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Shooting short-wavelength nonlinear optical
materials with targeted balance performances in
hydroxyborates through first-principles high-

throughput screeningf
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Aiming to discover short-wavelength ultraviolet (UV) excellent nonlinear optical (NLO) materials, we used
the first-principles high-throughput screening pipeline for hydroxyborate NLO materials. We systemati-
cally assessed over 222 non-centrosymmetric (NCS) compounds from 718 hydroxyborates in the
Inorganic Crystal Structure Database (ICSD), employing screening criteria based on band gaps, the short-
est phase-matching (PM) wavelengths, and second harmonic generation (SHG) coefficients. Three crystals
are identified as promising short-wavelength UV NLO materials, with their PM SHG capacity extending to
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Introduction

Nonlinear optical (NLO) materials for second harmonic gene-
ration (SHG) experienced rapid development after the pioneer-
ing experiment employing quartz crystals in 1961." Second-
order NLO crystals are extensively utilized in scientific and
industrial fields, including applications in free-space com-
munication, spectroscopy, industrial processing, medical diagno-
sis, and environmental monitoring.>> NLO crystals are categor-
ized into three major groups based on their operational wave-
length ranges: short-wavelength (ultraviolet, UV, 100 < 1 <
400 nm: long-wave ultraviolet, UVA: 320-400 nm; medium-wave
ultraviolet, UVB: 280-320 nm; solar blind, UVC: 200-280 nm; and
deep-ultraviolet, UVD: 100-200 nm), visible/near-infrared
(vis-NIR, 0.4-3 pm), and middle/far-infrared (M-F-IR, including

“Research Center for Crystal Materials, State Key Laboratory of Functional Materials
and Devices for Special Environmental Conditions, Xinjiang Key Laboratory of
Functional Crystal Materials, Xinjiang Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, 40-1 South Beijing Road, Urumqi 830011, China.
E-mail: zhyang@ms. xjb.ac.cn, slpan@ms.xjb.ac.cn

bCenter of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

School of Medical Engineering and Technology, Xinjiang Medical University, Urumqi
830000, China

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4qi02234¢

{These authors contributed equally to this work.

This journal is © the Partner Organisations 2024

the solar blind region (200-280 nm). Additionally, an investigation on the relationship among the birefrin-
gence, the dimensionality of the B—O/OH anionic framework, and the (A + OH)/B (where A represents
metal cations) ratio was conducted on screened hydroxyborates to illuminate the exploration of hydroxy-
borates with desirable short PM wavelengths for NLO properties.

the atmospheric transparent windows of 3-5 and 8-13 pm).
Particularly, with the swift progress in short-wavelength all-solid-
state laser technology, short-wavelength NLO crystals have
emerged as a focal point of research.®2° Various types of NLO
crystals have been discovered, encompassing borates, silicates,
phosphates, carbonates, nitrates, sulfates, etc.” ** Borate systems
are preferred for investigating short-wavelength NLO crystals due
to their abundant structural chemistry and excellent properties.
Available borate NLO crystals, such as KBe,BOs;F, (KBBF),*
p-BaB,O, (BBO),** LiB;Os (LBO),*® and CsLiBsO;, (CLBO),*® are
utilized to fulfill the application demands of the short-wave-
length region due to their advantageous properties, including
broad transparency ranges, short phase-matching (PM) ability
(sufficient birefringence), and so on.

Hydroxyborate crystals, as a class of crystal materials, have
demonstrated immense potential in the field of nonlinear
optics in recent years. The oxygen atom of [BO;z] and [BO,]
bonds with hydrogen atoms to create [BO,(OH);_,] (x = 0-2)
and [BO,(OH),_,] (y = 0—-3) units. The incorporation of hydro-
gen atoms eliminates the dangling bonds of terminal oxygen,
thereby enhancing the energy gap. Additionally, hydrogen
bonds may serve to optimize the arrangement of anionic
units.”” Nevertheless, there is a lack of exploration as to
whether hydroxyborates are potential short-wavelength NLO
materials owing to the complexity of microstructures.

With the advancement of high-performance computing
resources and the enhanced precision of first-principles
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methods, the prediction and screening of new functional
materials through the first-principles approach are becoming
potent methods for accelerating materials development. High-
throughput screening technology, based on density functional
theory (DFT), is well-regarded for its efficiency and accuracy
across diverse domains such as photovoltaic applications*®3°
and superconductivity.*®*! This approach presents a promis-
ing solution to the challenge. Leveraging the development of
massive materials databases like the Materials Project’® and
the Inorganic Crystal Structure Database (ICSD),*> high-
throughput screening facilitates the rapid and precise evalu-
ation of vast compound libraries, thereby significantly aug-
menting research efficiency.

In this work, we devised a high-throughput computational
strategy to identify excellent short-wavelength NLO materials.
Initially, we screened 222 non-centrosymmetric (NCS) com-
pounds from 718 hydroxyborates in the ICSD and then a total
number of 60 candidates were identified for further analysis.
The compounds with balanced short-wavelength NLO pro-
perties of large E; > 3.1 €V (Acutore < 400 nm), strong SHG
efficiency (>0.39 pm V™), and the shortest PM wavelengths
Apm < 400 nm were screened out.

Through a meticulous screening process involving struc-
tural optimization, property simulation, and mechanism ana-
lysis, we identified several promising SHG materials. With the
operational wavelength in the solar blind (UVC) region
(200-280 nm), KCay(B;,03,(0H);(Cl)-4H,0, Ca,(B;04(OH)),B
(OH);-H,0, and NH,4(B5;0¢(OH),)-2H,0 have shown potential.
With the operational wavelength in the medium-wave ultra-
violet (UVB) region (280-320 nm), Nay(B;(,0;6(OH),)-4H,0 and
Ba,(BsOy(OH),) have been identified as suitable candidates.
Furthermore, with the operational wavelength in the long-wave
ultraviolet (UVA) region (320-400 nm), CagBys034(OH),,4
Cl;-13H,0, Na,Ba,(B;0017(OH),), (Na(H,0)),(Bs0g(OH)), and
CaB;05(OH) have been recognized as potential materials.
Furthermore, to clarify the origin of the difference in birefrin-
gence, we analyzed the influence of the B-O/OH anionic
framework, the arrangement and the density of anionic
groups, particularly the n-conjugated [BO;], [B(OH);], and
[BO,(OH)] units. Our results suggest that hydroxyborates
possess the potential to manifest short PM wavelengths for
NLO properties. This study contributes to the advancement
and exploration of promising short-wavelength NLO materials
within the hydroxyborate system.

Computational methods

In this work, the hydroxyborate crystals were collected in the
ICSD (Version 5.1.0 build 20231115-1151) by high-throughput
screening methodology. We can obtain target compounds by
searching structures that include B, O, and H elements.

To further screen the target NLO materials, the first-prin-
ciples calculations of the optoelectronic properties of selected
crystals were used by employing the DFT method in the
CASTEP package.****> The generalized gradient approximation
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(GGA)*® within the Perdew-Burke-Ernzerhof (PBE)*” func-
tional and the norm-conserving pseudopotential®® was
adopted to describe the exchange-correlation energy, with a
high plane-wave energy cutoff of 750 eV. The Monkhorst-Pack
k-point separation for each compound was set as 0.04 1/A in
the Brillouin zone for SCF and 0.04 1/A for optics calculation,
resulting in the corresponding Monkhorst-Pack k-point
meshes for the structure relaxation and property calculations.
The self-consistent field (SCF) calculations were performed
with a convergence criterion of 1 x 107° eV per atom on the
total energy. The empty bands were set as 3 times that of
valence bands in the calculation to ensure the convergence of
optical properties. Other calculation parameters and conver-
gent criteria were set as the default values of the CASTEP
package.

In addition, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functional®®™! was adopted for more accurate band gaps. The
band gap differences between the GGA-PBE and
HSE06 methods were used as scissor operators for more accu-
rate calculations of birefringence and SHG coefficients. The
HSEO06 hybrid density functional theory was executed using
the plane-wave code (PWmat). The NCPP-SG15-PBE pseudopo-
tential and 50 Ryd plane wave cutoff energy were used in the
calculation,>*”3

B = arl™ ) + (1 - @) R ) )
4 E)l:BE,LR(ﬂ) + EgBE ( )
where «a is the mixing parameter and x is an adjustable para-
meter controlling the short range of the interaction. The stan-
dard value of a is 0.25, EX"® and EF®'® are the short-term
and long-term components of the PBE exchange functional,
and EZPE is the PBE correlation energy.

At zero frequency, the formula of static second-order NLO
coefficients can be described as>>™>®

}(a/)’y :}(a/};/ (VH) +}((z/iy (VE) (2)

where the virtual hole (VH) process y*/(VH) and virtual elec-
tron (VE) process y*’(VE) are calculated using the following
formulae:
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Here, a, 3, and y are Cartesian components, v and v’ denote
valence bands, and ¢ and ¢’ denote conduction bands. P(afy)
indicates full permutation and explicitly shows the Kleinman
symmetry of the NLO coefficients. The band energy difference
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and momentum matrix elements are denoted as hw; and pg,
respectively, and they are all implicitly k-dependent.

Results and discussion
High-throughput screening framework

To ensure the objectivity and impartiality of our screening
results, we systematically screened 2075 inorganic compounds
including B, O, and H elements from the ICSD. By analyzing
the structures, we can determine the positional relationship
between boron atoms and hydroxyl groups, identifying a total
of 718 hydroxyborate compounds, of which 222 compounds
show non-centrosymmetry. These 222 compounds are categor-
ized according to their crystal systems, as shown in Fig. 1. The
222 compounds crystallize in triclinic (14 compounds,
accounting for 6.3%), monoclinic (78, 35.1%), orthorhombic
(52, 23.4%), trigonal (57, 25.7%), tetragonal (10, 4.5%), hexag-
onal (9, 4.0%), and cubic (2, 0.9%) crystal systems, respectively.
Detailed information about these candidates is provided in
Table S1.f During the screening process, cations which are
free of d-d, f-f, or f-d electronic transitions are preferred since
they could facilitate transparency attaining short-wavelength
spectral ranges. Generally, these cations include alkali and
alkaline-earth metal cations, some main group metal cations,
and transition metal cations with a d10 electronic structure.
Among the obtained structures, some of them will be
excluded, including compounds with position-disorder,
organic-inorganic hybrids, solid solutions, and unlocated H
atoms compounds. Finally, 60 crystal structures are success-
fully screened out, abbreviated as A,B,0,(OH), (involving A
(metal cations), B, O, and H elements).

Considering the shearing effect of metal cations and
hydroxyl group, the (A + OH)/B ratio, denoted as (x + y)/m, rep-
resents the anionic structures and their dimensions of the
compounds mentioned, as illustrated in Fig. 2 and 3. Based on
the classification according to the dimensions of the anionic

Cubic Triclinic
(n=2, 0.9%) (n= 14, 6.3%)
Hexagonal
(n=9, 4.1%)
Tetragonal
(n= 10, 4.5%) Total: Monoclinic
222 (n=78, 35.1%)
Trigonal
(n=57, 25.7%) Triclinic
@8 Monoclinic
Orthorhombic
. Trigonal
Orthorhombic
@B Tetragonal
(n= 52, 23.4%) g
@ Hexagonal
@ Cubic

Fig. 1 Crystal system distribution of 222 NCS hydroxyborate crystals.
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Fig. 2 Distribution of hydroxyborate with specific dimensionality of the
B—O/OH anionic framework. Inset: corresponding proportion in %.

framework within hydroxyborates available, the percentages
increase in the following order: 3D frameworks (8.33%,
Table S5 in the ESIT), 1D infinite chains (11.67%, Table S3 in
the ESIT), 0D isolated clusters (31.67%, Table S2 in the ESIY),
and 2D infinite layers (48.33%, Table S4 in the ESI}). The (A +
OH)/B ratio ranges from 1 to 3.5, 0.6 to 1.33, 0.5 to 1, and 0.67
to 1.27 among 0D, 1D, 2D, and 3D hydroxyborates, respect-
ively. Generally, as the (A + OH)/B ratio decreases, the dimen-
sions of the B-O/OH anionic framework increase. The intervals
of (A + OH)/B ratios from 0D to 3D B-O/OH anionic structures
exhibit an overlap. For instance, K(B5;O¢(OH),)-2H,0,
RbB;O4(OH),-2H,0, and (NH,)(BsO¢(OH),)-2H,O  with
0D [BsO4(OH),] isolated clusters, Ba,(B,O,(OH),) with
1D '[B,0,(OH),]., infinite chains, and Li,CsB,0,,(OH), with
2D ?[B;0;4(OH)4]. infinite layers as well as Liz(BsOg(OH),)
with 3D *[B;O4(OH),]., frameworks all show an (A + OH)/B
ratio of 1. The correlation between the various dimensions of
B-O/OH anionic frameworks and the (A + OH)/B ratio suggests
that the dimensionality of B-O/OH anionic frameworks can be
controlled by adjusting the molar ratios of metal cations,
hydroxyl group, and boron atoms.

High-throughput data and crystal structure analysis

For the NCS hydroxyborates, our investigation focuses on key
properties like band gaps, second-order NLO coefficients, and
birefringence (optical anisotropy), all of which are essential for
practical applications in NLO materials as shown in Table S6.f
The birefringence An and the maximum SHG coefficients
|d;|™* of hydroxyborates are plotted against their band gaps
E,-HSE06 in Fig. 4, respectively. The majority of the com-
pounds exhibits large band gaps, ranging from 5.15 to 7.82 eV.
A total of 30 compounds have large SHG coefficients |dy|™* >
0.39 pm V™" (1 x dy6 (KDP)) and there are two compounds with
3D B-O/OH anionic frameworks, two with 1D infinite chains,
seven with 0D isolated clusters, and nineteen with 2D infinite
layers. Na,Ba,(B100;,(OH),) has the largest SHG coefficient
|dy2| ™™ = 1.08 pm V™' (2.8 x KDP) among the screened hydro-
xyborates, and exhibits a *[B;00;,(OH),]., infinite double layer.
Further details of Na,Ba,(B;(0;7(OH),) will be provided in the

Inorg. Chem. Front,, 2024, 11, 7843-7852 | 7845
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Fig. 3 Various dimensionalities of B-O/OH anionic frameworks, alongside the (A + OH)/B ratio among available hydroxyborates. The count in the
final row depicts the quantity of existing hydroxyborates with an inherent ratio of (A + OH)/B through varied colors.
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Fig. 4 Calculated Eg-HSEQ6 band gaps vs. the maximum SHG coeffi-
cients vs. birefringence at 1064 nm of typical hydroxyborates.
Dimensionalities of B-O/OH anionic frameworks are distinguished by
diverse icons.

following sections. A total of 26 compounds have moderate
birefringences with An > 0.040 and there are two with 1D infi-
nite chains, eight with 0D isolated clusters, and sixteen with
2D infinite layers. When the dimensionality of the B-O/OH

7846 | Inorg. Chem. Front,, 2024, 11, 7843-7852

anionic framework is 3, the largest birefringence is only 0.037
at 1064 nm. In contrast, when the dimensionality of the B-O/
OH anionic framework is 0, 1, and 2, the respective largest
birefringence values are 0.082 for Ba(BO,(OH)), 0.110 for Bi
(B4O6(OH),)(OH), and 0.091 for CaBgO;,(OH), at 1064 nm. An
optimized arrangement is conducive to optical anisotropy,
thereby enhancing birefringence. When functional groups
polymerize to form lower-dimensional structural frameworks,
the arrangement can be optimized, which is favorable for pro-
ducing appropriate birefringence. When functional groups
polymerize to form 3D B-O/OH anionic frameworks, the
arrangement tends to be less conducive to anisotropy, result-
ing in smaller birefringence. To assess the overall properties of
the hydroxyborate system, we calculated the statistical averages
of various linear and nonlinear optical characteristics. The
average E,-HSE06, An, and |d;|™ are 6.71 eV, 0.040, and 0.39
pm V™, respectively. These findings suggest that the hydroxy-
borate system holds promise for NLO materials, exhibiting a
combination of wide band gaps, moderate birefringence, and
large SHG coefficients.

The selection of short-wavelength NLO crystals based on the
following criteria is presented in Table S7i: E,HSE06 > 3.1 eV
(Acutotr < 400 nm), the shortest PM wavelengths Apy; < 400 nm, and
|dy| ™ > 0.39 pm V™! (1 x d36 (KDP)). Notably, the materials satis-
fying the criteria are mainly alkali and alkaline-earth metal hydro-
xyborates including Ba,B;30;0(0H)5-5H,0,>° CaBgOy;(OH),,*

This journal is © the Partner Organisations 2024
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SrBgO;1(OH)4,®  Li,CsB;0;4(0OH)4,%" Na,B;05(0H)-2H,0,* and
K;3B;0,(OH),-2H,0.%® The optical properties we calculated are
consistent with the reported results,’*** confirming the reliability
and accuracy of our computational methods.

Hydroxyborates have been extensively investigated as NLO
materials. Five crystals, namely KCay(B,,03,)(OH);(Cl-4H,0,°*
CagByc034(OH)4Cly-13H,0,%° NayBay(B1901-(0OH),),%” Nay(B10016
(OH),)-4H,0,%® and (Na(H,0)),(BsOs(OH))*® are identified as
novel NLO materials with unreported NLO properties. Their pre-
dicted properties are listed in Table S8.7

KCay(B,,03,)(0H)oCl-4H,0. KCay(B,,0;,)(OH);,Cl-4H,0 is
a natural mineral with the crystal structure determined by
Rastsvetaeva et al. (1992)% (ICSD. 39637). The structure was
refined by Poulin and Grice (2013)%* (ICSD. 39637). It exhibits
a large band gap of 7.08 eV, a relatively large SHG coefficient
di, = 059 pm V' (1.5 x KDP), and a birefringence of
0.065@1064 nm. This compound crystallizes in the P1 space
group and features a *[B;05(OH)]., layered structure along the
ac-plane containing [BO;], [BO,(OH)], and [BO,4] polyhedra. [B
(OH);] polyhedra are isolated from the borate sheets and
shown in Fig. 5a. The layered feature and triangular hydroxy-
borate anionic groups can result in moderate birefringence,
and the shortest PM wavelength Apy; can reach 235 nm, which
expands into the solar blind region (200-280 nm).

CagB,6034(OH),4Cl;-13H,0. It crystallizes in the P1 space
group and features a 3D structure with the (OH)™ located at
the triangular [BO,(OH)], the tetrahedral [BO,(OH),] and

View Article Online
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[BOs(OH)] anionic groups as shown in Fig. 5b. It exhibits a
small birefringence of 0.031@1064 nm, although it has a large
band gap of 6.65 eV and an SHG coefficient d,, = 0.41 pm V"
(1.1 x KDP) attributed to the polarity favorable arrangement of
[BOs] triangles. The reason for the small birefringence is the
locally small structural anisotropy of the tetrahedral
[BO,(OH),] and [BO3(OH)]. The shortest PM wavelength Apy is
336 nm, implying that PM capability extends into the long-
wave ultraviolet region (320-400 nm).

Na,Ba,(B190,7(0H),). It exhibits a *[B;00;7(OH),]., infinite
double layer along the ab-plane, crystallizing in the monoclinic
space group C2 as depicted in Fig. 5c. It has a moderate band
gap of 6.12 eV and the largest SHG coefficient d,, = 1.08 pm
V™! (2.8 x KDP) among the screened hydroxyborates, but exhi-
bits a small birefringence of 0.027@1064 nm. The shortest PM
wavelengths Apy is 367 nm, implying that PM capability
extends into the long-wave ultraviolet region (320-400 nm).

Nay(B19016(0H),)-4H,0. Nay(B;00:6(0OH),)-4H,0 crystallizes
in the monoclinic Pc space group. The structure features a
’[B505(OH)]., infinite single layer along the ab-plane with the
(OH)™ located at the tetrahedral [BO,(OH)] anionic groups as
shown in Fig. 5d. It shows a large band gap of 6.42 eV. Owing
to the polarity-favorable arrangement of [BO;] and [BO,(OH)]
triangles, Nay(B;0016(OH),)(H,0), has a large SHG coefficient
dy; = 0.66 pm V' (1.7 x KDP). The birefringence is 0.03 at
1064 nm. Its smaller birefringence results in a longer Apy =
318 nm due to the locally small structural anisotropy of the

Fig. 5 Crystal structures of (a) KCas(B2,032)(OH);0Cl-4H,0, (b) CagB,5034(0H),4Cls-13H,0, (c) NayBay(B19017(0OH),), (d) Nas(B1oO16(0OH)2)-4H,0, (e)
(Na(Hzo))z(Bsog(oH)), (f) Caz(Bsos(oH))gB(OH)3H20, (g) 882(8509(OH)4), (h) NH4(B506(OH)4)2H20, and (I) CaB305(OH)

This journal is © the Partner Organisations 2024
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tetrahedral [BO,], implying that the PM capability extends into
the medium-wave ultraviolet region (280-320 nm).

(Na(H,0))»(B505(OH)). (Na(H,0)),(BsO5(OH)) and
Na,(B10016(0H),)(H,0), have the same *[B;O4(OH)],, infinite
single layer, but (Na(H,0)),(B;Og(OH)) belongs to the ortho-
rhombic Pna2, space group with an infinite single layer along
the bc-plane as shown in Fig. 5e. It exhibits a large band gap of
6.47 eV and a birefringence of 0.023@1064 nm with an SHG
coefficient d;; = —0.66 pm V' (1.7 x KDP). The shortest PM
wavelength Apy = 345 nm indicates its PM capability in the
long-wave ultraviolet region (320-400 nm).

Besides the above five crystals, four hydroxyborates—
Ca,(B505(OH)),B(OH);-H,0,”°  Bay(BcOo(OH),),”"  NH,(B506
(OH),)-2H,0,”? and CaB;05(OH)”*>—are recognized as potential
NLO materials as shown in Fig. 5f, g, h, i, and Table S8.}
These crystals have only been partially characterized, and
some optical properties such the PM wavelengths have not
been reported.

Ca,(B505(OH)),B(OH);-H,0 shows a wide band gap of 7.38
eV with a moderate birefringence of 0.071@1064 nm. The d;,
coefficient is about —0.67 pm V™' (1.7 x KDP), which is consist-
ent with the measured powder SHG response (1.8 x KDP).”
Apm Was calculated to be about 229 nm, implying that the PM
capability extends into the solar blind region (200-280 nm).
Considering the excellent multiple properties, large-size crys-
tals should be grown for further evaluation. Ba,(BsOo(OH),)
shows a band gap of 7.14 eV and the d,, coefficient is about
1.07 pm V' (2.8 x KDP). The calculated results are consistent
with the measured powder SHG response (3 x KDP) and UV
cutoff edge (<190 nm).”* It exhibits a birefringence of 0.037 at
1064 nm. The shortest PM wavelength Apys is 302 nm, which
extends into the medium-wave ultraviolet region
(280-320 nm). NH,(B;06(OH),)-2H,O achieves a balance
among the band gap, birefringence, and the SHG coefficient,
being 6.47 €V, 0.050 at 1064 nm, and d;, = —0.39 pm V™' (1.0 X
KDP), respectively. P. Becker et al. reported the linear optical
effect, a suitable birefringence of 0.058 at 1064 nm and a UV
cutoff edge of less than 180 nm.”* The calculated results are in
good agreement with the reported results, fully demonstrating
the rationality and reliability of the calculation methods. Apyp
can reach 240 nm, implying that the PM capability extends
into the solar blind region (200-280 nm), and the NLO effect
with large-size crystals should be evaluated. CaB;O5(OH) is
another typical hydroxyborate. It has a wide band gap of 7.15
eV. The d;; coefficient is about —0.77 pm V™" (1.9 x KDP). Its
birefringence is An = 0.037@1064 nm and Apy is 327 nm, and
extends into the long-wave ultraviolet region (320-400 nm).

From the analyzed results, it is found that the PM capability
of KCay(B,,03,)(0H);,Cl-4H,0, Cay(Bs0g(OH)),B(OH);-H,0,
and NH,(B5O4(OH)4)-2H,0 extend into the solar blind region.
Additionally, Nay(B;00;6(0OH),)-4H,0 and Ba,(BsOo(OH),) are
identified as potential SHG materials suitable for the range of
the medium-wave ultraviolet region. Furthermore, CagB,5034
(OH),4Cl,;13H,0, Na,Ba,(B100:7,(0OH),), (Na(H,0)),(B505(OH)),
and CaB;05(OH) are recognized as potential SHG materials for
the range of the long-wave ultraviolet region.
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Optics-related properties

Most of the hydroxyborates screened exhibit large band gaps,
and half of them have strong SHG effects, yet they exhibit
different birefringence values. In order to investigate the
origin of the difference in birefringence, we analyzed the influ-
ence of the anionic framework, the arrangement and the
density of anionic groups, particularly the n-conjugated [BOs],
[B(OH);3], and [BO,(OH)] units. As we all know, the terminal
positions of (OH)™ groups and the presence of A cations can
cut off the anionic framework, as scissors. As shown in Fig. 6a,
the hydroxyborates with a birefringence An > 0.05@1064 nm
mainly exhibit the low-dimensional B-O/OH anionic frame-
work, owing to the structural anisotropy. However, for birefrin-
gence An < 0.05@1064 nm, the compounds show 0D to 3D
anionic frameworks. In addition to the dimensions of the
anionic framework as a birefringence-descriptor, the arrange-
ment and density of anionic groups, particularly the
n-conjugated [BO;], [B(OH);], and [BO,(OH)] units should be
considered. Therefore, we analyzed the compounds with 2D
anionic frameworks and (A + OH)/B ~ 0.6; the birefringence
changes from 0.005 to 0.076@1064 nm, as shown in Fig. 6b.
The densities of [BO;], [B(OH);], and [BO,(OH)] units in
Ca,(BsOg(OH)),B(OH);-H,O-1  (Ca-I),  Cay(BsO5(OH)),(B
(OH),)-H,O-II (Ca-II), Ca,(BsOs(OH)),(B(OH);)-H,O-III (Ca-III),
Sr,(Bs05(OH)),(B(OH);)-H,0-1 (Sr-I), Sr,(B504(OH)),(B(OH),)-
H,O-I  (Sr-II),  Sry(BsOg(OH))y(B(OH),)-H,O-III  (Sr-TII),
Ba,(Bs03(OH)),(B(OH);)-H,O-1 (Ba-I), and Ba,B,,0;4(OH),
(H3BO,)-H,O-II (Ba-II) are 0.0168, 0.0181, 0.0181, 0.0162,
0.0162, 0.0111, 0.0163, and 0.0174 A~3, respectively. As can be
seen from Fig. 6b, for Sr-III, the density of [BO;], [B(OH);], and
[BO,(OH)] units is small, about 0.0111 A™3, and the birefrin-
gence is also very low, about 0.005 at 1064 nm. As the density
of the m-conjugated units increases, the birefringence also
increases. When the density of the n-conjugated units is at its
maximum of 0.0181 A~3, the birefringence of Ca-II and Ca-III
is 0.071 and 0.075, respectively, at 1064 nm. The slight differ-
ence in birefringence for Ca-II and Ca-III is mainly attributed
to the different arrangements. In addition, the different chemi-
cal compositions and the arrangement should also be con-
sidered; taking Sr-II and Ba-I as the example, they have
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n-conjugated [BOs], [B(OH)s], and [BO,(OH)] units, taking the (A + OH)/B
ratio of 0.636 as the example.
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different birefringence values of 0.050 and 0.070 at 1064 nm
with similar n-conjugated unit density values of 0.0162 and
0.0163 A,

Leveraging high-throughput screening strategies, we
screened out compounds exhibiting balanced NLO perform-
ance in the hydroxyborate system. Representative compounds,
such as KCay(B,,03,)(OH);,Cl-4H,0, are selected for elucidat-
ing their electronic structures and investigating the origin of
their strong SHG effects and moderate birefringence.

The NLO properties of KCay(B,;03,)(OH);0,Cl-4H,O are
thoroughly investigated, as depicted in Fig. S1.f Examination
of the band structures (Fig. Slat) reveals that KCa,(B,,03,)
(OH),0Cl-4H,0 is characterized as a direct-band-gap material.
Analysis of the total and partial density of states (PDOS) indi-
cates that the valence bands (VBs) predominantly derive from
O-p, B-p, H-s, and Cl-p orbitals, while the conduction bands
(CBs) are primarily constituted by B-p, O-p, and H-s orbitals.
The hybridization of sp orbitals from B, O, and OH on both
sides of the band gap, as revealed by PDOS, signifies the
strong covalent bonding within the hydroxyborate anionic
frameworks. The band-resolved analysis of SHG (Fig. S1bt)
corroborates that the predominant contributions to the optical
properties stem from the hydroxyborate anionic groups, align-
ing well with anionic group theory. Additionally, the SHG-
weighted density is utilized to delve deeper into the contri-
bution of atoms or groups to the SHG response, employing the
sum-over-states method implemented in the CASTEP code.
Based on these contributions, the SHG-density method can be
divided into the occupied and unoccupied states of VE and
VH, respectively. In the case of KCa,(B,,03,)(OH);0Cl-4H,0,
particular emphasis is placed on plotting the VE processes due
to their significant contributions to the SHG response, as
depicted in Fig. Sic.t The primary VE process indicates that [B
(OH);], ’[Bs05(OH)]w, Cl, and Ca in occupied states, along
with B-O/OH anionic groups and Ca in unoccupied states, are
the primary contributors to the SHG effects. Overall, this
finding aligns with our comprehension of the structure-prop-
erty relationship in hydroxyborates.

The KCay(B,,03,)(OH);0Cl-4H,0 compound features an
anionic arrangement of *[B;04(OH)]., and [B(OH);], with an (A
+ OH)/B ratio of 0.682. Given this ratio, the moderate birefrin-
gence of the compound can be anticipated. Based on the cal-
culated refractive indices and dispersion curves as plotted in
Fig. 7a, KCa,(B,,03,)(OH),(Cl-4H,0 has a calculated birefrin-
gence of 0.065@1064 nm, and the shortest PM wavelength of
KCay(B,,03,)(OH);0Cl-4H,0 is determined according to the
condition 7y,,(24) = nmin(4) for the type-I PM process. The
shortest PM wavelength is about 235 nm, suggesting its poten-
tial for the output PM SHG ultraviolet light. To ascertain the
contribution to birefringence, the response electron distri-
bution anisotropy (REDA) approximation was employed.”*
From Table S10,T it can be concluded that the [BOs] units in
KCay(B,,03,)(OH);,Cl-4H,0 contribute most significantly,
showing a value of 52.46%. Meanwhile [BO,(OH)], [B(OH)s],
and [BO,| units contribute relatively small percentages of
26.55, 14.28, and 4.04%, respectively. Overall, *[B;Og(OH)].,
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Fig. 7 (a) Refractive index and PM property evaluation. (b) Electron
density distribution of KCa4(B2203,)(OH)1oCl-4H,0.

layers and [B(OH);] clusters contribute significantly to produ-
cing large optical anisotropy, thereby generating moderate
birefringence. Moreover, the electron density distribution of
KCay(B,,03,)(OH);0Cl-4H,0 is clearly visualized in Fig. 7b.
Obviously, the anisotropic electronic distribution of
?[B504(OH)],, layers and [B(OH);] clusters results in the moder-
ate birefringence, well consistent with the REDA result.

Conclusions

In pursuit of identifying promising short-wavelength NLO
materials, especially in the solar blind region (200-280 nm),
our study focused on the hydroxyborate system utilizing first-
principles high-throughput screening. We systematically
assessed over 222 NCS hydroxyborate compounds from
718 hydroxyborate compounds in the ICSD. Through meticu-
lous compound screening, structural optimization, property
simulation, and mechanism analysis, we identified several
promising SHG materials in different operational wavelength.
In the solar blind region (200-280 nm), compounds such as
KCay(B,,03,)(0OH);0Cl-4H,0, Cay(B5Og(OH)),B(OH);-H,0, and
NH,(B504(OH),4)-2H,0 have shown potential. Notably, the PM
wavelengths for these three compounds are all less than
266 nm. For the medium-wave ultraviolet region (280-320 nm),
Nay(B;19016(0OH),)-4H,0 and Ba,(BsOo(OH),) have been identi-
fied as suitable candidates. Additionally, in the long-wave
ultraviolet region (320-400 nm), CagB,5034(0OH),,4Cl;-13H,0,
Na,Ba,(B1¢017(OH),), (Na(H,0)),(B505(OH)), and CaB;05(OH)
have been recognized as potential materials. Our calculated
properties align well with the reported findings, thereby show-
casing the precision and reliability of our calculation methods.
The investigation of hydroxyborates in relation to their bire-
fringence, the dimensionality of the B-O/OH anionic frame-
work, and the (A + OH)/B ratio may reveal hydroxyborates with
short PM wavelengths, which are desirable for NLO appli-
cations. Additionally, we have noted that a moderate birefrin-
gence is observed when the (A + OH)/B ratio is approximately
0.6. Specifically, the phenomenon is notably pronounced in
2D anionic layers and 1D anionic chains, exhibiting a birefrin-
gence value of 0.05 or greater at a wavelength of 1064 nm.
Additionally, when the (A + OH)/B ratio is 1 or 2, a higher like-
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lihood of moderate birefringence is observed in 0D anionic
clusters. This study provides novel insights and strategies for
tailoring the birefringent properties of materials. It is expected
to facilitate the advancement and exploration of promising
short-wavelength NLO materials within the hydroxyborate
system.
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