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Abstract 
 

Ternary MCrO4 (M=Ba, Sr) semiconductors are materials with a variety of 

photocatalyst and optoelectronic applications. We present detailed microscopic analyses 

based on first-principles of the structure, the electronic properties and the optical 

absorption in which the difference between symmetrically non-equivalent atoms has 

been considered. The high absorption coefficients of these materials are split into 

chemical species contributions in accordance with the symmetry. The high optical 

absorption in these materials is mainly because of the Cr-O inter-species transitions.  
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1. Introduction 

For solar energy applications there is a need to develop new types of 

photocatalysts and solar cell materials responding to visible light irradiation. 

Microscopically, this response is a consequence of the 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.  
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MCrO4 oxides have been of interest as regards their high pressure behavior [1,2] 

and their photocatalytic properties [3]. In both cases the goal is to explore the possible 

polymorphs with novel structures and properties that may be used for practical 

applications.   

A number of compounds with the ABO4 formula and a BO4 tetrahedral anion 

polyhedral were found to crystallize in the Hashemite- [4] and Monazite-type [5] 

structures. In particular, BaCrO4 crystallizes in the Hashemite structure. This structure 

shows orthorhombic symmetry with the Pnma space group (nº 62) and lattice 

parameters (a,b,c)=9.105,5.541,7.343) Å. On the other hand, SrCrO4 crystallizes in the 

Monazite structure with monoclinic symmetry and space group P21/n (nº 14), and lattice 

parameters (a,b,c)=(7.083,7.388,6.771) Å. These structures have usually been described 

in terms of oxygen polyhedra, the oxide being formed by isolated [BO4] tetrahedra and 

complex [AO12] dodecahedra. The Hashemite-BaCrO4 and monazite-SrCrO4 crystal 

structures are shown in Figure 1. Note that in the Hashemite and Monazite structures 

there are 3 and 4 non-equivalent O atoms, labeled as Oi (i=1,..3 or 4) [4,5] in Figure 1.  

The main experimental and theoretical research activities focus on exploring the 

possible metastable high-pressure structures and structures with photocatalytic 

properties. However, despite experimental and theoretical research activities, there is 

little analysis focusing on optoelectronic properties for devices with a response to 

visible light. With the objective of relating the absorption of the solar radiation with the 

structure and the microscopic electronic and optical properties we will use first-

principles in our analyses.  

2. Calculations 

In order to obtain the electronic and optical properties we have used first 

principles based on density-functional theory (DFT) [6] with a private modification of 
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the SIESTA code [7]. The gap underestimation problems are well known because of the 

exchange-correlation effect when the standards functional [7] are used. Therefore, a 

more profound study is carried out including an orbital-dependent, one-electron 

potential (DFT+U method) [8-12] to account explicitly for the correlation and to 

improve the electronic structure description of the states.  

The DFT+U results, in addition to the U value, depend on the orbital subspace 

on which U is applied, and on the orbital occupation numbers [9-12].  In this study we 

use several U values applied to different orbital subspaces with the GGA+U formalism 

described in references [9,10]. The generalized gradient approximation from Perdew, 

Burke and Ernzerhof [13] for the exchange-correlation potential is used. The 

pseudopotentials adopted are standard Troullier–Martins [14] expressed in the 

Kleinman–Bylander [15] factorized form. The valence wave functions are expressed 

with a numerically localized pseudoatomic orbital basis set [16]. Periodic boundary 

conditions, spin polarization, 120/108 special k points in the irreducible Brillouin zone 

for Hashemite-BaCrO4/Monazite-SrCrO4, and double-zeta with polarization localized 

basis sets have been used in all the results presented in this work. The electronic 

structure calculations were carried out by relaxing all the cell atoms using the conjugate 

gradient algorithm to minimize the calculated quantum mechanical forces. Relaxation to 

the absolute energy minimum is considered as accomplished when the forces on the 

atoms fall below 0.004 eV ·Å-1. 

The optical properties have been obtained from the complex dielectric function  
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using the Kramers-Kronig relationships. For the pμλ  matrix elements between the µ and 

λ bands at k
G

points in the Brillouin zone of the momentum operator (p=i(m/ħ)[H,r]), 
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both the local and non-local parts of the pseudopotentials have been considered. In the 

previous equation kEμ,
G  and kfμ, G  are the single-particle energies and occupations of the 

µ band at k
G

points in the Brillouin zone. 

3. Results and Discussion. 

In the Hashemite and Monazite structures there are 3 and 4 non-equivalent O 

atoms, labeled as Oi (i=1,..n, with n=3 and 4 for the Hashemite and Monazite structures 

respectively) [4,5] (Figure 1). Considering this non-equivalency the Hashemite and 

Monazite structures can be represented by BaCrO1O2[O3]2 and SrCrO1O2O3O4 

respectively. The non-symmetry-equivalence of the O atoms has been taken into 

account in all our analyses.    

By applying the aforementioned calculation methodology to BaCrO4 and SrCrO4 

in the Hashemite and Monazite crystal structures, we have obtained the single-particle 

band energies. The energy band gaps obtained by taking the difference between the 

single-particle band energies are 2.70 eV and 2.65 eV with U=0 eV for Hashemite-

BaCrO4 and Monazite-SrCrO4 respectively, in good agreement with the experimental 

observation (2.63 for BaCrO4 and 2.44 eV for SrCrO4 [3]) and with other theoretical 

calculations (2.76 eV for BaCrO4 [1]). Because of the decrease of the crystal symmetry 

from BaCrO4 to SrCrO4, the band gap of SrCrO4 becomes narrower. For both BaCrO4 

and SrCrO4, the difference between the lowest direct and indirect energy gaps is very 

small. Therefore a strong direct optical absorption is expected.  

In general, GGA underestimates the energy band-gap as a result of self-

interaction (a part of the exchange energy) problems. At an intermediate level between 

standards functional and more sophisticated many-body methods, methods such as 

DFT+U and hybrid DFT studies incorporate a U parameter or a fraction of the exact 

exchange in order to avoid the self-interaction problem partially and thus prevent the 
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band-gap underestimation.  However, in this case, GGA (GGA+U with U=0) already 

overestimates the band-gap energy with respect to the experimental results. This also 

happens with other GGA theoretical results using different methodology and exchange-

correlation functionals: 2.76 eV using the frozen-core all-electron projector augmented 

wave (PAW) method and plane wave-function basis sets [1]. Despite the GGA+U 

energy band gap overestimation, we will use several GGA+U schemes later for 

analyzing the more demanding optical properties, where in addition to the band 

energies, they will be needed to use the band occupations and transition probabilities 

(equation 1).  It will make it possible to examine whether, in addition to the difference 

in the energy band gaps energies, there are large differences in the optical absorption.  

The valence band (VB) edge of these compounds are made up mainly of p(Oi) 

orbitals, whereas the conduction band (CB) edge is mainly made up of d(Cr) orbitals. It 

is confirmed with a projected density of states (PDOS) on non-equivalent atomic 

species (Figure 2). In these structures the Cr atom is surrounded by O1+O2+2O3 and 

O1+O2+O3+O4 atoms with approximately distorted tetrahedral symmetry in the 

Hashemite and Monazite structures respectively. Therefore, the d(Cr) states split into de 

( 2z
d  and 2 2x y

d
−

)  and dt2   ( xyd , xzd , and yzd ) states whereas the s and p atomic states 

have a (sa) and t2 (pt) tetrahedral symmetry respectively. The crystal wavefunctions with 

t2 symmetry are mainly made up of the combination of the dt2(Cr) and the states with t2 

symmetry of the neighboring pt2(Oi) states. Therefore, the edge of the crystalline CB 

edge has t2 symmetry. 

In order to analyze the potential of these compounds as solar radiation absorbers, 

the absorption coefficients (AC) have been obtained (Figure 3). Despite the GGA+U 

energy band gap overestimation, the AC have been also obtained for different GGA+U 

schemes: U=0 eV (GGA), U=5 eV for the d(Cr) states, and Uall=5 eV, where U=5 eV is 
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applied to the orbital subspace of all d(Cr), p(O) and p(B) (B=Ba, Sr) states. The 

DFT+U corrects the spurious self-interaction for the orbitals where the one-electron 

potential U is applied, while the remaining ones are still affected by the self-interaction 

error [9,10]. With U=5 eV [8,10] scheme we have only applied U to the d states of the 

transition metal atom as it is usual. Nevertheless, the effect on the band-gap when U is 

applied to an orbital group depends on the contribution from these orbitals to the band-

gap edges [10]. If the contribution is small, the band-gap will remain almost unaffected. 

From the previous PDOS analysis the largest contribution to the VB edge is from p(Oi) 

states, while that to the CB edge is from the d(Cr) states.  This is the reason for using 

the Uall=5 eV scheme. The goal is to examine whether, in addition to the quantitative 

difference in the band gaps energies, there are large differences in the AC when 

GGA+U is used. These self-consistent calculations are more reasonable physically than 

applying a scissor operator or an artificial split in the bands ad hoc. For a better 

comparison, we shift the energy scale by the respective band gap energies. The main 

difference between the AC for the different U schemes is a shift resulting from the 

different energy band gap. The optical absorption peaks around 0.9 eV above the energy 

band gap (~3.60 eV and 3.55 eV for Hashemite-BaCrO4 and Monazite-SrCrO4 

respectively with U=0 eV) compare well with the experimental absorbance peak of 

around 3.65 eV (E-Eg ~ 1.0  eV) from the results in the literature [3]. This peak is 

attributed to the electronic excitation from O to Cr states. The effect of relaxing all the 

atomic positions is also shown in Figure 3. This effect only slightly modifies the 

absorption coefficients. From the Eg energy gap to Eg +1.5 eV approximately, the AC 

using GGA+U does not vary significantly with respect to GGA. The main differences 

are in the energy band gap. The optical absorption spectrum is consistent with that of a 

semiconductor with high absorption above the energy band gap. 
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With the purpose of identify [7,9,10] the different atomic and orbital 

contributions to the optical transitions, we split the AC into intra- and inter-non-

equivalent species transitions.  To do so, the pμλ  momentum matrix element between 

the µ and λ bands is split in non-equivalent contributions such as AB
A B

p pμλ μλ=∑ ∑ . 

Here, AApμλ  is the intra-species component that couples the localized basis set functions 

on the same atoms of the A non-equivalent species, whereas ABpμλ  (with A≠ B) is the 

inter-species component that couples the basis set functions on different atoms of the 

non-equivalent A and B species. The optical properties depend on the square of the 

momentum operator matrix elements. Therefore, they can be separated into three terms: 

intra-species (depending on 2| |AApμλ ), inter-species involving two non-equivalent A and 

B species of atoms (depending on 2| |ABpμλ ), and inter-species involving three and four 

different non-equivalent A, B, C and D atoms (depending on | || |AB CDp pμλ μλ ).  The 

absorption coefficients and others optical properties can be split similarly.  

The more interesting results, in which the AC is split into non-equivalent atomic 

species contributions, are shown in Figure 4. The largest contribution to the AC for 

lower energies corresponds to the Cr-Oi inter-species transitions, i.e. from dt2(Cr) to 

p(Oi) states. The intra-species transitions between non-equivalent oxygen atoms (Oi-Oi) 

make a lower contribution than the Cr-Oi inter-atomic transitions. All other possibilities 

of inter- and intra-contributions not represented in the figure make a lower contribution 

than that represented. These results are in accordance with the previous PDOS analyses. 

These analyses are qualitative because only the band energies are considered. 

Nevertheless, with the AC splitting in Figure 4, the results are quantitative: band 

energies, momentum matrix elements and band populations have been considered 

(equation 1).  Furthermore, from the results in Figure 4, the experimental absorbance 
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peak around 3.65 eV results in the literature [3] can be attributed to the Cr-Oi inter-

species optical transitions from the p(Oi) to td (Cr) states.  

Furthermore, we have developed a generalized multi-gap model to obtain 

maximum efficiencies in order to estimate the potentiality of these materials as multi-

gap solar-cell devices.  For multi-gap solar cells the presence of intermediate bands (IB) 

between the VB and the CB of the host semiconductor permits additional photon 

absorption and emission channels. The absorption of photons will be more efficient than 

in conventional solar cells because both VB-IB and IB-CB transitions are possible, 

allowing carrier generation from the VB to the CB. In addition to this carrier generation 

process, the usual process of generation through photon absorption promoting electrons 

from the VB to the CB also takes place. Therefore the current (electrons in CB and 

holes in VB) will be larger because of the sub-gap transitions and the efficiency of this 

device is larger than one based on the host semiconductor (conventional device with 

single-gap). The efficiency of a multi-gap solar cell can be obtained by using the ratio of 

the cell power output to the power cell density received [17,18]. The models used to 

obtain maximum efficiencies 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. 

For SrCrO4 and BaCrO4, with experimental band-gap energies 2.44 eV and 2.63 eV 

respectively [3], the limiting efficiencies are approximately between 60-74 % from 

double- to quintuple–gap solar cell. It are close to the absolute maximums of double-

gap solar cell (60 % versus ~64 %) and of the large multiple-gap solar cell (74 % versus 

~77 %) [17]. 
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4. Conclusions 

The electronic, structural and optical properties of MCrO4 (M=Ba, Sr) have been 

analyzed using first principles. These analyses have been demanding because the 

difference between symmetrically non-equivalent atoms has been considered: five for 

the Hashemite-BaCrO4 (BaCrO1O2[O3]2) and six for the Monazite-SrCrO4 

(SrCrO1O2O3O4). It implies, particularly for the optical properties, a greater number of 

projections and splits when the oxygen atoms are considered symmetrically non-

equivalents. The results obtained agree well with the theoretical and experimental 

available data in the literature. The comparison between several U schemes shows that 

the main differences are in the quantitative energy band gap. 

In order to relate the microscopic properties with the macroscopic optical 

properties, with direct relevance to use these materials as solar radiation absorbers, the 

latter have been split into inter- and intra-(symmetrically non-equivalent) species 

contributions.  From these analyses, the absorption in these materials is mainly because 

of the Cr-Oi inter-species transitions, i.e. from the dt2(Cr) to p(Oi) states. These results 

indicate that the effects of the M (=Ba,Sr) atoms on the optical properties are minimal in 

most cases. These properties are determined mainly by the CrO4 tetrahedron. Therefore, 

a possible way to increase the optical absorption is develop new materials including the 

CrO4 tetrahedron. 
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List of Figures 

Figure 1: The (a) Hashemite-BaCrO4 and (b) Monazite-SrCrO4 crystal structures. 

 

Figure 2: Projected density of states (per atom) on non-equivalent atoms and on the 

main shell atom states for the (a,c) Hashemite-BaCrO4 and (b,d) Monazite-SrCrO4 

crystal structures. The VB edge has been chosen as the origin of the energy. The 

positive (negative) values correspond to the spin up (down) components. 

 

Figure 3: Absorption coefficients α(E) for (a) Hashemite-BaCrO4 and (b) Monazite-

SrCrO4 with U0/U0(rel) (U=0 eV without/with relaxing all atomic positions) and Uall 

(U=5 eV for d-Ba, d-Sr, d-Cr and p-O and orbitals). The respective band gap energies 

have been chosen as the origin of the energy. 

Figure 4: More important intra- and inter-species absorption coefficients components 

with U0(rel) for (a) Hashemite-BaCrO4 and (b) Monazite-SrCrO4. The energy scale has 

been shifted by the respective band gap energies. 

 
 
 
 
 
 
 



13 
 

 

FIGURE 1 

 



14 
 

 

FIGURE 2 

 



15 
 

 

 

FIGURE 3 



16 
 

 

FIGURE 4 

 


