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A combined experimental and theoretical study was conducted to analyze the photoluminescence
(PL) properties of ordered and disordered CaWO, (CW) and CaMoO, (CM) powders. Two
mechanisms were found to be responsible for photoluminescence emission in CW and CM powders.
The first one, in the disordered powders, was caused by oxygen complex vacancies [MO;- V{],
[MO;-Vg] and [MOs- V{j], where M=W or Mo, which leads to additional levels in the band gap.
The second mechanism, in ordered powders, was caused by an intrinsic slight distortion of the
[WO,] or [MoO,] tetrahedral in the short range. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2766856]

Materials belonging to the tungstate and molybdate
families have a long history of practical applications and
have been the object of extensive research over the past cen-
tury. The continuous interest in these compounds lies in their
excellent optical properties, which form the basis of their
wide use as phosphors, laser materials, and scintillation
detectors.'”

In this work, we evaluated the photoluminescence of two
distinct CaMoO, (CM) and CaWO, (CW) powders prepared
by the polymeric precursor method, i.e., the crystalline form
(structurally ordered) and the other form (structurally disor-
dered) before structural order was reached. We also investi-
gated the electronic structure and optical properties using
first-principles calculations based on the density functional
theory (DFT). The purpose of employing this synergistic
strategy combining experimental results and a theoretical
study of the electronic structure was not to explain how pho-
toluminescence (PL) decay occurs, since many valid hypoth-
eses already exist,"” but to ascertain why it occurs at room
temperature in ordered and disordered powders.

Experimental details of the preparation of the powders
are described elsewhere.’ X-ray diffraction (XRD) patterns
were recorded on a (Rigaku-DMax) diffractometer using
Cu K« radiation. Raman spectra were recorded on a RFS/
100/S Bruker FT-Raman spectrometer with a Nd doped yt-
trium aluminium garnet laser providing excitation light at
1064 nm. The PL measurements were taken with a Thermal
Jarrel-Ash Monospec 27 monochromator and a Hamamatsu
R446 photomultiplier. The 350.7 nm excited wavelength of a
krypton ion laser (Coherent Innova) was used, with the
nominal output of the laser kept at 200 mW.

Periodic ab initio quantum-mechanical calculations
based on DFT with the B3LYP hybrid functional were made
using the CRYSTAL98 computer code.” The basic sets used for
the atomic centers were W,” Mo,® Ca (86—511d3G)7 and O
(6-31G").” Four different periodic models were employed:
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two primitive cells representing the ordered CM-o and CW-o
and two periodic disordered CM-d and CW-d representing
the disordered powders. The primitive cell was formed by 12
atoms, were the W and Mo atoms was surrounded by four
oxygen atoms in a tetrahedral configuration and the Ca atom
was surrounded by eight oxygen atoms in a pseudocubic
configuration. Figure 1 depicts the order and disorder models
of the CW structure. The CM model is similar so it is not
shown here. The disordered primitive cells were created by
displacing Mo2 and W2 of 0.3 A in the direction opposite to
an oxygen atom in the vertex.

The XRD pattern of the CM and CW powders annealed
at 723, 773, 873, and 973 K for 4 h indicates that both sys-
tems were ordered in the long range at all the temperatures
investigated. The powders crystallized in a scheelite tetrago-
nal unit cell with a space group /4,/a in a Cgh symmetry.9
Rietveld analysis indicated two different interactions in the
CW and CM lattices. The first interaction occurred between
the O and W atoms in the [WO,] cluster and the O and Mo
atoms in the [MoO,] cluster (short range interaction), while
the second one occurred between the [WO,]-[WO,] clusters
in CW and the [MoO,]-[Mo0Q,] clusters in CM (medium
range interaction).

The Raman spectroscopy analysis shown in Fig. 2 indi-
cates that the local point symmetry (short and medium
ranges) became progressively ordered in a different kinetics.

The results of the XRD taken at room temperature
showed a long-range order or periodicity for CW annealed at
723 K, while the Raman modes were not defined at this tem-
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FIG. 1. (Left) CW-o periodic model of the CaWO, unit cell. (Right) CW-d
periodic model. The W2 was shifted by 0.3 A in the direction opposite to an
oxygen atom O,
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FIG. 2. Room temperature depolarized Raman spectra of powders calci-
nated at 723, 773, 873, and 973 K for 4 h: (a) CW and (b) CM.

perature [Fig. 2(a)]. This can be explained by the fact that
x-ray probes the overall long-range order, whereas Raman
scattering probes the short-range structural order. The pow-
der annealed at 873 K showed the O-W-0O bending and the
W-0; torsional modes. Vibrational modes characteristic of
scheelite phase in the tetrahedral structure were noted at
973 K. This structure is well organized in the short, medium,
and long ranges. Raman spectra of the CM powders showed
Raman phonon modes in short-range order at all tempera-
tures investigated [Fig. 2(b)]. The symmetric modes were
identified for the tetrahedron group. Hence, the tetrahedron
group in the CM structure organizes before the one in the
CW tetrahedron group.

According to the ab initio calculation,m the electron-
density contour plots of CW and CM are very similar. These
plots show the dominance of the 2p7r states in the upper
portion of the valence band and the dominance of the W 5d
and Mo 4d states in the lower portion of the conduction
band.

The calculated atom-resolved projected density of states
(DOS) area of tungsten, molybdenum, and oxygen in CW-o,
CW-d, CM-o0, and CM-d models is illustrated in Table I.
Only the top of Valence band VB ranging from -5 eV to the
Fermi energy was evaluated. The ab initio results indicated
that the bonding character of the Mo and O in the CM struc-
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TABLE I. Gap energy and atom-projected DOS of ordered and disordered
CW and CM periodic models. Aygpos=area below the VB in total DOS.

Avp/pos CW-o0 CW-d CM-o CM-d
W or Mo total 118.0807 103.5297 140.7984 147.2456
O total 1041.4564 984.4048 892.7824 963.7612
% bonding" 11.3380 10.5170 15.7707 15.2782
Gap energy 527 eV 4.11eV 5.15eV 398 eV

ag, o=
% bonding =W, 0r MO/ Opar-

ture was stronger than that of the W and O in the CW struc-
ture. The disordered CM-d also indicated that a dislocation
of 0.3 A in the former network slightly modified the bonding
character, rendering it different from the CW-d structure.
These results indicate that the stronger bonding character or-
ganizes the CM lattice during the annealing process, leading
to Raman modes even at 723 K.

Figure 3 shows the PL spectra of the CW and CM pow-
ders. Numerous papers have discussed the PL behavior of
crystalline CW and CM. When excited by short wavelength
ultraviolet radiations at room temperature, they present a pre-
dominantly blue emission band, which is commonly attrib-
uted to the WO, tetrahedron.'"™"® There is also a green emis-
sion band, whose origin is still controversial, for it has
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FIG. 3. PL spectrum of powders calcinated at 723, 773, 873, and 973 K for
4 h, excited with the 350.7 nm excited wavelength of a krypten ion Jaser:
(a) CW and (b) CM.
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already been attributed to WO; defect centers associated
with oxygen vacancies'* as well as to intrinsic transitions in
the WO?~ complex."” Lou and Cocivera'® mention the exis-
tence of a red emission band under longer wavelength exci-
tations. According to the literature, [WO;]" vacancy-
containing complex anions associated with a defect in the
sublattice [WO;]’—Ca"™ complexes have been identified by
the Electron Spin Resonance analysis.16

Previous results of the PL emission of CW structures
recorded with a 488 nm wavelength argon-ion laser indicated
broad luminescence behavior in the visible range of the spec-
tra. In this case, its intensity dropped to virtually zero when
the crystallization temperature was reached.” However,
when the 350.7 nm excitation wavelength was used (Fig. 3),
the ordered powders remained without emission of the red
PL component, although the blue and green PL component
increased (450 nm—blue and 550 nm—green) in CW and
CM powders. This finding is a strong indication that a more
energetic wavelength is able to excite another population of
self-trapped electrons present in the well-ordered powders,
and that the greenish-blue emission was appropriate for com-
plete periodic order in the medium and long ranges and the
disorder in the short range (interaction between W—O or Mo—
O). Therefore, we attributed the greenish-blue PL emission
to the intrinsic slightly distorted [WO,] or [MoQ,] tetrahe-
dron, according to previous results reported in the
literature." ™" In addition, red emission can be associated
with the disorder in the long and medium ranges.

In disordered molybdate or tungstate powders, oxygen
vacancies can occur in three different charge states: the
[MO;- V’é] state, which captured electrons and was neutral in
relation to the lattice, the singly ionized [MO5- V] state, and
the doubly positively charged state in the lattice [MO5- V{],
which did not trap any electrons (where M=Mo or W). We
speculate that these oxygen vacancies induce new energies in
the band gap, which can be attributed to molybdenum or
tungsten-oxygen vacancy centers. Before donor excitation, a
hole in the acceptor and an electron in a donor are created,
according to the following equations:

[MO,]* +[MoO; - V5] — [MO,]" +[MoO; - VoI, (1)

[MO,]* +[MoO; - Vo] — [MO,]" +[MoO; - V5I,  (2)

These equations suggest that the oxygen-vacancy-
trapped electron in the valence band is a necessary prerequi-
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site for the transition of a valence-band hole in the conduc-
tion band. It must be underscored that this is not a band-to-
band transition and that the charge transfer depends on the
intrinsic structural defects present in the lattice. As the gap
energy increases, so does the structural order (Table I).

In summary, two different mechanisms are responsible
for the PL behavior in CW and CM powders at room tem-
perature: disorder caused by [MoOj;- V5], [MO;- V(] and
[MOs;- V5] complex groups in disordered structures and in-
trinsic slightly distorted [MoO,] or [WQO,] tetrahedral in a
short range in the ordered structure. This type of disordered
powder is a promising candidate for a wide range of appli-
cations in photocatalysis, photochromics, and photoelectric
conversion due to its broad optic-response range from violet
to red visible light.
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