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1 Introduction 

At ambient conditions CaWO4, SrWO4, BaWO4, PbWO4, and EuWO4 crystallize in the tetragonal 

scheelite structure ([SG] I41/a space group No. 88, Z = 4) [1]. These materials have attracted a great deal 

of interest in the last years due to their use as laser host materials [2], as scintillators in high-energy 

physics detectors [3], and as oxide ion conductors [4]. Understanding the electro-optical properties of 

these compounds is important for these applications, a prerequisite for which is the detailed knowledge 

of their crystal structure. In this contribution we review our recent studies on the effects of pressure in 

the crystal structure of these scheelite-structured orthotungstates via a combination of ab initio calcula-

tions [5–9], Raman spectroscopy [5, 6], and X-ray diffraction and absorption measurements [8–12], 

which have allowed us to establish the sequence of their pressure-driven structural phase transitions. 

2 Ab initio calculations 

Our calculations have been performed within the framework of the density functional theory via a plane-

wave basis scheme and ultrasoft pseudopotentials (though the Projector Augmented Wave scheme was 

used in the case of BaWO4) [13] as implemented in the Vienna Ab initio Simulation Package (VASP) 

[14]. A more detailed description of the calculations can be found in Refs. [5–9]. 
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Fig. 1 Calculated energy-volume per formula unit curves for (a) CaWO
4
 and (b) SrWO

4
. 

 

 Figure 1 shows the calculated energy-volume curves of CaWO4 and of SrWO4 (which is similar to 

those of PbWO4 and BaWO4, see Ref. [9]). In order to establish the sequence of stable phases, we have 

considered several structures which have been observed in these or related compounds, like the ferguso-

nite structure (SG I2/a No. 15, Z = 4), the structure of the isomorphous phases PbWO4-III and BaWO4-II 

(SG P21/n No. 14, Z = 8, hereafter refered to as “P21/n”), and the BaMnF4-type structure (SG Cmc21 

No. 36, Z = 4). Further analysis of the structures with SG No. 14 and Z = 4 has led us to propose a novel 

structure, with Cmca symmetry and Z = 8, as stable at higher pressures in the four tungstates studied (see 

Ref. [8, 9] for full structural data). To complement these static calculations and help in the identification 

of the Raman modes observed in our experiments (see Section 4) we have also performed lattice dynam-

ics calculations at selected pressures for the Gamma point of the scheelite, fergusonite, and P21/n struc-

tures of PbWO4 and BaWO4 [5, 6] using the direct, small displacements method [15, 16]. 

 The calculated sequences of transitions are summarized in Table 1, together with the experimentally 

observed ones. Our theoretical results show that the scheelite phases have the lowest energy at ambient 

pressure in all four compounds. On increasing pressure, a fergusonite-type distortion of the scheelite 

structure becomes increasingly more noticeable from the structural point of view, and its energy becomes 

lower than that of the ambient pressure phase. Thus we find a second order, slow and continuous, phase 

transition from scheelite to fergusonite, in good agreement with the ADXRD and XANES experiments. 

 However, our calculations in SrWO4, BaWO4, and PbWO4 show that the P21/n structure (BaWO4-II-type) 

has indeed lower enthalpy than the fergusonite structure, and thus the transition should be from scheelite 

to P21/n. It should be stressed that the previous experimental observations of the P21/n phases in PbWO4 

and BaWO4 [17, 18] required the application of both high pressure and high temperature to the respective 

scheelite phases, whereas our present calculations have been performed at 0 K. The scheelite-to-P21/n 

transitions are strongly first order with large density changes (9–12%) and involve extensive rearrange-

ment of the crystal structure, in contrast to the second-order scheelite-to-fergusonite transitions. Thus, the 

barrierless transition to the fergusonite structure may happen at pressures at which the first-order transi-

tion to the P21/n structure is kinetically hindered. The presence of kinetic barriers may also explain the 

need for high temperature in the previous experimental observations of this phase in PbWO4 and BaWO4. 

In support of this picture, our X-ray experiments in BaWO4 and PbWO4 [9] find indications of P21/n as 

post-fergusonite stable phases at higher pressures than our calculated coexistence pressures (see Sec-

tion 3). Our more recent Raman experiments [5, 6] have found a mixture of the P21/n and fergusonite 

phases at pressures slightly above the theoretical ones, whereas as pressure further increases only the 

P21/n phase was observed, again in agreement with the theoretical picture. 
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 Though there is no experimental confirmation of a P21/n structure in SrWO4, the position of this com-

pound in Bastide’s diagram close to PbWO4 and BaWO4 supports its existence (see part II of this paper 

[19]). On the other hand, CaWO4 is quite apart from the other three tungstates in Bastide’s diagram, and 

its E–V diagram shows the fergusonite structure as more stable than the P21/n structure. 

 For all four compounds we predict a further transition (around 30 GPa in CaWO4, SrWO4, and PbWO4 

and at rather larger pressures in BaWO4) to a structure with Cmca symmetry which to our knowledge has 

not been previously considered either theoretically or experimentally [8, 9]. In BaWO4, a structure simi-

lar to that of BaMnF4 is found as an intermediate phase between the BaWO4-II and Cmca phases [9]. 

 

 
 
 

Table 1 Room temperature (RT) structural sequence and transition pressures of AWO
4
 orthotungstates 

according to different experimental and theoretical studies. The following notation is used: scheelite (S), 

fergusonite (F). 

material technique structural sequence Ref. 

ADRXD 10.5(8) GPa 

scheelite → fergusonite 

[8, 21]

XANES 11.3(10) GPa 

scheelite → fergusonite 

[8] 

Raman 10 GPa 

scheelite → monoclinic 

[26] 

CaWO4 

theory      8 GPa             29 GPa 

scheelite → fergusonite → Cmca 

[8] 

ADXRD 9.9(2) GPa 

scheelite → fergusonite 

[8, 22] 

XANES 13.7(17) GPa 

scheelite → fergusonite 

[8] 

Raman 11.5 GPa 

scheelite → monoclinic 

[27] 

SrWO4 

theory                    9.8 GPa    32 GPa                                10 GPa 

          scheelite → P21/n → Cmca                scheelite → fergusonite        

[8] 

ADXRD 7.1(2) GPa      10.7(2) GPa 

scheelite → fergusonite → BaWO4-II 

[9, 20]

XANES 9.8 GPa 

scheelite → BaWO4-II 

[9] 

Raman  6.9(4) GPa        7.5(3) GPa                   9.5(5) GPa 

scheelite → S + BaWO4-II → S + F + BaWO4-II → BaWO4-II 

[5, 24]

BaWO4 

theory           5.1 GPa          27 GPa         57 GPa                           7.5 GPa 

scheelite → BaWO4-II → BaMnF4 → Cmca           scheelite → fergusonite 

[9] 

ADXRD        9(1) GPa        14.6(10) GPa 

scheelite → fergusonite → PbWO4-III 

[9] 

XANES 9 GPa          16.7 GPa 

scheelite → fergusonite → PbWO4-III 

[9] 

Raman 6.2(3) GPa           7.9(3) GPa                  9.5(5) GPa            14.6(6) GPa 

S → S + PbWO4-III → S + F + PbWO4-III → F + PbWO4-III → PbWO4-III

[6, 25]

PbWO4 

theory                  5.3 GPa           35 GPa                                  8 GPa      

      scheelite → PbWO4-III → Cmca                scheelite → fergusonite 

[9] 

EuWO4 EDRXD 8.5(5) GPa 

scheelite → fergusonite 

[10] 
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3 X-ray diffraction and absorption measurements 

We have studied CaWO4, SrWO4, BaWO4 and PbWO4 under compression up to 25 GPa by means of 

angle-dispersive X-ray powder diffraction (ADXRD) and X-ray-absorption near-edge structure (XANES) 

measurements [8, 9]. EuWO4 was also studied, but only up to 12 GPa by energy-dispersive X-ray pow-

der diffraction (EDXRD) [9]. A synchrotron source was used in both cases. ADXRD and XANES ex-

periments were performed in a diamond-anvil cell (DAC) at the APS (16-IDB beamline) and the ESRF 

(ID24 beamline), respectively. EDXRD measurements were conducted in a DAC at the NSLS (X-17C 

beamline). The experimental procedures have been previously described in detail [8–10]. 

 In the X-ray diffraction studies we observed that the scheelite phase remains stable up to 7–10 GPa 

when a reversible phase transition took place (see Table 1 for details). This transition is characterized by 

the splitting of several Bragg peaks and the appearance of new reflections [8–10]. The structural refine-

ments of the diffraction patterns of the high-pressure phases show that for all five compounds studied 

they correspond to the monoclinic fergusonite structure [8–10]. These results agree with those reported 

by Panchal et al. [20] and Grzechnik et al. [21, 22]. The scheelite-to-fergusonite transition pressures 

compare well with those estimated from a systematic analysis of the packing ratio of the anionic WO4 

units around the A cations [23]. We find that the fergusonite-type phase remains stable up to 20 GPa in 

CaWO4 and SrWO4 and up to 12 GPa in EuWO4 but a second transition is observed in BaWO4 and 

PbWO4 near 10 GPa and 15 GPa, respectively. This transition occurs together with a large volume col-

lapse and the diffraction patterns can be reasonably fitted with the P21/n structure of the BaWO4-II and 

PbWO4-III phases [9]. 

 XANES measurements give information about the local arrangement of the atoms surrounding the 

absorbing atom, so they complement the information yielded by ADXRD. We have used XANES ex-

periments (WL3-edge) to investigate changes in the W coordination under pressure [8, 9]. The results of 

our study support the existence of a scheelite-to-fergusonite transition. We find that the monoclinic dis-

tortion triggered at the phase transition increases upon compression. The small changes of the local envi-

ronment around the absorbing atom make XANES sensitive to the phase transition at slightly higher 

pressures than ADXRD. Because of this and the proximity of the first and second transitions in BaWO4, 

our XANES experiments in this material were unable to clearly distinguish the fergusonite phase [9]. 

However, the resonances of the XANES spectra of BaWO4 loose intensity at 7.8 GPa which is close to 

the expected scheelite-to-fergusonite transition pressure. The XANES spectra show that the second tran-

sition to the P21/n structure (BaWO4-II and PbWO4-III phases) leads to an increase in the W–O coordi-

nation from 4 to 6, which reflects the fact that these high-pressure phases consist of densely packed net-

works of distorted WO6 octahedra [9]. 

4 Raman spectroscopy 

Raman spectroscopy is a subtle tool capable of distinguishing small traces of various local phases coex-

isting in a compound. In order to obtain a deeper understanding of the structural behaviour of scheelite-

type AWO4 scintillating crystals under pressure we have performed lattice dynamics studies comprising 

both Raman measurements in single crystals of BaWO4 and PbWO4 in a DAC and ab initio lattice dy-

namics calculations [5, 6]. For BaWO4 [5] we observed the coexistence of weak peaks assigned to the 

BaWO4-II phase with the scheelite peaks already at 6.9 GPa. Additionally, from 7.5 GPa to 9.0 GPa we 

found a mixture of the scheelite, BaWO4-II, and fergusonite phases, with the fergusonite phase being 

dominant in this pressure range. The sample completely transformed to the BaWO4-II phase at 9.5 GPa. 

Figure 2 shows the measured Raman spectra of BaWO4 at 300 K at three different pressures. At 7.5 GPa 

the dominant structure is fergusonite but there is in fact a strong mixture with the other two structures 

evidenced by the extra peaks in the spectrum. 

 For PbWO4 [6] we observed a similar behaviour; weak peaks assigned to PbWO4-III coexist with the 

scheelite peaks from 6.2 GPa to 9 GPa. At 7.9 GPa the fergusonite phase appears and becomes dominant, 

but the PbWO4-III and scheelite phases are also present. Above 9.5 GPa the scheelite phase disappears  
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and the fergusonite phase dominates up to 12.6 GPa. Above 14.6 GPa the sample transforms completely 

to the PbWO4-III phase. The observed coexistence of the fergusonite and P21/n phases supports the idea 

that there is a kinetic hindrance that prevents the I41/a-to-P21/n phase transition for taking place. This 

also explains the observation of scheelite-to-fergusonite as the first phase transition in ADXRD experi-

ments [8, 9, 20, 22]. The results of our high pressure Raman study are in good agreement with previous 

Raman experiments on CaWO4, SrWO4, BaWO4, and PbWO4 under pressure [24–27]. Furthermore, 

based upon our lattice dynamics studies we conclude that the Raman spectra of the high-pressure phases 

of CaWO4 and SrWO4, previously supposed to be of an unknown monoclinic structure [25, 26], corre-

spond in fact to the fergusonite structure [5]. 

5 Concluding remarks 

We have experimentally and theoretically studied the pressure behaviour of scheelite AWO4 compounds 

(A = Ca, Sr, Ba, Pb, Eu) and find that CaWO4 and EuWO4 undergo a scheelite-to-fergusonite transition, 

while SrWO4, BaWO4, and PbWO4 undergo a scheelite-to-P21/n transition. This last transition is kineti-

cally hindered and consequently the second-order scheelite-to-fergusonite transition is also observed in 

BaWO4, SrWO4, and PbWO4. At higher pressures our calculations predict transitions to denser ortho-

rhombic phases. 
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