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A B S T R A C T

Ab initio calculations of the atomic, electronic and vibrational structure of a pure and Co+2 doped MgF2 crystals
were performed and discussed. We demonstrate that Co+2 (3d7) ions substituting for Mg is in the high spin state.
In particular, the role of exact non-local exchange is emphasized for a proper reproduction of not only the band
gap but also other MgF2 bulk properties. It allows us for reliable estimate of the dopant energy levels position in
the band gap, and its comparison with the experimental data. Thus, the present ab initio calculations and ex-
periment data demonstrate that the Co+2 ground state level lies at ≈2 eV above the valence band top.

1. Introduction

Magnesium fluoride (MgF2) is a material highly transparent over an
extremely wide range of photon energies, ranging from vacuum ultra-
violet to infrared [1–4]. Therefore, it found a lot of applications in the
different optical devices (e.g. lenses, filter, windows, laser elements)
photocathodes as well as luminescent detectors [5–12]. A great variety
of dopant ions and host lattices have been explored as candidates, and
numerous examples of actual working lasers have been found
[7,8,13–16]. Among them, lasers based on d3 or d7ions doped into ionic
lattices are interesting for their tunability and high-temperature per-
formance. Cobalt ions as a dopant belongs to this family, while MgF2
belongs to the rutile family. The vibronic laser systems based on Co-
doped MgF2 are unique, because it has been demonstrated to lase ef-
ficiently, in a range of energies between 1960 and 2080 nm of practical
interest. For practical long-term applications, it is also important to
know and understand the properties of radiation defects and processes
that have been studied and discussed in [17–21].

Since a detailed knowledge of the general spectral properties of the
materials is necessary for better understanding of the optical and laser
properties, we have performed here ab initio calculations of pure and
Co-doped MgF2

2. Details of calculations

Large-scale ab initio calculations have been performed using the
linear combination of atomic orbitals (LCAO) formalism and Gaussian

basis set (BS) as implemented in the CRYSTAL14 computer code [22]. It
appeared in the present study that the choice of the exchange-correla-
tion functional plays a crucial role. Thus, we are concerned on the
comparison of several hybrid functionals for an accurate description of
the basic properties of MgF2. Namely, PBE0 [23] and HSE06 [24] which
are widely used in the density functional calculations have been tried
by us and compared. Moreover, we varied the amount of exact ex-
change ( mixing parameter) in the form

= +E E E E( )XC
PBEh

XC
PBE

X
HF

X
PBE (1)

where EXC
PBE the exchange-correlation part due to the standard PBE

functional, EX
HF the exact exchange part due to the Hartree-Fock

method, EX
PBE the exchange part due to the standard PBE functional.

One can easily understand that Eq. (1) transforms to PBE0 [23] for
= 0.25. In the present study was varied in a wide range, from 0 to

0.45. As can be seen from the analysis below, the functional, i.e. EXC
PBEh45

gives better band gap and other properties of the crystal lattice of MgF2
in a comparison with the experiment and other hybrid functionals. In
the calculations with the HSE06 functional the length scale separation
of 0.11 Å−1 was applied.

The BS optimization was done in two steps: first, the BS of Mg and F
in pure MgF2 was re-optimized, and second, the BS of Mg, F, and Co was
re-optimized in Co+2-doped MgF2. The basis sets (BSs) for Mg and F
atoms were taken from Refs. [25] and [26], respectively, while that for
Co atom taken from refs. [27,28] and were re-optimized with new
functional set (PBEh45, exponents of Gaussian type orbitals smaller
than 0.9 Bohr-2 were re-optimized). Thus, we are concerned only with
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the virtual orbitals and their contraction, in a comparison to original BS
(Table 1). The BS optimization of pure MgF2 led to an energy gain
of ~ 0.06 eV per primitive unit cell.

For SCF procedure, the high accuracies 10−8, 10−8, 10−8, 10−8,
10−16 have been chosen for calculations of the Coulomb overlap,
Coulomb penetration, exchange overlap, first exchange pseudo-overlap
and second exchange pseudo-overlap integrals, respectively. Total en-
ergy difference between two SCF steps (10-8 a.u.) also has a high tol-
erance of accuracy. Effective atomic charges have been estimated using
the Mulliken population analysis [29]. The Monkhorst-Pack [30] k-
points grid sampling was set as 6 × 6 × 6 for a primitive unit cell of
MgF2. We employ the so-called supercell approach [31], and perform the
present calculations for the neutral supercells. To model doping of MgF2
with the Co atom in the oxidation state +2 (Co+2), we have considered
the 96 atom supercell with one Mg ion replaced by one Co ion. Con-
sequently, the 2 × 2 × 2 k-point mesh was accommodated. The re-
levant defect concentration was 3.1 at.%. The high-frequency dielectric
constant using the coupled perturbed HF/Kohn-Sham method
[32,33,34] and the frozen phonon method (direct method) for the
calculation of vibrational frequencies as implemented in CRYSTAL code
were used.

3. Perfect bulk MgF2

MgF2 has a rutile structure (space group P42/mnm) with 6 atoms
per primitive unit cell. Table 2 shows the calculated lattice parameters
(a, c, u), static and high-frequency dielectric constants (ε0, ε∞), effective
atomic charge (qeff) and band gap (Eg) of an MgF2 crystal together with
experimental data. The lattice parameters a,c for the PBEh45 functional
agree much better with the experimental values. However, the free
parameter u is insensitive to the functional. The calculated effective
atomic charges demonstrate a quite ionic character of bonding in MgF2
which is the effect less sensitive to the functional chosen as well.
However, some degree of covalency is also seen from their values which
makes MgF2 different from MgO. In the latter case the effective atomic
charge of Mg +1.91e if calculated with the hybrid B3LYP functional
[22].

As can be seen in Table 2, the commonly used B3PW and PBEh25

hybrid functionals underestimate the band gap (9.50 and 9.84 eV, re-
spectively) while the experimental value is 12.4–13.0 eV (Table 2).
Increase of the amount of exact non-local exchange to α = 0.45 pro-
vided the value (12.57 eV) consistent with the experiments. As is
known, a correct description of the band structure, in particular the
band gap, is very important for positioning the energy levels of defects
inside the forbidden gap. An important role of the band gap was often
discussed in the literature [35,36], a scissor operator is widely used in
the calculations, in order to obtain agreement with the experiments.
Therefore, in our work, we have chosen the PBEh45 functional (Eq. (1))
for the calculations of defects levels in the band gap.

In addition to the basic electronic properties, we calculated also the
elastic properties [40] (Table 3) and the phonon frequencies at the Γ-point
of the Brillouin zone (Table 4, Table 5). An increase of the exact exchange
percentage (the PBEh45 functional) leads to an improvement in the de-
scription of the bulk modulus and elastic coefficients, in a comparison with
the experimental data. In the rutile structure the cation occupies the
Wyckoff position 2a: (0, 0, 0) whereas the anion occupies the Wyckoff
positons 4f: (u, u, 0). The set of optical phonon modes at the Γ-point is
Γ = 2a2u + 4eu + b1g + b2g + a1g + eg + 2b1u + a2g. Among them one
pair is silent, namely 2b1u + a2g, and another pair a2u + eu is acoustic.
Only infra-red active phonon frequencies at the Γ-point are slightly over-
estimated by the PBEh45 functional in a comparison with both the ex-
periment and PBEh25 functional. It is, however, reflected in the values of
dielectric constants as the values of xx

0 and zz
0 are larger for the PBEh25

functional than those for the PBEh45 functional.
Thus, having tested the PBEh45 functional for the description of

various properties of a pure MgF2 crystal, we came to a conclusion on
the importance of increased amount of exact non-local exchange (α in
Eq. (1)). Note that not only the band gap but also other properties are
better reproduced with the PBEh45 functional. Thus, the variation of α
has been shown to have an important effect in the literature. To our
knowledge, these studies concerned the HSE06 functional mainly. So, α
for the HSE06 functional was varied in the calculations of bulk prop-
erties of perovskites [41] and bulk and reduction properties of CeO2

[42]. Oba et al. [43] showed that the larger amount of exact non-local
exchange, i.e. α = 0.375, is required to re-produce the band gap of

Table 1
The exponents of Gaussian type orbitals (Bohr−2) before and after optimization
of the BS with the PBEh45 functional in pure MgF2 crystal.

Type of orbital Before After

Mg
sp 0.688 0.659
sp 0.280 0.278

F
sp 0.450 0.419
sp 0.205 0.157

Table 2
Basic bulk properties of MgF2 calculated with the hybrid functionals. PBEh25 corresponds to the standard PBE0 functional. a, c, u the lattice parameters, Eg the band
gap, xx , zz the high-frequency dielectric constants, xx

0 , zz
0 the static dielectric constant, and qeff the effective atomic charges due to Mulliken analysis. Notice the

coupled perturbed HF/Kohn-Sham method used for the calculation of dielectric constants is implemented for HSE06 functional in the CRYSTAL code.

PBEh45 PBEh25 HSE06 B3PW [37] Expt

a, Å 4.604 4.648 4.627 4.654 4.615 [38]
c, Å 3.091 3.120 3.106 3.139 3.043 [38]
u(Fluorine) 0.43 0.43 0.43 – 0.3030 [38]
Eg, eV 12.57 9.84 11.17 9.50 12.4 [2] 13.0 [17]

xx 1.54 1.60 – – 1.9 [39]

zz 1.58 1.64 – – 1.9 [39]

xx
0 4.52 4.62 – – 5.4 [39]

zz
0 3.75 3.91 – – 4.6 [39]

qeff (Mg/F), e +1.765/−0.883 +1.748/−0.874 +1.761/−0.880 – –

Table 3
Elastic coefficients cij and bulk modulus B in GPa of MgF2. PBEh25 corresponds
to the PBE0 functional.

PBEh45 PBEh25 HSE06 Expt [38]

B 104.2 97.22 97.12 106.2
c11 147.5 137.3 136.7 145.6
c12 94.8 87.9 90.2 95.2
c13 58.5 54.8 54.5 67.0
c33 220.1 206.5 201.8 214.2
c44 64.0 60.1 58.5 58.3
c66 103.5 96.08 97.0 103.8
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ZnO. Nevertheless, Kuzmin et al. [44] showed that α in Eq. (1) is re-
duced to 0.13 leading to accurate lattice parameters, band gap and
phonon frequencies in CuWO4. Moreover, it was suggested in the lit-
erature [45] that α = 0.33 in Eq. (1) reproduces much better the
atomization and dissociation energies, bond lengths and excitation
energies for corresponding datasets in comparison with the PBEh25
functional.

4. Co+2 doped MgF2

When Co ion occupies a regular Mg lattice site (Fig. 1) its oxidation
state is +2 in the neutral supercell. Let us consider a regular CoF6
octahedron for simplicity. In an octahedral field the energy levels of
Co+2 3d7electrons split into a doubly degenerate eg band and a triply
degenerate t2g band (Fig. 2). The Co+2 3d7states, thus, can have two
configurations – high spin (HS) state (three electrons up, Sz = 3/2) and
low spin (LS) state (one electron up, Sz = 1/2). We performed calcu-
lations of the total energy for both cases, in order to determine the
preferential spin state of Co+2 in the MgF2 crystal. Our calculations

show, it is the HS state (Table 6) since the total energy of this config-
uration is considerably lower, by 1.37 eV per supercell. It is consistent
with the 4T1a (t eg g2

5 2) ground state consideration for Co+2 in MgF2 as
discussed in [16]. Contrary, it was observed that Co ion in the oxidation
state +2 in TiO2 (in both rutile and anatase structures) is in the LS
configuration [35,36]. It should be mentioned that Thienprasert et al.
[46] showed that Co ions might form cobalt oxides in TiO2 in ac-
cordance with the XANES measurements. Using the DFT calculations,
they found that substitutional Co is preferable, in a comparison with the
interstitial Co, under oxygen rich conditions. The substitutional Co
might be present in the charge states 0 and −1 (should not be confused
with the oxidation state) in this case and, moreover, the local structure
changes do not differ for these two charge states. The case of Co+2 in
MgF2 is obviously different case, suggesting its interesting behavior in
oxides and fluorides.

The relaxation of the CoF6 octahedron is insignificant in a com-
parison with the inter-atomic distances of MgF6 octahedron in pure
MgF2. The distance between Co and 4 F ions (second nearest neighbors)
in the same plane (Fig. 1) is 2.01 Å (vs 2.00 Å between Mg and F ions in
pure MgF2). The octahedron is only slightly elongated along the z-di-
rection, i.e. the distance between Co and 2 F ions (first nearest neigh-
bors) is 2.05 Å (vs 1.98 Å between Mg and F ions in pure MgF2). Note
that this conclusion is drawn for the low temperature case. Note that
the Mg-F distances do not change in a comparison with the pure MgF2
crystal even though the presence of Co reduces the symmetry of su-
percell. Our test calculations for Co substituting for Mg in three dif-
ferent positions in the supercell (site symmetries D2h, C2v, Cs) do not
reveal any significant changes as well.

Fig. 3 shows the difference electron density maps for both cases
studied – Co+2 in the LS and HS states. One can see the electron density
redistribution induced by the Co ions. An increase of the difference
electron density on the Co ion neighbors is quite obvious and, at least
partly, is related to a covalent Co-F bonding. So, the effective atomic
charge qeff(F) of the Co first and second (fluorine) nearest neighbors is
−0.825e and −0.830e, respectively, whereas qeff(F) of other F ions in
the supercell is approx. −0.880e. In the HS state the far Mg ions (the Co
third nearest neighbors) are still perturbed by the Co presence, in

Table 4
Infra-red active phonon frequencies (in cm−1) at the Γ-point of MgF2 crystal.
Measured phonon frequencies are taken from [39]. PBEh25 corresponds to the
PBE0 functional.

Symmetry PBEh45 PBEh25 Experiment

Transverse (TO)
b1u 230 224 Silent
eu 269 262 247
a2u 427 411 399
eu 434 422 410
b1u 453 435 Silent
eu 479 461 450

Longitudinal (LO)
eu 331 320 303
eu 435 424 415
eu 662 641 617
a2u 656 635 625

Table 5
Raman-active phonon frequencies (in cm−1) at the Г-point of MgF2 crystal.
Measured phonon frequencies are taken from [39]. PBEh25 corresponds to the
PBE0 functional.

Symmetry PBEh45 PBEh25 Experiment

b1g 117 119 92
eg 307 294 295
a2g 336 325 Silent
a1g 427 411 410
b2g 528 511 515

Fig. 1. Model of Co-doped MgF2 and cross-section plane (shaded) with Miller
indices (0 0 1).

Fig. 2. A schematic representation of the spin distributions in an octahedral
crystal field for the low spin (LS) and high spin (HS) states of Co+2. Sz is the
spin projection.

Table 6
The calculated (PBEh45) total electronic energy Etot of the Co+2-doped MgF2 in
the high (HS) and low (LS) states. qeff(Co) the effective atomic charge of Co,
μ(Co) the magnetic moment of Co, and r the distance between the cobalt ion
and the first (second) nearest neighboring fluorine ion. ΔE is the total energy
difference between the LS and HS states (per supercell).

Spin state LS HS

Etot, a.u. −12738.4131 −12738.4635
qeff(Co), e +1.53 +1.53
μ(Co), μB 0.95 2.91
r, Å 1.98 (2.04) 2.01 (2.05)
ΔE, eV 1.37
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contrast to the LS state, i.e., the electron redistribution extends over
much larger area around impurity in the HS state.

The valence band is mainly formed of F states whereas the con-
duction band is due to Mg states in pure MgF2. This property is also well
seen in the calculated electronic density of states (DOS) in Fig. 4.
However, the Co+2 ion adds additional peaks in the band gap. Im-
portantly, the additional states of Co+2 are observed at 1.8 eV and
2.2 eV (in the spin down channel) from the F p2 electrons band max-
imum for the LS and HS states, respectively. This position of Co+2 states
is consistent with the experimental data. According to Kappers et al
[47] the ground state of Co+2 is located not higher than 7 eV above the
top of valence band. Thus, the theory allows to fix the ground state
energy position at ~2 eV and to position the energy diagram of Co+2 in
MgF2 (see Table II in Kappers paper [47]) with respect to the forbidden
gap edges.

The additional peaks in the spin-down channel at 1.8 and 2.2 eV for
the LS and HS states are understood from the spin-exchange splitting

[48]. Thus, analysis of the projection on Co+2 ion d3 orbitals revealed
that the spin-down electrons at 2.2 eV in the HS state (Fig. 4b) occupy
the d3 xz, d3 x y2 2, and d3 z2 orbitals. The spin-up electrons of the same
orbitals and the d3 xy orbital contribute to the three peaks right above
the F p2 electrons band maximum. Remaining part of the electrons on
the d3 orbitals of Co+2 is hybridized with the electrons of F and Mg
between −4 and 0 eV in Fig. 4. In the LS state the spin up and spin
down electrons are much less split above the F p2 electrons band.

5. Conclusions

The careful hybrid DFT calculations with increased amount of exact
non-local exchange were performed for accurate calculations of Co+2

impurity in MgF2 crystals. The band gap for a perfect MgF2 was re-
produced very well in a comparison with experimental data which is
important aspect for an analysis of the Co states in the calculated
density of states. Moreover, the mechanical properties are also well
reproduced. The energetically favourable state of the cobalt atom at low
temperatures is a high spin state. Three peaks from the Co atom are
seen in the calculated DOS. Moreover, theory allows us to fix the
ground state energy position at ~2 eV above the top of valence band
and, thus, to position the energy diagram of Co+2 in MgF2 (see Table II
in Kappers paper [47]) with respect to the forbidden gap edges.
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