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ABSTRACT 

 

High-energy-resolution fluorescence-detected (HERFD) near-edge x-ray-absorption 

fine-structure measurements performed at the Pb and W L3 absorption edges have been used 

to study the pressure dependence of the local atomic structure of PbWO4 from 1 bar up to 

22 GPa.  Comparison of measured spectra with density-functional theory (DFT) structural 

calculations and simulations based on solution of the Bethe-Salpeter equation establish an 

unambiguous PbWO4-I to PbWO4-III phase transition around 7 GPa.  No evidence of either 

the raspite or fergusonite structures is found.  The smaller core-hole lifetime broadening 

afforded by HERFD allows unique experimental determination of crystal-field splitting and 

its sensitivity to the oxygen cage geometry surrounding the Pb and W atoms thus giving 

definitive identification of the high-pressure phase of PbWO4.  
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INTRODUCTION 

 

Lead tungstate (PbWO4) is a popular material for scintillating detectors and is also 

used in calorimeters found in high-energy particle physics experiments [1] and Raman 

lasers [2].  It has a strong radiation hardness and fast decay time (<25 ns), it scintillates at 

visible wavelengths (about 420 nm) and it is relatively inexpensive to produce.  Furthermore, 

its optical properties can be tuned by doping or by changing the growth morphology such as 

in the fabrication of nano-rods [3].  Structurally, PbWO4 naturally occurs in two 

forms:  PbWO4-I (stolzite, which has the scheelite structure, featuring WO4 tetrahedra), and 

PbWO4-II (raspite, featuring overlapping WO6 octahedra).  PbWO4-II is the less common 

form but can be produced synthetically [4,5].  A lead-deficient phase of PbWO4 has also been 

reported [6], and a monoclinic form known as PbWO4-III (also featuring overlapping WO6 

octahedra) can be grown by quenching following a high-pressure, high-temperature 

treatment [7,8].  This PbWO4-III structure reverts back to PbWO4-I upon grinding [7].  

Under ambient conditions, crystallization of PbWO4-I in the body-centered tetragonal 

scheelite crystal structure is confirmed by neutron- [9,10] and x-ray-diffraction 

studies [10].  It is an insulator with a band-gap of  approximately 4 eV [11,12]. This structure 

can be viewed as Pb2+ atoms ionically bonded to (WO4)
2− anions, where the W6+ cations are 

fourfold covalently bonded to the oxygen atoms forming distinct rigid tetrahedra with W-O 

distances of between 2.7 Å and 3.2 Å.  The compressibility of PbWO4–I is mainly attributed 

to compression along the c-axis [13].  There have been several experimental studies of the 

ambient-temperature, high-pressure phases of PbWO4 [10,11,14–18].  These studies have 

determined high-pressure phases that consist of either a monoclinic-distorted form with the 

fergusonite-type structure or a monoclinic PbWO4-III phase wherein the tungsten atoms are 

octahedrally coordinated to their oxygen neighbours. Although the  most recent results of 

Raman scattering [18], UV-visible optical absorption and electronic structure 

calculations [11,19] suggest a single phase transition at around 7 GPa from PbWO4-I directly 

to PbWO4−III, the determination of this high-pressure phase has not been conclusively 

proven. 

In this work, we measure pressure-dependent high-resolution x-ray absorption spectra 

(XAS) of PbWO4 at both the Pb and W L3 absorption edges.  The spectra are analysed using a 

combination of structural optimization based on density-functional theory (for PbWO4-I, 

PbWO4-II, PbWO4-III and the fergusonite-type phase) and simulated absorption spectra found 

by solving the Bethe-Salpeter equation for the theoretically determined structures.  We 
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compare theoretical enthalpies of formation for various phases at different pressures and 

measured versus predicted spectral features at various pressures.  The combined results 

confirm the above-mentioned, PbWO4-I to PbWO4-III single phase transition. 

 

EXPERIMENT 

 

We used the high-energy-resolution fluorescence-detected (HERFD) technique [20–

23] to suppress 2p core-hole lifetime broadening of measured Pb and W 2p excitation spectral 

features.  Measurements were performed at the GALAXIES inelastic-scattering undulator 

beamline at the SOLEIL synchrotron radiation facility [24,25].  A schematic of the 

experimental layout is shown in Fig. 1.   

Finely ground PbWO4 powder was obtained from a single crystal grown by the 

Czochralski technique from the same batch as was studied by Jayaraman et al. [26].  The 

powder was loaded into a membrane-driven diamond anvil cell (DAC) using a 30 m thick 

stainless steel gasket, with a hole of 150 m. Silicone oil was used as a pressure-transmitting 

medium which ensured quasi-hydrostatic conditions up to at least 15 GPa [27,28]. 

Furthermore, the use of a finely ground powder sample dispersed in a pressure-transmitting 

medium will suppress the micro-stresses within the sample and is thus less sensitive to non-

hydrostatic effects inside the DAC compared to a single-crystal counterpart under exactly the 

same conditions [29].  The cell consisted of 1.3 mm-thick, 300 μm-wide diamond culets and 

the pressure within the cell was varied by increasing the gas pressure on a membrane 

connected to one of the diamond anvils.  A few micron-sized ruby chips were also loaded into 

the cell and used to determine the pressure by following the pressure induced energy shifts of 

the ruby fluorescence lines [30].  

The incident synchrotron beam was monochromatized using a nitrogen-cooled, 

Si(111) fixed-exit double-crystal monochromator, followed by a Pd-coated spherical 

collimating mirror. The x-rays were then focused to a spot size of 30 μm (vertical) by 90 μm 

(horizontal) full width at half maximum (FWHM) at the sample position by a 3:1 toroidal Pd-

coated mirror. The W and Pb Lα1 x-ray emissions (8398 eV and 10552 eV, respectively) were 

monitored by 1 m-radius Si(444) and Si(555) spherically bent crystal analysers (two of each) 

reflecting onto a Si avalanche-diode detector.  The total instrumental resolution, due to the x-

ray monochromator and spectrometer analyser-crystal bandwidths, was measured to 

be approximately 2.0 eV FWHM at both the W and Pb L3 absorption edges, as determined by 

the quasi-elastic scattering profile from a thin polyimide foil.  The incident x-ray flux 
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was approximately 1×1013 photons/s on the sample as determined from the photon-induced 

electron current in a silicon photodiode.  The incident x-ray energy was scanned across the W 

and Pb L3 absorption edges (10207 eV and 13035 eV, respectively) while monitoring both the 

incident-beam (from the integrated intensity from a quad beam-position monitor fitted with a 

500 nm thick Ti foil upstream of the sample position) and the emitted fluorescence intensity 

as described above.   

The sample, analyser crystals, and diode detector were all arranged in a vertical-

scattering Rowland-circle geometry. The experiment was performed in a transmission 

geometry and helium flight paths were used to maximize flux by eliminating the effects of air 

absorption and reduce background by air scattering.  The sample thickness was estimated to 

be approximately 10 µm by its x-ray transmission across the W L3 absorption edge.  Room 

temperature HERFD spectra were recorded from 1 bar up to 15 GPa in approximately 1 GPa 

pressure steps with two additional high-pressure points at about 17 GPa and 22 GPa.  Data 

treatment consisted of subtracting a small constant background from the data and normalizing 

the edge step to unity.  No self-absorption corrections were applied to the fluorescence 

data [31] because simulations, using the 10 µm sample thickness, accounted for at most a 

10 % decrease in intensity for the strong tungsten white line, and could be safely ignored.   

 

EXPERIMENTAL RESULTS 

 

Selected W and Pb L3 HERFD near-edge spectra are shown in Fig. 2.  For the W L3 

absorption edge (Fig. 2, left panel), leading spectral features indicate empty W 6s and, most 

importantly, 5d states as evidenced by the intense tungsten white line. Subtle changes are 

observed with increasing pressure from 0 GPa (1 bar) up to 6.2 GPa, while a dramatic change 

occurs by 7.2 GPa.  We tentatively attribute this dramatic change to a PbWO4-I to PbWO4-III 

phase transition, consistent with high-pressure Raman scattering measurements [18].  

Otherwise, changes in the near-edge spectra are quite weak as the pressure varies on either 

side of the phase transition, so that the occurrence of a given phase might be established or 

ruled out for a range of pressure based on measurements at just one pressure.    

Changes in the leading features reflect a change from tetrahedral to octahedral oxygen 

coordination around the W atoms, with an increase in the crystal-field splitting and the well-

known reversal of orbital ordering/degeneracy of the W 5d orbitals:  approximately E and T2 

in tetrahedral symmetry versus T2g and Eg in octahedral symmetry [32].  The crystal-field 

splitting of the W 5d T2g and Eg states in the PbWO4-III phase is found to be about 4.1 eV, as 
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measured by the separation of the two peaks that compose the white line.  This splitting was 

not resolved in a previous conventional x-ray absorption fine-structure measurement [17,19].  

The smaller splitting of the E and T2 orbitals is not resolved in the PbWO4-I phase, although 

the white line has two components.  They are clearly seen in our calculated spectra if lifetime 

broadening is artificially omitted.  The change in the relative intensity of these features is 

consistent with the reversal of the orbital degeneracy for tetrahedral versus octahedral 

symmetry.  Another notable feature is the broad peak near 10222.5 eV at 0 GPa (1 bar), which 

decreases abruptly in intensity around the phase-transition at 7.2 GPa, and it continues to 

decrease and shift in energy with increasing pressure.   

Pb L3 HERFD near-edge spectra are shown in the right panel of Fig. 2.  Spectral 

features reveal unoccupied Pb 6s and 6d states.  The spectra show modest changes from 

0 GPa (1 bar) up to 6.2 GPa, and there is a significant change by 7.2 GPa with only slight 

changes found thereafter.  However, unlike the W L3 edge HERFD data, a pre-edge feature 

near 13030 eV is also observed.  The intensity of this pre-edge feature increases up to 6.2 GPa 

but increases more rapidly above 7.2 GPa.  The first major peak around 13042 eV is stable in 

both intensity and position throughout the entire high-pressure range.  On the other hand, the 

peak around 13050 eV is constant from 0 GPa (1 bar) up to 6.2 GPa, but it decreases abruptly 

by 7.2 GPa with a further decrease in intensity and shifts to higher energy with increasing 

pressure.  Significant differences are also observed with pressure in the region near and above 

13060 eV that are also consistent with the transition between the PbWO4-I and PbWO4-III 

phases. 

Linear-combination fits of both the Pb and W HERFD spectra around the phase-

transition pressure were also performed. We found that the phase transition begins at 7.2 GPa 

(approximately 50% of the sample had transformed into the PbWO4-III phase) and was fully 

completed at 8.1 GPa. 
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THEORY AND DISCUSSION 

 

Crystal structures used to simulate the spectra were predicted using density-functional 

theory (DFT) calculations performed with the VASP code, [33–35] version 5.4.4.  We used 

the PAW_PBE pseudopotentials [36,37] Pb_d, W_sv, and O from the VASP 5.4 

pseudopotential library.  We also used a plane wave cut-off energy of 500 eV and a -

centered k-point grid whose dimension in each reciprocal-lattice direction was the integer 

most consistent with an effective 24 Å  supercell periodicity [38,39]. 

Various choices for the exchange-correlation functional were tested for the ability to 

reproduce experimental -PbO [40] and triclinic WO3 [41] crystal structures. The PBE 

functional [42] tended to overestimate lattice parameters, as is well-known.  The choices that 

reproduced the experimental lattice parameters and atomic positions most accurately were the 

dispersion-corrected optB86b-vdW functional [43,44] and the metaGGA SCAN 

functional [45].  Remarkably, even better structural accuracy was achieved by sacrificing self-

consistency and taking the average of the optB86b-vdW and SCAN structures.  For the 

optimized PbWO4 structures, we independently minimized the enthalpy for a given structure 

type under pressure using the optB86b-vdW and SCAN functional, and we averaged the 

structures obtained.  The results are shown in Table I with corresponding published crystal 

structural parameters. 

We also calculated the relative enthalpy of the different common PbWO4 phases as a 

function of pressure using various choices of density functionals.  The key results, along with 

other results from the literature, are shown in Table II, alongside the energy-volume per 

formula unit curves (Fig. 3).  All functionals agree that the high-pressure phase of PbWO4 is 

the PbWO4-III phase, and that the PbWO4-I to PbWO4-III transition occurs at lower pressure 

than the pressure where the PbWO4-I to fergusonite structure transition would occur.  The 

various functionals disagree as to whether PbWO4-I or PbWO4-II has the lowest enthalpy at 

low pressure and disagree by several GPa as to the values of transition pressures.  The 

optB86bvdW functional seems to predict particularly low transition pressures.  The results 

show that discrepancies of order 10 meV per atom for relative PbWO4 phase stability exist 

among the state-of-the-art density functionals.   

In our calculations, we made the approximation that HERFD spectra would be 

proportional to XAS. This assumes that the HERFD branching ratio is independent of 

excitation energy.  Furthermore, the calculations relied on solving the Bethe-Salpeter equation 
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(BSE) using the OCEAN program. [46]  OCEAN can treat spin-orbit effects.  In this case, 

however, the large L2-L3 spin-orbit splittings permitted neglect of spin-orbit effects and 

multiplication of spectral features by 3/5.   Spectral features were broadened using the 

reported measured resolution and theoretical broadening of the unoccupied states.  The 

theoretical broadening included a model self-energy calculation [47] plus additional 

broadening of 1.0 eV (FWHM, and judged by examining spectra) applied to the W 5d Eg 

states in PbWO4-III to account for E-e Jahn-Teller interactions.  Without this last adjustment, 

which proved necessary, the Eg peaks were too narrow and sharply peaked.  

The BSE calculations assumed the structures obtained from the DFT calculations but 

used the local-density approximation to build up required Bloch functions.  While this choice 

of functional is not consistent with those used for modelling the structures, the choice of 

functional is not important for such core-excitation spectrum calculations in PbWO4.  We 

used hard, norm-conserving pseudopotentials of the Hamann-Schlüter-Chiang type [48] with 

Vanderbilt cut-off functions [49]. We used O6+, W6+ and Pb4+ cores and a 1361 eV plane-

wave cut-off for band states.  The calculations included 245, 495 and 795 bands for systems 

having 12 (PbWO4-I and the fergusonite phase), 24 (PbWO4-II) and 48 (PbWO4-III) atoms 

per primitive unit cell.  These bands accounted for the states present in the spectral regions 

shown.   

The results of the BSE calculations are shown in Fig. 4, along with associated 

experimental spectra for comparison. Only several pressures are shown well above and well 

below the measured experimental phase transition for clarity. The structural parameters 

obtained from our DFT calculations for these data are reported in Table III. It was found that 

only very small changes to the theoretical spectra occurred within the individual phases as a 

function of pressure, which is consistent with the behaviour of the observed spectra. The W L3 

absorption edge calculated spectra (Figure 4 left panel) are shown together with the 

experimental HERFD spectra. The crystal-field splitting because of the W octahedral 

coordination in the high-pressure PbWO4-III phase is reproduced, together with the broad 

peak feature above 10220 eV.  The Pb L3 absorption edge calculation spectra (Figure 4 right-

panel) are also shown together with the experimental HERFD spectra.  An excellent 

agreement between experiment and theory is clearly seen above 13040 eV.  Also shown, 

together with experimental HERFD data, are the raspite and fergusonite phases calculated at 

0 GPa and 10 GPa, respectively. Raspite also features octahedral coordination of the tungsten 

and a concomitant crystal-field splitting indicated in its BSE calculations.  From these results, 

raspite is ruled out as being the ambient pressure phase of PbWO4.  Likewise, the ligand-field 
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splitting of the fergusonite structure is too small (3.1 eV) to consider it as the high-pressure 

phase candidate.  In the case of Pb, the raspite and fergusonite structure BSE spectra also bear 

little resemblance to measured spectra, so that these phases can be ruled out as having been 

either observed or created in the experiment. 

 

CONCLUSION 

 

Using both DFT and theoretical XAS that incorporate BSE treatment, and combining 

them with high resolution experimental spectra, the high-pressure phase transition from 

PbWO4-I to PbWO4-III at around 7 GPa was convincingly established. The combined results 

of experiment, DFT calculations of enthalpies of formation, and BSE calculations of HERFD 

spectra at both the W and Pb L3 absorption edges were all required to provide the most 

complete interpretation of the data.  The higher energy resolution afforded by the HERFD 

method as compared to XAS for core excitation spectroscopy and the ability to eliminate 

broadening mechanisms in theoretical spectra greatly clarified these findings. 

Regarding DFT enthalpies of formation, it is hard to determine whether PbWO4-I or 

PbWO4-II is favoured at lower pressure, but BSE spectra compared to the low-pressure 

HERFD-spectra definitively favour PbWO4-I over PbWO4-II.  This is still to be marked as a 

successful result for DFT, which nonetheless provided atomic coordinates in both structures, 

and it argues for the joint application of different types of analysis (DFT and BSE).  A similar 

comparison of sample BSE spectra for PbWO4-III and the fergusonite structure rule out the 

latter as the high-pressure phase, as does a comparison of DFT-based theoretical enthalpies of 

formation.    
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TABLE I. Comparison between published crystal structural parameters for PbWO4-I [19], 
PbWO4-III [19], Fergusonite-type [19], PbWO4-II [50] and those from our DFT calculations.  
 
 

Published Structures This work 

PbWO4-I at 0.7 GPa (Rietveld 
Refinement)  [19] 

I41/a,Z=4,a=5.436 Å, 
c=11.957Å 

DFT PbWO4-I DFT at 0.7 GPa 
(optb86bvdw+SCAN average) 

a=5.4650 Å, c=11.9418 Å 

Atom Site x y z x y z 

Pb 4b 0 0.25 0.625 0 0.25 0.625 

W 4a 0 0.25 0.125 0 0.25 0.125 

O 16f 0.2482 0.1073 0.051 0.2321 0.1043 0.0415 

 
PbWO4 (Fergusonite-type 
structure) at 9.5 GPa (DFT-

PBE) [19]  
I2/a, Z=4 ,a=5.900 Å, 

b=11.090 Å, c=4.923 Å, 
β=96.601o 

 
DFT PbWO4 (Fergusonite-
type structure) at 9.5 GPa 

(optb86bvdw+SCAN average) 
I2/a, Z=4, a = 5.9067 Å, 

b=10.9191 Å, c=4.8724 Å, 
β=97.162o 

Atom Site x y z x y z 

Pb 4e 0.25 0.6175 0 0.25 0.6184 0 

W 4e 0.25 0.1521 0 0.25 0.1519 0. 

O1 8f 0.9049 0.9554 0.2246 0.9061 0.9573 0.2258 

O2 8f 0.4528 0.2126 0.7674 0.4506 0.2110 0.7628 

 
PbWO4-II at ambient 

pressure  [50] 
P21/a,Z=4,a= 13.555 

Å,b=4.976 Å,c=5.561 Å, 
β=107.63o 

 
DFT PbWO4-II 

(optb86bvdw+SCAN average) 
P21/a,Z=4,a= 13.6364 Å, 

b=4.9845 Å, c=5.5926 Å, 
β=107.964o 

Atom Site x y z x y z 

Pb 4e 0.14961 0.19405 0.16670 0.1516 0.1964 0.1667 

W 4e 0.07708 0.74944 0.61185 0.0773 0.7494 0.6122 

O1 4e 0.0163 0.0515 0.7290 0.0179 0.0453 0.7289 

O2 4e 0.0595 0.4346 0.3882 0.0617 0.4422 0.3925 

O3 4e 0.1510 0.6148 0.9000 0.1493 0.6167 0.9128 

O4 4e 0.1903 0.8829 0.5386 0.1870 0.8930 0.5393 

 
PbWO4-III at 12 GPa  [19] 
P21/n, Z=8,a=12.2171 Å, 

b=6.8146 Å, c=7.2069 Å, 

β=89.63o 

 
PbWO4-III at 12 GPa 

(optb86bvdw+SCAN average) 
P21/n, Z=8,a=12.0896 Å, 

b=6.7836 Å, c=7.1846 Å, 

β=89.354o 

Atom Site x y z x y z 

Pb1 4e 0.1591 0.6760 0.1645 0.1593 0.6775 0.1655 

Pb2 4e 0.1356 0.9576 0.6238 0.1339 0.9610 0.6255 
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W1 4e  0.0850 0.1680 0.0824 0.0857 0.1687 0.0803 

W2 4e 0.0968 0.4637 0.6444 0.0977 0.4670 0.6438 

O1 4e 0.1036 0.0197 0.2883 0.1045 0.0200 0.2863 
O2 4e 0.1941 0.6057 0.7748 0.1966 0.6083 0.7717 
O3 4e 0.0474 0.6587 0.4739 0.0467 0.6611 0.4742 
O4 4e 0.2228 0.2676 0.0661 0.2240 0.2703 0.0666 
O5 4e 0.0663 0.2606 0.8137 0.0680 0.2616 0.8126 
O6 4e 0.1836 0.3375 0.4863 0.1845 0.3423 0.4826 
O7 4e 0.0209 0.3894 0.1801 0.0203 0.3890 0.1795 
O8 4e 0.0824 0.9126 0.9489 0.0835 0.9125 0.9483 
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TABLE II.  Comparative PbWO4 phase stability using different density functionals. The LDA and 

PW91 functional results are taken from the literature whereas the other functionals(*) are our own 

work. P=0 refers to ambient pressure results. I, II and III denote the PbWO4-I, PbWO4-II and PbWO4-

III phases respectively. HII-HI is the enthalpy difference between PbWO4-I and PbWO4-II. 

 

Functional 

LDA [4] PW91 [19] PBE* optB86bvdW* SCAN* 

Low-Pressure (P=0) phase II I II II I 

HII-HI (P=0) (meV/ atom)   -4.1 -8.7 3.9 

Low-Pressure (P=0) phase 

to III transition pressure 

(GPa) 

1.8 5 5.1 1.4 3.1 

I to III transition pressure 

(GPa) 

 5 4.7 0.4 3.1 

I to fergusonite-type 

structure transition 

pressure (GPa) 

 8 7.8 3.4 7.7 
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TABLE III.  DFT structures used as input for selected pressure-dependent simulated absorption 

spectra (Fig. 4).  The PbWO4-II (Raspite) structure at P = 0 GPa used is given in Table I. 

 
 
    

DFT PbWO4-I DFT at 4 GPa 
(optb86bvdw+SCAN average) 
a=5.4127Å, c=11.7154 Å 

Atom Site x y z 

Pb 4b 0 0.25 0.625 
W 4a 0 0.25 0.125 
O 16f 0.2309 0.0985 0.0399 

DFT PbWO4 (Fergusonite-
type structure) at 10 GPa 

(optb86bvdw+SCAN average) 
I2/a, Z=4, a = 5.9047 Å, 
b=10.8946 Å, c=4.8667 Å, 
β=97.162o  

Atom Site x y z 

Pb 4e 0.25 0.6186 0 
W 4e 0.25 0.1518 0. 
O1 8f 0.9064 0.9576 0.2259 
O2 8f 0.4504 0.2108 0.7622 

PbWO4-III at 15 GPa 
(optb86bvdw+SCAN average) 
P21/n, Z=8,a=11.9781 Å, 

b=6.7444 Å, c=7.1547 Å, 

β=89.246o 

Atom Site x y z 

Pb1 4e 0.1599 0.6751 0.1660 

Pb2 4e 0.1322 0.9634 0.6212 

W1 4e 0.0862 0.1687 0.0792 

W2 4e 0.0988 0.4697 0.6433 

O1 4e 0.1055 0.0199 0.2861 

O2 4e 0.1983 0.6119 0.7714 

O3 4e 0.0455 0.6636 0.4743 

O4 4e 0.2254 0.2730 0.0666 

O5 4e 0.0694 0.2621 0.8119 

O6 4e 0.1857 0.3471 0.4784 

O7 4e 0.0198 0.3899 0.1789 

O8 4e 0.0839 0.9116 0.9480 
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FIG. 1. Experimental layout: The undulator x-ray radiation is monochromatized by a Si(111) 

monochromator, collimated by a Pd mirror, and subsequently focused at the sample in a diamond-

anvil cell, by a toroidal mirror. W and Pb Lα1 fluorescence photons emitted along the entire sample 

length are discriminated by the silicon analyser and collected by an avalanche photodiode.  The 

sample, analyser, and detector are all situated on a 1m diameter Rowland circle in the vertical 

scattering plane. The incident x-ray intensity (IO) is monitored just upstream from the sample position. 
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FIG. 2. (Left/Right panels) W/Pb L3 near-edge experimental HERFD spectra of PbWO4 for several 

values of applied pressure from 0 GPa (1bar) up to 22 GPa at room temperature. Line colours indicate 

measured pressures as shown in the inset legends.   
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FIG. 3. Calculated enthalpy versus volume curves for PbWO4-I (I), PbWO4-II (II), PbWO4-III (III) and 

fergusonite structures using the SCAN (a), opt86bvdW (b) and PBE functionals (c).  
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19 
 

 
 

FIG. 4. (Left/Right panels) High Pressure W/Pb L3 absorption-edge experimental data (solid red 

curves, Exp. Data) and BSE+DFT theory for PbWO4 (dashed red curves). The dashed blue curves 

represent theory for Raspite and Fergusonite structures which are ruled out as candidate structures 

based on the experimental data. The noted pressures are those used for the theoretical calculations. The 

corresponding experimental pressures were 1bar, 4.2 GPa, 9.7 GPa and 14.9 GPa. Commented [JA2]: Have changed caption to reflect changed 
made to figure. 


