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Abstract 
 

Ternary molybdates and tungstates ABO4 (A=Ca, Pb and B= Mo, W) are a group of 

materials that could be used for a variety of optoelectronic applications. We present a 

study of the optoelectronic properties based on first-principles using several orbital-

dependent one-electron potentials applied to several orbital subspaces. The optical 

properties are split into chemical-species contributions in order to quantify the 

microscopic contributions.  Furthermore, the effect of using several one-electron 

potentials and orbital subspaces is analyzed. From the results, the larger contribution to 

the optical absorption comes from the B-O transitions. The possible use as multi-gap 

solar cell absorbents is analyzed.  
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1. Introduction 

 

For optoelectronic applications is need to develop new types of materials 

responding to visible light irradiation. This response is a consequence of the electronic 

and optical properties. ABO4 (A = Ca, Pb and B = Mo or W) molybdates and tungstates 

are two families of materials with interesting luminescence and structural properties. 
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They have promising applications for solid state lasers [1], scintillators [2-4], electro-

optical devices [5], etc.  

Calcium and lead molybdates and tungstates are natural minerals. Furthermore, 

they can be made synthetically. The mineral names associated with these materials are 

powellite (CaMoO4), scheelite (CaWO4), wulfenite (PbMoO4), and stolzite (PbWO4). 

The name used to describe the common crystal structure of these materials is scheelite. 

The scheelite-ABO4 (A=Ca, Pb and B=Mo, W) crystal structure (Figure 1) is 

characterized by the tetragonal space group I41 /a (nº 88). The B atoms are surrounded 

by four O atoms in an approximately tetrahedral symmetry configuration, and the A 

atoms are surrounded by eight O atoms in an approximately octahedral symmetry. 

Many material properties can be associated to the existence of these [BO4] (Figure 1b) 

and [AO8] (Figure 1a) approximate polyhedrons into crystalline structure. The B cation 

tetrahedra (with W or Mo) behave as rigid structural elements with no observed cation-

oxygen compression [6]. On the other hand, compression of the eight-coordinated A=Ca 

polyhedron, is more favorable parallel to c than perpendicular to c [6]. 

  Despite the promising properties, these materials have not yet reached the device 

level. Further applications of these materials require a detailed understanding of their 

electronic and optical properties. First principles are an important and powerful 

complementary tool, allowing these basic properties which are hardly accessible by 

experiments to be obtained and quantified. Therefore we examine the structural, 

electronic, and optical properties of the ABO4 Calcium and lead molybdates and 

tungstates using first-principles techniques.  

2. Calculations 

We have studied the electronic and optical properties using first principles 

within the density functional formalism [7,8] but with a further extension including an 
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orbital-dependent one-electron potential (DFT+U method) [9-13] to account explicitly 

for the Coulomb repulsions not dealt with adequately in standard approaches. The 

DFT+U results depend on the U value, on the orbital subspace in which U is applied, on 

the orbital occupation numbers, and on the implementation chosen [10-13]. In this work 

we use the DFT+U formalism described in references [10,11] with the generalized 

gradient approximation from Perdew, Burke and Ernzerhof [14] for the exchange-

correlation potential, i.e. GGA+U. Furthermore, we use several U values applied to 

different orbital subspaces.  The pseudopotentials adopted are standard Troullier–

Martins [15] expressed in the Kleinman–Bylander [16] factorized form. For the valence 

wave functions a numerically localized pseudoatomic orbital basis set [17] is used.  

The scheelite-ABO4-type structure (space group I41 /a ,nº 88), periodic boundary 

conditions, spin polarization, double-zeta with polarization localized basis sets, and 128 

special k points in the irreducible Brillouin zone have been used in all results presented 

in this work. 

The optical properties have been obtained from the complex dielectric function  
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using the Kramers-Kronig relationships. Here kEμ,  and kfμ,  are the single-particle 

energies and occupations of the µ band at k points in the Brillouin zone, and pμλ are the 

momentum (p=i(m/ħ)[H,r]) matrix elements between the µ and λ bands at k points. 

Both, the local and non-local parts of the pseudopotentials have been considered in the 

calculation of the momentum matrix elements. 

3. Results and Discussion 

The lattice parameters (a (Å), c (Å)) used for scheelite-CaWO4 [18], stolzite-

PbWO4 [18], powellite-CaMoO4 [18,19] and wulfenite-PbMoO4 [18,20] are (5.243, 
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11.376), (5.450, 12.030), (5.224, 11.430) and (5.431, 12.106) respectively. Figure 1 

shows the crystalline structure in the conventional unit cell. 

 In our study we have used several GGA+U schemes in order to apply the orbital-

dependent one-electron potential: U=0 eV, U=5 eV for d(B) orbitals, UO3B5 (U=3 eV for 

the p(O) states and U=5 eV for the d(B) states), and Uall=5 eV (U=5 eV for d(B), p(O) 

and p(A) orbitals). In Table 1 we report the energy band-gap values obtained and the 

comparison with other data in the literature. We found that U=5 eV, UO3B5 and Uall=5 

eV schemes gave energy band-gap values closer to other data in the literature. 

Nevertheless, we not only use different GGA+U schemes with the aim of reproducing 

energy band gaps, but also to analyze the effect in other properties such as optical 

properties. The comparison with optical properties is more demanding than the energy 

band gaps and band structure comparisons, because of the optical properties calculations 

involved, as well as the electronic structure, the occupations and the transition 

probabilities.  

The electronic band-structure for the four ABO4 materials in several directions 

of symmetry within the Brillouin zone is plotted in Figure 2. CaBO4 (B=W, Mo) are 

direct-gap materials with the band edges on the Γ point. For PbBO4 the edge of the 

valence band (VB) lies in the M  Γ and M X directions. These VB maxima are 

approximately 0.1 eV above the VB-Γ point energy. The conduction band (CB) 

minimum energy lies on the N point. These materials are almost direct on the N point 

because the difference between the direct N-gap and indirect gaps is less than 0.1 eV, 

similar to other results in the literature [21, 22]. Therefore a strong direct optical 

absorption is expected.  
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For ABO4 (A=Ca, Pb and B=Mo, W) the edges of the VB and CB are dominated 

mainly by the combination of the atomic states in the [BO4] and [AO8] approximately 

polyhedrons into the crystalline structure. The geometry around the B sites is 

approximately tetrahedral. Therefore the d(B) states split into de(B) ( 2z
d  and 2 2x y

d
−

)  

and dt(B)  (dxy, dxz, and dyz) states whereas the s(B) and p(B) atomic states have a  and t 

tetrahedral symmetry respectively. The crystalline wavefunctions with t symmetry are 

formed mainly by the combination of the dt(B) and pt(B) states, and the states with t 

symmetry of the neighboring pt(O) states.  

The main differences in band structure between the CaBO4 and the PbBO4 occur 

mainly near the top of the VB. From an analysis of the projected density of states 

(PDOS) on atoms and atomic states, the largest contribution to the VB edge is from the 

pt(O) states (Figure 3). In the Pb materials, the top of the VB has an additional 

contribution from the s(Pb) states. These different compositions of the VB top (~ 1 eV 

below the VB edge in the Pb compounds) can be observed in the electronic structure 

(Figure 2) and in the density of states (Figure 3) with all GGA+U schemes used.   

The bottom of the CB is characterized by the presence of two sub-bands 

separated energetically by a small gap. This gap is almost zero (< 0.1 eV) for the Pb 

compounds in accordance with other theoretical results [21]. The lower sub-band in the 

CB is dominated mainly by de(B)-like contributions, while the upper is dominated by 

dt(B)-like contributions. 

In order to analyze the potential of these semiconductors for optoelectronic 

applications, we have obtained the optical absorption coefficients. They are shown in 

Figure 4 for several GGA+U schemes where the energy scale has been shifted by the 

respective Eg band gap energies.  From Figure, between Eg and Eg+2 eV approximately, 

the differences in the absorption coefficients for different GGA+U schemes is small.  
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According to the PDOS results, for the ABO4 compounds the VB and CB edges 

are made up mainly from the p(O) and d(B) states respectively. For the A=Pb materials 

there is a additional contribution from the s(A) states to the top of the VB. Therefore, 

from an analysis based only on the joint DOS, the high absorption should arise mainly 

from O-B transitions, and with a lower contribution from the O-A transitions for the 

A=Pb materials. In this simplified joint DOS analysis the transition probabilities (via 

momentum operator matrix elements) are not taken into account. In order to check the 

validity of the simplified joint DOS analyses, and quantify the contributions of the 

transitions between atoms we are going to split the absorption coefficients into intra- 

and inter-atomic species transitions. To do so, we need to split the pμλ momentum 

matrix elements between the µ and λ bands into diatomic contributions 

AB
A B

p pμλ μλ=∑ ∑ , where ABpμλ is the inter-specie component that couples basis set 

functions on different A and B atom species. If A=B, it represent an intra-species 

component. As the optical properties depend on the square of the momentum operator 

matrix elements, the absorption coefficient and other optical properties can be split as 

AA AB
A A B A

α α α
≠

= +∑ ∑ ∑ + (terms involving three and four different species). Note 

that the intra-species transitions involve both inter- and intra-atomic transitions. 

Although for atoms the (intra-atomic) transitions between states with equal angular 

momentum l are forbidden, the inter-atomic transitions between atoms located at 

different sites can be allowed depending on the system (atomic, molecular, solid) 

symmetry. The same applies to the inter-species transitions. 

In Figure 5 the main inter- and intra-species absorption coefficient components 

have been represented for several GGA+U schemes. The largest contribution to the AC 

corresponds to the inter-species B-O transitions. These results indicate that the optical 

properties are determined mainly by the BO4 tetrahedron, in particular for A=Ca. The 
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O-O intra-species contributions are also significant, whereas the A-A intra-species 

contributions are only significant for A=Pb. The other transitions, not shown in the 

Figure, have a very low contribution close to band-gap energy. Furthermore, as has 

already been mentioned, into energy range Eg < E < Eg+2 eV the differences between 

the GGA+U results are small when they are scaled by the band-gap energy. The main 

differences are in the band-gap energy.  

Using the energy gap as criterion, the efficiency of the ABO4 (A=Ca, Pb and B= 

Mo, W) single-gap semiconductors is very low because the energy gaps are greater than 

the optimum for a single gap solar cell (~ 41% at Eg ~ 1.1 eV, and at the highest 

sunlight concentration=46200 sun, where 1 sun=1 Kw/m2) [26-29]. However, the 

efficiency can be increased ~ 77 % [29] using multi-gap solar cells, with optimum gaps 

larger than for single-gap solar cells [26-29]. For multi-gap solar cells, with 

intermediate bands (IB) between the VB and the CB of the host semiconductor, the 

absorption of photons will be more efficient than in conventional single-gap solar cells 

because both VB-IB and IB-CB transitions allow carrier generation from the VB to the 

CB in addition to the usual process of generation through the VB-CB transitions. 

In order to estimate the potentiality of these materials as multi-gap solar-cell 

devices, we have obtained the maximum efficiency using a generalized multi-gap model 

[26-28]. These models assume that any non-radiative recombination is suppressed, 

carrier mobilities are infinite (no ohmic losses), illumination comes from an isotropic 

gas of photons, and the cell absorbs all incident photons above the band-gap. Using the 

band-gap energies obtained with Uall=5 eV, the limiting efficiencies of  scheelite-

CaWO4, powellite-CaMoO4, stolzite-PbWO4 and wulfenite-PbMoO4 are between ~ 33-

43 %, ~ 38-51 %, ~ 58-73 % and ~ 53-68 % from double- to quintuple–gap solar cell. In 
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most cases these values exceed the limits of single-gap solar cell (~ 41%), in particular 

for the A=Pb compounds. 

 

4. Conclusions 

Using first-principles methods we have analyzed the electronic and optical 

properties of ABO4 (A = Ca, Pb and B = Mo or W) molybdates and tungstates with the 

scheelite-crystalline structure using several GGA+U schemes. The main differences in 

the electronic structure between CaBO4 and PbBO4 occur near the edges of the VB and 

CB. The largest contribution to the VB top is from the p(O) states for all compounds. In 

the A=Pb materials, the VB top has additional s(A) contributions. The bottom of the CB 

is characterized by the presence of two sub-bands separated energetically by a small gap 

for the Pb compounds. The lower sub-band in the CB is dominated mainly by de(B) 

states, while the upper is dominated by dt(B) states. 

From the optical property results, the largest contribution to the optical 

absorption corresponds to the inter-species B-O transitions, and for lower proportion to 

the O-O intra-species transitions. The A-A intra-species transitions are only significant 

for A=Pb. Into energy range Eg < E < Eg+2 eV the differences between the GGA+U 

results are small when they are scaled by the band-gap energy. The main variation is in 

the energy gaps. These materials could have a high potentiality as multi-gap solar cell 

absorbents because they present large efficiencies that, in most cases, exceed the 

maximum efficiency of single-gap solar cells. 
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List of Tables 

 U=0 U=5 UO3B5 Uall=5 Other data 

SCHEELITE-CaWO4 3.77  4.16 4.45 4.67 4.09a 

POWELLITE-CaMoO4 3.37  3.72 4.00 4.20  3.41a 

STOLZITE-PbWO4 2.14  2.46 2.59 2.78 2.96a 

WULFENITE-PbMoO4 2.43 2.67 2.85 3.13 2.59a, 2.84b, 3.17c 

  

Table 1: Calculated band-gap energy (eV) using different GGA+U schemes, and 

literature data: (a) [21], (b) [22], (c) [24]. 
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List of Figures 

Figure 1: The ABO4 (A=Ca, Pb, and B=W, Mo) compound in the scheelite-type 

structure. The [AO8] and the [BO4] approximate polyhedrons in the crystalline structure 

are shown in the panels (b) and (c) respectively. All structural figures were created 

using VESTA software [25]. 

 

Figure 2: Band-structure diagram for (a) scheelite-CaWO4, (b) powellite-CaMoO4, (c) 

stolzite-PbWO4 and (d) wulfenite-PbMoO4 in the main Brillouin-zone directions using 

Uall=5 eV (U=5 eV for d(B), p(O) and p(A) orbitals). The VB edge has been chosen as 

the origin of the energy. 

 

Figure 3: PDOS on atomic states with more contribution to the edges of the VB and CB 

for (a,e) scheelite-CaWO4, (b,f) powellite-CaMoO4, (c,g) stolzite-PbWO4 and (d,h) 

wulfenite-PbMoO4 with U=0 eV (a,b,c,d) and Uall=5 eV (e,f,g,h). The VB edge has 

been chosen as the origin of the energy. 

 

Figure 4: Absorption coefficient α(E) for (a) scheelite-CaWO4, (b) powellite-CaMoO4, 

(c) stolzite-PbWO4 and (d) wulfenite-PbMoO4 with U=0 eV and Uall=5 eV (U=5 eV for 

d(B), p(O) and p(A) orbitals). 

Figure 5: More important intra- and inter-species absorption coefficient components for 

(a) scheelite-CaWO4, (b) powellite-CaMoO4, (c) stolzite-PbWO4 and (d) wulfenite-

PbMoO4. The thick and fine lines correspond to U=0 eV and Uall=5 eV respectively. 
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