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Abstract

The crystal structure and stability of NaTh,Fy have been studied using thermal analysis, powder X-ray diffraction at atmospheric
conditions, and single-crystal X-ray diffraction at high pressure. Sodium dithorium fluoride is stable at least up to 5.0 GPa at room
temperature and to 954K at ambient pressure. In contrast to earlier investigations, which have reported the structure to be cubic
(I43m, Z = 4), we observe a tetragonal distortion of the lattice. The actual crystal structure (/42m, Z = 4) is twinned and composed of
corner-sharing distorted ThF, tricapped trigonal prisms and distorted NaF¢ octahedra. The twinning element is a three-fold axis from
cubic symmetry. The ThFy polyhedra are rigid and it is the volume changes of the octahedra around the Na atoms that have the major
contribution to the bulk compressibility. The zero-pressure bulk modulus By and the unit-cell volume at ambient pressure V, are equal to
99(6) GPa and 663.1(1.0) A3, respectively, with the fixed first pressure derivative of the bulk modulus B = 4.00. An inspection of the

known crystalline phases in the system NaF-ThF, reveals that their bulk moduli increase with the increasing ThF, content.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Complex fluorides of actinides are considered for nuclear
applications as fuels in molten salt reactors and as solvents
for spent nuclear solid fuel [1-4]. Some of the most
important systems contain NaF and ThF4 components. To
construct and use a reactor, it is important to know
structural, physical, and thermodynamical properties of the
materials. This includes not only their phase diagrams and
the conditions at which they are (un)stable but also their
equations of state.

The ThFg coordination polyhedron in solid ThF, is a
square antiprism [5,6]. In complex fluorides, the Th
coordination number is either 8 (a dodecahedron, a square
antiprism, or a bicapped trigonal prism) [5,7-9] or 9
(a tricapped trigonal prism) [5,10,11]. Based on X-ray
powder diffraction data, the crystal structure of NaTh,Fy
sodium dithorium fluoride was determined to be of the U,Fy
type (I43m, Z=4) [12,13]. The fluorine atoms were located
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by spatial considerations and the coordination number of
the Th atoms was assumed to be 9. Since it was not possible
to place four Na atoms in a unit cell in accordance with the
I43m space group symmetry, the Na atoms were inserted in
the partially occupied octahedral sites 65 [13].

Here in this study, we have re-determined the crystal
structure of NaTh,Fy and have investigated its stability
using thermal analysis, powder X-ray diffraction at atmo-
spheric conditions, and single-crystal X-ray diffraction at
high pressure. Our results are discussed in comparison to
those for -Na,ThF¢ [11], another crystalline phase in the
condensed NaF-ThF, system [12—14].

2. Experimental

A single crystal of NaTh,Fy was synthesized with the
Czochralski method. A part of it was ground for thermal
analysis and powder X-ray diffraction experiments.

Differential scanning calorimetry was performed using
the systems Pyris 1 and 7 (Perkin-Elmer) in the temperature
range from 290 to 954 K.
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A powder X-ray diffraction experiment at room
temperature and ambient pressure was carried out at
the D3 Beamline in HASYLAB (Hamburg, Germany),
A=0.47686 A, equipped with a marCCD165 detector. The
sample was contained in a 0.3 mm glass capillary. The two-
dimensional image was integrated with the program
FIT2D to yield an intensity versus 26 diagram [15].

Single-crystal measurements were performed using a
diffractometer IPDS-2 T (STOE) with the MoK radiation.
A series of experiments at high pressures was carried out in
the Ahsbahs-type diamond anvil cell (the opening angle of
90°) [16]. The diamond culets (600 um) were modified by
laser machining so that the angle between them and the
tapered parts of the diamonds was 40°. A 250 um hole was
drilled into a stainless steel gasket preindented to a
thickness of about 80pum. The intensities were collected
upon compression. They were indexed, integrated, and
corrected for absorption using the STOE software.!
Shaded areas of the images by the diamond anvil cell were
masked prior to integration. The intensities were integrated
simultaneously with three orientation matrices, corre-
sponding to the crystal of NaTh,Fy and to the two
diamonds of the cell. Due to their hemispherical shape,
no absorption correction was necessary for the diamond
anvils.” Ruby luminescence method [17] was used for
pressure calibration and the 1:4 mixture of ethanol:
methanol was used as a hydrostatic pressure medium.

3. Results and discussion

The results of thermal analysis indicate that NaTh,Fy
does not undergo any phase transition in the temperature
range 290-954 K.

Fig. 1 shows a powder X-ray pattern of NaTh,Fy
measured at ambient conditions. Several split reflections
cannot be accounted for with cubic symmetry [13]. This
suggests that the true space group is a non-cubic sub-
group of 743m. Consequently, the measured diagram was
refined with different space groups using the Le Bail
method implemented in the program JANA2000 [18]
(Fig. 1). Of the two maximal subgroups R3m and 142m
of space group I43m, the fit with symmetry I42m is
superior and explains all the observed reflections. The
refined lattice parameters and unit-cell volume in space
group R3m are a = 12.371(1) A, ¢ = 7.478(3) A, and V' =
991.1(3) A In space group 142m, they are a = 8.763(1)A,
c:8.640(2)1&, and V:663.5(2)A3. Further symmetry
lowering to the orthorhombic system does not improve the
fit significantly and the refined lattice parameters do not
deviate from the tetragonal ones within estimated standard
deviations.

X-Area and X-Shape. STOE & Cie GmbH, Darmstadt.

2Further details of the crystallographic investigations can be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany, on quoting the depository numbers CSD
419215-419219.
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Fig. 1. Observed powder diagram (black circles) compared with the
calculated (red lines) and difference (black lines) diagrams obtained using
the Le Bail method [18] in space groups 143m, R3m, and 142m (ambient
conditions, 4 = 0.47686 A). Vertical markers indicate the positions of the
calculated Bragg reflections.

Table 1 compares various structural models obtained
from the refinements [18] of the single-crystal data
measured at ambient conditions. In each case, the thermal
displacement parameters for all the atoms were refined
anisotropically. Two cubic models with space group
symmetries /43m and 123 were considered. While the first
of them was a single-crystal model, the second one was a
twinned one with a four-fold axis from the higher cubic
symmetry as a twin element. Both models led to fairly high
internal R-values. Final overall agreement factors are
slightly lower for the 723 structure. Both cubic models
have negative displacement parameters of individual
atoms. The refined twin volume fractions in /23 do not
show significant deviations from the ratio 1/2:1/2.

A rhombohedral model in R3m, which incorporated the
four-fold axis of the cubic system as a twin element, also
led to high internal R-values. The final agreement factors
are similar to the ones for the cubic refinements, however,
the displacement parameters of even more atoms turn
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Table 1

Details of different refinements for a single crystal of NaTh,Fy at ambient conditions

Space group R(int)ops/anl No. refl.ops/anl Redundancy Robs WRobs No. pars
143m? 14.93/14.93 240/240 17.16 391 5.16 17

n3® 14.87/14.88 386/387 10.64 3.39 4.00 19

12m 7.43/7.49 1088/1143 3.06 2.69 3.14 36

R3m® 14.11/14.14 864/886 4.65 3.84 4.28 51

n22 7.43/7.49 1088/1143 3.60 2.70 3.14 60

No. refl. and No. pars are the number of unique reflections and the number of parameters, respectively. The total number of reflections (obs/all) is 3716/

4117. All agreement factors are given in %.
#Thermal displacement parameters for F1 are negative.
*Thermal displacement parameters for Na and F1 are negative.

“Thermal displacement parameters for Th2, F1, F2, and F3, F4, Na are negative.

negative. The twin volume fractions of the four individuals
are approximately 0.35:0.29:0.14:0.22.

The tetragonal model in space group I42m, with the
three-fold axis from the cubic system as a twin element,
gives considerable lower internal R-values and the final
agreement factors are significantly better than for the cubic
and rhombohedral symmetries. All thermal displacement
parameters are positive. It is remarkable, that the twin
volume fractions deviate significantly from the ideal pro-
portion of 1/3:1/3:1/3 with refined values of 0.653(8):
0.033(7):0.31(4).

Finally, we tried a model with /222 symmetry assuming a
combination of the three-fold and four-fold axes as
twinning elements. This model basically yields identical
final agreement factors as the ones obtained for the
tetragonal model, although the number of parameters is
increased to 60 (compared to 36 in the tetragonal model).
The refined twin volume fractions give the same result as
for the tetragonal symmetry with only three significant
volume fractions corresponding to the three individuals
related by the three-fold axis.

On the basis of these observations, we exclude the cubic
and rhombohedral structures as plausible candidates for the
crystal structure of NaTh,Fo. This decision is supported by
the powder diffraction data, which are in accordance neither
with cubic nor with rhombohedral metrics (Fig. 1). Also, in
view of the fact that the orthorhombic model does not
improve the fit further, we are confident that the tetragonal
twin model represents the correct choice. This model
was also used for the refinement of the high-pressure data
(Table 2). Indexing of the high-pressure single-crystal data
does not show any indication for a further orthorhombic
distortion of the metrics.

There are two possible sites for the Na atoms in space
group 142m (4c and 2b) obtained from the splitting of the
Wyckoff position 6b in space group I43m, initially
considered for NaTh,F, [13]. Consequently, two structural
models could be constructed by distributing the sodium
atoms in different ways. The refinement of the model, in
which both sites are partially occupied, leads to an occu-
pancy at the site 2b practically equal to 0. In addition,
the calculated bond valences, assuming that both sites are

Table 2
Experimental data for the single-crystal measurements (/42m, Z = 4)*

0.0001 GPa 1.50GPa 2.35GPa 2.55GPa 5.00GPa

Crystal data
a(A) 8.763(1) 8.752(3) 8.743(4) 8.736(3) 8.672(3)
cA) 8.640(2) 8.534(3) 8.479(4) 8.471(3) 8.429(2)
V(A% 663.5(2) 653.7(7) 648.1(9) 646.5(7) 633.9(6)
p (2em™) 6.586 6.684 6.742 6.759 6.893
i (mm~" 44.964 45.636 46.027 46.144 47.061
Data collection
No. meas. refl. 3716 826 750 766 832
Range of hkl —12<h<12 —7<h<8 —8<h<8 —6<h<6 —6<h<T
0<k<12  0<k<7 0<k<7 0<k<8 O0<k<S8
0<I<12 0</<8  0</<8 0</<8 0<I/<8
No. obs. refl.® 1088 224 198 197 207
R(int)ops” 7.43 6.71 7.04 7.73 791
sin(0)/4 0.7436 0.5041 0.5060 0.5064 0.5084
Refinement®
Robs 2.69 5.99 5.62 6.16 6.28
WRbs 3.14 6.43 6.11 6.51 6.36
GoF gps 1.95 2.69 2.51 2.64 2.74
No. parameters 36 16 16 16 16

#Criterion for observed reflections is |Fyps| > 30
®All agreement factors are given in %, weighting scheme 1/[6*(Foys) +
(0.01 Fop)’l.

occupied by the Na atoms, are quite revealing. While the
bond valence at the site 4c¢ is nearly equal to 1, it is only
about 0.7 at the 2b site. For these reasons, we believe that
at ambient conditions the sodium atoms exclusively reside
at the 4c site (Tables 1-3). However, it is quite likely that
the actual Na distribution could be changed on heating and
the 2b site may be occupied at high temperatures.

The I42m structural model with the Na atoms solely
at the 4c site was used for all the refinements of the high-
pressure data (Tables 2 and 3), in which only the thermal
displacement parameter of the Th atom was refined
anisotropically. The thermal parameters for the Na, F1,
F2, and F3, and F4 atoms were fixed to the respective
isotropic thermal parameters of these atoms at ambient
conditions (Table 3). The refined twin volume fractions are
practically constant on compressing, suggesting that the
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Table 3
Selected structural data from single-crystal refinements (I42m, Z = 4)

0.0001 GPa 1.50 GPa 2.35GPa 2.55GPa 5.00 GPa
Th atom (8i site)
X 0.18563(6) 0.1837(7) 0.1844(7) 0.1850(7) 0.1862(6)
z 0.8061(1) 0.8032(8) 0.8050(9) 0.8044(9) 0.8041(9)
Uso  0.00962(9) 0.018(1) 0.0154(9) 0.021(1) 0.0200(8)
Na atom (4c site)
Us  0.034(4)
FI atom (8f site)
X 0.239(1) 0.262(6) 0.268(6) 0.277(6) 0.272(5)
Us  0.01903)
F2 atom (4e site)
z 0.221(2) 0.199(12) 0.189(11) 0.193(11) 0.182(9)
Us  0.023(4)
F3 atom (16j site)
X 0.4525(8) 0.451(5) 0.451(5) 0.459(5) 0.460(4)
y 0.200(1) 0.179(8) 0.180(7) 0.176(6) 0.174(5)
z 0.801(1) 0.804(7) 0.790(5) 0.788(5) 0.789(4)
Uso  0.022(2)
F4 atom (8i site)
X 0.211009) 0.224(5) 0.223(6) 0.222(6) 0.217(5)
0.546(1) 0.551(8) 0.555(7) 0.555(8) 0.546(6)

U  0.02103)

Fig. 2. Crystal structure of NaTh,Fy (/42m, Z = 4) at ambient condi-
tions. The polyhedra around the Th atoms are drawn.

domain structure is not affected by decreasing the unit-cell
volume.

The crystal structure of sodium dithorium fluoride
(I42m, Z = 4) at ambient conditions is shown in Fig. 2.
It is built of corner-sharing distorted ThFy tricapped
trigonal prisms and distorted NaFg octahedra. Both F1
and F3 atoms are coordinated by two Th and one Na
atoms. The F2 and F4 atoms are only connected to two Th
atoms. Our results of this and a previous study [11]
demonstrate that the nine-fold coordination of the Th
atoms to fluorine atoms seems to be characteristic of the
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Fig. 3. Pressure dependence of interatomic distances. The full symbols
represent the average Th-F distances in the ThF, tricapped trigonal
prisms. The open symbols represent the Na-F distances in the NaFg
octahedra.
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Fig. 4. Pressure dependence of the normalized lattice parameters and unit-
cell volume in NaTh,Fg (open symbols) compared with the dependence of
the normalized unit-cell volume in f-Na,ThF, [11] (solid symbols). The
lines are the Murnaghan equation-of-state fits to the compressibility data.

crystalline phases in the NaF-ThF, system, in which the
ThFg coordination polyhedron in solid ThF, is a square
antiprism [5,6].

Pressure dependence of interatomic distances Th-F and
Na-F is shown in Fig. 3. Unlike the Na-F distances, the
Th-F distances are essentially insensitive to increased
pressure. Upon compression, the NaF4 octahedra become
more distorted as seen from the divergence of their Na-F1
apical and Na-F3 basal distances. This suggests that the
polyhedral volume changes around the Na atoms have
the major contribution to the bulk compressibility of this
material.

The compressibility data (Table 2) for sodium dithorium
fluoride shown in Fig. 4 could be fitted with the Murna-
ghan equation of state to give the zero-pressure bulk
modulus B, and the unit-cell volume at ambient pressure
Vo (for the fixed first pressure derivative of the bulk
modulus B’ = 4.00) equal to 99(6) GPa and 663.1(1.0) A°,
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respectively. This material is more compressible along the
shorter c-axis so that the c¢/a axial ratio decreases at high
pressures. The larger bulk modulus of NaTh,Fy than that
of -Na,ThF¢ (By = 58(1) GPa) [11] could be explained by
a larger molar ratio of the ThF, and NaF components in
NaTh,Fy (2:1) than in f-Na,ThFg (1:2).
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