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The Crystal Structure of Tveitite, an Ordered Yttrofluorite Mineral*
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Tveitite is an ordered yttrofluorite mineral with an abnormally high yttrium plus rare-earth content. It
has rhombohedral symmetry (space group R3) with cell contents M,,X,3, and is the member n = 19 of
an homologous series of phases M, X;,+s. The hexagonal unit cell parameters are a = 1669.20 = 0.09
pm; ¢ = 966.64 * 0.08 pm; Z = 3, and the structure is strongly fluorite-related. Structure analysis
shows the presence of discrete Mg X3, clusters which consist of an octahedral arrangement of six M X,
square antiprisms sharing corners to enclose a cuboctahedron of anions with an additional anion at its
center—a |3-member ccp anion cluster. The MgX3; clusters are distributed in an ordered manner
within a fluorite-type matrix. The composition of tveitite has not been defined unambiguously; ideally,

it is probably Ca;; Y5F 3.

Introduction

Particular interest in the yttrofluorite
mineral, tveitite, first reported by Bergstgl
etal. (1), has been occasioned by two facts.
First, tveitite is considerably richer in yt-
trium plus rare-earth cations than any pre-
viously known natural yttrofliiorite, and,
second, it is an ordered, anion-excess, fluo-
rite-related superlattice phase; other yttro-

* Dedicated to Professor A. F. Wells on his 70th
birthday.
t To whom all correspondence should be addressed.

fluorites are disordered, fluorite-type solid
solutions.

A small sample of tveitite was kindly
given to us by Professor Neumann and Dr.
Jensen of the Geological Museum, Oslo,
Norway. Initially, X-ray powder and sin-
gle-crystal electron diffraction studies were
carried out; the results (2) showed that the
specimen was diphasic, consisting of the or-
dered phase which is tveitite, and a disor-
dered cubic solid-solution (ce) from which
it is supposed that tveitite was formed.
Moreover, tveitite was shown to have a
rhombohedral unit cell (rhy) and to be the
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member n = 19 of the homologous series
of fluorite-related compounds, M,X,,.s,
which occur in the systems LnF,-LnF; (3 -
6), Can—YbFa (7), and Can'—YFa (8).
Subsequently, its structure was determined
from single-crystal X-ray diffraction data,
and a preliminary report of certain geomet-
rical features thus revealed has been pre-
sented already in describing a new struc-
tural principle in anion-excess, fluorite-
related superlattices (9). In the present
paper we now give a full description and
discussion of this structure.

Crystal Data and Structure Determination

Tveitite has rhombohedral symmetry,
and the space group is either R3 or R3; lat-
tice constants are a = 1669.20 + 0.09 pm, ¢
= 966.64 = 0.08 pm in the hexagonal repre-
sentation (2), and this unit cell contains 57
cations, none of which is far removed from
a cation site of the ideal fluorite structure.

For intensity measurements an irregular
but apparently untwinned single-crystal
fragment, measuring approximately 0.1 X
0.1 x 0.15 mm?®, was selected and mounted
on an automatic, four-circle diffractometer
(CAD-4: Enraf-Nonius). Initially, the fluo-
rite-type subcell reflections were used in
determining the crystal orientation, since
the supercell reflections are relatively very
much weaker, but after transformation to
the known superlattice cell only superlat-
tice reflections were used in determining an
exact orientation matrix.

Diffracted intensities from this crystal
were measured by an «/8 scan in the range
0 = 3-29°, and over several equivalent re-
gions of reciprocal space, with monochro-
matic MoKa (A = 0.71069 A) radiation
(graphite monochromator). To these mea-
surements the normal Lorentz and polariza-
tion corrections were applied, but because
of the very irregular form of the crystal,
absorption corrections were not attempted.
Furthermore, since the electron diffraction

studies (2) had shown that, even within a
*‘single crystal,”” both the ordered (tveitite)
and disordered (ca) phases were inter-
grown, it was necessary to remove from the
data set all the subcell reflections to which
both phases contributed. Finally, 1164 inde-
pendent superstructure reflections with ob-
servable intensity were obtained and used
in the determination and refinement of the
tveitite structure.

The structure was solved by Fourier
methods. First, a Patterson synthesis was
calculated (10), from which a sensible
model of the distribution of cations (as-
sumed at this stage to be 13 Ca and 6 Y),
and their shifts from the ideal fluorite posi-
tions, was obtained. The number (43) and
positions of the F atoms were then obtained
through a succession of difference synthe-
ses. The structure was refined (/0) in the
space group R3. Initially Ca(l) and F(8)
were placed in the positions 3b and 3a, re-
spectively, of this space group, and all
other atoms on the general site 18f. Each
atom was also assigned an isotropic temper-
ature factor. Refinement then converged to
a conventional R value of 0.129. At this
stage a difference synthesis showed signifi-
cant electron density along the 3 axis both
above and below the atoms Ca(l) and F(8).
The temperature factors of these two atoms
were also about 50 times greater than those
of their counterparts on other sites. For fur-
ther refinement, then, these two atoms
were placed in the 6¢ site (00z, 00Z) with a
statistical occupancy of 0.5, and given z co-
ordinates of 0.555 and 0.061, respectively.
The R value dropped only slightly to 0.125,
but a difference synthesis no longer showed
any electron density at the ideal site of
Ca(l) (0,0,0.5) and only a density corre-
sponding to about 1.7 electrons at 0,0,0.
Moreover, the temperature factors of Ca(l)
and F(8) now had sensible values. The re-
finement was based on a weighting scheme
w = 0.007/(c*(F) + 0.123F%),

A calculation with anisotropic tempera-
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TABLE 1
PoSITIONAL PARAMETERS AND ISOTROPIC
TEMPERATURE FACTORS FOR THE ATOMS OF
TVEITITE IN SPACE GRrOUP R3?

Atom x y z B
Y 0.0169(1) 0.1489(1)  0.1786(2) 0.60(6)
Ca(l) 0.0 0.0 0.5353(6) 2.8(5)
Ca(2) 0.2654(3) 0.2348(3) 0.15574) 0.1(5)
Ca(3) 0.1749(3) 0.4059(3) 0.1672(4) 1.2(3)
F(1) 0.1958(7) 0.0831(7) 0.0040(11) 1.0(2)
F(2) 0.1102(8) 0.0975(8) 0.2349(12) 1.4(3)
F(3) 0.0190(6) 0.1495(6) 0.4146(10) 0.1(5)
F(4) 0.2702(6)  0.1024(6) 0.2573(11) 0.3(2)
F(5) 0.1576(6) 0.2686(6) 0.2515(11) 0.2(2)
F(6) 0.0324(6) 0.2842(6) 0.0971(11) 0.4(2)
F(7) 0.2955(6)  0.3838(6) 0.0744(11) 0.3(2)
F(8) 0.0 0.0 0.060(9) 1.4(8)

?The temperature parameters, B(pm?), are multi-
plied by 107%, and relate to the expression exp(B.sin® ¢/
A?). Standard deviations in the last significant figure
are given in parentheses.

ture factors for the heavy atoms led only to
a very small improvement of the R value to
0.122, and the temperature factor of Ca(2)
was nonpositive definite. Again, based on
the chemical analysis for cerium in the min-
eral, a refinement was carried out in which
yttrium was substituted by cerium to the
extent of 20%, but no improvement in R
value was achieved.

The splitting of the sites of Ca(l) and F(8)
suggested that refinement of the structure in
the noncentrosymmetric space group R3
might be more appropriate, and after sev-
eral cycles of such refinement the R value
converged to 0.092. In comparison with the
results of refinement in R3 this new refine-
ment indicated no significant shifts of atom
positions, but the standard deviations of the
new positional coordinates were now a fac-
tor of two greater than before. More signifi-
cantly, however, difference syntheses al-
ways showed electron density at the
alternative split positions of Ca(1) and F(8).
It must be concluded, therefore, that the
space group R3 is correct, and that there is
statistical occupancy by Ca(l) and F(8) of

6¢ sites of this space group. A similar phe-
nomenon was observed by Burns et al. (11)
in their analysis of the closely related struc-
ture of Na;ZrsFs;.

Table I gives the final positional parame-
ters and temperature factors obtained in the
R3 refinement of the tveitite structure.

Description and Discussion of the Structure

The structure analysis shows that the cat-
ion to anion ratio in tveitite is 19:43, and
that the cation sublattice, with an ordered
distribution of Caand Y atoms, is only very
slightly distorted from that of fluorite. The
anion sublattice of the M,,X,; rhombohe-
dron is, by contrast, anion-rich relative to
fluorite, there being 5 ‘‘excess’’ anions. Na-
ture’s method of accommodating such an-
ion-excess in fluorite-related phases ap-
pears to involve simply the conversion of
some parts of the primitive cubic anion sub-
lattice of the parent to a denser, close-
packed array. Thus, in the vernier phases
(12, 13, and references cited therein) 4* and
3% anion nets alternate along one cubic sub-
cell direction, and the transformed parts of
the parent structure are two-dimensional
anion sheets. In tveitite, however, the for-
mation of three-dimensional clusters of 13
cubic close-packed anions is observed.
These clusters have the form of a filled cub-
octahedron (Fig. 1), and are ordered in the
structure.

FiG. 1. Coordination polyhedron around F(8): a
three-dimensional cluster of 13 cubic close-packed F~
ions.
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Fi1G. 2. Comparison of the two equivalent structural
units: (a) MgXa in the fluorite structure; (b) MgXs; in
the structure of tveitite. The enclosed polyhedron in
the Mg Xs; unit is the cuboctahedron shown in Fig. 1.

Figure 2 illustrates an alternative and
perhaps better description of the way in
which the additional anions are incorpo-
rated in tveitite. In Fig. 2a an element of the
fluorite-type structure is represented,
which consists of six MXg cubes sharing
edges to enclose an empty Xg cube; such
elements, of composition MgXj,, then fur-
ther edge-share to fill space. Figure 2b
shows a new structural element, produced
from the MsX;, element by a simple rota-
tion mechanism (9), which consists of six
MX, square antiprisms sharing corners to
enclose an empty cuboctahedron; its com-
position is now MgXg, which becomes
MgX3; when the center of the cuboctohe-
dron is occupied by an anion, as it is in
tveitite. The transformation can be written
as

Mg Xse (fluorite) + 5X — MgXg; (tveitite).

FiG. 3. The coordination polyhedron of the Y
atom-—a monocapped square antiprism.

FiG. 4. Icosahedral coordination of the atom Ca(l).

The origin of the homologous series
M., Xz.+5 is now clear. Tveitite, as already
mentioned, is the member n = 19, and other
members whose structures have been de-
termined (e.g., Na,ZrF,, (//) and Nd,,
Cl;,0 (/4)—the members » = 13 and 14,
respectively) contain this Mg X, cluster. So
does the alloy CryCg (15). MgXge clusters
are also known to be present in the fluorite-
related structure of KY;F,, (16).

The cations (Y) of the MgX;; clusters in
tveitite have an 8 + | coordination by an-
ions in the form of a monocapped square
antiprism (Fig. 3), the atom F(8) in the cub-
octahedron being the common cap for all
six square antiprisms of the cluster. These
clusters are distributed along the threefold
symmetry axes so that their centers occupy
the positions 0,0,0; %, %, % and %, %, }; with
symmetry 3. Between each pair of clusters
lying one above the other along [001],..
there is generated a somewhat distorted
icosahedron of 12 F atoms, within which

F7

F1G. 5. Cubic coordination of the atom Ca(3).
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FiG. 6. The coordination polyhedron of the atom
Ca(2).

the atom Ca(1) is found (Fig. 4), and these
[001] columns of alternating Mg X3, clusters
and CaF,, icosahedra, fused together, are
embedded in a matrix of virtually unmodi-
fied fluorite-type structure, where the atom
Ca(3), coordinated by eight F atoms in the
form of an almost undistorted cube (Fig. 5),
is found. The Ca(2) atoms occur in the
boundary region between the fluorite-type
matrix and the columns. These are 10-coor-
dinated (Fig. 6), and the coordination poly-
hedron can be described as the combination
of a half cube (on the side of the fluorite-
type matrix) and a half icosahedron (on the

F1G. 7. Views down [001],.. of the various cation-
centered polyhedra in the tveitite structure. Bottom
left: the Ca(1) F,, icosahedron. Bottom right: the Ca(3)
Fg cube. Top left: the YFq square antiprisms (hatched)
in the bottom plane of an MgXy; cluster (see also Fig.
2b) together with the adjacent Ca(2) F,, polyhedra
(dotted) in the same plane. Top right: as above, but the
cations are now in the top plane of an MgXy; cluster
(see also Fig. 2b).

side of the column). Alternatively, this
polyhedron can be derived from a cube by
substitution of the equilateral triangle F(1)—
F(1")-F(2) for one corner. A similar polyhe-
dron has been recognized by Edshammer in
the structure of PtgAl,y (/7).

Figure 7 shows drawings of these various
polyhedra as they appear when viewed in
planes perpendicular to the hexagonal ¢
axis. Further explanation is given in the fig-
ure legend. Figure 8 then shows the polyhe-
dra associated with a single cation plane
parallel to [001] of the tveitite structure,
and illustrates diagrammatically what the
text has attempted to describe.

The most important interatomic dis-
tances are shown in Table II; these take ac-
count of the **split”” character of Ca(1) and
F(8). Within the square antiprisms of the
M, Xs; cluster the Y-F distances range from
221.8 to 233.8 pm, and, as might be ex-
pected, are generally shorter than Ca-F
distances. The common cap to the six
square antiprisms, F(8), is significantly fur-
ther away from the Y atoms (265.4 pm), so
that the yttrium coordination is properly de-
scribed as 8 + 1. The mean Ca-F distances
vary somewhat, depending on the coordina-

FiG. 8. A single cation plane of the tveitite structure
showing the juxtaposition of the various cation-cen-
tered polyhedra. Stacking of such layers in accordance
with the space group translations leads to the [001]
columns of clusters and icosahedra embedded in a fluo-
rite-type matrix, with boundary regions between (see
text).
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TABLE II
INTERATOMIC DISTANCES IN TVEITITE (pm)®

Y-F(2) 221.88)  Ca(3)-F(3)  229.3(8)
Y-F(2) 222.309)  Ca(®)-F(3') 231.7(8)
Y—_F(1") 2498)  Ca(3)-F(5)  234.38)
Y-F(1") 225.709)  Ca(3)-F(4")  235.6(8)
Y-F(Q3) 228.18)  Ca(3)-F(6)  236.00)
Y-F(6) 231.48)  Ca(3)-F(5')  240.1(8)
Y-F(4) 232.9(9)  Ca(3)-F(7) 242.4(8)
Y-F(5) 233.8(7)  Ca(B)-F(7)  242.909)
Y-F(8) 265.429) F(8)-F(2) 244.6(29)
Ca()-F(3")  244.08)  F(8)-F(l) 293.8(29)
Ca(1)-F(3)  266.18)  F(®)-F(')  295.3(29)
Ca()-F(2") 284.1(8)  F(®)-F(2)  335.7(29)
Ca()=F(2)  340.2(9)

Ca(2-F(5)  236.1(8)

Ca(2)-F(4™)  238.6(8)

Ca(2)-F(7)  244.4(8)

Ca2)-F(7)  244.9(8)

Ca(2)-F(6)  246.3(9)

Ca(2)-F(4)  248.9(8)

Ca(2)-F(6)  251.69)

Ca(2-F(2)  260.9(10)

Ca(2-F(l)  267.0(8)

Ca(2)-F(I')  279.6(9)

¢ Standard deviations in the last significant figure are
given in parentheses.

tion of Ca. The shortest (236.5 pm) is found
for the Ca(3)Fg cube, and this is identical,
within experimental error, to the value of
236.6 pm reported for pure CaF, (18). The
mean Ca(2)-F distance (251.8 pm) is some-
what longer, and longer still is the mean
Ca(1)-F distance (283.6 pm). However,
Ca(l) is a “‘split atom,”” so it is probably
more sensible to think in terms of two
groups of Ca(1)-F distances, one with six
shorter (264.0 pm) and the other with six
longer (303.2 pm) distances.

In spite of the denser packing of F atoms
in the filled cuboctahedron, there are no un-
usually short F-F distances. The shortest
calculated, 245 pm for F(2)-F(8), results
from the shifting of F(8) from the center of
the cuboctahedron. All other F—F distances
are significantly longer, and compare with
the value of 273.2 pm in CaF, (I/8).

We believe it is very significant that, in

terms of both external shape and volume,
the MgXs; (or MgXge) cluster is virtually
identical with the MgXs, unit of fluorite, so
that the former can be incorporated readily
within a fluorite matrix. In tveitite, this oc-
curs in an ordered manner, although the co-
existence of both tveitite and c« in the min-
eral specimen shows that such ordering is
still incomplete. Experiments have shown
(I, 2) that tveitite disorders to a high-tem-
perature cubic phase at 670°C, and that this
transition cannot be reversed after weeks or
months of annealing. However, we believe
that the integrity of the MgXs; clusters is
retained in the disordered state on time av-
erage. The available evidence suggests that
ease of ordering increases with increasing
concentration of MgXj; clusters in the fluo-
rite matrix (8). In normal, disordered yt-
trofluorites, then, the concentration of
these clusters, which contain the yttrium, is
simply too low for ordering to occur, even
in geological time.

One problem remaining concerns the true
composition of tveitite. The careful chemi-
cal analyses carried out in the course of the
Norwegian work (/) lead to an overall sam-
ple composition M X; 55,, with the Ca: (Y +
Ln) ratio equal to 2.24, but the sample is
not monophasic. In the tveitite structure,
the three-valent cations are all in the Mg X3,
clusters, and the structural formula appears
as Cay(Y + Ln)gX, (MX,.4) with a
Ca:(Ln) ratio of 2.17. The charge-balance
condition then requires that the formula
should be Ca,(Y + Ln)F,,0, which is
quite consistent with the analysis data.
Moreover, an ordered distribution of these
atoms in the R3 space group is possible, the
O atom being placed in the position 3a at
the center of the cuboctahedron (F(8) in Ta-
ble I). This same situation has also been
assumed in the structure of the compound
Nd,,Cl3,0 (/4).

However, Greis (2) reported the appear-
ance of a few, very weak, pseudofluorite
reflections on a heavily exposed Guinier
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powder pattern of tveitite; these he attrib-
uted to the presence of some rare-earth ox-
ide-fluoride. The approximate cell-edge, al-
though not reported at the time, was
measured as 5.75 A, which is in fair agree-
ment with the value of 5.70 A reported by
Roether (/9) for cubic CeOF. If we now
assume that tveitite is a pure calcium-yt-
trium fluoride, and that all the rare-earth
elements present (mainly La-Sm, with Ce
predominating) occur as the oxide-fluoride
LnOF, recalculation of the analysis data
leads to the formula Ca,349Ys.07F43. For
this, the MgXy; clusters must contain ap-
proximately one Ca atom and five Y atoms
(randomly distributed in space group R3).
Evidence that Ca atoms do coexist with
rare-earth atoms in Mg Xse clusters is found
in the structure of Ba(CalLn,)F,, (20); for
Ln = Tm, Yb, Lu this compound is iso-
structural with KY3F,,. The ideal formula
for tveitite would now be written as
Ca,;YsF43, and our considered view is that
this is the more probable of the two.
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