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In this study, a series of tetrafluoroborates with non-π-
conjugated [BF4] tetrahedra are investigated systematically by
first-principles calculations. Theoretical studies demonstrate
that tetrafluoroborates with alkali and/or alkaline-earth metals
are more favorable for deep-ultraviolet transmission and are
comparable to the classical deep-ultraviolet (deep-UV) material,
MgF2. Furthermore, bandgap decrease with the increasing of
ionic radii in alkali and/or alkaline-earth metals. Introducing
highly polarizable cations with d10-configuration or cations with
lone pair electrons into the structure will decrease the

bandgaps. The birefringence and second harmonic generation
effects are not large enough in tetrafluoroborates because
polarizability anisotropy and hyperpolarizability in non-π-con-
jugated [BF4] tetrahedra are much smaller than those in π-
conjugated groups. However, the second harmonic generation
effect for [BF4] tetrahedra has a higher contribution in
comparison with that due to birefringence. To effectively
synthesize the borate fluorides or fluorooxoborates in the deep-
UV region, raw materials with B� F bonds are preferred.

Introduction

Deep-ultraviolet (deep-UV, λ<200 nm, Eg>6.2 eV) materials
play an important role in optical communication and the laser
industry, such as nonlinear optical (NLO), birefringent, and self-
frequency-doubling laser materials.[1–14] Borates have been great
contenders in the search for new UV optical materials in recent
years due to their flexible structures.[1,5,15–19] Metal borates have
wider transmission ranges in the UV region owing to the
substantial difference in the electronegativity of boron and
oxygen atoms.[20,21] Over the past few decades, a series of
borate-based compounds have been developed, including α
and β-BaB2O4,

[22,23] LiB3O5,
[24] CsB3O5,

[25] and well-known deep-UV
material KBe2BO3F2 (KBBF),

[26] and many other reported borate
crystals such as Gd4B4O11F2,

[27] Ba2M(B3O6)2 (M=Mg and Ca),[28–29]

Sr2Be2B2O7,
[30] K5Ba2(B10O17)2(BO2),

[31] and Ca(BO2)2.
[32]

Theoretical and experimental studies have shown that the
addition of fluorine into borates results in borate fluorides or
fluorooxoborates,[21,27,33–38] which not only expands the structural
diversity but also improves the optical properties such as
bandgaps, birefringence, and second harmonic generation
(SHG).[5,20–21,39–41] For bandgaps, the fluorine with the largest
electronegativity can eliminate the dangling bonds of terminal
oxygen, and blue shifts the absorption edges. Also, fluorine can

substitute for oxygen to form oxyfluoride [BO4-xFx] (x=1, 2, 3,
abbreviated as [BOF]) units with strong polarizability anisotropy
and hyper-polarizability, which are beneficial for a larger
bandgap and wider deep-UV transmittance. The [BOF] units will
become [BF4] units by replacing all the four O atoms with F
atoms, resulting in tetrafluoroborates, such as BaCl(BF4)
(180 nm).[42] There are more studies on fluorooxoborates
compared to tetrafluoroborates. However, tetrafluoroborates
were often chosen as raw materials in the synthesis of new
compounds. So, tetrafluoroborates have come into the scope of
our research along with questions regarding UV cutoff edges,
birefringence, structures, or SHG coefficients. Currently, there
are few theoretical studies on tetrafluoroborates. The available
anhydrous tetrafluoroborate (composition search criteria: B,
F� O; “� ” means exclude the related elements) were checked
by screening the web-assisted inorganic crystal structure data-
base (ICSD with version 4.2.0, the latest release of ICSD-2020/
09/04)[43] and have been investigated theoretically and summar-
ized in this paper.

Results and Discussion

Space Group Statistics and Crystal Structure

In the current study, all the tetrafluoroborates with reasonable
structures were considered as the source data to investigate the
structure-properties relationship (Table S3, SI). The bond lengths
of B� F and space group statistics are summarized as follows:

(1) The bond lengths of B cations and F anions range from
1.242 to 1.529 Å, which agree with reasonable values. As shown
in Figure 1, most of the B� F bond lengths are distributed in the
range of 1.341–1.440 Å (82.04%). The shortest bond length
(1.240-1.290 Å, 0.78%) exists in only one case, Sn5F9(BF4),

[44]

whereas the longest bond length (1.491–1.540 Å, 5.47%) is only
found in one compound, Ba2(BF4)2.

[45]
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(2) The obtained statistics from Figure 2 and Table S3 show
that the tetrafluoroborates span the five crystal systems:
monoclinic, orthorhombic, tetragonal, trigonal, and hexagonal
systems. The related proportions are found to be 30.77, 53.85,
3.85, 3.85, and 7.69% for these five branches, respectively.
Among them, the most common space group is orthorhombic
Pnma (No. 62), and nearly 30.77% of the tetrafluoroborates are
crystallized in this space group. In addition, P21/c (No. 14) and
Pbca (No. 61) make up the rest of the top three types of space
groups. For the remaining types, there are eight space groups,
including C2/m, Pmn21, Imm2, Cmcm, I41/amd, P3121, P2 m, P63/
mmc. Only seven crystallographic point groups are found: 2/m,
mm2, mmm, 4/mmm, 32, m and 6/mmm, respectively. Most
tetrafluoroborates crystallize in the centrosymmetric (CS) space
group except for BaCl(BF4),

[42] K3Na4(SiF6)3(BF4),
[46] Ba(BF4)(PF6),

[47]

and Li(BF4)
[48] which are crystallized in the non-centrosymmetric

(NCS) space group. Apart from Li2F(BF4),
[49] Ba(BF4)(PF6),

[47]

Ba2(BF4)2(AsF6)(H3F4),
[47] and Li(BF4),

[48] which belongs to biaxial
crystals, the vast majority of tetrafluoroborates are uniaxial
crystals.

Alkali or alkali earth metal-tetrafluoroborates that are free of
d-d or f-f electronic transitions are considered first. The B atoms
are tetrahedrally coordinated with the F atoms, forming the
[BF4] tetrahedra. For the IA group, they all crystallize in the
monoclinic system, whereas Li(BF4)

[48] crystallizes in the trigonal
system with higher symmetry. Figure S1 in the SI shows their
structures. For Li(BF4),

[48] there is one Li, one B, and two F atoms
in an asymmetric unit. Li atoms are tetra-coordinated to F
atoms to form [LiF4] tetrahedra, and this form two-dimensional

(2D) layers with [BF4] tetrahedra. These 2D layers are further
connected by the F atoms to form the final three-dimensional
(3D) network (Figure S1a, SI). For Na(BF4),

[50] there is one unique
Na, one unique B, and two unique F atoms in its asymmetric
unit. Na atoms are bonded to eight F atoms to form [NaF8]
polyhedra, which combine to [BF4] tetrahedra to form the 3D
network (Figure S1b, SI). For A(BF4) (A=K, Rb, Cs),[51,52] there is
one unique K/Rb/Cs, one B, and three F atoms in their
asymmetric units, respectively. K atoms are linked to ten F
atoms to form [KF10] polyhedra. Rb/Cs atoms are linked to
twelve F atoms to form [Rb/CsF12] polyhedra. They form a 3D
framework by combining with the [BF4] tetrahedra (Figures S1c,
S1d and S1e, SI). For the IIA group, Ca(BF4)2

[53] and Sr(BF4)2
[45,54]

crystallize in the monoclinic system with similar structures
whereas Ba(BF4)2

[45] and Ba2(BF4)4
[55] crystallize in the orthorhom-

bic system. Their structures are shown in Figure S2 in the SI. For
M(BF4)2 (M=Ca, Sr),[45,53,54] the asymmetric unit contains one,
two, and eight crystallographic-independent M, B, and F atoms,
respectively. M atoms are octa-coordinated to F atoms, forming
[MF8] polyhedra. [MF8] polyhedra and [BF4] tetrahedra make up
the final 3D network by sharing F atoms (Figures S2a and S2b,
SI). Ba(BF4)2

[45] has one Ba, one B, and three F atoms in an
asymmetric unit. Ba atoms are coordinated with ten F atoms to

Figure 1. The bond lengths of B� F in tetrafluoroborates.

Figure 2. Analysis of space group and crystallographic point groups of
tetrafluoroborates.
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form [BaF10] polyhedra that further link together to form one-
dimensional (1D) chains by edge-sharing (Figure S3a, SI). The
1D chains are composed of a 3D network by [BF4] tetrahedra
(Figures S2c, SI). Ba2(BF4)4,

[45] have two Ba, four B, and sixteen F
atoms. Ba atoms are nine-coordinated to F atoms, forming
[BaF9] polyhedra. As shown in Figure S3b in SI, two [BaF9]
polyhedra are formed to an isolated [Ba2F16] unit by edge-
sharing. The isolated [Ba2F16] units make up a 3D network by
[BF4] tetrahedra (Figures S2d, SI).

Electronic Structure

Figure 3 shows the plotted values of the bandgaps for the
tetrafluoroborates using the HSE06 method. Some tetrafluor-
oborates, including A(BF4) (A=NH4, Li, Na, K, Rb, Cs),

[48,50–52]

M(BF4)2 (M=Ca, Sr, Ba),[45,53,54] and Ba(BF4)(PF6)
[47] have advan-

tages in deep-UV transmission when compared to the famous
deep-UV material, MgF2 (130 nm, corresponding to 9.538 eV).

[56]

Alkali and/or alkaline earth-metal tetrafluoroborates have been
suggested as potential materials for the deep-UV transmission
range (Table S4, SI). The deep-UV cutoff edge of BaCl(BF4)

[42] is
about 180 nm, corresponding to 6.889 eV. As a consequence of
the difference of exchange-correlation, its calculated bandgap
is 5.55 eV which is smaller than that reported in this paper.
Figures S4 and S5 in the SI show the partial density of states
(PDOS), which are calculated by GGA-PBE of A(BF4) (A=Li, Na, K,
Rb, Cs)[48,50–52] and M(BF4)2 (M=Ca, Sr, Ba),[45,53,54] respectively. In
the A(BF4)

[48,50–52] and M(BF4)2
[45,53,54] tetrafluoroborates series,

near the top of the valence bands (VBs) is mainly occupied by F
2p orbitals while the bottom edges of the conduction bands
(CBs) are mainly dominated by A/M s orbitals (Figures S4 and S5
in the SI). This indicates that the bandgaps of the two series of
tetrafluoroborates are controlled by A/M� F units. As the F 2p
orbitals in the two series of tetrafluoroborates are mostly
occupied near the top of the VBs, only the bottom of the CBs is
of concern now. In Figure 4, the F 2p orbitals and A/M s orbitals
are plotted. The distance between the Cs s orbitals and the

Fermi surface is shorter than that between the Li s orbitals and
the Fermi surface, resulting in the values of bandgaps for
Cs(BF4)

[51] being smaller than that for Li(BF4)
[48] (Figure 4a). The

differences in distances between M s orbitals and the Fermi
surface are very small, which leads to slight differences in their
bandgaps. However, their bandgaps still follow this rule:
Ca(BF4)2

[53]>Sr(BF4)2
[45,54]>Ba(BF4)2

[45] (Figure 4b). Thus, as the
cation radius increases, the closer the A/M s orbitals are to the
Fermi surface, the smaller the bandgaps (Figures 4, S4 and S5).

When cations with a lone pair or highly polarizable cations
are introduced into tetrafluoroborates, the cutoff edge is red-
shifted. This corresponds to the smaller bandgaps like Cd-
(BF4)2

[45,57] with 6.580 eV, Sn5F9(BF4)
[44] with 3.597 eV. Figure S6 in

SI describes the PDOS of Li(BF4),
[48] Ca(BF4)2

[53] Cd(BF4)2,
[45,57] and

Sn5F9(BF4)
[44] calculated by GGA-PBE. Near the top of VBs and

the bottom of CBs are mainly occupied by F 2p orbitals and Li/
Ca/Cd s orbitals, respectively (Figures S6a, S6b, and S6c, SI),
except for Sn5F9(BF4), which is occupied by Sn 5 s, Sn 5p, F 2p,
and Sn 5p orbitals, respectively (Figure S6d, SI). This phenomen-
on indicates that the materials containing the lone pair or
highly polarizable cations are unsuitable as potential deep-UV
transmission materials. The PDOS of Sn5F9(BF4)

[44] is different
from other tetrafluoroborates such as A(BF4),

[48,50–52] M-
(BF4)2

[45,53,54] and Cd(BF4)2.
[45,57] In Figure S7 in SI, the PDOS of

other Sn-containing tetrafluoroborates such as Sn3F5(BF4) and
Figure 3. The values of bandgaps for tetrafluoroborates under the condition
of HSE06.

Figure 4. The A/M s orbitals and F 2p orbitals in the series of (a) A(BF4) and
(b) M(BF4)2 tetrafluoroborates.
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Sn2F3(BF4)
[58] are plotted. As depicted in Figure S7 in SI, near the

bottom of the CBs for Sn3F5(BF4) and Sn2F3(BF4)
[58] are the same

as Sn5F9(BF4),
[44] which are predominantly dominated by Sn 5p

orbitals. As shown in Figure S7a in SI, there are Sn 5 s, Sn 5p,
and F 2p orbitals near the top of the VBs for Sn3F5(BF4)

[58] similar
to Sn5F9(BF4),

[44] while for Sn2F3(BF4),
[58] there are Sn 5 s and Sn

5p orbitals (Figure S7b, SI). To analyze the differences near the
top of the VBs in the three Sn-containing tetrafluoroborates, the
coordination environments of cations have been considered.
The coordination environment of B atoms is bonded to the four
F atoms to form [BF4] tetrahedra, while that of Sn atoms is
different (Figure S8, SI). In Sn5F9(BF4)

[44] and Sn3F5(BF4),
[58] the Sn

atoms are not only bonded to three F atoms to form [SnF3]
units but also bonded to four F atoms to form [SnF4] groups
(Figures S8a and S8b, SI). But in Sn2F3(BF4),

[44] there is one
coordination environment of Sn atoms coordinating to three F
atoms to construct [SnF3] units (Figure S8c, SI). This may explain
the differences near the top of VBs for the three Sn-containing
tetrafluoroborates.

Optical Properties

Birefringence is a very important property of optical crystal
materials. The calculated values are given in Table S2 in SI. The
calculations show that tetrafluoroborates have very small
birefringence because there are no π-conjugated groups in
those structures. However, five tetrafluoroborates have larger
birefringence than others, which include In(BF4)

[59]

0.047@1064 nm, ClF2(BF4)
[60] 0.193@1064 nm, Sn5F9(BF4)

[44]

0.047@1064 nm, Sn3F5(BF4)
[58] 0.073@1064 nm, Sn2F3(BF4)

[44]

0.052@1064 nm. The real space atom cutting (RSAC)[61] method
was used to analyze the birefringence contribution of the [BF4]
tetrahedral group quantitatively. During RSAC operation, the
cutting radii follow the basic principle of “keeping the atomic
spheres in contact with each other without overlapping”. The
cutting radii of B and F atoms for the five compounds are set to
0.20 Å (B), 1.20 Å (F), respectively. The cutting radii of other
atoms are set as follows: for In(BF4),

[58] 0.74 Å (In); for ClF2(BF4),
[60]

0.42 Å (Cl); for Sn5F9(BF4),
[44] 0.76 Å (Sn); for Sn3F5(BF4),

[57] 0.87 Å
(Sn); for Sn2F3(BF4),

[57] 0.73 Å (Sn). The [BF4] tetrahedral groups
are cut, and the obtained contributions are shown in Table 1.
Regarding the five tetrafluoroborates, the non-π-conjugated
[BF4] tetrahedral groups make little contribution to the
birefringence except for ClF2(BF4).

[60] In short, the non-π-
conjugated [BF4] tetrahedron is not a “good gene” to synthesize
birefringent materials.

There are four tetrafluoroborates crystallized in non-centro-
symmetric space groups. Their SHG coefficients are also
calculated (dij<0.010 pm/V is omitted), including BaCl(BF4),
d15=0.103 pm/V, d33= � 0.265 pm/V; K3Na4(SiF6)3(BF4), d24=
0.057 pm/V; Ba(BF4)(PF6), d16= � 0.017 pm/V, d22=0.017 pm/V;
Li(BF4), d16= � 0.087 pm/V, d22=0.087 pm/V. The birefringence
of these tetrafluoroborates is 0.001@1064 nm except for
BaCl(BF4) whose birefringence is 0.014@1064 nm. Hence,
BaCl(BF4) is of interest. According to the results from Figure 5,
we found that the main contributions of the occupied and
unoccupied states are the F atoms, B atoms, and Cl atoms with
a little contribution, respectively, which indicates the [BF4]
tetrahedral groups dominant the SHG response. According to
the anionic group theory, as the cation contribution for SHG is
very small, the total SHG response is also very weak.[62] The [BF4]
tetrahedral groups are cut by using the RSAC method.
Consequently, the SHG coefficients decrease (d15=0.995×
10� 4 pm/V, d33=0.677×10

� 2 pm/V). Thus, the non-π-conjugated
tetrahedral groups play a significant role in the SHG response
for NLO materials that do not contain the planar units.

Conclusions

To summarize, the first-principles method was used to inves-
tigate the electronic structures and related optical properties of
tetrafluoroborates with non-π-conjugated [BF4] tetrahedra. The
theoretical studies reveal that tetrafluoroborates are beneficial

Table 1. The calculated birefringence and the RSAC analysis.

Birefringence (@1064 nm)
compounds

Original After RSAC

In(BF4) 0.047 0.040
ClF2(BF4) 0.193 0.122
Sn2F3(BF4) 0.052 0.051
Sn3F5(BF4) 0.073 0.083
Sn5F9(BF4) 0.047 0.051 Figure 5. The SHG density of (a) occupied and (b) unoccupied in BaCl(BF4).
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to have deep-UV region transmission that are comparable to
classical deep-UV materials such as MgF2. Moreover, the
bandgaps decrease with the increasing of cation radii for alkali
or alkaline earth metals. When the cations with lone pair
electrons or highly polarizable cations with d10-configuration
are introduced into the structures, the bandgaps decrease due
to the different distances between s/p orbitals and the Fermi
surface. Also, the birefringence and SHG effects are not very
large in tetrafluoroborates because of the little polarizability
anisotropy and hyperpolarizability in non-π-conjugated [BF4]
tetrahedra. Therefore, the contribution of [BF4] tetrahedra to the
birefringence is small. However, [BF4] tetrahedra play an
important role in the SHG response for the compounds which
do not contain planar units by using the RSAC method.

Computational Section
The plane wave pseudo-potential method based on the density
functional theory (DFT) in the CASTEP package[63,64] was used to
calculate the electronic structures and optical properties of
tetrafluoroborates. During the calculation, the exchange-correlation
potential was based on the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional.[65] The
norm-conserving pseudopotentials (NCP)[66,67] in the Kleinman-By-
lander form were used to treat valence electrons: Li 2s1, Na
2s22p63s1. K 3s23p64s1, Rb 4s24p65 s1, Cs 5s25p66s1, Ca 3s23p64s2, Sr
4s24p65s2, Ba 5s25p66s2, Sn 5s25p2, In 5s25p1, As 4s24p3, Ta 5d36s2, Cd
4d105s2, Bi 5d106s26p3, Ag 4s24p64d105s1, Tl 5d106s26p1, B 2s22p1, F
2s22p5, Cl 3s23p5, N 2s22p3, P 3s23p3. In this paper, the non-local
exchange functional HSE06[68,69] was used to obtain more accurate
values of bandgaps. HSE06 is a widely used hybrid functional with
relatively high efficiency and can evaluate the optical bandgap of
the material in the absence of the experimental bandgap. And, in
order to ensure the consistency between the experimental and the
calculated results, the scissors operator was adopted in this
manuscript, where the scissors operator was set as the difference
between the HSE06 functional and GGA-PBE band gaps.[33,39,70] The
kinetic energy cutoff for all the compounds in the simulation of
tetrafluoroborates is 940 eV. Table S1 in the SI lists the Monkhorst-
Pack k-points of tetrafluoroborates.

The imaginary part of the dielectric function ɛ2, which is based on
electronic structures, can be calculated, and its real part is
determined by the Kramers-Kronig transformation. Then, the
refractive indices and the birefringence Δn can be obtained. The
difference between the GGA-PBE and HSE06, which are listed in
Table S2 in the SI, was used to scissor-correct the optical properties
calculation.[33,39,70] The SHG coefficients were calculated by the
CASTEP package using the calculated band structures (Table S2, SI).
At the limit of zero frequency, the second-order nonlinear
susceptibilities, χαβγ

(2)(0), can be expressed as the sum of the
contribution of the virtual-electron (VE) processes and the virtual-
hole (VH) processes:

Here, α, β, γ subscripts show Cartesian components while v, v’, and
c, c’ denote the valence bands (VBs) and conduction bands (CBs).
P(αβγ), ωij and Pij

α denote full permutation, band energy difference,
and momentum matrix elements, respectively.[71]
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