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A B S T R A C T   

In the present work, we have concentrated on the structural, electronic, and optical properties of 
single-layer phase MgCl2. When bulk MgCl2 reduces to monolayer form, then it exhibited indirect 
to direct bandgap transformation. The result indicates that the monolayer MgCl2 exhibits insu-
lating characteristics with a direct bandgap of 7.377 eV whereas its bulk form has an indirect 
bandgap of 7.02 eV. It means that when reducing the dimensionally of the MgCl2 materials than 
its bandgap significantly increased. The optical properties of the monolayer MgCl2 have been 
investigated using DFT within the random phase approximation. The calculated refractive index 
values are very near to water, which means that monolayer MgCl2 material will be a transparent 
material. Also, the optical absorption coefficient is found to be very high in the ultraviolet (UV) 
region. From optical properties, the out-of-plane (E⊥Z) direction of polarizations is shifted to-
wards the higher photon energy as compared to the in-plane (E||X) direction. From the optical 
properties profile, the polarizations along in-plane and out-of-plane are different therefore it 
shows anisotropic behavior. These investigated results show the monolayer MgCl2 could be a 
promising material for optoelectronic nanodevices such as deep UV emitters and detectors, 
electrical insulators, atomically thin coating materials.   

1. Introduction 

In the fields of nanoscience and nano-technology, the various family of two-dimensional (2D) materials have been hopeful can-
didates with innovative and novel properties for new devices with high performance [1–3]. Specifically, the isolated graphene 
monolayer sheets with unique and novel properties have provided an excellent platform at nano-scale with potential applications 
[4–6]. The other 2D such as important monolayer, the MoS2, transition-metal dichalcogenides (TMDs), and many others like boron 
nitride, silicone, and phosphorene were successfully experimentally realized through various exfoliation methods [7–12]. Due to the 
innovative and novel properties, the transition metal dichalcogenides (TMD) monolayer such as MoX2 and WX2 (where X = S, Se, and 
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Te) have been studied with special attention in the past decade [2,9,13–16]. Therefore, these materials have been enabled the platform 
for various applications such as nano-electronics, thermoelectric, optoelectronics, nano-science, bio-sensor, gas-sensor, transistors, 
valleytronics, and other applications [17–27]. In the present day, the many monolayers TMDs and transition metal halides (TMHs) 
with unique and novel properties can be utilized for specific applications [28–34]. Thus, the exploring and controlling of the electronic 
and optical properties of such materials play a crucial role in the various potential applications [35–40]. 

Furthermore, the halide group-based material has received considerable attention as the third generation of the semi-conductor 
and insulating materials [9,41–44]. The MgF2 material has unique optical properties with high transparency over a wide range of 
photon energies. Magnesium fluoride (MgF2) has increased in popularity to become the ideal anti-reflection coating for laser devices 
and is also an important material for optical fiber communication technology due to its wide bandgap, low refractive index, excellent 
mechanical properties, and high laser damage resistance [45,46]. The solution of magnesium fluoride (MgF2) has been utilized as 
anti-reflective coatings material on the glass substrates with tunable properties by changing the particle size distribution, viscosity, and 
other structural parameters [47–49]. The 2D monolayer MgCl2 is not a naturally available material and is an example of a transition 
metal halide (TMH) crystal. Due to the abundance of the bulk form in nature and smaller cleavage energy, the TMH with 2D layered 
has currently attracted research attention. These materials have been being ideal for exfoliation extraction similar to the TMDs. 

Motivated by these interesting consequences, the structural, electronic, and optical properties of the monolayer MgCl2 have been 
thoroughly investigated through first-principles calculations to explore it. The structural stability of the single-layer of MgCl2 has been 
also examined via phonon band structure. In the electronic properties, the electronic band structure and projected density of states 
(PDOS) of MgCl2 have been computed for single-layer and bulk phases. The optical properties of the 2D monolayer MgCl2 such as 
frequency dependent real and imaginary part of the complex dielectric function, optical absorption coefficient, electron energy loss 
spectrum, refractivity, extinction coefficient, reflectivity, and transmittance have been also determined and studied. 

1.1. Computational methods 

The Density Functional Theory(DFT) computations have been executed utilizing the Vienna Ab initio Simulation Package (VASP) 
software [50,51]. The projector-augmented wave (PAW) method has been utilized with exchange-correlation (XC) function gener-
alized gradient approach (GGA) of Perdew-Burke-Ernzerhof (PBE) within the plane wave cutoff having 500 eV [52,53]. The 
Monkhorst-Pack (MP) k-point grid of the size (11 × 11 × 1) has been employed for sampling the first Brillouin zone of monolayer 
MgCl2 in the reciprocal space [54]. To prevent the interaction between the adjacent periodic layers, the vacuum of 20 Å has been used 
in the z-direction of the monolayer MgCl2. The conjugate gradient (CG) technique has been utilized to optimize the structure with 
energy convergence criteria for total energy of 10− 8 eV for self-consistent field (SCF) calculations and the Hellmann-Feynman(HF) 
forces converge criteria of 10− 3 eV/Å . The electronic properties of the material are computed through the hybrid functional 
HSE06 with a mixing parameter (α) of 25% and a screening parameter of 0.2 Å− 1 [55–57]. The density functional perturbation theory 
(DFPT) computation was executed for 3 × 3 × 1 sized supercell of the monolayer using the k-point mesh of (2 × 2 × 1) [58]. By 
utilizing these DFPT results, the Phonopy code has been utilized to determine the phonon dispersion for monolayer MgCl2 [58,59]. And 
the ab-initio molecular dynamics (AIMD) calculations have been performed in the canonical (NVT) ensemble for 3 × 3 × 1 supercell of 
this material at T = 300 K for 10 ps time period with an interval step of 2 fs to check the thermal stability. The frequency-dependent 
complex dielectric constant has been computed using the first principles computations based on DFT within the random phase 
approximation (RPA) and is used to evaluate and describe the optical properties of materials, where ε1 and ε2 are the real and 
imaginary parts of complex dielectric functions [49,60,61], respectively. 
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2
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Fig. 1. (a) Top view of monolayer MgCl2, (b) side view of 2D monolayer MgCl2 and (c) bulk phase of MgCl2. (Here, the yellow spheres for Mg atoms 
and green spheres for Cl atoms). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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2. Results and discussion 

2.1. Structural properties 

Fig. 1 illustrates the optimized structures of the monolayer and bulk of the MgCl2. In the structure of the bulk MgCl2, the stacking of 
layer (Cl–Mg–Cl) have been bound by weak van der Waals interactions. The Mg and Cl atoms in the layer (Cl–Mg–Cl) has been strongly 
bounded by covalent bonds. The monolayer MgCl2 can be prepared by isolation of single layer from a multi-layer form of bulk phase 
After optimizing the structure of monolayer MgCl2, the lattice constants are to be a = b = 3.670 Å. While for the bulk phase of MgCl2, 
the lattice constants are to be and c = 19.72 Å which has been good agreed with experimentally measured values lattice constant of 
bulk MgCl2, 3.641 Å and 5.928 ̊A in a and c directions The bond angles α = β = 90◦ and γ = 120.0◦, which validated its graphene-like 
structure (2D hexagonal). The bond length of the bond Mg–Cl is to be 2.793 Å. 

The dynamic stability of the 2D monolayer-sheet MgCl2 has been confirmed by the positive phonon dispersion. Here, the phonon 
dispersion of this monolayer is free from imaginary frequencies in the first Brillouin zone. Furthermore, we have examined the thermal 
stability of the monolayer MgCl2 at 300 K by the AIMD calculations as shown in Fig. 2(b). The fluctuations in the total energy have been 
negligible small concerning time. The structural distortions as well as no breaking of bonds between the Mg–Cl atoms are not observed. 
Thus, the 2D monolayer MgCl2 has a thermally stable material at room temperature. The dynamically and thermally of 2D MgCl2 
confirms the structural stability for the single-layer phase. 

2.2. Electronic properties 

Furthermore, the electronic band structures of the 2D MgCl2 for bulk and monolayer phase have been determined as illustrated in 
Fig. 3(a, c). The bulk MgCl2 shows the indirect bandgap of 7.07 eV between Г and M in the valence band maximum (VBM) to Г point in 
the conduction band minimum (CBM) (see Fig. 3(a)). While the monolayer MgCl2 shows a direct bandgap of 7.38 eV (using HSE06 
functional) and 5.959 eV (using PBE functional) Г point. The calculated electronic bandgap has good consistent with previously re-
ported investigations. Here, the MgCl2 reduces its dimension from bulk form to monolayer, it has exhibited bandgap transition from 
indirect to direct (see Table 1). 

To examine the orbital nature and electronic properties more thoroughly, the projected density of states (PDOS) of the 2D MgCl2 
has been determined for the monolayer form and bulk phase as shown in Fig. 3 (b,d). For the MgCl2, the s orbital of the Mg atom and 
the p orbital of the Cl atom plays a crucial role in the formation of the total density of states. In the formation total density of states 
(TDOS) of the conduction band, the s orbital of the Mg atom has a major contribution while the p orbital of the Cl atom has a negligible 
contribution. But in the composition of the total density of states (TDOS) of the valence band, the p orbital of the Cl atom has a pre- 
dominant contribution whereas the s orbital of the Mg atom has a negligible small contribution. The orbitals Mg(s) and Cl(p) plays a 
significant role in the formation of Mg–Cl covalent bonding. 

Fig. 2. (a) Phonon dispersion band-structure and (b) ab-initio molecular dynamics (AIMD) at T = 300 K for the single layer MgCl2.  
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2.3. Optical properties 

The complex frequency-dependent dielectric constant is also useful in determining the other optical characteristics of the materials 
such as optical absorption, electron energy loss spectra, refractivity, extinction coefficient, reflectivity, and transmittance [17,35]. 
Fig. 4 illustrates the real and imaginary parts of the dielectric constant for the monolayer MgCl2. The electronic polarizability of the 
substance can be determined from the real part of the dielectric function by using the Clausius-Mossoti relation [62]. It means that the 
real part of the complex dielectric function tells us about the electronic polarizability of the materials. The real part of the complex 
dielectric function at zero photon energy is known as the static dielectric function (optical dielectric constant). Whereas the imaginary 
part of the complex dielectric function is concerned with the inter-band transition of electrons from the valence band to the conduction 
band. Fig. 4(a) shows that the static dielectric constant value is almost 1.54 for in-plane (E||X) and this value for out-of-plane (E⊥Z) is 
just about 1.50 eV. Also, it is clearly seen that the anisotropic behavior of optical properties because the real part of the dielectric 
function shows relatively larger electronic polarization along the in-plane direction as compared to the out-of-plane direction at lower 
photon energy up to 10 eV. There is one negative value in the range of 13.69 eV in the E⊥Z case for the single-layer sheet of MgCl2. This 
denotes that the MgCl2 monolayer reveals a metallic character for that photon energy. The mainly three peaks have been located at the 

Fig. 3. (a) Electronic band-structure of monolayer MgCl2 and (b) projected density of states of monolayer MgCl2 (c) electronic band structure of 
bulk-MgCl2 and (d) projected density of state of bulk-MgCl2. 

Table 1 
Electronic bandgap in eV of MgCl2 using HSE06 and PBE functionals.  

Material HSE PBE 

Direct bandgap Indirect bandgap Direct bandgap Indirect Bandgap 

MgCl2 (monolayer) 7.38 _ 5.96 _ 
MgCl2 (bulk) 7.02 7.07 5.60 5.65  
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energy’s values in the polarization direction E||X is 9.48 eV, 10.82 eV, and 12.21 eV in the polarization, the direction is 10.62 eV, 
12.36 eV, and 15.54 eV. The real part of the dielectric function’s minimum value is around 14.00 eV for the parallel component and 
13.65 eV for the perpendicular component of the MgCl2 monolayer. The maximum electronic polarizability is found to be in the energy 
range of 9.48 eV (E||X) and 10.57 eV (E⊥Z) for the MgCl2 single layer sheet. 

The imaginary part of the complex dielectric function, which is directly related to interband transition is illustrated in Fig. 4(b). At 
low frequencies range of the imaginary portion of the dielectric function has no reaction to the electromagnetic radiation up to about 
7.37 eV for parallel direction, and this value for perpendicular direction is almost 7.61 eV, so that, alongside with the outcome of DOS 
(Fig. 3(d)). It means that there is no inter-band transition that occurs from VBM to CBM up to the electronic bandgap. When the photon 
energy range increased beyond the electronic bandgap then an absorption peak appears (see Fig. 4(b)). The main peaks of the 
imaginary portion spread out over a broad scale of energy from 7.5 eV to 17.5 eV for both parallel and perpendicular polarization 
directions. From the imaginary part, we observe that threshold energy befell at 7.37 eV for the E||X case and 7.61 eV for (E⊥Z), which 
corresponds to the bandgap of the MgCl2 monolayer. There is a prominent absorption peak at 9.93 eV for the parallel component and 
11.36 eV for the perpendicular component; this peak is linked with the inter-band contributions. On the other hand, the primary and 
another exciton peak is present in the ultraviolet (UV) region. Agreeing to this, the monolayer system mainly absorbs the UV light, 
which signifies the MgCl2 monolayer system is a potential applicant for UV absorption. Additionally, the noticeable absorption tips of 
the imaginary part of the dielectric constant shift to the lesser energies in the UV region and show high intensity with the blue shift. 

Fig. 5 shows the computed frequency-dependent absorption coefficient with two different electric field orientations, which is also 
an essential parameter to estimate optical properties for optoelectronic applications. When an electromagnetic wave propagates per 
unit distance propagating in the medium, the percentage of light intensity attenuation during the wave’s propagation is said to be the 
light absorption coefficient. The absorption coefficient is directly connected to both the imaginary fraction of the dielectric function 
and the extinction coefficient as shown in Figs. 4(b) and Fig. 6(b). The penetration depth of light in a given material is described as the 

Fig. 4. (a) Real diectric function and (b) imaginary diectric function of the single layer MgCl2.  

Fig. 5. (a) Absorption coefficient and (b) electron energy loss spectrum of monolayer MgCl2.  

H.R. Mahida et al.                                                                                                                                                                                                     



Superlattices and Microstructures 162 (2022) 107132

6

absorption coefficient α(ω). Less light absorption leads to a lower absorption coefficient of the material. The first absorption peak 
appears at the energy of 7.74 eV and 7.84 eV relating to E||X and E⊥Z, respectively, and the uppermost absorption peak relates to the 
energy of 13.20 eV, which lies in the UV region. The absorption coefficient is inconsiderable at a low energy range of 7 eV. There are 
four fundamental peaks in E||X located at 10.03 eV, 11.76 eV 13.10 eV and 15.94 eV. In E⊥Z, we attained three tips; the first tip is at 
7.84 eV; furthermore, at 11.46 eV and 13.20 eV, there are two tips with high α(ω). The high value of α (ω) of 1.27 × 106 cm− 1 indicates 
that monolayer MgCl2 has potential applications as a UV absorber. 

The energy loss function L(ω) has been illustrated in Fig. 5(b). There are many sharp peaks located at about 10.33 eV, 13.50 eV, and 
16.09 eV in the electric field parallel to single layer MgCl2 sheet, and for E⊥Z polarization, sharp peaks occur around 11.76 eV, 16.04 
eV, and 19.02 eV, which explained (п+σ) plasmon. There is no noticeable peak at energies below 7 eV under parallel and perpendicular 
polarizations. Some weak peak is observed between the energy ranges 7.00 eV–12 eV that are related to faint resonances of incidence 
light. For the MgCl2 monolayer, in both E||X and E||Z polarization directions, all plasmonic peaks are swung toward greater energies 
and get sharper (blueshift) if the material reflects the frequency of electromagnetic radiation lower than plasma frequency because the 
electrons in substance effectively screen the electric field of radiation. It assumes that electromagnetic radiation’s frequency exceeds 
that of plasma; it is transferred by the material when electrons in the material cannot screen it. 

The refraction index and extinction coefficient of the MgCl2 monolayer sheet have been illustrated in Fig. 6. Refractive index n(ω) 
denotes bending or refraction of light on interacting with the substance. Static refractive index values (the value of the refractive index 
at zero photon energy) of MgCl2 monolayer for parallel and perpendicular components are 1.24 and 1.22, respectively. As illustrated in 
Fig. 6(a), the refractive index discloses a nonlinear behavior. It remains to unalter to 2.00 eV, and it progressively escalates and attains 
its first peak value of 1.47 at 7.59 eV for E||X and 1.44 at 7.69 eV for E⊥Z. After a specific oscillation, it makes a peak of 1.75 at 9.49 eV 
and 1.65 at 10.61 eV relating the orientation E||X and E⊥Z, respectively. The refractive index has a minimum value of 0.616 at 14.12 
eV for parallel direction and 0.614 at 14.03 eV for perpendicular direction. After a few oscillations, it seems to be stable in the UV zone. 
The extinction coefficient K(ω) is correlated with the oscillating amplitude’s damping of the incident electromagnetic wave’s electric 
field. The extinction coefficient K(ω) has been illustrated in Fig. 6(b). In the extinction coefficient K(ω) spectrum curve, the maxima 
obtained at photon energies 10.03 eV, and 12.86 eV for E||X and 11.41 eV and 13.20 eV for E⊥Z. It means that at this particular energy 
value, the photons absorbed very fast by the material. 

Fig. 7 illustrated the reflectivity and transmittance of the single-layer MgCl2. In Fig. 7(a), it is clearly observed that the monolayer 
MgCl2 shows reflectivity lower reflectivity less than 5% for the whole photon energy of electromagnetic radiation below the photon 
energy of 8 eV. Therefore, single-layer MgCl2 transmits more than 95% EM radiation up to 8 eV photon energy (see Fig. 7(b). For the 
monolayer, the static value of the reflectivity (R(0); the value at photon energy 0 eV) is 1%. It was also seen that the reflectivity of 
monolayer MgCl2 is found to be 2% below 4 eV photon energy and at the same photon energy the monolayer MgCl2 transmits almost 
98% EM radiations. Thus, the monolayer MgCl2 may be applied as anti-reflecting material. The single-layer MgCl2 has shown 
maximum reflectivity around 15% (at a photon energy of 13.26 eV) and 19% (at photon energy 13.66 eV) for the E||X and E⊥Z, 
respectively. A maximum of reflectivity, the minimum transmittance has been observed. This monolayer material shows the minimum 
transmittance at photon energy 13.26 eV in the direction of the parallel to the field (E||X) and at photon energy 13.66 eV in the di-
rection perpendicular to the plane of field (E⊥Z). 

3. Conclusions 

In the present study, the structural, electronic, and optical properties of the single-layered MgCl2 have been examined through the 
first-principles calculations. The 2D monolayer MgCl2 in the H-phase of the 2D hexagonal lattice has a stable structure which has been 
confirmed by phonon dispersion spectra and AIMD calculations. Particularly, the 2D monolayer MgCl2 has been gone through an 
indirect to direct bandgap transition when reducing the dimensionality from bulk to single-layer phase. The monolayer MgCl2 has 
exhibited a direct bandgap of 7.38 eV. The 2D monolayer MgCl2 is an optically transparent material because its refractive index values 
are very near to the water refractive index and have shown very small optical absorption in the infrared to near-ultraviolet region. 
Whereas a high optical absorption is found in the ultraviolet region therefore it is very useful for the ultraviolet-light absorber. Due to 
the presence of different polarization light along the in-plane and out-of-plane directions, the optical properties displayed anisotropic 
behavior. Also, the reflectivity values of 2D monolayer MgCl2 have a maximum of 18% in the UV region, which means that most of the 
light is absorbed by materials. Our investigations suggest that the 2D monolayer MgCl2 will be very useful in the field of high- 
performance optoelectronic nanodevices and atomically thin coating materials for preventing surface oxidation and corrosion. 
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