Journal of Alloys and Compounds 515 (2012) 119-122

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at SciVerse ScienceDirect

Journal of Alloys and Compounds

ALLOYS
AND COMPOUNDS

Preparation and structural properties of nonlinear optical borates

1(2(1_X)Rb2xA12B207, 0<x<0.75

V.V. Atuchin®*, B.G. Bazarov®, T.A. Gavrilova®¢, V.G. GrossmanP, M.S. Molokeev4, Zh.G. Bazarova®

a Laboratory of Optical Materials and Structures, Institute of Semiconductor Physics, SB RAS, Novosibirsk 90, 630090, Russia
b Laboratory of Oxide Systems, Baikal Institute of Nature Management, SB RAS, Ulan-Ude 47, 670047, Russia
¢ Laboratory of Nanodiagnostics and Nanolithography, Institute of Semiconductor Physics, SB RAS, Novosibirsk 630090, Russia

d Laboratory of Crystal Physics, Institute of Physics, SB RAS, Krasnoyarsk 660036, Russia

ARTICLE INFO ABSTRACT

Article history:

Received 20 September 2011
Received in revised form

23 November 2011
Accepted 23 November 2011

Available online 2 December 2011 discussed.

Keywords:
KRbAI,B,07
Solid solution
Crystal structure
NLO properties

The structures of Ky(;_x)Rb2xAl;B207,x=0.25,0.5,0.75, have been determined in space group P321 through
Rietveld analysis of X-ray powder diffraction data. The solubility limit in Ky _x)Rb2xAl2B,07 crystals has
been estimated as x ~ 0.83-0.9. Nonlinear optical properties of KRbAIl,B,0- have been verified by powder
Kurtz-Perry method. Mechanisms of structural parameter variation in K, Al,B, 0 crystal family have been
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1. Introduction

The nonlinear optical borate crystals are the basic materials
of modern high-power laser systems because of appropriate non-
linear optical (NLO) coefficients, reasonable birefringence, wide
transparency window including visible and UV ranges and high
optical damage thresholds [1,2]. Trigonal potassium aluminum
borate K,Al;B,07 (KABO), space group P321, was discovered in
ternary system K,0-Al,03-B,03 [3,4]. KABO possesses a good
chemical stability, reasonable NLO properties, optical transparency
in UV range up to ~180nm and the birefringence as high as
An~ —0.08 providing wide range lightwave phase-matching. A
technology of optical quality cm3-size KABO crystal growth was
developed and the effective frequency conversion in UV spectral
range was demonstrated in several experiments [5-8].

The structural and optical properties of complex NLO crystals
can be tuned by doping that results in solid solution formation
[9,10]. However, to have a wide solid solution range without
drastic defect generation and optical quality degradation, it is desir-
able for the end parent crystals to be isostructural [11-15]. As to
KABO, a search for structural analogs was implemented in the past
because the isovalent element substitution seems to be possible in
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potassium or aluminum sublattices. As it was found, the AI** ions
in KABO structure can be substituted by Fe3* ions with the for-
mation of KyFe,B,0-, space group P321, showing reasonable NLO
properties [16]. Regrettably, within the possible parent compounds
A;Al;B,07 (A=Na, K, Rb) the noncentrosymmetric structure is
known only for KABO. The structure with a center of inversion
was found for NayAl,B,07, space group P-31c [17], and, respec-
tively, only a limited homogeneity range was obtained for solid
solution 1(2(1,x)Na2XA12B207, 0<x<0.6 [18,]9] The Rb2A12B207
(RABO), space group P2q/c, a=8.901(2), b=7.539(1), c=11.905(2),
B=103.97(1)°,V=775.3(2) A3, Z=4also possesses a center of inver-
sion [20]. Thus, it may be reasonably supposed that the isovalent
substitution of Rb for K in KABO structure could result in the
limited range solid solution Ky(;_,)Rby,Al;B;07. Phase transition
P321 < P21/c is presumed to be at high rubidium content because
of similar effective radii of K* and Rb* ions in oxides [21]. Thus,
the present study is aimed at the evaluation of the quasi-binary
system K,Al,B,07-RbyAl;B,07 and the estimation of the solid
solution range of KABO structure. To this end, a set of compounds
Ky(1_x)RbaxAl;B207 was prepared by solid state synthesis and the
structural parameters were evaluated as a function of composition
by Rietveld analysis.

2. Experimental

Polycrystalline Ky(;_x)RbayAl;B;07 samples were prepared by solid-state reac-
tion for x=0.25, 0.5, 0.75, 0.9 using a mixture of pure Al(NO3)3;-9H,0 (pure), H3BO3
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Fig. 1. SEM image of KRbAI,B,07 formed by solid state synthesis.

(chemically pure grade), K,CO3 (chemically pure grade), Rb,CO3; (chemically pure
grade) in stoichiometric ratio as the starting materials. Initially, to minimize the
content of water captured from the environment, the carbonates were annealed at
300°C in the dry air flow. Phase purity of annealed carbonates was verified with
XRD analysis. The stoichiometric charges with compositions of Ky(;_x)Rb2yAl;B207,
x=0.25,0.5,0.75, 0.9 were prepared in a dry glove-box under nitrogen atmosphere.
The charges were being fired at 120°C for 1 h, 150°C - 1h,220°C-3h,300°C-5h,
350°C - 15 h initially, then chaffed and heated next time at 400°C for 7 h, 450°C
- 40h, 520°C - 40h, 600°C - 48h, 700°C - 20 h, 800°C - 45h, and 850°C - 25h.
The final powder products of high temperature synthesis were of pure white color.
Micromorphology of the samples was observed by SEM using LEO 1430 device.
The diffraction data for Rietveld analysis were collected at room temperature
(25°C) with a Bruker D8 ADVANCE powder diffractometer in the Bragg-Brentano
geometry and linear Vantec detector. The operating parameters were: CuKa radi-
ation, step size 0.016°, counting time 0.6 s per step. The data were collected over
the range of 26: 5-107°. The peak positions were determined with EVA program,
available in the PC software package DIFFRAC-PLUS supplied from Bruker. The X-ray
patterns of the title compound were indexed using ITO program [22]. Almost all the
observed reflections were consistent with the hexagonal symmetry, except for sev-
eral small peaks that could not be definitely assigned. The borates Ky(1 _x)RbaxAl; B, 07
were isostructural to KABO; so, we use space group P321 and atom coordinates ear-
lier reported for KABO as initial parameters for the refinement [23]. All refinements
and data processing have been performed by DDM program [24]. The Pearson VII
function was used to simulate the peak profiles. The acentric crystal structure of
KRABO is confirmed by powder Kurtz-Perry method [25]. Noticeable second har-
monic generation (SHG) signal is detected under pulse pumping at A =1.06 pm.

3. Results and discussion

In Fig. 1 the micromorphology is shown for the sample with
nominal composition KRbAI,B,07 (KRABO). The irregular particles
with characteristic dimensions of ~1-10 pm are found. It is evident
that temperature-time conditions selected for the high temper-
ature treatments were sufficient for the borate grains to be well
coalesced due to diffusion intergrowth.

The refinement of structures of solutions Ky(;_x)RbyxAl;B;07,
x=0.25, 0.5, 0.75, with P321 space group was stable and led
to minimal R-factors. As an example, the refinement of KRABO
is considered in details. The experimental and theoretical X-ray
diffraction patterns obtained for KRABO are shown in Fig. 2. A good
relation between experimental and theoretical curves is evident.
The results of structure determination of other compositions can
be found in Supplementary Materials. The dependence of structural
parameters of solid solutions Kj(;_x)Rb2xAl;B07 on x parameter is
shown in Fig. 3. The rubidium content increase results in the quasi-
linear increase of cell parameters and cell volume. There was no
KABO-type structure detected for a powder sample with nominal
composition x=0.9 and the solubility limit in Ky _,)RbyAl;B,07
crystals can be estimated as x ~0.83-0.9 at ambient conditions.
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Fig. 2. X-ray diffraction patterns recorded and calculated for KRbAl,B,07 at room
temperature.

The parameters of the refinement and atom coordinates of
KRABO are shown in Tables 1 and 2, respectively. Thermal param-
eters of Al, O and B were fixed. The main inter-atom bond
lengths are reported in Table 3. The crystal structure of KRABO
is shown in Fig. 4 [26]. The structure is formed by a framework
of corner-linked AlO4 tetrahedrons and BOs triangles. Rb and K
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Fig. 3. Dependences of cell parameters (a) a, (b) ¢, and (c) cell volume V on compo-
sition in solid solutions Ky(;_x)Rb2xAl;B207.
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Table 1

The main parameters of processing and refinement of KRbAl,B,05.
Space group P321
a, A 8.6131(1)
¢, A 8.5870(2)
v, A3 551.68(2)
20-interval range,” 5-107
Number of reflexions 546
Number of refinement parameters 26
R 6.39%
Rppm 13.32%

Table 2

Atom coordinates, isotropic thermal parameters (Bjs,) and occupancies of atom
positions (p) in the structure of KRbAI;B,07 at room temperature.

Atom p X Y Z Biso, A2
Rb1 0.57(3) 0.316(3) 0 0 1.8(2)
K1 0.43(3) 0.316(3) 0 0 1.8(2)
Rb2 0.52(3) 0.350(3) 0 1/2 3.7(3)
K2 0.48(3) 0.350(3) 0 1/2 3.7(3)
All 1.0 0 0 0.282(4) 1.0
Al2 1.0 1/3 2/3 0.176(4) 1.0
Al3 1.0 2/3 1/3 0.235(4) 1.0
01 1.0 0.161(7) 0.213(9) 0.231(4) 1.0
02 1.0 0.383(7) 0.522(8) 0.272(4) 1.0
03 1.0 0.450(9) 0.274(8) 0.287(4) 1.0
04 1.0 0 0 1/2 1.0
05 1.0 2/3 1/3 0.033(4) 1.0
B 1.0 0.33(3) 0.34(2) 0.24(1) 1.0
Table 3
Interatomic distances in theKRbAI,B,07 structure at room temperature.
Bond Length, A Bond Length, A
Rb1(K1)-012 2.81(7) Al2-02f 1.72(5)
Rb1(K1)-01" 2.81(4) Al2-02¢ 1.72(5)
Rb1(K1)-05 2.96(1) Al2-02 1.72(5)
Rb1(K1)-05¢ 2.96(1) Al2-058 1.79(5)
Rb2(K2)-03 2.76(5) Al3-03¢ 1.73(9)
Rb2(K2)-03¢ 2.76(4) Al3-03f 1.73(5)
Rb2(K2)-02¢ 2.79(4) Al3-03 1.73(8)
Rb2(K2)-02¢ 2.79(6) Al3-05 1.73(5)
Al1-01¢ 1.71(6) B-01 1.3(2)
Al1-01f 1.71(6) B-02 1.4(2)
Al1-01 1.71(6) B-03 1.4(2)
Al1-04 1.87(3)
Y, X, —Z.
by_x, —x,z
Cx-y, -y, -z
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Fig. 4. The crystal structure of KRbAI,B,0; at room temperature.
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Fig. 5. Crystals with KABO-type structure on the a—c plane.

atoms have the same coordinates and the sum of the partial
occupancies is equal to 1. The refinement of the partial occupan-
cies of K1 and K2 positions by Rb and K atoms leads to formula
(1(0.57(3)Rb0_43(3))(](0.52(3)Rb0_48(3))A123207. So, there is no signiﬁ—
cant preference for the incorporation of Rb atoms into K1 and K2
positions in the KRABO crystal lattice. However, some decrease
of rubidium total content is detectable in reference to the ini-
tial charge composition. It is interesting to compare the geometry
of AlO4 tetrahedrons in KABO and KRABO. In both structures the
AlO4 pyramids have an equilateral triangle as a base and one spe-
cific Al-0 distance along the polar crystallographic axis. In KABO
structure, this apex Al-0 distance is shorter than other three Al-O
distances in the AlO4 pyramids. Such a compression of AlO4 tetra-
hedrons is found for all the three Al positions in KABO structure.
The continuous increase of the apex Al-O distances is observed
with Rb doping in Ky(1_,)Rba,Al;B;07 crystals and the AlO4 tetra-
hedrons become elongated in the polar crystallographic direction.
This mechanism provides a drastic increase of cell parameter c with
Rb-doping level increase. The contraction of the base triangles of
the AlO4 tetrahedrons with Rb doping, however, is not resulted
in cell parameter a decrease because the free space appeared is
occupied by big Rb* ions.

In Fig. 5 all the presently known KABO-type crystals are plot-
ted at the a-c plane that permits us to estimate the stability of
KABO structure on atom substitution and doping [16-18,27,28].
Giant variation of cell parameters a (~4.2%) and c (7%) is possible
over a field of KABO-type structures. As it appears, so large ranges of
the structural parameters variation are provided by the flexibility
of KABO structure where all the comparatively rigid atomic con-
structions of AO4 (A=Al Ga, Fe) and BOs are corner-linked with a
wide-range rotation freedom. It should be pointed, that wide range
tuning of the structural parameters is possible in solid solutions
Ko(1-x)E2xAl2B207 (E=Na, Rb). This gives a promise for awide range
tuning of linear optical parameters of the crystals because ionic
refractions of Na*, K* and Rb* ions are noticeably different [29,30].

4. Conclusions

The wide range solid solutions with KABO structure are found
in the K;Al;B,07-Rb;Al;B,07 system. The upper limit of rubidium
solubility is as high as x ~0.83-0.90 under ambient conditions. The
Ky(1_x)Rb2xAl;B;07 crystals possess nonlinear optical properties
and can be used for frequency conversion. Isovalent substitu-
tion of Rb* ions for K* ions in KABO lattice results in a strong
increase of structural parameters a and ¢ and the cell volume.
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The KABO-type structure is very flexible and accepts a giant vari-
ation of the structural parameters a and c and, respectively, wide
range solutions could be supposed in K;Al,B,07-K,Ga;B,07 and
K2A125207—K2FE23207 systems.
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