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Neutron diffraction data have been collected at 970 K on single crystals of UOz rI and UOz r3. The data 
were more extensive than those obtained in an earlier neutron study of U02.tz and were measured at a 
shorter wavelength, allowing TDS corrections to be made to the Bragg intensities. The new results 
support the concept that the oxidation of UOz proceeds by the formation of anion vacancies and of two 
types of oxygen interstitial. One type is displaced along (110) from the anion sites in UOz and the other 
is displaced along (111). In the first crystal the occupation numbers of the three kinds of oxygen defect 
are close to those expected from the formation of 2 : 2 : 2 clusters, whereas for the second crystal the 
occupation numbers correspond to those calculated for cuboctahedral clusters. 0 1990 Academic Press. 

Inc. 

1. Introduction 

The structure of the nonstoichiometric 
phase, UOZ+~, of uranium dioxide was ex- 
amined 25 years ago by Willis (1) using sin- 
gle-crystal neutron diffraction. He found 
that the fluorite framework of UOZ.Oo is pre- 
served during oxidation and that the extra 
oxygens occupy two types of interstitial 
site within this framework. One type (la- 
beled 0’) is displaced by about 1 A from a 
normal fluorite site and along a (110) direc- 
tion, whereas the other type (0”) is dis- 
placed by about the same amount along 
(111). The formation of these interstitials is 
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accompanied by the creation of anion va- 
cancies. These experimental results led to 
the concept that the oxidation of UO2 pro- 
ceeds through the formation of groups of 
defect atoms (or “defect clusters”) in the 
anion fluorite sublattice, without any corre- 
sponding structural change in the cation 
sublattice. From the observed “occupation 
numbers” of the atoms, it was tentatively 
suggested that each cluster contains two 0’ 
interstitials, two 0” interstitials, and two 
normal oxygen vacancies; this is known as 
the 2 : 2 : 2 cluster and is illustrated in Fig. 
1. 

A puzzling aspect of the 2 : 2 : 2 cluster is 
the short oxygen-oxygen contact (-2 A) 
between neighboring 0’ interstitials. This 
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FIG. 1. The 2 : 2 : 2 cluster. The corners of the cubes 
are the sites of normal oxygen atoms. The cluster con- 
tains two 0’ oxygens (indicated by a), two 0” oxygens 
(b), and two vacant anion sites (c). a~ is the edge of the 
fluorite cell. 

difficulty is avoided in the more complex 
configuration, known as the Us03, cluster 
or “cuboctahedral cluster,” which is de- 
scribed by .Bevan et al. (2). It is formed by 
corner-sharing of octahedral groupings of 
UOs square antiprisms, enclosing a cuboc- 
tahedron of anions with an additional oxy- 
gen at the center. This cluster is illustrated 
in Fig. 2. 

The aim of the present study was to ex- 
tend the earlier diffraction study of Willis, 
in order to determine whether the anion 
clusters in nonstoichiometric UOZ+X con- 
form to the 2 : 2 : 2 type or to the cuboctahe- 
dral type. This requires the occupation 
numbers to be derived with high precision, 
so that the intensity measurements must be 
as accurate as possible. Compared with the 
situation in 1963, much better measure- 
ments are possible today, using the neu- 
tron-scattering apparatus at the Institut 
Laue Langevin in Grenoble. 

2. Experimental Work 

(a) Preparation of Samples 

The samples consisted of small spherical 
crystals of U409 weighing between 60 and 

350 mg. These were produced from crystals 
of U02, which had been grown using the 
vapor deposition technique (3). The UOZ 
was oxidized to U409, and the crystals then 
ground to spherical shapes with a Bond 
sphere grinder. Finally, reduction of the 
samples, to give an oxygen-to-metal ratio 
lying in the range 2.10 to 2.20, was achieved 
by heating in a tube furnace, in a continu- 
ously flowing hydrogen-nitrogen gas mix- 
ture at 800°C. 

Accurate weighing of the heavier sam- 
ples revealed a weight reduction from U409 
of about I%, corresponding to a change in 
the U/O ratio of 5%. (More accurate meth- 
ods of deriving the stoichiometry require 
the controlled reduction to a known compo- 
sition and measurement of the correspond- 
ing changes of weight.) 

The samples were sealed in evacuated 
silica capillaries and held rigidly in position 
with silica wool. Quartz is almost transpar- 
ent to thermal neutrons, and so absorption 
and scattering by the silica can be ignored. 
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FIG. 2. The cuboctahedral cluster. The atomic sym- 
bols and the z-coordinates of the atoms, in units of the 
cell edge (a& are as follows: (0) normal oxygens at z 
= -tf; (0) uraniums at i = 0; (63) oxygen interstitials at 
z = 0; (8) oxygen interstitials at z = +1/(2X4): (0) 
oxygen vacancies at z = 24. 
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(b) Measurement of Bragg Intensities 

Data were measured using the D9 four- 
circle diffractometer at the ILL in Greno- 
ble. A short wavelength of 0.54 A was se- 
lected, in order to permit a correction for 
thermal diffuse scattering (see Section 3a). 
The samples were mounted vertically in 
a specially constructed goniometer and 
heated with hot air blown along the path of 
the incoming neutron beam, using the D9 
“soufflette” furnace. 

Temperature calibration was carried out 
by means of two thermocouples, one lo- 
cated at the sample position inside the silica 
tube and the other in the hot air stream out- 
side the tube. Although air temperatures 
exceeding 900°C could be attained, the 
thermal gradient across the wall of the silica 
tube limited the maximum sample tempera- 
ture to 700°C. The transition temperature 
from the two-phase U02 + U409 to the sin- 
gle-phase UOZ+, rises with increasing X, 
and so data collection was restricted to the 
two samples (crystal A of 67 mg and crystal 
B of 276 mg) with the lowest oxygen-to- 
uranium ratios. Both samples showed 
traces of superlattice reflections from 
U409, but the analysis was carried out as- 
suming that the measurements were en- 
tirely in the single-phase nonstoichiometric 
region. 

In toto, 675 reflections were measured 
for sample A and 930 for sample B. Symme- 
try-equivalent reflections were then aver- 
aged to yield 60 independent structure fac- 
tors for A and 81 for B. The standard error 
of the structure factors was estimated from 
the spread in values of equivalent reflec- 
tions. (For both crystals this error was al- 
ways less than 2%.) The space group was 
confirmed to be Fm3m from systematic ab- 
sences, and the temperature of the samples 
during the measurements was estimated to 
be 970 K. Determination of the O/U ratio 
was more difficult: by noting the changes 
on oxidation in both the weight and the size 
of the unit cell, we considered that the O/U 

ratio was 2.11 for sample A and 2.13 for 
sample B. 

3. Data Analysis 

(a) Correction for Thermal Diffuse 
Scattering 

Before the analysis proper of the data 
could begin, it was necessary to correct the 
Bragg intensities for the contribution from 
thermal diffuse scattering (TDS). Such a 
correction is only feasible with neutrons if 
the neutron velocity exceeds the maximum 
value of the sound velocity in the crystal. 
At 970 K the elastic stiffness coefficients of 
U02 are cl1 = 33.0, cl2 = 11.5, c44 = 6.0, all 
in units of 10” dyn crnm2 (4). We can calcu- 
late from these measurements that the 
sound velocity attains its maximum value 
of 5.6 km secl for the propagation of longi- 
tudinal acoustic modes along (100) and that 
the neutron wavelength corresponding to 
this velocity is 0.70 A. The effect of in- 
creasing the O/U ratio above 2.0 is to re- 
duce the longitudinal velocities even fur- 
ther (5), and the critical wavelength then 
rises above 0.70 A. 

In our experiment we chose a neutron 
wavelength of 0.54 A. This is well below 
the critical value of 0.70 A and so we were 
able to carry out a standard TDS correction 
using the computer program of Merisalo 
and Kurittu (6). The correction to the inten- 
sities varied from a few percent for the low- 
index Bragg reflections to 36% for high-in- 
dex reflections. 

No other corrections were made to the 
experimental data. Thus it was considered 
unnecessary to apply an extinction correc- 
tion, because the incorporation of intersti- 
tial oxygens into the fluorite framework of 
UOZ gives the crystal a large mosaic 
spread. 

(b) Results from Least-Squares Analysis 
The corrected intensities were converted 

to structure factors and then analyzed using 
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the least-squares program XFLS4 of Bus- 
ing et al. (7). The variable parameters were 
the isotropic temperature factors of the ura- 
nium and oxygen atoms, the coordinates of 
the interstitial oxygens, their occupation 
numbers in the unit cell, and an overall 
scale factor. The interstitial oxygens occu- 
pied two kinds of site (I): 0’ sites displaced 
along (110) directions from the fluorite- 
type sites, and 0” sites displaced along 
(111). Fourier difference maps confirmed 
that there were no other kinds of oxygen 
site. 

In order to take into account the effect of 
anharmonic contributions to the tempera- 
ture factors, a third cumulant coefficient 
~123 (8) was introduced for the oxygen at- 
oms. No such coefficient was needed for 
the uraniums, because these atoms occupy 
centro-symmetric sites and so are con- 
strained by symmetry to vibrate isotropi- 
tally. There are 10 third-cumulant coeffi- 
cients for oxygen, but the symmetry of the 
Fm3m space group reduces nine of them 
to zero, leaving just one parameter, C123, to 
be determined from the measurements. 

The importance of including anharmonic- 
ity in the analysis can be readily judged by 
referring to Table I. This shows the com- 
parison between observed (lo) and calcu- 
lated (Z,) intensities when anharmonic vi- 
brations are allowed (crz3 # 0) and are not 
allowed (clz3 = 0). Anharmonicity affects 
the calcula.ted values of odd-index reflec- 
tions only, and so even-index reflections 
are omitted from the table. 

The second column in the table gives the 
observed Bragg intensity (on an arbitrary 
scale) and the third column the calculated 
intensity without third cumulants. The dif- 
ference between these two intensities 
(fourth column) is positive if h + k + I = 4n 
+ landisnegativeifh+k+1=4n- 1: 
this is exactly the behavior that is predicted 
by the general anharmonic theory (8). The 
last column gives the intensity difference 
when third cumulants are included. Defin- 
ing an R factor as the ratio 

R = cvo - &I 

xzo ’ 

we find that R = 17.2% (for 13 reflections) 
with ~123 = 0. For ~123 = 0.0003, R is 1.7%, 
which is a great improvement. 

Table II lists the parameters derived from 
the least-squares comparison of calculated 
and observed structure factors. They are of 
three kinds, viz. vibrational parameters, in- 
cluding third-cumulant coefficients; posi- 
tional coordinates of the two types of inter- 
stitial oxygen; and occupation numbers of 
the interstitial oxygens and of the oxygens 
occupying normal fluorite-type sites. 

The vibrational parameters BU and Bo in 
Table II are defined by 

Bu = 8rr2& and Bo= 8,rr2g, 

where 2” (3) are the mean-square dis- 
placements of uranium (oxygen) atoms 
from their ideal fluorite sites. The positional 
parameters, u and W, are defined in Section 
4(b). Finally, the occupation numbers are 
expressed in terms of the contribution of 
the atom to the formula unit, U02+x. Thus 

TABLE I 

EFFECT OF THIRD CUMULANTS ON MAGNITUDES 

OF DIFFRACTION PEAKS 

IO - 1, 
(without h + k + 1 

hkl I,, I, Cd =4n*l 

IO - fc 
(with 
Cd 

333 21.5 18.8 +2.7 + 0.2 
533 12.3 13.4 -1.1 - 0.2 
733 12.0 9.6 i2.4 + 0.6 
933 4.0 4.6 -0.6 - 0.0 

11,3,3 2.1 1.8 +0.3 + 0.0 
553 12.6 9.8 +2.8 + 0.0 
753 5.4 6.5 -1.1 - 0.0 

11,5,3 0.8 1.1 -0.3 - -0.1 
773 5.0 3.9 +1.1 + 0.0 
973 1.5 1.8 -0.3 - 0.0 
555 5.5 6.9 -1.4 - 0.0 
755 5.9 4.6 +1.3 + -0.3 
955 1.9 2.1 -0.2 - 0.2 
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TABLE II 

RESULTS FROM LEAST-SQUARES ANALYSIS OF CRYSTALS A AND B 
(THIS STUDY) AND CRYSTAL C (REF. ,) 

Crystal A Crystal B Crystal C 
(O/U = 2.11) (O/U = 2.13) (O/U = 2.12) 

(a) Vibrational parameters 
Bu (A2): 1.15 (1) 1.32 (1) 1.18 (2) 
B. (AZ): 2.31 (4) 2.51 (2) 1.45 (4) 
Cl23 0.00027 (3) 0.00033 (2) - 

(b) Displacement parameters 
v: (0’ oxygen) 0.36 (1) 0.37 (1) 0.38 (1) 
w: (0” oxygen) 0.36 (1) 0.35 (1) 0.41 (1) 

(c) Occupation numbers 
mo: 1.88 (2) 1.68 (1) 1.87 (3) 
fno, : 0.14 (3) 0.33 (2) 0.08 (4) 
1120”: 0.12 (2) 0.10 (2) 0.16 (6) 

Note. R factor = 3.1% for 60 reflections (crystal A), 2.7% for 81 
reflections (B), and 3.5% for 38 reflections (C). 

the formula unit can be written as 

Ul .o Omo o,o, o,w. 

Crystal A, for example, in Table II has the 
formula unit 

ul.0 01.88 ok,, ok. 

This expression indicates that the uraniums 
are unchanged by oxidation, whereas 6% of 
the oxygens leave their fluorite sites and 
join the additional oxygens (which arise in 
the oxidation process) to occupy the two 
types of interstitial site. 

4. Discussion 

(a) Vibrational Parameters 

For stoichiometric U02.0 at 970 K the B 
factors, which occur in the Debye-Waller 
expression exp(-B sin2 B/AZ), are 0.75 A2 
for uranium and 1.55 A2 for oxygen (8). 
These values are appreciably less than 
those listed in Table II. The B factors are 
proportional to the mean-square displace- 
ments of the atoms from their average posi- 
tions, and so the difference between the 
two values can be ascribed to the contribu- 

tion of static disorder to the atomic dis- 
placements in the nonstoichiometric ox- 
ides. 

The measured value of ~123 for stoichio- 
metric U02,0 is 0.0010, which is larger than 
the estimates given in Table II. We do not 
have an explanation for this large difference 
between the oxides with O/U ratios of 2.0 
and 2.1. 

(b) Displacement Parameters 

The parameter u in Table II refers to the 
positions of the interstitial 0’ atoms: these 
occupy the sites 

(0.5, u, u) 

-plus symmetry-related sites-in the cu- 
bic unit cell, where a uranium atom is 
placed at the cell origin. Similarly, w in Ta- 
ble II refers to interstitial atoms 0” occupy- 
ing the sites 

(w, w, WI. 

These two types of interstitial site are 
shown in Fig. 1. 

The 0’ atoms are displaced along (1 IO) 
from the large interstitial holes at (0.5, 0.5, 
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0.5) by an amount 

v5 . 0.14 * 5.49 A 

or 1.09 A. The corresponding displacement 
of the 0” interstitials along (111) is 

fi * 0.14 * 5.49 A 

or 1.33 A. These displacements are equally 
consistent with the 2 : 2 : 2 cluster and the 
cuboctahedral cluster. 

(c) Occupation Numbers 

In principle, the occupation numbers of 
the three kinds of oxygen atom should pro- 
vide the most convincing evidence for one 
kind of cluster or another. These numbers 
have been measured more precisely in crys- 
tals A and B than in crystal C, and yet, 
surprisingly, the numbers are quite differ- 
ent for the A and B crystals. The occupa- 
tion numbers in Table II for crystal A are 
close to the values expected for 2 : 2 : 2 clus- 
ters, while those for B are similar to the 
values calculated for cuboctahedral clus- 
ters. 

It appears that the type of defect cluster 
can vary from one sample to another, de- 
pendent on its composition, oxidation treat- 
ment, etc. Crystal B is significantly more 
defective than A, even tho.ugh the oxygen/ 
uranium ratios are nearly the same. To ob- 
tain further understanding of these fluorite 

systems containing anion defects, it will be 
necessary to extend the type of observa- 
tions described in this paper to many other 
points in the phase diagram of UOz+,. 
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