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Chemical substitution towards a rare-earth borate
ultraviolet NLO crystal exhibiting a strong SHG
responsef
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The fabrication of nonlinear optical (NLO) materials that exhibit both a pronounced second harmonic
generation (SHG) response and a broad ultraviolet (UV) transmission range remains a big challenge. In this
study, we employed a flux method to extract a potential rare-earth borate UV NLO crystal,
K7.5Luz.5B15030, by the chemical cosubstitution strategy. The title compound crystallizes in the trigonal
space group R32 (no. 155) with a three-dimensional structural framework consisting of [BsO10] and [LuOg]
groups. Remarkably, K;sLus sB15039 possesses a nhotably short cutoff edge of 198 nm and a wide band
gap of 6.3 eV. Moreover, it demonstrates a strong phase-matched SHG efficiency of 1.2 x KDP, which rep-
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theoretical calculations and structural analyses unveil that the NLO properties observed in Ky sLus sB150=9
are primarily attributable to the synergistic effect of the [BsOj0] groups and [LuOgl octahedra. These
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Introduction

Ultraviolet (UV) nonlinear optical (NLO) materials, with the
ability to generate coherent UV light by laser frequency conver-
sion, are in high demand for versatile advanced applications
such as laser photolithography, laser medicine, and semi-
conductor manufacturing."® Currently, KBe,BO;F, (KBBF)
crystals stand as the only material capable of generating deep-
UV laser output through direct frequency doubling. However,
the toxicity of beryllium, the raw material used for KBBF, along
with the undesirable delamination growth habit, have signifi-
cantly impeded its extensive utilization.””® Consequently, the
pursuit of novel deep-UV and UV NLO crystalline materials rep-
resents a formidable challenge. To fabricate short-wave UV
NLO crystals, apart from the prerequisite of a non-centro-
symmetric (NCS) structure, a wide UV transmission window
and a large second-harmonic generation (SHG) response are
necessary. Nevertheless, the paradoxical nature of the SHG
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findings indicate that K; sLu, 5sB15030 has potential applications as beryllium-free UV NLO materials.

coefficients and the bandgap correlation function poses a sig-
nificant challenge in simultaneously achieving strong SHG
effects (>1 x KDP) and short UV cutoff edges (<200 nm).'**?
To address this challenge, effective methods have been
employed, such as incorporating NLO-active chromophores as
fundamental building blocks (FBBs), including second-order
Jahn-Teller (SOJT) effect d° transition-metal cations (e.g., Ti*",
Nb>*, etc.) with octahedral coordination and post major group
metal cations (e.g., Bi*", Te*", Sn*", etc.) with stereo-chemically
active lone pairs."*'® However, the presence of these metal
cations always results in unfavorable red shifts at the UV cutoff
edge, rendering the materials unsuitable for NLO applications
in the UV and deep-UV region.

Borate-based NLO materials have garnered significant inter-
est due to their diverse NCS geometries, obvious NLO
responses, excellent thermochemical stability, wide bandgaps,
and high transparency, particularly in the UV wavelength
range.”2° Notably, several borate UV NLO crystals, including
LiB;Os (LBO),** B-BaB,O, (B-BBO),*> CsB;O; (CBO),* and
CsLiBgOy, (CLBO),>* have been identified as excellent candi-
dates with remarkable overall performance. The overlapping of
boron atomic orbitals is well recognized for its ability to gene-
rate sp, sp, and sp® hybrid orbitals, resulting in the formation
of three fundamental building blocks (FBBs) in borates: linear
[BO,]™, triangular [BO;]*7, and tetrahedral [BO,]°~.>*** These
FBBs, through diverse coordination with oxygen atoms, not
only contribute to structural diversity but also facilitate the
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formation of multifunctional groups or clusters, achieved
through corner-sharing, edge-sharing, or face-sharing oxygen
atoms. Notable examples include [B,05]*7,>*7%° [B;00]>,**"”
[B;0,]>7, [B4O12]"*", and [BsO40]>” groups,®*° which can
undergo further polymerization to form a rich variety of struc-
tural architectures, like one-dimensional (1D) chains, two-
dimensional (2D) layers, and three-dimensional (3D) frame-
works. Additionally, rare earth elements with fully closed-shell
or half-filled 4f orbital electronic configurations, like Sc, Y, La,
Gd and Lu, are conducive to wide UV transmission windows
due to the absence of d-d and f-f electron transitions.*!
Meanwhile, the presence of favorable distortion in RE-O bond-
based motifs facilitates the generation of second-order polariz-
abilities and SHG responses. In view of this, extensive research
has been conducted on rare earth borates, such as
La,CaB;¢0q9, K,Naz_,La,B;0 (x = 2-3), BaYOBO;, and
Rb,ScB;04F,,**™* which exhibit an intense SHG response and
a wide UV transmission range, positioning them as promising
NLO crystals in the UV wavelength region. Recent studies have
also revealed a series of NCS rare-earth borates, denoted as
A;M"RE,(B;501,); (A = alkali metal, M" = alkaline-earth metal,
RE = rare earth metal),*® featuring [B;0;0]°~ motifs with flex-
ible occupancy at cation sites A, M" and RE. Notably, the
majority of these A,M"RE,(B;0;,); compounds have short UV
cutoff edges below 200 nm and large bandgaps. Furthermore,
the observed NLO effects in these compounds are found to be
0.9 to 1.2 times that of KDP, indicating their potential as NLO
materials in the UV and deep-UV regions. Consequently, the
exploration of deep-UV NLO crystals has led to the identifi-
cation of rare earth borates comprising [B;O;,]’~ groups as a
promising candidate system. It is widely known that chemical
substitution is an effective strategy for exploring UV NLO
materials, with the potential to yield novel NLO crystals with
favorable properties through simultaneous cation substi-
tutions. Building on these principles, a novel rare earth borate
NLO crystal, K;sLu,sB15030 (KLBO), has been successfully
designed and synthesized by the cosubstitution strategy,*® in
which the alkali metal cation K" and rare earth cation Lu**
occupy all the A and RE sites in A;M"RE,(B5O1,)s. The result-
ing compound adopts the NCS trigonal space group R32 (no.
155) and showcases a distinctive 3D structure comprising
[B5040] and [LuOg] groups. This unique characteristic endows
KLBO with a large SHG response of 1.2 x KDP and a short UV
cutoff edge of 198 nm, corresponding to a large bandgap of
6.3 eV. These findings suggest that KLBO is a potential UV
NLO crystal material.

Results and discussion
Compound preparation

A polycrystalline pure phase of the KLBO compound was pre-
pared via conventional high-temperature solid-phase syn-
thesis, and the corresponding data are presented in Fig. 1.
Notably, the experimental X-ray diffraction (XRD) patterns
largely align with the corresponding theoretical patterns, indi-
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Fig. 1 Experimental and calculated PXRD patterns of KLBO.

cating a high phase purity. Two tiny peaks labeled with aster-
isks observed at approximately 20 and 27 degrees can be attrib-
uted to LuBO; (PDF 13-0481), which belongs to the centro-
symmetric space group C2/c and exhibits no NLO response.
Additionally, in order to ascertain the thermal stability of
KLBO, variable temperature XRD analysis was conducted on
the polycrystalline powder samples before and after the
melting process. The results presented in Fig. s1f reveal that
the diffraction pattern of the sample prior to melting (950 °C)
is largely consistent with that calculated from the crystallo-
graphic data of KLBO. Upon reaching a temperature of
1000 °C, the resulting sample decomposes into LuBOj3, indicat-
ing the relatively favorable thermal stability of KLBO.

Crystal structure

The compound KLBO crystallizes in the acentric R32 (no. 155)
space group. The cell parameters of KLBO are ¢ = b = 13.1559
(6) A, ¢ = 15.0194(11) A, V = 2251.3(3) A%, a = § = 90°, y = 120°
and Z = 1. The asymmetric unit contains four crystallographi-
cally independent K atoms, two independent Lu atoms, three
independent B atoms, and five independent O atoms. In
addition, all atoms except Lul with an occupancy of 50.2%
and K1 with an occupancy of 49.8% are fully occupied. Tables
S1-S3t1 present the extended -crystallographic and refined
structural data of KLBO, including information on atomic
coordinates and equivalent isotropic displacement parameters,
bond lengths, and bond angles. As illustrated in Fig. 2a, the B
atoms exhibit two distinct coordination geometries, namely
[BO,] tetrahedra and [BO;] coplanar triangles. The length of
the B-O bond varies from 1.306 A to 1.469 A, while the O-B-O
bond angle varies from 108.2° to 123.9°. One [BO,] and four
[BO;] units are further connected by corner-sharing oxygen
atoms to form [B;Oy,] clusters. Moreover, the isolated [B5O;]
groups with varying orientations extend indefinitely along the
ac plane, as illustrated in Fig. 2b. The dihedral angle of the
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Fig. 2 Structure of KLBO. (a) [BOs], [BO4] units, [BsOj0l groups and [KosLu,s501,] functional building fragments. (b and c) Presentation of the

[B5sO10] and [Ko s5Lu, 5015] groups, respectively. (d) 3D structural network.

[B50O40] motif is shown in Fig. s2.T The Lu atoms coordinate
with six O atoms to form [LuO¢] polyhedra, which are intercon-
nected by face-shared oxygen atoms to create a [KysLu, 5015]
cluster (Fig. 2c). This observation is due to the co-occupation
of the Wyckoff site by K" and Lu®" cations. The length of the
Lu-O bond is found to be in the range of 2.174 A to 2.418 A
and the O-Lu-O bond angle varies from 73.2° to 168.1°. It
should be noted that each [B50,,] group is connected by six
[Ko.sLu, 501,] triangular prisms, which extend indefinitely in
different directions to form a 3D structural network, as illus-
trated in Fig. 2d. The K atoms are aligned along the c-direction
of the framework channel for charge balancing. Furthermore,
bond valence sum (BVS) analysis on KLBO showed that the cal-
culated average valence states of K, Lu, B, and O were found to
be 1.23, 2.87, 3.1 and 2.0, respectively, all falling within the
anticipated range.

Optical characterization

The transparency range of the KLBO compound was deter-
mined through UV-Vis-NIR diffuse reflectance measurements.
The alkali metals and rare earth elements possess closed-shell
electronic configurations that do not involve d—d or f-f electron
transition,”” which contributes to the blue shift of the UV
cutoff edges. As illustrated in Fig. 3a, KLBO maintains high

632 | Inorg. Chem. Front.,, 2025, 12, 630-636

transparency in the wavelength range of 200-2000 nm, with a
UV cutoff edge at 198 nm. Consequently, this result corres-
ponds to a wide experimental bandgap of approximately 6.3
eV. Notably, the cutoff edge observed in KLBO is comparable
to that of other rare earth borate NLO crystals containing
[BsO10] groups, such as K,CaY,(BsOio); (below 190 nm),*®
K3YBgO1, (195 nm), and KgLizSc,Bi5050 (190 nm).*” This
observation indicates the potential of KLBO as a material for
NLO applications, particularly in the UV or even deep-UV
region. Furthermore, the IR spectra of the KLBO polycrystal-
line samples were experimentally recorded, as illustrated in
Fig. 3b. Notably, distinctive absorption bands are observed at
approximately 1384, 1258, and 1200 cm ™", which are ascribed
to the asymmetric stretching of the [BO3] groups. The peak at
930 cm™! is attributed to the symmetric stretching vibration
of the [BO;] unit. The band observed at 1032 cm™" is primar-
ily ascribed to the asymmetric stretching vibration of the
[BO4] unit. The symmetric stretching vibration peaks of the
[BO,] unit are located at 786 and 732 cm ', while a
distinct peak at 616 cm™' is associated with the bending
vibration of the [BO;] and [BO,] units.*® These findings are
corroborated by previously reported results, providing further
support for the rationality of the structural analysis conducted
on KLBO.

This journal is © the Partner Organisations 2025
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Fig. 3 (a) UV-vis—NIR diffuse reflectance spectrum and the corresponding band gap for KLBO. (b) IR spectrum of KLBO. (c) Phase-matching SHG
signals for KLBO and standard KDP with 1064 nm laser radiation. (d) Comparison of SHG between KLBO and KDP.

NLO measurements

The NCS crystal structure of KLBO indicates its potential to exhibit
second-order NLO properties. In accordance with the anionic
group theory of NLO activity in borates, the planar triangular [BO;]
groups in KLBO are expected to generate a considerable SHG
effect, whereas the [BO,] groups have smaller contributions. The
orientation of these groups also plays a role in determining the
overall NLO activity. As illustrated in Fig. 3c, the SHG strength of
KLBO demonstrates a notable increase with increasing particle
size, ultimately reaching a saturation value. This observation
suggests that KLBO exhibits a phase matching behavior. Moreover,
Fig. 3d demonstrates that KLBO exhibits a large SHG efficiency of
~1.2 x KDP within the particle size range of 180-212 pm, which is
comparable to that of other rare earth borate NLO crystals contain-
ing [BsOq0] groups, such as K;BaSc,B;503 (1.4 x KDP),
K,SrY,B;5050 (1.1 x KDP), and Rb;YB4O;, (0.8 x KDP).*® These
findings indicate that KLBO exhibits sufficient SHG response to be
considered a potential NLO crystal in the UV wavelength range.

Structure-property correlations

To unravel the origin of optical properties observed in KLBO, we
performed first-principles calculations based on DFT to study

This journal is © the Partner Organisations 2025

its electronic structures. As shown in Fig. 4a, analysis of the
band structure reveals that the valence band (VB) maximum and
the conduction band (CB) minimum of KLBO are located at
different k-points within the Brillouin zone, indicating that it is
an indirect band gap compound. The calculated bandgap of
KLBO is determined to be 4.6 eV. Furthermore, the maps of the
density of states (DOS) and partial density of states (PDOS) in
Fig. 4b provide a visual representation of the distribution of
electronic orbitals in KLBO. The hybridization of the electronic
orbitals in the VB region from the Fermi energy level down to
—8 eV primarily involves the s and p orbitals of B and the p orbi-
tals of O, suggesting that the orbitals in the VB region are
mainly from the B-O bond-based units. On the other hand, the
electronic orbitals in the CB region from 5 to 10 eV are primarily
determined by the d orbitals of Lu and the p orbitals of B. It is
worth noting that the optical properties of KLBO are mainly
determined by the electronic transition between the VB
maximum and the CB minimum. Based on the above analyses,
it is concluded that the SHG effect originates from the synergis-
tic effect of the B-O and Lu-O bond-based groups. In addition,
the dipole moments surrounding the [BO;] planar triangles and
[BO,] tetrahedra as well as the [LuOg] octahedra of KLBO were
further analyzed. Our analysis revealed that the primary contri-

Inorg. Chem. Front., 2025, 12, 630-636 | 633
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Fig. 4 (a) Band structure for the KLBO crystal. (b) PDOS and TDOS for the KLBO crystal.

butors to the SHG intensity in KLBO are the n-conjugated [BOs]
planar triangles and the distortive [LuOs] octahedra. Conversely,
the non-n-conjugated [BO,] tetrahedra make a relatively smaller
contribution to the overall SHG activities, primarily due to their
smaller dipole moments (Table S4f). Consequently, the NLO-
active [BOz] motifs and [LuOg] octahedra serve as the main con-
tributors to the NLO properties of the KLBO compound.

Conclusions

In conclusion, an alkali metal rare-earth borate NLO crystal,
KLBO, was successfully synthesized via spontaneous crystalli-
zation. A structural analysis of the compound reveals its adop-
tion of the trigonal space group R32 (no. 155), featuring a dis-
tinctive 3D framework comprising [LuOg] octahedra and
[B5010] groups. Notably, UV-Vis-NIR diffuse reflectance ana-
lysis demonstrated that KLBO exhibits a significantly short UV
absorption cutoff edge below 200 nm, with a wide energy gap
of 6.3 eV. Furthermore, KLBO displays an amplified SHG
efficiency of 1.2 times that of KDP. Additional insights from
structural and theoretical results indicate that the SHG activity
of KLBO is primarily derived from the presence of [BO;] units
and distorted [LuOg] octahedra. These favorable characteristics
position KLBO as a promising candidate for NLO applications
in the UV wavelength region.
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