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The structural, electronic, and optical properties of cubic perovskite NaMgF3 are calculated by plane-wave pseudopo-
tential density functional theory. The calculated lattice constant ag, bulk modulus By, and the derivative of bulk modulus B;,
are 3.872 A, 78.2 GPa, and 3.97, respectively. The results are in good agreement with the available experimental and theo-
retical values. The electronic structure shows that cubic NaMgF; is an indirect insulator with a wide forbidden band gap of
Eg = 5.90 eV. The contribution of the different bands is analyzed by total and partial density of states curves. Population
analysis of NaMgF3 indicates that there is strong ionic bonding in the MgF; unit, and a mixture of ionic and weak covalent
bonding in the NaF unit. Calculations of dielectric function, absorption coefficient, refractive index, electronic energy loss

spectroscopy, optical reflectivity, and conductivity are also performed in the energy range O to 70 eV.
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1. Introduction

Perovskite-type fluorides have gained significant atten-
tion due to their great potential applications in optical, ferro-

s.[1=41 As important in-

electric, and antiferromagnetic system
organic functional materials, ternary cubic fluoroperovskites
of type ABF3 (A=Li, Na, K, Rb, Cs; B=divalent-metal) with
interesting optical and magnetic properties have been applied
as luminescent materials, radiation detectors, and laser optical
materials.®! For example, Cs-based CsMF3 (M =Be, Mg, Ca,
Sr, Cd, and Hg) shows potential in the field of luminescence. !
BaLiF3 can be used as vacuum-ultraviolet-transparent mate-
rial for lenses in optical lithography steppers.!”) CsCaF3 and
KMgF3 have many applications in tunable lasers due to their
unique properties, ®°! and furthermore, KMgF3 can be used in
electro-optical applications.!!%!1] In this family, the NaMgF3
crystal exhibits a wide variety of physical properties.!!?) Nat-
131 but sys-
tematic studies of NaMgF3 did not begin until two decades

ural NaMgF3; was first discovered in the 1960s,

ago. Intensive studies of the structure of NaMgFs for its
temperature-induced phase transition at ambient pressure and
under high-pressure conditions were carried out by Zhao et
al.'"*171 They found that NaMgFj is a stable Phnm perovskite
phase at ambient conditions and undergoes a transition to a
cubic phase when elevating the temperature up to 765 °C.
Chen et al.l"® reported that the same structural phase tran-
sition takes place at 4 GPa when the temperature is increased
from 900 °C to 1000 °C. In addition, Zhao et al. also syn-
thesized the single crystal of neighborite using the melting-
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cooling method, and measured its adiabatic elastic moduli at
ambient conditions using Brillouin spectroscopy.!'®) Ander-
sen et al.?"! carried out a study of the ionic conductivity of
NaMgF; and found no abnormal ionic conductivity at high
temperatures. Seretlo et al.l*!l studied the optical absorp-
tion of radiation-produced defects in NaMgF; and RbCaFs.
Subsequently, the near-normal incidence reflection spectra of
NaMgF3 and KMgF; have been measured in the extreme ul-
traviolet region using synchrotron radiation, and the dielec-
tric constant was obtained by means of the Kramers—Kronig
transformation.'?! Sevonkaev et al. prepared uniform cu-
bic particles of neighborite (NaMgF3) by mixing solutions of
magnesium chloride and sodium fluoride, followed by aging
for extended periods of time (up to 3 h). However, they did
not give further analysis of the neighborite crystallites.??! Fol-
lowing which, Zhang et al. synthesized the fluoroperovskite
NaMgF3 by the solvothermal method, and then demonstrated
a strong emission center at 400 nm at room temperature. >3]
More recently, Li et al. carried out mechanical oscillation ex-
periments of polycrystalline NaMgF3 perovskite at high pres-
sures and temperatures. [>*]

Though a substantial amount of experimental information
has been accumulated on NaMgF3, the theoretical properties
have rarely been addressed. In this paper, we focus on the the-
oretical study of the cubic perovskite NaMgF3, in which the
MgF unit is a perfect octahedron and tilt is forbidden, and all
the Mg—F angles are 90°. We calculated the electronic and op-
tical properties of cubic NaMgF3 by performing density func-
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tional theory (DFT) with local density approximations (LDA)
to obtain a further understanding of this compound. Since
there have been fewer theoretical reports on NaMgF3, the re-
sults obtained in our work may be useful for other groups
and may provide an important reference for the application of
NaMgF3 in practice. This paper is organized as follows: the
computational method is described in Section 2, the obtained
results are presented and discussed in Section 3, and the con-
clusion is given in Section 4.

2. Computational method

The calculations were performed within the framework
of DFT?! using the plane-wave pseudopotential scheme!%¢]
with the Ceperley—Alder form of the LDA.!?7-?8] The Na 3s1,
Mg 3s2, F 252, 2p5 electrons were explicitly treated as valence
electrons. The plane-wave basis set with an energy cutoff of
500 eV was applied, and Brillouin zone integration was per-
formed over 10x 10x 10 grid points using the Monkorst—Pack
method!?°! for structure optimization. The self-consistent con-
vergence of the total energy was about 2.0x 107> eV per atom.
The maximum atom force was less than 0.05 eV/A, the maxi-
mum atom displacement was less than 0.002 A, and the max-
imum stress was within 0.1 GPa. All the total energy calcula-
tions were performed using the Cambridge serial total energy
package (CASTEP) code. 30311

3. Results and discussion
3.1. The structure of cubic perovskite NaMgF;

The crystal structure of cubic perovskite NaMgF; belongs
to the space group Pm3m with Na at (0, 0, 0), Mg at (0.5, 0.5,
0.5), and F at (0.5, 0.5, 0) positions, as shown in Fig. 1(a).
The calculated total energy per unit cell of cubic NaMgF3 as
a function of volume is displayed in Fig. 1(b). The volume
versus energy was fitted to the Birch—-Murnaghan equation of
state3?! 50 as to determine the equilibrium structural parame-

ters. Then, the equilibrium lattice constant ag, equilibrium en-
ergy Ey per unit cell at volume Vj, bulk modulus By, and pres-
sure derivative of the bulk modulus Bf, were obtained. These
values are listed in Table 1. It is clear that the calculated equi-
librium lattice constant ag = 3.872 A is in excellent agreement
with the experimental values. Additionally, we calculated the
lattice parameters of orthorhombic (pbnm) NaMgF; for the
sake of comparison with the experimental data. Our calculated
lattice parameters are a = 5.262 A, b=54554,¢c=7.559 A,
which agree reasonably well with the experimental results (at
4 GPa at a temperature of 25 °C['8 and at ambient pressure at
332 K[?3)), indicating the rationality of our selected pseudopo-
tential and exchange-correlation function.
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Fig. 1. (color online) (a) The structure of cubic perovskite NaMgF3,
and (b) the volume versus energy of cubic perovskite NaMgF3.

Table 1. The calculated lattice constants ag, bulk modulus By, pressure derivative of bulk modulus By, and equilibrium volume V; of cubic

NaMgF3.

ap/A

By/GPa B} Vo/A3

3.872(3.955%, 3.833%, 3.876°, 3.8369, 3.840°)

78.2 (87.9999) 3.97

58.05

a b ¢(Experiment), 1314181

3.2. The band structure and density of states

The computed electronic energy band structure along
the high-symmetry directions in the first Brillouin zone of
NaMgF3 is shown in Fig. 2. Table 2 presents the band-gap
energies along with the valence-to-conduction band transition
for cubic NaMgF3;. NaMgF; has a conduction band minimum
(CBM) at the I" point and valence band maximum (VBM) at

dab initio perturbed ion calculations,3* ¢a priori calculation. 3]

the R point. The band-gap width E¢ is 5.90 eV (R — I'). Thus,
NaMgF3 is an indirect and wide band-gap insulator. To fur-
ther elucidate the nature of the electronic band structure, we
also calculated the total and partial density of states (TDOS
and PDOS) of NaMgF3, as shown in Fig. 3. In the valence
band, the band with the lowest energy, between —48.38 eV and
—46.53 eV, is dominated by the Na 3s states. The band from
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—37.42 eV to —35.53 eV is a contribution mainly from Mg 2p
states. The bands lying between —21.03 eV and —18.23 eV
are hybridized with the F 2s and Na 2p states, and form two
separate peaks in the total density of states. The bands from
—5.12 eV to the Fermi level (at 0 eV) originate from the F 2p
states. In the conduction band, the bands starting from 5.12 eV
to 25.03 eV are major contribution to Na 2p and Mg 2p.
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Fig. 2. (color online) The electronic band structure of NaMgF3.

Table 2. The band-gap energies Eg(eV) and the symmetry of the
valence-to-conduction band transition for cubic NaMgFs.
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Fig. 3. (color online) The calculated total and partial density of states
for cubic NaMgFs3.

Mulliken population analysis3®37 is a good method for
studying the bonding behavior and understanding the charge
transfer between the cation and anion. Our calculated pop-
ulation analysis results are shown in Table 3. The positive
charge values represent the losing electron, and the negative
values represent the accepting electron. The charge transfer
from Na and Mg to F is about 0.30e and 2.03e, respectively.
It can be concluded that the Mg atom has a stronger ability
to lose electrons compared to the Na atom. The charge den-
sity distributions serve as a complementary tool to understand
the electronic structure of the system. The charge density dis-
tribution along the (111) plane of cubic NaMgF3 is shown in

Fig. 4. The covalent character of any material can be related to
the sharing of the charge between the cation and anion, while
the ionic character is related to the transfer between the cation
and anion. The covalent character of NaMgF; is due to the
hybridization of Na 2p with F 2s states around 21.00 eV. It can
be seen that most of the charge is populated in the F~Na bond
direction, while the maximum charge resides on the F and Na
sites. We also performed Mulliken overlap populations!36-38]
of cubic NaMgF3 to describe the interaction between atoms,
as listed in Table 4. The positive overlap populations indicate
the bonding between the atoms, while the negative represents
anti-bonding, and the values denote the intensity of bonding.
It is found that a mixture of ionic and weak covalent chemical
bonding exists in NaF, and a strong ionic bonding in MgF,.
Hence, cubic NaMgFj3 is a mixture bonding material. In par-
ticular, our calculated bond length of Mg—F is 1.936 A, in per-
fect agreement with the experimental data 1.937 A at 4 GPa at
a temperature of 1000 °C.!8!

Table 3. Mulliken population analysis of NaMgFs.

Species S p Total Charge/e
F 2.00 5.77 7.78 -0.78
Na 2.30 6.40 8.70 0.30
Mg 0.29 5.68 597 2.03

-1.688Xx10~!
-1.105X10~1
-5.217x102
-6.184X1073
-6.450X102

Fig. 4. (color online) Charge density on the (111) plane of cubic
NaMgFs3.

Table 4. Mulliken overlap populations of NaMgF3.

Bond Population Length/A
F-F -0.22 2.738

F-Na 0.52 2.738

F-Mg -3.30 1.936

3.3. Optical properties

The complex dielectric function € (0) = € (@) + i& (®)
is known to describe the optical properties of materials, where
€1 and & are the real and imaginary components of the dielec-
tric function, respectively. The excitonic effects are ignored,
while the local field effect is included under calculations. The
imaginary part & (®) is directly related to the electronic band
structure of a material and can describe the absorptive behav-
ior. The interband contribution to the imaginary part of the
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dielectric function is calculated by summing all possible tran-
sitions from occupied to unoccupied states, and then the imag-

inary part of the dielectric function & (®) is given by!3**1]
Ao 2
o) = (S5 ) [ i) - 5)
meos /g
x 8 (Ejx —Eix— ) d°k, (1)

where e is the charge of free electrons, m is the mass of free
electrons, @ is the frequency of incident photons, M is the
dipole matrix, i and j are the initial and final states, respec-
tively, f; is the Fermi distribution function for the i-th state,
and E; the energy of the electron in the i-th state with crystal
wave vector k. The real part & (®) of the complex dielectric
function can be obtained using the Kramers—Kronig relation-

ship in the form3%—41]

2 r~os(e)do
gw)=1+=-P | ————— 2
1 (@) +7t 0 (07— 2
where P denotes the principal value of the integral. The refrac-
tive index n(®) and extinction coefficient k(@) deduced by the
real and imaginary parts of the complex dielectric function can
also illuminate the optical properties of substance?~*!1

_ L1

n(@) = & (a))22+ & (o)’ L8 (2(1)) B
- Y

G

To give an overview of the optical properties of cubic
NaMgF3, we also calculated some other optical constants such
as reflectivity R(®), absorption coefficient /(®), electron en-
ergy loss spectrum L(®), and optical conductivity (). The

relationships are as follows: 3911

_|Ve(o)—1
RO = e+

1/2
1<w>ﬁ<w>[ el<w>2+ez<w>2sl<w>] . ©

2

; &)

-~ & ()
L{w)= £ (w)2+£2(w)27 @
G (0) =01 (0)+i0(0) = i 2le(@)—1]. @8

4

The real and imaginary parts of the dielectric function are
displayed in Fig. 5. From the real dielectric function & (),
information about the electronic polarizability of the mate-
rial can be obtained. The static dielectric constant within the
zero frequency limit is obtained as €;(0) = 1.95. There are
two negative scales for the ranges 54.14-54.62 eV and 58.53—
61.00 eV. This indicates that the cubic perovskite NaMgF;

shows a metallic behavior in these frequency zones. In the
curve & (@), there are mainly nine peaks, which are identified
by the symbols A (0.75 at 9.70 eV), B (1.17 at 12.19 eV), C
(0.97 at 14.29eV), D (2.08 at 17.39eV), E (0.11 at 36.36 eV),
F (1.95 at 51.74 eV), G (2.56 at 53.30 eV), H (1.04 at
55.95 eV), and I (1.32 at 58.24 eV). Peak A is mainly due
to the transition from F 2p (at —0.95 eV) in the valence band
to Na 3s (at 8.93 eV) in the conduction band at the X-point.
Peak B may be due to the electronic transitions from F 2p (at
—1.14eV)toNa2p (at 11.16 eV) at the M-point. Peak C arises
from the transitions: F 2p (at —0.71 eV) to Na 2p (13.34 eV)
at the I'-point and F 2p (at —4.25 eV) to Na 3s (10.21 eV) at
the R-point. Peak D originates from the following transitions:
F 2p (at —0.01 eV) to Mg 2p (at 17.31 eV) at M-point, F 2p
(at —2.41 eV) to Na 2p and Mg 3s (at 14.91 eV) at the X-
point, F 2p (at —1.24 eV) to Mg 2p (at 16.26 eV) and F 2p (at
—4.25 eV) to Na 2p (at 13.20 eV) at the R-point, respectively.
Peak E is a significant contribution from F 2s (at —19.24 eV)
to Mg 2p (17.28 eV) at the M-point and Na 2p (at —20.10 eV)
to Mg 2p (16.14 eV) at the I'-point. Peak F emerges from Mg
2p (at —36.49 eV) to Mg 3s (15.26 eV) at the X-point, and Mg
2p (at —36.50 eV) to Mg 3s (15.21 eV) at the M-point. Peak G
arises from the transitions Mg 3s (at —36.49 eV) to Mg 2p (at
16.91 eV) at the X-point, and peak H originates from Mg 3s
(at —36.49 eV) to Mg 2p (19.77 eV) at the X-point. Peak I is
mainly due to the transition from Na 3s (at —47.45 eV) to Na
2p (at 11.16 eV) at the M-point. The threshold energy of the
dielectric function occurs at Ey = 5.90 eV, which corresponds
to the fundamental gap at equilibrium. It is well known that
materials with band gaps larger than 3.1 eV work well in the
ultraviolet region of the spectrum.*?>#3! Therefore, NaMgF;
will work excellently in the UV region as an optical material.

3.0

Dielectric function

0 10 20 30 40 50 60 70
Energy/eV

Fig. 5. (color online) The calculated & (@) real and & (®) imaginary
parts of the complex dielectric constant of cubic NaMgF3.

The calculated refractive index n(®) and extinction coef-
ficient k() are depicted in Fig. 6. The static refractive index
n(0), which implies the important quantity, has the value 1.40,
which is similar to the experimental result for the orthorhom-
bic structure for NaMgF3 (n = 1.364).1"1 The maximum re-
fractive index is 1.67 at 51.00 eV. In the k(@) curve, the local
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maximum of the extinction coefficient k(@) corresponds to the
zero of €1 (@) (= 53.81 eV).

Refractive index

Energy/eV

Fig. 6. (color online) The calculated refractive index n(®) and the ex-
tinction coefficient k(@) of cubic NaMgF;.

The optical absorption coefficient /(@) of cubic NaMgF;
is shown in Fig. 7. The absorption edge E,, can be obtained
from the following relation:**!

ohv =C (hv —Ep)", ©)

where hv is the photon energy, C is a constant, and « is the
optical absorption coefficient. We use n = 0.5 for a direct
band-gap material and n = 2 for an indirect band-gap mate-
rial. Using the linear extrapolation method, the indirect ab-
sorption edge with phonon absorption (E;gndir — Epp) is deter-
mined to be 5.49 eV, where Eé“di‘ is the indirect band gap and
Eyn the phonon energy. This shows that the absorption edge
starts from about 5.49 eV, after which the intensity varies with
the increase in photon energy, and reaches a maximum value
of 8.74x10° at 53.81 eV. There is no electronic transition in
the low energy range (E < 5.49 eV) because the energy of the
photon is lower than the band gap of the material. The first
peak in the absorption spectrum occurs at 12.48 eV, and other
peaks occur at 18.09 eV, 36.39 eV, 53.81 eV, 56.10 eV, and
59.05 eV, respectively.
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Fig. 7. (color online) The calculated optical absorption coefficient and
variation of (atE)!/2 as a function of photon energy for cubic NaMgFs.

The calculated electron energy loss spectrum L(®), re-
flectivity R(®), and optical conductivity o(®) of cubic
NaMgF; are shown in Fig. 8. The loss function is an im-
portant parameter describing the energy loss of a fast electron
traversing in a material. Generally, the peak of the L(®) spec-
trum represents the characteristic associated with the plasma
resonance, and the corresponding frequency is the so-called
plasma frequency ®,. Figure 8(a) shows that the resonant en-
ergy loss occurs at 61.00 eV. The reflectivity R(w) is displayed
in Fig. 8(b). The zero-frequency reflectivity is 2.73%, which
remains almost the same up to about 5.50 eV. The small value
of reflectivity, as well as the absorption coefficient in the in-
frared and visible energy range, predicts that the material is
transparent in this range. Interestingly, the synthetic neigh-
borite with a composition of NaMgF3 and perovskite structure
was confirmed to be colorless and transparent, ! and thus can
be used as an anti-reflection coating material in this region
of 0-5.5 eV. Moreover, it may be more practical compared
with some of the other metal fluorides because of its lower

9.45:461 The maximum reflectivity value is 67.07%,

reflectivity. [
which occurs at 60.86 eV. Remarkably, the maximum energy
loss function occurs while the real part of the dielectric func-
tion € (@) goes below zero and the reflectivity starts decreas-
ing rapidly, as can be seen in Figs. 6, 8, and 9. Finally, the
optical conductivity o(w) of cubic NaMgF3 is also depicted

in Fig. 8.

30
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0 L1
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Reflectivity Loss function

Conductivity

Energy/eV

Fig. 8. (color online) Optical spectra as a function of photon energy for
cubic NaMgF3: (a) energy loss function, (b) reflectivity, and (c) optical
conductivity.

4. Conclusion

In summary, the structural, electronic, and optical proper-
ties of cubic perovskite NaMgF3 were calculated by perform-
ing density functional theory with local density approxima-
tions. The lattice constant ag, equilibrium volume Vj, bulk
modulus By , and its derivative of bulk modulus B6 were ob-
tained by fitting to the Birch-Murnaghan equation of state.
The electronic band structure shows that cubic NaMgF3 has a
wide indirect band gap of 5.90 eV. Cubic NaMgF;3 has strong
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ionic bonding in MgF; and a mixture of ionic and weak cova-
lent bonding in NaF. We also investigated the dielectric func-
tion, refractive index, absorption coefficient, energy loss spec-
troscopy, reflectivity, and optical conductivity in detail. The
static dielectric constant is obtained as £(0) = 1.95. Cubic per-
ovskite NaMgF3; shows dielectric behavior. Using the linear
extrapolation method, the absorption edge E; is determined to
be 5.49 eV. Besides, the material shows high transmittance and
low reflectivity in the 0-5.5 eV region. Thus, it can be used as
an anti-reflection coating material.
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