air at 600°C gives a
black cubic pyrochlore TL,Nb,Oy ;. All these observations
are consistent with the existence of the series TL M0, ,
(M = Nb, Ta) but their extent and their crystal structure
are not exactly known as yet.

This paper is devoted to the description of the synthesis
and the study of the crystal structure of the TL,Nb,O,
series for 0 = x = [,

1. PREPARATION AND THERMAL CHARACTERIZATION
OF THE TL,Nb,0,,, SERIES

As previously described, nominal TI,Nb,O, can be pre-
pared by heating a stoichiometric mixture of T1,CO; and

Nb,Os, under primary vacuum or inert atmosphere, first
at 300°C for 6 hr and then at 550°C for 10 hr according to
the reaction scheme

leCO} + szos —_ Tl:)_NbZOG + COz.

Under these conditions, a clear brown and homoge-
neous, well-crystallized and single-phased cubic pyro-
chlore is obtained.

TI,Nb,O,,, compositions are produced by oxidation,
at pO, = 1 bar, of nominal TL,Nb,O,. The scheme of the
oxidation process was thought to be

TI3 Nb,Og + x/2 0, — Tl TB*Nb,Oss .

TGA measurements (Perkin—-Emer TGS2 apparatus, O,
flow) were made in order to confirm the oxygen absorp-
tion. In the first experiment, 83.4 mg of nominal TI,Nb,O,
was heated 2.0°C/min by successive steps (150, 350, 450,
550°C) so that the sample stayed at the same temperature
for 2 hr; under these conditions, a small progressive
weight increase with a maximum gain at 450°C was ob-
served. The total Am/m was 0.5%, compared to 2.32%
calculated for x = 1. In another experiment, the saturated
phase, obtained at the end of the first run, was slowly
cooled from 550 to 50°C at 1.5°C/min; no weight change
was observed, so it was concluded that the reaction pro-
cess proposed above is not reversible.

Prolongated heating for 10 hr allows an increase of the
oxidation range. Black cubic pyrochlore single phases
were produced but with smaller unit cell parameters than
those of the nominal T,Nb,Q,. After an HCI solution
attack, the T1* content of the different samples was classi-
cally determined by redox potentiometric titration with
NaBr(, solutions. It was found that, under pQ, = 1 bar,
the limit of the pyrochlore solid solution was T} 5 T3 ;s
Nb, O 65-

In an effort to increase the x value, oxidation under
oxygen pressure was attempted. Two experiments were
performed at 350°C on pelletized samples, in a furnace
inserted in a Nova Swiss pressure vessel. They led to the
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following results after 2 hr under 13 bar O,, x was found
to be 0.90 = 0.05, and after 24 hr under 150 bar O,, x
reached 1.09 = 0.05.

All the compositions were stable when left at room
temperature in ambient atmosphere.

For each sample, the unit cell edge of the cubic pyro-
chlore was refined by a least-squares fit from X-ray pow-
der diffraction data (CuKa monochromated) obtained
with a PW1380 Philips goniometer equipped with DACO
MP. Figure 1 presents the vanation in the unit cell edge
length over the composition range. It can be seen that it
is not easy to synthesize pure—i.e., TP *-free—TI,Nb,O;
and that the oxidation process—substitution of x TI* by
x TP** and concomitant insertion of x oxide ions in the
network—produces a significant and continuous shorten-
ing of the & parameter; this will be discussed in the Struc-
tural Study section. The oxidation process was also fol-
lowed by X-ray thermodiffractometry (O, flow) on a
Siemens D5000 8/6 diffractometer (CoKe) equipped with
an Elphyse position-sensitive detector and an Anton Parr
temperature attachment. The temperature was raised
(12°C/min) by steps of 10°C from 30 to 300°C; the sample
was then cooled to room temperature by the same proce-
dure, with a diffraction pattern being recorded at each-
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FIG. 2. Evolution of the unit cell edge length versus temperature
during the thermodiffractometry experiments (under pOQ, = 1 bar (a),
and under He atmosphere (b} j; the dotted line is a visual guide].

temperature step. Figure 2 presents the evolution of the
unit cell edge length versus temperature: from 30 to 400°C,
the increase in a results from the fact that up to this
temperature, the thermal expansion is greater than the
shortening caused by the oxidation process. From 400 to
500°C, a decreases: we can assume that, in this tempera-
ture range, the oxidation process is predominant—as
shown by the TGA study—over the thermal expansion.
From 500°C to room temperature, the unit cell edge then
decreases Jinearly to a value shorter than that of the start-
ing material. The previous assumption has been checked
by performing thermodiffractometry experiments under
He atmosphere; they show almost no decrease of the a
parameter after the same thermal cycle (Fig. 2). The slight
contraction observed at low increasing temperature is
probably due to the absorption of residual oxygen in
the chamber.

2. STRUCTURAL STUDY

TILNb,Og belongs to the A,B,0,0 defect cubic pyro-
chlore family; the composition of the normal pyrochlore
is A:B8,040". In the classical model (space group Fd3m,
symmetry center at the origin, Z = 8§, a = 10 A), A ions
are located in 164 positions (3, $, 1}, Bions in 16¢ positions
(0, 0, 0, O anions in 48f (v, &, 3), and O’ in 86 positions
3 3 3
4, 8, 8/

The A,B;0.,0 defect cubic pyrochlore family is repre-
sented by Ag,Sb,0, (6), Pb;Ru,0, (7), and Bi,Rh,O; (8).
Many compounds are found resulting from a progressive
filling of the 84 centered cages of the network, thus leading
to the A,B,0,0, formulation, e.g., ThRu,O,_5 (9,
Pb,B,0,_; (B = precious metal) (10).

The pyrochlore structure has been frequently de-
scribed: it is built up from a tridimensional network of
BO; octahedra sharing all their corners, which is the
“‘backbone’’ of the structure; this network leaves tunnels
parallel to the six directions (1 1 0). Large 8b-centered
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cages are formed by the intersection of six tunnels; they
can accommodate the O species (e.g., extra oxide anions
or zeolitic water molecules), the A ions being located in
16d positions between two adjacent cages, in a (20" +
60) puckered hexagonal bipyramid.

The structural study of the series TI,Nb,O,. , was un-
dertaken from X-ray powder diffraction patterns. The
final refinements were made by using a Rietveld program
adapted to X-ray data (11).

As noticed previously, all the patterns are indexed with
a cubic unit cell and reveal the Fd3m space group. A
careful examination indicates that some weak lines, 4 4
2,446,842 4410-882, corresponding to the condition
hiklwith h = 4n, k= 4n, and | = 2n, are unambiguously
present in the patterns of the composition range 0 < x <
0.5 (Fig. 3). The presence of these lines indicates that
some heavy atoms are located in different positions (32e,
96g, 96k, or 192i} than those constituting the classical
A,B,0,0" model. So in this composition range, we chose
an adapted model from that found by Ganne and Tournoux
(12) in the determination of the structure, from single-
crystal diffraction data, of the tantalum homologue
T1,Ta,04; here TI* and TI** ions are thought to be dis-
tributed statistically on half of the 32¢ positions (u, u, 1)
close to the 16d ones—very near to (3, 3, $—Nb in 16¢
(0, 0, 0), O In 48f (v, 4, 3), and extra oxide ions Q' in the
8b positions (%, &, ) at the centers of the cages previously
described. Table 1 summarizes the conditions for the
structural determination. For O and Q’, the £ factor is
kept fixed at the same value owing to the low electron
number of O’ relative to the total electron number. Figure
4 presents the agreement between observed and calcu-
lated powder diffraction patterns for T1,Nb,O, ,;, while
Table 2 gathers atomic coordinates and thermal parame-
ters. Four samples in the composition range 0 < x < 0.5
were studied. Figure 5 shows the evolution of the atomic
coordinate of the Tl ions in 32¢ positions (i, u, i) versus
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FIG. 3. Part of observed powder diffraction patterns in the region
of the 4 4 2 line for x = 0.07 and [.
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TABLE 1
Conditions for the Structure Determination and Rietveld
Refinement for TI,Nb,0O;, (x = 0.07, 0.43, and 1.0)

x = 0.07 x =043 x= 1.0
Space group Fd3m Fd3m Fd3m
Cell parameter (A)  10.6829 (2) 10.6399 (2) 10.6220 (2)
Volume (/:"sj) 1219.18 (8) 1204.53 (6) 1198.46 (B)
z 8 8 8
260 range 9 10-130 10-130 10-130
Step scan (° 26) 0.02 0.04 0.02
Time/step {sec) 28 17 28
Number of k! 78 78 78
Total parameters 16 16 15
X, ¥, z coordinates 2 2 1
Thermal parameters 3 3 3
Zero point (°20) 0.164 (3) 0.031 (1) 0.097 (2)
Profile parameters
ul 0.116 (7) 0.189 (8) 0.118 (10)
vl —0.124 (9) —0.18 (1) —0.03 (13)
wl 0.133 (3) 0.142 (3) 0.119 (4)
ul 0.05 (3) —0.17 (2) 0.11 (3)
u2 —0.483 (5) 0.114 (5) —-0.25 (5)
w2 1.80 () 1.32 (1) 1.40 (2)
C —0.214 (2) —0.102 {2) —0.099 (2)
D —0.381 (6) —0.202 {6) —0.019 (7}
Discrepancy factors
R 0.0414 0.0330 (1.0593
Rp 0.1101 0.0821 0.1163
pr 0.1287 0.0983 0.1386
Ry 0.0385 0.0386 0.0381

composition: it can be seen that Tl ions move toward the
16d positions when oxidation occurs, implying the rapid
vanishing of the diffraction lines characterized by the con-
dition & = 4n, k = 4n, I = 2n for a composition close to
x = 0.5,

In the range 0.5 < x < 1, the previous structural model
is kept for all the atoms except for Tl ions which are
strictly located in the 164 positions. Figure 6 shows the
agreement between observed and calculated powder dif-
fraction patterns for a composition close to TLNb,O,,
while Table 2 gives the atomic coordinates and thermal pa-
rameters.

3. DISCUSSION OF THE STRUCTURE

Table 3 reports some selected interatomic distances.
The Nb—0 distance diminishes significantly when the oxi-
dation rate increases, as shown by the decrease in the v,
atomic coordinate (see Fig. 7} and in the unit cell edge
length, with the NbQ, octahedra becoming slightly more
distorted. However, the Nb—O distances remain close to
the sum of the Nb** and O~ ionic radii: 1.99 A (13).
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FIG. 4. Comparison between the calculated and observed X-ray
diffraction patterns for x = 0.07. The difference obs — calc is shown
below at the same scale.

In the composition range (0 < x < 0.5, the statistical
disorder of TI" and TI** in half of the 32¢ positions distorts
the classical 20’ + 60 environment: the 2 TI-O’ bonds
split into a short and a long distance whose difference is
reduced as x approaches 0.5, and the 6 TI-O distances
split into two groups presenting slightly different T1-O
bond lengths. The mean T1-0 value remains stable close
to 2.700 A.

When x > 0.5, the classical model apElies and the TI-0O’
distance stabilizes at the value 2.300 A, which is signifi-
cantly shorter than the sum, 2.635 A, of the average of
the T1* and TI** (1.285 A) ionic radii (CN VIII) and of
the O®~ ionic radius (CN 1I) (13); the six TI-O distances
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FIG. 5. Evohtion of the atomic coordinate # of the Tl ions in 32¢
positions (#, ¥, &) in the composition range 0 < x < 0.5. The dotted
line is a visual guide.

enlarge to 2.896 A, the mean TI-O distance being 2.75 A
forx = 1.

The insertion of x O’ in the 8b-centered cages and
the correlative oxidation of x TI* into x TI** lead to a
continuous displacement of the Tl ions from their 32e
positions toward the 164 positions. O’ ions are then tetra-
hedrally surrounded by Tl ions, the short TI-O' distance
indicating a marked covalent interaction.

No sign was found for an O’-vacancy ordering as in
Pb,Ru, 0 s, s and PbTIND,Og 50y 5 (14); neither was one
found for a TH*-TI>* ordering.

4, BOND-VALENCE CALCULATIONS

In order to check the validity of the structures and to
get some insight into the distribution and position of Ti!

TABLE 2
Structural Parameters of TI,Nb,O,, ,

x 0.070 0.271 0.430 0.490 0.588 0.648 1
a(&) 10.6829(2)  10.6418(2)  10.639%2) 10.6397(2)  10.6370(2)  10.6313(2)  10.6220(2)
tq 0.5131(1) 0.5097(2) 0.5087(2) 0.5070(4) 0.5 0.5 0.5
Uo 0.3035(4) 0.3054(6) 0.3016(5) 0.3013(7) 0.3027(6) 0.2973(7) 0.2925(5)
BTI(;\Q) 1.46(3) 1.62(5) 1.44(4) 1.27(6) 1.88(3) 2.02(4) 2.71(3)
Bu(AD 0.29(2) 0.42(3) 0.25(3) 0.21(4) 0.42(3) 0.42(4) 0.23(3)
BQ(AZ) 0.02(13) 0.39(18) 0.18(16) =0.7(2)" 0.56(2) 1.16(27) 1.6(2)
Bo,(Az) (.02(13) 0.39(18) 0.18(16) -0.7(2y 0.56(2) 1.1627) 1.6(2)

9 Holding this parameter fixed to a positive value of 0.2 A? does not change significantly the refined value of

the other parameters.
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FIG. 6. Comparison between the calculated and observed X-ray
diffraction patterns for x = 1. The difference is shown below at the
same scale.

and TI'!, we carried out a series of bond-valence calcula-
tions based on the results presented in the previous
section.

The valences were caiculated from the formula
exp[(R — d)/0.37], where d is the cation—oxygen dis-
tance (A) and R is the bond-valence parameter tabulated
in(1%) for the corresponding cations, namely R = 1.911 A,
2.003 A, and 2.172 A for NbY, TI'"', and TI, respectively.

Niobium Valence

The niobium valences calculated by considering nearest
oxygen neighbors are given in Table 4, The valence is
close to +35 for low x values, but departs significantly
from this value when x increases, as a consequence of
the decrease in the Nb-OQ distances. This might result
from an inaccuracy in the oxygen position, or from the
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FIG. 7. Evolution of the atomic coordinate vy of the O anions in
48f positions (v, 1/8, 1/8) versus composition. The dotted line is a vi-
sual guide.

existence of some bond strain in the structure (see (16)).
An alternate origin might be the emergence of a certain
degree of covalence between oxygen and thallium as oxy-
gen content increases. Such a possibility will be consid-
ered later on, It would slightly decrease the effective nega-
tive charge on oxygen anions, which could not be
considered as purely ionic —2 centers any longer. The
Nb—O bond strength would thus be slightly reduced, with
a correlatively more reasonable Nb valence at high oxy-
gen content.

Correlation berween Thallium Position and Valence

As mentioned in Section 2, one structural feature of
the oxidation of TI,Nb,O; is the progressive decrease of
the splitting of Tl on 32e sites (#(T1) > 0.5), which vanishes
for x = 0.3 with Tl on 164 sites (4{T1) = 0.5). Such behav-
ior appears to be a direct consequence of the introduction

TABLE 3
Selected Interatomic Distances in TI,Nb, O, , (A)

X Nb-O TI-O’ Ti-0 {TI-0}
0.07 1.973 (3) 2.070 (1) 2.555 () 3 X 2.806 (4) 3 x 2.862 (3) 2.704
0.27 1.971 (3) 2.125 (1) 2.483 (1) IX2.782(3)3 x 28254 2.679
0.43 1.959 {4) 2.143 (2) 2.464 (2) 3 x 2.8i4(3)3 X 2.850 (4) 2.700
0.49 1.959 (4) 2,175 (4) 2.432 (b 3 X 2.818(5) 3 x 2.847 (6} 2.700
0.588 1.962 (4) 2.303 (2) 6 x 2.818(4) 2.689
0.648 1.945 (5) 2.302 (2) 6 X 2.860 (4) 2.720
1. .1.931 (4) 2.300 (1} 6 X 2.896 (4) 2,747
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TABLE 4
Cation Valences in T1,Nb;Oy,, as a Function of x
X 0.070 0.271 0.430 0.490 0.588 0.648 i
Val(Nb) 5.074 5.102 5.270 5.270 5.227 5.473 5.684
gy =1+ x 1.070 1.271 1.430 1.490 1.588 1.648 2
Val(Tlyue 1 1.108 1.440 1.538 1.580 1.671 1.629 1.850
Val(TDyoqu 1 1.097 1.308 1.369 1.432 1.664 1.616 1.850

¢ o(Tl) = Formal charge on thallium assuming O and Nb'*,

of extra oxygen atoms in the structure framework. Our
aim here is to evidence the relevance of such a Tl shift
by bond-valence calculations.

x = 0. Verbaere ¢f al. carried out (17) electrostatic
energy calculations on T1,Ta,0y, which is isostructural to
T1,Nb,O, with statistical occupancy of Tl on 32¢ sites as
in the latter. They showed, by taking account of thallium
polarization, that the interaction energy of thallium with
the rest of the structure exhibits a double-well shape as
a function of the thallium position parameter . The mini-
mum of energy corresponds to a parameter u different
from 0.3, thus favoring statistical occupancy of sites 32e
by TI, rather than full occupancy of sites 164. Following
a similar line of thought, but on valence, we carried out
caiculations of Tl valence in Tl,Nb,O; as a function of
the u parameter. Since the preparation of a perfectly stoi-
chiometric x = 0 sample has not been possible, cell and
oxygen parameters for such an hypothetical compound
were deduced by linear extrapolation of the experimental
values for x > 0 (see (18)). With such values, the calculated
thallium valence as a function of « has a concave shape,
with maximum at # = 0.5 (see Fig. 8a). Such a shape
results from the weakening of the T1-0 bond strength due
to the increase in TI-0 distances when Tl is moved away
from the 164 site. The interesting point is that the curve
y = Val(Tl) — g(T) = f{u), where g(Tl) is the formal
charge of thallium (g = 1 + x) cuts the axis y = 0 for

a) b} c)

I ] ] T
3% 160 32 32 6d 3% 3% 160 32e

Oex<1

x=0

x=1

FIG. 8. Qualitative evolution with x of the curve Val(Tl) — (1 + x)
= f{u). The curve crosses the horizontal axis at a point {marked by
open circles or crosses) representing the theoretical position # of thal-
lium, where its calculated valence equals its formal charge (see also
Fig. 9 for the relative position of Tl and oxygen Q).

values of u different from 0.5, namely u = 0.525. This
value is comparable to the observed value for x = 0.07
(u# = 0.513) or from the value extrapolated from experi-
mental points for x = 0 (i = 0.515). Therefore, it can be
concluded that a shifting of Tl away from the 164 position
is in agreement with an optimization of its valence. In the
following, we will try to extend such con¢lusions to the
case x > 0.

x > 0, Model I. The introduction of oxygen O' into
the structure drastically modifies the shape of the valence
curve, since shifting Tl away from « = (.5 on a 32¢ position
moves it toward the O position. When the compound is
fully oxidized (x = 1}, there results an inversion of the
concavity of the curve, which becomes convex with a
minimum at & = 0.5 (see Fig. 8¢). In between these two
extremes, for some values of x between 0 and 1, a more
complex, double-welled shape is observed (Fig. 8b). If
such a curve crosses the y = 0 axis at four distinct points
(marked by circles and crosses in Fig. 8b), this means
that. two values of the parameter u are compatible with
Tl valence. Another criterion, most likely electrostatic
repulsion, is necessary to select one of these two values.
For instance, by considering the Tl atomic configuration
around oxygen O’, which forms a tetrahedron, it can be
seen that shifting it too far away from the 4 = 0.5 position
(corner of the tetrahedron on Fig. 9) would increase the
electrostatic repulsion between some T1 atoms, which is
less favorable. Therefore, in the following and in the case
where two values of « are compatible with Tl valence,
we will consider only that which is closer to 0.5, which
moreover allows for continuity with the case x = 0.

In comparison with the case x = 00, a complication arises
from the fact that TI' is partially substituted by T on
site 32¢, and that oxygen O’ only partially occupies site
8b. The simplest assumption is to consider that TI! and
T are randomly distributed on site 32¢, independent of
the random occupation of site 85 by oxygen O'. This will
be called Model 1. As in the case x = 0, linear extrapola-
tions from experimental data are used for cell parameter
a and oxygen position parameter v (18) in order to remedy
the dispersion of experimental points,

Assuming that the compound is purely ionic, its formula
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FIG. 9. Tetrahedral configuration of Tl aloms surrounding an oxygen
Q’. The tetrahedron corners correspond to sites 16d. Open circles and
crosses represent sites 32e for two different values of position parameter
u (see also Fig. 8).

can be written TIL_, TIN'NbY O, O;. Each Tl atom is sur-
rounded by 6 oxygens O and 2x oxygens Q' on average.
If w(T1) is different from 0.5, half the thallium-oxygen
distances are shorter than the other half; short and long
thallium-oxygen distances will be called § and L for oxy-
gen O, and s and / for oxygen O, respectively. In Model I,
the mean valence of T! is thus computed for the following
average distribution of distances:
38 + 3L + xs + xf, with (2 — X)TI! and xT1'!

(see Fig. 10a).

The evolution of Tl valence with parameter i according
to this model has been calculated for different values of
x, and some representative curves Val(Tl) — (1 + x) as
a function of # are preseuted in Fig. 1la. For a given
value of x, the theoretical value of parameter « is given
by the intersection of the curve with axis y = 0. The
evolution with x of theoretical and experimental values
of u is presented on Fig. 12a. It can be seen that the
theoretical results depart dramatically from the experi-
mental values. This i1s strong evidence that the basic as-
sumptions of Model I are wrong.

x > 0, Model HH. The central hypothesis of Model 1
assumes a random occupation of 32¢ sites and 8b sites
by TI" and oxygen O, respectively, with no correlation.
Such an assumption must be questioned. For a more real-
istic model, some hints can be found by coensidering the
valence of oxygen O'. As mentioned earlier, oxygen O
is surrounded by four T1 atoms. In the low oxygen range
(x << 0.5) thallium randomly occupies 32e sites, which
means that whatever the thallium valence, the two types
of TI-O’ distances, long (/) or short (s), coexist. One can
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assess what would be the most favorable configuration
implying TI' and TI" around oxygen O’ by calculating the
O’ valence for all possible combinations of short and long
distances: the most likely configuration would be that
piving a value closest to 2. Since there is some doubt as
to the fully ionic character of Tl and O at high oxygen
content, we will limit ourselves to the low oxidation range,
x <2 0.5, which implies that there is less than one TI' for
three TI! in the compounds. We will thus consider only
those situations where either four TV or one T and three
TI'surround oxygen O’ Table 5 lists all the corresponding
possibilities and the associated valences for oxygen O’
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FIG. 10. Evolution with x of the balance between TY and TIM ac-
cording to their surroundings (a) Model I. statistical hypothesis; (b)
Model [I: imposing one short TIM-Q" and three long TI'-Q’ distances
around each oxygen O’ a1 low oxidation (x < 0.5).

The letters s and { in parentheses refer to short and long TI-O' dis-
tances, respectively.
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FIG. 11,
I and Model II.

for each of the studied compounds with x < 0.5. Clearly
the most probable configuration around oxygen O' is
syt , that is, one trivalent Tl with short TI'-Q" distance
and three monovalent T1 with tong TI'-0' distances. Since
there are as many oxygens O’ as TI'" in the compound
( x), the picture which emerges does not support a random
distribution of TI"! relative to O': it is as if any time an
extra oxygen O’ is introduced in the structure, it attracts
one of its four Tl neighbors, which becomes trivalent, and
repels the three remaining monovalent Tl

Model II has been designed according to this scheme.
Figure 10b gives the evolution with x of TI' and TI"F sur-
roundings adopted in this model. Although it appears to
be slightly more complex than model I (Fig. 10a), it is
still a simplistic mode}, since it assumes linear variation
with x of all the quantities, and is only deduced from the
most probable surroundings of oxygen O’. Within such a
model, x = 0.5 is a singular point, above which there
is no more 6-coordinated thallium, and 8-coordinated Tl
appears. Above x = (.5, linear evolution is postulated up
to x = 1, the limit where only 8-coordinated TI subsist,
as in any stoichiometric pyrochlore structure. The over-
simplification of the model also appears from the fact that,
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The Tl valence curves Val(Tl) — (1 + x) as a function of the u(Tl) position parameter, for different values of x, in the cases of Model

for x = 0.5, it would imply perfect O’-vacancy and TI
orders, which is apparently not the case since no super-
structure is observed. However, such a model shows bet-
ter agreement with expected thallium valence than Model
I, as can be seen in Table 4: the discrepancy is within
4.5% for x < 0.5, and within 7.5% for x > 0.5. This gives
confidence that such a model is more realistic than Model
1, which we checked by calculating the evolution of u(T1)
as a function of x. Since, as in the case of Model I, the
valence curves exhibit, for some values of x, a double-well
structure, we only considered those #(TI1) values closest to
0.5 for the same reasons as given previously.

Figure 11b gives the evolution of the valence curve
Val(T[) — (1 + x) as a function of u for different values
of x, with the point where it crosses the axis y = Oreported
in Fig. 12b (line) as the calculated # position of Tl ac-
cording to Model I1. There is now an almost quantitative
agreement with the observed values, with a progressive
attenuation of the splitting of Tl, which disappears at
x = 0.5 as effectively observed. The slight departure
which remains probably results from the roughness of the
linear model. Above x = 0.5, the valence of Tl for u =
0.5 is lower than the expected value, and the difference
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increases when x increases up to x = 1, for which the
valence calculations do not depend on any postulated
model, It is to be noted that, for x > 0.5, a solution exists
with » > 0.5, which corresponds to the external convex
part of the curve (see Fig. 8c), but it is not selected,
perhaps because of electrostatic repulsion between Tl as
mentioned above, since the charge on Tl increases with
x. The difference between expected and measured valence
might be due to a certain degree of covalence between
thallium and oxygen, which would lower the effective
charge on each ion by delocalizing electrons. This is to
be correlated with the effect observed on Nb valence and
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0.51 X %
x
0.50 7 : ¥ ; —
0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 12. Evolution with x of the position parameter u of thallium

as effectively observed (crosses) and calculated from Models 1 and LI
{full lines).
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TABLE 5
‘Oxygen OO’ Valence in T1,Nb,O,, Depending on the
Surrounding Configuration®

X 0.070 0.271 0.430 0.490
53 5.264 4,540 4324 31972
sih 4.303 31.837 3.697 1473
s 3.342 3,134 3.070 2.974
sl? 2.381 2.431 2.443 2.475
1 1.420 1.728 1.816 1.976
5357 4,781 4.124 3.927 3.608
5353 1.810 3.421 3.300 3.109
sl 2.859 2.718 2.673 2.610
553 1.898 2.015 2.046 2.111
INY 4.173 3.678 1.531 3,292
Lell, 3.212 2.975 2.904 2.793
ls)i3 2,251 2.272 2.277 2.294
5Ll 1.290 1.569 1.650 1.795

¢ 5 and ! refer to short and long TI-O" distances, respectively. The
indices represent the oxidation state of thallium (+1 or +3) and the
exponents count the number of corresponding distance in oxygen O’
surrounding (the sum of all exponents for a given configuration is thus
always 4).

described earlier. However, an inaccuracy on the position
of oxygen O cannot be ruled out, although it is difficult to
imagine why it would affect mostly the strongly oxidized
samples, increasing with x. Neutron diffraction experi-
ments would be necessary to clarify this point.

CONCLUSION

The oxidation of T1,Nb,O, produces a continuous solid
solution T1,Nb,(, . ; the cubic pyrochlore structural type
is maintained. The correlative insertion of x O?~ anions
and the oxidation of x TI* into x T+ leads to the contrac-
tion of the unit cell edge, to the displacement of the T}
ions toward the 164 positions, and to the creation of short
TI-0O' distances. It has been possible to deduce some
correlation between oxXygen insertion and the distribution
of TI™ in T1,Nb,Oy, , from valence calculations. Each time
an extra oxygen Q' is introduced in the lattice, one Tl
closest neighbor is oxidized to +3. Assuming such a
model, valence calculations are in good agreement with
the splitting of T1 on site 32¢ (v > 0.5) and with the
decreasc of this splitting when x increases up to 0.5 (w =
0.5, site 164). For x greater than 0.5, valence calculations
suggest a certain degree of covalence between Tl and O,
or an inaccuracy in the oxygen position. Some further
work is needed to explore the physical properties of
these materials.
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