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Ultraviolet (UV) nonlinear optical (NLO) crystals with a second-harmonic generation (SHG) response can
efficiently output UV coherent light, and have important applications in UV solid-state lasers. Herein, we
designed and synthesized a novel Eu-based borate (NLO) crystal, RbNasEu,(BO=)s (RNEBO), which intro-
duces Eu into an AsRE,(BOs)s (A = alkali metal, RE = rare earth) system applied in the UV region first and
exhibits both strong SHG activity and a wide optical transmission window. The RNEBO crystallizes in the
non-centrosymmetric (NCS) space group Amm?2, featuring a three-dimensional framework of [EuBOs],
layers with isolated [BOs]*~ groups bridging in a coplanar arrangement. Meanwhile, the alkali metals Rb
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balance. The distinctive internal structure enables RNEBO to possess a large SHG response (~3.55 x KDP)
and UV transmittance of 6.17% at 200 nm. This finding confirms that RNEBO is a potential UV NLO crystal
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rsc.li/frontiers-inorganic and provides valuable insights for

1. Introduction

Ultraviolet (UV)/deep ultraviolet (DUV) nonlinear optical (NLO)
crystals as the core device medium for UV solid-state lasers
with short wavelength outputting have great value of appli-
cation in high power lasers, photoelectric communication,
micromachining, microscopy, semiconductor lithography and
other advanced frontier fields as they are capable of outputting
coherent light by wave frequency conversion.'”> However, the
development of UV/DUV NLO crystals remains limited, because
it is restricted by the basic requirement of structure-oriented
optical properties: (i) a short UV absorption cut-off edge (4 <
200 nm), (ii) a moderate birefringence for phase matching (An
=0.03-0.1@1064 nm), (iii) a non-centrosymmetric crystal struc-
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the exploration of Eu-based borate UV NLO crystals in the future.

ture to induce the second harmonic generation (SHG), and (iv)
a large SHG efficiency, d; > d3s KDP (0.39 p.m. per V) at
1064 nm. For decades, lots of crystals with excellent perform-
ance have been prepared, but only a few crystals can perfectly
balance the above requirements due to the conflict between
these requirements,® including KBe,BO;F,(KBBF), which has a
short UV cut-off edge (147 nm) and a large birefringence (An =
0.077@1064 nm). However, it is not particularly excellent due
to the weak interlayer forces and the toxic raw material Be,
which are not conducive to crystal growth.>” Therefore, the
exploration of UV/DUV nonlinear optical crystals with excellent
properties is still urgent.

NLO crystals with a large SHG response are favored in the
preparation of ultraviolet solid-state lasers because of their
ability to output ultraviolet coherent light.*'° However, the
reported NLO crystals with large SHG responses are still limited.
As we know, NLO response may occur when crystals crystallize in
non-centrosymmetric (NCS) space groups;'' therefore, targeted
construction of NCS NLO crystals is a prerequisite for large SHG
intensity. Currently, the anionic groups usually include borate,
carbonate, iodate, phosphate, etc., such as Sr;BeBgOi;,"
NagLu,(CO;)F,," and AZn(POs); (A = K, Rb)."* Among them,
borates are frequently selected as the ideal candidates due to
their composition of n-conjugated or non-r-conjugated boronic
anion groups and great tunable photoelectric properties.
According to the anionic group theory, the [BO,]*~ group is the
comparatively favorable building block in borates due to the
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n-conjugated electronic structure, and when the [BO;]>~ groups
arrange in a coplanar manner with a large microscopic polariz-
ability,"> it is beneficial for achieving a wide transmission
window in the UV region and large SHG response. Meanwhile,
rare earth elements are also a hot spot in the selection of cations
because of their large ionic radius and rich coordination
environment. Highly distorted RE polyhedra contribute to the
generation of the large SHG response, such as the reported rare
earth-based borates Cd,SmO(BO;); (1.2 x KDP),'® Cd,TbO(BO;);
(1.5 x KDP),"® PrSc;(BO;), (1.85 x KDP)," etc. In addition, alkali
metals with a large atomic radius, such as Rb and Cs, which can
better fit to the anion framework, are also considered as suitable
cations of NLO crystals, since they are capable of having large
polarizability.'® In addition, it has been reported that reducing
the gap in the anion framework is beneficial for alleviating the
phase transition.®

In this work, we successfully designed and synthesized a
novel Eu-based borate NLO crystal, RbNa,Eu,(BO;); (RNEBO),
which crystallized in the asymmetric space group Amm?2. It is
the first time that Eu is introduced into the A;RE,(BO;); (A =
alkali metal, RE = rare earth) system applied in the UV region.
It forms highly distorted [EuO] polyhedra by sharing oxygen
atoms with [BO;]>~, which further connect to the [BOs]*~
groups arranged in a coplanar manner forming the [EuBO;],,
layers as the anion framework of RNEBO, and Rb with a large
atomic radius is introduced to fill the pores of the framework
and increase polarizability. Considering that elements of the
same main group have similar electronic structures and may
exhibit chemical valence equivalent substitution, the light
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alkali metal Na is also introduced to balance the charge.
Physicochemical characterization shows that RNEBO has trans-
mission in the DUV region (200 nm, 6.17%) and exhibits a
large SHG response (~3.55 x KDP), which prove that RNEBO is
a promising UV NLO crystal.

2. Results and discussion

RNEBO crystallizes in the acentric orthorhombic space group
Amm2 with the lattice parameters a = 5.1228(2) A, b = 11.1226
(7) A, ¢ = 7.0441(4) A and Z = 2. 1t is formed by three-dimen-
sional [EuBOs],, chains with [BO;]*~ groups bridged in a copla-
nar manner between infinite chains by sharing O atoms
(Fig. 1d). In addition, alkali metal Rb and Na atoms are intro-
duced into the gap of the three-dimensional frame to balance
the charges of the coordinating O atoms. The asymmetric unit
of RNEBO consists of one isolated Rb, two isolated Na, one iso-
lated Eu, two isolated B, and four isolated O atoms, respect-
ively, and Energy-Dispersive Spectroscopy (EDS) has been
carried out to identify the elements contained (Fig. S17). For B
atoms, they bond with three O atoms to form a [BO;]*~ triangle
structure with the B-O lengths lying within the range of 1.34
(2) A to 1.40(4) A. For Eu atoms, they are coordinated by nine O
atoms to form a [EuOo] polyhedron with Eu-O distances of
2.381(2)-2.655(5) A (Fig. 1b), which matches the reported
results.”® It is worth noting that the [B(1)Os;]*” triangle is
arranged in a coplanar manner in the bc plane (Fig. 1a), which
facilitates the generation of a large SHG response. Although

(b)

b

c

[EuO,}/[BO; -

(d)

3D network of RNEBO * *°

Fig. 1 (a) Coplanar arrangement of [B(1)Os]*~ units between the [EuBOs],, layers. (b) Coordination of the [EuOs] polyhedron with [BOz]*~ units. (c)
[EuBOs]., chains with [BO3]*~ groups bridged between infinite chains along the b axis. (d) 3D network of RNEBO viewed along the a axis.
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the [B(2)0s;]>~ groups are not the coplanar and parallel
arrangement, which has possible to counteract part of the
microscopic polarizability. However, the increase in the
density of [BO;]*~ groups can promote the production of a
large SHG effect to some extent. At the same time, the intro-
duced alkali metal Na and Rb atoms fill the frame holes and
eliminate the end oxygen of [BO;]*~ groups as much as poss-
ible, which is conducive to the blue-shift of the UV cut-off
edge. In addition, the [BOs;]*” groups bridged between
[EuBO:;]., layers have greater connectivity than the F-K bond
in KBBF, which is beneficial for improving the traditional
layered growth during crystal growth and facilitating the
growth of large crystals (Fig. 1c).

The phase purity of RNEBO was confirmed by powder X-ray
diffraction (PXRD), which shows a good agreement with the
theoretical crystal phase and indicates that we have successfully
prepared the pure polycrystalline powder phase of RNEBO
(Fig. 2a). The existence and behavior of the B-O groups of
RNEBO are confirmed by Fourier transform infrared spec-
troscopy (Fig. 2c) - the vibration peak at 1209 cm™" is mainly
caused by the asymmetric stretching and symmetric vibration
of [BO;]*~ groups, and the vibration peaks at 734 cm™' and
595 cm ™' can be attributed to the unique bending vibration
generated between B-O bonds.? In addition, the NLO property
of RNEBO was also measured and is shown in Fig. 2d. The UV-
vis-NIR reflectance spectra show that RNEBO has 6.17% UV
transmission at 200 nm and possesses a wide optical band gap
(4.08 eV), suggesting its potential application as a UV nonlinear
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optical crystal material. Several sharp peaks appearing at
361 nm, 381 nm, 396 nm, 415 nm, 465 nm, 533 nm and
587 nm are attributed to the "Fy — *Dy, "Fo — °Gy 3, 'Fo — "L,
"Fy = °D3, 'Fy = °D,, 'F; — °D, and “F, — °D, transitions of
Eu®, respectively’’ (Fig. S21). Thermogravimetric (TG) and DSC
analyses were performed to explore the melting behavior of
RNEBO (Fig. 2b), which showed that there was no significant
weight loss on the TG curve, but a small endothermic peak was
observed at 1038 °C, which suggested that RNEBO melts con-
gruently and indicated that RNEBO has great thermal stability.
Since RNEBO crystallizes in the non-centrosymmetric space
group Ammz2, it is expected to exhibit SHG activity. Therefore,
powder SHG responses of RNEBO with different particle sizes
were adopted with radiation at 1064 nm. As shown in Fig. 3a and
b, the SHG response of RNEBO gradually increase as the particle
sizes increasing with the same particle sizes range from 163 to
200 pm. It proves that RNEBO is phase-matchable. Additionally,
RNEBO exhibits a strong SHG efficiency of 3.55 x KDP, which is
2.96 times that of KBBF® and larger than that of some recently
reported rare-earth borates, such as NazGd,(BOs); (1.3 x KDP),*?
Ba,(BO;);F5 (1/3 x KDP),”® K;Y5(BO;), (2 x KDP),** B-KBe,B;0,
(0.75 x KDP),”> Cas(BO3)sF (2 x KDP),*® NazSm,(BOs); (1 x
KDP),”  Tb, 0oAl, 0,(BOs); (1.53 x KDP),*® SrsLa(BO;),Cl
(2.3 x KDP),*® and SrsLa(BO;),Br (2.4 x KDP),>® as shown in
Fig. 4. RNEBO exhibits excellent performance in the borate oxide
system. According to the anionic group theory proposed by
Academician Chen, when [BO,]*~ groups are arranged in a copla-
nar manner, it will be conducive to the generation of a large SHG
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Fig. 2 PXRD patterns (a) and the infrared spectrum (c) of RNEBO. (b) TG and differential scanning calorimetry (DSC) curves of RNEBO. (d) UV-vis—

NIR diffuse reflectance spectrum.
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response intensity.>* In the RNEBO crystal structure, the [B(1)
05>~ groups arrange in a beneficial coplanar manner in the b ¢
plane, which is the main reason for the large SHG response.
Although there is a dihedral angle among [B(2)0;]>~ groups, it
does not completely counteract their microscopic second-order
polarization. In addition, the distorted [EuOs] polyhedron posses-
sing large microscopic polarizability also makes significant con-
tribution to the large SHG response of RNEBO which cannot be
ignored, comparable to that of [LaOo] in KNa,Lay(BO;);.*" In
summatry, the synergistic interaction between the partially copla-

Fig. 3 Powder SHG measurements of RNEBO with KDP as a reference at 1064 nm.
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Fig. 4 Comparison of the SHG intensity with that of different crystals
containing borates.>

nar [BO;]*~ groups and the highly distorted [EuOo] polyhedra
results in the outstanding SHG response of RNEBO.

Moreover, in order to further explore the optical properties in
the microscopic mechanism of RNEBO, we employed first-prin-
ciples calculations on the electronic structure and optical pro-
perties by the plane-wave pseudopotential method implemented
in the CASTEP package based on DFT (density functional
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Fig. 5 The unoccupied (a) and occupied (b) SHG densities of RNEBO. (c) The electron localization function (ELF) map of RNEBO.
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Fig. 6 (a) The electronic band structure calculated for RNEBO. (b) DOS and partial DOS projected for RNEBO.
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theory). RNEBO has a moderate birefringence (0.02 at
1064 nm), as shown in Fig. S3.F

To visualize the orbitals that contribute to the SHG effects of
RNEBO, the SHG density maps of unoccupied and occupied
states were obtained and are shown in Fig. 5a and b. For unoccu-
pied states, the SHG densities of O atoms play a dominant role.
For occupied states, the B and O atoms accumulate mainly,
proving the significant contribution of [BOs;’~ groups.
Meanwhile, the O atoms in [EuO,] polyhedra exhibit large SHG
densities, which indicates that the [EuOy] polyhedra may also
play important roles in the SHG process. Therefore, the contri-
bution of the highly distorted [EuOo] polyhedra is also signifi-
cant. Additionally, as shown in Fig. 5c, the ELF of RNEBO simi-
larly exhibits the SHG activity of [BO5]*~ groups, confirming that
the [BO;]*~ triangle plays a major role in SHG response. As
shown in Fig. 6a, the DFT calculated results reveal that the band
gap of RNEBO is 3.29 eV, which is mildly smaller than the experi-
mental values resulting from the discontinuity of the exchange-
correlation energy functional.®® Clearly, the nonlinear optical
properties mainly depend on the transition of electronic states
near the Fermi level.’”*® The density of states (DOS) and PDOS
of RNEBO are plotted in Fig. 6b, and it can be observed that the
top of the valence band (VB) from —7 to 0 eV is mainly domi-
nated by O 2p, B 2p and Eu 4f orbitals, indicating the strong
interaction between B-O and Eu-O bonds.”® However, the
bottom of the conduction bands (CBs) consists of B 2p, Eu 4f
and partial Eu 4d orbitals. Therefore, the optical performances
of RNEBO are mainly contributed by [BOs]*~ groups and the
highly distorted [EuOg] polyhedra, which is consistent with the
results of the above analysis.

This journal is © the Partner Organisations 2025

3. Conclusions

In summary, we have successfully introduced Eu into an
A3RE,(BO3); (A = alkali metal, RE = rare earth) system applied
in the UV region for the first time and synthesized a new NLO
UV crystal, RbNa,Eu,(BO3); (RNEBO), which crystallized in the
asymmetric space group Amm2. RNEBO has a partially copla-
nar arrangement of [BO3]*~ groups and highly distorted [EuOo]
polyhedra, which bring about excellent NLO performance com-
pared to other recently reported rare-earth borates. RNEBO has
6.17% UV transmission at 200 nm and exhibits a large SHG
response (~3.55 x KDP), which show that RNEBO will be an
excellent NLO crystal material suitable for the ultraviolet
window and provides valuable insights for the exploration of
Eu-based borate NLO crystals in the future.
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