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Ultraviolet (UV) birefringent crystals play a crucial role in various fields, such as laser technologies,
optical telecommunications, and advanced scientific instrumentation. Alkali metal borates, with their
diverse structures and remarkable ultraviolet optical properties, have garnered significant attention in
recent years. In this study, employing the evolutionary crystal structure prediction algorithm USPEX,
in conjunction with ionic substitutions and first-principles calculations, we systematically explored the
pseudo-binary K,O-B,O3 system and predicted two stable structures (0P56-K3BO3z and mC44-K4B,0s)
previously unreported, and twelve metastable structures in the K,O-B,O3 system. A comprehensive ana-
lysis of their structural, electronic and optical properties is conducted. The coplanar arrangement of BOs
and BzOg groups is found to enhance optical anisotropy, thereby increasing the birefringence. In the
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K-O-B,O3 system, six structures with wide band gaps and high birefringence (mP28-1-KzBOs, tR72-
KBO,, 0oP112-1-KBsOg, 0P112-2-KBsOg, mC220-KsB19033, and hR21-K3BOs3) are found to be possible
candidates for UV optical materials. Importantly, hR21-KsBOs, the only non-centrosymmetric structure
in this system, exhibits a significant frequency doubling coefficient (about 4.6 KDP) and a moderate bire-
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1 Introduction

Ultraviolet (UV) birefringent crystals, known for their inherent
ability to modulate and polarize light, play a crucial role in the
optical domain, particularly in scientific instrumentation,
advanced optical communication systems, and the ultraviolet
laser industry." To meet the demands of practical applications,
birefringent crystals must meet basic but stringent criteria:®
substantial birefringence, wide bandgap (corresponding to
short UV cutoff edge), high laser-induced damage threshold,
facile crystal growth, and excellent physical and chemical
stability. These rigorous standards significantly raise the diffi-
culty of discovering UV optical crystal materials with superior
performance properties.””® Thus far, UV birefringent crystals
predominantly utilized in commercial applications include
MgF,’ and #-BaB,0,."** ¢-BaB,0, exhibits significant birefrin-
gence and a broad transmission range, but it undergoes phase
transition and is prone to cracking when growing. MgF,, with a
short UV cutoff in the deep UV region, has a small birefringence
(0.014@193 nm), limiting device miniaturization. Thus, the
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fringence index (0.056@1064 nm), marking it a promising UV nonlinear optical material.

development of high-performance birefringent crystals for the
UV spectrum is imperative.

In recent years, borate systems have garnered significant
interest among researchers due to their diverse structures, wide
transmission range, stable physical and chemical properties,
and excellent luminescence efficiency."*'* Furthermore, alkali
metal cations are known for lacking d-d and f-f electron
transitions, which enables the extension of the cutoff edge to
the ultraviolet or even deep ultraviolet region."” Consequently,
alkali metal borates are regarded as abundant sources of
materials suitable for ultraviolet and deep-ultraviolet optical
applications, such as o-LiBO,,"® Li,Na,B,05,"” and CsB,O¢F."®
However, the variety of materials available for ultraviolet bire-
fringent applications remains relatively limited. Therefore, the
exploration of novel alkali borate structures holds great signi-
ficance for the development of potential high-performance
ultraviolet optical materials.

Both experimental and theoretical studies have established
that alkali metal borate compounds within the Li-B-O system
encompass a broad phase space.’® Despite potassium and
lithium being in the same main group of the periodic table,
only seven structures in the K,0-B,0; system have been docu-
mented (KBO,,?**' KB;0;,*> HP-KB;05,>* K,B,05,>* 0-KB;Os,
B-KB505,>?° and K;B;40;,°7), highlighting substantial unex-
plored potential. Furthermore, although these compounds
have been synthesized experimentally, their optical properties
have seldom been studied in depth. In 2019, Huang et al.

This journal is © the Owner Societies 2024


https://orcid.org/0009-0003-0311-8522
https://orcid.org/0000-0003-3049-5916
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02424a&domain=pdf&date_stamp=2024-09-18
https://doi.org/10.1039/d4cp02424a
https://doi.org/10.1039/d4cp02424a
https://rsc.li/pccp
https://doi.org/10.1039/d4cp02424a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026038

Published on 11 September 2024. Downloaded by Y unnan University on 7/26/2025 12:07:29 AM.

Paper

demonstrated that the KsB1903; crystal exhibits a moderate
birefringence of 0.05@1064 nm and an ultraviolet cutoff below
180 nm, underscoring its potential as a deep UV birefringent
material.”® These insights emphasize the need for comprehen-
sive research into the structure and properties of the K,0-B,0;
system.

According to the theory of anionic groups, the planar
units [BO;]>~ and [B;O¢]>~ with m-conjugated orbitals can
significantly enhance the anisotropy of polarizability, thus
favoring higher birefringence, making them excellent structural
units for designing short-wavelength birefringent materials.*'
Statistical analyses indicate that the cationic ratio significantly
influences the degree of B-O polymerization, with higher K/B
ratios facilitating the formation of isolated B-O groups. Notably,
the known compounds with relatively low potassium content
(K/B < 1) exhibit complex fundamental building blocks.*® There-
fore, exploring potassium-rich structures in the K,0-B,0; system
holds substantial potential for applications.

In this study, we have employed ion substitutions,** evolu-
tionary crystal structure prediction algorithm USPEX,***® and
first-principles calculations to explore the configuration space
of the pseudo-binary K,0-B,O; system. Through thermody-
namic and dynamic stability analysis, we have successfully
predicted two potassium-rich ground state structures (oP56-
K;BO; and mC44-K,B,05), as well as twelve thermodynamically
metastable structures, thereby enriching the structural data-
base of the borate system. We conducted a systematic analysis
of the electronic structures and optical properties of various
structures within the entire system, encompassing both pre-
dicted and reported structures. Through this analysis, we
assessed their potential as optical materials. Among them,
tR72-KBO,, featuring planar B;O4 groups, exhibits significant
birefringence (0.096@1064 nm and 0.1@564 nm). Especially,
hR21-K;BOg3, as the only non-centrosymmetric structure, exhi-
bits a considerable frequency doubling coefficient (~4.6 KDP)
and a moderate birefringence index (0.056@1064 nm), making
it a potential UV nonlinear optical material.

29,30

2 Computational details

To generate borate structures with high potassium content in
the K,0-B,0; system, we have employed the material program-
ming interface provided by the Materials Project database with
Python to carry out data mined ionic substitutions.*® The
valence states of K, B, and O were defined as +1, +3, and —2,
respectively. A replacement probability threshold of 0.001 was
established for element substitution, with a maximum limit of
500 chemical systems. Through screening, we have identified 108
candidate systems for ion substitutions and collected all relevant
crystal structures of these systems from the database. Subse-
quently, the corresponding elements in the original systems were
replaced with K, B, and O, and duplicate and existing structures in
the database were filtered out. Finally, the structures with lower
energies were selected as the seeds for the subsequent structure
search, enhancing the efficiency of crystal structure prediction.

This journal is © the Owner Societies 2024
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The evolutionary crystal structure prediction algorithm
USPEX was performed to explore new structures within the
K,0-B,0; system. Initially, we generated a diverse pool of 180
structures randomly, each containing up to 40 atoms per unit
cell. This initial generation served as the basis for subsequent
iterations, where 150 structures per generation were produced
using the following structural operators: heredity (0.5), random
formation (0.2), soft mutation (0.2), and transmutation (0.1).
Meanwhile, structural relaxations and energy calculations
were conducted using the Vienna ab initio Simulation Package
(VASP) code.’” This involved employing the projected aug-
mented-wave (PAW) method®® coupled with the generalized
gradient approximation (GGA) based on the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation density functional.*® The
electron-ion interactions were described using PAW potentials
with 4s', 2s®2p", and 2s®2p* valence electrons for potassium,
boron, and oxygen, respectively. To achieve precise relaxation,
we conducted five stages of structural relaxation on each
structure, with an energy cutoff of 500 eV for each stage. The
resolution of the k-point grid in reciprocal space was progres-
sively set at 21 x 0.12 A™%, 21 x 0.09 A™*, 21t x 0.07 A™*, 21 x
0.06 A™*, and 2n x 0.05 A~'. Following the completion of
structure prediction, to further enhance the precision of energy
calculations, convergence tests were conducted. The energy
cutoff was adjusted to 600 eV, and a I'-centered mesh with a
spacing threshold of 0.25 A~! was employed.

The formation energies of the compound predicted in the
pseudo-binary K,0-B,0; system are calculated using the fol-
lowing equation,

X
E(KXB},OL_;}.) ~ SE(K;0) - gE(B203)
2

xX+y
2

AE (KXB),OXH),) -
2

1)

where E (KXB},O,\,H}A) is the total energy of the predicted
2

structures; E(K,0) and E(B,03) are energies of the corres-
ponding ground state structures of K,0*° and B,0;,*
respectively.

The phonon dispersion was calculated using the finite
displacement method as implemented in the PHONOPY
code.*” The crystal structures were visualized using the VESTA
software.> In addition, electronic structures and projected
density of states (PDOS) are calculated using the GGA-PBE and
HSE06* hybrid functional implemented in the VASP code,
respectively. The exact exchange fraction is 0.25 in the hybrid
functional calculation.

Furthermore, we employed the sum-over-states (SOS) method,
as implemented in the first-principles software ABINIT,** to
compute the optical properties using an Optimized Norm-
Conserving Vanderbilt (ONCV) pseudopotential.*® We set the
plane-wave cutoff energy at 40 Ha and employed the scissor
operator’” to accurately adjust the discrepancy between the
band gaps. Finally, we use the AbiPy library to analyze the
optical properties.
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3 Results and discussion

3.1 Dynamical and thermodynamic stability of the predicted
structures

With extensive exploration of the K,0-B,0; system, we have
determined the thermodynamic convex hull and calculated the
formation energies of the sampled structures at 0 K, as illu-
strated in Fig. 1. In principle, structures located on the convex
hull are thermodynamically stable, whereas structures posi-
tioned above the convex hull but with negative formation
energies are thermodynamically metastable. In agreement with
previous experiments, tR72-KBO,,”**" aP52-1-K,B,0,,>* mC220-
K5B16031,>” and 0P112-1-KB;Og>® are predicted to be stable,
indicating the reliability of the methodology we adopted.
Importantly, we have also predicted two other stable phases,
0P56-K3;BO; and mC44-K,B,0s, which have not been reported
before. In addition, taking into account the effects of tem-
perature and pressure on phase stability (Fig. S1, ESIY),
structures that are approximately 0.1 to 0.2 eV per atom above
the convex hull can usually be synthesized experimentally.*®4°
Here, we have further calculated the phonon dispersion curves
for structures with formation energies less than 0.08 eV f.u.™"
above the convex hull and predicted twelve thermodynami-
cally metastable and dynamically stable structures, evidenced
by the absence of imaginary frequencies in the phonon
spectra (Fig. S2, ESIT). The detailed crystallographic informa-
tion and bond valence sum (BVS) values are given in Table S1
(ESIt). The calculated valence states are in agreement with
ideal valences, indicating the rationality of the predicted
structures. The prediction of novel structures not only
expands the configuration space of the K,0-B,O; system,
allowing for systematic investigation of structures and proper-
ties, but also offers vital insights for the enhancement and
design of borate systems.
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The fourteen structures predicted comprise three compo-
nents: K;BO;, K,B,05, and K,B,0,. K;BO; and K,B,05 exhibit
relatively higher potassium contents. Specifically, for K;BO;, we
have predicted eleven distinct structures, each represented by
Pearson symbols, listed in Fig. 1b, with energies decreasing
sequentially from top to bottom. For K,B,Os, besides the newly
predicted stable structure mC44-K,B,0s, aP22-K,B,0s is found
to be metastable. And for K,B,0,, we have predicted a meta-
stable structure aP52-2-K,B,0- that shares the same Pearson
symbol with its ground stable structure aP52-1-K,B,0-. Notably,
among all the experimental and predicted structures, AR21-
K3BO; is found to be the only non-centrosymmetric structure in
the K,0-B,0; system. In the field of optical crystals, nonlinear
optical crystals with non-centrosymmetric structures also play a
crucial role alongside birefringent crystals. They are widely
utilized, particularly in areas such as laser frequency conver-
sion and electro-optic modulation.’®>* Therefore, the discovery
of the AR21-K3BO; structure opens new possibilities for the
study and development of novel nonlinear optical materials in
the K-B-O system, with significant practical value.

Moreover, we noted in the Open Quantum Materials Data-
base (OQMD)>**° that six structures of K3BO; were predicted by
Schmidt et al.®® using high-throughput screening methods.
Nevertheless, our density functional theory (DFT) calculations
indicate that the formation energies of these six structures are
significantly higher than the eleven K;BO; structures we pre-
dicted here. This underscores the necessity of using evolution-
ary algorithms for structure exploration in specific systems.

3.2 Crystal structures

In this section, we would focus on the crystal structure features
of compounds in the K,0-B,0; system. Representative crystal
structures with different compositions are summarized in
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Fig. 1 Thermodynamic convex hull of the K;O-B,Os system at O K. (a) Each circle or dot represents an individual structure. (b) Structures obtained from
energy filtering. Thermodynamically stable structures are denoted by solid dots: red for structures predicted in this study and green for those previously
reported. Thermodynamically metastable structures are represented by solid squares, with purple indicating new predictions and blue marking previously

reported structures.
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Fig. 2a. We have annotated the fundamental building blocks of
these structures, revealing a noticeable increase in the aggrega-
tion tendency of boron-oxygen anions with changing composi-
tions, thereby leading to the development of more complex
framework structures.

Among the fourteen predicted structures, the anionic groups
can be categorized into three groups, including BO;, B,0s, and
BgO44. It is shown that all structures of K;BO; feature zero-
dimensional (0D) BO; units, while K,B,O5 exhibits 0D B,Os
units, and aP52-2-K,B,0; is characterized with BgO;, groups.
For comprehensive information regarding all predicted struc-
tures, please refer to the Table S1 and Fig. S3 (ESI¥).

All K;BO; structures share a common feature of forming a
three-dimensional network through K-O bonding. Although
each structure has anionic groups of isolate BO;, the internal
arrangement of these groups varies. Here, we take the newly
predicted ground state structure as an example to explicitly
analyze its structure. The oP56-K;BO; structure crystallizes as
the orthorhombic system with space group Pbam, and the
asymmetric unit contains five potassium atoms, two boron
atoms, and four oxygen atoms. We assign labels to atoms based
on their local environments. K1, K4, and K5 exhibit hexa-
coordination with six oxygen atoms, and the K-O bond distance
varies within the ranges of 2.8344 to 2.8953 A, 2.6848 to 3.1292 A,
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and 2.6959 to 3.1882 A, respectively. K2 and K3 are coordinated
with five oxygen atoms, with bond lengths ranging from 2.5141 to
2.9416 A and from 2.5314 to 3.0741 A, respectively. B1 and
B2 form BO; groups with three oxygen atoms, exhibiting slightly
different bond lengths and bond angles. The [KOs] and [KOg]
polyhedra are interconnected through shared angles and edges,
creating a three-dimensional K-O framework with boron atoms
located in the channels.

In addition to oP56-K3;BO;, we will particularly focus on
structures with parallel or nearly parallel arranged BO; groups,
such as hR21-K3;BO; (Fig. 2b) and mP28-1-K3;BO; (Fig. 2¢). The
formation energies of the two structures are very close to the
convex hull, only 0.3 meV f.u.”" and 3.6 meV f.u.”" higher,
respectively, indicating their high likelihood for synthesis in
experiments. The 7R21-K;BO; structure crystallizes in the tri-
gonal system (R3m), and its asymmetric unit contains one
potassium atom, one boron atom, and one oxygen atom. The
BO; group features equal B-O bond lengths, with the O-B-O bond
angles measuring 120°. Internally, the BO; units are perfectly
aligned in parallel. MP28-1-K;BO; crystallizes in the monoclinic
system (P2,/c). The distances between B and O in the BO; units
range from 1.396 to 1.414 A, while the O-B-O bond angles vary
from 119.84 to 120.07°. Adjacent planar BO; groups are approxi-
mately parallel, displaying a very small angle.

0P112-1-KB4O;

mP108-KB,05

Ja.""f?“’..a

mC44 K4BZO5

(b) oo/x\ooo(l\ooo(l‘o (C)

Fig. 2

aP52-1 'K23407

"é}&’f 0. 667 0.792
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(a) Structures of varying compositions in the K,O-B,O3 system. Except for mP108-KB3Os, all are ground state structures. The B-O groups

forming the crystal structures are indicated in the figure. (b) hR21-KsBOs. (c) mP28-1-KsBOs. The unit cell is plotted with solid lines. We disregard the
bonding of potassium atoms in order to focus on the analysis of B-O groups.
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For K,B,05, we focus on the new ground state structure
mC44-K,B,0s. It crystallizes to the C2/c space group in the
monoclinic system. It contains two inequivalent potassium
atoms, three inequivalent oxygen atoms, and a unique boron
atom. K1 is coordinated by five oxygen atoms with K-O
distances ranging from 2.6698 to 2.8427 A, and K2 is coordi-
nated by six oxygen atoms with K-O distances ranging from
2.6918 to 3.5708 A. B1 combines with three oxygen atoms to
form the BO; group, with bond lengths ranging from 1.3732 to
1.4562 A and O-B-O bond angles between 117.42 and 124.05°.
Two BO; planar groups with an acute angle are further
connected through shared oxygen atoms to form a B,O5 group.
[KOs] and [KO¢] polyhedra are interconnected alterna-
tely through edges and vertices to form a three-dimensional
structure.

When the K,0:B,0; ratio is 1:1, KBO, is characterized by
unique 0D B3O rings. These planar rings are formed by the
aggregation of three BO; triangles sharing common oxygen
atoms, and are arranged in parallel within the crystal structure.
It is noteworthy that we did not observe one-dimensional (1D)
[BO,].. chain structures similar to LiBO,'® or Ca(BO,),° within
this system. The larger radius of monovalent potassium ions
tends to promote the formation of rings, thereby mitigating
interionic repulsion and maintaining the stability of the crystal
structure.

As the chemical portion of B,O; increases, boron atoms
predominate in the cations, displaying a four-coordination with
oxygen atoms to form BO, tetrahedra, which facilitates spatial
connectivity and increases the polymerization of six-membered
ring structures. Taking structures in Fig. 2 as examples, we will
focus on these basic polyanion structural units. The funda-
mental building block of aP52-1-K,B,0, consists of a BO;
triangle, a B;Og ring, and a shared edge B,O,; double ring,
with a K,0:B,0; ratio of 1:2. In contrast, aP52-2-K,B,0-
(Fig. S3j, ESIT) is a predicted thermodynamically metastable
structure featuring BgO;, groups that differ from the ground
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state structure. The BgO;, group is composed of a BsO;; double
ring and a B30 ring. The anionic basic unit of mP108-KB;O5
(K»0:B,0; = 1:3) consists of three B;O, rings interconnected
by oxygen atoms, with each ring formed by the aggregation of
two BOj; triangles and one BO, tetrahedron. When the K,O:
B,O; ratio is 5:19, the crystal structure of Ks;B;903; has the
most complex fundamental building block. A BO, tetrahedron,
a B;0; ring, a BO; triangle, and a B;O;, double ring, together
with half a tetrahedron, are interconnected via oxygen atoms.
Then by applying reflection symmetry about the quadratic axis,
a B;9035 unit is formed. Both structures of KB5;Og (K,O:B,03 =
1:5) crystallize in the Pbca space group and feature identical
B50;, double rings shared by common boron atoms. However,
the two structures differ in the torsion angles between inter-
connected double rings internally. The impact of these complex
anionic building blocks on the optical properties of crystals
requires further investigation.

Moreover, in the K,O-B,0; system, there is a noted trend
indicating that the average coordination number of potassium
atoms tends to rise with the increasing B,0;/K,0 ratio in the
ground state structures (Fig. 3a). In the predicted potassium-
rich structures (x = 0.25 and 0.33), both the stable and meta-
stable configurations exhibit average coordination numbers
approximately ranging from five to six. With the decrease in
potassium content, the K-O bond lengths increase, and the
coordination numbers in the ground state structures are
approximately between seven and eight. It is noteworthy that
some metastable structures exhibit higher or lower coordina-
tion numbers, such as aP52-2-K,B,0, (5.5), mC72-KB;05 (5),
and 0P112-2-KB5Og (10). For the mP108-KB;05 and mC72-KB;05
metastable structures, the coordination number of potassium
in mP108-KB;Os is eight, which corresponds to lower energy.
Therefore, we speculate that the average coordination number
of potassium in structures with lower potassium content is
about seven to eight, which is more conducive to the formation
of lower energy configurations.
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Fig. 3 (a) The average coordination number of potassium atoms in compounds. (b) Band gap values of all compounds (calculated using the HSEO6
functional), where pentagrams represent the stable structures, dots represent metastable structures, and the same color indicates the same composition.
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3.3 Electronic structures

The electronic structures fundamentally determine the physical
and chemical properties of materials, thereby making them
essential to conduct an in-depth study of the electronic struc-
tures in the K,0-B,0; system. Recognizing that the GGA
functional typically underestimates band gaps, we utilized the
hybrid functional HSE06 for electronic structure calculations to
obtain accurate band gaps. We have observed a correlation
between the band gap values and compositions (Fig. 3b). With
the increase in the B,O; content, there is also a gradual incre-
ment in the band gap values. Among all structures, 7P14-K3;BO;
exhibits the smallest band gap, only 2.57 eV, corresponding to
an absorption edge at 482 nm, thereby blocking ultraviolet light
transmission. The absorption edges of the other structures are
all located in the UV region. It is noteworthy that when the B,0;
content exceeds 0.67, the bandgap value increases to over 6 eV,
extending the absorption edges into the deep UV range.

It is known that the electronic states near the Fermi level
determine the optical properties of the crystal. Therefore, we
conducted a detailed analysis of the electronic states of each
formula at the valence band maximum (VBM) and the conduc-
tion band minimum (CBM) in these structures. The projected
density of states is depicted in Fig. 4 (stable structures) and
Fig. S4 (ESIT). These diagrams showcase that the electrons
occupying the highest energy level of the valence band

View Article Online
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primarily originate from the p orbitals of oxygen atoms, fol-
lowed by those of boron. The orbitals of oxygen and boron
exhibit significant overlap, indicative of a covalent bonding
interaction. For oP56-K;BO;, mC44-K,B,0;5, and tR72-KBO,, the
peaks at the valence band appear more localized and dispersed,
featuring numerous unbonded oxygen atoms, whereas for the
other ground state structures, the electron states show more
continuous characteristics. For the lowest energy level of the
conduction band, the primary contributions come from the s
and p orbitals of the potassium atoms.

3.4 Optical properties

We calculated the birefringence of all structures in hopes of
identifying birefringent crystal materials suitable for further
experimental synthesis, thereby providing theoretical guidance
for experimental work (Table 1). In the predicted fourteen
structures, since o0P56-Kz;BO; and mC44-K,B,0s respectively
belong to the orthorhombic and monoclinic systems, they are
biaxial crystals. The calculated birefringence values are 0.025@
1064 nm and 0.032@1064 nm, respectively. However, the
birefringence of these two ground state structures is relatively
small, lacking distinct advantages when compared to other
reported birefringent crystals. Crystal structures exhibiting a
birefringence exceeding 0.05@1064 nm have been selected for
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Table1 Band gap, absorption edge, and birefringence of structures in the
KoO-B,O3 system

Bandgap Absorption Birefringence
(ev) edge (nm) (@1064nm)
0P56-K3BO; 4.32 287 0.025
hR21-K3BO; 4.18 297 0.056
mP28-1-K;BO, 4.16 298 0.053
mP28-2-K;BO; 3.85 322 0.030
hP14-K;BO; 2.57 482 0.059
mP28-3-K;BO; 4.33 286 0.020
mP28-4-K3;BO;3 4.38 283 0.009
aP14-K3BO;3 3.94 315 0.007
aP28-1-K;BO; 3.50 354 0.033
aP28-2-K3BO; 4.10 302 0.022
mP28-5-K;BO;3 4.27 290 0.016
mC44-K,B,05 5.40 230 0.032
aP22-K,B,05 4.55 273 0.011
tR72-KBO, 5.76 215 0.096
aP52-1-K,B,0, 6.67 186 0.028
aP52-2-K,B,0, 5.93 209 0.025
mP108-KB;05 6.86 181 0.016
mC72-KB30s5 7.29 170 0.032
mC220-KsB1403, 6.90 179 0.05%8
0P112-1-KB;Og 7.27 171 0.063
0P112-2-KB;5Og 7.34 169 0.069

detailed evaluation of their suitability as UV optical materials
(Fig. 5).

The metastable structures #R21-K;BO;, mP28-1-K;BO;, and
hP14-K3BO; exhibit moderate birefringence (Fig. 5a). These
structures possess coplanar or nearly coplanar BO; groups,
which increase the polarizability differences in different
directions, significantly contributing to their birefringence
properties. In addition, #P14-K;BO; demonstrates the highest
birefringence with a smaller bandgap, rendering it unsuitable
for ultraviolet applications. mP28-1-K;BO; exhibits an absorp-
tion edge at 298 nm, suggesting its potential as a UV birefrin-
gent crystal.

Due to its non-centrosymmetric structure, ZR21-K;BO; can
generate second harmonic generation (SHG) effects. Further
investigation into its nonlinear optical properties is warranted.
The practical application of nonlinear optical materials
relies on determining the phase-matching wavelength.”>” Phase
matching® refers to the equality of wave vectors between
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fundamental frequency radiation and second harmonic radia-
tion, expressed as n(w) = n(2w). The shortest phase-matching
wavelength Apy; is where the maximum refractive index at the
fundamental wavelength /1 is equivalent to the minimum
refractive index at the double frequency wavelength 4/2, as
shown in Fig. 5c. Its shortest phase-matching wavelength is
273 nm. Nevertheless, the calculated absorption edge is deter-
mined to be 297 nm, implying that light with a wavelength
below 297 nm will be unable to transmit. In addition, second
order polarizability tensor z;%* (—2m, @, ©)*** describes the
generation of the i-th component of the polarization at fre-
quency 2w in a medium, resulting from the interaction of two
optical fields both at frequency w, with polarization directions j
and k, respectively. By analyzing the imaginary part of the
second-order susceptibility (Fig. S5, ESIT), we find that aniso-
tropy in the linear optical properties is enhanced more signifi-
cantly in the nonlinear spectra. A comparison at w and 2w term
profiles (interbands and intrabands) revealed that the contri-
butions to the susceptibility from 2 terms dominate the low
energy regions whereas the high energy state is mixed with @
and 2w terms. These characteristics further highlight the
relatively strong birefringence nature of AR21-K3;BO;. And
the biggest value of the second order susceptibility reaches
52.5 pm V' at an energy of 3.64 eV (Fig. S6, ESI{). In experi-
ments, the conversion efficiency of SHG is typically quantified
using the nonlinear optical coefficient d;.°° Due to the sym-
metry between indices j and k, it follows that yﬁfﬁ = 2d®.
The calculated values for the frequency doubling components
(A = 1064 nm) are as follows: d;5 = dps = —0.155 pm V', dyg =
dy1=—dp =—1.775pmV ', d3; =d3 = —0.15pm V', and ds; =
—0.297 pm V. As a result, the largest SHG coefficient is
determined as 1.775 pm V™', approximately 4.6 times the ds¢
of KH,PO, (KDP). In summary, hZR21-K;BO; stands out as a
potential UV nonlinear optical crystal.

Among the structures synthesized experimentally, tR72-
KBO, exhibits 0D planar B;Og rings. This structural character-
istic enhances the average anisotropy of polarizability and,
being greater than that of separate BO; groups, is more con-
ducive to the formation of crystals with high birefringence.
We use the hybrid functional to calculate the band gap to be

a) o.10 0.14 1.75
( ) —— hP14-K3BO3 (b) —— tR72-KBO; (C) — N
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Fig. 5 The calculated birefringence. We enumerate all structures with birefringence greater than 0.05@1064 nm. (a) Three predicted structures: hP14-
K3sBOs, hR21-K3BOs, and mP28-1-KsBOs. (b) Four experimentally synthesized structures: tR72-KBO,, oP112-1-KBsOg, 0P112-2-KBsOg, and mC220-
KsB15031.2% (c) Calculated shortest phase-matching wavelengths of hR21-KsBOs.
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5.75 €V, and its corresponding absorption edge is 215 nm. Of
great significance is the KBO, crystal’s substantial birefrin-
gence, estimated at 0.096@1064 nm and 0.1@564 nm, high-
lighting its crucial optical characteristics.

Moreover, the absorption edges of 0P112-1-KBsOg and
0P112-2-KB5Og are both located below 180 nm, and show larger
birefringence, which are potential deep UV birefringent materi-
als. These two structures exhibit similar structural features
(Fig. 2), resulting in closely matched birefringence. This sug-
gests that the spatial connections of the B;0;, double rings
also enhance the anisotropy of the structural polarization, with
their contribution even exceeding that of the coplanar 0D BO;
groups.

4 Conclusions

In this study, we employed ionic substitutions and the evolu-
tionary algorithm USPEX coupled with the first-principles
calculation to explore the phase space of the pseudo-binary
K,0-B,0; system. Through structural prediction, fourteen
novel structures have been successfully predicted, including
two ground state structures (oP56-K;BO; and mC44-K,B,0s).
We systematically investigated the electronic structures and
optical properties of all structures to evaluate their potential
application value and provide insights for experimental synth-
esis. The results indicate that mP28-1-K;BO; and ¢R72-KBO,
have been identified as potential UV birefringent materials.
Notably, tR72-KBO, exhibits significant birefringence (0.096@
1064 nm), primarily attributed to the contribution of its parallel
0D B;0¢ units. MC220-K5B;903;1, 0P112-1-KB50g, and oP112-2-
KB5Og, with their wide band gaps (~7 eV), are considered
potential candidates for deep UV birefringent applications. It is
noteworthy that we also discovered the only non-
centrosymmetric structure in this system, AR21-K;BO;. This
structure demonstrates a significant frequency doubling coefti-
cient (~4.6 KDP) and a moderate birefringence index
(0.056@1064 nm), making it highly suitable for UV nonlinear
optics applications. These discoveries not only enrich the
diversity of borates but also expand the possibilities for optical
material synthesis and design.
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