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We have investigated the origin of the bandgap of the BaMoO., PbMoO., and CdMoOQy crystals on the basis
of optical absorption spectroscopy experiments and ab initio electronic band structure, density of states, and
electronic localization function calculations under high pressure. Our study provides an accurate determination
of the bandgaps E, and their pressure derivatives dEy/dP for BaMoOy4 (4.43 eV, -4.4 meV/GPa), PbMoO4
(3.45 eV, -53.8 meV/GPa), and CdMoO4 (3.71 eV, -3.3 meV/GPa). The absorption edges were fitted with
the Urbach exponential model which we demonstrate to be the most appropriate on thick crystals with direct
bandgaps. So far, the narrowing of the bandgap of distinct PbMoO4 had been qualitatively explained considering
only the presence of the Pb 6s levels at the top of its valence band. Its fast pressure dependent redshift and the
occurrence of its direct bandgap away from I' in contrast to the other scheelites had remained unsolved. Here
we show that contrary to what had been proposed and differently to the other scheelites, in PbMoQOy4 the band
gap takes place between the Pb 65 levels at the top of the valence band and the antibonding O 2p levels at the
bottom of the conduction band. For this reason the direct bandgap is pushed away from zone center in order to
allow s — p mixing. Its pressure dependence is one order of magnitude faster than in the other shceelites due to
two effects: its delocalized character and the higher compressibility of dodecahedral units, PbOg, compared to

tetrahedral units, MoQOy.

The optical properties of scheelites have interested experi-
mental particle physicists for more than three decades. High
light yield emission [1] when hit by high-energy particles or
photons, and long decay times due to the creation of self-
trapped Frenkel excitons [2], have converted these wide-band-
gap scintillating semiconductors into indispensable materials
for x-ray detectors in tomography [3] and dosimetry devices
[4]. Regarding the optical properties of these compounds, the
control and tuning of their bandgaps is a fundamental neces-
sity. It is, though, a complicated issue because doping does
not only serve to create secondary levels that influence the
electronic density of states near the Fermi level but also create
defects and disorder in critical amounts so that the scintillat-
ing properties might be eventually worsened. Pressure is an
extraordinary tool to probe the effects of changing the bond
distances on the electronic structure of semiconductors. The
shortening of the bond distances is expected to increase the
overlap between neighbouring orbitals, increasing the band
dispersion and eventually narrowing the bandgap. The elec-
tronic structures and bandgaps of scheelites have been stud-
ied in detail in many works [5-7]. In most cases, their di-
rect bandgaps take place at zone center between the O 2p and
Mo 5d levels and are quite pressure-independent showing a
small redshift. However, the scenario changes when Pb2t is
the divalent metallic cation. In this case, the direct bandgap
is severely reduced occurring away from zone center and the
bandgap becomes much more pressure sentitive, e. g. —71
meV/GPa for PboWOy4 [8] and —50 meV/GPa for PbMoOy4 [9].
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This is one order of magnitude faster than for the remaining
studied scheelites, i.e. the bandgap of CaWO, varies at —2.1
meV/GPa [7]. Such a different response to pressure between
lead-bearing and non-lead-bearing scheelites has been tenta-
tively attributed to the influence of the Pb 6s states located at
the top of the valence band overlapping with the O 2p states
[5, 8]. Although the presence of the Pb 65 levels at the top of
the valence band must have an effect on the strong redshift of
the bandgap in PbWO, and PbMoO,, what particular effect it
is has never been explained.

Furthermore, differently to scheelite-type tungstates, an ac-
curate determination in the case of scheelite-type molybdates
at ambient pressure is still missing. It is known [7, 10] that the
absorption edge of scheelites must be explained according to
Urbach’s law [10] and an inappropriate (ahv)? analysis can
lead to different values depending on the maximum absorp-
tion coefficient o measured in the experiment. In fact, a rapid
search in the literature provides an enormous dispersion of the
bandgap values of scheelite-type molybdates. For example, in
PbMoO4 we find experimental bandgaps that range from 3.1
to 3.6 eV [1, 9], for BaMoO,4 from 3.2 to 4.1 eV [11, 12], and
for CdMoQy from 3.3 to 4 eV [13, 14]. This indicates that the
bandgap of scheelite-type molybdates cannot be regarded as
being accurately determined.

In this letter we shall determine the bandgap of BaMoOQy,
CdMoQy4, and PbMoO, by employing Urbach’s law and we
shall also get a deeper insight into the consequences of the
presence of Pb 6s electrons at the top of the valence band. We
shall present optical absorption measurements on scheelite-
type BaMoO,, CdMoO,, and PbMoO, scintillators under
compression and pressure dependent electronic band struc-
ture, electronic density of states (DOS) and electron localiza-
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FIG. 1: Optical absorption edges of (a) BaMo0Oy4, (b) CdMoO4, and (c) PbM0O4 from ambient pressure to 6.2, 9.9, and 9.9 GPa, respectively.
The arrows indicate the direction in which the spectra move under compression. In the insets, the linear fits of the In(c) in a semilogarithmic

plot of the three compounds at 1 atm and high pressure are represented.

tion function (ELF) calculations.

The optical absorption experiments were performed on ~
80 x 80 um? crystals platelets with a thickness of ~10 ym?
obtained from large single crystals grown by the Czochral-
ski method [15]. The optical setup consisted on a confocal
system with a deuterium lamp, a fused silica lens, and two
Cassegrain objectives for focusing on the sample and collect-
ing the transmitted light. The beam spot size was 50 ym and
the spectrometer employed was an UV-VIS OCEAN HR4000.
The samples were loaded together with a ruby chip for pres-
sure determination [16] and a mixture of methanol-ethanol-
water (16:4:1) as pressure transmitting medium (PTM) in the
250 pm hole of a 40 pm thick stainless-steel gasket placed
between the two 500 pum diamonds of a membrane-type dia-
mond anvil cell (DAC).

The electronic band structure and electron charge density
calculations at different pressures have been performed within
the framework of DFT [17] with the Vienna ab initio simu-
lation package (VASP) [18-21]. Projector augmented wave
(PAW) [22] pseudopotentials were used and the set of plane
waves were extended up to a cutoff of 520 eV. The exchange-
correlation energy was described with a generalized gradient
approximation (GGA) within the PBEsol prescription [23].
The integrations over the Brillouin zone (BZ) of the scheel-
ite structures were carried out with a dense grid of special k-
points (4 x4 x4) employing the Monkhorst-Pack method [24].
The convergence achieved was 1-2 meV per formula unit in
the total energy, the forces on the atoms were almost negligi-
ble (smaller than 0.005 eV /A) and the deviations of the stress
tensor from its diagonal hydrostatic form minimal (lower than
0.1 GPa). In order to analyze the electronic structure, we have
resorted to quantum topology. We have used the electron den-
sity and its critical points, noticeable the first order critical
points, also known as bond critical points (bcps) within the
Quantum Theory of Atoms in Molecules.[25] The delocaliza-
tion and sharing of electrons was evaluated thanks to the Elec-
tron Localization Function (ELF) [26, 27]. The ELF enables
to highlight the change in kinetic energy density due to the
Pauli principle, thus providing a picture in terms of electron

pairs. Data were obtained from the numerical analysis of the
respective VASP output files (ELFCAR and CHGCAR) with
the CRITIC code [28, 29].

The absorption edges of BaMoQO4, CdMoOQ,, and PbMoOy4
are shown in Fig. 1 at different pressures in the hydrostatic
limit (~10 GPa) of the PTM used [30]. The steepness of the
absorption spectra of the three compounds, with values of the
absorption coefficient of ~4500 cm~! for 10 pm thick sam-
ples, indicate the direct nature of the transition [8]. A first
inspection of the absorption spectra under pressure shows that
the absorption edges of the three compounds redshift under
compression, but while in the case of BaMoO,4 and CdMoQOy4
the redshift is below 0.05 eV up to ~10 GPa, in the case of
PbMo0Oy the increase in pressure moves the absorption edge
around 0.6 eV to lower energies in the same pressure range.

The absorption edge of scheelites consists of the superpo-
sition of a steep absorption from a direct bandgap and a low-
energy band related to pre-edge absorptions from defects and
impurities [31]. According to previous works [32-34], the
steep absorption edge of scheelites exhibits an exponential
dependence with energy following Urbach’s law [10] as the
result of excitonic effects resulting from the dissociation of
excitons in the electric fields of polar phonons or impurities.
Hence, a typical (ahr)? analysis might lead to either an over-
estimation or an underestimation of the bandgap depending
on the maximum value of the absorption coefficient collected.
Should the absorption edge have an exponential dependence
with energy, the upper part of the In(a) would be a straight
line with energy. As can be seen in the case of BaMoO, (Fig.
1), the In(«) has the same slope at ambient pressure and at
6 GPa, indicating no steepness change under pressure. There-
fore, we performed the fits to the absorption edge according to
Urbach’s law o = Age(~(Es=m)/Eu) where Ay is a weight
constant usually associated to the quality of the crystals, and
Ey is Urbach’s energy directly related to the steepness of the
spectrum and hence the amount of defects. In Urbach’s law
there are three parameters to fit; Ag and E, are related to
the absorption intensity, and Ey; is the only parameter from
the three ones that can be determined independently from the
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FIG. 2: Pressure dependence of the bandgap FE,; of BaMoO4,
CdMoOy4, and PbMoOy (filled circles) as obtained from the fits to
our spectra.

slope of the semilogarithmic plot (Fig. 1). To perform the fits,
we followed the strategy used before in other type of com-
pounds [35, 36], obtaining an estimate value of Ay = 1200
cm ™! for the three compounds which was assumed to be con-
stant with pressure as observed before [7]. We fitted all the
spectra, including the one at ambient pressure, fixing Ag =
1200 cm~! and leaving Eyy and E, free. For By we found
with pressure almost constant values of 0.06 eV for BaMoO,,
and 0.04 eV for CdMoQO, and PbMoQy; in the order of the
Ey values previously obtained for scheelite type tungstates
[7] and indicative of the steepness of the spectra. Our fits
at ambient pressure yield bandgap values for the three com-
pounds of 4.43 eV (BaMoQ,), 3.71 eV (CdMoQy), and 3.45
eV (PbMoO,). Larger than those reported before for BaMoO,
[11, 12] and PbMoOy, [9]. The pressure dependence of the
bandgaps of the three compounds is shown in Fig. 2. As
already observed in Fig. 1, under pressure the bandgap of
the three compounds redshifts but while it barely moves with
pressure for BaMoO, (—4.4 meV/GPa) and CdMoO,4 (—3.3
meV/GPa), it redshifts at —53.8 meV/GPa for PbMoQy in
good agreement with Jayaraman et al. [9] that found a value
of —50 meV/GPa.

The contribution of the atomic orbitals in the band-structure
through the partial density of states (pDOS) is shown in Fig.
3. In BaMoO4 and CdMoOQy, the valence (VB) and conduc-
tion (CB) bands can be mostly understood by considering the
(MoO4)?~ ions alone. The top of the VB is dominated by
the 02~ 2p states, while the bottom of the CB consists of the
Mo®+ 4d states [5]. In the case of PbMoOQy, the top of VB is
also dominated by the 65 orbitals of Pb atoms, which overlap
with the O—2p states, and the Pb?* 6p states are present at the
bottom of the CB.

The electronic band-structures of BaMoO,, CdMoO,, and
PbMoOy at ambient pressure and 6 GPa can be seen in Fig.
4. BaMoO, has a direct bandgap of 3.88 eV located at I'
at ambient pressure, which compares very well with the ex-
perimental one mentioned above. According to the calcula-
tions its bandgap becomes indirect, from I' to Z, beyond 4
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FIG. 3: Electronic partial density of states of BaMoO4 (a) at 0 GPa
and (b) at 6 GPa, of PbMoQO, (c) at 0 GPa and (d) at 6 GPa and of
CdMoOy4 (e) at 0 GPa and (f) at 6 GPa. The 2p orbitals of O are
represented by red line, the 4d orbitals of Mo by blue line, the 5p
orbitals of Ba by orange line, the 6s (6p) orbitals of Pb by green
(black) line and the 4d (5s) orbitals of Cd by pink (violet) line.

GPa, although the direct bandgap is the one observed experi-
mentally.In the CdMoOQy, the bandgap, of 2.21 eV at 0 GPa,
is indirect from I' to the direction (I'Z) in the whole range.
However, the direct bandgap, the experimentally accessible
one, is found at I' and it is of 2.27 eV at 0 GPa. Finally, the
bandgap of PbMoOQy is indirect at the all pressure points, go-
ing from the direction A to I' and taking a value of 2.67 eV
at 0 GPa. Experimentally, the bandgap observed is the direct
one, located at the direction A, and it is of 2.71 eV at ambient
pressure. In CdMoQOy4 and PbMoOy, the theoretical bandgap
energy is underestimated if we compare it with the experi-
mental values, probably due to the influence of the d orbitals
of Cd and Pb atoms at the VB, which do not contribute much
to the experimental bandgap. However, the theoretical pres-
sure evolution of the bandgap is in good agreement with our
experiments in the three cases. For BaMoO4 and CdMoOy,
the bandgaps redshift at —1.1 meV/GPa and —5.8 meV/GPa,
respectively. As was noticed experimentally, in the case of
PbMoQy, the bandgap decreases abruptly at —70 meV/GPa.
The analysis of the electron density and related scalar fields
is shown in Fig. 5. The Laplacian of the electron density at
the bep (electron density saddle point) gives an idea of the
ionicity (V2p > 0) vs covalency (V2p < 0) of a system.
When the Laplacian is close to zero, densities are typically
very flat (weak bonds or metals). As can be seen in Figure
5 (a), Cd—O interactions are rather ionic (VZp = 0.17 a.u.)
whereas the Laplacian at Pb-O and Ba-O interactions (VZp ~
0.1 a.u.) identifies a rather delocalized interaction. Moreover,
looking at the electron density of these two interactions [Fig.
5 (b)], we can see that the interaction in Ba—O is weaker (p =
0.026 a.u.) than that of Pb (p = 0.036 a.u.). Hence, the inter-
actions in the compounds can be relatively classified as ionic
for Cd, weak for Ba, and more delocalized for Pb. This in-
terpretation is confirmed by the ELF values at the beps [Fig.
5 (¢)], which are higher for the two stronger compounds (Cd
and Pb). In conclusion, in the case of PbMoO, compound, we
describe a delocalized Pb—O bond, due to a high ELF value,
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a high electron density and a Laplacian close to zero.
The delocalized densities are associated with the top of the

bands, in agreement with the DOS analysis. Moreover, they
are more compressible and more reactive (bigger OE/IV),
what explain the steeper evolution of the top of the band with
pressure. Our DOS and ELF analysis open a new interpreta-
tion of the origin of the bandgap of PbMoOy: the charge trans-
fer band in PbMoO, is most probably taking place between
the Pb 6s and O 2p levels instead of between the O 2p and the
Mo 4d levels as in the rest of free lead molybdates. Such an
explanation is also based in the fact that the band gap of these
compounds is associated with the behaviour of the local struc-
ture of the scheelites under compression. In the scheelite-type
molybdate structure, AMoQ,, the compressibility is ruled by
the dodecahedral AOg units since the tetrahedral MoQOy units
are almost incompressible [37, 38]. Therefore, the fast de-
crease of the bandgap in the PbMoQO,4 with respect to the other
scheelites can be understood considering the energy transition
to be from Pb—6s to O—2p bands within the PbOg dodeca-
hedra, which is more sensitive to the increase of the pressure
than the O—2p to Mo—4d transition, constrained to the MoOy4
tetrahedra, as in BaMoQO4 and CdMoQOy4. Furthermore, tak-
ing into account that the crystal structure of scheelites (space
group [4;/a) is centrosymmetric and the s — p mixing is
forbidden at zone center, this would explain why the direct
bandgap of PbMoOy takes place at A instead of at zone cen-
ter as in BaMoO,4 and CdMoQy,.

In conclusion, we have accurately determined the bandgaps
and pressure derivatives of BaMoQO4, PbMoO,, and CdMoQOy4
crystals by means of the linear fit of their absorption edges to
Urbach’s law finding that the bandgap of PbMoO, reacts one
order of magnitude faster than in the lead-free molybdates.
Such a feature is well explained if we consider that the transi-
tion occurs between Pb-6s levels in VB and O-2p levels in CB.
Such a transition is more sensitive to compression changes
due to its high electron delocalization and the high compress-
ibility of dodecahedral PbOg units in the scheelite-type tetrag-
onal structure. This charge transfer band is confirmed by the
ab initio DOS and ELF calculations and it is allowed since it
fulfills the electric dipole selection rules. This transition ex-
plains that the bandgap occurs in the direction A instead of
the zone center as expected in a centrosymmetric structure in
which s — p mixing is not allowed at zone center. Finally,
our results can be directly extended to BaWO,, PboWO, and
CdWO, which show an identical electronic band structure.
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