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A B S T R A C T

The nonlinear optical performance of materials is closely related to the type and arrangement of their anionic frameworks. One-dimensional (1D) anionic frameworks 
exhibit strong anisotropy and facilitate the alignment of functional units. Here, two low-energy metastable borate fluorides compounds, SrBO2F and BaBO2F con
taining 1D [BO2]∞ chains were predicted using the evolutionary algorithm USPEX combined with density functional theory. Both crystallize in the monoclinic non- 
centrosymmetric space group C2. Phonon and electronic structure calculations revealed a reduced dimensionality of the energy bands, with 2D and 1D dispersion 
relations present in the band structures. Independent-particle approximation and density functional perturbation theory calculations have shown large birefringence 
and second-harmonic generation coefficients comparable to KH2PO4. The real-space atom-cutting method revealed that the second harmonic generation of SrBO2F 
and BaBO2F is primarily contributed by the [BO2]∞ infinite chains. The combination of deep-ultraviolet transparency (cut-off edge 184 nm for SrBO2F and 195 nm for 
BaBO2F), non-centrosymmetric crystal structure, and optical anisotropy identifies SrBO2F and BaBO2F as promising candidates for DUV applications.

1. Introduction

Nonlinear optical (NLO) materials serve as the cornerstone of solid- 
state laser technology, enabling revolutionary advances in fields ranging 
from material processing to optical communication and high-resolution 
spectroscopy [1–3]. In particular, ultraviolet (UV) and deep-ultraviolet 
(DUV, λ < 200 nm) laser sources are increasingly important for appli
cations such as water purification [4] and for phototherapy [5]. The 
pursuit of powerful, tunable coherent light sources in the ultraviolet 
(UV) and DUV regions is particularly critical, driven by the limitations of 
conventional excimer lasers [6].

Among inorganic materials, borates stand out as some of the most 
successful NLO crystals. They combine a wide optical transparency 
window, high laser damage thresholds, and a strong tendency to form 
non-centrosymmetric frameworks—an essential condition for second- 
harmonic generation (SHG) [7–9]. This promise is exemplified by 
landmark materials such as β-BaB2O4 (BBO) [10], celebrated for its 
strong nonlinearity and broad transparency. More recently, KBe2BO3F2 
(KBBF, SHG output wavelength: 165 nm); RbBe2BO3F2 (RBBF, 180 nm); 
NH4B4O6F (ABF, 158.9 nm); Cs3[(BOP)2(B3O7)3] (199 nm); C(NH2)3BF4 

(193.2 nm) achieved coherent SHG below 200 nm [11–15], However, 
the technological application of KBBF is limited by the toxicity of 
beryllium compounds and its pronounced layer anisotropy, which hin
ders crystal growth. The subsequent development of Sr2Be2B2O7 (SBBO) 
has aimed to overcome these crystal growth issues while preserving 
optimal optical properties [16]. With the advancement of technology 
and industry, there is a growing need to design more high-performance 
DUV NLO materials.

Materials on which we are focusing contain borate and fluorine units 
to construct borate fluorides and fluorooxoborates, which are predicted 
to be capable of reducing the symmetry and thus increasing the chances 
of obtaining a non-centrosymmetric structure [17]. Alkaline earth (Ae) 
metals, particularly barium and strontium, are highly prevalent in 
borate crystals. A key advantage of these elements is their electronic 
configuration, which lacks d- or f-orbital transitions. This absence is 
critical, as it prevents electronic absorptions in the ultraviolet range, 
enabling transparency well below 200 nm. Fluorine incorporation into 
the B-O network has yielded a rich structural chemistry, as evidenced by 
such compounds as BaB2O3F2 [18], which features unique wave-like 
layers containing mixed [BO4] and [BO3F] units, and the Ae3B6O11F2 

* Corresponding author.
E-mail address: Daria.Barma@skoltech.ru (D.D. Barma). 

Contents lists available at ScienceDirect

Computational Condensed Matter

journal homepage: www.elsevier.com/locate/cocom

https://doi.org/10.1016/j.cocom.2026.e01417
Received 25 May 2026; Received in revised form 29 July 2026; Accepted 31 July 2026  

Computational Condensed Matter 48 (2026) e01417 

Available online 6 August 2026 
2352-2143/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0001-9222-1166
https://orcid.org/0000-0001-9222-1166
https://orcid.org/0009-0005-9369-7824
https://orcid.org/0009-0005-9369-7824
https://orcid.org/0000-0003-2121-9995
https://orcid.org/0000-0003-2121-9995
https://orcid.org/0000-0002-5938-4542
https://orcid.org/0000-0002-5938-4542
mailto:Daria.Barma@skoltech.ru
www.sciencedirect.com/science/journal/23522143
https://www.elsevier.com/locate/cocom
https://doi.org/10.1016/j.cocom.2026.e01417
https://doi.org/10.1016/j.cocom.2026.e01417


(Ae = Sr, Ba) family [19]. Critically, these materials frequently crys
tallize in non-centrosymmetric space groups, enabling strong 
second-harmonic generation (SHG). For instance, Ba3B6O11F2 exhibits a 
large SHG response (~3 × KDP) and a deep-UV cutoff below 190 nm, 
while BaB2O3F2 demonstrates an exceptionally high SHG coefficient 
(d31 = 1.57 p.m./V) and a cutoff edge as short as 175 nm. Nonetheless, 
other promising candidates such as Ba4B11O20F, face challenges such as 
insufficient birefringence for phase matching [20]. At the same time 
SrB5O7F3 demonstrates birefringence equal to 0.070 at 1064 nm and 
SHG response 1.6 × KDP [21].

Despite these advances, achieving a combination of strong SHG 
response, adequate birefringence, and DUV transparency remains a 
major challenge. To address this, we considered the Sr-B-O-F and Ba-B- 
O-F systems as a possible source of new promising DUV NLO materials 
and employed computational structure prediction of crystals with the 
AeBO2F (Ae = Sr, Ba) composition using the USPEX evolutionary algo
rithm, machine learning interatomic potentials and density functional 
theory. Our modeling allowed us to identify new low-energy metastable 
SrBO2F and BaBO2F borate fluoride crystals that simultaneously achieve 
sub-200 nm transparency, phase-matchable birefringence, and SHG 
coefficients exceeding 3 × KDP.

2. Computational methodology

The search of the ground state crystal structures of SrBO2F and 
BaBO2F materials was performed with the use of the evolutionary global 
optimization code USPEX [22]. The structure search and refinement 
were carried out in three stages.

In the first stage, global optimization was conducted for SrBO2F and 
BaBO2F systems with the possible number of atoms in the unit cell 
varying from 5 to 50. At this stage, the local optimization of structures, 
generated by USPEX, was performed with the Mattersim deep learning 
model via the Atomic Simulation Environment [23]. The use of machine 
learning force fields greatly speeds up the search, which is important for 
such complex compounds as borates.

In the second stage, the resulting SrBO2F and BaBO2F structures were 
collected and used as starting structures for a more accurate calculation 
within the projector augmented waves density functional theory 
method, as implemented in the VASP code [24]. To enhance the struc
tural diversity and robustness of the global optimization, the starting set 
for SrBO2F was supplemented with structures of BaBO2F where Ba was 
replaced by Sr, and vice versa. The Perdew-Burke-Ernzerhof generalized 
gradient approximation was used as the exchange-correlation functional 
[25]. The plane-wave cutoff energy was set to 600 eV. PAW potentials 
were chosen as recommended by VASP developers. The valence con
figurations of the chosen PAW potentials were 2s2 2p1 for B, 2s2 2p4 for 
O, 2s2 2p5 for F, 4s2 4p6 4d0.001 5s1.999 for Sr and 5s2 5p6 5d0.01 6s1.99 for 
Ba. The k-point grids were created based on the spacing between 
neighboring k-points equal to 0.08 2π*Å− 1. Gaussian smearing of elec
tronic occupations with a smearing width of 0.08 eV was used at this 
stage.

Finally, the lowest energy structures from stage 2 were collected and 
recalculated together with other low-energy compounds within the Sr-B- 
O-F and Ba-B-O-F systems to estimate their thermodynamic stability 
based on their height above the convex hull. We used the Materials 
Project database [26] as a source for known low-energy compounds. As 
some of these structures are known to be spin-polarized (for example, 
SrB8O15, SrBO3, Sr2(BO2)11, Ba(BO2)5), we considered spin-polarization 
in this final recalculation. The k-point resolution and smearing width 
have been changed to 0.06 2π*Å− 1 and 0.05 eV, respectively.

For subsequent linear and nonlinear optical properties calculations, 
the unit cells of SrBO2F and BaBO2F, obtained during global optimiza
tion, were converted to primitive cells with use of the SPGLIB library 
[27].

Linear optical properties were calculated within the independent- 
particle approximation (IPA) from the electronic band structure 

following the approach of Gajdoš et al. [28], as implemented in the 
VASP package. For these calculations, we used special versions of the 
PAW-potentials that were optimized for calculations requiring a large 
number of unoccupied states well above the Fermi level. Such potentials 
provide a robust description of conduction-band states and ensure the 
accuracy of optical spectra. During these calculations, the plane-wave 
cutoff energy was set to 600 eV, and the k-point grid was set equal to 
18 × 18 × 4, corresponding to the k-point resolution of ~0.0143 
2π*Å− 1. Brillouin zone integration has been performed using the tetra
hedron method with Blöchl corrections. To correct for the band gap 
underestimation inherent in GGA-PBE, we performed an additional 
electronic structure calculation using the more accurate Heyd–Scuser
ia–Ernzerhof hybrid functional [29].

The nonlinear optical coefficients dij, were computed using density- 
functional perturbation theory (DFPT) in the finite electric field with 
perturbation expansion after discretization (PEAD) approach as imple
mented in the ABINIT software [30]. The method, initially developed by 
Dal Corso et al. [31] has demonstrated excellent agreement with other 
ab initio methods and experimental results. It is based on the (2n+1) 
theorem, which allows to compute third order energy derivatives 
knowing only ground-state energy and first-order wave functions [32]. 

Fig. 1. Crystal structure of the predicted BaBO2F, shown along the primitive 
directions b (a) and c (b). The Cartesian axes are also shown. The primitive unit 
cell is marked with black solid lines. Atoms of barium, boron, oxygen and 
fluorine are shown as big light green, small dark green, red and blue spheres. 
The coordination polyhedra, constituent the crystal, are shown next to the 
respective layers (a). The top-view of the primitive cell reveals the one- 
dimensional character of the interconnected trigonal BO3 fragments, that are 
oriented along the Cartesian y-axis (b).
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Optimized Norm-Conserving Vanderbilt (ONCV) pseudopotentials were 
used for calculations [33]. For both SrBO2F and BaBO2F, the plane-wave 
cut-off energy was chosen equal to 40 Hartree and the k-point resolution 
was set to 0.02 2π*Å− 1.

Phonon calculations were carried out using density functional 
perturbation theory as implemented in Quantum ESPRESSO software 
[34]. The same ONCV pseudopotentials [33] were used for the 
description of electron-ion interaction. Exchange and correlation were 
treated within the GGA-PBE functional. The plane-wave kinetic energy 
cutoff of 80 Ry and a 4 × 4 × 1 k-point grid were used for the 
self-consistent field procedure. Before the phonon calculations, the ge
ometries of the investigated structures were reoptimized. After the ge
ometry optimization, the dynamical matrices were computed on a 
uniform 4 × 4 × 2 q-point grid. The interatomic force constants were 
obtained via Fourier transformation and used to calculate phonon 
dispersion relations along high-symmetry directions in the Brillouin 
zone. The calculation of phonon densities of states was performed on a 
dense 24 × 24 × 6 q-point grid.

3. Results and discussion

The evolutionary structure search revealed similar lowest-energy 
crystal structures for both SrBO2F and BaBO2F compounds. Both com
pounds are found in space group C2 of the monoclinic system and 
contain 4 formula units in their primitive cells. The crystal structures in 
CIF format and primitive cells in POSCAR format for both structures are 
given in the Supplementary Information. The structure of BaBO2F is 
shown in Fig. 1. It features [BO2]∞ chains of corner-sharing BO3-tri
angles and Ba (or Sr) atoms in a distorted cubic coordination (forming 
AeO8, AeF8 and AeO4F4 cubes).

Alternating layers (Fig. 1(a)) are clearly distinguished. 

1. Layers 1 and 7 contain AeF8 cubes—the most symmetric units in the 
structure, since all vertices are occupied by fluorine atoms. The Me–F 
bond length ranges from 2.69 to 2.7 Å.

2. Layers 2 and 6 consist of mixed AeO4F4 polyhedra. The reduction in 
symmetry relative to layer 1 (7) arises from partial substitution of 
fluorine by oxygen, which possesses a slightly larger ionic radius. 
The Ae–F bond lengths are 2.69–2.73 Å, and the Ae–O bond lengths 
are 2.74–2.87 Å.

3. Layers 3 and 5 are composed of interconnected trigonal BO3 frag
ments tilted by approximately 18.40◦ with respect to each other. 
These groups share oxygen atoms to form [BO2]∞ chains repeating 
along the Cartesian y-axis. The B–O bond lengths are 1.42, 1.40, and 
1.34 Å.

4. Layer 4 features AeO8 polyhedra. The symmetry reduction compared 
to AeF8 is attributed to the absence of coupling with the buffer layer 
AeO4F4 and to direct contact with the BO3 layer, which induces a 
moderate distortion of the polyhedron.

It is worth contrasting the [BO2]∞ chain architecture formed by the 
corner-sharing BO3 triangles of layers 3 and 5 with the anionic frame
work of the benchmark KBBF structure. In KBBF, BO3 groups are cova
lently linked within each layer into a near-planar two-dimensional 
Be2BO3 network, but adjacent layers interact only weakly, which has 
been identified as the structural origin of the pronounced layer growth 
habit that hinders large-crystal growth. A strategy of suppressing this 
layered growth habit by strengthening the connectivity between layers 
(or structural fragments) has been successfully implemented in the more 
recently reported (NH4)3B11PO19F3 (ABPF) [35], where strong B–O–P 
covalent linkages connect the [B5PO10F]∞ layers and were shown to 
mitigate the limitations of the KBBF-type layered habit. In SrBO2F and 
BaBO2F, the individual BO3 triangles are oriented approximately 
perpendicular to layers 2 (6) and 4 – in direct contrast to KBBF, where 
the BO3 plane normal is parallel to the stacking axis, keeping each tri
angle confined within its layer. Consecutive triangles along the [BO2]∞ 

chain are additionally tilted by ~18.4◦ with respect to each other 
(Fig. 1), producing a zigzag chain geometry. This near-perpendicular 
orientation naturally brings the chain oxygen atoms into direct con
tact with the coordination polyhedra of the adjacent Sr/Ba-containing 
layers, providing three-dimensional connectivity across the stack, in 
contrast to the coplanar, layer-confined BO3 network of KBBF. This 
direct interlayer linkage is structurally analogous in spirit to the 
interlayer-bridging strategy noted above for ABPF, and may likewise 
offer a route to reduced growth anisotropy compared to KBBF-type 
materials.

The first Brillouin zone of BaBO2F is shown in Fig. 2 (the figure is 
plotted with use of the Brillouin.jl [36] package for the Julia program
ming language). The coordinates of high-symmetry points, which will be 
further used for band structure calculations are: X=(− 0.339, 0.339, 0), 
Γ=(0, 0, 0), Y1=(0.5, 0.5, 0), F2=(0.496, 0.496, 0.168), Z=(0, 0, 0.5), 
M=(− 0.5, 0, 0.5). For SrBO2F the coordinates are the same except for X 
and F2: X=(− 0.350, 0.350, 0), F2=(0.496, 0.496, 0.156).

The thermodynamic stability of the obtained crystals was estimated 
based on the heights of their formation energies above the convex hull. 
Our results indicate that both predicted phases are very close to the 
convex hull, only 7 meV/atom and 6 meV/atom above for SrBO2F and 
BaBO2F, respectively. These values can be compared with those of the 
experimentally observed borates and borate fluorides with similar 
compositions. Some of such materials lie exactly on the convex hull, like 
the isostructural compounds Sr3B6O11F2 and Ba3B6O11F2, which have 
been characterized as promising for nonlinear optics (d11 = 1.39 p.m./V 
and d11 = 1.58 p.m./V respectively) [19]. But at the same time experi
mentally observed borate fluorides such as NaBe2BO3F2 (d11 = 0.74 p. 
m./V) and BaY6(Si3B6O24)F2 (d33 = 4.61 p.m./V) have similar energies 
above the convex hull equal to 6 meV/atom and 8 meV/atom, respec
tively [37,38]. The experimentally observed borate SrB4O7 [39] is also 7 
meV/atom above the convex hull. Therefore, the predicted low-energy 
metastable phases have potential for synthesis under nonequilibrium 
conditions or via targeted doping.

To investigate the dynamical stability of the predicted compounds, 
we calculated the phonon frequencies across the first Brillouin zone in 
frames of DFPT. The resulting phonon band structures, calculated along 
the high-symmetry path X-Г-Y1-F2-Z-Г-M in reciprocal space, together 
with the projected and total densities of phonon states, are shown in 
Fig. 3. The absence of imaginary frequencies indicates the dynamical 
stability of SrBO2F and BaBO2F (minor negative frequencies with a 
magnitude of ~ -2 cm− 1 around Г are attributed to numerical inaccur
acies). The phonon band structures of both materials are very similar. 
The displacements of metal atoms contribute mostly to the phonon 
states with frequencies below ~200 cm− 1. Fluorine has the strongest 
contribution to states below ~350 cm− 1. The displacements of boron 
and oxygen atoms are presented in the entire frequency range. The states 
above ~350 cm− 1 have the highest contributions from B and O. Most of 
these states are remarkable due to their clearly reduced dimensionality, 
which is expressed in almost absent dispersion in Г-Z, Г-Y1 and F2-Z 

Fig. 2. First Brillouin zone of BaBO2F. Dark blue arrows depict the reciprocal 
lattice vectors; red arrows show the Cartesian axes. High-symmetry points and 
lines between them illustrate the path for the band structure calculations.
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directions. Such band shape makes these phonon bands effectively one- 
dimensional, which is a consequence of the specific feature of the crystal 
structures, where [BO2]∞ chains are oriented along the Cartesian y-axis 
and have considerable separation between each other along the x- and z- 
axes. Another feature worth mentioning is the LO-TO splitting of some 
phonon bands near the Г point, which is common for polar materials. 
The longitudinal optical (LO) mode's ionic motion creates a macroscopic 
depolarizing electric field that adds an extra restoring force on the ions, 
stiffening their vibration and raising the LO frequency. In contrast, the 
transverse optical (TO) phonon produces no such net field and thus stays 
at the lower, unsplit frequency. For the predicted materials this effect is 
particularly strong for states between ~1100 and ~1250 cm− 1 around Г.

Next, we turned to the investigation of the electronic subsystem of 
the predicted materials. The energies of the electronic bands of SrBO2F 
and BaBO2F were calculated along the same high-symmetry paths as the 
phonon bands. The resulting electronic band structures, together with 
the projected density of states (PDOS), calculated within the PBE func
tional, are shown in Fig. 4 (it is worth noting that, due to peculiarities of 
the DOS projection method implemented in VASP, the partial DOS does 
not always sum up to the total DOS). The band structures of both ma
terials are quite similar. Most of the electronic bands have only weak 
dispersion along the Г-Z direction (in the direction perpendicular to the 

atomic layer planes). The electronic structures of both materials have, 
therefore, a strongly two-dimensional character. The valence bands can 
be divided into several groups. The first group, located between 0 eV and 
− 5 eV, consists of multiple hybridized orbitals with the contributions 
from 2p orbitals of oxygen and fluorine. Two similar groups of bands, 
located at energy ranges between − 6.5 and − 8.5 eV and − 18 and 
− 20 eV, are composed mainly of oxygen and boron 2p (for higher en
ergies) and 2s (for lower energies) orbitals. Interestingly, besides the 
abovementioned lack of dispersion along the Cartesian z-axis, these 
bands are also almost flat along the Г-Y1 and F2-Z directions in the first 
Brillouin zone. This reduces the dimensionality of these two groups of 
bands further from 2D to 1D, with only considerable band curvature 
along the Г-X direction. The one-dimensional character of these bands is 
also reflected in the shape of the corresponding densities of states that 
have a well-pronounced 1D-character with sharp Van Hove singularities 
at the band edges. As in the case of the phonon band structure, the 
reduced dimensionality of these electron bands is explained by the one- 
dimensional structure of the [BO2]∞ chains. The very narrow groups of 
bands, composed of p orbitals of metal atoms, are located at ~ -14 eV for 
SrBO2F and ~-10 eV for BaBO2F. The remaining two, also very narrow 
groups of bands, are mainly attributed to 2s orbitals of oxygen (at ~ - 
17 eV) and fluorine (at ~ -21 eV). The lowest conduction bands exhibit 

Fig. 3. Phonon band structures and projected densities of states nph for SrBO2F (a, b) and BaBO2F (c, d).

Fig. 4. Electronic band structures and projected densities of states nel for SrBO2F (a, b) and BaBO2F (c, d), calculated within the PBE functional. Lower-lying 4s-bands 
of Sr and 5s-bands of Ba are not shown. The energy origin adjusted to the top of the valence band. Band extrema of the highest valence band and lowest conduction 
band are marked with open red circles.
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generally higher dispersion and have the largest contributions from 5s 
orbitals of Sr and 6s orbitals of Ba. The topmost valence band is rela
tively flat, and the valence band maximum is located between the X and 
Г points for SrBO2F and at the M-point for BaBO2F. The bottom of the 
conduction band is positioned in the Brillouin zone center in both cases. 
The lowest energy gap, calculated within the PBE functional, is therefore 
indirect in both materials and is equal to 5.02 eV for SrBO2F and 4.72 eV 
for BaBO2F. The smallest direct gap in both materials is located at the 
Г-point and is equal to 5.08 eV for SrBO2F and 4.82 eV for BaBO2F.

It is well known, however, that the PBE functional tends to under
estimate the band gap values. To introduce a correction to the band gap 
for further calculation of optical properties, we performed another 
electronic structure calculation with use of the HSE06 hybrid functional, 
whose band gap values are in better agreement with experiment. The 
resulting direct (indirect) band gaps were obtained equal to 6.78 (6.73) 
eV and 6.45 (6.35) eV for SrBO2F and BaBO2F, respectively.

Both indicated candidates were investigated in terms of their optical 
and nonlinear optical properties. Among the linear optical properties, it 
was especially important to calculate the birefringence value for the 
achievement of the phase matching condition and phase matching 
wavelength in order to determine the possible range of wavelengths of 
the second harmonic wave.

To obtain the birefringence and the shortest phase matching wave
length, we first calculated the frequency-dependent dielectric tensors. A 
scissor shift was applied to the band gap to account for the difference 
between PBE and the more accurate HSE06 functional. The birefrin
gence was then determined as the difference between the largest and 
smallest refractive indices at the specific wavelength of 1064 nm — a 
common choice in optical applications. Birefringence values were 
calculated to be equal to 0.087 and 0.077 for SrBO2F and BaBO2F, 
respectively. The optimal value of birefringence for achieving phase 
synchronism is considered to be not less than 0.05, meaning that both 
materials have promising values of this parameter. Then the phase 
matching wavelength was determined as the cross point of refractive 
index functions depending on initial and double frequency [40]. The 
lowest-wavelength phase matching values were evaluated as equal to 
197 nm and 222 nm for SrBO2F and BaBO2F, respectively, making the 
former somewhat more suitable for the DUV spectrum range.

The main parameter of nonlinear optical materials, second harmonic 
generation (SHG) coefficients, were calculated within DFPT. The ob
tained coefficients d, in units of pm/V, written in Voigt notation are: 

dSrBO2F =

⎡

⎣
0.000 0.000 0.000 0.002 0.000 − 0.036
− 0.036 − 1.161 1.029 0.000 0.002 0.000
0.000 0.000 0.000 1.029 0.000 0.002

⎤

⎦

dBaBO2F =

⎡

⎣
0.000 0.000 0.000 0.004 0.000 − 0.088
− 0.088 − 1.166 1.095 0.000 0.004 0.000
0.000 0.000 0.000 1.095 0.000 0.004

⎤

⎦

The values of second harmonic generation coefficients are consid
ered high enough if they are at least comparable to d36 (0.384 p.m./V) of 
KDP (KH2PO4) crystal [41,42]. Comparing the largest components with 
KDP we get:

for SrBO2F: 
⃒
⃒dSrBO2F

22

⃒
⃒=3.02 × KDP,

⃒
⃒dSrBO2F

23

⃒
⃒=

⃒
⃒dSrBO2F

34

⃒
⃒=2.68 × KDP 

for BaBO2F: 
⃒
⃒dBaBO2F

22

⃒
⃒=3.04 × KDP,

⃒
⃒dBaBO2F

23

⃒
⃒=

⃒
⃒dBaBO2F

34

⃒
⃒=2.85 × KDP 

Thus, the calculated values for both materials can be considered as 
excellent, especially the d22 component, which is three times higher than 

d36 of KDP for both structures.
To analyze the origin of the large SHG coefficients, we adopted the 

real-space atom-cutting method [43]. Following its core principle, the 
real space of SrBO2F and BaBO2F was divided into spherical zones 
centered on each ion (Sr/Ba, B, O, F). The cutting radius of each zone 
was determined by the local charge density minimum between adjacent 
ions, ensuring non-overlapping contact for accurate contribution sepa
ration. For cutting radius parameterization: In SrBO2F, Sr's radius was 
1.13 Å (from Sr-O charge density distribution), O's was 1.11 Å (to avoid 
overlap with Sr), and F's was 1.04 Å. A B-cutoff radius equal to its co
valent radius (0.88 Å) was adopted to strictly confine the atomic cutting 
sphere of B, thereby preventing spatial overlap with the neighboring O 
atoms of the [BO2]∞ chain and ensuring that the chain's contribution to 
the SHG response is accurately and independently evaluated. For 
BaBO2F Ba's radius followed the same charge density criterion as Sr, 
determined to be 1.35 Å, with O, B, F radii consistent with SrBO2F (O: 
1.11 Å, B: 0.88 Å, F: 1.04 Å) for comparability. By cutting ion/cluster 
wave functions and calculating remaining SHG coefficients, we extrac
ted individual contributions. Results show SHG in SrBO2F and BaBO2F is 
dominated by [BO2]∞ infinite chains (97% and 98% contributions, 
respectively), with negligible contributions from Sr/Ba and F (<3%). 
This indicates that the [BO2]∞ chain is an excellent anionic framework 
for nonlinear optical materials. This conclusion is confirmed by studies 
of other borates that contain similar units. For example, crystals LiBO2 
and Li2BO2F which contain [BO2]∞ chains exhibit deep UV transparency 
(<177.3 nm), show a large NLO response (2.0-2.3 x KH2PO4) and large 
birefringence (0.093-0.146 at λ = 1064 nm) [44,45]. Consequently, the 
[BO2]∞ chain is validated as a leading anionic functional unit for the 
design of optical materials, capable of demonstrating strong nonlinear 
optical responses and excellent linear optical properties.

To further validate the potential of SrBO2F and BaBO2F for deep- 
ultraviolet (DUV) nonlinear optical applications, we compare their key 
properties: UV cutoff edge, nonlinear optical coefficient, and birefrin
gence with those of well-established DUV NLO crystals, including KBBF 
(KBe2BO3F2), RBBF (RbBe2BO3F2), CBBF (CsBe2BO3F2), ABF 
(NH4B4O6F), LBO (LiB3O5), BBO (BaB2O4), and CBF (CsB4O6F).

The KBBF-family crystals represent the current DUV benchmark. 
KBBF exhibits a cutoff edge at 147 nm, a nonlinear coefficient of 0.47 p. 
m./V, and a birefringence of 0.0853 [11]. Its analogues RBBF and CBBF 
show cutoff edges at 152 nm and 151 nm, birefringence values of 0.0752 
and 0.0616, and nonlinear coefficients of 0.45 and 0.50 p.m./V, 
respectively [46]. Among beryllium-free alternatives, ABF shows a 
cutoff at 156 nm, a birefringence of 0.1171, and a nonlinear coefficient 
of 1.19 p.m./V [13]. CBF exhibits a cutoff at 155 nm, a large NLO 
response of 0.73 p.m./V, and a birefringence of 0.1137 [47]. BBO has а 
cutoff at 189 nm, a nonlinear coefficient of 2.12 p.m./V and a bire
fringence of 0.12 [41], whereas LBO has cutoff at 158 nm, a nonlinear 
coefficient of 0.83 p.m./V and a birefringence of 0.04 [48].

The band gaps of our SrBO2F and BaBO2F materials are 6.73 eV and 
6.35 eV, respectively, and the corresponding cutoff edges are 184 nm 
and 195 nm. Their birefringence values of 0.087 and 0.077 are very 
close to those of KBBF (0.0853) and RBBF (0.0752) and are well within 
the optimal range of 0.05–0.10 for DUV phase matching. The nonlinear 
coefficients of 1.16 p.m./V and 1.17 p.m./V exceed the values of the 
KBBF-family and are similar to that of the ABF crystal.

All these comparisons together show that the predicted SrBO2F and 
BaBO2F possess a good balance of wide DUV transparency, sufficiently 
large birefringence and strong SHG response. This positions them as 
particularly attractive candidates for replacing toxic beryllium- 
containing DUV NLO materials such as KBBF.

4. Conclusions

The predicted borate fluorides compounds SrBO2F and BaBO2F are 
low-energy metastable materials with favorable optical properties. Their 
crystal structures, combining layers of [M+2O4F4], [MF8] and [MO8] 
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polyhedra and [BO2]∞ chains of interconnected planar [BO3] units, lead 
to the reduced dimensionality of their phonon and electronic bands. 
Most of the valence bands of these materials exhibit a two-dimensional 
character, with no dispersion along the direction, perpendicular to the 
layer's surface. Some of the valence bands, corresponding to the orbitals 
of the [BO2]∞ chains, are rather one-dimensional. The structure of these 
materials induces non-centrosymmetric polarization and significant 
optical anisotropy, resulting in strong SHG responses and birefringence 
suitable for phase-matched nonlinear optical processes. The predicted 
main properties of the obtained materials are summarized in Table I. The 
real-space atom-cutting analysis shows that the frequency doubling in 
SrBO2F and BaBO2F predominantly originates from the [BO2]∞ chains 
(97% and 98%, respectively), confirming their role as an excellent 
anionic framework for nonlinear optical applications. The one- 
dimensional [BO2]∞ chain thus emerges as a highly effective anionic 
functional unit for NLO design, simultaneously enabling strong SHG 
response and sufficient birefringence for phase matching. With deep-UV 
transparency extending below 200 nm, these compounds are well-suited 
for DUV applications.

The computational prediction of SrBO2F and BaBO2F crystals with 
promising nonlinear optical properties demonstrates that the Ae-B-O-F 
systems have high potential as possible sources of novel nonlinear 
borate fluoride materials. The proposed computational approach may be 
extended to other compositions within these systems to provide a 
broader understanding of the influence of the chemical composition of 
the borate fluorides on their structural stability and nonlinear optical 
properties.
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