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The structural relationships between the R, phase, existing in
the UQ;-U0,-La0,; system for the compositional range
U,.,La,0,,,(0.56 < y < 0.67), and the fluorite siructure have been
definitely established by means of electron diffraction. The determi-
nation of the structure has been carried out using both
X-ray and neutron powder diffraction. The R, phase constitutes
a partially cation-ordered fluorite-related structure, where La and
U/La layers alternate along [111];:. ‘The rhombohedral Iattice, in
ifs hexagonal setting, is related to the cubic fluorite substructure
by the relations a; = lac — ibe, by = by ~ lce, ¢y =
2(ac + b + c¢). The space group (R3m), cell parameters a,, =
3.9 A and ¢, = 18.9 A, and the refined structure show that
the Ry;; phase can be considered as isomorphous to the CaUQ,
structure. © 1994 Academic Press. Inc.

INTRODUCTION

For the U0,~U0,-La0, s systcm, the existence of two
fluorite-related rhombohedral phases, denoted Ry, and
R,. which transform reversibly into the high-temperature
fluorite phase at about 1200°C has been reported (1). The
R phase was initially reported by Koshcheev and Kovba
(2) who assigned to it the formula U,05 - 2La,04 (M,0,,).
However, Diehl et «f. (1, 3) indicated that the Ry, phase
is formed between the limits 55 mole% 1.a0, 5 and 66.7
mole% LaO, s (M O,,), and the O:(La + U) ratio is con-
stant at 2.00, which implics a fully occupied fluorite-type
lattice (4).

Recently, we presented (5) general features relating the
chemical composition anadyzed by means of several tech-
niques and geometrical chavacteristics of the luorite lat-
tice in the compositional range U, _, La 0,., {(0.56 <= y =
0.67) which corresponds to the R, phase field. Using ED
patterns and HREM we showed that samples quenched
from 1400°C present diffuse scattering centered around
Bragg reflections of the fluorite phase. This phenomenon
has been discussed in terms of microdomain formation of
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the rhombohedral Ry, phase. This phase was obtained as
a single phase when samples with these compositions
were annealed at 1100°C (6). However, a detailed analysis
of the crystal structure of this phase is still lacking.

On the other hand, for U,_,La,0,., (0.70 = y = 0.80)
a similar microdomain texture has been obtained in the
fluorite high-temperature phase. In this case, microdo-
mains have the 8| structure and the annealing of materials
results in formation of the R, phase as a singic phase. It
has been desceribed as a superstructure V2a, x V2a, x
\/Eac of the cubic fluorite structure (7).

According to the data mentioned above, the aim of this
work is to establish the structural relationships between
the Ry, phase and the fluorite-type structure as deduced
from electron diffraction patterns, as well as the complete
determination of the structure of the R phase by means
of X-ray and neutron powder diffraction data.

EXPERIMENTAL

Samples within the compositional range U,_,La,0;.,
{0.56 = y = (.67) were prepared as described elsewhere
(5). All materials after being synthesized at 1400°C were
annealed at 1100°C for 200 hr. Oxygen determination,
X-ray photoelectron, and near-FT-IR spectroscopy were
performed as detailed in Ref. (3). They were also chemi-
cally analyzed by using an ICP {inductive coupled plasma)
method, with a Perkin-Elmer Plasma 40 emission spec-
trometer,

Powder X-ray diffraction patterns were recorded on
a Siemens D-501 diftractometer using monochromatized
CukK, radiation. Diagrains were scanned by steps of 0.02°
(26) and 5-sec/step counting time. 'The scans were made
in the range 10° = 26 =< 100°.

Neutron diffraction experiments were performed at
several temperatures (indicated in Table 4) on the I}igh-
resolution powder diffractometer D2B, A = 1.595 A, at
the Institute Laue-Langevin in Grenoble. We used a
furnace with a vanadium resistor operating at a vacuum
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of pO, about 10~ atm for temperatures above room tem-
perature. The experiment carried out at — 100°C was per-
formed using a standard Orange cryostat. The step size
for these experiments was 6.05° in 26 and the explored
angular range 10-150° (26).

X-ray and neutron diffraction data were analyzed using
the method described by Rietveld (8) with the program
FULLPROF (9). In both cases, a pseudo-Voigt function
was chosen to generate the shape of the diffraction peaks.

The neutron scattering lengths of the chemical elements
involved are by, = 8.24 fm, b, = 8.417 fm, and b, =
5.805 fm. Therefore, neutron diffraction experiments can-
not discriminate directly between the ordering of La and
U ions; however, oxygen ions can be very well localized.
X-ray diffraction acts as a complementary technique: the
atomic numbers of U, La, and O are in such a relation
that U and La can clearly be distinguished and O scatters
so weakly that the positions cannot be precisely deter-
mined.

RESULTS

The results of the chemical analysis of uranium and
lanthanum indicate that there is no appreciable volatiliza-
tion of the metallic elements in our samples compared to
the starting nominal compositions.

Materials quenched from 1400°C showed X-ray powder
patterns characteristic of the fluorite structure (space
group Frm3m) (Fig. 1a). Cell parameters are listed in Table
1. The proposed formulation for these samples (Table 1)
has been deduced from chemical analysis, oxygen content
determination, X-ray photoelectron, and near-FT-IR
spectroscopy, as explained in Ref. (5).

Annealing of these materials at 1100°C for 200 hr leads
to the formation of the K ;; phase as a single phase, as
shown in the X-ray diffraction diagrams (Fig. 1b). Cell

323

°20 20 30 a¢ 50 60 20 [
) R s L et 1 L

HO.Q La 06 01.98

Q -
i A
9 - 0
J b s X
0, L, 10

04 *06s2.040

Lt}
5
N
LYY
o 20 30 40 50 60 70 a0

FIG. 1. X-ray diffraction patterns of the material v = 0.60 (a)
quenched from (400°C (fluorite phase) and (b) annecaled at [[00°C
(R phase).
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parameters of the hexagonal cell are gathered in Table 1.
In this case, the formulation has been deduced on the
basis of chemical analysis results and oxygen content
determination, assuming for uranium atoms the same oxi-
dation state distribution as in materials quenched from
1400°C, that is, U** and U**. All compositions included
in this table can be expressed by the general formula

4+ 6+ I+ Ny2-
Ulf.r—l.i\‘U_rJr(].SyLay 037,

Materials with the fluorite-type structure are slightly
oxygen deficient, while R samples ¢an be considered as
nearly stoichiometric. What makes this possible is the
increase in the relative amount of U®* with increasing
lanthanum content.

The relationship between both structures can be estab-

TABLE 1
Compoasition, Cell Parameters, and Proposed Formulation for Materials U, _ Aa,05y,
Quenched from 1400°C and Annealed at 1100°C

Materials quenched from 1400°C

Materials annealed at 1100°C

Lanthanum
content Cubic cell Hexagonal cell
(v) Formulation parameter (A) Formulation parameters (A)
0.56 U UShLai%0,9  ac = 5.5284(1) UiisUSsLaikO.g  ay = 3.94(3)
ey = 18.81(5)
0.60 UE‘,‘YIUEEHLaa‘wO,_% ue = 5.5385(2) USEQUgi{,Laﬂ.&OEU, ay = 3.9453(1)
ey = 18.8943(8)
0.64 UdiUs5Llaia0 0 ac = 5.5477(4) UdiUSuLaiiOag ay = 3.93(3)
cy = 18.94(”
0.67 UghsUikLaitOrys  ac = 5.5533(4) Ui UShlals05e  ay = 3.94(1)
oy = 18.97(2)

Nore. Estimated error in the oxygen content determination, *0.0].
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lished from the corresponding electron diffraction pat-
terns. Figure 2 shows the selected area for electron dif-
fraction patterns of the material y = 0.60 corresponding
to the [110]¢, [111]¢, {121]¢, and [332]. orientations of
the fluorite cell (left-hand side) which are parallel to the
[100]y and [0011, projections of the hexagonal cell of the
Ry;; phase and to the [001], and [0T1], of the same phase
in the rhombohedral setting (right-hand side) (subscripts
C, H, and R refer to cubic, hexagonal, and rhombohedral
cells, respectively). The reader can easily verify, from
Fig. 2, that the relations between the reciprocal (direct)
cells of the cubic-fluorite structure and the reciprocal (di-
rect) cells of the Ry phase are

Hexagonal setting:

af = 4/3a2 — 2/3b¢ — 23k, ay = 1/2ac — 1/2be

it

by = 2/3a% + 2/3b% — 4/3ck, by = 1/2bc - 1/2¢,

e = 1/6(ag + bE + ¢), cy = 2(ac + be + ¢¢)
Rhombohedral setting:
af = 1/2a% — 1/2b% + 3/2¢ck, ag = 1/2a¢ + 1/2bg + ¢
bE = 3/2a% — 1/2b% — 1/2¢2, by = ac + 1/2be + 1/2¢c
cf = —12a% + 3/2b% — 1/2¢k, eg = 1/2ap + be + 1/2¢c.

From these relations one may obtain the dimensions of
the direct cell parameters: ay ~ VI/2ac, cg = 2\/§ac,
ag = V3/2 ac, and &« = 33°. The calculated values are in
good agreement with those obtained from X-ray powder
diffraction data: ay = 3.9453(1) A and cy; = 18.8943(8)
A; ag = 6.697(5) A and ap = 34.26°.

Figure 3a schematizes the relationship between the cu-
bic and the hexagonal cells in the reciprocal space, while
Fig. 3b shows the relation between both direct cells.

STRUCTURE ANALYSIS AND REFINEMENT

According to the above indicated data, the R phase
can be considered as a superstructure of the fluorite cell,
and its formation is explained on the basis of an ordering
in the cationic sublattice. A model that would account for
the fluorite & R, transformation has been outlined in
Fig. 4, in which only the cationic arrangement has been
represented. It can be derived from the UQ, cell, by an
ordered substitution of uranium atoms for lanthanum
atoms. The corresponding compositions depending on the
La content are indicated. The resultant cationic sublattice
is then built up by a sequence of La and mixed U/La
layers that alternates in an ordered way along the [111)¢
direction. This model closely resembies the CalUQ, struc-
ture (space group R3m) (10, 11), and therefore the struc-
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FIG. 2. Selected area diffraction patterns of the material y = 0.60:
(left) quenched from 1400°C (fluorite phase); {right) annealed at 1100°C
(R phase). Zone axes are indicated.

ture analysis on the material y = 0.60, that may be formu-
lated as La, 5yl 504 02, was made by assuming the same
space group.

X-ray diffraction confirms (see Fig. 5) unambiguously
the cation ordering postulated. The structure factor for
allowed reflections in space group R3m, neglecting tem-
perature factors, can be written for the Ry, phase as:

F(hiD) = 31f5, + (= 1) fyy + 2fon {cOs(2mz,])
+ cos(2mzD)H = 3[fy, + (= D'fil,

where [, (W = 3a, 3b) stands for the scattering factor of
the average atom occupying the Wyckoff position W, f,,
is the scattering factor of oxygen, and z, and z, correspond
to the z coordinates of the two positions 6c occupied by
axygen atoms. A complete disordered structure produces
nearly zero intensities for reflections having an odd ! in-
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U0, unit cell

T: Uglay0y5 = Ugyslag 2500; U
2: Uelay045 = Uggaslag 750, 8O = Haart 2.0
3: U Lla, 045 = UgenoldnsmCa
FIG. 4, 3chematic model accounting for the fluorite — Ry transfor-

mation; only the cationic sublattice is shown. Compositions are referred
to the two indicated cubes,
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Representation of the Ry hexagonal lattice showing the relative orientations with respect to the cubic fluorite cell: {a) reciprocal

dex. This is shown in the inset of Fig. 5, where reflections
{003) and (i01) are clearly seen and there is no intensity
calculated with the disordered model. The refinement of
the occupation of the two sites establishes that there are
nearly no U atoms in the 34 position, within an experimen-
tal error estimated in 5o, where o is the least-square
standard deviation. The X-ray diffraction pattern is af-
fected by some systematic errors because the overall tem-
perature factor is negative; however, this has a minor
influence on the value of the cation distribution param-
eters.

Although the information given by X-ray diffraction
data allows the localization of the heavy atoms, a more
accurate determination of the light atom positions can
be achieved from neutron powder diffraction data. The
observed and calculated neutron diffraction patterns are
shown in Fig. 6. Moreover, the M-0 distances obtained
from neutron diffraction provide an independent (and indi-
rect) test of the cation distribution: shorter M-0O distances
are indicative of the presence of smaller U* ions. In Table
2 crystallographic data and fractional atomic coordinates
obtained from neutron Rietveld refinement are given; in
Table 3 the most significant interatomic distances and
angles are presented.

Neutron diffraction patterns were performed at temper-
atures gathered in Table 4, in which cell parameter values
at each temperature are shown. From these values, ther-
mal expansion coefficients for ay and cyy (a, = 1/a, - da,/
dT;i = ay and cy) have been calculated. They show a
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variation with temperature that can be fitted to a second-
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FIG. 5. Calculated (—) and experimental {O) X-ray diffraction profiles for material y = 0.60 annealed at 1100°C.

order polynomial expression a = Cy + C,T + C,T%; the
equations relating ay and ¢y values with temperature are

aplt) = ay(Ty) (1 + 1.6789 x 10757 + 5.2284 x 107°7?
4+ 51914 x 1012 x T

4000

cu(T) = cy(Te) (1 + 1.6518 X 10757 + 1.8284 x 1072

+ 1.6256 % 10712 x %),

—100°C.

where ay(7T,) and cy(7;) stand for cell parameters at
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FIG, 6. Calculated (—) and experimental (O) neutron diffraction profiles for material y = 0.60 annealed at 1100°C.
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TABLE 2
Neutron Data Collection, Structural Parameters, and Rietveld Refinement Data for
Lay 3Ug.50040; (Ry) Phase)

10-150° 20
—100°C

Scan range
Temperature

Space group R3m

No. of reflections 86
Structural parameters [0
Profile parameters 16

No. of fitted parameters 26

Background corrected R factors (%)

(Hexagonal setting) R, =111

ay = 3.94275(5) é o= 90° Ry, =125

by = 394215(HA B = 9 Ry, = 3.68

cy = 18.8789(3) A vy = 120° X = |1.5

V=254160A° Z= 3 Rpg = 438

Anisotropic temperature factor
(% 10Y

Atom X ¥ Z B = fn By B = By P.F.
Lal 0.0000 0.0000 0.0000 76.90 2.50 38.30 0.5000
La2/U 0.0000 0.0000 0.5000 60.52 2.60 30.26 0. 1000/0.4000
Qi 0.00006 0.0000 0.1334(6) 365.70 8.40 183.00 [.0000
a2 0.0000 0.0000 0.3847(7) 181.80 15.00 91.00 1.0000

DISCUSSION OF THE STRUCTURE

From the above results, it follows that the rhombohe-
dral R,, phase can be regarded as a deformed fiuorite-
type structure and can be derived from it by a slight
compression along one of the threefold axes. Both La and

TABLE 3
Selected Interatomic Distances (A) and Angles
(Degrees)

Distances {A)

Atoms or Angles (degrees)
La(11)-20(11) 2.5184(4)
-60(23) 2.4744(7)
O(1)-La(11)~-0¢12) 180.000
01 )-La{1)-0{23) 66.912(5)
O )-La(11)~0{26) 113.088(5)
U/La(21)-2021) 2.1767(3)
-60{14) 2.3615(2)
O21)-U/La(21)-0(22) 180.000
O2D-U/La21)-0(14) 105.440(3)
O@2N-U/La@n-0015) 74.561(3)

Note. Symmetry code: La(ll), O, O, O; O(11), O,
0,z2:0012), 0,0, 1 — z;0023). 4. %, 2" — £ 0(26), §,
, 2" — & U/Lai21), O, O,  0021), 0, O, z’; O(14),
JEE - 02, 0,0,1 - 20015, 8, 4,5 + 2

s Sl

U atoms are eightfold coordinated and the structure can
be described as built up by interlocked LaOg and (U/
La)O, polyhedra, where La and U/La mixed layers alter-
nate along the ¢ axis of the hexagonal cell, parallel to
[111]. (Fig. 7). Each lanthanum atom La(1} in an unmixed
layer is bonded to two and six oxygen atoms at 2.5184(4)
and 2.4744(7) A, respectively, resulting in a slightly dis-
torted cube (Fig. 8a). These distances are within the val-
ves reported for A-—La,0, (12) and for La,UO,, (13). How-
ever, U/La situated in the mixed layer is bonded to six
and two oxygen atoms at 2.3615(2) and 2.1767(3) A, re-

TABLE 4
Cell Parameter Values at Different Temperatures, from Neutron
Diffraction Patterns, and Thermal Expansion Coefficients for
Material with Composition y = 0.60

Cell parameters (A) a; X 10%°C™"}
Temperature _
°C) ay cy %o, e,
- 100 3.9427(5) 18.878(3) 1.6326 1.1485
460 3.97138) 18.989(5) 2.0198 1.2808
550 3.9768(9) 19.008(6) 2.1308 1.3224
650 3.9840(1) 15.032(6) 2.2411 1.3460
750 3.9920(1) 19.056(7) 2.3638 1.3959
850 4.0010(1) 19.083(9) 2.4944 1.3741
930 4.0090(1) 19.104(9)




FIG. 7. Perspective view of the structure of material y = 0.60: (a)
unit cell picture; (b) enlarged area in which coordination polyhedra and
packing can be seen,

spectively; the coordination polyhedra in this case can be
regarded as a higher distorted cube (Fig. 8b). However,
the U/La-0(21) distance does not provide direct evidence
for the existence of an uranyl group UQO3", as has been
claimed to exist in CaUQ, (10}, The most representative
bond distances and angles are given in Table 3.
According to the results presented in Table 1, in these
materials a high proportion of U®*, which can hardly be
accommodated in a cubic surrounding, exists. At high
temperature, thermal excitations of oxygen atoms tend
to establish a diffuse regime—at 1600°C the oxygen sub-
lattices in these types of materials can be considered as

erd)

FI1G. 8. Coordination polyhedra around {2) La atom and (b) UfLa
atoms. Atom labels are the same as those in Table 3.
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a quasi-liquid (14)-and it would provoke a dynamical dis-
tribution of oxygen atoms around the fluorite equilibrium
positions. Therefore, the fluorite-type structure can be
obtained on materials quenched from 1400°C, although
microdomains of the Ry;; phase are always present. How-
ever, at temperatures below 1200°C, a readjustment of
the oxygen atoms takes place, resulting in a distortion of
the coordination polyhedra around U®* in an ordered
way. The statistical distribution of U**/U%*/La’* in the
mixed layers, which alternate with unmixed La layers
along [111], would account for the compositional range
of the R ;; phase, that can be regarded as a partially cation-
ordered related fluorite structure.
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