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A B S T R A C T   

The present study reports the electronic, optical, vibrational properties and doping studies of the alkaline earth 
hydride-halides (MHX, M = Ca, Sr, Ba and X = Cl, Br, I) for the first time using density functional theory cal-
culations. The structural optimization and vibrational properties are calculated using the plane-wave pseudo-
potential method, and the electronic and optical properties are carried out using the full potential linearized 
augmented plane wave method. Ground state electronic structure properties ensure these compounds to be direct 
bandgap insulators except for CaHI, which is an indirect bandgap material with the bandgap ranging from 2.3 to 
4.0 eV. Our analysis mainly highlight two aspects: (i) optical isotropy in the studied compounds in lower energy 
region though they are structurally anisotropic, (ii) quasi two dimensional Fermi surfaces driven by insulator to 
metal transition by La doping in CaHCl (CaHCl: La) along with anisotropic nature of the electrical conductivity, 
leading to device applications.   

1. Introduction 

The ternary hydride-halides, MHX (M = Ca, Sr, Ba and X = Cl, Br, I) 
falls under the category of PbFCl-type layered structure (P4/nmm), also 
known as matlockite structure [1,2]. In general, these simple layered 
structures grab the focus of many scientists because of its various ap-
plications such as medical imaging, X-ray storage properties, image 
plates, scintillating properties, detection and spectroscopy of ionizing 
radiation [3]. One such series, which is very well studied, among 
PbFCl-type structures is MFX (M = Ca, Sr, Ba and X = Cl, Br, I). Doping 
studies in these compounds with rare-earth ions explains X-ray storage 
properties [4–9]. These studies include Eu activated BaFCl, which acts as 
a superior phosphor in X-ray intensifying screens [10]. Doping studies of 
BaFBr, BaFCl with Eu finds its application as image plates [4,5,11]. 
Apart from doping studies, many structural, vibrational, optical, and 
properties under pressure for these compounds are also reported 
[12–16]. Jiang et al. observed, LiBH4 to exhibit the hydrogen storage 
properties in presence of CaHCl [17]. In this earlier work, CaHCl was 
being used as a catalyst, which gave better results as compared to CaCl2. 
Recently, CaHCl is found to be utilized as a thermal battery for the solar 
power plant [18]. Claudio et al. studied highpressure phase diagram and 

superionicity of alkaline earth metal difluorides using first-principles 
[19]. Such studies all together motivated us to choose the following 
series. 

Alkaline earth metal hydride-halides, MHX (M = Ca, Sr, Ba; X = Cl, 
Br, I) adopts PbFCl-type tetragonal structure with space group P4/nmm 
(129) and has two formula units (Z = 2) in their unit cell. These are 
layered materials consisting of H-M-X-X-M-H layer and the weak 
bonding existing between neighboring X-layers reflects the plane of 
cleavage perpendicular to c-axis. From the previous studies, it has been 
found that actinides as a doping agent resulted in bandgap engineering, 
leading to tuned optical applications as compared to host material [20, 
21]. 

Metal-insulator transition (MIT) has attracted much attention over 
the past 40–50 years and led to the development of many theories 
[22–31] due to its conceptual complexity and wide technological ap-
plications in condensed matter physics. The occurrence of MIT might be 
due to various effects like physical or chemical doping, strain effects, etc. 
Yoo and Liao [32,33] reported metal to insulator transitions by chemical 
doping in RNiO3. Similarly, Shinhora et al. [34] observed the transition 
from insulating to metallic state driven by doping in NiO. A similar 
transition in a heavy-fermion superconductor, UTe2 is due to the 
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inclusion of both Coulomb interaction and spin orbit coupling [35]. 
These studies further motivated us to proceed with doping analysis in 
the opted compounds. Hence we present a comprehensive study of 
mechanical, dynamical, electronic structure, optical and vibrational 
properties of layered PbFCl type compounds, MHX (M = Ca, Sr, Ba and 
X = Cl, Br, I) using first principles which are not reported so far. In 
addition, partial doping of La on Ca site is also analyzed from various 
perspectives. 

2. Computational details 

First-principles investigation have been carried out employing a 
plane-wave pseudopotential method using CASTEP [36,37] and full 
potential linear augmented plane wave method (FP-LAPW) using 
WEIN2k [38]. We have performed volume optimization for all these 
alkaline earth metal hydride-halides using CASTEP. Since these are 
layered structures, we have included van der Waal’s interactions using 
semiempirical dispersion correction methods (DFT-D) [39–45] in order 
to match the experimental lattice parameters. 

In the present paper, we have analyzed the structural and vibrational 
properties with a Norm-conserving potentials (which represents the 
interaction of electrons with ion cores) [46] and a k-mesh of 8 × 8 × 4, 
6 × 6 × 4 is used for CaHX (X = Cl, Br, I) and MHX,(M = Sr, Ba; X = Cl, 
Br, I) respectively under Monkhorst–Pack [47] scheme to sample the 
Brillouin zone. The initial atomic positions along with the unit cell pa-
rameters were relaxed using BFGS-algorithm [48] with the total energy 
tolerance of 10− 5 Ry and atomic force tolerance of 0.03 eV/Å. Elastic 
tensor analysis has been performed in order to check the mechanical 
stability of these compounds. Dynamical stability has been calculated 
using DFPT method implemented in VASP [49–52] with a combination 
of phonopy code [53] 

Further electronic and optical properties were calculated by solving 
Kohn–Sham equations using full potential linearized augmented plane 
wave method (FP-LAPW) as implemented in WIEN2K code [38]. The 
exchange correlation effects were treated using generalized gradient 
approximation (GGA) within the parametrization of Per-
dew–Burke–Ernzerhof (PBE) [54]. For self-consistent calculations, we 
took RMT × kmax = 7 where RMT is the radius of the muffin-tin sphere and 
kmax is the plane-wave cutoff. For the doping calculations, we have 
created 2 × 2 × 2 supercell with 48 atoms. Among the 16 Ca atoms, we 
replaced one Ca atom with one La atom which is equivalent to 6.25% of 
La doping and two Ca atoms with two La atoms resulting in 12.50% of La 
doping. Complete structural optimization has been taken care using 

GGA-PBE functionals employed in VASP [49–52]. We have chosen 
different doping sites and calculated the ground state energy. Further 
calculations are carried out for the doping case with minimum ground 
state energy. The electronic sructure calculations are computed with the 
energy convergence criteria of 10− 6 Ry and the k-mesh of 4 × 4 × 2 has 
been chosen in the irreducible Brillouin zone under the Monkhorst–Pack 
scheme [47]. The optical properties of the doped systems are computed 
using VASP code. The extraction and plotting of optical properties have 
been carried out using the post-processing tool named vaspkit [55]. 
Next, electrical conductivity is calculated using the Boltzmann theory as 
included in BoltzTraP code [56], within the constant scattering time 
approximation (CSTA) and rigid band approximation (RBA) [57–59]. 

3. Results and discussion 

3.1. Structural details 

Alkaline earth hydride-halides, MHX (M = Ca, Sr, Ba and X = Cl, Br, 
I) crystallizes in tetragonal symmetry with space group P4/nmm (129). 
The experimental atomic positions along with the lattice parameter 
details were discussed by Von et al. [60]. The crystal structure is shown 
in Fig. 1 which possess H-M-X-X-M-H layers (where M = Ca, Sr, Ba). 
MHX series, being layered PbFCl type compounds capture van der 
Waal’s interactions between the layers and are included in the present 
systems. The details of experimental and calculated lattice parameters 
are shown in Table 1, and it is evident that the calculated lattice pa-
rameters with van der Waal’s interactions are in good accord with that 
reported experimentally. 

PbFCl-type of compounds are well known for their tunable optical 
properties with doping [61–63]. To reduce the bandgap and to find the 
possible applications, we have proceeded with the doping studies. 
Among all the 9 compounds which we have discussed, experimental 
Raman frequencies are available for CaHCl and are in agreement with 
our results and we have proceeded with CaHCl for the doping calcula-
tions. La is selected as a doping element because of its nearly same 
atomic radii and similar valency as that of Ca atom. As a first step, we 
have checked the preferred site by replacing La at various sites of Ca and 
optimized the full structure for both (6.25% and 12.5% La doping) the 
doping concentrations. Among all, we have selected one configuration 
for each (6.25%, 12.5%) doping cases based on their minimum energy 
configuration, possible site preferences and their corresponding energies 
are shown in Figs. 2 and 3 respectively for 6.25% and 12.5% La-doping 
cases. The lattice parameters of the optimized CaHCl:La structure are 
given in the supplementary document (Table 1). We have also calculated 
formation energy for the two selected doped structure as it is an 
important criterion to know the stability of the dopant in the host lattice. 
The formation energy/atom values are found to be − 1.106185694 eV 
(La 6.25%), and − 1.16889391 eV (La 12.50%) and these values being 
negative indicate the structural stability of the structures. 

Fig. 1. Crystal structure of MHX (M = Ca, Sr, Ba and X = Cl, Br, I).  

Table 1 
Comparison between experimental lattice parameters and calculated values.   

Expt. lattice parameters [60] Present work  

a(Å) c(Å) Volume (Å3) a(Å) c(Å) Volume (Å) 

CaHCl 3.84 6.83 101.03 3.83 6.80 100.19 
CaHBr 3.87 7.89 118.38 3.78 7.84 113.57 
CaHI 4.02 8.85 143.29 4.04 8.84 144.36 
SrHCl 4.11 6.96 117.30 4.12 6.91 117.29 
SrHBr 4.23 7.27 129.82 4.21 7.38 130.99 
SrHI 4.32 8.38 156.52 4.43 7.65 150.33 
BaHCl 4.39 7.24 139.75 4.41 7.19 139.86 
BaHBr 4.53 7.39 151.78 4.54 7.33 150.90 
BaHI 4.72 7.78 172.93 4.71 7.79 172.96  
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3.2. Mechanical stability 

The investigated compounds crystallize in tetragonal symmetry and 
there exist six independent elastic constants, i.e. C11, C12, C13, C33, C44,

C66. The calculated elastic constants are tabulated in Table 2. 
From the computed elastic constants, it is vivid that the compounds 

satisfy the Born stability criteria [64]. Apart from this mechanical sta-
bility, other elastic properties like Young’s modulus (E), Poisson’s ratio 
(σ), average shear modulus (G), and anisotropy factor (A), etc. are 
determined from Voigt–Reuss–Hill approximation [65] and the relation 
linking the elastic constants and the moduli are found elsewhere 
[66–68]. No experimental studies of elastic properties on these com-
pounds are available so far and needs further verification. Bulk modulus 
determines the extent to which a substance can resist compression, i.e. 
hardness depends on the bulk modulus value. Apart from this, shear 
modulus, G (the ratio of shear stress to shear strain) which is resistant to 
plastic deformation can also be considered to be a better predictor for 

the hardness of a material. Thus from the values of ‘B’ and ‘G’, CaHCl is 
considered to be the hardest material in this class of MHX series with the 
values 43.94 and 25.56 GPa for B and G respectively. The highest 
Youngs moduli, E with a value of 64.23 GPa for CaHCl reflects its stiff-
ness property over other compounds. The value of B/G is an indicator of 
the ductile or brittle nature of the compound. If B/G > 1.75 the com-
pound is ductile or else it is found to be brittle. From Table 2, SrHCl, 
BaHCl and BaHBr are considered to be ductile. B/G ratio of CaHCl, 
which is found to be 1.72 (value closer to 1.75) can be considered to be 
ductile. Poisson’s ratio (σ) also confirms this. Since the range of Pois-
son’s ratio for central-force solid is 0.25–0.50 [69], the interatomic 
forces in the four compounds (i.e. CaHCl, SrHCl, BaHCl, BaHBr) exhibit 
central-force feature. One more important mechanical property, Debye 
temperature is also being calculated and it is found that Cl-derivatives 
possess higher value of θD and among all compounds, CaHCl possesses 
highest value of θD. 

Fig. 2. Site preference energies (in eV) of 6.25% La doping in five different Ca sites: (a) − 192.267, (b) − 191.274, (c) − 196.034, (d) − 191.788, (e) − 195.06  

A. Behatha et al.                                                                                                                                                                                                                                



Materials Today Communications 26 (2021) 101830

4

3.3. Dynamical stability and vibrational analysis 

We have computed the phonon dispersion for all the compounds 
using PHONOPY code. The positive phonon frequencies evidenced in the 
dispersion plots accounts for the dynamical stability of the system as 
seen in Fig. 5 and supplementary (Fig. 1). We observe an appreciable 
phonon gap between high frequency optical and low frequency optical 
modes. This is due to the huge difference in the atomic masses of H and 
the other atoms. The high frequency phonon modes are dominated by H 
atoms. The low frequency optical phonon modes are highly interacting 
with acoustic modes, and the same are dominated by Ca and Cl atoms. 
This trend can be understood from the previous work through the 
relation between atomic mass and phonon frequency [70]. We have 
plotted the phonon density of states also for better understanding (see in 
Fig. 5b). 

In addition, vibrational properties for all the compounds have been 
calculated using the linear response method. Group theory analysis 
which is applied to the tetragonal symmetry (space group P4/nmm) gives 

18 degrees of freedom into modes, which follows the symmetry opera-
tions of point group D4h. Also from the structural information available 
so far, CaHCl consisting of 6 atoms in the primitive unit cell, gives rise to 
3 acoustic modes and 15 optical modes at Γ point in the Brillouin zone: 

Γoptical(CaHCl) = 2A1g(Raman) + B2g(Raman) + 6Eg(Raman) + 4Eu(I.R)

+ 2Au(I.R)

where A1g,B2g,Eg are Raman active modes and A2u,Eu are IR active 
modes. The symbols A and B represents non-degenerate vibrational 
modes and E denotes the doubly degenerate vibrational modes; with the 
subscripts ‘g’ and ‘u’ representing symmetric and anti-symmetric modes 
respectively with reference to inversion center. The schematic repre-
sentation of these modes are presented in Fig. 4 and the computed 
phonon dispersion of CaHCl is shown in Fig. 5a. Similarly we have 
computed the Raman spectra for all the compounds (Fig. 5b and sup-
plementary Fig. 2) and details are tabulated in Table 3. Raman spectra of 
CaHCl is in reasonable accordance with the experimental values 

Fig. 3. Site preference energies (in eV) of 12.5% La doping in five different Ca sites: (a) − 197.30, (b) − 194.98, (c) − 202.035, (d) − 187.450, (e) − 191.48.  
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available so far [71]. 

3.4. Electronic structure details 

To interpret the nature of these PbFCl type-layered compounds, we 
have performed electronic band structure calculations using GGA-PBE 
[54]. Band structures reveal that, these compounds are insulators with 
bandgap values ranging from 2.3 to 4.0  eV and these values are given in 

Table 4. All the 9 compounds except CaHI possess direct bandgap at ‘Z’, 
whereas CaHI has indirect bandgap with valence band maximum (VBM) 
at ‘Z’ and Conduction band minimum (CBM) at ‘M’. We observe the 
reduction in the bandgap moving from Cl to I (Cl → I). The splitting of 
valence bands into two manifolds in Cl based compounds (i.e. CaHCl, 
SrHCl and BaHCl) is attributed to the high electronegativity of Cl among 
Cl, Br and I (i.e. Cl > Br > I in terms of electronegativity). Electronic 
band structure of CaHCl is given in Fig. 6a and details of all the 

Fig. 4. 2A1g , 1B2g , 3Eg , 3Eu, 3A2u modes of vibration in (a–e) respectively for MHX series. Blue, green, red colors indicate Ca, Cl, and H atoms respectively. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Elastic properties of MHX (M = Ca, Sr, Ba and X = Cl, Br, I).  

Parameter CaHCl CaHBr CaHI SrHCl SrHBr SrHI BaHCl BaHBr BaHI  

C11 (GPa)  97.49 94.75 68.64 78.09 65.97 56.61 62.99 57.54 48.75  
C12 (GPa)  26.07 20.55 12.37 19.23 29.63 17.87 24.59 27.24 26.47  
C13 (GPa)  35.57 21.58 11.19 30.17 25.27 16.37 23.80 22.73 19.85  
C33 (GPa)  40.91 24.01 19.91 52.07 47.45 11.22 56.50 51.37 41.22  
C44 (GPa)  33.66 32.85 20.05 25.69 35.25 24.81 25.16 28.16 27.89  
C66 (GPa)  33.74 21.20 11.29 25.86 22.66 16.76 15.90 15.24 17.05  
BV (GPa)  47.81 37.88 25.18 40.82 37.75 25.08 36.32 34.65 30.12  
BR (GPa)  40.07 24.17 17.93 40.59 36.62 9.65 36.34 34.60 29.65  
GV (GPa)  29.45 27.33 18.44 24.00 25.23 18.18 20.58 20.54 19.39  
GR (GPa)  21.67 19.32 14.93 22.13 22.18 7.19 19.88 18.85 16.76  
B (GPa)  43.94 31.02 21.56 40.71 37.18 17.36 36.33 34.63 29.88  
G (GPa)  25.56 23.32 16.69 23.07 23.71 12.69 20.23 19.68 18.08  
E (GPa)  64.23 55.96 39.80 58.20 58.66 30.61 51.19 49.67 45.13  
B/G  1.72 1.33 1.29 1.76 1.57 1.37 1.79 1.76 1.65  
G/B  0.58 0.75 0.77 0.57 0.64 0.73 0.56 0.57 0.60  
σ  0.26 0.20 0.19 0.26 0.24 0.21 0.26 0.26 0.25  
Vl (km/s)  5.54 4.19 3.36 4.51 4.01 2.76 3.91 3.56 3.25  
Vt (km/s)  3.17 2.57 2.07 2.56 2.35 1.68 2.21 2.02 1.88  
Vm (km/s)  3.53 2.83 2.29 2.85 2.61 1.86 2.46 2.25 2.09  
θD (K)  410.92 316.78 236.48 314.94 278.23 185.29 256.75 228.82 203.12   
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Fig. 6. Bandstructure along with Partial DOS for CaHCl in (a) and (b) respectively.  

Fig. 5. (a) Phonon dispersion curves of bulk CaHCl along the high symmetry directions indicating the dynamical stability of the compound, (b) phonon density of 
states, (c) Raman spectra of CaHCl. 

Table 3 
Details of I.R and Raman frequencies (in cm− 1) of MHX (M = Ca, Sr, Ba and X = Cl, Br, I).   

CaHCl CaHBr CaHI SrHCl SrHBr SrHI BaHCl BaHBr BaHI 

Raman 
A1g  177 103 77 122 86 77 133 110 58  

236 233 191 177 141 124 179 125 89 
B2g  884 897 812 843 804 732 685 658 98 
Eg  152 78 56 99 82 57 76 66 59  

212 177 149 156 121 109 146 110 101  
946 954 869 875 831 771 735 693 631 

I.R. frequencies 
A2u  153 150 129 120 80 87 160 114 83  

996 1014 926 940 899 839 813 773 732 
Eu  179 145 111 120 102 94 120 94 86  

738 810 715 773 718 622 619 585 536  

Table 4 
Calculated bandgap (in eV) of MHX (M = Ca, Sr, Ba and X = Cl, Br, I).   

CaHCl CaHBr CaHI SrHCl SrHBr SrHI BaHCl BaHBr BaHI 

Bandgap 4.009 3.881 3.195 4.235 3.216 3.202 3.096 2.696 2.306  

A. Behatha et al.                                                                                                                                                                                                                                



Materials Today Communications 26 (2021) 101830

7

Fig. 7. The electrical conductivity scaled by relaxation time for CaHCl: (a) holes and (b) electrons.  

Fig. 8. Band structures of (a) 6.25% La doped (b) 12.50% La doped CaHCl which shows the shifting of the energy level when compared to host.  

Fig. 9. Schematic diagram showing the relative variation of states compared to host, 6.25% La doped, 12.50% La doped CaHCl indicating insulator to metal 
transition. Dotted line indicates the Fermi level. 
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compounds are presented in supplementary (S) (see Fig. 3). 
In order to understand the individual atomic contributions close to 

Fermi level, EF, we analyze the partial density of states and the details of 
CaHCl alone is provided in Fig. 6b. The valence band is predominantly 
due to the hybridization of H-s and Cl-p states, whereas, the conduction 
bands are due to Ca-d states (i.e. 3d state) in CaHCl. We observe exactly 
the same trend in all other compounds. 

In Cl based compounds, the splitting of valence bands into two 
manifolds increases as we move from Ca to Ba (i.e. Ca → Sr → Ba). In 
valence band, the first manifold shows its predominant H-s with less 
contribution from Cl-p and M-d (M = Sr, Ba) states and then next 
manifold at around 2-4 eV arises from Cl-p states, whereas in conduction 
band, the predominant contribution comes from 3d, 4d, and 5d states of 
Ca, Sr, Ba respectively. The similar trend is observed in Br and I based 
compounds as well and the details are provided in supplementary (S) 
(see Fig. 4). Band dispersion of CaHCl further motivate us to check the 
anisotropy as the investigated system is tetragonal. We have calculated 
the electrical conductivity scaled by relaxation time along ‘a’ and ‘c’ 
axes. The anisotropy can be seen from the plots 7 and the value of 
electrical conductivity scaled by relaxation time along ‘a’ axis is higher 
than that of ‘c’ axis for both the carriers. This nature can be understood 
from the band structure also. The bands are more dispersive along Γ-X 
than along Γ-Z in both the conduction and valence band regions. The 
anisotropy in case of holes is more appreciable than that of electrons and 
this nature is found to be increased by band engineering as a function of 
doping. 

When it comes to doping, we have optimized the structures and 
proceeded for the electronic structure and optical properties studies. 
From the band structure plots (shown in Fig. 8), we can observe that 
valence band and conduction band states are moving down as a result 
there is a clear change in the band structure of doped system when 
compared to the host. Interestingly, we have seen the new states 
appearing around − 0.28 eV for 6.25% La doping and 0.55 eV for 12.5% 
La doping by crossing the Fermi level, i.e. with La doping the system is 
driving towards metallicity. The schematic diagram is also shown in 
Fig. 9 with the relative variation of the doping states compared to the 
host. In this figure, we can see that new states are dropping down below 
the Fermi level resulting in insulator to metal transition with La doping. 
We can also see that these states are still moving to lower energy regions 
with an increase in the La doping content, i.e. metallic nature is 
increasing with the increase in La doping. To have a better under-
standing regarding the states present near the Fermi level, we have 
plotted the density of states (DOS) for both the cases as seen in Fig. 10. 
The state near the Fermi level are hybridized ‘d’ states of La and Ca. The 
DOS at the Fermi level (N(EF)) increase with the doping percentage 

Fig. 10. Density of states of (a) 6.25% La doped, (b) 12.50% La doped CaHCl.  

Fig. 11. Charge density plots of (a) host, (b) 6.25% La doped, (c) 12.5% La 
doped CaHCl in 100 direction. 
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N(EF) = 7.4 states/eV for 6.25% La doping and N(EF) = 15.6 states/eV 
for 12.5% La doping. DOS plot also clearly shows that due to La doping, 
additional states are present in the valence bands which indicate that La 
doping in CaHCl drives it to a metallic state. Similar results are also 
observed in NaOsO3 with Mg doping [72]. With the increase in the La 
doping to 12.5% the lower energy levels of conduction band shifts still 
lower, driving the system to be more metallic. This prediction is further 
verified from the optical properties calculations. 

To understand the doping effect on host material, we have shown 
and analyzed the charge density plots for the host, 6.25% La, 12.5% La 
doped CaHCl with the same cell size as shown in Fig. 11. The red color 
corresponds to the higher value of charge localized. From the host 
charge density, we can see covalent nature between Cl–H atoms as they 
are sharing the charges, and Ca–Cl, Ca–H reveals the ionic nature of the 
bonds. The host compound is found to have a mixed nature of bonding. 
Once we move to 6.25% La doping case, we can see that La is forming a 
covalent bond with Ca which is also confirmed from the DOS plots where 
one can visualize the hybridization of states between La-d and Ca-d 
states. Apart from this, La is also forming a covalent bond with H atom 
which can be confirmed from the lower energy levels of the valence 
band in DOS figure. In the case of 12.5% La doped CaHCl, La is forming 
covalent bond with Ca, H which is also evident from the DOS plot. 

Since La doping induces the insulator to quasi 2D metal transition, 
we have calculated Fermi surfaces in both cases. We found a band 
crossing EF in the case of 6.25% La-doped CaHCl, while it is two bands in 
the case of 12.50% La-doped CaHCl. The Fermi surface corresponding to 
red colored bands (in Fig. 12(a) and (b)) is cylindrical shaped in both 
doping cases. This shape can be correlated to the band dispersivity. The 
dispersion along Γ-X, M-Γ, Z-R, and A-Z are almost the same. This 
dispersion is responsible for the curved surface of the cylinder centered 
at Γ point and open surface along Γ-Z. The same is reflected for the 

corresponding band in the case of 12.50% doped CaHCl. The second 
band in the case of 12.50% doped CaHCl is a conical kind of surface with 
tip (as seen in Fig. 12(c)) towards Γ point and open surface at Z with a 
rectangular base. This is due to flat band crossing along Γ-Z-R. The band 
at Z point is completely flat. The computed Fermi surfaces reflects the 
quasi two dimensional nature [73] in the case of La doped CaHCl. 

To confirm the quasi 2D dimensional nature in the system, we have 
calculated electrical conductivity (σ/τ) within the relaxation time 
approximation along ‘a’ and ‘c’ axes for holes with 6.25% doping which 
is shown in 13 (a). From the plots, we can observe that the electrical 
conductivity is independent of carrier concentration and temperature 
for holes, which can be seen in Fig. 13(a). From the directional depen-
dent analysis, it can be stated that there is a huge anisotropy with an 
order of 10 in case of holes. Its value is found to be higher along a axis 
when compared to that of c axis which is in good accordance with the 
band dispersions along the respective axes in valence band region. As we 
increase the amount of doping, its value is shooting up by a factor of 10 
along both directions which can be seen in Fig. 13(c). In addition, the σ/
τ for electrons are also calculated but these are promising in higher 
range of concentration (Fig. 13(b) and (d)). The anisotropic nature in the 
electrical conductivity (σ/τ) is validating the quasi 2D nature of the 
Fermi surfaces which opens up the channel to explore future device 
applications. 

3.5. Optical properties 

The optical properties such as dielectric constant, absorption coef-
ficient and refraction spectra are analyzed for all the nine compounds. 
As a first step, we computed the complex dielectric function which re-
flects the behavior of the system towards electromagnetic radiation. The 
imaginary part, ϵ2 reflects the optical transition phenomena in the 

Fig. 12. Fermi surfaces of (a) 6.25% La doped, (b,c) 12.50% La doped CaHCl.  
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electronic band structure and real part, ϵ1 is obtained from an imaginary 
part using Kramers–Kronig relation [74]. 

The peaks in the ϵ2 of the dielectric function confirm the transition 
from corresponding valence band to conduction bands. As an example, 
in CaHCl (see Fig. 14a), we observe the peaks at around 5.6–8 eV, which 
may reflect the transition from H-s & Cl-p states to Ca-d, very less to Ca-p 
states and the peaks at around the energy range of 25–27 eV is mainly 
due to transition from Cl-p to Ca-d states. In the similar manner in all the 
present compounds under study, we observe the peaks in the imaginary 
part of dielectric function which may confirm the transition from H-s, X- 
p (X = Cl, Br, I) states to M-d (M = Ca, Sr, Ba), Ca-p states. 

The static dielectric constant is found to follow the opposite trend for 
bandgap. Accordingly, as we move from Cl → I in all compounds, 
bandgap decreases, and static dielectric constant increases. This can be 
observed in the dielectric spectra given in the supplementary document 
(see Fig. 5(a)–(c)) for Ca based compounds. Similar trend is observed in 
both Sr-based and Ba-based series which are given in supplementary 
document (Fig. 5(d)–(f)) and (Fig. 6(g)–(i)) respectively. The onset of 
curve in ϵ2 rises from one particular energy called the threshold energy, 
which is consistent with the band gap of those compounds. 

We then calculated the absorption spectra for this series of com-
pounds under study. Absorption spectra describe how material absorbs 

the incident electromagnetic radiation. There is no absorption below 
4 eV in case of CaHCl (see Fig. 14b) because no transitions are allowed in 
this energy gap and the material behaves transparent. The absorption 
starts at 4 eV due to direct transition between H-s & Cl-p states lying in 
valence bands to Ca-d, Ca-p states lying in conduction bands. The ab-
sorption spectra is different in both crystallographic directions due to 
allowed transitions along both the axes. The absorption is higher along 
the x-axis in a higher range of energy. Moving down the column of 
halogens, it is vivid that the absorption spectra shifts towards the lower 
energy region because of the reduction in bandgap from Cl → I in all the 
compound and this variation is given in the supplementary document 
(see Fig. 6). 

Further, we have calculated the refractive indices along both crys-
tallographic directions (nxx,nzz). The plot clearly shows optical isotropy 
predominantly in lower energy region in these series of compounds. The 
calculated static refractive indices values along x and z-directions are 
given in Table 5, and these values clearly indicate the isotropic nature in 
the low energy region. From this table, we can also observe the static 
refractive indices to follow the increasing trend as we move from Cl → I, 
This shows that they follow exactly opposite trend in terms of bandgap 
(i.e. bandgap decreases from Cl → I). It is worth mentioning that the 
same behavior is observed in BaXF series, (X = Cl,Br,I) [75] and ASrI3 

Fig. 13. The electrical conductivity scaled by relaxation time for (a,b) 6.25% La doped, (c,d) 12.50% La doped CaHCl.  
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series [76]. Also, it is very well seen that, these values satisfy the relation 
n =

̅̅̅̅ϵr
√ (i.e. n =

̅̅̅̅̅̅̅̅μrϵr
√ , where μr = 1 for most materials). The variation 

of the refraction spectra from Cl → I is given in the supplementary 
document (see Fig. 7) 

The refractive index spectra as well as the value of static refractive 
indices (see Table 5) clearly reveal the optical isotropy nature, in all the 
investigated compounds in the lower energies though the structure is 
anisotropic. 

Similarly the calculated optical properties like absorption spectra 
and refractive index of 6.25% and 12.5% La doping in CaHCl are shown 

in Figs. 15 and 16 respectively along with the host 2 × 2 × 2 supercell. 
From the absorption coefficient plots (Fig. 15(a) and (b)) of 6.25% La- 
doped case, we can see small peak which is at the 0.6 eV in the x-di-
rection (0.47 eV in the z direction) revealing the metallicity of the 
compound which is also seen in 12.5% doped case with increased in-
tensity values, again confirming the increase in metallic nature with 
increase in the La content. These low energy peaks may be due to the 
intra-band transition of d–d states. Earlier reports reveal a similar sce-
nario in W doped TiO2 [77]. The next absorption point which starts 
around 3.84 eV (3.71 for z-direction) and peaks at 5.56 eV is due to the 

Fig. 14. Dielectric, absorption and refractive spectra of CaHCl in (a–c) respectively.  

Table 5 
Refractive indices along x and z directions in MHX (M = Ca, Sr, Ba and X = Cl, Br, I).   

CaHCl CaHBr CaHI SrHCl SrHBr SrHI BaHCl BaHBr BaHI 

nxx  1.98 2.04 2.19 1.94 2.03 2.16 1.91 2.02 2.12 
nzz  1.98 2.03 2.16 1.95 2.06 2.19 1.91 2.02 2.12  
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transition of H-s, Cl-p states to La-d, Ca-d, Ca-p states. The peaks in the 
higher energy is due to the electron transition from the valence band to 
higher states of the conduction band. In case of 12.5% doping, these 
transition peaks are observed at 5.26 (5.63), 7.01 (6.9) eV in x (z)-di-
rection and arises mainly due to electron transfer from H-s, Cl-p states to 
La-d, Ca-d, Ca-p states. The small peak near 0.9 eV is due to the intra 
band transitions and is more intense when compared to 6.25% La doping 
because of increase in concentration of La. Refractive index is also 
plotted as shown in Fig. 16. The static refractive index along x-direction 
is 1.98, 2.31, 2.41, while it is 1.98, 2.56, 2.8 along z-direction for host, 
6.25%, 12.5% La-doped CaHCl respectively. This increase in the static 
refractive index values with the doping may find its application in high 
refractive index film materials for optical coatings. 

4. Conclusion 

The structural, electronic, optical, and vibrational studies are 
calculated for the alkaline-earth hydride-halides, MHX (M = Ca, Sr, Ba 

and X = Cl, Br, I) using first-principles within framework of density 
functional theory. Since no experimental and theoretical studies are 
reported so far, this may serve as a reference for future studies. These 
compounds crystallize in PbFCl-type tetragonal structures at ambient 
conditions. Our theoretical calculations exactly reproduce the ground 
state properties in good agreement with the experimental results. All the 
compounds are found to be insulators and possess optical isotropy 
though being structurally anisotropic. Doping on the Ca site with La has 
changed the electronic structure properties drastically and insulator to 
metal transition has been observed, and Fermi surface calculations are 
the evidence for the same. A quasi-two-dimensional nature evolves from 
the Fermi surfaces. The optical properties as a function of doping report 
the possible applications in the visible region of the electromagnetic 
spectra. The main highlights of the present work are the insulator to 
metal transition along with the quasi-two-dimensional which might 
fetch device applications. 

Fig. 15. Calculated absorption spectra of (a) host, (b) 6.25% La doped, (c) 12.5% La doped CaHCl.  
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