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ABSTRACT  

The density functional theory has become increasingly common as a methodology to explain the 

properties of crystalline materials because of the improvement in computational infrastructure 

and software development to perform such computational simulations. Although several studies 

have shown that the characteristics of certain classes of materials can be represented with great 

precision, it is still necessary to improve the methods and strategies in order to achieve more 

realistic computational modeling. In the present work, strategies are reported in a systematic way 

for the accurate representation of crystalline systems. The crystalline compound chosen for the 

study as a case test was BaMoO4, both because of its potential technological application and 

because of the low accuracy of the simulations previously reported in the literature. The 

computational models were carried out with the B3LYP and WC1LYP functionals selected from 

an initial set containing eight hybrid functionals in conjunction with an all-electron basis set. 

Two different strategies were applied for improving the description of the initial models, both 

involving atomic basis set optimization and Hartree-Fock exchange percentage adjustment. The 

results obtained with the two strategies show a precision of structural parameters, band gap 

energy, and vibrational properties never before presented in theoretical studies of BaMoO4. 

Finally, a flowchart of good calculation practices is elaborated. This can be of great value for the 

organization and conduction of calculations in new research. 
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1. INTRODUCTION  

 

In theoretical approaches, the elaboration of computational models that represent the reality is 

still a challenge, especially for material science.1 However, the search for models with an 

accurate approximation of structural, vibrational, and electronic characteristics is very useful for 

trends, elucidations, and even in findings of new observable characteristics and properties.2,3 

The solid-state simulation still presents a set of hindrances for the correct description of the 

electronic structure by purely ab initio methods. As much as the approximation is more and more 

accurate, the calculations strategies constantly confront the results with experimental parameters, 

such as band gap energy, vibrational modes, and other target properties, in order to orientate the 

adopted parameters of the theoretical methods. The constant existence of distortions and stacking 

faults in real crystals can also generate structural characteristics very different from the expected 

theoretical global minimum. 

The first generalizations of the Hartree–Fock (HF) equations adapted to crystalline systems 

were performed in the late 1960s4,5 and, only in the early 1970s, the first ab initio calculation for 

a crystalline system (diamond) was performed, with good accuracy in determining the structural 

parameters.6 After several years and with the parallel development of computing science, it was 

possible to obtain many properties for crystalline solid by ab initio methods: structural 

optimization, vibrational harmonic frequencies at Γ point (infrared and Raman) and phonon 

dispersion, thermodynamic properties, reflectance spectra, study of solid solutions, point defects, 

excited states, band structure, total and projected density of state, charge density and electrostatic 

potential maps, and magnetic and dielectric properties, among others. 

Much of the success of these advances are attributed to the density functional theory (DFT),7,8 

whose basic idea is that the electron density of the system determines the ground state properties. 
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Nowadays, DFT methods are the first choice for the computational treatment of solids, providing 

results comparable to multiconfigurational methods with a considerably low computational cost. 

Usually, the choice of the density functional, that includes the exchange-correlation functional, 

and the use of an appropriate atomic basis set is the first procedure in DFT simulations. An 

appropriate choice can lead to accurate target properties being simulated reliably, especially 

when dealing with models for which there are no experimental information for comparison.9 In 

particular, hybrid functional has been employed with success to simulate solid-state systems, 

such as the study of the bulk,10,11 surfaces,12 nanotubes13, adsorption, and doping processes.14 As 

a popular example, the B3LYP15-17 hybrid functional is a common choice to describe the 

properties of several systems. 

As we know, the exact exchange-correlation functional is unknown; therefore, a considerable 

amount of research has been carried out in the past decades to find accurate approximations for 

the exact functional. There is no unique method to find these approximations, and, among these, 

the introduction and adjustments of empirical parameters are the most used methodology. 

According to Bredow and Gerson,18 the optimal percentage of each functional term can change 

depending on the system and may also be the target of study for a better approximation of the 

results. 

When considering the atomic basis set, there are several available bases of each atom 

described in the literature that can be used for molecular or crystalline systems in order to 

expedite the study of materials. However, it is important to highlight that the development of a 

specific basis set for a molecule cannot always be successfully applied to solid-state systems, or 

a basis generated for a specific solid-state system can be appropriately used for others. Mostly, it 
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is necessary to generate a new basis or adjust a predefined basis set, such as the optimization of 

the coefficients and/or exponents of the most external or more specific shells. 

Based on that the above, the aim of this study was to investigate two different strategies to 

conceive computational models, taking as an example the particular case of the metallic 

molybdate, BaMoO4 (BMO). Both strategies consider the optimization of the atomic basis set 

and new parameterization of the mixing fraction of the HF exchange functional. Structural, 

electronic, and vibrational property data obtained by means of both strategies were compared 

with experimental and theoretical data reported in the literature to compare and evaluate their 

accuracy 

 

2. PROBE SYSTEM 

 

To verify the efficiency of the proposed strategy, it was chosen a system belonging to an 

important family of inorganic materials (AMoO4) that have a high potential for application in a 

great diversity of technological devices.19-21 Under typical conditions, when solids of this class 

are composed of relatively large bivalent cations (A = Ba, Ca, Sr, and Pb), they assume a 

scheelite-type tetragonal structure.22 

In particular, (BMO) is cited as one of the most important members of this family, mainly 

because of its photoluminescent properties.23-25 However, a considerable number of studies have 

reported several potential applications of BMO, such as its uses as anodes in lithium and sodium 

batteries,26 catalyzers,27 component in white LEDS28, and thermoelectric devices.29 This 

versatility is the result of the structural and shape modifications of its nanoparticles,30,31 as a 

function of the synthesis methodology, such as sonochemical,32 electrochemical,33 microwave-

assisted citrate complex,34 and microwave-assisted hydrothermal.27 
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Looking for theoretical studies on BMO, it was noticed that there have been few reported in 

this field. Among these, Zhao et al. applied the DFT and fully relativistic self-consistent Dirac–

Slater theory to explore the behavior of interstitial oxygen around the Mo6+ ions on the structure. 

They concluded that there was an interstitial oxygen combined with the nearest-neighbor lattice 

oxygen ions to form molecular ions 𝑂3
4−and 𝑂4

4−.35 Qin et al. used DFT combined with PBE 

functional to give support to experimental results about the dielectric improvement as a function 

of pressure.36 Sczancoski and coworkers reported a combined experimental and DFT study with 

B3LYP hybrid functional, to explain the optical properties of BaMoO4 obtained by a co-

precipitation method in the presence of polyethylene glycol.37 

 

3. COMPUTATIONAL SETUP AND MODELS SYSTEM  

 

The structural and electronic properties of BMO bulk were simulated by means of periodic 

DFT using the CRYSTAL17 package.38  

The BMO has a tetragonal unit cell that belongs to the space group I41/a (symmetry C6
4h.)

37
 

with a band gap energy of ~4.54 eV39 and experimental lattice parameters a = b = 5.59 Å and c = 

12.82 Å, as in Figure 1.40 

 



 7 

 

Figure 1. Unit cell of the BaMoO4: the Oxygen atoms are represented by the red spheres. 

A set of the most-used functionals in solid-state simulations was initially tested: B1WC,41 

B3PW,15 PBE0,42 PBESOL0,43 SOGGAXC,44 HSE06,45 WC1LYP,46 and B3LYP.15-17 

To choose the starting basis set combination, from the B3LYP functional, several atomic basis 

sets (all-electron and pseudopotentials), available in the CRYSTAL program and Mike Towler 

basis set library (http://www.crystal.unito.it/basis-sets.php and 

http://www.tcm.phy.cam.ac.uk/~mdt26/basis_sets/Ba_basis.txt, respectively) were tested, whose 

calculated structural parameters and band gap energy were compared with experimental data. 

The chosen barium atomic center (all-electron basis set), described in Mike Towler library, 

presented good results for the description of our model. The selected molybdenum and oxygen 

all-electron basis atom centers were 976-311(d631)G, and 6-31G*, respectively. For a more 

detailed description about these basis sets, refer to the supplementary material. 

Most of the available atomic basis sets are pre-optimized for a specific system that includes 

different structures and atomic interactions. This means an optimization process may be 

necessary to adjust, at the same time, all selected atomic bases to a target system. In this work, 

Powell’s algorithm method47, combined with the CRYSTAL program, was used to perform the 

http://www.crystal.unito.it/basis-sets.php
http://www.tcm.phy.cam.ac.uk/~mdt26/basis_sets/Ba_basis.txt
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basis set optimization of the exponent of the valence shell functions to an energy convergence of 

10−6 Hartree. 

The level of accuracy on the convergence criteria for bi-electronic integrals was controlled by 

a set of five thresholds (10-7, 10-7, 10-7, 10-7, and 10-14). These parameters represent the overlap 

and penetration for Coulomb integrals, the overlap for HF exchange integrals, and the pseudo-

overlap, respectively. The shrinking factor (Pack–Monkhorst and Gilat net) was set to 6, 

corresponding to 36-k-points in the irreducible Brillouin zone.  

All stationary points were characterized as a minimum by diagonalizing the Hessian matrix 

with respect to atomic coordinates and unit cell parameters. The vibrational modes at the Γ point 

were evaluated using the numerical second derivatives of the total energies estimated with the 

coupled perturbed HF/Kohn–Sham algorithm.48,49 The convergence was checked on gradient 

components and nuclear displacements with tolerances on their root mean square set to 0.0001 

and 0.0004 a.u., respectively. The band structure and density of states (DOS) were analyzed with 

the same k-point sampling employed for the diagonalization of the Fock matrix in the 

optimization process. 

 

4. RESULTS AND DISCUSSION 

 

 4.1. Choice of functional, basis set, and strategies of calculations 

 

As a starting point, the optimization of the structural parameters and band gap energy 

calculations was performed using the selected atomic basis and different hybrid functionals, as 

described in Table S1 (supplementary material) and shown in Figure 2. 
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Figure 2. Calculated percentage difference for the lattice parameters and band gap energy with 

the original basis set for all tested hybrid functional. The experimental lattice parameters are 

defined as the reference.  

 

It was observed that the WC1LYP functional describes the structural parameters (a = b and c) 

and band gap energy with the best average accuracy to the reference experimental system. The 

HSE06, B1WC, and B3LYP functionals also showed good and acceptable structural parameters 

but with discrepant band gap energy. 

Nevertheless, the B3LYP functional was also used to perform the simulations for the sake of 

comparison with the WC1LYP, because it is one of the most used functional to study crystalline 

materials.50 Although the results have been somewhat favorable, they can still be improved. 



 10 

Two different strategies were used with the last two selected functionals to obtain more precise 

results. The first consisted of the optimization of the basis set as a function of the total energy, 

changing the coefficients of most external orbitals of Ba (sp and d shells), Mo (sp and d shells), 

and O (sp shell), and fixing the experimental lattice parameters. After updating with the new 

basis set coefficients, the next step was the optimization of the lattice parameters, whose results 

were compared again with the experimental data. This choice is arbitrary, other coefficients and 

exponents of another orbital could be chosen for optimization. It is usually necessary to observe 

the accuracy of the results as a function of the optimized coefficients. If this procedure is not 

satisfactory, can be added new coefficients in the optimization process. 

After this procedure, the possibility of improvement of the results was verified by means of a 

new structural optimization, changing the percentage of the HF exchange parameter (HF%).  

The B3LYP functional is described by 𝐸𝑥𝑐 = (1 − 𝐴) · (𝐸𝑥
𝐿𝐷𝐴 + 0.9 · 𝐸𝑥

𝐵𝐸𝐶𝐾𝐸) + 𝐴 · 𝐸𝑥
𝐻𝐹 +

0.19 · 𝐸𝑐
𝐿𝐷𝐴 + 0.81 · 𝐸𝑐

𝐺𝐺𝐴 , where A is the hybrid percentage (A = 0.20 for B3LYP) and, for the 

WC1LYP functional, is defined by 𝐸𝑥𝑐 = (1 − 𝐴) ∙ 𝐸𝑥
𝑊𝐶 + 𝐴 ∙ 𝐸𝑥

𝐻𝐹 + 𝐸𝑐
𝐿𝐷𝐴 + 𝐸𝑐

𝐺𝐺𝐴 where A = 

0.16, which involves mixing the nonlocal HF exchange WC with the LYP correlation. 

The second strategy was the inverse of the first procedure. Structural optimization was 

performed in which the influence of the HF% variation was analyzed, and, subsequently, the 

atomic basis set was optimized (same most external orbitals of each atomic center) with the new 

hybrid functional that considered the new HF%.  

The preliminary structural and electronic results of both paths are described below. 

4.1.1. First path: basis set optimization followed by HF% analysis (BasisOpt/ 

HF%) 
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The valence shell values of the optimized basis with standard WC1LYP and B3LYP functional 

can be found in Table 1. 

 

Table 1. New coefficients of the optimized basis set. 

Atom Orbital Original WC1LYP B3LYP 

Ba 1αsp 0.4539 0.207828443199 0.206427618918 

Ba αd 0.572 0.524003777186 0.521591022655 

Ba 2αsp 0.5286 0.528469224165 0.521508521757 

Mo ¹αsp 0.3534 0.332025568342 0.334604789514 

Mo αd 0.1781 0.183156130810 0.179441331338 

Mo ²αsp 0.1424 0.090437621023 0.102334203450 

O αsp 0.2742 0.250441193509 0.253500560333 

The index 1 and 2 refer to the position of coefficient in the respective basis set. 

 

The calculated lattice parameters and band gap energy after this procedure were a = 5.62 

(5.68) Å, c = 12.76 (12.91) Å, and 4.81 (5.20) eV to the WC1LYP (B3LYP). The basis set 

optimization changed the structural parameters (a and c) to slightly worse values in comparison 

with the experimental ones (last row of Table S1). However, there were improvements in band 

gap energy on both functionals, with a correction of 3%. An interesting point to highlight in 

Table 1 is that the coefficients 1αsp of Ba and ²αsp of Mo atoms are the ones that had the greatest 

value variation. 

These new outputs were then used to elaborate the starting point of the gradual modification of 

the HF% of the WC1LYP and B3LYP functionals. The structural parameters and band gap 

energy of each HF% modulation are shown in Figure 3 and Table S2. These results indicated a 
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better description with 12% of HF contribution, in relation to the experimental characteristic 

previously described. 

 

 

Figure 3. Calculated percentage difference for the lattice parameters and band gap energy with 

the optimized basis set following the first path for five different values of HF% with the 

WC1LYP and B3LYP functionals. The experimental lattice parameters are defined as the 

reference.  

The results of 12% of HF% are very close to the experimental values for both functionals. 

However, the B3LYP represented more closely the experimental band gap energy (difference of 

1.32%) while the WC1LYP resulted in better values of the structural parameters in the final 

calculations (difference of a = 0.89% and c = 0.39%). Even though the B3LYP values started 

from more discrepant results, after all these processes, both functionals presented acceptable 

final results for the structural parameters and band gap values. 
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4.1.2. Second path: HF% analysis followed by basis set optimization 

(HF%/BasisOpt) 

 

Figure 4 and Table S3 depict the structural parameters and band gap values of all tested HF% 

using the original atomic basis.  

 

 

Figure 4. Calculated percentage difference for the lattice parameters and band gap energy with 

the original basis set following the second path for five different values of HF% with the 

WC1LYP and B3LYP functionals. The experimental lattice parameters are defined as the 

reference.  

  The values depicted in Figure 4 show that the 12% percentage had better proximity to the 

experimental results and, therefore, was selected to be used in the atomic basis optimization. 
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The valence shell values of the optimized atomic basis with modified WC1LYP(12%) and 

B3LYP(12%) can be found in Table 2.  

 

Table 2. New coefficients of the optimized basis set. 

Atom Orbital Original WC1LYP(12%) B3LYP(12%) 

Ba αd 0.572 0.528864378892 0.524309031231 

Ba ¹αsp 0.5286 0.207786429464 0.20819367716 

Ba ²αsp 0.4539 0.522602907967 0.51940215471 

Mo ¹αsp 0.3534 0.331036558642 0.332938970171 

Mo ²αsp 0.1424 0.090437634754 0.101253952411 

Mo αd 0.1781 0.183070751205 0.182764137322 

O αsp 0.2742 0.249504780874 0.251423714332 

The index 1 and 2 refer to the position of coefficient in the respective basis set. 

 

The calculations, considering the new coefficients, resulted in structure parameters of a = b = 

5.64 (5.69) Å, c = 12.77 (12.97) Å, and 4.45 (4.46) eV for the WC1LYP(12%) (B3LYP(12%)) 

functional. It is also worth to comment that, similarly to what happens with the coefficients on 

the first path, the 1αsp of Ba and 2αsp of Mo atoms are the ones that had the greatest value 

variation. 

The values obtained of the structural parameters and band gap energy values showed that both 

simulation paths can provide accurately similar results as compared with the experimental data. 

The use of the BasisOpt/ HF% path resulted in lower band gap energy (~0.1 below the 

experimental value), and the HF%/BasisOpt path showed an opposite characteristic, with higher 

band gap values (~0.1 above the experimental value). The use of the B3LYP functional, even 
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with initial discrepant results, showed great improvement by means of the proposed routes. The 

computational model represents an ideal structure, free of distortions or potential defects, and the 

structural parameters and band gap energy values of the experimental measurements have errors 

of precision of the used devices and methods of analysis. 

 

4.2. Electronic properties 

 

Each one of the final four models was well explored to understand the consequences of the 

calculation route choices. A better description of electronic characteristics was performed by 

evaluating the band structure and DOS, depicted in Figures 5 and 6, respectively.  

 

 

Figure 5. Band structure of the BMO in the case of: (a) B3LYP with basis set optimizations 

followed by the HF% modification, (b) B3LYP with HF% modification followed by basis set 
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optimizations, (c) WC1LYP with basis set optimizations followed by the HF% modification, and 

(d) WC1LYP with HF%  modification followed by basis set optimizations. 

 

As can be observed in Figure 5, the band structure profiles of all models are very similar. In 

addition, the top of the valence band and the bottom of the conduction band are located at the Г 

point, which indicates a direct band gap for the four models. 

 

 

Figure 6. Density of states of the BaMoO4 in the case of: (a) B3LYP with basis set optimizations 

followed by the HF% modification, (b) B3LYP with HF%  modification followed by basis set 

optimizations, (c) WC1LYP with basis set optimizations followed by the HF%  modification, 

and (d) WC1LYP with HF%  modification followed by basis set optimizations. 



 17 

 

The DOS (Figure 6) profiles of the atomic-orbitals components also showed profiles that were 

very similar, as expected. The selected bands indicate that the upper valence band is 

predominantly formed from oxygen 2px, 2py and 2pz atomic orbitals. However, the lower 

conduction band is predominantly formed by O and Mo states. The first is because of the oxygen 

2px, 2py, and 2pz atomic orbitals, and the second is the result of the 4dxy, 4dx²-y², and 4dz² atomic 

orbitals. 

This analysis shows that, independently of the adopted path, the final DOS structures are 

practically the same, as would be expected, because the structural and electronic properties are 

similar. It is also interesting that the change of the Fermi level of the same functional with 

different paths was 0.03%, and those between the different functionals with the same path were 

0.13%, showing once again that, even if different paths are chosen, the final results are similar. 

 

4.3. Vibrational properties 

 

Besides the study of the electronic structure, a detailed study of the vibrational models, which 

is an important way to evaluate the reliability of the calculations since it depends on structural 

and electronic characteristics, was performed.  

Considering the group theory, the BaMoO4 structure has 26 zone-center phonon modes: Γ= 

3Ag + 5Eg + 5Bg + 5Au+ 5Eu+ 3Bu, where 3Bu are silent modes and 1Au+ 1Eu are acoustic 

modes. The active optical modes are 3Ag + 5Eg + 5Bg Raman-active and 4Au + 4Eu as IR-active. 

Table 3 lists the expected number of the active modes indicated by the group theory, as well as 

the experimental modes and theoretical results obtained by means of lattice dynamics calculation 

(LDC)  according to studies found in the literature for comparison. 



 18 

According to the results shown in Table 3, the computational simulations describe the Raman 

modes with appreciable accuracy if compared with the experimental observations. In addition, 

the DFT calculations provide higher precision than the lattice dynamical calculations reported by 

Jindal et al.51 

 

 

Table 3. Theoretical and experimental Raman (Ag, Bg, and Eg) and IR (Au and Eu) active modes 

for the BaMoO4. Frequencies are given in cm-1. 

RAMAN 

  BasisOpt/HF%(12%) HF%(12%)/BasisOpt 
LDC51 Exp.52 

Ref. N IRREP WC1LYP B3LYP WC1LYP B3LYP 

R1 Bg 82.82 86.41 82.77 85.94 83 76 

R2 Eg 89.77 87.40 89.77 87.43 85 74 

R3 Eg 120.59 113.34 120.51 112.79 110 110 

R4 Bg 152.57 142.85 152.64 142.04 152 137 

R5 Ag 164.40 161.27 164.30 158.83 142 140 

R6 Eg 211.92 199.17 211.89 198.64 185 188 

R7 Ag 319.56 312.76 319.38 311.63 382 324 

R8 Bg 321.04 313.59 321.03 312.71 307 324 

R9 Eg 357.70 356.03 354.54 354.01 356 345 

R10 Bg 354.76 356.67 357.45 354.55 378 358 

R11 Eg 811.63 802.14 811.19 801.63 802 791 

R12 Bg 844.87 836.81 844.46 836.36 843 837 

R13 Ag 873.21 864.38 872.92 864.22 811 892 

IR 
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  BasisOpt/ HF% (12%) HF% (12%)/BasisOpt 
Theo. Exp.53 

Ref. N IRREP WC1LYP B3LYP WC1LYP B3LYP 

IR1 Eu 115.24 112.90 115.26 112.35 - 100 

IR2 Au 151.37 139.84 151.61 139.65 - 146 

IR3 Eu 164.91 154.23 164.84 153.50 - - 

IR4 Au 271.92 276.20 271.63 274.86 - 290 

IR5 Eu 308.76 305.39 308.57 304.01 - 325 

IR6 Au 376.81 371.92 376.77 370.27 - 375 

IR7 Au 806.09 798.24 805.70 797.48 - 817 

IR8 Eu 820.96 811.77 820.48 811.15 - 881 

 

An earlier study based on DFT calculations,37 showed some considerable divergences, mainly 

for R6 (Eg), R7 (Ag), and R8 (Bg), with frequencies of 308, 329, and 423cm-1, respectively. 

However, the systematic study of the HF% modification and basis set optimization resulted in 

values very close to those of the experimental sample. 

The theoretical IR modes for both functionals are also in accordance with the experimental 

results reported by Xiao et al.53 The third mode (Eu) was not visually observed in the cited 

experimental study, but it is in accordance with the number of active modes in the group theory. 

The percentage of variation of each functional depends on each mode, but all of them showed a 

low deviation of the experiment.  

Figure 7 depicts the atomic displacement patterns for all the Raman modes in BaMoO4. The 

dynamic motion can also be found in the supplementary files.  
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Figure 7. Schematic representation of the Raman active modes with calculated frequency right 

above. The amplitude of the vibrations is represented by the red arrow length. The green, blue, 

and red spheres denote barium, molybdenum, and oxygen atoms, respectively. 

For the Ag-like modes (Figure 7), the Ba and Mo atoms of the cell are fixed and the motions 

are attributed to the oxygen atoms.  The three modes, R5, R7, and R13, are preferentially related 

to symmetric bending, bending and stretching, respectively, in respect to the C4 point group. In 

addition, these motions inside of the MoO4
-2 tetrahedra, with no change in the center of mass of 

the cluster, classify these modes within the class of internal modes.  

For the five Bg-like modes, it is possible to divide them into two classes. R8, R10, and R12 

present fixed Ba atoms and the motions of the O and Mo, with the motion, attributed almost 

entirely to the O atoms. These three modes, R8, R10, and R12, are preferentially related to 

antisymmetric bending, bending and stretching, respectively, with respect to the C4. However, 
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they belong to the internal modes class. On the other hand, R1 and R4 show the motion of the Ba 

atoms in addition to the MoO4
-2 clusters, which moves like nearly rigid tetrahedrons. This class 

of motion is commonly known as external modes. 

The five remaining motions are Eu-like modes. R2 and R3 are external modes that differ only 

in the referential motions of the rigid MoO4
-2 tetrahedrons and Ba motion.  As can be seen in 

Figure 7, the R2 motion presents a more pronounced rotation of the tetrahedron in relation to the 

Ba. The R6, R9, and R11 are included as internal motion with the Ba cation in a quasi-static. R6 

and R9 are stretching modes with the movement of the all O atoms of the tetrahedron in 

directions out of a plane and with different intensities. R11 are a simple stretching vibration of 

one O atom of the MoO4
-2 cluster. All these motions clearly broke the symmetry with respect to 

C4 as expected for Eg modes. 

   In addition, a prediction of Raman and IR spectra (absorbance) were also elaborated, as 

shown in Figures 8a and 8b, respectively. 

 

Figure 8. Theoretical first-order (a) Raman spectrum and (b) IR spectrum of BaMoO4. 
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The simulated Raman spectra (Figure 8a) are similar to the experimental spectrum reported by 

Basiev.52 The most apparent differences are the higher intensity of the R3 mode (~100cm-1) and 

the separation of the R9 and R10(~350cm-1) modes in two separated bands in comparison with 

the experimental results. The similarity also can be observed in the reflectivity spectrum (Figure 

9) when compared with the experimental spectra reported by Xiao.53 The Raman and IR 

theoretical spectra are a robust indication of the ability of well-elaborated models to support 

experimental observations. 

 

 

Figure 9. Theoretical reflectance of the first-order IR spectrum of BaMoO4. 

 

In view of the result, all the models can describe the system with good precision, where the 

method shows slightly better results. According to the present study, a flowchart was elaborated 

containing systematic steps for the development of computational models for solid materials, as 

can be seen in Figure 10. It is believed that these steps can be used to elaborate models with a 
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higher degree of reliability when compared directly with experimental systems or to extract 

unknown properties from an experimental point of view; thus, they can be the starting point for 

studies with dopant addition or structural defects. 

 

 

Figure 10. Steps for the elaboration of theoretical models with a higher level of accuracy 

 

The first path proposed starts with a basis set optimization changing coefficients or exponents 

in a function of the total energy, showing agreement with the experimental or literature data. If 

the structure is good enough, it can be the final structure; otherwise, it is advisable to do an HF 

exchange modification and find the best percentage that describes the structure. 

The second path proposed starts with the inverse of the first one. Initially, the HF exchange 

modification is done, and it is verified whether the structural and electronic properties are well 
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described. If they are good enough, it can be the final structure; otherwise, a basis set 

optimization should be done, and then the structure is final. 

 

 

5. Conclusion 

 

Periodic DFT simulations were done using eight different hybrid functionals together with an 

all-electron basis set. The development of the best approach to describe accurately the structural, 

electronic and vibrational properties of a target system was proposed in two ways: 1) basis set 

optimizations and, when necessary, the HF% adjustment and 2) HF% adjustment followed by a 

base set optimization, when necessary. 

Both strategies were applied to a BMO probe system, and the description, regardless of the 

path chosen, of the results is quite the same, with a precision of structural parameters, band gap 

energy, and vibrational spectra never before presented in theoretical studies of the respective 

materials. 

The adjustment of the HF exchange functional rate should be done with caution, because the 

abrupt change in this percentage can result in an anomalous description of the electronic 

structure or perhaps other properties. 

Furthermore, both pathways represented by the flowchart may help other researchers in more 

accurate calculations. It is also believed that the improvements generated by this methodology 

consist of an important step to a better description of the 2D and 1D systems because these 

models are usually based on the bulk results. In addition, this procedure can be applied 

independently of the applied package program. 
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