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Neutron scattering and computer simulation techniques have been used to investigate the defect 
cluster structure of CaF2 doped with 5% La’-. The results strongly support the formation of small 
discrete clusters rather than the superstructures that have been suggested in recent studies of anion 
excess fluorites. The type of cluster that emerges as dominant comprises an interstitial-dopant dimer 
(of the 2 : 2 : 2 type) which has captured an additional F- interstitial. The formation of such clusters is 
supported by recent ITC studies. 

Introduction 

Anion excess fluorite compounds are 
possibly the best available systems for struc- 
tural studies of the properties of solid solu- 
tions. The structure of the host lattice is 
particularly simple: high concentrations of 
dopants are possible; and the introduction 
of dopants has marked effects on the struc- 
tural properties of the phase. Trivalent 
dopants (Y3+ and the rare earth cations) are 
dissolved in the fluorite host to induce an 
excess anion concentration; and the basic 
structural properties of the phase may be 
described in the language of classical defect 
theory as the creation of interstitials to pro- 
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vide charge compensation for the effective 
charge of the dopant ions. 

The above description is accurate for 
highly dilute solutions of trivalent ions in 
the alkaline earth fluorides. Spectroscopic 
studies (Z-3) have shown that the struc- 
tural properties of these phases may be de- 
scribed in terms of simple clusters involv- 
ing F- ions located at the cubic interstitial 
site of the fluorite lattice, with the intersti- 
tials in nearest neighbor and next nearest 
neighbor sites with respect to the dopant. 
The resulting dopant-interstitial pairs are 
illustrated in Fig. la and b. 

Diffraction data (4-9) on crystals of 
higher dopant concentrations (5-40 mole%) 
reveal, however, the breakdown of these 
simple models, since interstitials are no 
longer detected at the cubic interstitial 

65 0022-4596/83 $3.00 
Copyright 0 1983 by Academic &ss, Inc. 

All rights of reproduction in any form reserved. 



66 CATLOW, CHADWICK, AND CORISH 

(a) 

m 

0 a 

(b) 

0 

0 

0 dopant ion 

0 anion interstitial 

FIG. 1. Simple dopant-interstitial complexes in 
doped CaFz: (a) nearest neighbor (tetragonal) cluster; 
(b) next nearest neighbor (trigonal) cluster. 

sites. Interpretations of the structural prop- 
erties of these phases have nevertheless 
used cluster models; the aggregates pro- 
posed are considerably more complex than 
those shown in Fig. la and b and involve 
interstitial dimers and trimers known as the 
2: 2: 2 and 4: 3: 2 clusters, illustrated in 
Fig. 2a and b. Aggregates of this type ra- 
tionalize the principle features of the neu- 
tron diffraction data of Cheetham et al. (4) 
on Y doped CaF2 and of Willis (5) on the 
structurally analogous nonstoichiometric 
phase UOZ+X. Least squares refinements of 
the Bragg diffraction data of both sets of 
workers showed that interstitial ions were 
present in positions displaced from the cu- 
bic interstitial sites along (110) and (111) 
axes. The relative proportion of the two 
types of interstitial (and of the vacancies 
which are detected at the anion sites) is 

compatible with the presence of the 2 : 2 : 2 
cluster at -5 mole% and the 4 : 3 : 2 cluster 
at -10-15 mole% dopant concentration. 

An explanation of the formation of these 
low symmetry complexes was advanced by 
Catlow (20) on the basis of computer simu- 
lation studies. Thus for the (2 : 2 : 2) cluster 
it was proposed that the inward movement 
along the (110) axis of interstitials due to 
their interaction with the trivalent cations 
was assisted by displacement of neighbor- 
ing lattice ions along the (111) direction. 
Similar explanations were proposed for the 
stabilization of the 4 : 3 : 2 cluster. 

(a) 

(b) 

FIG. 2. Interstitial aggregates in doped CaF*: (a) 
2 : 2 : 2 cluster; (b) 4 : 3 : 2 cluster. 
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FIG. 3. Proposed distribution of dopant ions in a 
cube-octahedral aggregate. 

Interpretation of the structural properties 
of these phases in terms of such cluster 
models has been challenged in a series of 
papers of Greiss and coworkers (6-9). 
Their approach to the structural properties 
of these phases is guided by “domain” the- 
ories of nonstoichiometry (II), rather than 
discrete cluster models as discussed above. 
An important structural feature in their de- 
scription of these phases is the cube octahe- 
dron shown in Fig. 3. The experimental 
basis for their observations are X-ray 
diffraction studies of the doped crystals, of- 
ten at very high dopant concentrations 
(~30 mole%) and on materials which had 
been annealed for long periods. 

There is, of course, no necessary incom- 
patibility between cluster and domain 
models of nonstoichiometry, when the 
former are considered as appropriate to the 
relatively low concentration range and the 
latter to the regions of very high dopant lev- 
els. Discrete cluster models must indeed be 
inappropriate for the more heavily doped 
systems where typically more than one in 
three of the cation sites may be occu- 
pied by impurities. The question remains, 
however, as to whether small discrete clus- 
ter models are an appropriate basis for de- 
scribing the structural properties of doped 
fluorite phases for other than very lightly 
doped solutions. The question is high- 
lighted by a recent neutron diffraction 

study of Bendall et al. (12, 13) on 10% Pr3+ 
doped SrC&, which suggested that,for this 
system the models of the type proposed by 
Greiss and coworkers might be appropri- 
ate. In addition, Bendall (12) carried out a 
reanalysis of the single crystal neutron dif- 
fraction data of Cheetham et al. (4) which 
he tentatively suggests could be compatible 
with Greiss’s superstructure models. 

In view of these doubts as to the status of 
discrete cluster models of the (2 : 2 : 2) type, 
we have undertaken a detailed neutron dif- 
fraction study of one particular system: 
CaF2 doped with 5 mole% La. This was 
chosen first because the relatively low 
dopant concentration should allow inter- 
pretation of the defect structure in terms of 
discrete models (if these exist) and second 
because calculations (14, 26) suggested that 
(2:2:2) and (4:3: 2) clusters were more 
likely to be stable relative to other aggre- 
gates, with large dopants such as La3+. Our 
interpretation of the neutron scattering data 
in terms of cluster models is assisted by 
computer simulation studies. We find con- 
vincing evidence for the formation of small 
discrete clusters in this solid solution, al- 
though the detailed cluster we propose dif- 
fers from the (2 : 2 : 2) model. Our work has, 
we believe, general consequences as it sup- 
ports the description of the structure of 
nonstoichiometric phases in terms of defect 
clusters for intermediate as well as lightly 
doped defect solutions. 

Sample Preparation 

Single crystals (6 mm diameter x 40 mm 
length) were grown from LaF3-CaF2 mix- 
tures in graphite crucibles (Ultra Carbon 
UF4S grade) by a modified Stockbarger 
technique (Figueroa et al. (15)). The CaF2 
starting material was single crystal pieces 
grown from pure powder prepared by react- 
ing CaC03 (BDH Analar grade) with an ex- 
cess of aqueous HF (BDH Analar grade). 
The LaF3 dopant was 4N purity powder 
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FIG. 4a. (100) Fourier difference section. 

(Rare Earth Products Limited). Immedi- 
ately prior to growth the mixtures were 
kept molten for several hours to ensure a 
complete mixing of the components. A 
growth rate of 18 mm/hr was employed. 
The crystals were not annealed after 
growth and were simply cooled to room 
temperature at a rate of 4 Wmin. The crys- 
tals had poorly defined cleavage planes 
which were approximately perpendicular to 
the growth axis. Several slices, 3 to 4 mm 
thick, were cleaved from each crystal. One 
slice was retained for the neutron experi- 
ments and the L3+ concentration in the im- 
mediately adjacent slices was determined 
by neutron activation analysis (Universities 

Research Reactor, Risley). The concentra- 
tion of La3+ was confirmed as 5 mole%. 

Spherical samples, approximately 2 mm 
diameter, were ground from the slices using 
a grinder similar to that described by Bond 
(16). The variation in diameter of the 
spheres was less than + 1%. X-ray mea- 
surements were taken to determine the 
crystal axes and the mosaic spread of the 
spheres. 

Neutron Scattering Experiments 

Our single crystal neutron diffraction 
study was performed using the 4 circle dif- 
fractometer, D9, at the Institut Laue- 
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A 

FIG. 4b. (110) Fourier difference section. 

Langevin Grenoble. The data were col- 
lected at 80°K to minimize thermal effects. 
We used a short wavelength of 0.525 A en- 
abling us to collect a large number of reflec- 
tions. Neutron count rates were determined 
at 30 points across the center of each peak 
so that the peak and adjacent background 
could be accurately determined. A total of 
1376 reflections were measured (corre- 
sponding to a total of 172 independent 
peaks). The average count (after subtrac- 
tion of background), for each independent 
reflection is available on request.’ 

I See NAPS document No. 04090 for 3 pages of 
supplementary material. Order from ASISNAPS, Mi- 
crofiche Publications, P.O. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in advance $4.00 

Comparison of the symmetry related reflec- 
tions revealed no systematic differences, 
and demonstrated that the statistics of the 
data were good. The experimental data 
were analyzed using the X-ray program 
(17). Absorption effects are calculated to be 
low (CL Rs - 0.02). Effects due to this effect 
can therefore be adequately allowed for by 
variations in the scale factor applied to the 

for microfiche copy or for photocopy, $7.75 up to 20 
pages plus $.30 for each additional page. All orders 
must be prepaid. Institutions and organizations may 
order by purchase order. However, there is a billing 
and handling charge for this service of $15. Foreign 
orders add $4.50 for postage and handling, for the first 
20 pages, and $1 .OO for additional 10 pages of material. 
Remit $1.50 for postage of any microfiche orders. 
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measured intensities. Extinction is not ex- 
pected to be significant at the wavelength 
used in this experiment; and there was no 
evidence for systematic reduction in the in- 
tensities of the strongest peaks. However, 
to avoid the possibility of errors from this 
source, the most intense reflections (220) 
and (400) were omitted from all least 
squares refinements. 

An effective method of elucidating defect 
structure from Bragg scattering data is to 
plot the difference between the observed 
Fourier synthesis and that calculated for 
the perfect lattice. In the present case, 
however, a problem arises in calculating 
structure factors for the perfect lattice as 
the scattering lengths for Ca and F are not 
known with high accuracy at the low wave- 
lengths used in the present experiment. We 
therefore performed a least squares refine- 
ment based on the perfect lattice (i.e., with 
interstitials omitted) in which the anion oc- 
cupation numbers and the temperature fac- 
tors were allowed to vary. Variation of the 
occupation number will accommodate any 
change in the relative scattering length of 
the two lattices. Thus using the reported 
scattering lengths for Ca* and F of 0.49 and 
0.56, respectively, the data refined (with a 
weighted R factor of 2.6%) to give an anion 
occupation number of 0.954, with tempera- 
ture factors for the calcium and fluorine 
ions of 0.372 and 0.526 A2, respectively. 
Difference Fourier maps using this refined 
structure were then used to display the in- 
terstitial structure. 

The main features of the resulting differ- 
ence maps are brought out by the (100) and 
(110) sections shown in Figs. 4a and b. The 
relation of these sections to the fluorite unit 
cell is illustrated in Fig. (5). Two promi- 
nences are immediately noted: the first, ap- 
parent in the (100) section, is displaced 

z The scattering length used was slightly modified to 
take account of the fact that 5% of the Ca sites are 
occupied by La ions. 

along the (110) axis from the cubic intersti- 
tial site. We note, however, from the (110) 
section that this feature extends apprecia- 
bly out of the (100) plane. The second major 
feature is displaced along the (111) axis 
from the cubic interstitial site and is seen in 
the (110) section. A third smaller peak is 
also noted; this is situated along the (110) 
axis, but displaced much farther from the 
cubic interstitial sites than the larger peak 
referred to above. 

The two main features noted in the differ- 
ence section may clearly be identified with 
(110) and (111) interstitials discussed in the 
Introduction. However, we find marked 
differences between the difference maps 
obtained from the present data and those 
for Pr/SrC12 and for Y/CaF2 (12, 23). The 
(111) interstitial is a much more pro- 
nounced feature in La doped CaF2, a result 
which suggests that the cluster structure in 
this sample may differ from that suggested 
by Cheetham et al. (4) for the Y3+ doped 
phase and by Bendall et al. (12, 23) for Pr/ 
SrC12. 

We attempted to explore this possibility 
using least squares fitting techniques. How- 
ever, we found that the standard deviations 

m 110 Section 

ilTx3 
100 Section 

FIG. 5. Relation of (100) and (110) sections, through 
interstitial site, used for Fourier differences map in 
Fig. 4. Letters A-F indicate points marked in Fig. 4. D 
is body-centre interstitial site. 
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in the interstitial occupation numbers were 
too high to permit reliable conclusions to be 
drawn. The best refinement gave a 
weighted R factor of 2.1% for occupation 
numbers close to those appropriate for the 
2: 2: 2 model; changes in the occupation 
numbers produced, however, only very 
small alterations in the R factor. Least 
squares refinements appear therefore to be 
an unreliable method of obtaining informa- 
tion on the structures of interstitial excess 
defective systems. The problem arises from 
the use in the least squares technique of 
temperature factors which assume a Gaus- 
sian distribution of scattering density 
around a given site; this adequately repre- 
sents temperature effects but does not de- 
scribe satisfactorily the static distribution 
of scattering density in heavily defective 
systems. Use of anisotropic temperature 
factors did not significantly affect this prob- 
lem which is especially pronounced in the 
present study due to the use of a short 
wavelength. For this reason we believe that 
Fourier maps, of the type discussed above, 
provide a more satisfactory method of ana- 
lyzing the experimental data. 

The neutron scattering data thus provide 
strong evidence for the existence of (111) 
and (1 IO) interstitials in La/CaFz. The 
results do, however, differ significantly 
from those obtained in previous studies. 
The (111) interstitials are a particularly 
marked feature of the data, and have 

TABLE I 

VALUESOFTHE ADDITIONALPARAMETERS 
USEDWITHTHE CaF2 POTENTIALOF 

CATLOW et al. (24)~o REPRESENTTHE 
CaF2 : La3+ SYSTEM" 

Interaction &eV PIA 

Las+ - Ca*+ 25549.6 0.2152 
La3+ - F- 2531.5 0.2980 

0 Potentials are of the form &{r) = A, 

exp(-&4 

greater prominence than was apparent in 
studies of other doped fluoride crystals. It 
does not seem possible from the neutron 
data alone to deduce the details of the clus- 
ter structure in the sample. To assist the 
interpretation of the data we therefore ex- 
plore a number of cluster models with the 
aid of computer simulation techniques 
which are discussed in the next section. 

Calculations 

The techniques employed are those used 
in our previous study of the stabilisation of 
the 2: 2: 2 cluster (10, Z8). The methods 
are based on a generalised Mott-Littleton 
procedure (19) employing shell model (20) 
lattice potentials for the explicit simulation 
of a region of the crystal surrounding the 
defect.3 The techniques have been exten- 
sively applied to the study of energetics of 
defect formation and aggregation in alkali 
halides (21, 22) as well as the alkaline earth 
fluorides (14, 23-25). These studies have 
demonstrated the quantitative reliability of 
the calculations which are reviewed in ref- 
erences (20) and (27). 

We have recently undertaken a major 
survey of defect energetics in doped alka- 
line earth fluorides (14). The primary aim of 
this work is to determine the effects of the 
radius of the dopant and the lattice parame- 
ter of the host on the energetics of cluster- 
ing. As remarked in the Introduction, the 
study has shown that formation of dopant 
dimers and trimers is expected to be espe- 
cially favored in La/CaF2. The present cal- 
culations, which are concerned exclusively 
with the latter system, follow exactly the 
same procedures as in our more general 
study. In particular, we use the same poten- 
tials for the host lattice interactions (taken 
from Catlow et al. (24)) and for the dopant- 
host interactions (obtained using electron 

3 A general program (HADES) is available for calcu- 
lations using these techniques (20, 21). 
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TABLE IIa 

CALCULATED DEFECT ENERGIES FOR THE 
CaFz : La’+ SYSTEM 

Defect Energy (eV) 

Anion interstitial 
Substitutional La)+ 
n.n. L3+-F- interstitial pair 
n.n.n. La)+-F- interstitial pair 
2 : 2 : 2 complex 
2 : 2 : 2 complex with additional 

F- ion (Fig. 6) 

-2.862 
- 19.244 
-22.105 
-21.690 
-44.629 
-41.974 

TABLE IIb 

ASSOCIATION ENERGIES FOR CLUSTERS 

Term 

Binding energy of n.n. pair 
with respect of isolated 
La3+ and F- interstitial 

Binding energy of n.n.n. pair 
with respect to isolated 
Lar+ and F- interstitial 

Binding energy of 2 : 2 : 2 com- 
plex with respect to two 
n.n. pairs 

Binding energy of additional 
interstitial to 2 : 2 : 2 cluster 
to give 3/2 aggregate 

Energy (eV) 

0.799 

0.384 

0.419 

1.283 

gas methods (14, 30, 29)). The La. . .F 
and La. . .Ca potential parameters are re- 
ported in Table I. 

The calculated defect energies necessary 
for our present purposes are given in Table 
IIa. From these values a variety of associa- 
tion energies for the clusters may be ob- 
tained; these are reported and explained in 
Table IIb. The first point to note is the 
greater stability for the n.n. dopant-inter- 
stitial complex (Fig. la) compared with the 
corresponding n.n.n. cluster. Our compre- 
hensive survey (24) of the doped alkaline 
earth fluorides has shown that this is a gen- 
eral effect: n.n. complexes are preferred for 
systems with a high ratio of dopant radius 
to lattice parameter of which La/CaFz is an 

extreme example. The point is relevant 
when we note that 2 : 2 : 2 and 4 : 3 : 2 clus- 
ters are essentially nearest neighbor dimers 
and trimers, respectively. Next we note 
that the 2 : 2 : 2 cluster is only weakly bound 
with respect to these two simple n.n. dop- 
ant-interstitial clusters. The binding en- 
ergy for the 4 : 3 : 2 cluster is similar. 

Moreover, on examining the structure 
predicted by the calculations for the 2 : 2 : 2 
cluster, we find a marked difference from 
that normally associated with this defect. 
The calculations showed that the (111) re- 
laxations are absent, and the two intersti- 
tials are close to the centers of their cubic 
interstitial sites. The term 2: 2: 2 has in- 
deed ceased to be appropriate; the cluster is 
essentially a straightforward dopant-inter- 
stitial dimer. The results of the neutron 
scattering studies on this system could 
clearly not be interpreted in terms of this 
species. Is there any way in which such 
clusters may be stabilized? One possibility 
suggested by a number of workers (32-H) 
is that the neutral clusters may trap addi- 
tional interstitials; capture by the 2: 2: 2 

@ (III) F- interstitial 

@ (110) F- interstitial 

0 Fluoride vacancy 

X Origin of 
coordinate system 

FIG. 6. 213 cluster. Coordinate system used in Table 
III is indicated. 
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TABLE III Discussion 
FINAL CONFIGURATIONS OF THE 213 CLUSTERS 

2 : 2 : 2 cluster with additional 
F- ion (see Fig. 6) 

Ion number X Y Z 

1 0.49018 0.49018 0.02432 
2 -0.49019 -0.49019 0.02429 
3 0.36445 -0.36438 0.15581 
4 -0.36445 0.36438 -0.15581 
5 0.00019 0.00019 -0.62980 
6 -0.36913 -0.36913 0.87330 
7 0.36911 0.36911 0.87347 

a That is, the complex formed by the 2 : 2 : 2 cluster 
and an additional (111) interstitial fluoride ion. The ion 
numbers are as designated in Fig. 6. All coordinates 
are in units of the F . . . F nearest neighbor lattice 
spacing. 

cluster of a further interstitial would result 
in the formation of the cluster shown in Fig. 
6-a model that has indeed already been 
proposed on the basis of experimental (32, 
35) and computer simulation studies (36). 
We adopt a new terminology at this stage, 
labeling this cluster a “2 13” cluster-indi- 
cating three interstitial and two dopant 
ions. (The same convention would label the 
2 : 2 : 2 structures and simple n.n. and n.n.n. 
pairs as 2 12 and 11 1 clusters, respectively.) 
We will find these terms useful later. 

The unambiguous demonstration by the 
neutron scattering experiments of the exis- 
tence of (11 l} interstitials in 5 mole% La/ 
CaF2 rules out an interpretation of the clus- 
ter structure of this material in terms of the 
cube-octahedra models (Fig. 3) of the type 
developed by Greiss. The latter explain the 
formation of (110) F- ions, but (111) species 
are not present in these clusters. Since 
the calculations show that conventional 
(2 : 2 : 2) clusters do not form in LalCaFz, 
and since the intensity of the (111) peak in 
the difference Fourier maps would not 
seem to be compatible with the formation of 
4: 3: 2 clusters, the “213” cluster dis- 
cussed at the end of the last section seems 
to be the most likely dominant cluster 
structure. Further support for the forma- 
tion of this species is obtained by compar- 
ing the position of the (111) peak in the dif- 
ference Fourier map with that calculated 
for the 213 structure, where excellent 
agreement is found. Significant discrepan- 
cies are found between the positions of cal- 
culated and observed (110) interstitials; but 
as we have argued elsewhere (18), there are 
probably significant covalent interactions 
between these interstitials resulting in an 
anomalously short F--F- distance in the 
cluster. 

The results of the calculations on the 
“2 13” structure given in Table IIb demon- 
strate considerable enhanced stability for 
this defect compared with the neutral dimer 
(2 12 cluster); the latter has an exceptionally 
high affinity for additional interstitials 
which are bound by 1.3 eV. The calculated 
structure is given in Table III, which refers 
to Fig. 6. We note that the (111) interstitials 
are now restored. Moreover, we find appre- 
ciable displacement of the (110) interstitials 
out of the (100) plane, a feature which we 
recall was also noted in the difference 
Fourier maps deduced from the neutron 
scattering studies. 

The formation of “2 13” clusters, how- 
ever, presents an immediate problem. 
Since this cluster contains an excess of in- 
terstitials over dopant ions, other clusters 
must be present with a deficiency of inter- 
stitials in order to retain the overall dopanti 
interstitial ratio of unity. There are two 
plausible models for the interstitial deficient 
species. The first is the simple unassoci- 
ated, dopant ion, the formation of which 
would imply a favorable free energy for the 
reaction 

(ill) + (212) -+ (W-9 + (213) (1) 

(using the cluster terminology introduced in 
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the previous section). In addition it is as- 
sumed that there exists a sufficient number 
of simple clusters and isolated dopant ions 
at these concentrations. The second type of 
species is the 2/l (or “2 : 1 : 2”) cluster 
formed by loss of an interstitial from the 
(2 12) (or “2 : 2 : 2”) cluster, the formation 
of which implies the disproportionation re- 
action 

2 (212) + (41) + (213. (2) 

To test the viability of this and the preced- 
ing reaction, calculations were performed 
on the (2 1 1) structure using the techniques 
and potentials discussed in the previous 
section; we obtained an energy of -41.501 
eV. Using this result we calculate a favor- 
able energy of 0.22 eV for the dispropor- 
tionation reaction discussed above. The en- 
ergy obtained for reaction (1) is also 
favorable by 0.48 eV. It is probable that 
both unassociated La3+ and 2 ) 1 clusters are 
present in this system. 

The formation of interstitial excess clus- 
ters has received support from both relaxa- 
tion measurements and ionic conductivity 
studies. Thus Fontanella et al. (32) in an 
investigation of the dielectric loss spectrum 
of Er3+ doped CaF2 find a peak which 

&, (III) F- interstitial 

Q (HO) F- interstitial 

0 Fluoride vacancy 

FIG. 7. Proposed reorientation mechanism for (2 13) 
complex. Arrows indicate direction of motion of inter- 
stitials during reorientation. 

could possibly be assigned to the 213 clus- 
ter. Moreover, the same workers, in an 
ITC study of the sample employed in the 
neutron scattering investigations reported 
in this paper, found that the peak assigned 
to this cluster is now the dominant feature 
of the spectrum (Fontanella and Matthews, 
private communication). The activation 
energy measured by Fontanella and 
Matthews was -1 eV. A satisfactory as- 
signment of this peak to the 2 13 cluster 
clearly requires that a mechanism may be 
proposed giving an activation energy of this 
magnitude. We propose the dipolar reorien- 
tation mechanism which is illustrated and 
explained in Fig. 7. Accurate calculations 
on the activation energy for this mechanism 
are difficult owing to its complexity. How- 
ever, a plausible saddle point was identified 
giving a calculated activation energy of 1.2 
eV. This result provides, we believe, fur- 
ther support for the existence of 2 13 clus- 
ters in this crystal. Finally we note that 
conductivity measurements of Jacobs and 
Ong (31) on Y/CaF2 could only be ade- 
quately rationalized by models involving 
the release and capture of interstitials by 
neutral complexes. It would be of interest 
to determine whether the same type of 
models are required for the La/CaF2 sys- 
tem. 

The combination of neutron scattering 
data and the calculated cluster energies ob- 
tained from the computer simulation stud- 
ies together with the experimental results 
discussed above makes, we believe, a good 
case for the formation of the (2 I 3) cluster 
(and by inference the 211 or 110 species). To 
what extent could this behavior be a feature 
of the nature of the dopant and of the con- 
centration used in the present study? As 
remarked, a separate study (14), shows that 
dopant-interstitial binding energies de- 
crease with increasing dopant ion radius, 
and that smaller clusters might therefore be 
most likely to form in samples containing 
the large La3+ ion. In addition we note that 
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the dopant concentrations used in the 
present work are relatively low and that on 
going to higher concentrations more exten- 
sive aggregation may lead to superclusters 
of the type suggested by Greiss et al. (for 
which Bendall et al. (12, 13) believe they 
have found evidence in Pr/SrClz and possi- 
bly Y/CaFJ. Experimental studies designed 
to investigate concentration and dopant-ra- 
dius effects would clearly be of interest. A 
further important parameter is, we believe, 
the length of the annealing time used in pre- 
paring the samples. In Greiss’s work this 
was long-a feature which should promote 
the formation of large superclusters. There- 
fore, systematic studies of this factor would 
also be of value. 

Conclusions 

The work summarized in this paper 
clearly provides strong support for the va- 
lidity of simple cluster models containing 
two or three dopant ions in regions of inter- 
mediate dopant concentration. Superclus- 
ter models may become more appropriate 
for heavily doped samples, but the range of 
validity of simple discrete cluster models 
extends well beyond the region of high dilu- 
tion to which they would be confined by 
“domain” approaches to the structures of 
nonstoichiometric compounds. The partic- 
ular cluster that appears to emerge as most 
important in 5 mole% La/CaF* is the inter- 
stitial excess “213” dopant dimer shown in 
Fig. 6. The result is gratifying in view of the 
proposals by several workers recently of 
the importance of this type of cluster. The 
suggestion of this cluster as the dominant 
species in La/CaFz provides a good illustra- 
tion of the power of concerted application 
of neutron scattering methods and com- 
puter simulation techniques. 
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