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The defect structure of the anion-excess fluorite (Ca,_,Y,)F,,, with x = 0.06 has been investigated
using single-crystal neutron diffraction. Least-squares refinement of the measured Bragg intensities
has been performed considering four positions for the disordered anions within the Fm3m unit cell: in
48i sites at (3, u, u) with ¥ = 0.39; in 32f sites at (w, w, w) with w = 0.38; in 32f sites at (v, v, v) with
v = 0.27, and in the empty cube center 4b sites at (3, §, ). The results indicate that only the (}, u, u)
and (v, v, v) sites are significantly occupied. Information concerning the local defect configuration has
been provided by least-squares refinement of the measured distribution of coherent elastic diffuse
scattering within the (110) plane of reciprocal space. The best agreement with both Bragg diffraction
and diffuse scattering data is obtained by adopting a model of randomly distributed cuboctahedral anion

polyhedra, of the type observed in ordered anion-excess fluorite superlattices.

1. Introduction

Halide compounds with the fluorite crys-
tal structure, with general formula
M*"X; , have a remarkable ability to ac-
commodate large concentrations of trivalent
R** dopant ions substitutionally on the M 2"
cation sites. Overall charge neutrality in the
doped system is maintained by incorporat-
ing excess X ~ into the anion sublattice. The
addition of R** ions dramatically reduces
the transition temperature, 7., above which
high ionic conductivity is observed (/), and
technological interest in solid electrolytes
has led to considerable research effort
aimed at understanding this effect and eluci-
dating the structural changes which accom-
pany doping. However, the detailed topol-
ogy of the defect clusters formed in anion-
excess fluorites is still the subject of some
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controversy, even in the most widely stud-
ied system, (Ca,_, Y )F,, ..

The fluorite structure (space group
Fm3m) is illustrated in Fig. 1, with the cat-
1ons in 4a sites at (0, 0, 0) and anions in 8¢
sites at (3, 1, 1. The structure can most
conveniently be considered as a simple cu-
bic array of anions with cations occupying
alternate cube centers. At relatively low
R3* dopant levels (x < ~0.001) charge com-
pensation occurs by the formation of simple
dopant-excess anion pairs, with interstitial
anions situated in one of the empty cube
centers at (3, 3, ), either in nearest neighbor
{2) or next nearest neighbor (3) positions. At
higher dopant levels (x ~ 0.01-0.15) excess
anions are accommodated in the form of
discrete defect clusters, models for which
are discussed in the following section. In
this work the results of a single-crystal neu-
tron diffraction study of the anion-excess
fluorite compound (Ca,_.Y,)F,, , with x =
0.06 are presented. A stringent test of the
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Fi1G. 1. The fluorite crystal structure.

various defect models proposed in the litera-
ture is provided by the combined analysis
of both the Bragg scattering, which gives
information on the average contents of the
unit cell, and the coherent diffuse scattering
arising from short-range correlations be-
tween disordered ions.

2. Defect Cluster Models

The pioneering neutron diffraction mea-
surements of Cheetham and others (4-6) in-
vestigated powder and single-crystal sam-
ples of (Ca,_,Y,)F, .., with0.06 = x < 0.32.
Analysis of the Bragg intensities indicated
that a significant fraction of lattice anion
sites are vacant. The displaced and excess
anions were found to be distributed in one
of two sites, which we denote by F1 and F2.
These are situated in Wyckoff sites 487 at (3,
u, u) with u = 0.38 and 32f at (w, w, w) with
w = 0.40, respectively. Subsequent reanaly-
sis of the original published data confirmed
the presence of these sites, though with dif-
fering site occupancies (7). In contrast, a re-
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cent study using an x = 0.10 sample favors a
one-position model containing only F1 sites
(8). Fourier difference analysis, again using
the original diffraction data, provided evi-
dence for a further disordered site, termed
F3, in 32f at (v, v, v) with v = 0.29 (9, 10).
The proximity of the F3 position to the regu-
lar lattice sites at (3, 1, 1) suggests that these
are associated with slight relaxations of sur-
rounding lattice anions toward empty cube
centers. The location of the F1 to F3 sites
with respect to the regular fluorite lattice is
illustrated in Fig. 2, together with the 4b
sites in empty cube centers at (3, 3, ) posi-
tions which are termed F4 in this work.
Following the initial identification of the
locations of disordered F~ ions on F1 and
F2 sites, a series of defect clusters were
proposed, comprising F1-F1 interstitial
pairs in (110) directions (4—6). The simplest
of these, which we call Ia, has one F1-F1
pair and is illustrated in Fig. 3a. The pres-
ence of F1 anions causes the two nearest
neighbor lattice anions to relax in (111) di-
rections into F2 sites, as shown. A series of
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F1G. 2. The location of the disordered anion sites F1
to F4 with respect to the regular fluorite lattice.
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FiG. 3. Schematic diagram of the single (a) and extended (b) (110) pair clusters (4-6). These are
referred to as model Ia and Ib in the text. The presence of the anions on the F1 sites causes relaxation
of the nearest neighbor F2 sites and next nearest neighbor F3 sites away from the defect center in (111)
directions toward empty cube centers. For clarity the F3 anions are shown by the symbol @ on the

unrelaxed lattice position.

extended clusters containing further F1-F1
pairs were also suggested, which form
model Ib, with two alternating F1 pairs (il-
lustrated in Fig. 3b), and model Ic, compris-
ing three F{ pairs. Models Ia and Ib were
found to provide the best agreement with
the derived occupancies for the Fi and F2
sites at x = 0.06-0.10, with the more ex-
tended clusters being favored at higher dop-
ant levels (5, 6). Probable locations of the
next nearest neighbor lattice anions, which
are relaxed into F3 sites, are shown in Figs.
3a and 3b. Subsequent neutron scattering
investigations of the anion-excess fluorites
(Ca,_,La)F,. ., (I1), (Ba,_,La)F,., (I12,
13), and (Ba, . U, )F, ., (/4) have also been
interpreted in terms of defect clusters of

type 1.

A potential difficulty associated with the
type I clusters described above concerns the
anomalously short (<2 A) F1-F1 distances.
The apparent absence of very short F~—F ~
distances of this nature in any ordered fluo-
rite compounds led Laval and Frit (7) to
suggest an alternative series of defect clus-
ters based on the conversion of a single
(Ca,Y)F; fluorite cube into a square anti-
prism. This produces four anions on F1 sites
and four vacancies on regular lattice F sites.
Models Ila to 11d result from the incorpora-
tion of between one and four excess anions
along (111) directions into F2 sites, in the
enlarged empty cubes adjacent to the trans-
formed face. Model Ila is illustrated in Fig.
4. Surrounding lattice anions are again ex-
pected to relax into F3 positions due to the
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Fi1G. 4. Schematic diagram of the square antiprism
cluster (7) with one additional anion in an F?2 site which
forms model ITIa. Clusters with two, three, and four F2
sites occupied correspond to models IIb, Ilc, and IId,
respectively. For clarity, the locations of the surround-
ing lattice anions which relax away from the defect
center into F3 sites are not shown.

proximity of an F1 or F2 anion, though for
clarity these are not shown in Fig. 4.

It has been suggested (/5) that the excess
anions within dilute (Ca,_,Y,)F,,, are ac-
commodated in the form of cuboctahedral
anion complexes of the type identified in
several ordered anion-excess fluorites
which are formed at higher dopant levels
(15-19). This defect is formed by the con-
version of six edge-sharing (M?*, R3")X ¢
fluorite cubes into six corner-sharing square
antiprisms. This process accommodates
four additional X ~ anions. The inner faces
of these antiprisms form a cuboctahedral
polyhedron of 12 X ~ anions in F1 sites. Ex-
perimental evidence for these clusters has
been provided by EXAFS (20-22) and pow-
der neutron diffraction (23, 24) studies of
certain lanthanide-doped CaF, systems and
single-crystal neutron diffraction studies of
(Sr,_,Pr,)ClL,, . (9) and (Sr,_,Y,)CL,,  (25).
Furthermore, computer simulation tech-
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niques indicate that cuboctahedral clusters
are more stable than type I clusters, particu-
larly for the case of small trivalent cations
and if additional anions are located within
the central cavity (26). The simple cuboc-
tahedral type defect cluster is referred to as
model IIIa (Fig. 5). In model IIIb the central
cavity is occupied by a fifth additional anion,
which is located in an F4 site, and model
IIIc contains two extra anions in F2 sities
along the (111) direction of the fluorite
lattice,

3. Theory

Information concerning the defect struc-
ture of disordered compounds is provided
by both Bragg diffraction and coherent dif-
fuse scattering measurements. Whilst the
former gives information on the positions

F1G. 5. Schematic diagram of the cuboctahedral de-
fect cluster formed by the conversion of six edge-shar-
ing (Ca, Y)F; fluorite cubes into corner sharing square
antiprisms. Model 111a is illustrated; the addition of a
single F4 anion in the center and a pair of F2 anions
along the (111) direction gives models IIIb and IIIc,
respectively. For clarity, the locations of the surround-
ing lattice anions which relax away from the defect
center into F3 sites are not shown.
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and mean occupancies of the various crys-
tallographic sites within the unit cell, the
latter can provide direct information con-
cerning the local defect configuration.

The coherent elastic neutron scattering
from a perfect crystal containing N, atoms
is given by

Na
Y(Q) = El b,exp(iQ - R;)

exp(=W;(Q))|, (1)

where the scattering vector Q is defined as
Q = k; — k;and k; and k; are the wavevec-
tors of the incident and scattered beams,
respectively. R, is the position vector of the
Jjthatom, which has a coherent neutron scat-
tering length b;, and the term exp(— W;(Q))
is the usual Debye—~Waller temperature fac-
tor for atom j.

For a perfect crystal containing a small
number, N, of identical defect clusters we
rewrite Eq. (1) as

N'd
Y(Q) = | biexp(iQ- Ry exp(— W,(Q))
=1

N, 2
+ 3 Pubexp(iQ- Rexp(— W, (Q))| .
k=1
(2)

The first term in Eq. (2) is a summation over
the undistorted sites in the crystal and the
second term contains all the N, disordered
sites, with P, = — | for a lattice site vacancy
and P, = 1 for an interstitial atom. An atom
relaxed from its regular lattice site is for-
mally equivalent to a vacancy at Ry, = R;
plus an interstitial at R, . Similarly, a substi-
tutional impurity is treated as a vacancy and
interstitial on identical sites, though with
differing values of b, and, possibly, W,(Q).
Expansion of Eq. (2) gives four terms, the
first of which corresponds to Bragg scatter-
ing from a perfect crystal and is zero except
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at the reciprocal lattice points Q = 7. This
term may be written as

Ya(Q) = N,Q7)/V, [Fy(Q)P8(Q — 7),
3)

where the subscript B denotes Bragg scat-
tering. The structure factor F3(Q) now con-
tains the summation over the n, atoms in
one of the (identical) N, unit cells, which
each have volume V.

Fp(Q) = 2‘1 b,exp(iQ - r)exp(— W;(Q)),
“4)

where r; is now the position vector of the
Jth atom inside the unit cell. The two cross
terms in the expansion of Eq. (2) describe
the effect of disorder on the Bragg intensity
Y(Q). This modifies the structure factor to
represent the mean contents of the unit cell,
averaged over the whole crystal, so that

Fu(Q) = Z] m;b,exp(iQ - rexp(— W,(Q)),
7~
&)

where the summation over n, now includes
all the occupied sites, which have an aver-
age occupancy m;. The final term in the
expansion describes the distribution of co-
herent diffuse scattering over reciprocal
space Q caused by the presence of defect
clusters within the crystal. For a dilute con-
centration of clusters the scattering from
each of the N, defects is summed incoher-
ently and

Yp(Q) = NyFR(Q)|? (6)

The structure factor for the defect cluster is
given by

Fo(Q) = X PibiexpliQ Ry

exp(—=W,(Q)), (7)

where n. is the number of defective ions
(including vacancies) in a single defect clus-
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ter. Equations (3) and (6) describe the scat-
tered intensity due to Bragg scattering at
Q = rand diffuse scattering at all Q, respec-
tively.

4. Experimental

The neutron scattering measurements
were performed on two fragments of a
single-crystal boule of (Ca,_,Y,)F, , with
x = 0.06 grown from the melt by Dr.
R. C. C. Ward of the Clarendon Laboratory
Crystal Growth Group, University of Ox-
ford. The boule was slowly cooled to ambi-
ent temperature. For these systems, the
thermal history of the sample is relatively
unimportant (6) and no subsequent anneal-
ing of the sample was performed. A dopant
concentration of x = 0.06 was chosen to
allow direct comparisons with the earlier
work on the (Ca,_,Y )F,_ , system (4-6) and
to conform to the requirement of isolated
defects imposed by Eq. (6). For measure-
ment of the Bragg intensities a small cylin-
drical crystal of approximately 3 mm diame-
ter and 9 mm length was used, to avoid
excessive extinction of the diffracted beam.
The distribution of the relatively weak co-
herent diffuse scattering features observed
elsewhere in reciprocai space was measured
using a larger crystal of approximately 12
mm diameter and 25 mm length. Both crys-
tals had the [110] axis along the length of the
cylinder and were mounted on the diffracto-
meter with this crystallographic direction
vertical.

Data were collected on the single crystal
diffractometer (SXD) at the ISIS Spallation
Neutron Source (27). This instrument is a
time-of-flight Laue diffractometer which ex-
ploits the pulsed nature of the incident flux
and uses a large area position-sensitive de-
tector (PSD) to measure large volumes of
reciprocal space at each crystal setting. The
Bragg diffraction and diffuse scattering mea-
surements were performed with the same
experimental configuration. The PSD used
has an active area of 80 mm x 80 mm with
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each pixel having 5 mm X 5 mm spatial
resolution. At its distance of 0.25 m the de-
tector subtends an angular range of some
20° X 20° at the sample. All measurements
were performed with the central pixel at
260 = 90° and in the horizontal scattering
plane. The crystals were rotated in steps of
o = 8° using neutrons in the wavelength
range (0.48 > \ > 8.63 10\, recorded using the
time-of-flight technique. Adequate counting
statistics for the Bragg diffraction and dif-
fuse scattering measurements were col-
lected after approximately 2 and 3 hr count-
ing times, respectively.

A total of 124 Bragg reflections were mea-
sured, out to a maximum of sin /A = 1.47
A, Intensities were extracted using stan-
dard procedures and normalized to remove
the wavelength dependence of the incident
neutron flux. This process uses the intensity
measured from a polycrystalline vanadium
sample (which scatters neutrons incoher-
ently) measured with the same experimental
configuration. Following the application of
wavelength-dependent extinction and re-
flectivity corrections, a total of 75 indepen-
dent Bragg intensities I'z(hkl) were obtained
by averaging over equivalent reflections. No
corrections for thermal diffuse scattering
(T.D.S.) were applied to the I;(hkl) data.

Preliminary investigations of the distribu-
tion of coherent elastic diffuse scattering in-
dicated that the intensity lies predominantly
in the (i10) plane of reciprocal space, corre-
sponding to scattering approximately in the
horizontal plane of the detector. The time-
of-flight spectra for the horizontal pixels
were normalized using the same vanadium
sample procedure discussed above. The
normalized diffuse intensity, I;(Q) was
mapped onto the (110) plane of reciprocal
space and stored as a two-dimensional array
with the x and y axes corresponding to the
[#h0] and [00{] reciprocal space directions,
respectively. h and [ cover the ranges from
0.0 to 4.0 and from 0.0 to 6.0, respectively,
both in steps of 0.1 reciprocal lattice units.
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Close to the reciprocal lattice points Q = 7
the intensity is obscured by Bragg scattering
and these points were excluded from the
diffuse scattering analysis, leaving a total of
2431 individual data points.

Full matrix least-squares refinement of
the intensity data for both Ig(hkl) and I(Q)
were performed, where the x? function mini-
mized is defined by

X’ = RY/R,, (8)
and the weighted R-factor is given by
N, Ny
R%v = 2 (wi(lobs,i - Icalc,i))2 z (Wilobs,i)z,
i=1 i=1

®)

where the weights w; are taken to be the
reciprocal of the square of the standard devi-
ation (w; = 1/ol, ;) of each of the N, obser-
vations. The expected R-factor is given by

Ny

Réx = (Ngq — Np)2 2 (WiIobs,i)29 (10)
P i=1

where N, is the number of fitted parameters.
Estimated errors on the fitted parameters
are obtained from the covariance matrix in
the standard manner(28).

Following the expressions derived in Sec-
tion 3, the calculated Braggintensity is given
by

IB,calc(hkl) = SB‘FB(Q)P’ (11)

where S is the fitted scale parameter and
the Bragg structure factor F5(Q) is given by
Eq. (5). The corresponding expression for
the diffuse scattering intensity is

N,

In.c(Q) = C + (Sp/N,) 2] | Fp(Q)

2
)

(12)

where the F,(Q) is given by Eq. (7). Since
the defect clusters often possess lower sym-
metry than the host fluorite lattice the struc-
ture factor for the clusters must be averaged
over the N, possible reorientations of the
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defect. The fitted constant C is included to
account for the measured scattering due to
instrumental background, multiple scatter-
ing and incoherent scattering, and is as-
sumed to be independent of Q.

5. Results

Examination of the observed Bragg inten-
sities confirmed that the systematic ab-
sences were consistent with Fm3m space
group symmetry. Least-squares refine-
ments of the Bragg intensity data for Iy(hkl)
were undertaken using coherent scattering
lengths of b(Ca) = 0490 x 107" cm,
b(Y) = 0.775 x 10~ 2 cm, and b(F) = 0.565
x 107 cm (29). The 4a cation sites were
assumed to be randomly occupied by Ca
and Y in the ratio 0.94:0.06 given by the
chemical composition.

Initial refinement using a physically unre-
alistic model with full occupancy of the flu-
orine sublattice and no excess anions sites
produced a value x> = 5.03. Subsequent
analysis allowed F~ anions to occupy the
four disordered sites F1 to F4 which were
discussed in Section 2 and illustrated in Fig.
2. Refinements were undertaken varying
each site in turn, with overall charge neutral-
ity imposed by constraint of the total fluo-
rine occupancy to m = 2.06. The thermal
vibrations of the lattice fluorine anions were
assumed to be anisotropic, though the disor-
dered anions were constrained to vibrate
isotropically. Significant reductions in x?
were only provided by introduction of the
F1 and F3 sites, to values of 3.40 and 3.94,
respectively. Although some correlations
were present between the thermal vibration
parameters and site occupancies of the dis-
ordered anion sites it proved possible to ob-
tain a stable minimization with x? = 2.79
(R,, = 5.54%) with all the F1 to F4 site
occupancies refined simultaneously. The
final values of the fitted structural and ther-
mal parameters are given in Table 1.

It is informative at this stage to compare
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TABLE 1

THE STRUCTURAL AND THERMAL VIBRATION Pa-
RAMETERS OF (Ca,_, Y, F,,, WiTH x = 0.06 DETER-
MINED BY LEAST-SQUARES REFINEMENT OF THE
BRAGG INTENSITIES

Atom Site Position Parameter
Cago Yo  4a 0,0,0 By, = 0.64(1) A?
F 8¢ &4 h  m= 15909

B, = 0.60(7) A?

By = 0.81(9) A?
F1 48i & u,w)  u = 0.390(5)

m = 0.16(2)

B, = 1.4(4) A2
F2 32f  (w,w,w) w = 0.3803)

m = 0.01(2)

B, = 2.2(43) A?
F3 32f (v, v, V) v = 0.270(8)

m = 0.31(5)

B, = 1.1Q2) A2
F4 4b G, 59  m=00103)

B, = 3.2(55) A?

Note. The occupancies, m, are given as the contribu-
tion to the overall fluorine content, 2.06.

the results obtained in this work with those
reported previously. For the x = 0.06 case,
a striking discrepancy concerns the F2 site,
which was found to have a significant occu-
pancy in the original study (4—6) and the
subsequent reanalyses of the original data
(7, 9, 10). The apparent absence of anions
on the F2 sites is, however, supported by
the most recent work using a dopant concen-
tration of x = 0.10 (8). The uncertainties
regarding the occupancies of disordered
sites within anion-excess fluorites have im-
portant consequences for their subsequent
interpretation in terms of different defect
models and have been addressed in detail
elsewhere (10, 30). It has been suggested
that, under certain circumstances, the ob-
servation of F2 type sites within anion-
excess fluorites can be an artefact of the
data analysis procedure (30). It is argued
that the presence of scattering intensity as-
sociated with the F2 site at ~(0.42, 0.42,
0.42) can result from the overlap of the three
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F1 peaks at (3, 0.38, 0.38), (0.38, 3, 0.38),
and (0.38, 0.38, %) distributed around the
threefold axis. Furthermore, ambiguities in
the derived occupancies can be induced by
constraint of the thermal parameters of the
disordered sites (10), underlining the impor-
tance of high-Q diffraction data in minimiz-
ing the correlations between the occupanc-
ies of disordered sites and their thermal
vibration parameters.

The potential difficulties outlined in the
previous paragraph demonstrate the impor-
tance of single-crystal measurements for
these studies and, in particular, the use of
coherent diffuse scattering to investigate di-
rectly the short-range correlations between
disordered sites. With the more limited data-
sets available using powder diffraction (23,
24) the problems are compounded by the
loss of information due to overlap of the
h + k + 1 = 4n = 1 reflections which, if
distinguished, permit decorrelation of an-
harmonic thermal vibrations and static dis-
order due to relaxed lattice anions.

Figure 6 illustrates the distribution of the
coherent diffuse intensity /5(Q) observed in
the (110) plane of reciprocal space. Prelimi-
nary calculations of the diffuse scattering
within (Ca,_,Y,)F,, , produced by the vari-
ous models indicated that the intensity dis-
tribution is predominantly determined by
the disordered anions. Consequently, the lo-
cations of the substitutional yttrium dopant
cations within the defect clusters are not
considered in this work. Least-squares min-
imization of the diffuse scattering data I',(Q)
based on each model was initially under-
taken with the positional and thermal vibra-
tion parameters fixed at the values given
by the Bragg scattering analysis (Table I).
Subsequent refinements allowed these pa-
rameters to vary from these starting values.
The final value of x° for each model is listed
in Table II, together with the significant
changes in parameter values observed. The
relatively high x? results from the poor fit in
the vicinity of reciprocal lattice points. This
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Fi1G. 6. The measured coherent diffuse scattering in
the (110) plane of reciprocal space caused by the pres-
ence of defect clusters within the (Ca,_,Y,)F,_  single-
crystal sample.

is due to inelastic scattering from low energy
acoustic phonon modes and, to a lesser ex-
tent, from neglect of the disorder on the
cation sites due to the Y™ doping. The best
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overall fit to the diffuse scattering data is
obtained using model III. The final fitted
pattern obtained from model I1Ib is shown
in Fig. 7 and may be compared with the
measured pattern in Fig. 6.

6. Discussion

The low occupancy of the disordered F2
site determined from the analysis of the
Bragg scattering data cannot easily be rec-
onciled with the presence of defect clusters
of type I and II within anion-excess (Ca, _,
Y )F,. .. Table Ill provides a direct compar-
ison between the experimental site occupan-
cies and those calculated for each defect
cluster model. The calculated values under-
lined in Table 111 are those which lie within
the estimated errors on the experimental
values. It is clear that only models IIIa and
IIIb successfully account for all the ob-
served occupancies. However, in view of
the uncertainty concerning the presence of
disordered anions on the F2 sites discussed
in the previous section, the site occupancies
alone cannot be taken as conclusive evi-
dence that only clusters of these types are
present within the solid solution.

TABLE 11

VALUES OF THE GOODNESS-OF-FIT PARAMETER x°, DEFINED IN Eq. (8), OBTAINED BY LEAST-SQUARES
FITTING OF THE COHERENT DIFFUSE SCATTERING DATA

Model Description x* (a) 2 (b) Remarks

la L (110) F1 pair 437 34.1 u— ~0.45. B (F2) > ~10 A®
Ib 2 (110) F1 pairs 47.3 31.0 "

lc 3 (110) F1 pairs 57.1 42.6 !

Ia Antiprism + 1 F2 29.7 25.6 o= -0.30

b Antiprism + 2 F3 31.6 24.6 !

Ilc Antiprism + 3 F2 35.1 29.2 w — ~0.45

Iid Antiprism + 4 F2 38.4 30.9 w = ~0.47, B (F1) — ~9 A2
Tila Cuboctahedron 20.3 17.6 v — ~0.265, B, (F1) > ~1.9 A’
I1Ib Cuboct. + centrai F4 19.6 16.8 "

1lIc Cuboct. + (111) F2 pair 20.6 17.9 Y

Note. Column (a) gives the x* obtained for each model with the positional and thermal vibration parameters
fixed at the values given by the analysis of the Bragg scattering data (Table 1). Column (b) gives the x° obtained
when these are allowed to vary, followed by brief details of the significant parameter changes observed.
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Fi1G. 7. The calculated coherent diffuse scattering in
the (110) plane of reciprocal space assuming a random
distribution of cuboctahedral defect clusters of type
I1Ib. The values of the positional and thermal vibration
parameters are obtained by least-squares refinement of
the experimental data shown in Fig. 6.

An additional requirement placed on the
proposed models concerns the interionic
distances between the various anions. For
each defect cluster these have been calcu-
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lated using the refined positional parameters
and are listed in Table IV. For comparison,
the F~-F~ distance based on the ionic ra-
dius is 2.62 A (31) whilst in pure CaF, it
is 2.73 A. As noted previously (7), defect
clusters of type I include very short dis-
tances between the F1 anions and the re-
laxed nearest neighbor anions in F2 sites
and between the two F1 anions. Although
the former distance is subject to some exper-
imental uncertainty, owing to the minimal
occupancy of the F2 sites, the F1-F1 dis-
tance in (110) directions requires explana-
tion. Computer simulation techniques (32)
have suggested that shorter F~—F~ dis-
tances can occur if an additional covalent
attraction produces an F5~ complex. How-
ever, anomalously short anion-anion dis-
tances are not observed in ordered fluorite
compounds and defect models which in-
clude F~-F ~ distances significantly shorter
than ~2.3 A must be treated with some res-
ervation. Model II does not contain any
anomalously short F~—F~ distances and
model IIla has no distances shorter than
2.63 A. The values for model IIIb in Table
IV indicate that there is sufficient space in-
side the central cuboctahedral cavity to ac-

TABLE III

COMPARISON OF THE CALCULATED VALUES OF THE ANION SITE OCCUPANCIES, BASED ON THE VARIOUS
DEFECT MODELS DESCRIBED IN THE TEXT, AND THE RESULTS OBTAINED FROM LEAST-SQUARES ANALYSIS OF

THE BRAGG SCATTERING DATA

F F1 F2 F3 F4
Model Description [CRE )] G, u, u) (w, w, w) (v, v, V) 3,143
Ia 1{110) F1 pair 1.640 0.060 0.060 0.300 0.000
Ib 2 (110) F1 pairs 1.760 0.060 0.030 0.210 0.000
Ic 3 (110) F1 pairs 1.780 0.060 0.020 0.20 0.000
Ila Antiprism + 1 F2 1.340 0.240 0.060 0.420 0.000
Ib Antiprism + 2 F2 1.580 0.120 0.060 0.300 0.000
Ilc Antiprism + 3 F2 1.660 0.080 0.060 0.260 6.000
1Id Antiprism + 4 F2 1.700 0.060 0.060 0.240 0.000
IITa Cuboctahedron 1.520 0.180 0.000 0.360 0.000
IIIb Cuboct. + central F4 1.616 0.144 0.000 0.288 0.012
Illc Cuboct. + (111) F2 pair 1.680 0.120 0.020 0.240 0.000

Bragg diffraction analysis 1.59(9) 0.16(2) 0.01(2) 0.31(5) —0.01(3)

Note. The calculated occupancies which lie within the errors on the experimental values are underlined.
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TARI F 1V

VALUES OF THE F "-F~ INTERIONIC DISTANCES (IN A) FOR THE VARIoUS DEFECT MODELS
DESCRIBED IN THE TEXT

Model F-F F1-F1 F2-F2 F2-F1 F2-F F3-F3 F3-F2 F3-F1 F3-F  F4-Fl1
la—c 2.74 2.17 — 1.62 2.95 2.96 3.70 2.64 2.63 —
I[la—d 2.74 3.02 — 255 2.95 2.96 2.37 2.64 2.63 —
[ITa 2.74 3.02 — — — 2.96 — 2.64 2.63 —
IITb 2.74 3.02 — — — 2.96 — 2.64 2.63 3.02
Itlc 2.74 3.02 2.28 1.62 — 2.96 — 2.64 2.63 —

Note. Distances which are significantly shorter than those observed in ordered anion-excess fluorites are
underlined. The estimated error on the distances is +0.04 A except in the case of distances involving the rather
poorly determined F?2 sites where the error is ~ =0.15 A.

commodate a central F4 anion. However,
this is not the case for a (111) pair of F2
anions as required in model IIc and this
model must therefore be rejected.
Least-squares refinements of the diffuse
scattering data, summarized in Table II,
clearly favor the presence of cuboctahedral
clusters of type III. For models I and II a
significant improvement in the quality of the
fit is obtained by allowing the positionai and
thermal vibration parameters to vary away
from those obtained from the Bragg inten-
sity analysis. In all cases, however, the fit-
ted parameters adopt physically unrealistic
values which result in excessively short
F~~F ~ distances and in some cases anoma-
lously large thermal vibration parameters.
The full refinements of the type 111 defects
produce a slight improvement in x?, with the
lowest value obtained using model IIIb. A
comparison of the results obtained from the
Bragg and diffuse scattering analysis using
model IIIbis givenin Table V. The excellent
agreement between the two independent
analyses strongly supports our conciu-
sion that the disordered structure of the
(Ca,_,Y)F,., solid solution comprises pre-
dominantly cuboctahedral-type defect clus-
ters. The absence of broad diffuse scattering
intensity in other regions of reciprocal space
provides no evidence for the presence of
additional smaller defect clusters, such as
fragments of cuboctahedral units.

The relatively large experimental uncer-
tainty concerning the F4 site occupancy de-
rived from the Bragg analysis (Table I) does
not provide any conclusive information con-
cerning the presence of an additional central
anion inside the cuboctahedral cavity. Like-
wise, there is only a slight improvement in
the quality of fit to the diffuse scattering data
using model IIIb rather than IIla. Simple
geometric considerations show that the con-
version of a fluorite cube to a square anti-
prism gives a positional parameter u =
1V2 = 0.354 for the F1 site (33). The some-
what higher value observed, u = 0.390(5),
may provide indirect evidence of a central
anion since Coulombic repulsion might be
expected to enlarge the cuboctahedral cav-
ity. The increased value of u also explains
the presence of relaxed nearest neighbor
anions in F3 sites, which helps to avoid un-
acceptably short F~—F~ distances.

There has recently been considerable in-
terest in the structural properties of the or-
dered anion-excess compounds, with in-
creased evidence that cuboctahedral anion
complexes are a fundamental structural unit
in these fluorite superlattices (33-35). The
conversion of six edge-sharing fluorite cubes
into six corner-sharing square antiprisms re-
places a (M*", R3*).X 1, fluorite fragment by
(M?*, R¥)¢X 5, or (M?*, R**).X 1 if the
central cuboctahedral cavity is occupied by a
further anion. The latter process accommo-
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TABLE V

COMPARISON BETWEEN THE VALUES OF POSITIONAL AND THERMAL
VIBRATION PARAMETERS OBTAINED FROM THE LEAST-SQUARES ANAL-
YSIS OF THE BRAGG AND DIFFUSE SCATTERING DAaTA

Atom Position Bragg Diffuse

F1 @, u, u) u = 0.390(5) u = 0.384(3)
By, = 1.4(4) A? By, = 1.86(8) A?

F3 W, v, v) v = 0.270(8) v = 0.265(5)
By, = 1.1(2) A? By, = 1.21(5) A?
F4 CREREY B, = 3.2(55) A? B, = 4.6(33) A2

Note. The latter are those obtained using model IIIb.

dates five additional anions into the structure
and different packings of these polyhedra then
lead to a homologous series of ordered com-
pounds, M2" sR3*X; .. In the CaF,-YF,
system full structural determination has only
been reported for the m 19 member (15),
which has been identified as the naturally oc-
curring mineral tveitite, of approximate com-
position Ca,,YsF,;. In this structure the (Ca,
Y)¢F; units are distributed along the threefold
axis, leading to R3 symmetry, and are sepa-
rated by fragments of relatively undistorted
fluorite lattice. Further evidence for such
structural units is provided by their identifi-
cation in Ca,YbF; (16-18) and Ca,LuF, (22),
which appear to be isostructural with the
m = 15 member Ca,YF,, and in Na,Zr.F,,,
which has been suggested as isostructural
with the m = 13 member CagYF;, (36).
Our results, therefore, indicate that the
solid solution phase of (Ca,_,Y,)F,,, con-
tains randomly distributed defect clusters,
predominantly of the cuboctahedral type.
These become ordered over three dimensions
as the concentration of trivalent cations in-
creases and induces the formation of the vari-
ous fluorite superlattice phases. This is con-
sistent with the observation that the mineral
tveitite often exists as an intergrowth of the
ordered phase and the fluorite solid solution
(15). Finally, it is interesting to note that this
behavior mirrors that observed in the anion-
deficient fluorite compounds where, for ex-

ample, clusters of vacancy pairs found in the
(Zr,_.Y,)O,_,, disordered solid solutior
(37-39) can be considered as fragments of the
ordered structure of the compound Zr;Y,0,.
“0).

7. Conclusions

In summary, measurements of the Bragg
and coherent diffuse neutron scattering
from single-crystal (Ca,_,Y,)F;. . with x =
0.06 indicate that the predominant defec
species present in the disordered fluorite lat-
tice comprises cuboctahedral anion clus.
ters, formed by the combined conversior
of six edge-sharing (Ca, Y)F; fluorite cubes
into six corner-sharing square antiprisms
This model provides the best overal
agreement with the observed occupancies
of the disordered anion sites at (3, u, ) witkt
u = 0.390(5) and (v, v, v) with v = 0.270(8).
This cuboctahedral defect does not include
any anomalously short F~—F ~ contacts o;
the type obtained if other defect cluste
models are adopted. Least-squares refine
ment of the distribution of coherent diffuse
intensity over reciprocal space supports the
presence of cuboctahedral clusters anc
gives refined positional and thermal vibra
tion parameters in excellent agreement witt
those obtained from the analysis of the
Bragg scattering data. These clusters are
distributed randomly within the fluorite
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solid solution and possess a structure which
is strongly related to the polyhedral com-
plexes which form the basis of many ordered
anion-excess fluorites.
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