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Abstract

In this study, we present an ab initio investigation of the optical properties of CaWOa4. The crystal structure of the bulk
material along with its vibrational (in the ground state) and optical properties (in both ground and excited states) were
analyzed. Our simulations accurately identified the observed Raman signature of the material. Additionally, we simulated
the intrinsic luminescence properties of CaWO4 and identified the charge transfer that occurs during the de-excitation
process. Finally, through the use of ab initio techniques, the intrinsic defect formation energies and their corresponding
concentrations were determined providing the first instance of such findings for this material.
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INTRODUCTION

Calcium tungstate, hereafter labelled CaWO04, is commonly found in
its mineral form, namely the scheelite. For decades, this material
has been studied due to its remarkable ability to emit a strong blue
light in the visible spectrum,-3 under short wave UV radiation.456
Its first applications date back to the end of the 19th century, when
it was used in radiography taking advantage of its light emission
under X-ray irradiation.>6 Since then, it has found interesting
applications as a phosphor,” scintillator,89 and even as an active
laser medium.!® However, the challenge remains to use this
material in devices such as lasers or optical fibers.11 To achieve that,
researchers are exploring numerous ways to optimize the
properties of calcium tungstate.l213 Recent researches have
focused on optimizing the material's luminescence properties
through doping with various rare earth ions or transition metals.?
Another area of focus is on improving the growth techniques of
CaWO04 syntheses by controlling their size and shape through
adjustments to the synthesis process conditions.13
Experimentalists have explored multiple synthesis pathways, such
as the microwave route,* micro emulsion,1> molten salt,16 or auto
ignition combustion.!” These numerous attempts allowed the
characterization of many spectroscopic properties of the material.
For instance, its vibrational properties were reported while its
luminescence properties have been the subject of numerous
theories.1819 Among these theories, the question concerning the
mechanism responsible for such properties is a central topic of
discussion.11.20-25

As an example, some authors stated that the blue luminescence is
arising from an electronic transition of charge transfer type within
the WO042 tetrahedra,2 whereas others assigned it to it to self-
trapped electron states.26 Indeed, as is often the case with such
materials, defects can significantly affect the observed properties.
In the case of calcium tungstate, many studies have shown that
defects can dramatically modify the material's properties.11.20-
24,27,28

Concretely, numerous articles have already dealt with the
photoluminescence of such material concerning the blue emission
band peaking at 420 nm, despite a strong convergence toward the
implication of the WO4 tetrahedra.24581118222629 In the same
manner, the recorded band gap is also quite controversial.21.22.30-33
Very surprisingly, despite the large number of experimental
studies, there are only few theoretical and computational studies on
this material reporting on the electronic properties.213435
Furthermore, there have been no reports on a systematic
investigation of the intrinsic defects of CaWOs, nor have the
luminescence properties been properly simulated.

To fill this gap, an ab initio study on this material has been started,
dealing with the vibrational and the optical properties alongside the
impact of intrinsic defects.

The first focus was on the description of its crystallographic
structure, presented in Figure 1, to enhance the link with its
properties.

The agreement between our simulations and the experimental
parameters related to the material's optical properties, including its
absorption and emission properties, as well as its refractive index,
are discussed. Additionally, a discussion on the intrinsic defects of
CaWO4 and their propensity to form is provided.

Computational details

Electronic computations and the defect studies were performed
using the Vienna Ab initio Simulation Package (VASP)36-39 and the
Perdew-Burke-Ernzerhof (PBE) functional with +U Hubbard term

(except if mentioned). The Projector Augmented Wave (PAW)
method was employed with a cutoff energy set to 540 eV.

The impact of the Hubbard term on the “d” electrons of tungsten has
also been considered, and is discussed in the next part. Different
values of U were tested ranging from zero to six. For a U value
equals to three, both the structure and the bandgap were efficiently
reproduced.

While the structural and optical properties were computed on the
conventional cell, calculations for the defect study and the
investigation of luminescence properties (using constrained-DFT,
hereafter labelled CDFT)40 were performed on a 2x2x1 supercell
containing 96 atoms. For the supercell calculations, the planewave
energy cutoff was set to 540 eV. A k-mesh of 3x3x3 for the structural
optimization and single point energy calculations was used. All
computations were performed with spin-polarization.

In such a situation, defect formation energies (DFE) were calculated
considering the following formula (equation 1):

(1) ApHP(pg,) = Efd — ERSS + Z ni; + q(EPgS + Aug,)
i
+ ECOT‘T (D, q)

where AfHD"’ is the formation enthalpy of a defect D in a state of

charge q, Efo’t is the total energy of the faulted supercell, E5¢ is

the total energy of the host supercell, n; is the number of atoms of
the i" species added (n; < 0) or removed (n; > 0) from the ideal

probed material, y; is the chemical potential of the i*" species, UEp

is the chemical potential of the electronic reservoir relative to E}35¢,

the energy of the valence band maximum (VBM) of the host. E_,,
corresponds to various corrections of spurious effects, such as
electrostatic interactions between point defects or the potential
alignment allowing to retrieve the electronic reference of the host
material. The chemical potential u; corresponds to the atomic
reservoir of the it" atomic species during the crystal growth.
Obviously, this quantity strongly depends on the synthesis
conditions and drives the thermodynamic stability between the
different competitive phases. For a given it" atomic species, the
chemical potential y; may be decomposed as the sum of the
standard chemical potential p and the deviation Ap; which
depends on synthesis conditions. All these computations of other
phases were performed with the VASP software. In the case of a
finite cell used to simulate a charged system, the electrostatic
potential is shifted by an undetermined value. The Potential
Alignment (PA) correction allows to adjust the charged cell
energies by averaging the difference between the potential felt by
an atom far from the defect V5, and the potential in the ideal cell
Virose- It is formulated as equations 2 and 3:

@) AV =(Vhg = Viost)
(3) AEp, =qx AV

The size of the supercells is drastically limited by the computational
cost, which induces high concentrations of defects. In such a
situation, Moss-Burstein band-filling effects exist when electrons or
holes relax to PHS, respectively.*142 To remove this band-filling
effects, the Moss-Burstein (MB) correction has to be taken into
account. It expresses as (equation 4):

nk
(AE,.‘;’,;; = —Z Wi Mni(Enpe — [EEE + W]) - O(eny — [ERoSt + W])
(4) ok
AEL, = —Z 0k(2 = M) ([EFoSE + AV] — €,) - O([EBSt + AV] — 1)



where wy, is the weight of k-point k, i,  is the occupation of band
n for k-point k, €, , is the energy of band n for k-point k, and 6 is
the Heaviside function.

In the supercell model, the point defect may interact
electrostatically with its periodic images.*3 Such effects are
removed using the Makov-Payne (MP) correction formulated by
Zunger and coworkers#4-46 as equation 5:

(5) AEyp = (1+csp(1— e—l)) 2601/3

where cg, is a geometry dependent correction term, € is the
dielectric constant of the material, a,, is the Madelung constant and
0 the volume. The total dielectric constant (i.e. ionic + optical
dielectric constant) was computed using both the VASP (11.65) and
Crystal (9.55) packages, using the PBE+U and PBE approximations,
respectively. The obtained values are in good agreement with
respect to available experimental data (10.56 * 0.4 and 10.96 *
0.13).47.48

The charge transition level e(q/q") between two charge states g
and q' corresponds to the g, level at which their respective DFEs
are equivalent, Le, the populations of both q and ¢’ states are
identical within the material for this specific potential. Such
thermodynamic quantity is expressed as equation 6:

HP (g, = 0) = 4 HP7 (pg, = 0)
q-q

(6) elg/q) =

where AfHD'q and AfHD'q’ are the formation enthalpies of a defect
D in the charge states ¢ and ¢, respectively.

Assuming all defects are formed during the growth process at a
given temperature (T ) and their concentration maintained after
quenching of the structure to room temperature, the concentration
np q(Er) of a defect D in a charge state g can be determined for a
given Fermi level Ey (i.e, a given temperature T since Er depends
on T) through a Fermi-Dirac distribution commonly approximated
by a Boltzmann distribution for the N available sites per volume
unit (equation 7):

ApHPA(ER)
(7) nD’q(EF) =N- exp <_ T)

In that context, the Fermi level is determined by solving iteratively
the charge neutrality equation (equation 8):

(8)  —ne(E) + 1B+ ) D i g (B) = 0

D qi€qp

with n,(Eg) and ny, (Er) the concentrations of free electrons in the
conduction band and holes in the valence band at T, respectively.
Such quantities are determined through equations 9 and 10:

+00

9) no(Er) = f 9o (B fn (E — Ep)dE

Ec

and

Ey
(10) mu(Ep) = f In(EY(1 — for(E — E))dE

where fgp is the Fermi-Dirac distribution (equation 11):

1
e ()

and g.(E) and gy, (E) are the 3D density of states of electrons and
holes, respectively approximated in a parabolic band model
(equation 12):

(11) fFD(E - EF) =

3
2m},\2
e,h

)

1
(12)  gen(E) = m(

where m; and my, are associated to the electron and hole effective
masses, respectively.

Constrained occupation of bands has been set to simulate an excited
state within the CDFT framework, promoting an electron from the
last occupied band of the valence band to the first empty state of the
conduction band.

Vibrational properties investigations were carried out using the
Crystal 17 software.*® To do so, the PBE functional was enforced
and the vibrational properties were explored with a large set of k-
mesh (376 vectors in the reciprocal space).

All defect post-treatments presented above were performed using
the PyDEF software.50.51

Results and discussion

Geometrical (bulk) properties

Experimental data indicates that CaWO4 belongs to the tetragonal
system, and crystallizes in the 141/a space group (Z=4). The
dimensions of the experimental conventional cell are equal to
5.24901(10) A for the a and b parameters, and 11.3930(4) A for the
¢ parameter.2? W6+ cations are coordinated in a tetrahedral
geometry, characterized by four W-O bonds equal to 1.89 A. The
Ca?+ cations are bonded to eight 02- split into two sets of lengths
respectively equal to 2.37 and 2.40 A. The 0% anions occupy
positions where their close environment is composed of two Ca
atoms and one W atom.52 In summary, CaWO4 can be described as a
0D-material in which all [WO4] tetrahedra are isolated and not
connected to one another.

Figure 1: Crystallographic structure of CaWOa4. Ca, W and O
correspond to the blue, green and red spheres, respectively.
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The results for the structural parameters are reported in Table L.
They reveal that the optimized geometry of the crystal structure is
in good agreement with experimental data. The calculated cell
parameters are similar to the experimental values, and the c/a ratio
remains the same. While there are slight differences in the bond
lengths between the experimental and calculated structures, with
the calculation compressing the W-0 bonds and extending the Ca-O
bonds, the overall difference is small enough to be considered as a
good agreement. The maximum error in bond lengths never
exceeds 5%.

Table I: Experimental and calculated values of CaWO4 structural

parameters.

Experimental Calculated

GGA + U=3
a=b(A) 5.25 5.32
c(d) 11.40 11.49
c/a 2.17 2.16
W-0 (4) 1.89 1.82
Ca-0 “short” () 2.37 247
Ca-0 “long” (A) 2.40 2.50

Electronic and optical (bulk) properties

As expected, the valence band is dominated by oxygen (p orbitals),
while the conduction band is built upon tungsten d orbitals (see
Figure 2). The computed bandgaps in PBE+U is 4.15 eV, lying in the
experimental range (see Table II).1.2130.33 This non-underestimation
of the bandgap using a classical GGA+U functional has already been
reported by some of us in other oxide materials.53
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Figure 2: Calculated DOS of CaWO04 (GGA+U).

Table II: Calculated and experimental values of CaWO4 bandgaps
and refractive indices.

Experimental Calculated

P GGA + U=3
Bandgap (eV) 3.87 - 5.4 [13033] 4.15
Refractive index (n) 1.94 1541 191

(Ana = 589 nm)

As a potential incorporation into optical devices, the refractive
index of CaWO4 has been characterized at 1.94 at the sodium
wavelength.5455 Our simulated value is 1.91 (see Figure 3), which is
in very good agreement with the experimental one.
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Figure 3: Optical indices of CaWO04 (GGA+U): €1, €2, k and n.

Vibrational study

Herein are reported the results of the theoretical analysis
performed to evaluate the vibrational properties of the studied
material. As one can see in Figure 4, the agreement between the
experimental and the simulated spectra is excellent in terms of
energy positions, but some (slight) discrepancies appear
concerning the absolute intensities. One can now assign the
vibrational bands with great confidence. The most intense band
located at 900 cm! corresponds to a symmetric W-O stretching
motion in the Ay symmetry. At approximatively 800 and 820 cm-1,
two distinguishable bands of E; and By symmetries can be assigned
to asymmetric stretching counterpart vibrations. The slightly
overestimated simulated band (in energy) at approximatively 400
cm! is a combination of By and Ej vibrations and is still associated
to W-0 nuclear motions. Furthermore, the band around 330 cm-! is
also associated to two vibrations (By and 4g) in which W-O bonds
are twisting. Finally, the last band peaking at roughly 200 cm-tis a
combination of E; and Ag modes, and involve all the atoms in an out-
of-phase combination.
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Figure 4: Experimental (blue)!8 and simulated (orange) Raman
spectra of CaWOa. A scale factor of 0.99 has been applied on the
simulated energies with the PBE functional.
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Intrinsic defects

To gain a deeper insight into the thermodynamics properties of this
material, the intrinsic defects were examined by calculating their
formation energies and concentrations. To begin with, the
material's stability domain was determined by varying the chemical
potentials of the relevant species, as illustrated in Figure 5. Three
notable atmospheres were investigated because they represent the
limiting conditions that may occur during the material's synthesis,
namely: "A" (green dot, O-rich conditions), “B” (pink dot, W-rich/O-
poor conditions) and “C” (yellow dot, averaged conditions) where
the chemical potentials are uniformly distributed. Based on these
findings, the limiting conditions were determined.

Table III gathers the values corresponding to the defined points of
the CaWOs stability diagram.

-6
Aca(eV)
Figure 5: Stability domain of CaWO4 and its competing phases. For
the sake of clarity, only the phases bordering the stability domain

are represented. In addition to them, Ca0Oz, Ca0O, Ca and Ws021
were considered.

Table III: Limit values of the chemical potentials from the stability

domain of CaWO4.
Atmosphere Apica (V) Auw (eV) Apo (eV)
(A) -7.38 -10.96 0.00
(B) -3.63 0.00 -3.68
(C) -5.50 -5.35 -1.85

The DFE curves plotted against the Fermi energy for the respective
atmospheres, along with the charge transition levels, are given in
Figure 6.

The analysis of the DFE for CaWOa reveals the global trends in the
intrinsic defect formation process among various chemical
environments. The first trend is observed in atmospheres that are
O-rich/W-poor/Ca-poor (A). In that case, the oxygen interstitial
defect Oi logically exhibits a low DFE. Moreover, one can notice that
in such conditions, the calcium vacancy defect (Vca) is in close
competition with Oi reaching similar concentration levels (Figure
7a). Furthermore, it should be mentioned that the Fermi level is
pinned by Vca with an upper limit around 2 eV.

In the other extreme oxygen atmosphere (B), the oxygen vacancy is,
as expected, strongly favored and the most likely defect (Figure 6b).
in atmosphere (C), which corresponds to the center of the stability
domain of the material, the oxygen vacancy recombines with a self-
interstitial in the neighborhood of the Fermi level (Figure 6c).
Furthermore, in that condition, the calcium vacancy is strongly
favored compared to the other defects by several orders of
magnitudes in concentration (Figure 7c).

In all cases, the tungsten vacancy is unlikely to be created due to
very high formation enthalpy.
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Figure 6: Intrinsic Defect Formation Energies of CaWO4 in (A), (B)
and (C) conditions, along with the charge transfer levels (CTL). For
the DFE plots, the red, blue and black dashed lines correspond to
the VBM, CBM and Fermi energy (at growth temperature= 800 K),
respectively.
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Figure 7: Intrinsic defect concentrations vs. growth temperature
in different atmospheres. For indication, the atomic concentration
of Ca and W, and O in an ideal CaWO04 material is ca. 1.27x1022
atoms/cm3 and ca. 5.09x1022 atoms/cm3 respectively.

Excited state properties

To evaluate the luminescence properties, the excited state
geometry of the solid was relaxed using the same CDFT procedure
as in a previous work on Zr02.5657 Essentially, an electron was
removed from the valence band maximum (VBM) of the ground
state relaxed structure and transferred to the first available empty

band. After relaxing the ions in the cell without symmetry
constraints in this excited state configuration, the emission energy
was calculated as the difference in energy between the excited state
equilibrium geometry and the ground state energy at the excited
state equilibrium energy level.56

According to the simulation, an electronic emission wavelength of
435 nm (2.85 eV) was found, which is really close to the observed
one peaking at 420 nm (2.95 eV) and well below the maximum
error bar allowed in DFT.

To gain a better understanding of the various processes involved,
let us first examine the structural differences between the ground
state of the excited state (relaxed configuration in an ideal and
formal W-5d!/0-2p5 configuration) and the excited state of the
ground state (configuration W-5d°/0-2p¢in the aforementioned W-
5d!/0-2p5 configuration). The main modification is seen in the
lengthening of four W-0 bonds, which increase from 1.82 A in the
ground state to approximately 1.88 A in the excited state for three
of them, and almost 2.00 A for the fourth. This lengthening in the
excited state was expected due to the charge transfer occurring
during the excitation process (see Figure 8). This structural
modification indicates that the WOa4 tetrahedra are of high
importance in the luminescence processes as proposed in a
previous investigation.2

Figure 8: Localization of the charge density in the last occupied
state in the excited (left) and ground states -using the relaxed
excited state geometry- (right), respectively. The excited state is at
the equilibrium, whereas the ground state is at the excited state
structure but in the ground state electronic structure. This
transfer corresponds to the de-excitation process. Ca, W and O
correspond to the blue, green and red spheres, respectively.

In addition to accounting for electronic transitions, the vibrational
contributions of the ground state supercell were included in order
to simulate a vibrationally resolved spectrum. To do so, it was
mandatory to perform a DFPT computation on the supercell’s
ground state to get the vibration using the VASP software. Figure 9
displays a visual comparison between the experimental and
simulated spectra.®8 It is evident that, despite a slight
overestimation of the emission wavelength, the agreement
regarding the bandshape is very good. The deviation between the
experimental and simulated spectra is approximately 0.15 eV,
which falls within the acceptable range of errors in DFT, even using
highly accurate methods at the molecular level.59

One way to circumvent this deviation would be to perform all the
study using a global hybrid functional. However, it would increase
the computational time by several order of magnitude due the size
of the supercell. By aligning the simulated spectrum with the
maximum of the experimental one, the coefficient of determination
(R?) was calculated to be 0.9940, further demonstrating the
strength of our methodology.
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Figure 9: Simulated (red) vibrationally resolved and
experimental58 (blue) emission spectra of CaWO04. The FWHM was
set to 0.2 eV. The shifted spectrum is shifted to fit the
experimental maximum.

Conclusion

In this study, ab initio computations were performed to investigate
the structural, electronic, intrinsic defects, and luminescence
properties of CaWOa4. The results were in good agreement with
experimental values, demonstrating the accuracy of our approach.
The Raman signatures were unambiguously assigned by comparing
our simulation with experiment, the most common intrinsic defect
were identified, the luminescence wavelength maximum was well
simulated and we finally fully confirm the impact of the WO4
tetrahedra in the luminescence process and the occupation of
electronic orbitals in the excited state. Future studies could aim for
greater accuracy by employing hybrid functionals, but this comes at
a higher computational cost. Incorporating spin-orbit effects in all
the investigated processes could also be of interest, but the current
cost is prohibitively high. Finally, we intend to expand our
methodologies to study other compounds of interest. Overall, this
work provides valuable insights into the properties of CaW04 and
can inform future research in the field.
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