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The crystallographic structure of U4Oq_, crystals can be described in terms of a spatial arrangement of
special aggregates of oxygen atoms distributed throughout the basic fluorite framework of UO,. The structure
of U409_, single crystals was investigated with the ion-channeling method by recording angular scans across
major crystallographic directions and along major atomic planes. Monte Carlo simulations were performed to
interpret the channeling data. The presence of various anionic clusters previously proposed (such as the
Willis-type 2:2:2 aggregate and Bevan-type cuboctahedral cluster), as well as more recent models involving the
incorporation of extra oxygen atoms as oxo groups forming uranyl-type bonds and a structural disordering of
part of the uranium sublattice, were investigated. Channeling data exhibit satisfactory agreement with both the
Willis and Bevan-type aggregates. They are incompatible with the presence of a glassy part in the uranium
sublattice and indicate that the presence of uranyl-type bonds is unlikely.

DOLI: 10.1103/PhysRevB.74.184114

I. INTRODUCTION

Uranium oxides form one of the most numerous and com-
plex families of binary metal oxides. From a structural point
of view uranium oxides can essentially be divided into two
groups: (i) low oxygen to uranium ratio, i.e., O/Ue [2.0;
2.5], uranium oxides exhibit distorted fluorite-type structures
based on the closed-packed fluorite arrangement of the ura-
nium dioxide; (ii) high oxygen to uranium ratio, i.e., O/U
e [2.5; 3.0], a layerlike configuration takes place, based on
linear uranium-oxygen-uranium chains.'~> The fluorite-type
structure is characterized by an extraordinary ability to ac-
commodate oxygen atoms in interstitial positions caused by
the clustering of oxygen defects. The formation of anionic
aggregates was first postulated by Willis to account for neu-
tron diffraction data obtained from both the disordered
UO,,, (0<x<0.25) and the ordered UyOq_, (0.02<y
<0.06) phases.®”!% The simplest model is the eponymous
2:2:2 Willis configuration of oxygen defects (involving two
oxygen vacancies, two O’ atoms, and two O” atoms). Each
complex contains interstitial oxygen atoms displaced from
the cubic-coordinated sites in the (110) and (111) directions,
respectively, vacant normal oxygen sites, and either U(V) or
U(VI) ions to maintain charge balance. More complex an-
ionic clusters were also proposed, based on computer calcu-
lations, as well as specific ordering of clusters in linear
arrays.''~1° More recently, Bevan, Grey, and Willis demon-
strated that the cuboctahedral cluster is the basic cluster de-
fect in the S—U40y_, phase and that its presence is likely to
occur in the UO,,, phase.?’2* Theoretical investigations of
the presence of such clusters in U;O; phases were examined
recently and the clusters experimentally confirmed by neu-
tron diffraction experiments.?>2 In addition, the question of
clustering of oxygen atoms in the UO,-U4Oq_, system was
recently addressed by the use of x-ray absorption spectros-
copy methods.?”?® In marked contrast to previous experi-
ments, the formation of oxo groups with small U-O distances
associated with U(VI) and the surprising presence of a glassy
part in the uranium sublattice were reported.
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Three closely related phases of U Oqg_, exist between
room temperature and the triple point: the low-temperature
a-U,0y_, phase is stable below 65 °C; the medium tempera-
ture B-U,Oq_, phase is stable in the range 65-600 °C; the
high temperature y—U,O,_, phase occurs above 600 °C.?
Both the B-U4Oq_, and’ v—-U409_, phases are cubic,
whereas the @—U4Oy_, phase is very slightly distorted to
rhombohedral (@=90.078°).3° The space group of the
B-U,0y_, phase and the y—U,Oq_, phase is 143d, as is the
a—U40q_, phase if the rhombohedral distortion is neglected.
U,40y_, exhibits long-range ordering with a superlattice con-
taining 4 X 4 X 4 fluorite cells. This phase is an ordered de-
rivative of the disordered UO,,, phase. The identification of
the nature of anionic clusters in U4Oq_, is of considerable
importance since ordered structures normally contain the key
to understanding their disordered parents, i.e., UO,,, in the
present case, and may also provide insights into the defect
aggregation in other fluorite-based uranium oxides (such as
U;0; oxides).

The channeling of light particles in a crystalline material
is a well established technique to investigate the structure of
a solid and to quantify the local concentration of defects.?-3?
The channeling phenomenon occurs because atomic rows
and planes steer incoming charged particles in the crystalline
structure. The probability of close encounter of incoming
particles with lattice nuclei is reduced by two orders of mag-
nitude with respect to the cases of polycrystalline or amor-
phous matter. One of the most important applications of this
technique concerns the lattice location of a diluted foreign
element embedded in a crystalline structure. Development
over the years of efficient computer simulation codes33-38
describing the behavior of charged particles in a monocrys-
talline material allows us to extend the use of this technique
to the study of more complex defect structures occurring in
nonstoichiometric materials, and more specifically to the
case of the anionic defect aggregates existing in anion-excess
fluorite-related phases in the uranium-oxygen system.

The understanding of the complex structure of nonsto-
ichiometric phases is classically investigated by diffraction
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techniques, high resolution electron microscopy, and com-
puter modeling.’**° However, serious difficulties arise in the
determination of the complex cluster structures existing in
anion-excess uranium oxides. Classical diffraction tech-
niques provide information averaged over many unit cells
and they are not fully adapted for the characterization of
highly defective materials. Electron microscopy is playing an
increasing role in studies on nonstoichiometry in the
UO,-U,0y_, system. High resolution images of UyOq_,
with a resolution approaching the atomic scale were recorded
and tentatively interpreted in terms of the presence of cub-
octahedral aggregates distributed within the fluorite-type
matrix.*! Conversely x-ray spectroscopic methods, sensitive
to short-range order around each absorbing atom, give us a
useful structural method directed toward the identification
and localization of defect aggregates. In addition to the pre-
viously mentioned techniques, the channeling analysis pre-
sents a unique tool sensitive to both global distortions of
atomic rows and planes, i.e., medium to long-range order,
and atoms displaced off their regular crystallographic posi-
tions, i.e., short range order.33> Therefore this duality of the
channeling technique provides us with a complementary way
to investigate the structure of defective materials at an inter-
mediate scale between diffraction and spectroscopic meth-
ods.

The main objective of the present work is to examine by
the channeling technique and computer simulation code the
structure of the uranium sublattice and of the various oxygen
clusters proposed in the literature for the structure of U4Oq_,.

II. EXPERIMENTAL

U4Oq_, single crystals were prepared by the method of
oxygen transfer.*>~*> The principle is controlled oxidation of
UO, single crystals into U40q_, by the oxygen released by
the thermal dissociation of U3Og when both oxides are
heated together in vacuum. Slices of crystalline UO, were
cut from a large single crystal which had been oriented by
x-ray back-reflection Laiie photography. One side of each
UO, slice was mechanically polished down to 0.25 um to
produce a mirror finish. Samples were then annealed at
1400 °C in an Ar/H, (10%) reducing mixture in order to
remove the damage induced by the polishing process and
restore the stoichiometric composition. The starting U;Og
powder was heated at 500 °C under air to provide the exact
stoichiometry O/U=2.667. Calculated amounts of stoichio-
metric UO, single crystals and U3;Og powders were then
placed in an evacuated quartz tube and heated for one month
at T=1100 °C. The final composition of samples was ex-
pected to be 2.243+0.001, i.e., in the homogeneity range for
the U4Oq_, phase.** The actual composition was determined
by weight gain measurements performed on single crystals:
2.242+0.001. X-ray diffraction (XRD) analysis has demon-
strated that the samples exhibit the characteristic features of
the U4Oqy_, phase, i.e., the presence of super-lattice lines, due
to the systematic displacements of uranium atoms to
form a 4X4X4 superstructure. The cell parameter is a
=2.1768 nm, in agreement with reported values.**

The ion channeling backscattering technique was applied
to investigate the crystalline structure of U4Oq_, single crys-
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tals. Channeling experiments were performed using the
ARAMIS facility* at the CSNSM-Orsay with a “He beam of
3.085 MeV energy in order to sense simultaneously both the
U sublattice via backscattered “He ions from the U atoms
and the O sublattice by the use of the '°O (*He,*He) '°0
elastic scattering resonance occurring at 3.038 MeV.4748
Random backscattering spectra were recorded using a rotat-
ing random procedure with a tilt angle of 4° from the normal
to the surface of the sample in order to avoid channeling
effects. Angular scans were performed by means of a
computer-controlled four-motor goniometer (two axes of ro-
tation and x-y translation). Backscattered “He were regis-
tered in a silicon surface barrier detector located at 165°. The
energy resolution of the experimental setup was 15 keV, cor-
responding to a depth resolution of about 10 nm.

The Monte Carlo MCCHASY code (developed at SINS
Warsaw) was used to interpret channeling data.>® The code
was adapted to take into account very large and complex unit
cells. Both the Monte Carlo method and the nuclear-
encounter probability approach were applied.*3 The principle
of this method lies in the accumulation of probabilities of
close collisions of the projectiles (helium ions) with target
nuclei when the projectiles pass through the crystalline struc-
ture in a direction close to a low-index axis. The crystal
structure is treated as a sequence of monolayers. Interactions
of the projectile with all atoms located within a 500-pm ra-
dius circle centered at the impact point are considered. Small
changes of the vector of the projectile velocity are deter-
mined by assuming the Ziegler-Biersack-Littmark potential
for the interaction between the projectile and target atoms*
and by using the Gauss-Mehler quadratures.’>>! Energy loss
was calculated with the classical Lindhard approach:>? half
of the energy loss of a nonchanneled projectile is indepen-
dent of its trajectory while the second half is proportional to
the local concentration of electrons. Typically about 10° pro-
jectile trajectories are calculated in a single run of the code.

III. RESULTS
A. Composition of the sample

Random backscattering spectra recorded on UO, and
U,0y_, single crystals are presented in Fig. 1. The spectra
can be resolved into two signals: (i) the backscattering of
*He ions from the U atoms located up to a depth of 2.5 um;
(ii) below ~1.1 MeV the signal of the “He ions from the O
atoms is barely visible, except the presence of a small peak
caused by the elastic scattering resonance on %0 corre-
sponding to atoms located at a depth 50—200 nm. The spec-
trum recorded on the U,Oq_, sample exhibits a deficiency in
the U backscattering yield with respect to the spectrum re-
corded on the UO, sample. Such a deficiency is attributed to
the change in the energy loss of analyzing particles due to
the incorporation of one extra oxygen atom per unit cell in
U,0,_, compared to U4Og(i.e., UO,). Fits to the experimen-
tal data performed by means of the RUMP code (Fig. 1) pro-
vide a quantitative evaluation of the composition of the
U40y_, sample, using the UO, sample as a reference and
assuming that the Bragg rule for stopping power calculations
is fulfilled.”*>* The mean composition of the U4Oq_, sample
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estimated by this method is O/U=2.21+0.02, in fair agree-
ment with the measured composition deduced from weight
gain measurement O/U=2.242+0.001. The difference may
be attributed to the accuracy in the calculation of stopping
powers. Note that the surface of the sample (over a depth of
~30 nm) is overoxidized with a composition O/U ~2.5 (see
the small depletion in the U4Oq_, random spectrum below
the sample surface). An additional and independent determi-
nation of the sample composition (in the range 50—200 nm)
was performed by integration of the resonance oxygen peak
of the UO, and U,Oq_, crystals. The precision of this method
is limited by the high background produced mainly by the
scattering from the U atoms, superimposed to the oxygen
resonance. The composition of the U4Oq_, crystal estimated
by this method is O/U=2.3+0.1, in agreement with previous
results.

B. Channeling analysis

Spectra recorded in the main (110) axis are also presented
in Fig. 1 for both UO, and U4Oy_, crystals. The yield of
aligned spectra normalized to random ones in the surface
region is displayed in the inset. Both spectra exhibit the pres-
ence of a surface peak corresponding to backscattered ions
from the first monolayers. The aligned spectrum recorded on
the UO, single crystal exhibits an excellent channeling be-
havior attested by a value of the minimum axial yield x.,
=0.012 and a very low dechanneling level versus increasing
depth. The similar aligned spectrum recorded on the U4Oq_,
single crystal appears to be at variance with the UO, case.
Indeed, although the minimum axial yield measured in the
surface region of the sample is still low, x;,;,=0.023, a much
larger dechanneling level versus increasing depth is ob-
served. Such a behavior is related to the progressive scatter-
ing of the incident *He ion beam from U atoms slightly
displaced from regular positions in the fluorite matrix and to
the presence of extra O atoms in the U4Oq_, structure.

A structural analysis was performed by recording angular
scans across the three major low-index directions of the
single crystals: [110], [100], and [111]. The U signal was
integrated from the surface of the sample (surface peak ex-
cluded) over a depth of 100 nm. The O signal was extracted
from the strong background due to the U signal and it was
integrated in the range 50—200 nm. Figure 2 display various
angular scans recorded across the three major axes for UO,
and U,Og_, crystals. Tables I and II summarize the values
found for the minimum axial and planar yields for the vari-
ous crystallographic directions investigated.
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FIG. 1. RBS spectra recorded on (110)-oriented UO, (full sym-
bols) and U40q_, (open symbols) single crystals in aligned (dia-
monds) and random (circles) directions. Solid lines are fits to ran-
dom RBS spectra using the RUMP code (Ref. 53) and assuming
samples of constant composition O/U=2.00 and O/U=2.21, which
correspond to UO, and U40q_, stoichiometries, respectively. Inset:
details of normalized aligned spectra recorded on (110)-oriented

UO, and U 0q_, single crystals in the surface region.

Angular scans recorded on the UO, sample exhibit the
characteristic features of a single crystal with the fluorite-
type structure.>>> The dips are interpreted by considering
both the large difference in the steering force acting on the
probing *He ions between the two types of lattice atoms, due
to the large difference in atomic numbers, and the variations
in atomic structure along the various rows and planes:

(i) Along directions where atomic rows or planes are mo-
noelemental (i.e., two separate sets of rows or planes, each
consisting entirely of a single element)—e.g., (110), (100),
{100}, {111}—the interaction of ions with lattice atoms ex-
hibits a distinct orientation dependence for each sublattice. In
this case the dips recorded on the U sublattice are much
wider and deeper than those recorded on the O one due to the
stronger steering action.

(ii) Along directions where atomic rows or planes are di-
elemental (i.e., containing both elements)—e.g., (111),
{110}—the orientation dependencies for the interaction of
the beam with U and O sublattices are identical. In such a
case the much higher potential of U atoms governs the tra-
jectory of analyzing particles along dielemental rows or
planes and the role of O atoms is negligible.

TABLE I. Minimum aligned axial yields on UO, and U4Oq_, single crystals for the various crystallo-
graphic directions investigated. The signal on U atoms was integrated over a depth of 100 nm. The resonance
signal on 150 atoms was integrated in the range 50—-200 nm. The energy of the “He beam is 3.085 MeV.

Uranium Sublattice

Oxygen Sublattice

Axis U0,
(100) 0.026
(110) 0.012
111) 0.055

U,0,
0.045
0.023
0.084

U0, U,0q.,
0.16 0.49
0.14 0.58
0.05 0.20
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single crystals (a) across the [110] direction along the (001) plane; (b) across the

[110] direction along the (110) plane; (c) across the [100] direction along the (001) plane; (d) across the [111] direction along the (110)
plane. Black (gray) data and fits correspond to U4Oq_, (UO,). Full and open squares are data recorded on the U and O sublattices,
respectively. Solid lines are fits to experimental data aséuming (i) a defect-free UO, single crystal; (ii) the BGW model and parameters:
qu=1.8; q0=2.0; ro=308 pm (see Sec. IV B). Amplitudes of thermal vibrations are uy (UO,)=uy (U4O09_;)=6.5 pm and ug (UO,)

=up (Us0y_y

Angular scans recorded on UO, were reproduced by per-
forming Monte Carlo simulations assuming a defect-free
UO, single crystal. It was assumed that both U and O atoms
vibrate isotropically. A satisfactory agreement between ex-
perimental and calculated dips is obtained by setting the val-
ues of one-dimensional root-mean-square (rms) amplitudes
of thermal vibrations uy (UO,)=6.5 pm and ug (UO,)
=9 pm, for U and O sublattices, respectively (Fig. 2). Such
values are in good agreement with the ones derived from
neutron diffraction, x-ray spectroscopy techniques, and crys-
tal dynamics.®27:28.60-63

Scans recorded on the U Oq_, single crystal (Fig. 2)
present the same basic features as those recorded on
UO,—since the basic fluorite framework is preserved—but
they also exhibit striking differences for both sublattices:

(i) U scans recorded across the various axes and along
both planes are much narrower than those recorded on UO,.
This strong reduction proves that a portion of the U atoms is

TABLE II. Minimum planar yields on UO, and U4Oq

)=9 pm. Tilt angles are defined with respect to the [110] direction.

displaced with respect to the ideal fluorite positions. As a
matter of fact the influence of positions of O atoms on the
shape of U scans can be neglected for the specific case of
uranium oxides.%* This observation is in agreement with sys-
tematic small displacements of U atoms from fcc positions
evidenced by x-ray, neutron, and electron diffraction
analyses.320-74.29.30,65-79

(ii) The channeling yield on U atoms in both investigated
planes is largely enhanced with respect to UO, with typical
values 0.40 and 0.45 for (001) and (110) planes, respec-
tively. Thus, both monoelemental {100} U planes as well as
dielemental {110} planes are distorted due to displacements
of U atoms in the U;Oq_, crystal.

(iii) A strong increase in the minimum axial yield re-
corded on the O sublattice is evidenced with respect to UO,,
irrespective of the crystal orientation. Nevertheless a well
pronounced dip is observed for the three main crystallo-
graphic directions, supporting the fact that the O sublattice is

_y single crystals for the various crystallographic

directions investigated. The signal on U atoms was integrated over a depth of 100 nm. The resonance signal
n '°0 atoms was integrated in the range 50—-200 nm. The energy of the “He beam is 3.085 MeV.

Uranium Sublattice

Oxygen Sublattice

Plane U0, U4O09_,
{100} 0.25 0.40
{110} 0.35 0.45
{111} 0.25 0.35

U0, U,0q.,
0.85 1.15
0.30 0.60
1.0 1.25
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FIG. 3. (Color online) Two-dimensional unit
y400 cell of the (110) projection of B—U,40,_,. Edges
2 of O cuboctahedra are represented by solid lines.
For visualization purpose all displacements of
atoms located near fluorite sites are twice as large

as those specified in Table 4 of Ref. 24.
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still very well organized. In particular, the large dip exhibited
in the [110] direction differs from the absence of channeling
in this direction previously reported by Matzke, Davies, and
Johansson.®

(iv) A weak flux-peaking effect is observed for O along
the monoelemental (001) plane with a typical value of 1.15.
Due to the peculiar configuration of monoelemental O planes
which are located at half distance between U planes, O atoms
displaced from their regular ideal fluorite positions are ex-
posed to the flux of channeled ions. Conversely, a very good
channeling behavior is still present for O along the dielemen-

tal (110) plane. Both observations indicate that the major
part of oxygen atoms still lie in these planes or are displaced
only by a small distance from them. Since planar channeling
sensed on the O sublattice is very sensitive to atomic disor-
der in both sublattices these results prove that the crystals
possess a high degree of atomic ordering.

Angular scans recorded on U Oq_, were reproduced by
performing Monte Carlo simulations (see Fig. 2) and the
results are discussed in the following section.

IV. DISCUSSION

As aforementioned, analytical techniques investigating
the long-range order of fluorite-type uranium oxides (such as
x-ray, electron, and neutron diffraction techniques) and more
local investigation techniques (such as x-ray absorption spec-
troscopy) give different pictures for the structure of oxygen-
enriched uranium dioxide. In fact the structures of both
uranium and oxygen sublattices differ. Long-range order
techniques demonstrated that the wranium sublattice of
uranium oxides in the range UO,—-U,Oq4_, is only slightly
affected by the incorporation of extra oxygen
atoms,6-10.20-24.29.30.6579 Iny - particular, the U4Oo_, oxide
forms a 4 X 4 X 4 superstructure where U atoms are slightly
displaced from their regular fluorite-type positions in a sys-

-y

tematic pattern. The face-centered-cubic structure is thus es-
sentially preserved. Figure 3 shows the projection on the
(110) plane of the positions of U and O atoms according to
the most recent diffraction experiments;24 it evidences the
systematic small displacements of U atoms from fecc-type
positions. This description is challenged by a local investiga-
tion of the structure of those oxides by EXAFS.?”?® Authors of
this latter work proposed that a large fraction of the material
remains largely intact (i.e., a UO,-like crystal) while the re-
maining part is considered to be in a “spectroscopically silent
glassy state.” Similarly large differences in the oxygen sub-
lattice between UO, and U,Oq_, were evidenced. Both local
and long range order techniques revealed that the extra oxy-
gen atoms are incorporated into defect aggregates. Diffrac-
tion techniques indicated that O atoms form Willis-type or
Bevan-type clusters characterized by rather long U-O bonds
(typically 220—240 pm),®-1020-2479 while local techniques
prioritize oxo groups with typical short U-O distances
(174 pm).?7?8 In this work, the validity of the various de-
scriptions of the U4Oq_, structure previously proposed is ex-
plored by the use of Monte Carlo simulations of channeling
data. The various models are tested in the framework of two
classes of descriptions: (i) a statistical description where U
and O atoms are sited on regular or interstitial positions in
the fluorite-type cell with a given probability for a given site;
(ii) a crystallographic description where positions of atoms
are derived from the space group of the model to be tested.

A. Statistical approach

In this approach, the average cell of the U,Oq_, crystal is
analyzed by assuming that U and O atoms are located at the
UO, fluorite-type lattice and that extra O atoms are sited
at well-defined places in the cell according to given
probabilities. In such a description the long-range order
(i.e., the superstructure) of the crystal is not taken into
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FIG. 4. Angular scan on the U sublattice recorded on a U4Oq_, single crystal across the [110] direction at 13° from the (110) plane (black
squares). Solid lines are fits to experimental data assuming that (a) the rms thermal vibrations of U atoms uy (U4Oq_,) are enlarged; (b) a
fraction f; of U atoms is randomly dispersed in the structure and the remaining (1—f,) fraction is sited at fluorite-type >positions; (c) 5/12 of
U atoms are dispersed in the structure with a Gaussian distribution characterized by a standard deviation oy and the remaining 7/12 are sited
at fluorite-type positions; (d) atoms are sited according to the BGW description with parameters: qy; go=2.0; ro=308 pm (see text). An
angular scan on the U sublattice recorded on a UO, single crystal in the same conditions is plotted for comparison (gray squares); the solid
line assumes a defect-free UO, single crystal. Amplitudes of thermal vibrations are uy (UO,)=uy (Us0q_,)=6.5 pm.

account. This drawback is not crucial for the interpretation of
channeling data which are not sensitive to the presence of
superstructures.

1. Investigation of the uranium sublattice

In uranium oxides the ion channeling in the crystal re-
corded on the U sublattice is essentially independent of the
distribution of O atoms in the lattice.’®%* As previously dis-
cussed in Sec. III, experimental U dips are much narrower in
U40y_, than in UO,. Two structural models were attempted
to quantitatively reproduce the differences between channel-
ing angular scans recorded on UO, and U Og_,. The com-
mon aim of the models was to reproduce the apparent “dis-
order” of the U sublattice in U4Oq_, with respect to UO,. In
the first model, departures of U atoms from the fec locations
were reproduced by random displacements around these po-
sitions assuming a Gaussian distribution. In the second
model it was assumed that U4Oq_, is a mixture of two por-
tions: an unaltered structure of UO, and a glassy component.

a. U atoms located at fluorite-type positions. A first ten-
tative way to quantitatively reproduce the apparent disorder
in the U sublattice, i.e., U displacements displayed in Fig. 3,
is to enlarge the rms displacements of U atoms uy (U4Oq_,)
from their regular sites to account for additional displace-
ments exhibited by U atoms. In this approach both the static
(atoms displaced from regular positions) and dynamic disor-
ders (thermal vibrations) are fully accounted for by thermal
vibrations alone. As apparent from Fig. 4(a), the best agree-

ment between experimental and calculated angular scans is
obtained when the amplitude of atomic vibrations is fixed at
uy (U40q_,)=10.5 pm. This value is close to the one de-
duced from neutron diffraction experiments performed on
U,0y_, at room temperature uy; (U;09_,)=8.7 pm® and it
should be compared to uy (UO,)=6.5 pm for regular UO,.

b. Mixed crystalline and glassy model. In their work us-
ing EXAFS Conradson et al.”’?® proposed that a large part of
the U sublattice remains intact and that the remaining part is
in a glassy state.

First Monte Carlo simulations were performed assuming
that a given fraction f; of U atoms is randomly displaced in
the structure while the remaining part (1—f,) of U atoms is
still exactly located at ideal fluorite positions (as in UQO,).
Thus, in this model the U disorder is entirely accounted for
by the presence of amorphous zones in the sample. Fits to
angular scans were performed assuming that the rms ampli-
tude of thermal vibrations uy (U40y_,)=6.5 pm (as in UO,).
As is apparent in Fig. 4(b) no agreement can be found be-
tween the low experimental value of the minimum axial
yield and the narrowness of the angular scan, irrespective of
the amorphous fraction f. It is worth noting that a similar
disagreement is also obtained for other angular scans irre-
spective of the crystalline orientation. Besides it should be
emphasized that the low value of the minimum axial yield in
the O sublattice observed across every main crystalline di-
rection provides additional evidence that the presence of an
amorphous region is unlikely. Indeed the channeling behav-
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ior of ions in fluorite-type uranium oxides is essentially gov-
erned by the U sublattice.’®%* Thus any significant disorder-
ing of the U sublattice would lead to a strong increase in the
values of the minimum axial yields, a feature which is not
observed experimentally. The channeling results lead us to
conclude that the structure of U4Oq_, cannot be described by
the presence of amorphous zones scattered in an unaltered
UO, matrix.

In the description of U4Oq_, proposed by Conradson et
al.*? it is assumed that a given fraction f, of uranium
atoms is spread around fluorite-type positions with a Gauss-
ian distribution and that the remaining fraction (1-f,) con-
sists of atoms located at ideal fluorite positions. Values pro-
vided by fits of EXAFS data serve us as starting values to
reproduce angular scans.”’ A fraction f,=5/12 was modified
in the following way: 1 atom each is dispersed at +24 pm
and 1.5 atom each is dispersed at +12 pm from the original
fluorite-type positions, while the remaining fraction (1-f5)
=7/12 is unperturbed. Such distributions of U atoms dis-
persed from U rows were simulated by a Gaussian distribu-
tion characterized by a standard deviation oy. The rms am-
plitude of thermal vibrations was set to uy (UsOq_y)
=6.5 pm. Fits to reproduce the lattice disorder in the U sub-
lattice based on this description were performed by changing
the standard deviation of the Gaussian distribution. A good
agreement can be found between calculated and experimen-
tal dips assuming a value oy=13 pm [Fig. 4(c)]. This latter
value is much lower than the displacements deduced from
x-ray spectroscopy (in the range 19-24 pm) and it demon-
strates once again that U atoms are still located at or near
fluorite-type positions. Note that the present analysis is
fully consistent with the one performed in Sec. IVA la
where all U atoms (i.e., f,=1) are spread according to a
Gaussian distribution (attributed to thermal vibrations) with
a lower value of an equivalent standard deviation oy
=\u}(U400_,) —u(UO,) =110.52~6.57=8.2 pm. Thus, al-
though the presence of amorphous zones is excluded by the
channeling analysis, the presence of U atoms randomly scat-
tered at a small distance from regular U rows is compatible
with channeling data.

The main conclusion that can be drawn from this analysis
is that the U sublattice is only slightly affected by the incor-
poration of extra O atoms in the fluorite-type structure. This
result corroborates previous investigations performed with a
large class of experimental techniques.®20-2429,30.65-82

2. Investigation of the oxygen sublattice

In this section we investigate the presence of the main
anionic oxygen cluster proposed in the literature.

a. O atoms located at Willis-type clusters. Here the struc-
ture of UyOy_, is interpreted in terms of the presence of
Willis-type clusters. This classical description of U4Oq_, as-

sumes that the space group of the average cell is F43m.57

Uranium atoms occupy the exact fluorite positions (as in
UO,), whereas oxygen atoms occupy three positions: ideal
fluorite positions (a portion of those positions is not occu-
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pied), O’ atoms located at (%+v, %+v, %) positions, and 0"
atoms located at (%+w, %+w, S+w) positions. This model
includes four free parameters: the two displacement param-
eters v and w of O’ and O” atoms with respect to the octa-
hedral position, respectively, and occupancies of those sites.
To limit the number of free parameters in the analysis, occu-
pancies were fixed to their theoretical values predicted by the
pure 2:2:2 Willis-type cluster'® (i.e., exactly two vacancies in
the fluorite sublattice, two O atoms located at O’ positions,
two O atoms located at O” positions) and only positional
parameters (i.e., v and w) were allowed to vary. Since, as
discussed in Sec. IV A 1, experimental U dips are narrower
in UOqg_, than in UO,, the rms displacements of U atoms
from their regular sites were enlarged to account for addi-
tional displacements exhibited by U atoms: uy (U4Oq_,)
=10.5 pm. Figure 5 show experimental and calculated O an-
gular scans recorded across the [110] axis along the three

major planes, namely (001), (110), and (111), for selected
values of positional parameters (v,w). Fits to angular scans
were performed assuming that the rms amplitude of thermal
vibrations uq (U;Oq_,)=15 pm, in agreement with data de-
rived from neutron diffraction experiments performed at the
same temperature.® If additional oxygen atoms are located at
octahedral positions (corresponding to v=w=0), calculated
dips systematically underestimate O normalized yields both

in the axes and along (001) and (110) planes, whereas the
calculation overestimates the yield in the (111) plane. These
observations are consistent with the fact that extra O atoms
sited at octahedral positions are located in both {100} U
planes and in {110} dielemental planes, while they are lo-
cated at mid distance from two {111} O planes. The angular
scans confirm that extra O atoms are not located at octahe-
dral positions, as it was originally postulated in pioneering
works on U,Oq_,.05678384 When the amplitude of O dis-
placements from the octahedral position increases, calculated
axial and planar yields are drastically modified. It is worth
mentioning that experimental dips recorded on O atoms off
main crystallographic planes are not sensitive to the dis-
placements of O’ and O” atoms and thus provide no infor-
mation on the positions of extra oxygen atoms in the U,Oq_,
crystal. Best fits to experimental data provide values of the
displacement parameter in the range 0.10-0.15 for v and w
deduced from data recorded along the three considered
planes. Actually the best agreement averaged over the three
investigated planes is obtained for v=0.10; w=0.125 — (see
the Willis model in Fig. 6). Previous values reported for the
positional parameters v and w extracted from neutron dif-
fraction and EXAFS spectroscopy data on UO,,, and U,Oq_,
crystals range from 0.10 to 0.14, and from 0.06 to 0.15,
respectively, in excellent agreement with the present chan-
neling investigation,6-10:18.20,23,24,79.81.82

b. On the presence of oxo groups. One of the most puz-
zling aspects of the description of Conradson et al.?’?% is the
presence of oxo groups, i.e., short U-O distances. The re-
ported distance of those U-O bonds (174 pm) is characteris-
tic of the so-called “uranyl groups” as they are observed in
many U (VI) compounds and minerals with bond length in
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FIG. 5. (Color online) Angular scans on the O sublattice re-
corded on a U409, single crystal across the [110] direction along
the (001), (110), and (111) planes. Lines are fits to experimental
data assuming that U atoms are sited at ideal fluorite-type positions
and that extra O atoms form Willis-type clusters characterized by
the displacement parameters v and w. Amplitudes of thermal vibra-
tions are uy (U40q_,)=10.5 pm and ug (Us0q_,)=15 pm.

the range 170—210 pm.'~>% It is worth noting that they were
never evidenced by diffraction techniques in distorted
fluorite-type uranium oxides. Moreover the reported distance
dy.o=174 pm is considerably shorter than the characteristic
distance U-O perpendicular to the equatorial planes in lay-
ered uranium oxides, e.g., in the U;Og oxide, dyg
=207 pm. Since those groups are thought to exist essentially
as aperiodically disordered structures spread into the U4Oq_,
matrix, as evidenced by local techniques,?’-?® their tracking
by the channeling technique was a major challenge. The ura-
nyl group is characterized by strong covalent bonds with the
uranium atom forming a linear unit and by the presence of
extra ligands forming bonds within an equatorial plane per-
pendicular to the linear unit. The equatorial plane contains

Along (111)

-3 -2 -1 0 1 2 3
Tilt angle (deg)

FIG. 6. (Color online) Angular scans on the O sublattice re-
corded on a U409, single crystal across the [110] direction along
the (001), (110), and (111) planes. Lines are fits to experimental
data assuming that U atoms are sited at ideal fluorite-type positions,
extra O atoms are located at O’ sites and O” atoms form oxo groups
along (111)-type directions characterized by the U-O distance dy_q.
Amplitudes of thermal vibrations are uy (U4Og_,)=10.5 pm and
ug (Us0g_,)=15 pm.

typically between four to six bonds. A credible mechanism
for the formation of uranyl bonds in the fluorite-type struc-
ture is the displacement of two lattice oxygen atoms into
short U-O groups along a (111)-type direction. This scenario
would require the concomitant distortion of the oxygen cube
to create equatorial sites. The formation of uranyl bonds
along (111)-type directions is experimentally supported by
the structural relationship existing between fluorite-type and
layered-type uranium oxides evidenced during the oxidation
of UO, single crystals into U;04.'386-88 In the present work
the presence of uranyl groups was explored by assuming that
the totality of O” atoms considered in the Willis model forms
short uranyl U-O bonds along (111)-type directions. Note
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that the positions of the remaining displaced O atoms were
constrained to be located at the O’ sites, as determined in the
previous section, in agreement with both diffraction and
x-ray spectroscopy techniques. The remaining O atoms are
placed at fluorite-type positions. Thus, in this description,
short U-O bonds along (111)-type directions are randomly
spread into the structure. Figure 6 compare best fits obtained
by considering the Willis-type model (where v=0.10 and w
=0.125) with those obtained by varying the distance corre-
sponding to uranyl bonds. Such distances range from the
pure uranyl distance reported in the UO%+ aqueous ion
(dy.o=174 pm) to the upper limit corresponding to the dis-
tance reported in layered-type uranium oxides (dy.o
=207 pm). Although agreements between experimental data

and fits are poor for both (001) and (110) planes, the pres-
ence of uranyl groups cannot be ruled out on the basis of this
sole set of data. A much better sensitivity is obtained when
considering the channeling investigation performed along the
(111) plane. The disagreement between experimental data
and the simulation obtained along the (111) plane, whatever
the investigated oxo distance, led us to the conclusion that
the presence of a large amount of randomly dispersed uranyl
groups oriented along (111)-type directions in the crystal
structure (typically one O atom per U,Oq_, unit) is not com-
patible with our channeling data.

B. Crystallographic approach: Description in terms
of the Bevan, Grey, and Willis model

The model of B—U4Oy_, proposed by Bevan, Grey, and
Willis (referred to as the BGW model in the following) is to
date the most accurate description of the crystallographic
structure of this oxide.”>* It is therefore attractive to test
this model against our experimental data. The crystal struc-
ture of UyOg_, is interpreted in terms of the BGW model
based on the presence of ordered cuboctahedral clusters in
the 4 X4 X4 supercell structure with the space-group-type

143d. Although this model is strictly speaking limited to the
BB phase only (no fully satisfactory model has been proposed
for the room-temperature « phase), recent neutron diffraction
experiments revealed that similar cuboctahedral aggregates
also exist in the a phase at room temperature.®” The most

precise description requires that each cluster exhibits 43m
symmetry.>* In this case, the number of positional parameters
is too large (four positional variables for the U atoms and
eight for the O atoms) for a quantitative estimation based on
channeling measurements only. In order to limit the number
of free parameters, three positional parameters, gy, go, and
ro, were used to fit the angular scans. The values gy and gq
correspond to the factors by which the U(a,,) and O(b;_;)
positional parameters were multiplied, respectively. Symbols
a; and b; refer to the crystallographic positional parameters
defined in Table 4 of Ref. 24. The parameter rg is the radius
of the oxygen cuboctahedron. By using such an approach the
structural features of the BGW model are retained, while
departures from the neutron diffraction investigation are to
be determined by fitting gy, qo, and r against experimental
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channeling data. It should be pointed out that, in contrast to
the description in terms of Willis-type clusters, in the present
model the U sublattice is systematically distorted with re-
spect to the fluorite-type structure. Since the channeling tech-
nique is not sensitive to the difference between static and
dynamic disorders, the rms displacements of U and O atoms
were fixed at the value obtained on UO, single crystals at the
same temperature: uy (UsOy_,)=6.5 pm and uq (UsO0y_,)
=9 pm. Parameters qy, go, and rg were refined against ex-
perimental angular dips recorded across the three main crys-
tallographic axes. Best fits to experimental data are presented
in Fig. 2. The influence of gy on the width of U scans is
dramatic, as shown in Fig. 4(d). U dips sketched in Fig. 2 are
satisfactorily reproduced for the three main crystallographic
directions assuming gy=1.8+0.1. This result shows that the
broadening of U rows in U;O4_, determined by the channel-
ing technique is larger than the one derived from neutron
diffraction analysis on 5-U4Oq_,. An in-depth investigation
of the oxygen sublattice in the main [110] axis along (001),
(110), and (111) planes was performed (Fig. 7) by exploring

the influence of both go and ro. In the case of the (110)
plane, the variation of the width of O dips in the range —1
=W =1 is strongly influenced by go. Good agreement with
experimental data is obtained by setting g5=2.0+0.2. Figure
7 display the influence of the size of the oxygen cuboctahe-
dron on the O yield. Although the influence of rg in the
central region of the O dip is almost negligible, its value
imposes the O yield along the three investigated planes. The
best fit deduced from the present analysis leads to rq
=308 pm. This value is slightly larger than the one deduced
from the most recent neutron diffraction investigation per-
formed on a—U,Oy_, at room temperature: ro=299 pm.*

C. Comparison of the various models
1. Uranium sublattice

The channeling properties of the uranium sublattice of
U40y_, are substantially the same as those of stoichiometric
UO, (Fig. 2). U atoms are displaced from their fluorite-type
positions but are still located near those positions. The analy-
sis of channeling data excludes the presence of amorphous
zones in the crystalline structure. Conversely, other descrip-
tions are compatible with channeling data since U atoms are
spread around fluorite-type positions (either in a statistical
way or in a more sophisticated crystallographic description).
It is clear from our analysis that the channeling technique
alone cannot discriminate between these models for which
the projections of U atoms on the plane perpendicular to the
ion-beam direction are essentially the same. Nonetheless, the
value of the atomic displacement parameter in the statistical
description, uy (U4Oq_,)=10.5 pm [Fig. 4(a)], which is
much larger than the value uy (UO,)=6.5 pm derived from
lattice-dynamic considerations®! and from our channeling ex-
periments, cannot be explained by thermal displacements
alone and should be accounted for by the additional displace-
ments of U atoms from the ideal fluorite positions. A similar
conclusion was obtained for the mixed and glassy part
model. Thus, the present channeling analysis confirms that
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FIG. 7. (Color online) Angular scans on the O sublattice re-
corded on a UyOq_, single crystal across the [110] direction along
the (001), (110), and (111) planes. Lines are fits to experimental
data assuming that U and O atoms are sited according to the BGW
description. In this model extra O atoms form cuboctahedral clus-
ters characterized by their radius rq (positional parameters: gy
=1.8; go=2.0). Amplitudes of thermal vibrations are uy (U40q_,)
=6.5 pm and ug (U4Oq_,)=9 pm. '

the BGW model is still the most accurate description of
U404_, with respect to the U sublattice. This conclusion is
additionally supported by the comparison of experimental
and calculated spectra recorded at selected values of the
angle between the main crystallographic direction and the
ion-beam direction (Fig. 8). The excellent agreement ob-
tained from the surface up to a depth of more than a half
micrometer strengthens the arguments previously discussed
and confirms once again the exactness of the BGW model.

2. Oxygen sublattice

The question of the nature of oxygen aggregates in
U40q_, is a matter of controversy. For the specific case of
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FIG. 8. (Color online) Experimental spectra recorded on a
U,0y_, single crystal along the (001) and (110) planes at selected
values of the angle ¥ between the main crystallographic [110] di-
rection and the ion-beam direction: ¥=0° (circles); ¥=0.2°
(squares); ¥=0.4° (triangles up); ¥'=0.6° (triangles down); ¥
=1.2° (hexagons); ¥=3.0° (diamonds). Solid lines are fits to ex-
perimental data assuming the BGW model and parameters: gy
=1.8; g0=2.0; ro=308 pm. Amplitudes of thermal vibrations are
uy (Us09_,)=6.5 pm and ug (Us0q_,)=9 pm.

U409_, two major aggregates were proposed. The Willis-
type cluster contains two anion vacancies, two (110) intersti-
tial O atoms and two (111) interstitial O atoms. A larger
cuboctahedron cluster involving twelve O atoms was pro-
posed with the BGW model. As we discussed in Secs. IV A 2
and IV B, the channeling data recorded on the O sublattice
are in good agreement with Monte Carlo simulations based
on these two descriptions (Figs. 5 and 7). Nevertheless, the
relationship between the positions of extra O atoms predicted
by these two models should be emphasized. More precisely,
the positions of the twelve O atoms forming the cuboctahe-
dral arrangement coincide with the atomic positions of O’
interstitial atoms displaced along (110) in the average cell of
the Willis model. Similarly the thirteenth O atom located
inside the cuboctahedron is displaced along the (111) direc-
tion and corresponds to the O” interstitial atoms displaced
along (111) in the Willis model. Thus, the main difference
between these two models lies in the huge reduction of the
occupancy of O” sites predicted by the BGW model with
respect to the Willis model. Indeed the cuboctahedron cluster
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contains twelve O’ for one O” instead of one O’ for one O”
for the Willis-type cluster. The close connection between
these two descriptions partially explains that satisfactory
simulations of angular scans are obtained for both models
(compare Figs. 5 and 7). In fact, the radius of the cubocta-
hedron is linked to the v parameter characteristic of the Wil-
lis aggregate by the relation: r5=0.25v2a(0.5-v), where a
denotes the cell parameter. Thus, best agreements obtained
for the Willis and the BGW models coincide since the value
v=0.10 of the former model corresponds to ro=308 pm for
the latter one. Nonetheless, we must stress that several fea-
tures of the channeling data strongly favor the cuboctahedral
arrangement predicted by the BGW model versus the Willis
model. As in the previous discussion regarding the U sublat-
tice, the atomic displacement parameters obtained in the sta-
tistical description, ug (U4Og_y)=15 pm, is far larger than
the one required from the BGW model, ug (U4O0q_,)=9 pm,
which is equal to the value derived for a defect-free UO,
crystal. The latter value is analogous to values derived from
diffraction experiments performed on U4Oq_, crystals.* Sec-
ondly a careful analysis of angular scans performed along
various planes (Figs. 5 and 7) shows that simulations per-
formed on the basis of the Willis model reproduce the chan-
neling level along planes but fail to reproduce the level in the
axis. Simulations based on the BGW model fit the entire
range of angle both in planes and in the axis.

Finally the essential question of the presence of oxo
groups remains open. Our channeling data are not compat-
ible with the presence of a large quantity of oxo oxygen
atoms randomly located throughout the structure, typically
one oxo atom for nine O atoms in U4Oq_,. Due to the inher-
ent limitation of the technique in terms of displaced oxygen
atoms, the presence of some uranyl groups cannot be ex-
cluded on the basis of this channeling investigation. A typical
amount of 5-20% of oxygen atoms forming uranyl groups
can be inferred from the experiments of Conradson et al.”’
Although such a small amount cannot be excluded, all of our
channeling data can be fully explained without considering
uranyl bonds. This result confirms the absence of short U
-O groups in U40Oq_,, established very recently by the mea-
surement of the neutron correlation functions.”

V. CONCLUSION

The present study demonstrates that the investigations of
the structure of uranium oxides remain a compelling and
controversial topic, notwithstanding a half-century of exten-
sive research. The salient feature of this channeling work is
that U4Oq_, possesses a high degree of long-range atomic
ordering which confirms that its structure, based on the
fluorite-type UO, arrangement, is well organized for both U
and O sublattices:

PHYSICAL REVIEW B 74, 184114 (2006)

(i) The channeling data demonstrate that in U,Oy_, the fcc
uranium sublattice of UQ, is essentially conserved with only
small modifications in the U-U bond lengths, in agreement
with results established by a large class of experimental
techniques.®29-2465-82 Conversely, the presence of a hetero-
geneous structure in the U sublattice, composed of a mixture
of an intact UO,-like phase and of a second glassy phase
recently evidenced by x-ray absorption fine-structure spec-
troscopy (XAFS),?27 has to be excluded.

(ii) The rearrangement of the O sublattice due to the in-
corporation of extra O atoms in the UO, cell to form the
U,0y_, structure was also investigated. Channeling data
were successfully interpreted in terms of models in which
extra oxygen atoms form either 2:2:2-type clusters (with dis-
placement parameters v=0.10, w=0.125) or cuboctahedral
aggregates (characterized by displacement parameters gy
=1.8+0.1, ¢p=2.0+0.2, and cuboctahedron radius rq
=308 pm). Oxo groups, evidenced by XAFS spectroscopy at
short U-O distances (in the range 170-210 pm),?"? i.e.,
shorter than those established by diffraction techniques
(larger than 220 pm),®-1020-2479 were not found.

In summary, the crystallographic description, proposed by
Bevan, Grey, and Willis2® on the basis of neutron diffraction
experiments performed on S—-U,Oq_,, leading to an ordered
arrangement of cuboctahedral antiprism-type clusters in the
fluorite-type matrix, is the crystallographic model most com-
patible with our channeling data.

Finally, this work reports the contribution of channeling
and associated computational techniques to the study of the
nature of defect aggregates incorporated in nonstoichiomet-
ric compounds. In this respect, complex defect structures of
several classes of materials may potentially benefit from the
insight provided by this analytical technique, which can
serve as a complementary tool to classical diffraction and
spectroscopic methods. The highly controversial structure
of U305 is currently being investigated, in order to discrimi-

nate between the various aggregates reported for this
oxide, 1-5-25:26,78,81,82,91,92
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