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A Comprehensive Study of Disordered and Ordered Scheelite-Related Biz(FeO,) (M0Q,),
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Biy(FeO,) (M0O,),, prepared from aqueous solutions of the components, is microcrystalline and has
14,/a scheelite-type structure (a=5-32, ¢=11-67 A) with a random distribution of the Fe and Mo atoms
on the tetrahedral cation site. This phase is metastable and transforms on heating to an ordered scheelite
superstructure: C2/c, a=16904, b=11-653, c=5254 A, f=107-15°; Z=4. The structure was solved
and refined from single-crystal counter data: R=0-061 for 1083 structure factors. Both crystallograph-
ically different Bi atoms show lone-pair distortions. The Fe and Mo atoms are tetrahedrally coordinated
to O atoms. Strong Bi—O bonds result in unusually long Fe-O distances which correlate well with a large
isomer shift of 0-:28, mm s~ ! relative to a-Fe for tetrahedral Fe®* in the 3"Fe Mdssbauer spectrum. The
Mossbauer data also indicate a trend towards higher coordination of the Fe atom in the disordered
phase. Infrared spectra suggest considerable short-range disorder in that phase. Bi;(GaO,) (M0oQ,),
forms disordered and ordered scheelite phases isotypic with Bi;(FeO,) (M0Q,),. Scheelite-related phases
are classified according to their group-subgroup relationships. Scheelite-related YNbO, which was

previously reported with a noncentrosymmetric space group appears to be centrosymmetric.

Introduction

Of the crystal structures occurring for ABO, com-
pounds, the scheelite (CaWO,) type structure is the
most versatile. It is adoptable for a large range of radii
ratios and charge combinations of the cations (Muller
& Roy, 1974). Ordering of vacancies and cations on
the A site gives rise to various superstructures as is
known for the Eu,;0,;WO, (Templeton & Zalkin,
1963), Bi,;300,,3M00, (Cesari, Perego, Zazzetta, Man-
ara & Notari, 1971; van den Elzen & Rieck, 1973), and
La,;;0,,3M00, (Brixner, Sleight & Licis, 1972;
Jeitschko, 1973) type structures, where O indicates
vacant sites. A superstructure due to ordering of two
kinds of cations on the A site was reported for
KEu(MoO,), (Klevtsova, Kozeeva & Klevtsov, 1974).
In Biy(FeO,) (M00,), the formation of a superstructure
was ascribed (Sleight & Jeitschko, 1974) to ordering of
the Fe and Mo atoms on the B site of scheelite. Here
we give a detailed characterization of this phase which
is of interest also because of its catalytic properties
(Linn & Sleight, 1976).

Synthesis and polymorphism

The synthesis of Bi;(FeO,) (M0Q,), is most convenient
from aqueous solutions of ferric nitrate, bismuth ni-
trate, and ammonium molybdate (Sleight & Jeitschko,
1974). If this mixture is heated to only 250°C to drive
off the ammonium nitrate and water, a new modifica-
tion of Biy(FeO,) (M00O,), is formed, which gives the
X-ray powder pattern shown in Fig. 1(a). We will refer
to this modification as disordered Biz(FeO,) (M0O,),
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since its powder pattern contains the basic scheelite-
type reflections without superstructure reflections. The
peaks are broad and can be indexed on the basis of a
body centered tetragonal cell with ¢=5-32 and c=
11-67 A.

The X-ray powder pattern of the modification we
have previously described is also characteristic of a
scheelite structure, but there is line splitting and a
superstructure [Fig. 1(b)]. We refer to this phase as
ordered Bi3(FeO,) (M00O,),.

The diffraction peaks of the disordered phase are
broad, but not as broad as the splitting in the ordered
form [compare for instance the 200 reflection in Fig.
1(a) with 640 and 202 reflections in Fig. 1(b)]. Since
even the 004 reflection — which does not split in the
ordered form - is broad, the broadening can at least
to a large extent be ascribed to the small crystallite size.
Excluding lattice distortions and inhomogeneities as
cause for the broadening, the crystallite size was cal-
culated with the Scherrer formula to be about 250 A,
Annealing experiments showed that weak superstruc-
ture reflections occur as soon as the scheelite reflections
begin to sharpen. Thus crystal growth and the ordering
process occur at similar conditions.

If disordered Biy(FeO,) (MoO,), is heated at 600°
to 920°C for 10 h, it completely transforms to
ordered Biy(FeO,) (M0O,),. Heating disordered
Biy(FeO,) (Mo0O,), at 500°C for 10 h leads to no
significant sharpening of the diffraction peaks and no
detectable formation of ordered Bi;(FeO,) (MoO,),.
However, when disordered Biy(FeO,) (M00O,), was
used in a catalytic reactor for several days, it completely
transformed to ordered Biy(FeO,) (MoO,), even though
the temperature never exceeded 475°C. Thus, dis-
ordered Biy(FeO,) (MoO,), is metastable. Nonetheless,
it is kinetically fairly stable up to about 500°C. Dis-
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ordered Biy(FeO,) (M00,), could be expected to be
thermodynamically stable at high temperatures; how-
ever, the compound melts incongruently at 925°C
(DTA data show an endotherm on heating at this tem-
perature and quenching from above that temperature
gives a multiple phase product).

The colors of the two Biz(FeO,) (MoOy), phases are
different. In samples with small particle size the dis-
ordered form is light brown and the ordered form
greenish yellow. Prolonged sintering and grain growth
of the ordered form, however, result in a dark brown
color.

Crystal structure of ordered Bi;(FeOg4) (M0O,),

Small crystals of ordered Biy(FeO,) (MoO,), were ob-
. tained by sintering at 920°C for about 60 h in air. They
were investigated in a Buerger precession camera with
Mo Ka radiation and show 2/m diffraction symmetry.
Extinctions (hk/ present only with &4k =2n; kOl only
with /=2#n) indicate space groups C2/c and Cc; C2/c
was found to be correct during the structure determina-
tion. This is also supported by the absence of a second
harmonic signal in isostructural Bi;(GaO,) (M0O,),.

Lattice constants were obtained from a least-squares
refinement of Higg-Guinier data recorded at 25°C
using Cu Ko, radiation with high-purity KClI (a=
6:2931 A) as internal standard: a=16-904 (1) b=
11:653 (1), c=5-2544 (6) A, f=107-15 (1)°, ¥'=989-0
(1) A3. The values given in parentheses are standard
deviations in the least significant digits; they do not
reflect any compositional variation in lattice constants.
The calculated density is 7-16 g cm~2 assuming four
formula units per cell.

Intensity data

The crystal selected for the collection of the intensity
data was of irregular shape with overall extensions
varying between 35 and 65 um. Zr-filtered Mo radiation
was used with a four-circle automated diffractometer,
scintillation counter, and pulse-height discriminator.
Scans were over 0-8° in 26 plus the angular separation
of the Ko doublet with scan speed of 0-2° 26 min~,
Background was counted for 40 s at both ends of each
scan. All reflections within three asymmetric quadrants
up to 65° 20 were measured. Equivalent reflections
were averaged. An absorption correction was made as-
suming spherical crystal shape [u(Mo K«)=549 cm™1,
ur=1-3; Weber, 1969]. The usual Lorentz—polarization
correction was applied.

Solution and refinement of the structure

Fig. 2. shows the relation of the tetragonal scheelite
cell* to that of Biy(FeO,) (M0O,),. We expected that

* We use the standard setting C2/c for Bi(FeO,) (M0Oy),.
The relation of the scheelite cell to the Biy(FeO;) (MoO,),
cell is more easily recognized in the 72/a setting. The lattice
constants for the I2/acell are a=75-254, b=11653, c=16'1554,
B=90-96°,

DISORDERED AND ORDERED SCHEELITE-RELATED Bi3(FeO3) (M00,),

the superstructure arises through ordering of the Fe
and Mo atoms on the B site of the ABO, scheelite
structure, Since the point symmetry of the B site is
noncentric, only the 4(e) position of C2/c is suited for
the four Fe atoms in Biy(FeO,) (M00,),. The remaining
atoms were then placed according to the positions of
the subcell.

The structure was refined with a full-matrix least-
squares program by Finger (1969) using scattering
factors for neutral atoms (Cromer & Mann, 1968) cor-
rected for anomalous dispersion (Cromer & Liberman,
1970). The function >w|KF,—|F.||* was minimized
where K is a scale factor and w the weight based on
counting statistics. Zachariasen’s (1963) extinction cor-
rection Ioor=lipcorr/(1 — ¢luncors) Was applied where ¢
was 0-1 x 1076, Reflections for which this correction
was greater than 10 % and reflections where F, was less
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Fig. 1. Diffractometer scans of the disordered (a) and ordered
(b) phase of Biy(FeO,) (M00,), recorded with Cu K« radia-
tion under comparable conditions. The indices correspond
to (a) the basic tetragonal scheelite cell and (b) the large
monoclinic cell of the superstructure respectively. Super-
structure reflections are indicated by an asterisk.

Fig. 2. Relation of the tetragonal scheelite subcell, space group
I14,/a, to that of the monoclinic superstructure cell of
Bi(FeO,) (M00,),, space group C2/c.
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than two standard deviations were given zero weight
in the final least-squares cycles and are marked with an
asterisk in the list of observed and calculated structure
factors.* Final positional and thermal parameters are
listed in Table 1. The final conventional R value (on
F’s)is 0-119 for a total of 1791 reflections, and R=0-061
for the 1083 structure factors with nonzero weight in
the final refinements. Since these values mainly depend
on the agreement of the strong subcell reflections, they
cannot be taken as an indicator for the accuracy of the
superstructure. However, the R value of 0-034 for the
237 strongest superstructure reflections compares
favorably with the R 0-039 for the 108 subcell reflec-
tions of the same intensity range.

* A list of structure factors has been deposited with the
British Library Lending Division as Supplementary Publica-
tion No. SUP 31412 (13 pp., 1 microfiche). Copies may be
obtained through The Executive Secretary, International
Union of Crystallography, 13 White Friars, Chester CH1 1NZ,
England.
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Fig. 3. Least-squares fits to *’Fe Mossbauer spectra of dis-
ordered and ordered Biy(FeO,) (M0O,), at 298 K. The data
for the ordered phase show an isomer shift §=0-28, mm
s~ and quadrupole splitting 4=1-04 mm s~!. The data of
the disordered phase were fitted arbitrarily to two curves
with §,=0-28, 4,=1-06 mm s~* and §,=0-39, 4,=045 mm
s~ 1, Isomer shifts are given relative to (NBS) a-Fe. Standard
deviations are 0-01 mm s~*.
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Mossbauer and infrared spectra

In Fig. 3 we compare the ’Fe Mdssbauer spectrum of
the disordered phase with that of the ordered phase.
Experimental details were previously described (Sleight,
Chamberland & Weiher, 1968). Only one kind of iron
is indicated in the spectrum of the ordered phase and
the isomer shift d=0-28, mm~! s relative to (NBS) a-Fe
is characteristic of high spin Fe®**. The quadrupole
splitting of 1-04 mm s~? reflects a significant departure
from cubic symmetry.

The isomer shift J for high spin Fe** is generally
expected to increase with increasing coordination
number due to increasing ionicity. For octahedral
high-spin Fe** in oxides, J is significantly greater than
0-30 mm s~! at room temperature. For tetrahedral
high-spin Fe3*, § is generally in the range of 0-14 to
0-24 mm s~! [see for instance Danon (1968), Birchall
& Greenwood (1969)]. Thus the isomer shift for
ordered Biy(FeO,) (M0Oy,), is rather high for high-spin
Fe3+ in tetrahedral oxygen coordination. It is, how-
ever, consistent with the relatively high ionicity and
distances of the Fe-O bonds discussed in the next
section.

The  Mdossbauer  spectrum of  disordered
B13(Fe04) (Mo00,), shows the presence of several kinds
of iron as would be expected. The fit to two kinds of
iron (Fig. 3) is arbitrary but indicates the range of
quadrupole splittings and isomer shifts. Relative to the
ordered phase there is a trend toward smaller quadru-
pole splittings and higher isomer shifts. This strongly
suggests that some of the iron in disordered
Bi;(FeO,) (M00,), has bonding which is even more
ionic than in the ordered phase. This could be achieved
through a higher coordination number for some of the
iron in disordered Biy(FeQ,) (M0oQ,), as is known for
the W atom in scheelite-like Eu,(WO,); (Templeton &
Zalkin, 1963). On the other hand the isomer shift in
the disordered form is certainly not large enough to
indicate that Fe occupies the A site of scheelite to any
large extent.

Infrared spectra were obtained for ordered and dis-
ordered Bi;(FeO,) (M0Q,), in Nujol mulls (Fig. 4). The
peaks shown are primarily due to the MoO, groups
and the spectra of the two forms are characteristically

Table 1. Atomic parameters in Biy(FeO,) (M0O,),

E.s.d.’s are in parentheses in units of the least significant digits. Anisotropic thermal parameters are defined by exp [—(C 2 hih b))
and are given x 10°; equivalent isotropic parameters B are in

C2le x ¥y z by
Bi(1) 8f 015163 (6) 0-88676 (9) 0-4058 (2) 76 (3)
Bi(2) 4e O 0:65514 (11) % 70 (5)
Fe 4e 0 0-1178 (5) 70 (17)
Mo 8f 016811 (12) 0-3722(2) 04234 (4) 59(7)
O(1) 8f 00870 (11) 00394 (16)  0-514 (4)
O(2) 8f 00510(11) 0-2015(15)  0-033 (3)
O(3) 8f 02173(12) 0-2888(16) 0-238 (4)
O(4) 8f 0-1161(11) 02912(15) 0-625(4)
O(5) 8f 0-0919(10)  0-4531 (15)  0-202 (3)
O(6) 8f 0-2459 (10) 04586 (15)  0-641 (4)

A C32B - 12*

b22 b33 b12 bl3 b23 B
112 (D 845 (33) 2(4) 42(7) 20 (12) 077 (2)
104 (9) 873 (52) 0 83 (12) 0 072 (2)
127 33) 673 (171) O —45 (41) 0 0-77 (7)
125 (14) 883 (70) 1(8) 34(17) —20(24) 0'75( 3)

1-5(3)
09 (3)
1-3 (3)
1-1 (3)
09 (3)
1-1 (3)
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different. In the ordered form all MoO, groups are
equivalent to each other. However, the MoO, groups
in disordered Biy(FeO,) (M00O,), will of course not all
be equivalent. Furthermore, the symmetry of some
molybdate groups in disordered Biy(FeO,) (MoO,),
will be lower than for those in ordered
Bi;(FeO,) (M00Q,),. Thus the infrared frequencies of
the disordered form are less well defined which causes
the spectrum to be ‘smeared out’ relative to that of
ordered Biy(FeO,) (MoO,),.

Since the vibrational spectra depend primarily on
the local environment and symmetry, they are more
sensitive to short range order than the X-ray powder
patterns. The fact that the bonds of the disordered
form are broadened considerably, indicates that this
form has also considerable disorder at short range. A
similar behavior was observed by Schipper & Blasse
(1974) for the disordered scheelites Y,(SiO,) (WO,),
Y,(GeO,) (M00,), and Y,(GeO,) (WO,).

Discussion of the ordered structure

The structure of ordered Bi;(FeO,) (M00,), comprises
three scheelite-like subcells (Figs. 5 and 6). The tripling
of the cell is due to the ordering of the Fe and Mo

DISORDERED AND ORDERED SCHEELITE-RELATED Bi;(FeO,) (MoO,),
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Fig. 4. Infrared absorption spectra of (upper curve) disordered
and (lower curve) ordered Biz(FeO,) (MoOy,),.

Fig. 5. Stereo drawing of the Bi;(FeO,) (M0O,), structure. Bi and O atoms are drawn as large and small white spheres respectively.
Black atoms and black atoms with a white dot represent the Mo and Fe atoms.
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atoms on the B site of the ABO, scheelite structure.
The resulting lower symmetry also allows for the char-
acteristic lone-pair distortion in the coordination of the
formally 3+ valent Bi atom. Nevertheless both crystal-
lographically different Bi atoms can be considered as
eight-coordinate (Fig. 7) which is also the coordination
of the A site in scheelite.

The two kinds of Bi atoms are quite different from
each other: Bi(1) has three very close O neighbors at
about 2-2 A, while Bi(2) has two very close O neighbors
at 2:235 A and two more at 2:332 A. The two Bi atoms
therefore represent the two most frequently found
lone-pair distortions (Brown, 1974) which also occur
for Sn** in the two forms of SnWO, (Jeitschko &
Sleight, 1972, 1974). However, the Bi atoms ‘sit’ much
closer to the centers of the O cages than the Sn atoms.
That is, the lone pair of Sn?* has less s character than
the lone pair of Bi3*, a consequence of the higher
stability of the s state in the heavier element.

The average Bi—O distances are 2-48; A for Bi(1) and
2:54, A for Bi(2). The difference between these two
values is probably dueto the larger spread of the Bi(2)-O
distances (Table 2). The lengthening of the average
bond distance with increasing distortion of the co-
ordination polyhedron is well documented for octa-
hedral MOy groups (Brown & Shannon, 1973) and was
observed also for P-P distances in polyphosphides
(Jeitschko & Donohue, 1975).

The average Fe-O distance of 1:90; A in the tetra-
hedral FeOQ, group is rather large when compared with
the expected distance of 185 A calculated from the
Shannon-Prewitt radii. The radius for tetrahedral
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Fe3* given by Shannon & Prewitt (1969) was, however,
obtained from alkali, earth alkali, and rare-earth fer-
rites, all ferrites of rather electropositive cations. Bi is
less electropositive and because of greater covalence of
the short Bi-O bonds, the Fe—-O bonds are weakened.
This effect of covalency on average interatomic dis-
tances was also noted for the Si(Ge)-O bonds in sili-
cates (Noll, 1963) and germanates (Shannon, 1971).
Relatively long average Fe-O distances of 1-91¢ for
tetrahedral FeO, groups were also observed in
BaFe,,0,, (Townes, Fang & Perrotta, 1967). This is
consistent with the given rationalization since the O
atoms of the FeO, tetrahedra in BaFe,,0,, are linked
only to other Fe atoms and not to the (very electro-
positive) Ba atom.

Thus the relatively high covalency of the Bi-O bonds
leads to greater ionicity of the O-Fe bonds and - as
noted above — to a relatively large isomer shift. We
have searched the literature for tetrahedral Fe** oxides
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Fig. 7. Near-neighbor coordinations of the Bi atoms in
Bis(FeO,) (M00,),. Bi-O distances are indicated in A.
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Fig. 6. Projection of the BiOs(FeO,4) (M00,), structure. The pseudotetragonal scheelite-like cell is outlined at the left and the correct
cell at the right-hand side of the drawing. In the left-hand side of the projection the y coordinates of the atoms are given in
hundredths. The relative heights of the tetrahedral groups are indicated by different kinds of shading of the metal-oxygen bonds.



1168

Table 2. Interatomic distances and angles in
Biy(FeO,) (M00,),

All metal-oxygen distances shorter than 3-5 A are given.
Standard deviations vary from 0-017 to 0-021 A and from
0-7 to 1-0° respectively. There are no O-O distances shorter
than 2:78 A. Of the oxygen—metal-oxygen angles only the
tetrahedral angles of the FeO, and MoO, groups are listed.
In the nearly planar OM; ‘groups’ (where M are the three
nearest neighbors of the oxygens) the Fe-O-Bi angles vary
between 1176 and 129-2°, Mo-O-Bi angles vary between
116-8 and 136-8°, and Bi-O-Bi angles vary between 91:6 and
113-7°.

Bi(1): O(1)  2-201 O(1): Fe 1-928
o(l) 2247 Bi(1) 2-201
0(2) 2253 Bi(l) 2:247
o4) 2514 Fe 2:851
o)  2:562
o) 2634 O(2): Fe 1-889
o(3) 2706 Bi(2) 2:235
o(3) 2786 Bi(1) 2:253
Mo 3112
Bi(2): OQ)  2235(2x)
o4)  2332(2x) 0(3): Mo 1-751
o(5) 2731 (2x) Bi(1) 2:706
o(5) 2873 (2x) Bi(1) 2-786
Mo 2:899
Fe: 0O(2) 1889 (2x)
o) 1928 (2x) o@: Mo 1-825
o(l) 2851 (2x) Bi(2) 2:332
O(4) 3087 (2x) Bi(1) 2:514
Fe 3-087
Mo: O(5) 1738
o(3) 1751 0(5): Mo 1738
o) 1779 Bi(2) 2:731
o) 1825 Bi(2) 2-873
0(3) 2899 Mo 3-009
o(6)  2:994
o(5)  3-009 0(6): Mo 1:779
o2 3112 Bi(1) 2:562
Bi(1) 2:634
0(3)-Mo-0(4) 1152 Mo 2:994
0(3)-Mo-0(5)  107-9
0(3)-Mo-0(6) 1069 O(1)»-Fe-O(1)  123-4
0(4)-Mo-0(5) 1063 O(1)>-Fe-O(2)  101-4 (2x)
O(4)-Mo-0(6) 1081 O(1)>-Fe-O(2)  107-0 (2x)
O(5)-Mo-0(6) 1127 O(2)-Fe-0(2) 1178

where both the Fe-O distances and the *Fe isomer
shifts are known with the required accuracy. As anti-
cipated we find (Fig. 8) the ferrite of the most electro-
positive ion, pB-NaFeO,, at one end and
Biy(FeO,) (M00,), at the other end of the plot.* A
direct correlation between the electronegativities of the
cations on the one hand and the Fe-O distances and
"Fe isomer shifts on the other hand is not possible,
because the actual near-neighbor coordinations would
need to be considered, as was discussed above for
BaFe;,04,.

Shannon & Vincent (1974) found a high correlation

* Data on spinels Fe3*[M2*M3+]O, scatter widely and
were excluded because (a) isomer shifts are sometimes quite
high, apparently due to small amounts of Fe on the octahedral
cation site, and (b) spinels with Fe** on the tetrahedral site
necessarily have cations of two different oxidation states
on the octahedral site (indicated by brackets) and therefore
only average O positions can be determined which leads to
uncertainties in Fe-O distances, especially since some disorder
for the tetrahedral site can also be expected,

DISORDERED AND ORDERED SCHEELITE-RELATED Bi;(FeO,) (M00O,);

between a ‘covalency contraction’ parameter and the
isomer shift for Fe?* compounds. There the isomer
shift varies between 1:45 mm s~! for FeF, and 0-55
mm s~ ! for FeSe. The difference in the isomer shifts of
f-NaFeO, and Bi;(FeO,) (M00O,), is much smaller,
since here the near-neighbor environment of Fe* is
the same (a more or less distorted tetrahedron of oxy-
gens) and only second-nearest-neighbors (e.g., Na, Bi)
vary.

In contrast to the Fe-O distances of the FeO, tetra-
hedra the Mo-O distances of the MoQO, groups in
Biy(FeO,) (M00O,), are much less affected by the pres-
ence of the Bi atoms because (a) the O atoms of the
MoO, tetrahedra do not form short bonds to the Bi
atoms and (b) the Mo-O bonds have a Pauling bond
strength of 15 (versus 0-75 for Fe-O) and are therefore
less sensitive to small perturbations. Thus, the average
Mo-O distance of 1:77, A in Biy(FeO,) (M00O,), is
similar to the tetrahedral Mo-O bond distances of 1:774
A in Cs,M00, (Gonschorek & Hahn, 1973), 1-75, Ain
Na,Mo,0, (Seleborg, 1967), 1-75, A in f'-Gd,(MoO,);
(Jeitschko, 1972), and 177, A in La,(Mo0O3); (Jeitsch-
ko, 1973).

Each of the six independent O atoms in
Bi;(FeO,) (M00,), is coordinated to two Bi atoms and
one tetrahedral (Fe or Mo) atom. Since the oxidation
number of Fe is half that of Mo, the formal bond
strength of the Fe-O bonds is about half of that of the
Mo-O bonds. Thus, to give the same total bond
strength to all O atoms, the very short Bi-O bonds are
formed by the O atoms of the FeO, groups. The O
atoms of the MoO, groups form long Bi-O bonds.
The O(4) atom which forms the shortest Bi-O bond
(2:332 A) of any molybdate O atom, also forms the
longest Mo-O bond (1:825 A). In view of the strong
Bi-O and relatively weak Fe-O bonding the formula

02].92_: TT [ T T T T T T T T T 1 T T T T [ 1T T T 1T 1 FT

§ B Bi3(FGO4)(MOO4)2 ) -1

'<_tl.90— -

o

o - ]

? 1.88 1 CazFe205. ® BixFeq0g _

£

| sryFe,0:® i

w aree 5‘ @ GARNETS

§1.86— / B‘NGFGOZ

g L _
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Fig. 8. Isomer shifts and average Fe-O distances in tetrahedral
high-spin Fe3* oxides. Structural (first) and Méssbauer
data (second reference) were taken from the following pa-
pers: f-NaFeO, (Bertaut, Delapalme & Bassi, 1963; Bir-
chall & Greenwood, 1969), average values for several gar-
nets (Euler & Bruce, 1965; Nicholson & Burns, 1964),
Sr;Fe;0s (Greaves, Jacobson, Tofield & Fender, 1975;
Gallagher, MacChesney & Buchanan, 1964), Ca,Fe,Os
(Colville, 1970; extrapolated from high-temperature data:
Geller, Grant & Fullmer, 1970), Bi,Fe,O, (Niizeki & Wachi,
1968; Kostiner & Shoemaker, 1971), Biy(FeO,) (M0O,),;
(this work).
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could be written Fe(Bi;O,) (M0O,),. This formulation,
however, obscures the close relation to scheelite.

Disordered and ordered Bi;(GaO;) (M0O,);

We have prepared Bi;(GaO,) (MoO,), as described
above for the iron compound, substituting gallium
nitrate for ferric nitrate. Our results are analogous to
those for Biy(FeO,) (M0O,),. When heated to only
250°C the X-ray powder diagrams show only the broad
lines characteristic for the tetragonal scheelite type cell
(a=531, c=11-67 A). After heating at 700°C for 10 h
the scheelite subcell lines are split and superstructure
lines are present. A Hagg-Guinier pattern was indexed
with the cell corresponding to that of ordered
Biy(FeO,) (M00,),. The least-squares refined lattice
constants are: a=16-863 (2), b=11-665 (1), c=5-227
(1) A, f=107-23 (1)°, ¥=980-4 (1) A%. We have calcu-
lated the powder pattern for ordered Bi;(GaO,) (MoO,),
using the positional parameters of Table 1. The good
agreement in calculated and observed d-spacings and
intensities (Table 3) confirms that ordered
Bi3(GaO,) (M0O,), has the same structure as ordered
Biy(FeO,) (M00,),. The color of the two
Bi;(GaO,) (MoOQ,), modifications is a very light yellow,
almost white.

Crystal chemistry of scheelites

In Fig. 9 we show some of the better established
scheelite-related structures and their space-group rela-

14, /omd (141}

Zr Si0g (26Sia05)
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agnmo (74)

100/010/00!
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10070107001

30270107001
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Fig. 9. Structural and space-group relationships of scheelite-
related phases. Chemical formulas in parentheses indicate
the content of the cell. Vacant sites are indicated by squares.
The number of the space group is given in parentheses
behind the Hermann-Mauguin symbol. The transformation
matrices are also shown. They correspond to the mono-
clinic settings with the b axis unique.
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Table 3. Evaluation of the low-angle lines of a
Hégg—Guinier pattern of ordered
Bi;(Ga0,) (M00,),

Cu Ko, radiation; calculated data were generated by a com-
puter program (Yvon, Jeitschko & Parthé, 1969).

hke* hk f dc 4 I I hki* hkt dc L} I

o c o o c o
11 0 9,447 9,432 5 w 15 02,3089 )}
2002055 B.03 1vw 2k1 2.3072}2"‘”2 of ™
02 0 5.832 S a - 1msZo2 2 2.2949 1

o nen aso 15 = Suia et R

WITN w769 w767 19 8 51-2 2.2310 - 1 -
220 4,723 4718 3 vw u2-2 2,2785 a -
18327 L9 X W 710 2.257% 22559 1 wvw
31-1 4,030 4,083 4w 20 2 2.2066 2.2045 <1 wvw
L0 0 4,026 4.020 3 w €0-2 2.1778 2,1798 1 wvw
0213.792 - 1 - 13-2 2.1529 1 -
13 0 3.779 2 33-2 2,2401 a -
22.1 3‘11u} 3.717 2} " o535 02.1397 2.1005 2 ww
420 3.313 3.309 2 v <151 21304 21309 3 v

2 3.167 3.163 1CO vvs 222 2.02}8 - a -

112733 0 3.1492 - & - 15 1 2.0629] 1}

103 2042-1 3.1353 3.13€2 95 wvs 351 2.0566}2")509 of ™
3341 3.1197 3.1218 3 v 53 1 2.0435 2,0820 3w
510 3.1050 3.1020 2 v 213 62-2 2,002 - 1 -
31130969 - < - 73-1 2.0262 1 -
$1-1 3.0570 <1 13 2 2.019% 2,0182 2 v
13129175 - <1 - 80 0 2.0133 2.0116 2 w

004 — 08 0 2.9163 2.9175 28 va 322032 - <9 -
33-1 2.9006 - <1 44 12,0045 1 -
28 02,7420 - <1 63-2 2.0027 2.0049 4 w

200 60 0 2.68uk 2.6221 21 8 64-1 1.9910 1.

=20-2 2.6132 2.6138 23 8 62 1 1.9901 1 -
1-2 2.5261 - 1 - 71-2 1.9858 1 -
04 1 2,518 3] 73 0 1.9R02 - Q-
31-2 2.5132}2.5161 <1} - 64 0 1.9750 1.9749 25 va
24-1 2,512 - 3 couB211.975 -~ 2 -
00228962 - <A - 2u-2 1.9462 1.9859 28 va
52 1 2.4943 2.4904 1 wvw 06 0 1.9u42 - <« -
53 0 2.5806 24735 3 W 8201.9031 - < -
33 12,4768 2.4726 3w o4 2 1.8964 <1 -
Lo-2 2.4752 - <1 - 26 0 1.8999 2 -
62-1 2,4687 - 1 - 550 1.8895 - <1 -
53-1 2,4559 2.U574 3 v 351 1.8877 <
0262024385 - A - Bb.2 1.8971 <
~22.22.388 - < - 40 2 1.8861 1.8882 13 ®
Wi 02,3619 2.3615 2 W pp0/ 55-11.8785 - <
=51 2.3526 - 1 - 711 1.8636 - H
Sna 2320323213 6 o 80-2 1.8591 1.8602 13 @
1M 223160 23127 T @ 91-1 1.845) - 2 -

* Indicas of schelite-like subcell

tionships. Besides the compounds already mentioned
in the introduction, this scheme contains also the
Na,Ln(WOQ,), structure (Ln=rare earth) where one-
fifth of the WO, groups is replaced by Na (Sillén &
Sundvall, 1943; Klevtsova, Glinskaya, Kozeeva &
Klevtsov, 1973; Hong & Dwight, 1974).

M-Fergusonite, M-YNbO,, derives from a scheelite
type structure by a displacive phase transition (Wolton
& Chase, 1967). The crystal structure of this phase was
described in the non-centrosymmetric space group C2
(Komkov, 1959) although systematic absences indica-
ted space groups la(Cc) or I2/a(C2/c). We have
prepared the compounds YNbO,, YTaO,, LaNbO,,
and NdTaO, from high-purity oxides (except for
LaNbO, where La(OH); was used) fired at 1700 K for
2 h, grinding, followed by annealing at 1700 K for 12 h
and quenched. They show an X-ray powder pattern as
reported in the ASTM data file for the distorted
scheelite structure. Their second harmonic generation
signal (Kurtz & Perry, 1968), however, was so small
(much less than one tenth that of quartz) that we attri-
bute it to impurity effects. For that reason we ascribe
the centric space group 12/a(C2/c) to these compounds,
as was done also for synthetic BiVO, (Bierlein &
Sleight, 1975). In all these structures the positions and
orientations of the tetrahedral BO, groups are the
same as in scheelite.*

* The cell dimensions of M’-fergusonite, M’-YTaO, (Wol-
ten, 1967) and the mineral pucherite, BiVO, (Qurashi &
Barnes, 1953) are similar to those of scheelite, but the metal
positions are very different. Thus in terms of space-group
relationships they cannot be described as scheelite related.
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The locations of the tetrahedral groups of the zircon
(ZrSiO,) structure are the same as in scheelite, but
their orientation is different. The cell dimensions and
metal positions of CsTcO, (Meyer & Hoppe, 1976) are
similar to scheelite, but the orientations of the tetra-
hedral groups correspond to those of the zircon
structure.

KBi(M0O,), (Klevtsov & Vinokurov, 1975),
KLn(WQ,), (Ln=Sm to Tb; Klevtsov, Kozeeva,
Kharchenko & Pavlyuk, 1974), and Na,Th(WO,),
(Trunov & Bushuev, 1969) are scheelite-related, but
their space groups and exact structures are not yet
known.

We are indebted to D. M. Graham for competent
help with the crystallographic work.
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