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The defect structure of Ca,-XThXF2,L, solid solution (0 5 x 5 0.18) has been examined by powder 
neutron diffraction. Two hinds of (xxx) interstitials whose respective numbers increase linearly with 
increasing dopant concentration, can be distinguished: one labeled F” (X = 0.41) is a true interstitial 
anion, the other noted F”’ (x = 0.30) can be considered as a relaxed normal F anion. Two models of 
defect clusters, compatible with the observed distribution of F anions between normal and interstitial 
sites, and containing, respectively, one and two Th4+ cations, are proposed. In both clusters, Th4+ is 
RI-fold coordinated. Such clusters, which seem characteristic of large-size dopant cations, are sug- 
gested as possible defect-models for the PbI-,Th,F2+tx solid solution. 0 1986 Academic press, hc. 

Introduction 

The defect properties of anion-excess flu- 
orite-related solid solutions have been thor- 
oughly investigated in recent years, by the- 
oretical calculations based on computer 
simulation methods (Z-3) and by various 
experimental techniques: thermal depolar- 
ization (4, 5), laser spectroscopy (6-8), di- 
electric relaxation and ionic conductivity 
(9, 15), EPR and Raman spectroscopy (16, 
I7), NMR (28, 19), and of course X-ray dif- 
fraction, Bragg, and diffuse neutron scat- 
tering (20-32). 

For very low doping concentrations, iso- 
lated dopant cations and interstitial anions 
or simple dopant cation-interstitial anion 

* To whom all correspondence is to be addressed. 

pairs (nearest neighbor (nn) or next nearest 
neighbor (nnn) configurations), have been 
evidenced; however for moderate or high 
doping concentrations, there is now a gen- 
eral agreement about the presence in the 
structure of clusters associating one or sev- 
eral dopant cations, anionic vacancies and 
interstitial anions labelled X’ at &,x,x site 
(0.36 IX I 0.40), X”atx,x,x site (x = 0.40), 
and X”’ at x,x,x site (0.28 5 x I 0.30) the 
latter being considered as relaxed normal X 
anions. 

We have recently shown (28) that some 
of these clusters could be considered as 
precursors of the fully organized clusters 
present in ordered anion-excess fluorite-re- 
lated superstructures, i.e., the discrete 
j&X3, cluster consisting of an octahedral 
arrangement of six MXs square antiprisms 
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sharing comers to enclose a cuboctahedron 
of anions with an additional anion at its cen- 
ter (tveitite (32, 33), Na7Zr6F3i (34) . . .) or 
the infinite monodimensional (&X& clus- 
ter built up from double columns of isolated 
MXs square antiprisms, (Pb,ZrF10 (35, 36)). 

Despite these numerous results, a lot of 
experiments have still to be carried out in 
order to clearly understand the respective 
influence of factors like dopant cation con- 
centration, dopant cation-to-anion size ra- 
tio, host cation polarizability, dopant cation 
size, and charge, on the structure of defect 
clusters. If we except the Pbl-xThxF2+2r 
(25) and Phi-,Zr,F,+, (27) solid solutions, 
both characterized by a large number of F”‘- 
type interstitials for low concentrations of 
M4+ cations and the N~,,J-~Y,,J+~Fz+L~ 
phase (22), all the previous Bragg scatter- 
ing studies have been devoted to M!!,M~t’ 
F2+x solid solutions. In order to investigate 
the role of dopant cation charge on defect 
clustering, we decided to study by neutron 
powder diffraction techniques the average 
structure of some disordered tetravalent 
cation-doped fluorites. As the localization 
of interstitial anions is obviously easier and 
more precise in small-size fluorite unit-cells 
containing cations of nearly the same size, 
we thought it was advisable to start this 
study with the Cal-,Th,F2+2x solid solution. 

Experimental 

Intimate mixtures of calcium and thorium 
fluorides were heated at 950°C for 2 days in 
sealed platinum tubes. CaF2 was a commer- 
cial product of 99.9% purity, carefully dried 
before use; ThF4 was prepared by dehydra- 
tation at 750°C under anhydrous HF of 
high-purity ThF4 * H20. After reaction the 
platinum tubes were quenched in cold wa- 
ter. Powder X-ray photographs indicated 
the presence of a single face-centered cubic 
phase in each of the samples with 0 5 x I 
0.185. Experiments performed at higher 
temperatures (maximum 1100°C) did not re- 

veal any extension of the composition 
range. So, the upper limit value, x = 0.24 at 
15OO”C, previously proposed by Zintl and 
Udgard (37), is without any doubt overesti- 
mated, surely as a consequence of an insuf- 
ficient protection of the samples against hy- 
drolysis. The unit-cell parameter, obtained 
by least-squares refinement from accurate 
Guinier-H&g data (silicon internal stan- 
dard, a0 = 5.43088 A), increases linearly 
with increasing substitution rate x (Fig. 1) 
up to the maximum value aF = 5.596(3) for 
x = 0.185. Density measurements clearly 
indicate the nonstoichiometry to be com- 
pensated by excess anions. 

Samples for powder neutron diffraction 
experiments were prepared at 950°C in 
sealed nickel tubes. The mixtures were first 
fired at 1000°C for 2 days, then ground 
fired again for 2 days at 950°C and finally 
water-quenched. No attack of the tube by 
the fluorides was observed and the values 
of the cubic lattice parameter are exactly 
the same as for the experiments carried out 
in platinum tubes. Intensities at room tem- 
perature were collected at the Institut 
Laue-Langevin in Grenoble. 

-On the DlA diffractometer, for x = 
0.075, 0.125, and 0.150 samples (vanadium 
can, h = 1.384 A, exposure time: 10 hr for 
each). 

-On the DlB diffractometer for x = 0.10 

Aa 

5.6. 

5.4 ( 

x 

0.05 0.10 0.15 0.20 

FIG. 1. Evolution with composition of the unit-cell 
parameter uF of the Cal-xThxF2+b solid solution. 
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and x = 0.18 samples (vanadium can, A = 
1.282 A, exposure times: 2 x 2 hr for x = 

der to localize interstitial fluorine atoms, 
difference Fourier sections based on initial 

0.10, 2 x 4 hr for x = 0.18). Bragg peaks refinements of the perfect fluorite lattice 
were observed up to the (553) reflection. were calculated for every composition. One 
Their intensities listed on Table II were ob- such section calculated in the (110) plane 
tamed by fitting the experimental profile to passing through the normal lattice anion, 
Gaussians and the background to a first-or- octahedral interstitial and cation sites, is 
der polynomial; standard deviations were shown on Fig. 3. 
determined from the counting statistics. 
The diffraction pattern of the x = 0.15 sam- 
ple is shown in Fig. 2. Observed (I,) and Results 
calculated (I,) intensities were adjusted by No cation shift from ideal site (O,O,O) is 
least-squares refinements to give structural observed and two interstitial positions are 
parameters defining the contents of the av- detected on the difference Fourier maps: 
erage unit-cell. All structure refinement -the first labeled F”, at (x,x,x) with x = 
were performed in space group Fm3m using 0.41 is a true interstitial position; 
neutron scattering lengths of 4.90,9.84, and -the second labeled F”‘, at (X,X,X) with x 
5.65 Fm for Ca, Th, and F, respectively. = 0.30 actually corresponds to relaxed nor- 
Overlapping data (e.g., 333 and 511 reflec- mal anions, 
tions) were included in each of the refine- Full matrix least-squares refinements 
ments (maximum 18 peaks analyzed). In or- were performed on these bases, allowing 

IllI - 
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l-l Jl- 
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ll-hL . . . I . I .I . ! 

6 36 66 96 126 I56 
2THETA IN DEGREES 

CATHZ.SODIA 
FIG. 2. Diffraction pattern of polycrystalline (Ca,Th)F2.M at room temperature (DlA diffractometer). 
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l/2,1/2.1/4 

l/2.1/2,1/2 l/4,1/4,1/2 

FIG. 3. Difference Fourier section in the (110) plane 
for the (Ca,Th)Fz.JO sample. Positive contours are 
shown as full lines and negative ones as broken lines. 

simultaneously the cations and anions iso- 
tropic thermal coefficients, the anions coor- 
dinates and occupation numbers to vary. 
All the refinements converged quite well 
and led to very low R-values (5 1%) and to 
very reasonable occupation rates (rrr + 12~” 
+?I r” = 2 + 2x). However, because of the 
closeness of the F”’ and F sites, high corre- 
lations occurred between the parameters of 

these two sites and thus, it was difficult to 
obtain detailed and significant informations 
about the F”’ interstitials. Refinements were 
then performed, allowing some parameters 
to vary, the others being held fixed at rea- 
sonable values. Whatever the refinement 
process, no change was observed for atom 
coordinates, for F” interstitials occupancies 
and for the evolution with composition of 
anion occupancies. During the last cycles 
of refinement the sum of anion occupation 
numbers was constrained to be equal to (2 
+ 2~). The best fit, with no large correlation 
coefficient, was obtained when the thermal 
parameters of F”’ interstitials were fixed at 
the reasonable values listed on Table I; 
therefore we conclude that the structural 
parameters listed on this table provide the 
best description of the Cal-,ThXFz+z, defect 
structure. 

The evolution with x of the occupation 
numbers for normal F and interstitial F” 
and F”’ anions are shown on Fig. 4. Each 
evolution is linear and from the slopes of 

TABLE I 

FINAL VALUES OF REFINED PARAMETERS FOR THE Cal-xThxF2+Lr SOLID SOLUTION 

2+2.X 

aF C.4 

&a-Th (‘Q 

2 (A*) 

XF” 

i 2” (A*) 

XF” 

{ z (A*) 

R(Z)%” 

Instrument 

2.15 

5.521(3) 

0.96(2) 

1.74(2) 
1.24(2) 

0.413(2) 
0.21(2) 
1.6(3) 

0.298(2) 
0.20(2) 
0.6 

0.8 

DlA (10 H) 

2.20 

5.538(3) 

0.97(5) 

1.68(6) 
1.37(8) 

0.413(2) 
0.28(3) 
2.1(6) 

0.299(5) 
0.24(6) 
0.9 

1.6 

DlB (2 x 2 H)b 

2.25 

5.555(3) 

1.07(2) 

1.62(2) 
1.62(2) 

0.412(l) 
0.35(2) 
1.7(2) 

0.302(2) 
0.28(2) 
1.0 

1.0 

DlA (10 H) 

2.30 

5.574(3) 

1.15(3) 

1.52(2) 
1.75(3) 

0.412(l) 
0.44(2) 
1.8(2) 

0.302(2) 
0.34(2) 
1.1 

1.4 

DlA (10 H) 

2.36 

5.594(3) 

1.35(6) 

1.48(3) 
1.65(7) 

0.410(l) 
0.50(2) 
2.6(4) 

0.306(2) 
0.38(2) 
1.2 

1.8 

DlB (2 x 4 H)b 

Note. The e.s.d. are given in parentheses and refer to the last digit. 

a R is given as w. 
0 

b Higher e.s.d. for MX2.20 and M2. 36 samples are a consequence of lower exposure time on DIB 
diffractometer. 
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TABLE II 

EXPERIMENTAL (I,) AND CALCULATED (ZJINTENSITIES FOR THE Ca,-,Th,Fz+k SOLID SOLUTION 

MFz.,5 MFz.zo Mb.25 MFz.so MFz.36 

hkl 

111 
200 
220 
311 
222 
400 
331 
420 
422 
511 
333 I 
440 
531 
620 
533 
444 
551 
711 I 
642 
731 
553 

10 L 

18615 19499 
12138 13651 

136544 135099 
21165 21811 

5457 5627 
26537 26673 
10166 10455 
9367 9350 

70907 70737 

12920 12903 

26809 2674 1 
13294 13141 
36210 36057 
3689 3655 

11220 11475 

8840 9061 

75429 75446 

19771 1%18 

ZC 

18779 19000 
10163 11413 

137495 137640 
23482 23433 
4024 4665 

25329 25486 
10765 10885 
7570 7507 

68489 66572 

14035 13741 

24181 24464 
13011 13328 
30303 30493 

3281 3378 
8807 9109 

7700 7853 

- - 

- - 

10 4 10 4 

19299 19006 17940 18375 
8867 9438 6810 7110 

142544 14295 1 146580 148725 
26699 26911 30330 30180 

3358 3765 2610 2925 
24548 24156 23235 22935 
11149 11600 11835 12360 
5852 5993 5025 4770 

66357 65526 64380 63645 

16675 16773 18915 19380 

25020 25232 25200 24945 
15240 15289 16875 16500 
28737 28835 25515 25785 

3651 3586 3735 3480 
9095 9421 8310 8595 

973 1 9788 10050 10185 

62266 61973 57000 56940 

20848 20685 21165 21225 

L L 

18777 18731 
6376 6223 

153561 152633 
31795 32956 

2130 26&l 
21625 22072 
11154 11715 
4088 4198 

62521 61660 

19266 18680 

23753 23621 
15781 15662 
23329 23103 

2936 2512 
7249 7339 

8457 7402 

40820 40872 

- - 

the three curves we can propose the follow- 
ing evolution rates 

2 - nF eF -z-z 
x nm4+ 

3, nF z 3, -5 z 2. 
nm4+ nn4+ 

Then the substitutional mechanism can 
be written 

Ca + 2F + Th + 3F” + 2F”’ + 3vr. 

On the other hand, if we consider that F”’ 
interstitials are not true interstitial anions, 
but only relaxed normal fluoride anions, 
then the number of true vacancies per Th4+ 
is n+/nm4+ = 1, which gives the mecha- 
nism 

Ca + Th + 3F” + VF. 

modulated background (i.e., a diffuse scat- 
tering, increasing with increasing x values 
and centered mainly around 28 = 36”, just 
before the (220) peak; see Fig. 2) presum- 

4 “F 

2.0. 

1.8. -. 
.I\ 

1.6. 1 ‘$1 
1.4. -4 

‘F 

0.6: 9. 

0.4. I/1--F.,, 
/ ,1--F 

0.2 _ 
,;:,I 

46 _ *-S- 
-* 

__*- x 
c 

Cluster Models 
0.05 0.10 0.15 0.20 

FIG. 4. Evolution with composition of the occupan- 
All the anion-excess samples exhibit a ties of normal F, and interstitial F” and F” anions. 
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ably arising from interaction between de- 
fects, i.e., from short-range order effects. 
As the currently known cluster models 
have all been proposed for solid solutions 
with mainly F’ or F’ and F” interstitials, we 
had to devise an original model for our F”- 
containing solid solution. 

An interesting feature of F”-based defect 
clusters is that, on the contrary of F’-based 
ones, there are no steric impossibilities for 
direct contact between F” interstitials and 
normal F anions: in an average CaF2/Th4+ 
fluorite cell with a mean ar = 5.55 A param- 
eter, the shortest F-F” distance is 2.27 A, a 
value quite acceptable if we consider, first 
that the normal F atoms are probably 
slightly relaxed from their ideal fluorite po- 
sitions, second that short F-F distances of 
this order occur in some ordered structures 
(2.22 A in PbZr,&O2 (39) and 2.24 A in 
Na,ZrsFjl (34)). Thus the interpretation of 
the observed defect structure parameters of 
the Cal-*ThxF2+h solid solution does not 
require large-size clusters like the 4 : 4 : 3, 

25 
0 

025 

a b 

or the “relaxed” 6 : 8 : 2 and 8 : 12 : 2 or the 
highly structured &X12 ones, proposed, re- 
spectively, for the Cal-,Y,F2+x (28), Pbl-, 
ZrJ%+ti (27), and Sri-,La,C12+x (30) solid 
solutions. 

The simplest cluster model assuming cor- 
rect interanionic distances and regular cat- 
ion coordinations is shown in Fig. 5. It as- 
sociates, in the neighborhood of a dopant 
Th4+ cation, three F” interstitials symmetri- 
cally distributed (threefold symmetry) 
around a normal fluorine vacancy Vr. Each 
original ThFs cube is then transformed into 
a regular ThFlo polyhedron, by substituting 
a triangular face for one comer. As a conse- 
quence of this substitution, a large number 
of short (2.27 A> F-F” distances are gener- 
ated and one can expect the corresponding 
F atoms to be relaxed from their ideal fluo- 
rite positions. However, these atoms are 
not all in the same situation: some of them, 
like the atom noted F1 in Fig. 5, are sym- 
metrically surrounded, in addition to the 
five normal F atoms, by two F” interstitials, 

FIG. 5. Projection onto the (lOO)-fluorite plane (a) and spatial view (b) of the defect cluster associat- 
ing around a Th atom, one normal fluorine vacancy VP (at z = 23, three interstitials F”, and three 
relaxed anions F’“. Coordinates are given in a/100 units and anion-anion distances calculated for the 
(Ca,Th)F2.25 sample are given in hgstroms. (*) Cations (Ca,Th); (0) normal F anions; (Cl) normal 
fluorine vacancies VF; (0) F” interstitials; (O+, -0) F”’ relaxed anions. 
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a b 

FIG. 6. Projection onto the (lOO)-fluorite plane (a) and spatial view (b) of the defect cluster associat- 
ing two Th atoms, two normal fluorine vacancies V, (at z = 25’), six F” interstitials, and four F”’ relaxed 
anions (same symbols and notation as in Fig. 5). 

whereas others, like the atom noted FZ in 
Fig. 5, have a dissymmetrical environment 
of five normal F atoms and only one F” in- 
terstitial. Logically only the latter are actu- 
ally relaxed. They are three and the direc- 
tions of their shifts are illustrated by the 
small arrows of Fig. 5. As short anion-an- 
ion distances are a constant feature of this 
kind of phases, ordered or not, the F”-F’” 
distances are only slightly increased (2.27 
--, 2.31 A) by this local rearrangement, but 
the anionic network is now more regular. 
Each ThFio polyhedron is surrounded by 
nine perfect or slightly distorted CaFs cubes 
and three hybrid CaF9 polyhedra. The cat- 
ion-to-anion distances, quite reasonable, 
are as follows: (Th,Ca)-F = 2.41 A, 
(Th,Ca)-F” = 2.39 A, and Ca-F”’ = 2.29 A. 

Such a cluster, attractive as it may be, 
cannot however describe completely the 
Cal-,Th,Fz+& solid solution at least for the 
high doping concentrations, since the num- 
ber of F”’ relaxed anions per dopant cation 

Th4+ that it generates (3 F”‘/Th4+) is higher 
than the experimental one (2 F”‘ITh4+). This 
difficulty can be overcome by introducing 
the more sophisticated, but still very simple 
cluster, represented in Fig. 6. It is built up 
from two identical and almost regular ThFlo 
polyhedra sharing one edge, and associates 
on both sides of two nearest neighbor VF 
vacancies, 6 F” interstitials and two Th4+ 
dopant cations. The number of relaxed an- 
ions F”’ per dopant cation Th4+ is now 
exactly equal to the experimental value 
of2. 

It is difficult to choose definitively be- 
tween these two models and further experi- 
ments like diffuse scattering would be of 
interest to determine the number of Th4+ 
present in defect clusters. It is quite likely 
however (as suggested by the slight nonlin- 
earity of the nr” = f(x) curve for low substi- 
tutional rates (x < 0.10)) that both clusters 
are present in the solid solution, the sim- 
plest one, predominant for low doping con- 
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centrations, being progressively replaced 
by the largest one. 

Comparison with the PbFz/ThF, Solid 
Solution 

From powder neutron diffraction study 
of the Pbi-XThXFz+ti solid solution, Soubey- 
roux et al. (25) have shown that the intersti- 
tial fluorine atoms are distributed among 
three different positions (F’ at &x,x; x = 
0.41, F” at x,x,x; x = 0.40, and F”’ at x,x,x; x 
= 0.30), whose occupancies are listed on 
Table III. 

If we consider, first that only F’ and F” 
atoms are true interstitials, F”’ atoms being 
relaxed normal F atoms, secondly that the 
F’ position is not very well defined and ap- 
pears on published (25) difference Fourier 
sections essentially as the limit of a non- 
spherical F” expansion, then the numbers 
of true vacancies nvF = 2 - (nr + nrf,,) and 
true interstitials nri = nr’ + nr”, per dopant 
cation are, at least for the highly doped 
samples (x > O.lO), exactly the same as for 
the CaF2/ThF4 solid solution, i.e., nvFITh4+ 
= 1, nr./Th4+ = 3. Therefore, the same 
clusters could be present in both solid solu- 
tions, each Th4+ cation being at the center 
of a lo-fold coordination polyhedron more 
suited to its large size than the square anti- 
prism suggested by Soubeyroux et al. How- 
ever, close examination of the values listed 

in Table III, shows clearly that in the PbF2/ 
ThF4 solid solution, the number of F”’ re- 
laxed anions does not change with compo- 
sition in the way it does in the CaF2/ThF4 
one: instead of increasing linearly, it first 
increases superlinearly and then remains 
nearly constant. A quasisimilar evolution 
was observed for the Phi-,ZrXFz+, solid so- 
lution and we suggested (27) that this 
results from the linear aggregation of basic 
4 : 4 : 2 clusters, leading to columnar com- 
plex clusters at the two ends of which re- 
laxed anions were concentrated. It is not 
impossible that such a linear aggregation of 
the 2 Th4+ containing clusters (Fig. 6) 
through the F-F”’ edges, occurs in the 
Phi-,Th,Fz+b solid solution. The presence 
in both solid solutions of the same chains of 
anionic vacancies, interstitial and relaxed 
anions, could then justify the analogy of 
their electrical properties. It is noteworthy 
that the evolution of ionic conductivity with 
composition in the Pbl-,InXF2+X solid solu- 
tion (42) can also be interpreted by the for- 
mation of columnar clusters built up from 
sevenfold coordination polyhedra and iso- 
lated in the ordered Pb21nFT structure (36, 
43). 

Conclusions 

The unusual feature of the Cal-,ThXF2+2x 
solid solution is the presence of F” intersti- 

TABLE III 

ANION OCCUPANCIES FOR THE Pb,-XTh,Fz,z, SOLID SOLUTIONS 

2+2x 2.05 2.10 2.20 2.25 2.30 2.40 2.46 

nF 1.98(l) 1.61(8) 1 SO(8) 1.45(8) 1.45(10) 1.38(10) 1.46(10) 

nF’ 0.07(l) - 0.14(4) 0.18(3) 0.19(3) 0.28(3) 0.28(5) 

nF - 0.12(2) 0.19(4) 0.22(3) 0.25(3) 0.34(3) 0.41(5) 
nF+F/x 2.8 2.4 3.3 3.2 2.9 3.1 3.0 

nF - 0.37(8) 0.37(8) 0.40(8) 0.41(10) 0.40(10) 0.31(10) 
n,,lxb 0.8 0.4 1.3 1.2 0.9 1.1 1.0 

a Soubeyroux et al. (25). 
b nvF = 2 - (nF + flF”). 
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tials only. Differences with others M4+ 5. E. LAREDO, M. PUMA, AND D. R. FIGUEROA, 

doped fluorites clearly indicate that, if the Phys. Rev. B: Condens. Matter 19(4), 2224 (1979). 

dopant cation charge is not to be neglected 
since it controls, for obvious electrical neu- 

‘. g& ~6~~9~~ J. c. WRIGHT~ J. Chem. Ws. 

trality conditions, the number of true inter- 
7. M. B: SEELBINDER AND J. C. WRIGHT, J. Chem. 

Phys. 75(10), 5070 (1981). 
stitials per dopant cation, its size is the 8. R. H. PETIT, P. EVESQUE, AND J. DURAN, J. 

dominant factor in short-range order con- Phys. C 14, 5081 (1981). 

struction. As from a geomet&al point of 9. C. G. ANDEEN, J. J. FONTANELLA, M. C. WIN- 

view, F’ interstitials are rather favorable to TERSGILL, P. J. WELCHER, R. J. KIMBLE JR., 

the formation of seven- or eightfold coordi- 
AND G. E. MATTHEWS, JR., J. Phys. C 14, 3557 
(1981). 

nation polyhedra (square antiprisms, for in- 
stance), and F” interstitials rather favorable 
to the formation of nine- or tenfold coordi- 
nation polyhedra, we can expect, for CaF*- 
based solid solutions the former to be pre- 
dominant with small-size dopant cations 
(Zr4+, heavy rare-earth cations, . . .) 
whereas the latter would be predominant 
with larger size dopant (U4+, Th4+, light 
rare-earth cations). This seems to be true 
for rare-earth cations since the (1 II) inter- 
stitial (F”) is a much more pronounced fea- 
ture in La- than in Y-doped CaFz (28, 29), 
but many experiments are still to be carried 
out to check this hypothesis. Further ex- 
periments designed to investigate the effect 
of the host cation size (Ca < Sr < Pb < Ba) 
on the defect structure around a given dop- 
ant cation would also be valuable. 
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