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Three previously reported oxidized cerium niobate phases
CeNbO,, . (x=10.08, 0.25, and 0.33) have been synthesized and
characterized by X-ray powder and electron diffraction. All three
phases display structures which are modulated variants of a par-
ent fergusonite-type Ce™NbQ, structure (I2/a, a = 5.5342 (2) A
b=11.4016(6) A, c =5.1583 (3) A, p = 94.600(5)°). The x = 0.08
phase with parent unit cell (12/a, a=15.3029(8) A, b=
11.483(2) A, ¢=5.25158)A, B=91.32(2)°) is a two-dimen-
sional, incommensurately modulated phase characterized by in-
commensurate primary modulation wavevectors q, ~ [0.345, 0,
0.138]* and q, ~ [—0.069, 0, 0.172]* (p for parent). The
x=0.25 phase with parent unit cell (12/a, a =5.3522(8) A,
b=11374(3) A, c =5.116(1) A, B =93.34(2)°) is a commensur-
ately modulated superstructure phase characterized by the recip-
rocal space unit cell af=5[402]%, b} =;[020]*, and
¢ =3[101]; (r for resultant). The x = 0.33 phase with parent
unit cell (/1, a =5.4374(8) A, b =11.189(2) A, ¢ =5.1458(8) A,
a=90.56(1), p=94.37(1), y = 88.19(1)°) is again commensur-
ately modulated with q = 3[101]¥. The close structural relation-
ship between the three oxidized phases and possible interstitial
oxygen sites in the Ce"NbQ, structure are discussed.
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INTRODUCTION

CeNDbO, at room temperature has a monoclinic ferguson-
ite-type structure (Fig. 1) which has been refined using neu-
tron powder diffraction (1). When heated in vacuum
CeNDbO, undergoes a reversible displacive phase transition
at 574°C to a tetragonal scheelite structure (2).

When CeNbO, is heated in air or oxygen, however, it is
readily oxidized to yield several different phases, depending
on the heating regime, according to the reaction Ce™ NbO,

+ x30, — Cell" ,,CeNbO,,,. These oxidized phases
were the subject of a series of combined TGA and X-ray
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diffraction (XRD; powder and single crystal) studies in the
1970s (3—6). Taken together these studies reported three
distinct phases.

(i) A solid-solution phase with composition 0.06 <
x < 0.12 is observed when CeNbQ, is heated in air above
the monoclinic-tetragonal phase transition between 600 and
675°C for a limited time then rapidly quenched to room
temperature (4).

(i) A line phase of composition x = 0.25 is prepared
when CeNbOy, is heated in air at 600°C for at least 2.5 h (3).
TGA measurements for this phase gave 0.243 < x < 0.254
(3), consistent with a line phase, within experimental error.

(iii) A line phase of composition x = 0.33 is prepared
when CeNDbOy, is heated in oxygen at 400°C for 24 h (5). The
same phase can be prepared in air between 300 and 350°C
given long annealing times and many intermediate regrind-
ings.

Based on TGA observations Roth et al. (5) also men-
tioned the possibility of either a fourth oxidized phase
between x = 0.25 and 0.33 or a solid-solution range for the
x = 0.25 phase, though no further evidence for this has since
been reported.

Cava et al. (6) reported that when the x = 0.25 phase is
heated in air it is reduced to the x ~ 0.08 phase at 618 +4°C
and is further reduced to CeNbO, at 642+ 7°C. Negas et al.
(1) showed that while CeNbO, was stable above 850°C,
when heated for significant times between 750 and 850°C it
was susceptible to oxidation/decomposition reactions, the
details of which are contained in that reference.

By inspection of the X-ray powder diffraction data for the
x ~ 0.08 and x = 0.25 phases the previous authors (3, 4)
identified the close relationship between their structures and
the fergusonite-type structure of the reduced phase CeNbO,
and were able to fit their data to I-centered monoclinic unit
cells (4). Precession photographs taken from single crystals
of these two phases showed them both to have strong
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FIG. 1.
[100] showing strings of edge-sharing distorted NbOg octahedra. The Ce
atoms, shown as spheres, are in approximately cubic eight-coordinate
environment.

Schematic semi-polyhedral representation of Ce™NbO, along

superstructure reflections in the a*c* plane of the ferguson-
ite subcell while maintaining a common b axis (5). For
x =~ 0.08 they reported a resultant unit cell of a = 28.33 A,
b=1150A4, ¢ =28.614, f =91.4° and for x = 025, a =
29.54&,b = 11414, ¢ = 12.39 &, = 99.3°, both with space
group 12.

While these authors (5) were able to prepare x = 0.33 as
a single phase powder, the kinetics of oxidation prevented
them from obtaining single crystals. No unit cell was re-
ported for the x = 0.33 phase and consequently no struc-
tural relationship was deduced.

Electron diffraction in the transmission electron micro-
scope (TEM) is a characterization technique which is well
suited for the determination of unit cells and space group
symmetry of crystalline solids, particularly when used in
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conjunction with careful XRD analysis. The previous
authors left unanswered a number of questions about
the structural relationships between the various subject
phases, particularly for the x = 0.33 phase. Also, with recent
advances in modulated structure concepts it is useful to
review the x ~ 0.08 and 0.25 phases to redescribe them in
terms of modulated variants of the underlying fergusonite
structure.

The principal aim of this work is to provide a unified
modulated structure description of the subject phases, to
provide a summary of the various earlier reports, and to
discuss the location of possible interstitial oxygen sites in
the parent CeNbO, structure.

SYNTHESIS AND DATA COLLECTION

Ce"NbO, starting material was prepared from the com-
ponent oxides CeO, (99.9% Koch-Light) and Nb,Os
(> 99.9% Koch-Light). Anhydrous powders were intimate-
ly mixed in a mortar and pestle, then pressed into pellets and
annealed at 1500°C on platinum foil for 17 h, and then
rapidly quenched to room temperature in liquid nitrogen.
The process was repeated with the second annealing being
at 1350°C for 19 h. Powder XRD confirmed that the prod-
uct after the second annealing, a yellow-green-colored pow-
der, was a single crystalline phase.

The oxidized phase x ~ 0.08 was prepared by heating
Ce"NbO, powder in air at 850°C for 15 min in an alumina
crucible, cooling in the furnace at 675°C (duration

~ 15 min), holding at 675°C for a further 20 min, and then

quenching to room temperature in air. Hereafter it is refer-
red to as x = 0.08 but the uncertainty in its exact composi-
tion is still implied. The x = 0.25 specimen was prepared by
heating Ce™NbO, powder in air at 850°C for 16 h, then
cooling in the furnace to 600°C, holding at that temperature
for 2.5 h, and then quenching to room temperature in air.
The specimen was reground then reheated at 600°C for
a further 4 days. The x = 0.33 specimen was prepared by
heating Ce™NbO, powder in an oxygen atmosphere at
400°C for 64 h and then cooling in the furnace to room
temperature. The specimen was reground then reheated at
340°C for a further 64 h, again cooling the specimen to
room temperature under oxygen.

Following oxidation all three materials were dark green
in color and in each case XRD confirmed that the product
was almost single phase. Unit cells for each phase were
refined from XRD data collected using a Guinier—Hégg
camera (4 = 1.5406 A) with Si (NBS# 640) as an internal
standard. XRD profiles shown in Figs. 2 and 3 were ob-
tained by scanning Guinier—Hagg films recorded without
a Si internal standard.

For TEM characterization finely ground specimens were
dispersed onto holey carbon grids. Electron diffraction pat-
terns (EDPs) for the three oxidized phases and Ce™NbO,
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FIG. 2. X-ray powder diffraction profiles (4 = 1.5406 1&) between 15
and 72° 20 for Ce""NbO, and the three oxidized cerium niobate phases
CeNbOy 4, (x =0.08, 0.25, and 0.33). Data were obtained by scanning
XRD films obtained at room temperature using a Guinier—Hégg camera.

were obtained using Philips EM430, JEOL 100CX, and
JEOL 2000EX TEM:s.

RESULTS
X-ray Powder Diffraction

Figure 2 shows the XRD profiles between 15 and 72° 20
for Ce"™NbO, and the three oxidized cerium niobate phases
CeNbO, , (x = 0.08, 0.25, and 0.33) juxtaposed. The broad
similarities between the phases are apparent by comparison
of the distribution of diffracted intensity as a function of 20.
Refined unit cell dimensions for Ce™NbO, and the subcells
of the three oxidized phases are listed in Table 1 together
with previously reported unit cells where available. Full
listings of peak positions, relative intensities, and Miller
indices are given in Tables 2-5. Note that the relative
intensities are from samples relatively free of preferred ori-
entation by virtue of the Guinier—-Héagg data being a trans-
mission experiment on a loosely packed specimen. By
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contrast, Bragg—Brentano data from such heavy X-ray
absorbers are typically strongly affected by preferred
orientation.

To illustrate the close relationship between the four
phases the low-angle regions between 17 and 37° 26 of the
XRD profiles are expanded and shown in Fig. 3. All ob-
served reflections have been indexed in terms of the parent
subcell (refer to Table 1). The asterisked reflections in the
profile of CeNbO, ;3 are satellite reflections. For the
CeNbO, gg and CeNbO, ,5 phases weak satellites might
also be observable and might account for some of the weak
unassigned features, but due to the very high density of
possible satellite reflections (see the next section) we have
not attempted to index any of these features. The profile for
Ce"™NbO, shows traces of CeNbO, o5 due to a small
amount of unavoidable oxidation during quenching and
the profile for CeNbO, ¢z shows a trace of unoxidized
Ce"NbO,,.

CeNbO, og

110 011 200 002

17 18 21 23 25 29 31 33 35 37

27
°26 Cu Ko

FIG. 3. Low-angle region between 17 and 37°20 of the XRD profiles
shown in Fig. 2 with all observed reflections indexed in terms of the parent
subcell. The asterisked reflections in the profile of CeNbO, ;3 are satellite
reflections. No satellite reflections were observable for the CeNbO, o5 and
CeNDbO, ,5 phases.
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TABLE 1
Refined Unit Cell Dimensions of CeNbQ,, . Phases
Crystal Space Unit cell
Composition system group a b c o p y volume
CeNbO, Monoclinic I2/a  5.5342(2)  11.4016(6) 5.1583(3) 90.0 94.600(5) 90.0 324.43(2)
Ref. (1) 5542(1)  11.414(1) 5.165(1) 90.0 94.60(1) 90.0 325.67(5)
Parent Unit Cells
CeNbO, g Monoclinic I2/a  53029(8) 11.483(2) 52515@8)  90.0 91.32(2) 90.0 319.70(6)
Ref. (5) 5.310 11.502 5.256 90.0 91.3 90.0 3209
CeNbO, 5 Monoclinic I2/a  5.3522(8) 11.374(3) 5.116(1) 90.0 93.34(2) 90.0 310.95(8)
Ref. (5) 5.360 11.409 5.129 90.0 93.4 90.0 313.1
CeNbO, 35° Triclinic I1 543748) 11.189(2) 5.1458(7)  90.56(1) 94.37(1) 88.19(1) 311.98(6)
Resultant Unit Cells

CeNbO, 55" Monoclinic P2,/c 14371(2) 22.748(6) 11.820(2) 90.0 74.91(2) 90.0 3731(1)
CeNbOy, 35° Triclinic P1 6.721(1) 6.9021(9)  11.264(2) 99.12(1) 100.05(1) 110.50(1) 468.08(8)
Derived? 6.718(1) 6.901(1) 11.267(2) 99.15(1) 100.01(1) 110.48(1) 468.0(1)

“Refined using parent reflections only.

®Derived from parent unit cell dimensions (a, = 2a, + 2¢,, b, =2b,, ¢, = —a, + 2¢,).

‘Refined using all reflections.

4 Derived from parent unit cell dimensions (a, = 3a, — 3b, — ¢,, b, = $a, + 3b, — 3¢, ¢, = a, + 2¢,).

TABLE 2
CeNbO,, X-ray Powder Diffraction Data
TABLE 3

h ok I 1/, donre Ao CeNbO, s X-ray Powder Diffraction Data

0 1 1 6 4.687 4.687 h k Iy /I, deare s
—1 2 1 100 3.231 3.230

1 3 0 5 3.130 3.132 1 1 0 6 4.813 4.822

1 2 1 77 3.055 3.056 0 1 1 5 4.775 4.776

0 4 0 21 2.850 2.850 1 0 1 2 3.688 3.690

2 0 0 21 2.758 2.758 -1 2 1 94 3.154 3.156

0 0 2 13 2.571 2.571 1 3 0 — 3.103 3.105
—1 1 2 2 2.353 2.350 1 2 1 100 3.103 3.105
—1 4 1 4 2.306 2.306 0 4 0 40 2.871 2.872

1 4 1 5 2.239 2.240 2 0 0 28 2.651 2.651

0 5 1 5 2.085 2.084 0 0 2 28 2.625 2.625
—1 3 2 3 2.032 2.033 -1 1 2 3 2.325 2.326

2 4 0 23 1.982 1.982 2 1 1 5 2.297 2.297
-2 0 2 16 1.961 1.961 1 4 1 6 2.265 2.267

1 3 2 4 1.944 1.943 0 5 1 5 2.104 2.104

0 4 2 21 1.909 1.909 2 4 0 34 1.948 1.948

2 0 2 10 1.810 1.810 0 4 2 34 1.937 1.937
—1 6 1 11 1.710 1.710 -2 0 2 11 1.887 1.885
-3 2 1 17 1.697 1.697 2 0 2 14 1.844 1.845
-2 5 1 3 1.690 1.690 —1 6 1 17 1.707 1.706

1 6 1 8 1.682 1.682 1 6 1 21 1.699 1.699

3 2 1 10 1.619 1.620 -3 2 1 11 1.618 1.618
-2 4 2 10 1.615 1.615 -1 2 3 24 1.606 1.607
-1 2 3 11 1.607 1.607 3 2 1 15 1.598 1.597

1 7 0 4 1.562 1.562 1 2 3 14 1.586 1.586
-3 1 2 8 1.542 1.542 -2 4 2 9 1.577 1.577

0 6 2 6 1.528 1.528 0 7 1 4 1.566 1.566

4 0 0 3 1.379 1.379 2 4 2 9 1.552 1.551
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TABLE 4 TABLE 5

CeNbO,,s X-ray Powder Diffraction Data CeNbO, ;; X-ray Powder Diffraction Data
h k lp I/IO dcalc dohs h k lr h k lp 1/10 dcalc dobs
11 0 2 4.836 4.833 0 -1 1 1 6.093 6.094
0 1 1 7 4.660 4.660 —1 1 0 0 2 0 1 5.594 5.599
-1 2 1 100 3.162 3.163 —1 L1 1 4.997 4.991
1 3 0 5 3.092 3.090 1 1 1 0 4 4937 4.936
1 2 1 94 3.035 3.034 1 0 1 -1 10 8 4818 4816
0 4 0 21 2.844 2.845 0o -1 2 0o - 1 4 4.675 4.673
2 0 0 25 2.672 2.670 -1 0 2 0 1 2 4.651 4.651
0 0 2 21 2.554 2.554 —1 L2 2 3911 3911
2 1 1 4 2266 2.266 0 1 2 4 3.678 3.677
1 4 1 2 2.229 2.229 0 -1 3 9 3.496 3.497
0 5 1 3 2.078 2.077 —1 2 0 11 3.376 3.376
2 4 0 19 1.947 1.948 -2 1 12 3336 3.336
) 0 2 26 1.902 1.902 0o -2 1 —1 -2 1 57 3.228 3.229
2 0 2 12 1.795 1.795 =2 0 1 —1 2 1 86 3.146 3.148
-1 6 1 7 1.697 1.699 —1 2 1 1 30 35 3.118 3.122
1 6 1 7 1.676 1.678 -1 -1 3 2 3.067 3.069
_3 2 1 10 1.640 1.641 —1 1 3 1 2 1 79 3.044 3.044
3 2 1 19 1.586 1.586 1 -1 3 1 =2 1 100 3.000 3.002
1 2 3 10 1.536 1.536 -2 2 0 4 0 34 2.797 2.796
2 4 2 6 1.518 1.518 0 -1 4 9 2721 2722
4 0 0 3 1.336 1.334 1 2 2 0 0 37 2.709 2.709
2 -1 2 9 2.644 2.644
—1 -1 4 0 0o 2 28 2.565 2.565
-1 -2 1 8 2.533 2.531
—1 -2 2 7 2.499 2.500
. . 0 1 4 1 1 1 2.286 2.286
Electron Diffraction 1 0 5 1 1 2 4 2211 2211
Figure 4 shows [010], zone axis EDPs of the (a) x = 0, (b) 7? _g (3) ‘7‘ ;igg ;}23
x =0.08, (c) x = 0.25, and (d) x = 0.33 phases. The same 5 31 1 5 0 4 2091 5091
strongly scattering pseudo-tetragonal array of parent sub- 1 -3 3 4 2080 2.080
structure reflections (indexed in (a)) are visible in all four 2 =3 2 0 -5 1 5 2056 2.055
EDPs. In the case of the oxidized phases, however, addi- —3 22 0 5.1 7 2046 2.045
tional satellite reflections are also present. Note the change 0 -3 3 -1 -3 2 3. 2031 2.031
. . . . . . —1 3 2 2 4 0 12 1.977 1.977
in orientation of the rows of satellite reflections as x in- 0 31 5 1969 1969
creases as well as the growth in intensity of the satellite _, 3 2 4 1.959 1.959
reflections relative to the parent subcell reflections. 2 —1 4 4 1.951 1.953
The most complex phase crystallographically is the in- -2 -2 2 -2 0 2 17 1938 1.938
commensurately modulated x = 0.08 phase in which rows bo=25 =32 14 1922 1924
. . 3 -1 2 -2 4 0 17 1916 1917
of satellite reflections can be seen to run along the . -3 4 0 4 2 9 1897 1897
~[10,0,4]% and [4, 0, 10]} directions of reciprocal space  _3 1 4 0 4 2 22 1.884 1.884
(compare Fig. 4b with Fig. 4a). The basis vectors defining 0 0 6 2 0 2 24 1.795 1.795
the pseudo-tetragonal square mesh of satellite reflections 1 3.0 4 L779 1779
surrounding each strong parent reflection in Fig. 4b are 2 21 =3 01 7 L746 1.746
. . 0o -3 5 4 1.720 1.719
label§d q; and 2q,, respectively (see Fig. 5a). (The reason for 1 1 6 ) ) 9 1718 1717
labeling 2q, as 2q, and not 1q, can be see in the q, — b* 1 -1 6 I 5 1702 1703
section of reciprocal space shown in Fig. 5b, in which itis -3 -1 4 -1 -6 1 5 1.697 1.697
apparent that satellite reflections of the form b} + 1q; exist. 1 301 -3 -2 1 7 1.682 1.682
Note that the parent structure is body-centered I12/al so =26 1 1669 1.669
hat b is not an allowed parent substructure reflection. The -3 33 ! 6 1 ! 1.666 1.665
that by . .p . . —4 2 1 -1 6 1 6 1.663 1.661
G, + 2q, satellite reflections apparent in Figs. 4b and 5 are 3 11 _3 1 11 1.651 1651
thus second harmonic satellite reflections.) Note that 3 -3 3 1 -6 1 5 1.644 1.644
5q; — 4q, is very close to 2a} while 2q, + 10q, is very close 0 1 6 4 1627 1.626
to 2¢f, thus implying that ¢, ~75 [10,0,4]%¥ and 73 7(1) 2 7? ; (3) g }gg? }ggz
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TABLE 5— Continued

h kI h ko1, I/I, deare dobs
0o —4 3 1 -5 2 9 1.583 1.583
—4 0 2 -2 4 2 10 1.573 1.572
1 —4 4 6 1.567 1.567
—4 0 1 6 1.564 1.565
o -2 7 1 -2 3 10 1.534 1.535
3 —4 2 o -7 1 3 1.529 1.529
-2 2 6 2 4 2 10 1.522 1.521
2 =2 6 2 -4 2 5 1.500 1.500
2 30 2 1.478 1.478
—4 3 3 3 1.466 1.467
4 -3 2 2 1.462 1.461
0 —4 5 -1 —4 3 3 1.443 1.443
-1 -4 3 4 1.437 1.437
-4 -1 1 -3 3 2 2 1.403 1.402

Indexation of the (a) [010], and (b) ~[502], zone axis
EDPs of Fig. 5 is thus with respect to the set of five linearly
independent basis vectors given by M* = {a¥, b%, ¢}, q,,
q,}. The observed extinction conditions characteristic of
this complex incommensurately modulated phase when in-
dexed with respect to the above basis vectors are as follows:
F(hklmn) =0 unless h + k + [ is even (requiring a body-
centered parent substructure), F(hOlmn) =0 unless h and
[ are both even (requiring the parent substructure to have an
a glide perpendicular to b,: the satellite reflections do not
occur around the a glide forbidden parent substructure
reflections in [010], zone axis EDPs) and F(hkimn) =0
unless k + nis even (a centering condition corresponding to
the fact that q; and (b} + q,) are the real primitive primary
modulation wavevectors). The corresponding implied
superspace symmetry operations (see, for example , Refs. (7,

FIG.4. [010],zone axis EDPs of the (a) x = 0, (b) x = 0.08, (c) x = 0.25, and (d) x = 0.33 phases. Note the same strongly scattering pseudo-tetragonal
array of parent substructure reflections (indexed in (a)) visible in all four EDPs.
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FIG.5. EDPs of the x = 0.08 phase along the (a) [010], and (b) ~[502], zone axes. Indexation is with respect to the set of five linearly independent

basis vectors given by M* = {a}, b¥, ¢, q;, q»}.

(8) are {x; + 3, X + 3, X3 + 3, X4, X5}, {X1 + 3, — x2, x5,
X4, X5}, and {xy, X, + %, X3, X4, X5 + 3}, respectively. These
superspace symmetry operations, in conjunction with the
assumed superspace inversion operation {—x;, —x,,
— X3, —X4, — X5}, can be taken to be the generators of the
overall superspace group.

In the case of the x = 0.25 superstructure phase, the
resultant reciprocal space unit cell is given by af =
12[402]%, bf = 1[020]%, and ¢f = 3[101]% (The corres-
ponding relationship in real space is given by a, =

2a, + 2¢,, b, = 2b,,, and ¢, = —a, + 2¢,: r for resultant.)
Thus 12 af = [402]¥ while 6c} = [202]}, as is apparent
from a comparison of Figs. 4a and 4c. The doubling of the
parent b axis dimension is necessitated by the 1/2b* height
of the first order Laue zone (FOLZ) ring above the zero
order Laue zone (ZOLZ) reflections in the [010], zone axis
EDP of Fig. 6a as well as by the [101], or [100], zone axis
EDP of Fig. 6b. That the resultant cell is primitive is clear
from Figs. 4c and 6. The existence of a ¢ glide perpendicular
to the resultant b axis is apparent from the absence of

FIG. 6. (a) [010], and (b) [101], or [100], zone axis EDPs for the x = 0.25 phase. Indexation in (b) is with respect to the resultant supercell.
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alternate rows of satellite reflections in the ZOLZ and the
consequent doubled density of reflections in the FOLZ
relative to the ZOLZ apparent in the [020], = [010], zone
axis microdiffraction pattern of Fig. 6a. The minimum res-
ultant space group symmetry is thus Plc1. The only possible
space group symmetries for the resultant phase are thus
Plcl, P12/c1, or P12, /cl, with the latter perhaps the most
likely.

Finally, in the case of the triclinic x = 0.33 superstructure
phase, the resultant reciprocal space unit cell is given by
ar=1[231] = [170]3 — §[101], b¥ = 3[23T]% = [110J% —
1[1017%, and ¢} = $[101]¢ (see the [100], and [010], zone
axis EDPs shown in Figs. 7a and 7b, respectively, and the
[110], zone axis EDP of Fig. 4d). Note that all resultant
reflections can thus be expressed in the form G, +3[1017%.
In this sense, the triclinic phase is the simplest of all three of
the modulated phases. (The corresponding relationship in
real space is given by a, =%a, — b, —3c,, b, =%a, +
3b, —3c¢,, ¢, =a, +2¢,.)

DISCUSSION

The crystal structures of the series of phases obtained
when Ce™NbO, is heated in air or oxygen are very closely
related to each other and the reduced starting material. This
is evident by inspection of the XRD profiles (Fig. 2) and
from the similarity in unit cell dimensions of the parent
subcell (Table 1). The difference between XRD profiles is
principally in the peak positions for corresponding subcell
reflections (Fig. 3) associated with variable distortion of the
subcell.

The structural differences necessarily arise from the ar-
rangement of additional oxygen atoms, which Ce™ atoms
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(a) [100], and (b) [010], zone axis EDPs for the x = 0.33 phase. Indexation is with respect to the resultant supercell.

are oxidized to Ce'", and how each structure relaxes to
satisfy the new chemical bonding requirements and non-
bonding interactions. Because the XRD profiles are domin-
ated by scattering from the metal atoms it is not surprising
that the relative intensities of diffraction peaks remain much
the same.

Upon oxidation of Ce"™NbO, there is a volume decrease:
1.5% for x = 0.08, 4.2% for x = 0.25, and 3.8% for x = 0.33.
This can be understood by considering the bond-length
bond-valence relationship (9, 10). For an idealized eight-
coordinate polyhedron, CeOg, oxidation from Ce™ to Ce'v
would lead to ~9% shortening of bonds, from 2.51 to
2.28 A. If an additional oxygen atom is simultaneously ad-
ded, i.e., the coordination increases from Ce™Og to Ce'V Oy,
then the shortening is only ~ 7%, from 2.51 to 2.33 A. In
other words, despite the need to accommodate additional
oxygen atoms, the oxidation of some of the Ce™ atoms to
Ce" will tend to pull the structure together more tightly.
Charge balance requires ~¢ of the Ce™ to be oxidized for
x =0.08, 1 for x =0.25, and ~% for x = 0.33.

As stated earlier, the modulation of the underlying
Ce"NbO, parent is necessarily due to ordering of inter-
stitial oxygens and Ce'" atoms and associated atomic dis-
placements to satisfy nonbonded O—O distances as well as
bonding requirements for metals and oxygens. The modula-
tion wave vectors for the three oxidized phases, as deter-
mined by electron diffraction, appear to show continuous
variation in magnitude and direction with increasing oxida-
tion (Fig. 4). The similarity between these phases in diffrac-
tion space is best seen by comparison of related modulation
wave vectors (Fig. 8). This similarity is obscured in real
space. There is no obvious relationship between the result-
ant unit cells for the two commensurately modulated
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FIG. 8. Related modulation wave vectors for x=0.08 (q; =
75[10, 0, 47%), x = 0.25 (a} = {;[402]}), and x = 0.33 (¢} = §[101]}) plot-
ted as vectors in the a*c* plane of an idealized parent reciprocal lattice. The
three wave vectors, all with similar magnitudes, vary in direction with
increasing oxygen content. For the x = 0.08 and 0.25 phases there are
additional wave vectors to these.

phases, x = 0.25 and 0.33 (see Table 1), and there is no
true resultant unit cell for the incommensurately modulated
phase, x = 0.08. The advantages of a modulated struc-
ture description of this series of phases, and the incommen-
surate x = 0.8 phase in particular, were acknowledged
by previous authors (11) but they did not present such a
description.

While it is beyond the scope of this present study to solve
and refine the structures of the oxidized phases, it is possible
to identify the most likely site for the interstitial oxygens. As
observed by previous authors (1), fergusonite-type is mon-
oclinically distorted scheelite-type, which in turn can be
considered a distorted superstructure of fluorite-type. In
fluorite-type Fm3m (12) there are two cubic (eight-coordi-
nate) sites: the 4a site, which is occupied by the metal atom,
and the 4b site, which is empty. Additional oxygen could be
accommodated in the vicinity of this empty site if its bond-
ing requirements could be satisfied and nonbonded O-O
distances made large enough.

The corresponding position to this empty eight-coordi-
nate fluorite-type site in Ce""'NbO, occurs at 4, 3, 3 in the
setting of the published structure (1). An interstitial
oxygen at this position has a shortest O—O distance of
202 A. Displacing the interstitial oxygen to %, 0.10, %
maximises the shortest distance to 2.19 A, without displac-
ing any other atoms. This site is adjacent to two Ce atoms at
259 A.

Figure 9 shows a schematic semi-polyhedral representa-
tion of the structure Ce™NbO,with the darker small
spheres representing the proposed interstitial oxygen sites.

THOMPSON, WITHERS, AND BRINK

The 8 + 2 coordination environment of the Ce atoms is
illustrated. Relatively small (0.1-0.2 A) local displacements
of atoms in this model would be sufficient to allow for
bonding and nonbonding distances to be optimized. Such
small displacements of atoms, particularly of the metal
atoms, would leave the XRD pattern relatively unchanged,
as is observed.

Like Ce"™NbO,, Ce"TaO, can be oxidized progressively
to give a series of oxidized phases, the main difference being
that Ce™TaQ, has a different parent structure, namely the
low-temperature LaTaO,-type structure (1). In a recent
structural study of CeTaOy, . (x &~ 0.17) using XRD data
(13), in which two-thirds of the Ce™ atoms are oxidized, it
was deduced that the Ce atoms adjacent to the interstitial
oxygen were not oxidized. This is also likely for the present
fergusonite-type cerium niobate oxidized phases, due to the
fact that interstitial oxygens can be accommodated more
easily in a Ce™ coordination sphere as a mean Ce™-O
distance of 2.56 A for Ce™O, would minimize O-O
crowding.

CONCLUSION

The most striking chemical feature of the subject cerium
niobate phases is the relatively mild conditions under which
they are progressively oxidized from one structure to an-
other. This is consistent with the diffusion of oxygen into
Ce™NbO, with minimal bond breaking. At the very least

FIG. 9. Schematic semi-polyhedral representation of Ce""'NbO, as in
Fig. 1, but along [001] and showing the location of the most likely site(s)
for additional oxygen atoms (smaller dark spheres) in the oxidized phases.
The 8 + 2 coordination environment of the Ce atoms is illustrated.
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the XRD intensities confirm that the metal atom array
remains unchanged, apart from the small variation in the
monoclinic distortion. As the fergusonite structure type can
be related to fluorite-type the oxygen ion conductivity of
cubic stabilized zirconias and chemically substituted cerias
springs to mind. In these analogous phases there is preced-
ent for high mobility of the anions at relatively low temper-
atures while preserving the cation array.

The stoichiometry of the three modulated structures
(x =0.08, 0.25, and 0.33) requires that they differ in their
interstitial oxygen atom and Ce™/Ce'" ordering. While
the periodicity of this ordering is given by the modulation
wave vectors presented here it is still necessary to obtain
high-resolution neutron powder diffraction for these phases
to be able to solve and refine these structures. XRD
data show that the differences between the structures
must be predominantly in the occupancy of the interstitial
oxygen sites and associated relaxation of the surrounding
oxygen array. Therefore, neutron diffraction data are re-
quired as the metal and oxygen atoms have similar scatter-
ing lengths, whereas for XRD the scattering is dominated by
the metal atoms whose positions remain relatively un-
changed.
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