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Abstract

The electronic structure and electron momentum density distribution in BaO and BaS are presented using Compton spectroscopy. The first-ever Compton profile
measurements on polycrystalline BaO and BaS were performed using 59.54 keV gamma-rays. To interpret the experimental data, we have computed the theoretical
Compton profiles of BaO and BaS using the linear combination of atomic orbitals method. In the present computation, the correlation scheme proposed by Perdew-
Burke-Ernzerhof and the exchange scheme of Becke were considered. The hybrid B3PW and Hartree-Fock based profiles were also computed for both compounds.
The ionic configurations are performed to estimate the charge transfer on compound formation, and the present study suggests charge transfer from Ba to O and S
atoms. On the basis of equal-valence-electron-density profiles, it is found that BaO is more ionic as compared to BaS.

1. Introduction

The II–VI alkaline earth compounds have interesting bond characteristics and simple crystal structures. BaO and BaS have potential applications in light-emitting diodes
(LEDs), laser diodes (LDs), and magnetooptical devices [1–4]. BaO is an indirect bandgap, whereas BaS is a direct bandgap material. At normal conditions, BaO and
BaS crystallize in NaCl (B1) structure, but under pressure, they show structural phase transition from B1 to B2 structure [5, 6]. Using the full-potential linearized
augmented plane wave (FP-LAPW) method, Drablia et al. [7] reported the electronic and optical properties of BaO and BaS in cubic phase at normal and under
hydrostatic pressure. Lin et al. [8] observed that the electronic structure of these compounds containing oxygen atoms always obeys a different relationship from the
compounds not containing oxygen atoms using density functional theory (DFT).

Most of the earlier studies, both experimental and theoretical, involve the electronic, optical, and structural properties of BaO and BaS [5–15]. To the best of our
knowledge, no one attempted the electronic structure and momentum density of BaO and BaS using Compton spectroscopy. It is well established that Compton
spectroscopy provides a useful test to examine the bonding in solids [16, 17]. Thus, we found it worth to study the electronic structure in BaO and BaS using Compton

profile. The Compton profile, , is related to the ground state electron momentum density  as [16, 17]  where integration

is performed over a constant-  plane,  is scattering vector direction, and  is given as  where  is the electron
wave function and summation extends over all occupied states. In this paper, the results of a Compton scattering study on BaO and BaS are presented. For the
theoretical Compton profiles, first-principles calculations based on linear combination of atomic orbitals (LCAO) method are performed using CRYSTAL06 code [18].
The ionic model has been applied to estimate the charge transfer in these compounds. The nature of bonding in isostructural and isovalent BaO and BaS is also
compared using equal-valence-electron-density (EVED) profiles. The paper is organized as follows. Section 2 gives the experimental details and data analysis. The
theoretical calculations are presented in Section 3 and Section 4 is devoted to the results and discussion. Finally, the conclusions are drawn in Section 5.

2. Experimental Details and Data Analysis

The measurements on BaO and BaS were performed using 5 Ci 241Am gamma-rays Compton spectrometer. The details of the experimental setup are available in [19].
The incident gamma-rays of 59.54 keV were scattered at an angle of 166°  ± 3.0° by the polycrystalline sample of BaO and BaS (pellet of 18 mm dia, 3.2 mm thickness,
and effective density for BaO 2.9329 gm/cm3 and BaS 1.7815 gm/cm3). The scattered radiation was analyzed using an HPGe detector (Canberra model, GL0110S)
which was cooled with liquid nitrogen providing overall momentum resolution of 0.6 a.u. The spectra were recorded with a multichannel analyzer (MCA) with 4096
channels. The calibration of the spectrometer was checked regularly using weak 241Am gamma-rays source. The Compton spectra were measured for BaO near about
48.529 h to collect 2 × 104 counts and BaS around 56.25 h to collect 2.5 × 104 counts at the Compton peak. To deduce the true Compton profile, the raw data were
processed for several systematic corrections like background, instrumental resolution, sample absorption, scattering cross-section, and multiple scattering using the
computer code of the Warwick Group [20, 21]. Finally, the corrected profiles were normalized to 23.200 for BaO and 26.434 for BaS electrons in the range of 0 to +5 
a.u., being the area of free atom Compton profile [22] in the given range. The 1 s electrons of Ba were neglected for both compounds since these do not contribute in the
present experimental setup.

3. Theoretical Details

3.1. DFT-LCAO Method

To compute the theoretical Compton profiles of BaO and BaS, the LCAO method embodied in the CRYSTAL06 code [18, 23] was employed. This code provides a
platform to calculate electronic structure of periodic systems considering Gaussian basis sets. In the LCAO technique, each crystalline orbital is built from the linear
combination of Bloch functions. The Bloch functions are defined in terms of local functions constructed from the atom-centered certain number of Gaussian functions. For
Ba, O, and S, the local functions were constructed from the Gaussian type basis sets [24]. In the present DFT calculation, the crystal Hamiltonian was generated using
the correlation functional proposed by Perdew et al. [25] and exchange scheme of Becke [26]. The hybrid B3PW and Hartree-Fock (HF) based profiles were also
computed for both compounds [18]. The computations were performed by taking B1 structure and 145 k points in the irreducible wedge of the Brillouin zone for BaO
and BaS.

3.2. Ionic Model

The theoretical ionic profiles of BaO and BaS for various charge transfer configurations were calculated from the free atom Compton profiles of Ba, O, and S atoms
[22]. The valence profiles for various  and  configurations were computed by transferring  electrons from the  shell of Ba to
the  shell of O and S atoms. The valence profiles for  and  configurations were then added to the core contribution to get total profiles. All
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these profiles were then convoluted and normalized to compare with the measured profiles of BaO and BaS.

4. Results and Discussion

The numerical values of unconvoluted spherically averaged theoretical Compton profiles (DFT-PBE, B3PW, HF, and Ionic) of BaO and BaS are presented in Table 1.
The experimental Compton profiles of BaO and BaS are also given in the table including experimental errors at selected points.

Table 1: The unconvoluted theoretical (DFT-PBE, DFT-B3PW, HF, and Ionic) and experimental Compton profiles for BaO and BaS. The experimental errors at few
points are also presented, and all profiles are normalized to the free atom area.

In Figures 1 and 2, the experimental Compton profiles of BaO and BaS are compared with various ionic arrangements to estimate the charge transfer. For a quantitative
comparison of the ionic and experiment, the difference profiles  have been deduced after convoluting all ionic profiles with a Gaussian
function of 0.6 a.u. FWHM. All ionic profiles are normalized to 23.200 electrons for BaO and 26.434 electrons for BaS in the range of 0 to +5 a.u. Figure 1 depicts that
the effect of charge transfer from Ba to O atoms is largely visible within 0.0 to 3.0 a.u. for BaO. The best agreement is found for . Figure 2 shows that the charge
transfer configuration  is closet to the experiment for BaS. Beyond 3.0 a.u., all configurations show identical behavior for both compounds. On the basis of 
checks and from Figures 1 and 2, it is found that Ba+1.0O−1.0 and Ba+1.5S−1.5 configurations give the best agreement for BaO and BaS, respectively. Thus, the model
suggests the transfer of 1.0 and 1.5 electrons from the valence  state of Ba to the  states of O and S for BaO and BaS, respectively.

Figure 1: Difference ( ) between convoluted ionic and experimental Compton profiles of BaO. Experimental errors  are also shown at points. All ionic profiles
are convoluted with the Gaussian of 0.6 a.u. FWHM.

Figure 2: Difference  between convoluted ionic and experimental Compton profiles of BaS. Experimental errors  are also shown at points. All ionic profiles
are convoluted with the Gaussian of 0.6 a.u. FWHM.

The differences  between experimental and LCAO scheme based Compton profiles are presented in Figures 3 and 4 for BaO and BaS,
respectively. Figure 3 shows that for BaO all theories (DFT-PBE, B3PW, and HF) predict lower momentum density as compared to experiment in the momentum range
of  a.u., while the trend reversed in the momentum range of  a.u. The difference between theory and experiment is negligible in the high
momentum region, because the contribution in this region is mostly due to core electrons, which remain unaffected in the compound formation. Similar features are also
visible in Figure 4, but the effect of exchange and correlation is not seen for BaS.

Figure 3: The difference of DFT-PBE, B3PW, and HF with experimental Compton profile of BaO. All profiles are convoluted with the Gaussian of 0.6 a.u. FWHM.

Figure 4: The difference of DFT-PBE, B3PW, and HF with experimental Compton profile of BaS. All profiles are convoluted with the Gaussian of 0.6 a.u. FWHM.

The directional Compton profiles of BaO and BaS along , , and  directions have been computed to examine the anisotropies , -
, and  in the electron momentum density. All these anisotropies are derived from convoluted B3PW hybrid scheme and presented in Figures 5 and 6

for BaO and BaS, respectively. Figure 5 depicts that all anisotropies are positive in nature at  a.u. for BaO. It indicates larger occupied states along 
direction with low momentum. A close inspection of this figure reveals that maximum anisotropy is seen between  and  directions at 0.6 a.u. and 1.2 a.u. All
anisotropies are visible up to 3.0 a.u. In Figure 6, the anisotropies are plotted for BaS. This figure shows similarity with BaO, but all anisotropies are diminished beyond
2.0 a.u. Measurements on single crystalline samples of BaO and BaS along principal directions would be valuable to examine these findings.

Figure 5: Directional anisotropies, , for BaO for the pair of directions , - , and .

Figure 6: Directional anisotropies, , for BaS for the pair of directions , - , and .

The nature of bonding in isostructural and isovalent BaO and BaS has been compared and plotted in Figure 7. In this figure, the experimental EVED profiles of these
compounds are considered. We also plot the theoretical EVED profiles in the inset. The EVED profiles were derived by normalizing valence electron profiles to 4.0
electrons and scaling the resulting profiles by the Fermi momentum . For BaO and BaS,  turned out to be 0.938 and 0.813 a.u., respectively, using the expression

, where  is the valence electron density. A number of researchers have proved that this scheme offers a way to understand the nature of bonding in isovalent
and isostructural compounds [27–31]. It is seen from Figure 7 that, near  a.u., the sharpness of Compton profiles is higher for BaS, which suggests more
localization of charges in BaS in the bonding direction as compared to BaO. It is worth mentioning here that the covalent bonding is a result of sharing of electrons, and
hence, it increases localization of charge in bonding direction which results in a sharper Compton line shape [32, 33]. Therefore, we conclude that the ionic character is
higher for BaO as compared to BaS. The larger ionic character of BaO as compared to BaS is well supported by the bulk modulus and cohesive energy data [34].

Figure 7: The equal-valence-electron-density (EVED) profiles of BaO and BaS (  and 0.813 a.u., resp.). These profiles are deduced from the experimental
valence profiles. The inset shows the EVED profiles derived from the theoretical valence profiles of these compounds. All these profiles are normalized to 4.0 electrons.

5. Conclusions

Electronic structure and momentum density in BaO and BaS using Compton scattering technique are reported. The experimental values of Compton profiles are
compared with the LCAO based values for both compounds. The anisotropies in momentum densities depict larger occupied states along  direction with low
momentum. In addition, the ionic model based calculations have also been used to estimate the charge transfer in the compounds, and the model suggests a transfer of
1.0 and 1.5 electrons from  state of Ba atom to  state of O and S atoms. The EVED profiles for the compounds conclude higher ionic character in BaO as compared
to BaS.
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