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a b  s  t  r  a c  t

MgF2 is  a  compound,  which  is  transparent  for  the  entire  spectrum  ranging  from  ultraviolet
to  infrared is  a  good candidate  for ultraviolet  applications. In  this work, we  have studied
the  structural, electronic  and  optical properties  of  MgF2 by  the  first  principles  method  of
FP-LMTO  method  based  on the  density  functional theory  DFT  in three  phases  in which  our
material  is likely  to crystallize. We  also  verified  the  phase  transitions.  The  most  remark-
able  is the similarity  between the  properties  of the  three  phases  at  all  levels (gaps,  optical
constants,  ionicity).  The comparison  between our results  and  the  literature  has  shown
satisfactory  agreement.

©  2018  Elsevier  GmbH. All  rights  reserved.

1. Introduction

MgF2 is a transparent material for the entire spectrum ranging from ultraviolet to infrared and is a good candidate
especially for ultraviolet applications. This fact explains the abundance of work that is currently dedicated to it, but another
reason lies in the fact that this material has structural properties related to defects and pressure that make it a subject
of academic study very interesting. This material is used in various applications such as anti-reflective coatings and for
polarization of light [1,2]. It is also within the concept of different optical devices such as prisms, lenses, telescopes, cameras,
etc. It turns out to be a new optical material for semiconductor lithography because of its transmission characteristic in
the ultraviolet region under vacuum [3]. Many other applications are possible paramount importance such as solar cells,
ultraviolet lasers, organic light emitting diodes (organic LEDs) [4,5] etc.

MgF2 is a  solid material, resistant to chemical attack, laser deterioration and mechanical and thermal shock. MgF2 is a
rugged material resistant to chemical etching, laser damage, and mechanical and thermal shock. It has a Knoop Hardness of
415 and index of refraction of 1.38. The magnesium fluoride is a positive birefringent crystal obtained under vacuum by the
Stockbarger method [6]. It is generally oriented with its c-axis parallel to the optical axis to minimize the birefringent effects.
Under normal working conditions, polished surfaces of magnesium fluoride do not degrade. For temperatures above 500 ◦C,

they degrade in the presence of moisture. Magnesium fluoride is inert to organic chemicals and many acids, including HF
acid. It dissolves slowly in nitric acid. Note that in a  dry environment, magnesium fluoride can be used up to 800 ◦C [10].
The MgF2 is considered a good candidate for ultraviolet use and is transparent for the spectrum from ultraviolet to infrared.
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Fig. 1. The crystalline form of MgF2 [14].
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Fig. 2. The Brillouin zone and the high symmetry points of tetragonal, orthorhombic and cubic phase [18].

ECHSPEC® magnesium fluoride windows provide excellent broadband transmission from the ultraviolet to mid-infrared
ange. It is used in many technological applications, including electrolysis, glasses manufacturing, prisms and anti-reflective
oatings [11,12].

The MgF2 compound crystallizes as tetragonal birefringent crystals. Its structure is analogous to that of rutile (TiO2), with
enters of Mg2+ octahedral and three coordinates of fluoride centers [13]. The crystalline form of this compound (Fig. 1)
s tetragonal where the parameters of mesh a =  b /= c. It is the same known structure in TiO2 (rutile), where the node is
omposed of two Mg  atoms located in the coordinates (0,0,0) and (1/2,1/2,1/2), and four F atoms located in (x, x, 0), (-x, -x,
), (1/2 + x, 1/2-x, 1/2) and (1 /  2- x, 1/2 + x, 1/2) where x  is an internal parameter. Thus, the reciprocal lattice of our simple
etragonal, orthorhombic and cubic is  presented in Fig. 2. The high symmetry points used in our calculations are also shown
n this figure.

The MgF2 compound is a semiconductor in direct bandgap, the minimum of the conduction band (CB) and the maximum
f the valence band (VB) are located at the point � of the Brillouin zone. This allows direct transitions between VB and CB
17]. MgF2 has a direct optical transition with a direct band gap of 10.8 eV [15]. Magnesium fluoride is therefore a broad
andgap and therefore, it is used in the far ultraviolet.

. Methods

The calculations presented in this work were carried out using the full potential linear muffin-tin orbital method (FPLMTO)
n which the non-overlapping muffin tin spheres potential is Fourier transformed in the interstitial regions and hence treats
he interstitial regions on the same footing with the core regions [7]. The exchange correlation energy of electrons is described
n both the local density approximation (LDA) [8,9] using the parameterisation of Perdew et al. [10,11]. FPLMTO have been
arried out using the Lmtart [7,12] code.

In FPLMTO, the non-overlapping muffin tin spheres MTS  potential is  expanded in spherical harmonics inside the spheres
f radius RMTS. In the interstitial region, the s, p and d basis functions are expanded in a number (NPLW) of plane waves

etermined automatically by the cut-off energies. The details of calculations are as follows: the charge density and the
otential are represented inside the muffin-tin (MT) spheres by spherical harmonics up to lmax = 6. The self-consistent
alculations are considered to be converged when total energy of the system in stable within 10−4 Ry (Table 1).
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Table 1
Parameters used in the FPLMTO calculations for different phases: NPLW is the number of plane waves used in the interstitial regions, Ecut is the cut-off
energy  in Rydbergs, RMTS is in atomic units and K-point represents the number of special K-points in the irreducible BZ involved in the calculations.

Parameters Rutile TiO2 CaCl2 Modified Fluoride PdF2

lmax 6 6 6
Total  NPLW 21162 20386 44472
RMTS  (Mg) 2.054 2.054 2.078
RMTS  (F) 1.681 2.065 1.700
Ec ut 203.1919 202.2732 223.2928
K-point (44,44,28) (42,42,28) (46,46,46)
Fig. 3. Total energy versus volume for the three phases.

3. Results and discussion

3.1. Structural properties

We  have studied our material in different susceptible structures in which MgF2 is likely to crystallize as a function of
applied pressure. Indeed, materials crystallize in different phases and have the ability to transform from one phase to another
under the effect of temperature or pressure. The calculation of the total energy allows us to have the static equilibrium
properties, which are represented by the network parameters a0 (b0 and c0 if necessary), the internal parameters, the
compressibility modulus B and its first derivative B’. To obtain these parameters, the curve of the total energy as a function
of the volume is adjusted to the Murnaghan’s equation of state [19] given by the following expression:

E (V) = E0 +
[

B V

B′ (B′ − 1
)
]

.

[
B

′
(

1 − V0

V

)
+

(
V0

V

)B
′

− 1

]
(1)

In the preceding equation, the parameter V  means the volume of the mesh at a  given energy E, V0 is the equilibrium
volume corresponding to  that of the ground state. E0 represents the minimum energy corresponding to the volume of the
equilibrium V0, B0 is the bulk modulus and B’ is derived from the bulk modulus. The bulk modulus is deduced by:

B = V
∂2

E

∂V2
(2)

Volume optimization was performed by minimizing the total energy (Fig. 3) with respect to the unit cell volume using
Murnaghan’s equation of state. The equilibrium lattice constant, the bulk modulus B and its derivative have been calculated.
The results are summarized in Table 2.

In Table 3, the calculated pressures for which MgF2 is  expected to change phase have been listed and compared to the
literature. For the transition to the CaCl2 structure, the concordance is perfect. For the transition to the modified PdF2 fluoride
structure, we have good agreement for the CaCl2 intermediate transition → PdF2 (modified fluoride). We did not find any
values for Rutile transition → PdF2 (modified fluoride).

3.2. Electronic properties
Based on the LDA approximation of Perdew et al. [24], we calculated the band structure of the MgF2 compound for the
different phases studied above. The knowledge of the electronic structure is necessary to situate our material with respect
to the applications.
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Table  2
Calculated structural parameters of MgF2, the bulk modulus B and its pressure derivative B’ with x, y, z and u  are the internal parameters.

Structure Rutile TiO2 CaCl2 Modified Fluoride PdF2

V0 (au3) 216.771 209.991 197.891

V0 (Å3) 32.091 31.091 29.291

a0 (Å) 4.59981 4.6028a 4.57631 4.5920e 4.89351 4.702b

4.579e 4.621j 4.539e 4.516i 4.890e 4.762i

b0/a0 0.9771 1.05c

1.018e 0.9912i

c0/a0 0.6591 0.6598a 0.6641 0.6691e

0.6599b 0.6599i 0.6399b 0.6608i

x 0.3051 0.3026a 0.3034c 0.3029j 0.2561 0.306i 0.3421 0.3451e 0.3451i

y  0.3591 0.294i

B0 (GPa) 113.861 111.47a 119.011 105.4e 140.491 133.8e

117d 101 ± 3i 134b 114f 123 ± 3i

B0 ’ 4.561 4.13d 3.311 3.65e 3.621 3.5f

3.7f 4.2 ± 1.1i 3.7f 4i

1 Our calculation.
a Ref. [14].
b Ref. [17].
c Ref. [20].
d Ref. [21].
e Ref. [22].
f Ref. [15].
i Ref. [15]  expt.
j Ref. [16]  expt.

Table 3
Transition pressure.

Transition Pressure (Gpa)

Rutile → CaCl2 9.251 9a10b 12.3c 9.54d 9.0e 9.1f

Rutile → PdF2 12.501

CaCl2 → PdF2 16.501 14c 13.73d 13.5e 14f

1 Our calculation.
a Ref. [21].
b Ref. [17].
c Ref. [15].
d Ref. [23].
e Ref. [20].
f Ref. [15]  expt.
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Fig. 4. MgF2 band structure in rutile phase, b) Enlargement of the valence band.

The band structure of MgF2 in the rutile phase is shown in Fig. 4a, it is noted that the maximum of the valence band
VB) is located at the point of high symmetry �, and the minimum of the conduction band (CB) is also at �. It is therefore a
irect gap phase Eg = 7.024 eV, which is a  wide gap. Babu et al. [14] find a direct gap with a  value of Eg = 6.83 eV with the LDA
ithout the scissors technique, and a value of Eg = 6.88 eV with GGA still without the scissors technique. Kanchana et al. [17]

lso find a direct gap with a value of Eg = 6.45 eV with the LDA combined with the TB-LMTO technique. The experimental

alue closest to our value gives a direct gap Eg (�-�) = 10.8 eV [9].

Table 4 presents other values taken from the literature to compare. Recall that the significant difference between calcu-
ated and measured gaps are a  known artefact of the LDA theory.
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Table 4
The MgF2 Gap for the three phases.

Structure Rutile TiO2 CaCl2 Modified Fluoride PdF2

Eg (eV) 7.0241 7.1211 7.1651

6.83a 6.88b 6.45c 7.29a 7.10a

9.5d

10.8e 13.0f 12.5g

1 Our calculation.
a Ref. [14] with LDA without the technique of s̈cissors.̈
b Ref. [14] with GGA without the technique of s̈cissors.̈
c Ref. [17] with LDA and TB-LMTO.
d Ref. [25] with la B3PW.
e Ref. [9].
f Ref. [27].
g Ref. [28].

Fig. 5. MgF2 band structure in CaCl2 phase, b) Enlargement of the valence band.
Fig. 6. MgF2 band structure in PdF2 phase, b) Enlargement of the valence band.

Finally, note the theoretical result of Abuova et al. [25] is very close to the experimental value, this being due to the use
by the authors of B3PW method (Becke three parameters-functional flat-waves [26]). In Table 4, our results are listed with
those of other authors.

In Fig. 5, it is indeed a phase with a direct gap Eg = 7.121 eV. Kanchana et al. [17] also find a direct gap with a value of
Eg = 7.29 eV with LDA and TB-LMTO (Table 4).

From Fig. 6, we note that the maximum of the VB and the minimum of the CB are located at the point of high symmetry
�. It is indeed a phase with a direct gap Eg = 7.165 eV. Kanchana et al. [17] also find a direct gap with Eg = 7.10 eV with LDA
combined with TB-LMTO (Table 4).

What is remarkable is the fact that MgF2 has the same direct gap in � in the 3 phases studied, and that the value of the
latter remains about the same: 7.024 in rutile, 7.121 eV in CaCl2 and 7.165 eV for the modified fluoride phase PdF2.

The importance of the electronic properties of a material lies in the fact that they enable us to deduce the possible
applications. Among these properties, the density of states in particular is directly related to macroscopic optical properties.

One of the objectives is to highlight the contribution of each atomic orbital to the density of state. This contribution is

obviously attached to the electronic configuration. The individual contributions of the orbitals involved in this study are
3s-Mg, 3p-Mg, 3d-Mg, 2s-F and 2p-F (Figs. 7–9).
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Fig. 7. Total and Partial DOS of MgF2 in Rutile Phase.

Fig. 8. Total and Partial DOS of MgF2 in CaCl2 Phase.
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Fig. 9. Total and Partial DOS of MgF2 in the modified fluoride phase PdF2.

What is remarkable in this study is the almost perfect resemblance of the density of states in the three phases and this
both in terms of the total DOS at the level of the contribution of each orbital taken apart. This similarity leads us to think that
the optical properties of MgF2 are not very sensitive to variations in pressure. For each of the three phases studied, the total
density of states confirms the value of the gap obtained previously in the band structure calculation. An important remark is
that the contribution of  the 3d-Mg orbital seems to be negligible, which partly explains at least the large gap value because
the orbitals d̈äre known for their gap reduction effect.

In all cases, the VB is divided into two parts: the first part which is deep is dominated by the 2s states of the F atom (it
ranges between −12.7 eV and −11.6 eV for rutile, −12.9 eV and −11.7 eV for CaCl2,  −13 eV and −11.7 eV for the modified
fluoride phase PdF2). The second part, located at the top of BV just before the gap is dominated by the 2p states of the F atom.

Just above the gap, at the beginning of the BC, and whatever the phase, it is the 3s and 2s orbitals of magnesium and
fluorine respectively that dominate. Then follows an interval where the 3s-Mg, 2s-F, 3p-Mg and 2p-F orbitals contribute
almost equally.

3.3. Optical properties

Recall that the real and imaginary parts of the dielectric function �1 and �2 can be obtained from each other by means of
the Kramers-Kronig relation [29]. The imaginary dielectric constant �2 (�) depends on the dipole moment matrix, the initial
and final states involved in the transitions, and the frequency � of the absorbed or emitted photon.

In Fig.10, we represent the variation of the imaginary part of the dielectric function of MgF2 in the rutile, CaCl2 and
modified fluoride PdF2 phases as a function of energy. The inclusion of all phases in the same figure is justified by the fact
that we want to  compare their optical properties given the many similarities that have been found in the previous properties.

Fig. 11 shows the variation of the real part �1 of the dielectric function of MgF2 in the rutile, CaCl2 and modified fluoride
PdF2 phases as a function of energy. It appears from this figure that �1 is much more constant under the effect of pressure
than �2. Indeed, the curves are virtually identical for the three phases.

It is  clear now, by comparing the real and imaginary parts of the three phases, that these phases are expected to possess
practically the same optical properties. This is confirmed by the calculation of three essential optical properties: the refractive
index (Fig. 12), the absorption coefficient (Fig. 13)  and the refraction coefficient (Fig. 14).
3.4. Charge density

The charge density is an important property in the solid, since it  provides a good description of the chemical properties.
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Fig. 10. Imaginary part of the dielectric function of MgF2.

Fig. 11. Real part of  the dielectric function of MgF2.
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Fig. 12. Refractive index of MgF2.

This density also makes it possible to study the crystalline structures and to predict their evolutions under the influence
f an external disturbance. The ionic character is relative to the charge transfer between cations and anions. For this reason,
e have calculated the loading densities of  MgF2 in the rutile, CaCl2 and modified fluoride PdF2 phases.

The displacement of the charge increases as a function of the difference between the electronegativity values of two
toms.
Note in Fig.15 that the charge density vanishes almost over a long distance separating the two types of atoms (shown
lso in Fig. 16),  suggesting a more ionic than a covalent bond.
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Fig. 13. Absorption coefficient of MgF2.

Fig. 14. Extinction coefficient of MgF2.
Fig. 15. Charge density of the rutile phase of MgF2 in the (001) plane.

The charge density in the (001) plane of the CaCl2 structure of MgF2 (Fig. 17) clearly shows a more ionic than a  covalent
character, which is in agreement with the reference [23] which finds that the covalent bond is weaker than the ionic bond.
The arrangement of atoms is shown in Fig. 18.

The charge density in the same plane (001) of the PdF2 structure of MgF2 (Fig. 19) shows how it concentrates mainly near
the atoms by becoming very small in the rest of the space. Fig. 19 does not show the link between nearest neighbours, so
we have plotted Fig. 20 in the (110) plane which clearly shows a more ionic than a  covalent character. The arrangement of

atoms is shown in Fig. 21.
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Fig. 16. Arrangement of MgF2 atoms in the rutile phase.

Fig. 17. Charge density of the CaCl2 phase of MgF2 in the (001) plane.

Fig. 18. Arrangement of MgF2 atoms in the CaCl2 phase.
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Fig. 19. Charge density of the PdF2 phase of MgF2.

Fig. 20. Charge density of the PdF2 phase of MgF2.

Fig. 21. Arrangement of MgF2 atoms in the PdF2 phase.
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. Conclusion

In this work, we calculated the structural, electronic and optical properties of MgF2 in three phases in which our material
s likely to crystallize. We also checked the phase transitions. The most remarkable is the similarity between the properties
f the three phases at  all levels (gaps, optical constants, ionicity). The comparison between our results and the literature
howed a  satisfactory agreement.

The electronic properties show a great resemblance between the values of the gaps, which proved to be direct in � for
he three phases. These gaps are very wide, indeed the LDA gives ∼7 eV, which is underestimated compared to the reality
due to a defect related to the method).

A result that seems very important to us is the non-participation of the d̈örbitals at the level of the states near the gap,
hich could explain (at least in part), the very large value of the gap.
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