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Noncentrosymmetric borates K;MIn,_xYbx(BsO10)3 (M = Ca, Sr, Ba; x = 0...2) were synthesized by the solid
state reaction and the crystals were successfully grown by the top seeded solution growth method using the
K,0-B,03-MF, flux. According to Rietveld refinement, the crystal structure belongs to the noncentrosym-
metric R32 space group. Also, the octahedrally coordinated In atoms are located at wide ranges ~8 A which
may be promising for phosphor and laser applications. Samples with ytterbium show a characteristic
emission band in the range of 950-1050 nm related to the ?Fs;, — 2F;, transition of Yb*" ions that is
commonly used for laser generation. IR, Raman and absorption spectra were obtained for the samples as
well. The short cut edge of UV absorption, SHG intensity comparable with KDP and low concentration
quenching of luminescence suggest that the K;MIn,_4Yby(Bs010)3 borates are promising self-frequency

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Today a large amount of research is aimed at the development of
materials used as new generation environmentally friendly light
sources and phosphors, as well as nonlinear optical materials and
self-frequency doubling (SFD) crystals [1-6]. One of the promising
classes of such materials are borates, which have high chemical
stability, thermal and radiation resistance, a wide area of transpar-
ency and a high threshold of laser destruction [7-10]. In addition,
borates have a wide variety of chemical composition and crystal
structure, which correlates with the ability of the boron atom to
form various anionic ([BOs]*;, [BO4]*) and polyanionic groups
([B306], [B2071%", [BsO10]°~ and etc.) [11]. The combination of laser
generation with a wide area of transparency in the ultraviolet range
and a high threshold of laser destruction opens the way to active
nonlinear crystals for borates of rare earth elements. That borates
can be simultaneously perform the functions of a coherent radiation

* Corresponding author.
E-mail address: ammarjamous2@gmail.com (A.Y. Jamous).

https://doi.org/10.1016/j.jallcom.2022.167912
0925-8388/© 2022 Elsevier B.V. All rights reserved.

source and a nonlinear optical frequency converter, for example,
YCOB (CasYO(BOs)3) [12], YAB (YAl3(BOs)4) [13].

In works [14,15] authors have reported two noncentrosymmetric
borates K3YBgO;» and KglisScaBis030 crystallizing in  non-
centrosymmetric space group R32. Possible isomorphous substitu-
tions of cation part in these compounds are noted providing
materials with new properties. Also, a wide transparency region
from 190 to 3000 nm, the second harmonic generation (SHG) effi-
ciency higher than for KH,PO4 (KDP) are characteristic for K3YBgO1,
and KgLi3Sc,B15039 which allow them to be used as nonlinear optical
or SFD materials for doped f- d elements. In our papers [16,17]
noncentrosymmetric borate K;CaY,(Bs019); has been obtained for
the first time by heterovalent and isovalent substitutions in
KeLisSc2B15040. Also series of compounds KyM!RE,(B5010)s (M = Ca,
Sr, Ba, K/REgs; RE =Y, Lu, Gd) are shown in paper [18].

However, any information in the literatures on the synthesis and
study of the physico-chemical properties of indium pentoborates has
not found. While the location of In in the third group together with
Sc, Y, La and lanthanides suggests similar properties and the possi-
bility of isomorphic substitution [19-23]. At the same time, use of
acentric luminescent matrices containing Yb®* is attractive as active
media for SFD lasers [24-26].
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In this work, the bulk crystal of noncentrosymmetric borate
K7Mlﬂ2(B5010)3 and K7MYb2(B50]0)3 (M = (Ca, Sr, Ba) has been ob-
tained by top seeded solution growth method using K,0- B,03-MF,
flux. The optical properties of K;MIn,—Yby(BsO10)s such as SHG, IR,
Raman and absorption spectra, were tested.

2. Experimental procedures
2.1. Synthesis and crystal growth

A polycrystalline samples of K;MIn,—_,Yby(B5s010)3 (M = Ca, Sr, Ba;
x = 0...2) were prepared by the method of two stage solid state
synthesis in a Pt crucible. The stoichiometric mixtures of pure raw
K,CO3, CaC03/SrC0O3/BaC0s, H3BO3 and In,03/Yb,03 reactants were
heated at 650 °C for 5 h to decompose K,CO3, CaCO3/SrCO3/BaCOs,
and H3BOs. At the second stage, the mixtures were grinded in agate
mortar and heated again at 800 °C for 12 h until the powder X-ray
method showed no peaks of initial compounds. After that, the
samples K;MYbyIn,_4(B5s010)3 (step 0.2) were prepared and heated to
800 °C for 12 h.

2.2. X-ray diffraction and elemental analysis

The syntheses samples of K;MIny(Bs010)3 and K;MYby(B501g)s
(M = Ca, Sr, Ba) were studied with XRD. Powder X-ray diffraction
patterns of powdered samples were obtained with the XRD 7000
(Shimadzu, Japan) diffractometer in Bragg-Brentano geometry using
CuKa radiation at room temperature (Fig. 2). The crystal structure of
obtained samples was refined by Rietveld method which was per-
formed using GSAS-II. The crystal structure of K;Calny(BsO1g)s,
K7CaYby(BsO010)3, K7SrIny(Bs010)3, K7SrYby(BsO10)3, K7Balny(Bs010)3
and K7aYby(B501g)s was used as starting model for refinements with
practical replacement in R3* positions. All ions were refined with
isotropical thermal parameters; moreover all 0%~ and B>* ions were
refined with one thermal parameter in order to reduce the number
of parameters. Final refinements were stable and gave low R-factors.
Summary data about the XRD, data-collection parameters, and the
structure refinement of K;MIny(Bs019)3, K;MYb,(B5s010)3 syntheses
at 800 °C are listed in Tables S1, S2 and exploded charts in Fig. 1S,
respectively. Final atomic coordinates, equivalent isotropic dis-
placement parameters are reported in Tables S3-S8.

The chemical composition of obtained crystals was measured by
X-ray fluorescent analysis using XRF 1800, Shimadzu. The results of
analyses are in a good agreement with the formulae obtained after

crystal structure refinement.
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2.3. Thermal properties

The thermal properties of powdered samples of K;Calny(Bs01)3,
K7CaYb,(B5010)3, K7SrIny(Bs010)3, K7SrYba(Bs010)s, K7Balny(Bs010)3
and K;BaYb,(B5010)s syntheses at 800 °C were investigated by the
differential scanning calorimetry (DSC) using scanning thermal
analyzer 449 F5 Jupiter (Netzsch, Germany). A 50 mg of powdered
samples was placed in a platinum crucible and heated with argon as
a carrier gas from room temperature to 1100 °C at the rate of
20K.min"". An empty Pt crucible was used as a standard.

2.4. Fluorescence properties and SHG

The luminescence spectra of powdered K;MIn,_,Yby(B5019)3 (M
= Ca, Sr, Ba; x=0...2) were collected using InVia Raman microscope
under the excitation of 785 nm CW diode laser in the range of
800-1100 nm.

The SHG efficiencies of the studied crystals have been evaluated
using the conventional Kurtz-Perry powder technique [27]. Samples
were illuminated by nanosecond pulses of the Q-switched Nd:YAG
laser (LS-2132UTF, LOTIS TII, Belarus) at the fundamental wavelength
A =1064 nm with a pulse width of = = 7 ns and pump power densities
in the range of 5-70 MW/cm?. The SHG intensity was measured by a
DET100A (Thorlabs, USA) Si diode located behind a series of filters
removing the fundamental beam. Powders were graded by use of
standard sieves to the desired range of particle sizes: 20-40, 40-56,
56-64, 64-80, 80-100, 100-125, 125-140 and 140-200um. KDP
samples with the same size ranges were used as references.

The effective nonlinearity coefficient was calculated for particle
sizes larger than 100 pm using the following formula [28]:

defr = \Isho/Isng (KDP). deg(KDP)

The value of deg (KDP) is equal to 0,27 pm/V (dss = 0,39 pm/V)
when Kleinman symmetry holds [29]. The reliability of the obtained
results is ensured by the fact that KDP and our crystals, being
members of 42m and 32-point groups respectively, have a similar
formula of effective nonlinearity coefficients [30].

3. Results and discussion
3.1. X-ray diffraction, elemental analysis and structure

According to powder X-ray diffraction of samples K;Caln,_,Yby
(B5019)3, K7SrIn,_xYby(Bs019)3 and K;Baln,—_xYby(Bs01¢)3 annealed at
800 °C (Fig. 2S) they all are isotypical and crystalized in R32 space
group with unit cell parameters shown in Table 9S. The

Fig. 1. Crystals of: a) K;Calny(Bs010)3, b) K7SrIny(BsO10)3, and ¢) K7Baln,(Bs01)s.
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Fig. 3. Unit cell parameters of K;MIn,-,Yby(Bs010)s (M = Ca, Sr, Ba) solid solutions.

dependencies of the unit cell parameters of solid solutions are
showed in Fig. 3. According to these data, it can be concluded that a
significant increase in the unit cell parameters occurs in the c di-
rection. Thus, an increase in the cation radius M and R leads to
stretching of the structure along c.

According to Rietveld refinement, K;MR,(Bs01¢)3 (M = Ca, Sr, Ba;
R = In, Yb) crystalizes in the trigonal crystal system with a space
group R32. The structure framework is composed of R-M-R-K chains
located on the 3rd order screw axis. R and M atoms occupy distorted
octahedron positions and K1 atoms are surrounded by twelve
oxygen atoms [6 + 6]. Three Bs04¢ groups form the “propeller blades”
around K1 polyhedron and bond R-M-R chains together. The shortest
distance between R atoms is determined by the M cation. According
to [31] The M cations Ca, Sr and Ba for octahedral coordination have
the following ionic radii 1, 1.18 and 1.35 A, respectively. Thus, chan-
ging the cation at position M allows you to change the distance
between R cations within 6.71 A, 6.72 A and 7.0 A for Ca, Sr and Ba,
respectively (Fig. 4).

3.2. Thermal properties
As shown in Fig. 5, the all DSC curve of K;MR,(Bs01¢)3 (M = Ca, Sr,

Ba; R = In, Yb) has one endothermic peak of melting on the heating
curve at 923 °C (Ba), 952 °C (Sr) and 973 °C (Ca) for Yb series and
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Fig. 4. Structure of K;MR,(Bs019)3 (M = Ca, Sr, Ba; R = In, Yb).
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Fig. 5. DSC curve of K;MR3(B5010)3 (M = Ca, Sr, Ba; R = In, Yb).

801 °C (Ba), 848 °C (Sr) and 885 °C (Ca) for In series. The present data
evidence incongruent melting at least for K;CaY,(Bs019)3 since the
sample after DSC analysis shows YBOs peaks on the X-ray diffraction
pattern [16]. However, no peaks on XRD pattern for K;MR5(B5010)3
(M = Ca, Sr, Ba; R = In, Yb) crystals were observed. It is likely to
associated with glass transitions of this compounds, which are in-
congruent melting like compound with Y.

3.3. Optical properties

3.3.1. Luminescence
The normalized luminescence spectra of the samples of
K;MYb,(Bs0q0)s are plotted in Fig. 6(a), These materials exhibit
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Fig. 6. Spectra (a) and intensity (b) of fluorescence of K;MIn,—xYby(Bs010)3 (M = Ca, Sr, Ba; x=0...2) powders.

luminescence in the range of 950-1050 nm and an intense peak at
around 790 nm. The luminescence in the near-infrared region is
related to ?Fs;,—2Fy, transitions of Yb** ions, which is used for the
generation of ytterbium lasers operating in a four-level, quasi-four-
level, quasi-three-level, or quasi-two-level schemes [32]. Depending
on the alkaline earth cation (M), there is an insignificant shift of the
spectrum maximum to the long wavelength region with the increase
in the atomic mass and, accordingly, the size of the atom, as well as
some change in the shape of the spectra. As noted above, according
to the data of X-ray phase analysis (Fig. 2), they all have the same
structure and crystalized in R32 space group; differences in the
spectra and luminescence intensities can only be associated with the
interaction with the surrounding atoms, and depend on the con-
centration of the dopant and the nature (size) of the substituent M
[33]. It should also be noted that in the samples for the same M and
different Yb®* concentrations, there are no changes in the shape and
position of the fluorescence maxima.

The dependence of fluorescence intensity on Yb>* concentration
is shown in Fig. 6(b). At low concentrations of Yb, the fluorescence
intensity increases almost linearly, and then a saturation occurs; this
behavior is observed for all M. Fig. 6(b) also shows that, at the same
Yb content, the samples with the lighter cation (M = Ca) luminesce
better, while the samples with the heaviest cation (M = Ba) lumi-
nesce worse. Since there is no clear correlation between the molar
mass of the compound and the luminescence intensity [34,35], and
for all K;MYb,(Bs010); there was no concentration quenching
achieved, then such a distribution of intensities is most likely asso-
ciated with the increase in the distance between R atoms.

3.3.2. Second harmonic generation

The syntheses samples are noncentrosymmetric, and therefore
are of interest as nonlinear optical materials. Moreover, the use of
Yb>*-doped luminescent crystals for SHG is also of interest, since
such materials can be considered as active laser medium in SFD la-
sers [32]. Figs. (7, 8) show the study results of the nonlinear prop-
erties of selected materials using Kurtz-Perry powder test for the
efficiency of generation of the second harmonic of Nd:YAG laser
radiation. SHG intensity versus pump power density for the powder
fraction 100-125um are shown in Fig. 7, a typical characteristic
quadratic dependence of the SHG efficiency on the pump power
density is observed.

The SHG intensities for different fractions under pump power
density of 50 MW/cm? are shown in Fig. 8. As it seen, the efficiency
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Fig. 7. SHG intensity vs. pump intensity for fraction 100-125 pm.

of SHG for all samples increased with increasing particle size, in-
dicating the implementation of phase-matching synchronism con-
ditions [27].

The three initial samples of K;MIny(Bs010)s (M = Ca, Sr, Ba) de-
monstrate a clear dependence of the SHG efficiency on M Fig. 8(a): as
the molar mass of the alkaline earth cation increases, the SHG effi-
ciency increases.

To study the effect of partial substitution of indium by ytterbium
on the nonlinear properties of crystals, samples with M = Ca and Ba
were selected, demonstrating the minimum and maximum SHG
efficiencies, respectively. The ratio of ytterbium to indium was
chosen to be 1:4; according to Fig. 6(b), when (x=0.4) there is a
linear increase in the luminescence intensity with the ytterbium
concentration. It is noticeable that this addition of Yb leads to a drop
in the efficiency of nonlinear frequency conversion in crystals by
20-30% (Fig. 8(b), Table 1); this occurs due to the absorption of
crystals in the presence of a pump band near the edge of the Yb
absorption band. We observed similar results in other borate crystals
doped with Yb3* [17]. However, such a drop is not critical, taking into
account the multi-pass mode of operation of crystals in intracavity
SFD laser systems.
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Table 1
degr values relative to KDP (Iymp=50 MW/cm?).
Sample deff
deyy (KDP)
KCalny(BsO10)3 0,6670
K5Srlny(BsO10)3 0,7967
K,Balna(BsO10)3 0,8577
K5Caln; 6Ybo.4(BsO10)3 0,5827
K5Baln; 6Ybo.4(BsO10)s 0,7289

4. Conclusions

K;MIn,_,Yby(B5010)3 (M = Ca, Sr, Ba; x=0...2) compounds were
synthesized by the solid state reaction and the crystals were suc-
cessfully grown by the top seeded solution growth method using the
K;0-B,03-MF, flux. According to Rietveld refinement, the crystal
structure belongs to the noncentrosymmetric R32 space group.
Changing the M cation at position allows you to change the distance
between R cations within 6.71 A, 6.72 A and 7.01 A for Ca, Sr and Ba,
respectively. Thus, as a result of the studies, it was found that stu-
died crystals have intense luminescence and comparable to KDP
nonlinear conversion coefficient, which makes them promising for
use as an active media in SFD green lasers.
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