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Abstract—Unit-cell parameters and crystal structures of CaWO, (scheelite) and CaMoQ, (powellite) have
been determined at several pressures to 5.8 GPa; and unit-cell parameters of PbMoO, (wulfenite), PbWO,
(stolzite) and CdMoO, have been measured at pressures to 6.0 GPa. All five tetragonal scheelite-type
compounds compress anisotropically, with the ¢ axis 1.2 to 1.9 times more compressible than a. In both
CaWO, and CaMoO, the cation tetrahedra (with W®' or Mo®*) behave as rigid structural elements with
no observed cation-oxygen compression (W—O and Mo—O bond compression < 0.001 GPa™').
Compression of the eight-coordinated calcium polyhedron, on the other hand, is comparable to bulk
compression of the compounds (Ca—O bond compression = 0.005 + 0.001 GPa™!). Anisotropies in the
pressure response of the calcium polyhedron, which is more compressible parallel to ¢ than perpendicular
to ¢, result in the anisotropic unit-cell compression. Bulk moduli of the five compounds (with K’ assumed
to be 4) are CaWQ, (68 + 9 GPa), CaMoO, (81.5 + 0.7 GPa), PbWO, (64 + 2 GPa), PbMoQ, (64 + 2
GPa), and CdMoO, (104 = 2 GPa). No reversible transitions to the monoclinic (fergusonite) distortion
of scheelite were observed in these compounds. Pressure-volume data for PbWQ,, however, display
strong positive curvature (K, = 23 + 2) up to about 5 GPa, at which pressure crystals appear to undergo
a first-order phase transition. The relatively large curvature may be a premonitory effect prior to a
reconstructive transition. Structural changes in these compounds with increasing pressure are qualitatively
similar to changes that result from isobaric cooling or substitution of a smaller cation in the eight-
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coordinated site.

INTRODUCTION

Scheelite-type 4BO, compounds, with eight-coordi-
nated A cations and tetrahedral B cations, are com-
mon binary oxides in both natural and synthetic
systems. The scheelite structure is very versatile and
occurs with +1, +2, +3 and +4 A cations in com-
bination with +7, +6, +5 and +4 B cations, respec-
tively. Solid solutions based on coupled, mixed-
valence substitution and nonstoichiometric varieties
such as Lay;MoQ, are also known.

Tungstates, molybdates, niobates and vanadates
with the scheelite structure have been the focus of
recent studies at high temperature and high pressure
because of the identification of several phase transi-
tions in these compounds. Nicol and Durana [I]
measured high-pressure Raman spectra of CaWO,
and CaMoOQO, in a solid-media apparatus in which
NaCl was used as the pressure medium. Single-crystal
specimens were aligned with the tetragonal ¢ axis
both parallel and perpendicular to the uniaxial stress
of the experimental system. In both orientations,
splitting of E, modes was observed at pressures above
2 GPa. This behavior was interpreted as evidence for
a transition from the tetragonal scheelite structure
(space group I4,/a) to the closely related, but topo-
logically distinct, wolframite structure (monoclinic,
P2/c). A similar high-pressure Raman study of StWO,

by Ganguly and Nicol [2] also revealed splitting of
E, modes above 2 GPa. Subsequent high-pressure
Raman spectroscopy with polycrystalline CaWQ, and
CaMoOQ, in opposed-anvil devices by Breitinger et al.
[3] and Jayaraman et al. [4], however, showed no
evidence for such transitions. It appears from the
opposed-anvil experiments that there are no high-
pressure transitions in hydrostatically compressed
CaWO, or CaMoQ, below 3 GPa.

Raman mode splittings of the type reported by
Nicol and Durana could result from a reversible
transition from tetragonal scheelite to the monoclinic
fergusonite structure (space group I2/a), which is
displayed by several rare earth niobates and BiVO,
[5, 6]. Raman spectra of monoclinic LaNbO, by
Wada ez al. [5] display two B, modes in the room-
temperature, low-symmetry phase; these modes con-
verge to an E, mode at about 480°C, where LaNbO,
transforms reversibly to the undistorted scheelite
form. Furthermore, under room conditions of tem-
perature and pressure, compounds along the solid
solution join LaNbO,—CaWOQ, are monoclinic for
lanthanum-rich compositions but approach tetragonal
symmetry with increasing calcium content and achieve
the ideal scheelite structure at about 40% CaWO,
component [7]. It is not unreasonable to expect,
therefore, that CaWQO, might undergo a distortional
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transition to the ferguszn‘m!t;§ structure cﬁher in ‘the
presence of shear or at high pressure.

Recently Jayaraman [8] has observed the appear-
ance of several new bands in the Raman spectra of
PbWO, and PbMoO, at about 5.0 and 9.0 GPa,
respectively. These changes in vibration modes, in
contrast to the simple splittings of bands in the
scheelite-to-fergusonite transition, imply a first-order
phase transition.

The objectives of this high-pressure crystallographic
study of scheelite-type tungstates and molybdates are
to:

(1) document and characterize any phase .transi-
tions in CaWQ, (scheelite)) CaMoO, (powellite),
PbWO, (wulfenite), PbMoO, (stolzite) and CdMoO,
to pressures above 5 GPa;

(2) determine pressure-volume equation-of-state
parameters for these five compounds; and

(3) determine high-pressure crystal structures in
order to define relationships between bonding and
compression of scheelite-type compounds.

s.:

EXPERIMENTAL

Specimen description

Crystals of CaWQ,, CaMoO, and CdMoO, were
provided by John S. White from the synthetic com-
pounds collection of the National Museum of Natural
History, Smithsonian Institution (specimen numbers
148668, 148773 and 518, respectively). Both CaWO,
and CdMoO, were synthesized at Bell Laboratories,
whereas the CaMoQ, was synthesized by Isomet
Corporation. Crystal fragments of PbWO, and
PbMoQ, were supplied by A. Jayaraman from ma-
terial synthesized at Bell Laboratories.

All five synthetic scheelite-type compounds were
obtained as fragments from colorless boules of near-
ideal compositions. Exact conditions of sample prep-
aration were not specified, but room-condition unit-
cell parameters match those reported for end-member
material [9].

Data collection at room pressure

Single-crystal diffraction data were collected on
rectangular cleavage fragments with a 60-yum maxi-
mum dimension for Ca and Cd compounds and a
40-ym maximum dimension for the highly absorbing
Pb compounds. Room-temperature lattice parameters
for each of the five compounds were refined from
diffractometer angles of 20 reflections, each of which
was measured in eight equivalent positions [10].
Unit-cell parameters are recorded in Table 1.

Crystal-structure refinements at room and high
pressure were performed on CaWO, and CaMoQ,.
All scheelite-type tungstates and molybdates have
relatively large linear absorption coefficients and thus
may be subject to systematic errors in X-ray data.
The calcium compounds were selected for crystal-
structure analysis both because of their mineralogical
interest and because they have lower X-ray absorption
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than many other scheelite-type crystals. Intensities of
all reflections in a sphere with (sin ©)/x = 0.7 were
measured by an automated, four-circle diffractometer
with Nb-filtered MoK« radiation [11].

Refinement conditions and refined structural pa-
rameters for CaWQO, and CaMoO, appear in Table
2; the refined anisotropic temperature factors under
room conditions are presented in Table 3.

Data collection at high pressure

Flat cleavage plates from 10 pm (for Pb compounds)
to 50 um thick and from 50 to 100 um in diameter
were employed in high-pressure experiments. Crystals
were mounted in a diamond-anvil pressure cell for
X-ray diffraction [12]. An alcohol mixture of 4:1
methanol:ethanol was used as the hydrostatic pressure
medium [13], and ruby crystals were included in
each mount for pressure calibration [14]. Details of
procedures for crystal mounting and high-pressure
X-ray diffraction are described elsewhere [12].

Lattice constants of all five scheelite-type com-
pounds were measured at several pressures. From 10
to 20 reflections were measured by the method of
Hamilton [15], as modified by King and Finger [10],
in order to correct for errors in crystal centering and
diffractometer alignment. Each set of angular data
was refined without constraint, and the resulting
“triclinic” cell was examined for conformity with the
tetragonal symmetry of scheelite. These symmetry
conditions (i.e. a = band a = 8 = vy = 90°) are
satisfied within two standard deviations for all com-
pounds at all pressures studied. The uniaxial behavior
observed is evidence that no deviations from tetra-
gonal symmetry occurred and, furthermore, that hy-
drostatic conditions were maintained during the ex-
periments. High-pressure unit-cell parameters are re-
corded in Table 1 and are illustrated for the calcium
and lead scheelites in Figs. 1 and 2, respectively.

Intensity data for three-dimensional structure re-
finements were collected for the two calcium com-
pounds; all accessible reflections with (sin ©)/\ = 0.7
were measured.* The fixed-¢ mode of data collection
was used to maximize reflection accessibility and
minimize attenuation by the diamond cell [16], and
a correction was made for X-ray absorption by the
diamond and beryllium components of the pressure
cell [12]. Conditions of high-pressure refinements as
well as refined structure parameters are recorded in
Table 2.

Refined high-pressure structure parameters for
CaMoQ, were consistent with those determined at
room pressure. High-pressure parameters for CaWO,,
however, varied systematically from the room-pressure
values (Table 2). It was necessary, therefore, to collect
a room-pressure data set from the high-pressure
crystal in the pressure cell. This structure refinement
was used in subsequent calculations of bond
compressions. The significant differences in room-

* Tabulated observed and calculated structure factors for
all refinements are available from the authors on request.
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Table 1. Unit-cell dimensions* of scheelite-type tungstates and molybdates at several pressures

Specimen  Pressure (GPa) a (k) c (4) v (43) Wy, c/a
Cawo, 0.0001 5.2429(3)+  11.3737(6)  312.6(4) 1.0000 2.169
0.71(5) 5.2266(6) 11.323(1)  309.3(7) 0.9894 2,167
1.03(5) 5.2160(6)  11.313(3)  307.8(1) 0.9846  2.169
2.03(5) 5.1936(4)  11.255(2)  303.6(1) 0.9712 2,167
3.12(5) 5.174(3) 11.197(5)  299.7(1) 0.9587  2.16M4
4.09(5) 5.160(3) 11.182(8)  296.7(1) 0.9491  2.157
CaMoo, 0.0001 5.222(1) 11.425(3)  311.5(2) 1.0000 2.188
0.65(5) 5.2116(3) 11.395(8)  309.5(2) 0.9936 2.186
1.30(5) 5.1996(5)  11.365(3)  307.25(8)  0.9864 2.186
2.49(5) 5.1801(3) 11.301(2) 303.25(6) 0.9735 2.182
2.75(5) 5.1755(4)  11.282(2)  302.19(6)  0.9701 2.180
3.20(5) 5.167(1) 11.260(2)  300.65(9)  0.9652 2.179
3.65(5) 5.1605(9)  11.226(4)  299.0(1) 0.9599  2.175
4.19(5) 5.1515(6) 11.193(9)  297.0(2) 0.9535 2.173
4.89(5) 5.1402(5) 11.162(3)  294.92(9)  0.9468  2.172
5.10(5) 5.138(1) 11.152(2)  294.40(7)  0.9451 2.172
5.71(5) 5.1286(3)  11.119(5)  292.4(1) 0.9387 2.168
6.18(5) 5.124(T) 11.109(3) 291.72(9) 0.9365 2.168
CdMoO,, 0.0001 5.1542(3) 11.1926(7)  297.34(3) 1.0000 2.172
0.80(5) 5.1443(2)  11.165(2)  295.47(5)  0.9937 2.170
2.27(5) 5.1245(1) 11.101(2)  291.53(4)  0.9805 2.166
3.71(5) 5.1043(2)  11.038(4)  287.57(11)  0.9671 2.162
4.80(5) 5.0907(2)  10.992(2)  284.87(6)  0.9581  2.159
PoWO, 0.0001 5.4595(3)  12.0832(7)  358.96(3)  1.0000  2.206
0.69(5) 5.436(1) 11.957(2)  353.43(18) 0.9846  2.200
1.41(5) 5.4206(5) 11.894(2)  349.47(13) 0.9736  2.194
2,73(5) 5.393(1) 11.786(2)  342.83(10)  0.9551  2.185
4.08(5) 5.376(1) 11.704(3)  338.26(19) 0.9423 2,177
4.83(5) 5.367(1) 11.653(2)  335.75(13)  0.9353  2.1T1
5.41(5) 5.365(2) 11.632(3) 334.8(3) 0.9327 2.168
5.97(5) 5.360(1) 11.601(2)  333.32(13)  0.9286  2.164
PbMo0 0.0001 5.4351(3)  12.1056(8)  357.60(3)  1.0000  2.227
0.38(5) 5.420(3) 12.062(13)  354.2(4) 0.9905  2.225
1.03(5) 5.404(1) 12.002(2)  350.6(1) 0.9804  2.221
1.47(5) 5.398(1) 11.969(3)  348.7(2) 0.9751  2.217
1.98(5) 5.388(1) 11.941(3) 346.7(1) 0.9695 2.216
2.59(5) 5.385(1) 11.892(4)  344.8(2) 0.9642  2.208
4.07(5) 5.356(1) 11.791(3)  338.4(%) 0.9463  2.201
5.34(5) 5.334(1) 11.691(4)  332.7(2) 0.9304  2.192

*Unit-cell dimensions were refined from diffractometer data without
constraint (i.e., as triclinic). For all measurements a = b and a = B = ¥ = 90°

within 2¢.

tParenthesized figures represent esd's.

pressure parameters of CaWQ, in and out of the
pressure cell are probably the result of systematic
absorption errors caused by the large linear absorption
coefficient of calcium tungstate (uz; = 384 cm™),
combined with the limited access to reciprocal space,
which is typical of diamond-cell experiments. Al-
though absolute values of bond distances are not well
defined, comparisons can be made between the several
CaWO, high-pressure refinements because all of them
are subject to the same systematic errors.

RESULTS

Linear compressibilities and bulk moduli
Linear compressibilities and equation-of-state pa-
rameters have been calculated from unit-cell data in

Table 1 and are summarized in Table 4. Unit-cell
edges a and ¢ may be expressed as functions of
pressure:

a=a0—d.P+d2P2.

Cell edge compressibilities of CaMoQO, and CdMoQ,
are linear so that only the d, terms are required. The
other three compounds, however, display marked
positive curvature in pressure-cell edge data so d, is
significant for CaWO,, PbWO, and PbMoO, (Figs.
1 and 2; Table 4). All of these scheelite-type com-
pounds compress anisotropically, with ¢ from 1.2 to
1.9 times more compressible than a.

Bulk modulus, Ky, and its pressure derivative, K,
were calculated from pressure-volume data by least-
squares procedures. Bulk moduli were first calculated
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Table 3. Anisotropic thermal pérameters for CaWOQ, and CaMoQ, at room pressure

Compound Atom B11 Boo 833 812 813 823
CaWo,, Ca 0.0041(5)*%  .0.0041(5) 0.0015(2) 0.0 0.0 0.0

W 0.0032(2) 0.0032(2) 0.0013(1) 0.0 0.0 0.0

0 0.0067(17) 0.0059(15)  0.0018(3)  0.0012(13) 0.0007(6)  0.0007(6)
CaMoO, Ca 0.0082(3) 0.0082(3)  0.0016(1) 0.0 0.0 0.0

Mo 0.0066(2) 0.0066(2) 0.0017(1) 0.0 0.0 0.0

0 0.0091(11) 0.0012(11)  0.0020(2)  0.0016(8) -0.0001(4)  0.0015(4)

*Parenthesized figures represent esd's.

with a first-order Birch—-Murnaghan equation of state
based on the assumption that K’ = 4 [12]. The two
lead compounds (K = 64 + 2 GPa) are the most
compressible, whereas CdMoO, (K = 104 + 2 GPa)
is the least compressible. The calcium tungstate and
molybdate (K = 68 = 9 and 82 £ 1 GPa, respectively)
have intermediate values. Note that static measure-
ments of the bulk moduli and linear compressibilities
for CaMoO,, CaWQ, and PbMoQ, are in good
agreement with values determined by ultrasonic tech-
niques [17].

A first-order Birch-Murnaghan equation of state
does not adequately mode! pressure-volume data for
CaWO, and the two lead compounds, which display
relatively strong positive curvature (Figs. | and 2).
The pressure-volume data were thus used to calculate
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both K, and K’ with a second-order Birch-Murnaghan
equation of state [12]. Values of the pressure derivative
of bulk modulus (Table 4) are within the normal
range for three of the five compounds. The calculated
K’ for CdMoQ, (K’ = —2 £ 2) is negative, but only
five pressure-volume data are available and the neg-
ative curvature is not significant. The K’ for PbWO,
(K’ = 23 + 2) is anomalously large. It is possible that
the unusual “stiffening” of lead tungstate below 5
GPa is premonitory to the first-order phase transition
observed with Raman spectroscopy. It should be
noted, however, that the extremely high linear ab-
sorption coefficient of PbWO, (1, = 780 cm™') makes
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X-ray diffraction experiments difficult; systematic
errors in unit-cell data cannot be ruled out.

High-pressure crystal structures

Scheelite is tetragonal, space group I4,/a, with
four CaWO, molecules per unit cell. There are three
symmetrically distinct atoms in the tetragonal scheelite
structure. The Ca and W of scheelite are both on
fixed special positions of site symmetry 4 at (0, §, 3)
and (0, 3, {), respectively. (The conventional setting
of the unit cell, with origin at 1 at 0, 4, { from 4, is
used throughout this study.) The oxygen atom is in
the general position with approximate coordinates
(0.15, 0.01, 0.21). The scheelite structure may be
visualized in terms of its two constituent cation
polyhedra, the eight-coordinated calcium site and the
tetrahedral tungsten site. Each calcium site shares
edges with four adjacent calcium sites and shares
corners with eight adjacent tetrahedra (Fig. 3). Each
tetrahedron is linked to eight calcium sites (two to
each oxygen). The high-pressure behavior of scheelite-
type compounds is perhaps best described in terms
of the pressure response of these two polyhedra.

Tungsten and molybdenum tetrahedra in CaWQ,
and CaMoOQO, are rigid structural elements that un-
dergo little, if any, change in size or shape with
pressure to 6 GPa (Table 5, Fig. 4). This behavior is
consistent with polyhedral bulk modulus-volume
systematics developed by Hazen and Finger [19]. A
simple relationship for predicting polyhedral bulk
moduli of oxides is

K, (in GPa) = 750Z./d",

where Z, is cation formal charge and 4 is the mean
cation-anion bond distance. For W*' and Mo®*

tetrahedra, with mean 7—O bond distances of about
1.8 A, the predicted tetrahedral bulk modulus is
approx. 800 GPa. This value is consistent with the
observed tetrahedral bulk moduli, which are greater
than 500 GPa. (For comparison, the bulk modulus

of diamond is about 590 GPa [12].) The relative
rigidity of the tungsten and molybdenum tetrahedra
should result in any property dependent upon tetra-
hedral configuration (internal modes of vibration, for
example) being independent of pressure.

Calcium—oxygen bond compression in both
CaWO, and CaMoQ, is significantly greater than
compression of the respective tetrahedra; compressi-
bility for the two symmetrically distinct Ca—O bonds
in both compounds is consistent with a value of
0.005 GPa™' (Fig. 4; Table 6). The predicted poly-
hedral bulk modulus of the calcium site (Z, = 2; d
= 2.6 A) is 80 GPa, which compares well with the
observed value of 70 GPa.

The anisotropic compressibility of scheelite-type
compounds may be understood by examining the
eight-coordinated calcium site in detail. The eight-
coordinated calcium site of CaMoQ, at room pressure
and at 5.7 GPa is illustrated in Fig. 5. Whereas all
Ca—O bonds compress at approximately the same
rate, the four distinct adjacent oxygen—oxygen bonds
have slightly different compressibilitics (Table 6). The
height of the calcium site parallel to ¢ (line C-C’ on
Fig. 5) compresses from 3.802 to 3.637 A (4.3%),
whereas the width of the polyhedron (line 4-4' on
Fig. 5) compresses from 3.816 to 3.741 A (2.0%).
The lower compressibility of 4-A4', which is manifest
in the anisotropic unit-cell compression of scheelites,
may be related to the orientation of shared edges
between eight-coordinated sites. These short edges,
represented by oxygen pairs 1-4, 2-3, 5-7 and 6-8
in Fig. §, lie close to the (00 1) plane and may thus
restrict compression perpendicular to c.

CONCLUSIONS

Comparative crystal chemistry of scheelite

The high-pressure behavior of scheelite-type com-
pounds may be compared to behavior with changing
temperature and changing eight-coordinated site

Fig. 3. A portion of the scheelite structure, illustrating the arrangement of tungsten tetrahedra surrounding
the eight-coordinated calcium site.



‘s, pso juesaadea saangyy pozZIsayiuaiegy
*AT9aT309dsaa ‘('( pue (' 92I® uOIpayeilal IeTnddi B 103

sanep *[8T] TE 2° uosuiqoy £q peufjsp sisjaueied UOTIL0ISIP Teapaydtod aie aduetiea sT8ue-puoq pue uoTieluord OSFIRiApENdL
*£3703TdTITNE puoq Jjussoidel soanST3 pajoddmigy
(2)z00°0- (1)100°0- (2)z00°0- (1) 100°0- (1-®dd)
L3ITTTqTsseadwo)
(€)€T (7)€00°1 (e)eg-z (6T 91T (7)z- Lot (ST)696°C (CTAYAZ: 4 (TT)89L°1T (9)T1L°S
(€£)€T (2)€00°1 (2)68°7 (8)0° %11 (e Lot (€T)066°C (12)1L8°C (0T)z8L'T (g)o1-s
. (®)st (€)%00°1 (2)s8°¢ L)y 911 (€)1 L0T (TTI86°C (61)%58°C (6)SLL°T (S)6T°% |
g (DET (2)€00°1 (2)98-¢ Sz vt (€)z- Lot (L)e86°¢ (%1)658°¢ (9)9sL°1 (§)s9°¢ |
8 (2)81 (2)500°1T (D)18°t (S)0°STT (z2)8°901 (9)6L6°C (€1)6€8°C (9)99L°1 (S)éy-c .
Z ()91 (€)%00°T (§)98°¢ (£)9° %1t (€)o-L0T (11)886°C (61)%58°¢ 6)sLLt (©oe't Y
u (DSt (D)voo'1 (1)€8°¢ @y vt (D1 20T (9)LL6°2 [€92:14: 244 (O)TLLT 1000°0 QOW®ED
T
s (£)zoo"0 (5)000°0 (9)500°0 (€)z00°0 (1-2d9)
- L311TqISseaduo)
x (6)81 (9)500°1 (§)91°¢ (9T)L°C1T (8)6°L0T (T7)610°€ (Tv)eg6°¢ (6T)¥18°T (§)60°%
(9o (£)000°T ($)or ¢ (ST)0°0TT (2)T°60T (12)$86°C (ov)oLe°¢ (61)228°1 (XA
(9t (5)000°T (€20 2082 (€T)Z 01T (9)T°60T (81)100°€ (5€)086°¢ (91)628°T ($)eo0'e
(e (9)000°'1 (mtLo'e DT TTT (L)L-8ot (6T)766°C (6£)056°C (LT)S18°T (9)e0°'T
(8¢ (£)T00°T (9)zz ¢ (SDz 11T (8)9°80T (12)910°¢ (zv)0L6°C (61)878°1 TT°° UT T000°0
(DT (z)eo00°'1 (1)68°2 (€)8 €TT (v L0T (0T)¥86°2 (8)1L8°C ()8l T T000°0 qozmo
{eouetaes  Luorieduory (c¥) {zlo-I-0 [vl}o-1I-0 [z]o-0 [%]10-0 x[v10-T (ed9) ®insse1g usmydadg
aTSuy dT3eapen) aunyop

260

YOOWED pue "OMED 10J SaN[IqIssaidwod pue ‘Sa0Ipul UOILIOISIP ‘QWIN|OA ‘S[SUE PUOq ‘SIDUBISIP PUOq [BIPSYRND] G J[qRL




Scheelite-type tungstates and molybdates

T T T T T T T

246

2.4

242

Distance (A)
[N
o
o

N
w
@

236 -

T T ol T T i T
Mo-0

178 1 { 1 .

3 I
177 (= T i T —
1.76 - I .

1 1 1 L 1 |
0 1.0 2.0 3.0 4.0 5.0 6.0

Pressure {GPa)

Fig. 4. Variation of Mo—O and Ca—O bond distances in
CaMoQO, vs pressure.

composition. No high-temperature structure refine-
ments are available for scheelite-type tungstates or
molybdates but aspects of high-temperature structures
may be inferred from thermal expansion data. Desh-
pande and Suryanarayana [20] measured the thermal
expansion of CaMoO, and summarized previous
expansion data for other isomorphs. In all these
compounds, including CaWQ,, SrWQ,, CaMoO,
and CdMoQ,, the ¢ axis is approx. twice as expandable
as a. It can be assumed that the tungsten and
molybdenum tetrahedra are invariant with temper:-
ture, so the principal structural changes upon heating
are the anisotropic expansion of the eight-coordinated
site. Scheelite compounds thus conform to the “in-
verse relationship” [12]; structural changes during
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isobaric heating are qualitatively opposite those during
isothermal compression.

It is evident that the principal structural variations
that occur with changes in temperature or pressure
are associated with the large, eight-coordinated site.
Similar structural changes may be caused by substi-
tution of different cations in the large site. Consider
the change in unit-cell parameters from CdMoO, to
CaMoO, to PbMoQ,, which represents a change in
eight-coordinated cation radius from 0.95 to 1.00 to
1.19 A. The a axis increases from 5.154 to 5.222 to
5.435 A (a total of 5.4%), whereas the c axis increases
from 11.193 to 11.425 to 12.106 A (8.2%). The c-
axis coefficient of “‘compositional expansion” is sig-
nificantly greater than that of the a axis. Similar
behavior is exhibited by the tungstates. The change
in unit-cell parameters between CaWO, and PbWO,
is 4.1% in a and 5.9% in c.

Structural variations in the scheelite-type tungstates
and molybdates are analogous, whether they are
caused by changes in temperature, pressure, or com-
position. The size and shape of the W or Mo tetra-
hedron remains constant; the tetrahedron is a rigid,
invariant structural unit. Significant structural changes
occur, however, in the eight-coordinated site, which
varies more parallel to ¢ than perpendicular to ¢ with
changes in temperature, pressure, or composition.

Relative compressibility of scheelite-type com-
pounds

Mariathasan [21] measured the high-pressure
structures and compressibilities of scheelite-type
BiVO, and LaNbQ, and observed structural behavior
analogous to that of the scheelite-type tungstates and
molybdates. In both of these 4°*B%*0, compounds
the ¢ axis is significantly more compressible than a.
Furthermore, the B tetrahedron is rigid whereas the
eight-coordinated 4 polyhedron compresses signifi-
cantly. A significant difference between the 4*°*B>*Q,
compounds and the 4%* B®*O, tungstates and molyb-

Calcium Site — CaMoO,

lc

e P=5.7 GPa

Fig. 5. Compression of the eight-coordinated polyhedron in CaMoQ, between room pressure and 5.7

GPa. The tetragonal ¢ axis is vertical. Segment 4-4’ represents the site width perpendicular to ¢; segment

C-C’ represents the site height parallel to c. Site compression along C-C’ is approximately twice that
along A-A'.
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Scheelite-type tungstates and molybdates

dates, however, is the magnitude of these changes
with pressure. Bulk moduli of BiVO, and LaNbO,
are 130 and 150 GPa, respectively, whereas bulk
moduli of the tungstates and molybdates are only
70-100 GPa. These differences in bulk moduli are a
consequence of different compressibilities of the eight-
coordinated polyhedra.

Polyhedral compressibility is proportional to poly-
hedral volume divided by cation formal charge [12].
The most compressible ionic clusters are thus large
alkali cation polyhedra, such as those found in the
alkali scheelites (e.g., NaReO, and KRuQO,). Com-
pounds of the type A**B**Q,, such as the tungstates
and molybdates, will be significantly less compressible
than alkali scheelites, and the compounds with tri-
valent 4 cations, including Bi** and La**, will be
even less compressible. The least compressible schee-
lite-type compounds will be of the type A**B**O,,
including ZrGeO, and, perhaps, high-pressure mod-
ifications of some silicates. In all these scheelite-type
compounds it is expected that the B tetrahedra will
behave as rigid structural elements; it is compression
of A—O bonds that will determine the magnitude of
the bulk modulus.

Structurally controlled ABO, phase transitions
The stable structure type of 4BO,-type compounds
is controlled, in large measure, by the cation radius
ratios of 4 to B [9, 22]. Compounds of the type
AWO, and AMoQ,, for example, occur in the scheelite
form if the radius of A is greater than about 0.90 A,
but in the wolframite structure if the radius of A4 is
less than 0.90. Changes in temperature, pressure, or
A-site composition do not significantly alter the size
of the W or Mo tetrahedron, but do cause changes
in the effective radius of the eight-coordinated cation.
It is thus possible, by judicious selection of A-site
composition, to synthesize tungstates or molybdates
that are close to the scheelite-wolframite type tran-
sition under room conditions of temperature and
pressure [21]. Compounds of these critical composi-
tions could prove useful in elucidating the mechanisms
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of transition between the similar, but topologically
distinct, scheelite and wolframite structures.
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