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Abstract
The high-pressure room-temperature behaviour of scheelite CaWO4 (I41/a,

Z = 4) is studied using high-resolution synchrotron angle-dispersive x-ray
powder diffraction in diamond anvil cells loaded with helium or a mixture of
methanol and ethanol as the pressure-transmitting media. At about 10 GPa,
there occurs a phase transition to the fergusonite type (I2/a, Z = 4) without
any discontinuity in the pressure dependence of the unit cell volumes. These
observations are discussed in relation to the high-pressure–high-temperature
systematics of the AMX4 and AX2 type compounds.

1. Introduction

At ambient conditions MeWO4 (Me: Ca, Sr, Ba, Pb) compounds, of which CaWO4 is the
archetype, have a scheelite structure (I41/a, Z = 4), i.e. a superstructure of fluorite CaF2

(Fm3̄m, Z = 4). The oxygen atoms are in a distorted simple cubic arrangement and
the Me2+ and W6+ cations are respectively eightfold and fourfold coordinated by oxygens
(figure 1). These tungstates are laser-host and luminescence materials, scintillators and oxide
ion conductors [1].

The tungstate scheelites have been extensively studied at high pressures using Raman
spectroscopy [2, 3], energy-dispersive powder x-ray diffraction [4], and single-crystal
x-ray diffraction [5]. Reversible phase transitions in CaWO4, SrWO4, BaWO4 and PbWO4

occur near 12, 11.5, 6.5 and 4.5 GPa respectively [2–4]. In the energy-dispersive study
on CaWO4 [4], it was postulated that its high-pressure phase is of the wolframite type
(P2/c, Z = 2), taken by MgWO4 at ambient conditions. In addition, a new crystalline
modification of CaWO4 originating from the amorphous phase above 40 GPa and supposedly
with the structure of MnMoO4(C2/m, Z = 4) was suggested [6]. The high-pressure–high-
temperature forms of BaWO4 [7] and PbWO4 [8] are monoclinic (P21/n, Z = 8) with no
resemblance to the scheelite or wolframite types.

3 Author to whom any correspondence should be addressed.

0953-8984/03/437261+10$30.00 © 2003 IOP Publishing Ltd Printed in the UK 7261

http://stacks.iop.org/JPhysCM/15/7261


7262 A Grzechnik et al

Figure 1. Crystal structure of scheelite CaWO4 (I41/a, Z = 4) at ambient conditions. The
tungstate atoms are tetrahedrally coordinated to the oxygen atoms.

(This figure is in colour only in the electronic version)

Despite such a large number of experimental reports, the actual high-pressure behaviours
of these compounds and their pressure-induced polymorphs are not known at all. X-ray
diffraction measurements on single crystals provided information on compressibilities of
selected scheelites to about 6 GPa [5]. Results of a detailed Raman study on CaWO4 and
SrWO4 [3], showing softening of several modes, cannot be reconciled with the first-order
scheelite → wolframite phase transition discussed in [4]. In that study, four structural models
were applied to index the powder pattern of the post-scheelite structure of CaWO4: MnMoO4

type (C2/m, Z = 4), wolframite type (P2/c, Z = 2), BaWO4 type (P21/n, Z = 8), and
HgWO4 type (C2/c, Z = 4). On the basis of the quality of the unit cell fit, it was concluded
that the high-pressure phase is of the wolframite type (P2/c, Z = 2). A close inspection of
the energy-dispersive powder pattern, for a sample annealed at above 40 GPa approximated
with the MnMoO4 structure (C2/m, Z = 4) [6], reveals that several doublets were indexed as
single peaks, e.g. the doublet near 22 keV.

A brief review of the literature on the high-pressure behaviours of scheelite-type
compounds indicates that post-scheelite structures in oxides as well as in any other AMX4-
type compound [2–10] are not fully known. In this study, we re-examine details of the phase
transition in CaWO4 at about 11 GPa at room temperature [3, 4] as observed with synchrotron
angle-dispersive x-ray powder diffraction in diamond anvil cells. We then discuss our results
in relation to the high-pressure–high-temperature systematics of the AMX4 and AX2 type
compounds.

2. Experimental details

A sample of polycrystalline CaWO4 scheelite (Chempur Feinchemikalien und Forschungsbe-
darf GmbH, Karlsruhe) was finely ground in ethanol and loaded into diamond anvil cells with
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Figure 2. Selected x-ray powder patterns of CaWO4 with helium as the pressure-transmitting
medium.

helium or a mixture of methanol and ethanol as the pressure-transmitting media. The choice
of these two media is based on the fact that helium ensures fully hydrostatic conditions, while
the alcohol mixture has already been used for Raman scattering [2, 3] and single-crystal x-ray
diffraction measurements of compressibilities [5] in tungstate scheelites. Angle-dispersive
powder x-ray diffraction patterns were measured at room temperature on the ID09a beam-
line at the European Synchrotron Radiation Facility, Grenoble. Monochromatic radiation at
0.413 251 Å was used for pattern collection on image plates. The images were integrated using
the FIT2D program [11] to yield intensity versus 2θ diagrams. The instrumental resolution,
i.e. the minimum full width at half-maximum (FWHM) of diffraction peaks determined using
a silicon standard, was 0.04◦. The ruby luminescence method [12] was used for pressure mea-
surements. At ambient conditions, the measured pattern matched perfectly the one calculated
with the PowderCell program [13] using the structural data by Hazen et al [5].

A Rietveld refinement of the pattern collected at 11.2 GPa with helium as the pressure-
transmitting medium was carried out using the GSAS program [14]. The refined parameters
included the lattice parameters, fractional atomic coordinates, Chebyshev polynomial for the
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Table 1. Structural parameters of fergusonite CaWO4 at 11.2 GPa with helium as the pressure-
transmitting medium: I2/a, Z = 4, a = 5.0706(5) Å, b = 10.8528(8) Å, c = 5.0812(9) Å,
β = 90.082(13)◦ . Estimated standard deviations are given in brackets.

Atom Site x y z

Ca 4e 1/4 0.6098(10) 0
W 4e 1/4 0.1320(5) 0
O1 8f 0.9214(44) 0.9661(17) 0.2337(29)
O2 8f 0.4807(23) 0.2164(16) 0.8529(51)

Selected bond distances (Å)

Ca–O1 (2×) 2.24(2)
Ca–O1 (2×) 2.30(2)
Ca–O2 (2×) 2.44(2)
Ca–O2 (2×) 2.54(2)
W–O1 (2×) 1.82(2)
W–O2 (2×) 1.66(2)
W–O2 2.70(2)

background, Stephens profile function parameters [15] and the overall intensity scaling factor.
The isotropic thermal parameters Ui/Ue for Ca, W and O atoms were fixed at 0.01, 0.005 and
0.02 respectively, and not refined.

3. Results

X-ray powder diffraction patterns of CaWO4 at selected pressures with helium as the pressure-
transmitting medium are shown in figures 2 and 3. At pressures up to about 10 GPa, all
reflections can be indexed with the scheelite polymorph (I41/a, Z = 4). At higher pressures,
a peak splitting and the appearance of new weak reflections (figures 2–4), in particular the peak
at about 2θ = 4.5◦, imply a continuous phase transformation to a low-symmetry fergusonite
structure (I2/a, Z = 4) that is a distorted variant of the scheelite type, as previously observed
for rare earth niobates and tantalates [16]. Similar behaviour of CaWO4 is observed upon
compression at room temperature in the mixture of methanol and ethanol (figures 5 and 6).
In this case, however, the transformation occurs at a slightly lower pressure of about 9 GPa
(figures 5–7).

The full Rietveld refinement of the profile at 11.2 GPa with the fergusonite model is shown
in figure 4: Rwp = 2.51%, Rp = 1.4%, R(F2) = 3.82% (the residuals Rwp and Rp have been
calculated with the background eliminated, see the GSAS manual for more details [14]). The
starting Ca, W and O positions have been derived from the atomic coordinates in the scheelite
type [5] using the I41/a → I2/a subgroup relationship as implemented in the PowderCell
program [13]. The corresponding structural parameters are given in table 1. The choice of
origin for both figure 1 and the data in table 1 was made with PowderCell [13]. The W–O bonds
and next nearest neighbour W–O distances are 1.66–1.82 and 2.7 Å. Therefore, the WO4

2−
tetrahedra are largely distorted but still isolated.

At ambient pressure, the lattice parameters for scheelite CaWO4 studied here are a =
5.2378(1) Å, c = 11.3770(1) Å and V = 312.12(3) Å3. The pressure dependence of the
lattice parameters in the scheelite and fergusonite polymorphs is plotted up to about 13 GPa in
figure 7. At higher pressures, regardless of the pressure-transmitting medium, the quality of
the patterns has deteriorated significantly so that the extracted parameters are not reliable. No
discontinuities in the evolution of the unit cell volumes and the c tetragonal and b monoclinic
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Figure 3. Selected x-ray powder diffraction patterns of CaWO4 in the range 2θ = 7.3◦–8.5◦ with
helium as the pressure-transmitting medium. The (112) and (103) reflections of the scheelite phase
(I41/a, Z = 4) are marked.

axial parameters are observed during the phase transition. This indicates that changes in the
unit cell volume between the two phases are negligible or not resolved in our x-ray powder
diffraction experiments. The β angle and differences between the a and c lattice parameters
(or b/a and b/c axial ratios) in the I2/a structure are measures of the monoclinic distortion,
and increase with pressure.

The compression data for both the scheelite and fergusonite polymorphs to 12.2 GPa in
different pressure ranges with helium as the pressure-transmitting medium have been fitted
by a Birch equation of state P(V ) = 1.5B0(x−7 − x−5)(1 − y), where x = (V/V0)

1/3

and y = 0.75(4 − B ′)(x−2 − 1) [17], giving the zero-pressure bulk modulus B0, the first
derivative of the bulk modulus B ′, and the unit cell volume of scheelite at ambient pressure
V0 (table 2). The respective parameters for the scheelite phase only to 9.5 GPa are within
the estimated errors. They represent the true compressibility of the scheelite polymorph up
to the pressure-induced scheelite–fergusonite phase transition at 10 GPa with helium as the
pressure-transmitting medium: V0 = 312.5(6) Å3, B0 = 68(6) GPa, B ′ = 5.59(1.65).
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Figure 4. Observed, calculated, and difference x-ray powder patterns for fergusonite CaWO4 at
11.2 GPa with helium as the pressure-transmitting medium: I2/a, Z = 4, a = 5.0706(5) Å,
b = 10.8528(8) Å, c = 5.0812(9) Å, β = 90.082(13)◦ . Vertical markers indicate Bragg
reflections.

Table 2. Equation-of-state parameters for CaWO4 determined in this study and compared with
the parameters reported previously by Hazen et al [5] and Errandonea et al [6].

Pressure Pressure V0 B0

range (GPa) medium Polymorph (Å3) (GPa) B ′

This work
0–12.2 Helium Scheelite 312.2(7) 74(6) 3.89(1.0)

+ fergusonite 312.2(4) 73(1) 4.0a

0–9.5 Scheelite 312.5(6) 68(6) 5.59(1.65)
312.1(4) 74(2) 4.0a

Hazen et al [5]
0–4.1 Methanol:ethanol Scheelite 312.6(4) 68(9) 4.0a

Errandonea et al [6]
0–12 None Scheelite 47(0.26)b 77(8) 4.9(0.9)

a B ′ fixed at 4.0 and not refined.
b V0 is in units of cm3 mol−1.

4. Discussion

Our observation of a continuous pressure-induced phase transition to the fergusonite structure
(I2/a, Z = 4) in scheelite CaWO4 (I41/a, Z = 4) at room temperature does not agree
with the abrupt transition to the wolframite type (P2/c, Z = 2) suggested previously on the
basis of low-resolution energy-dispersive x-ray powder diffraction measurements [4]. Both
scheelite and fergusonite structures are ordered superstructures of the fluorite type (Fm3̄m,
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Figure 5. Selected x-ray powder diffraction patterns of CaWO4 with a mixture of methanol and
ethanol as the pressure-transmitting medium. The numbers stand for pressures in GPa.

Z = 4). The oxygen atoms are in a distorted simple cubic arrangement and the Ca2+ and
W6+ cations are respectively eightfold and fourfold coordinated by oxygens. Our structure
determination of the high-pressure polymorph of CaWO4 well explains the anomalous pressure
dependence of Raman-active modes [3]. The temperature-induced ferroelastic I41/a → I2/a
transformation in rare earth niobates and tantalates at atmospheric conditions is associated with
the anisotropic phonon softening of a transverse acoustic mode at the Brillouin zone centre [16].
As in lanthanide niobates and tantalates [16] and in the pressure-induced fergusonite phase
in YLiF4 [18], it remains to be seen whether this I41/a → I2/a transition is of the first or
second order.

Understanding of the phase transitions in materials with a scheelite-type structure can
be improved by a consideration of the crystal chemistry systematics in AMX4 and AX2 type
compounds. The scheelite structure is the high-pressure form of the zircon ZrSiO4 (I41/amd ,
Z = 4), monazite CePO4 (P21/n, Z = 4) and CrVO4 (Cmcm, Z = 4) types [9, 10]. The
zircon structure is closely related to the rutile TiO2 type (P42/mnm, Z = 2) [9]. Chains of
edge-sharing TiO6 octahedra in rutile become chains of alternating ZrO8 bidisphenoids and
SiO4 tetrahedra in the zircon type. In the monazite structure, isolated PO4 tetrahedra are linked
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Figure 6. Selected x-ray powder patterns of CaWO4 in the range 2θ = 7.3◦–8.5◦ with a mixture
of methanol and ethanol as the pressure-transmitting medium. The numbers stand for pressures in
GPa. The (112) and (103) reflections of the scheelite phase (I41/a, Z = 4) are marked.

together by CeO8 polyhedra. Monazite is the high-temperature form of ThSiO4 zircon [10].
Oxygen atoms in CrVO4 form a distorted cubic close-packed array [10, 19]. Each CrO6

octahedron shares two opposite edges with two neighbouring octahedra, forming octahedral
chains parallel to the c axis linked together by VO4 tetrahedra. Wolframite (P2/c, Z = 2) is
an ordered superstructure of α-PbO2 (Pbcn, Z = 4), in which octahedra share edges to form
zigzag strings along the c axis [9, 19].

The zircon → scheelite and monazite → scheelite transformations for the AMX4

compounds [9, 10] are analogous to those for the AX2 compounds as the rutile-type phases
transform towards the fluorite type at high pressures [9, 20]. One of the possible intermediates
in this process is the α-PbO2-type structure. Hence, contrary to a recent report [4] and in
accordance with the results of this study, the scheelite → wolframite transformation in the
AMX4 compounds is not to be expected on the basis of the high-pressure–high-temperature
systematics in the AX2 group of materials. The analogies in the crystal chemistry of the
AX2 compounds and their AMX4 superstructures [9, 10, 19] under pressure warrant further
investigations to elucidate pressure-induced post-scheelite(–fergusonite) structures.
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Figure 7. Pressure dependence of lattice parameters of CaWO4 with helium as the pressure-
transmitting medium. Full and open symbols represent the parameters for the scheelite (I41 /a, Z =
4) and fergusonite (I2/a, Z = 4) polymorphs respectively. The curve in the pressure dependence
of the unit cell volumes for both the scheelite and fergusonite phases represents the equation-of-state
fit [17] with V0 = 312.2(7) Å3, B0 = 74(6) GPa and B ′ = 3.89(1.0).

Acknowledgments

We thank Luca Farina and Robert Dinnebier for several discussions and their help.



7270 A Grzechnik et al

References

[1] Lou Z and Cocivera M 2002 MRS Bull. 37 1573
Liu B et al 2002 J. Phys.: Condens. Matter 14 7065
Fujita M et al 2002 Phys. Rev. B 65 195105

[2] Jayaraman A, Batlogg B and VanUitert L G 1983 Phys. Rev. B 28 4774
Jayaraman A, Batlogg B and VanUitert L G 1985 Phys. Rev. B 31 5423
Jayaraman A, Sharma S K and Wang S Y 1998 J. Raman Spectrosc. 29 305

[3] Christofilos D, Ves S and Kourouklis G A 1996 Phys. Status Solidi b 198 539
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