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The structure of the hydrothermal-grown nonlinear optical crystal KBe,BOsF, was investigated. A new
structure of the R3¢ space group with cell parameters of a=4.422(1) A and c=37.524(3) A was obtained
by powder X-ray diffraction and Rietveld refinement. The new structure is a 1 x 1 x 2 superstructure of
the previously reported R32 structure with a different stacking sequence of (Be,BOsF;)., layers along
the c axis. The relationship between the refined structure and the experimental results is discussed.
A stacking fault mechanism is proposed for the formation of the superstructure as well as the
nonuniformity of the hydrothermal-grown KBBF crystals.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

KBe,BOsF, (KBBF) is currently one of the most excellent non-
linear optical (NLO) crystals in deep ultraviolet (DUV) harmonic
generation. It can produce both tunable 4th harmonic generation of
Ti:sapphire lasers and 6th harmonic generation of Nd-based lasers
by a simple second harmonic generation (SHG) method. Detailed
descriptions of its growth, space structure, optical properties and
important applications were reviewed in Ref. [1]. The major
disadvantage of KBBF is the crystal growth. Large sizes of high
quality single crystals are very difficult to obtain, which seriously
affects further applications.

There are two methods to grow KBBF crystals nowadays, by
flux and by hydrothermal growth. The former method can
produce crystals of good optical quality. All the important crystal-
lographic data and NLO properties of KBBF were determined from
the flux grown crystals. However, due to the strong layered
growth tendency, the thickness of the as-grown crystals along
the c¢ axis is limited, which hampers many applications. The
hydrothermal growth of KBBF was developed in recent years
and can yield much thicker crystals [2-4], which were reported to
have the same R32 structure as the flux grown ones [2,3], but
their SHG conversion efficiency was found much lower [1]. The
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reason for this is still unclear, and no related research has been
reported except for ours [5].

Our earlier study revealed that the powder X-ray diffraction
(PXRD) patterns of the hydrothermal-grown KBBF crystals usually
contain three tiny extra peaks, which cannot be indexed by the
R32 structure. The intensities of these extra peaks differ for
different crystal samples. The stronger the extra peaks, the lower
the powder SHG intensity of the crystal [5]. This was attributed to
some structural defects, but no detailed explanation could be
given at that time. In this paper, recent progress in this respect is
introduced. The extra peaks were attributed to superstructure
reflections and a new structure of R3¢ space group was obtained
by PXRD and Rietveld refinement. The new structure together
with a stacking fault mechanism can finely explain all the
experimental results observed for hydrothermal-grown KBBF
crystals, and may give us some new insight about the structure
of similar boron materials.

2. Experiments

KBBF crystals were grown by both flux and hydrothermal
methods [4,6]. The hydrothermal crystals were grown from
KF+H3BO3 or KOH solutions with seeds. The growth temperature
was about 410-430 °C and the fill rate was about 75% with a
pressure reaching 120 Mpa. The growth period was about 30-60
days. An as-grown KBBF crystal is shown in Fig. 1.
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Fig. 1. An hydrothermal-grown KBBF crystal.

Different hydrothermal-grown KBBF crystal samples were
ground into powder for X-ray diffraction and SHG intensity tests
according to Kurtz and Perry’s method [7]. The same experiments
were performed on flux grown KBBF crystals for comparison.

A transparent hydrothermal-grown KBBF crystal with obvious
extra peaks revealed by PXRD was chosen for structure determi-
nation and refinement. The PXRD data was collected on a
PANalytical X-ray diffractometer (X'Pert PRO MRD) using CuKo1
radiation (1=1.54056 A) and a graphite monochromator in the
reflection mode (20=10-110°, step width=0.033° and scan
speed=21 s/step) at room temperature. A capillary sample holder
was used due to the strong orientation preference of the powders.
The refinement was carried out by the Rietveld method [8] with
the Fullprof program [9].

The PXRD simulations of stacking faults were performed with
the DIFFaX software [10,11].

3. Results and discussions
3.1. Structure refinement and descriptions

As mentioned above, the PXRD patterns of the hydrothermal-
grown KBBF crystals usually contain some tiny extra peaks, which
cannot be indexed by the R32 structure, with the three most
obvious ones located at ~41.4°, 46.5° and 55.4°. Using powder
cell analysis, it was found that doubling the unit cell along the
c-axis could index the three main additional peaks well, which
indicates that they could be referred to superstructure reflections.
This made us consider the possibility of other subgroups of the
trigonal system based on a 1x 1 x 2 superstructure of the R32
structure. A good fitting result with R,/Rwp=3.65%/4.79% was
finally obtained when the R3¢ symmetry was chosen. The cell
parameters were refined to be a=4.422(1) A and c=37.524(3) A,
while the parameters of the R32 space group are a=4.427(4) A
and c=18.744(9) A. The final refinement pattern is given in Fig. 2.
The three extra peaks are indexed to be (113), (119), and
(11 15). The crystallographic data, structure refinement and atom
parameters of the R3c structure are listed in Tables 1 and 2. More
detailed structure information is provided in Supplemental Data.

The R3c structure is centrosymmetric and therefore has no SHG
effect. Compared to the R32 structure, the R3c structure has the
same anionic groups of (BO3)>~ triangles and (BeOsF)’~ tetrahedra
as fundamental building units. They form into (Be,BOsF,)., layers
along the a-b plane with all the (BOs)®~ triangles parallel and
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Fig. 2. Final Rietveld refinement plot of the R3c structure. (a) Whole range of 20
(10-110°) while (b) is for part of it. The three marked peaks in (b) are the extra
ones, which cannot be indexed by the R32 structure. They are indexed to be
(113),(119)and (11 15) by the R3c structure.

F atoms above or below the plane. The connection of these anionic
groups and the layered construction are nearly the same. However,
the arrangement of the planar (BOs)>~ groups between adjacent
(BepBOsF3),, layers are slightly different. As illustrated in Fig. 3,
there are six (Be,BOsF,).. layers in each R3c unit cell and each
layer has one (BO3)®>~ group. Among them, three layers of (BO3)*~
groups have the same direction A and the other three layers of
them are in the opposite direction B (rotated 60° along the c axis).
The stacking sequence of the layers is ABABAB. By contrast, all the
(BO3)>~ groups have the same direction in the R32 structure with a
stacking sequence of AAA. According to the anionic group theory
[12], the SHG coefficient of KBBF mainly comes from the (BO3)*~
groups, and the twisted arrangement of adjacent (BO3)>~ groups
in the R3c structure will lead to an offset of the overall SHG
coefficient.

3.2. Crystal nonuniformity and stacking faults

The PXRD and powder SHG tests revealed that the hydrother-
mal-grown KBBF crystals are of severe nonuniformity. Different
crystal samples differ in both PXRD patterns and powder SHG
intensities, even when they are from the same bulk crystal. The
refined structure was obtained from the crystal with the most
obvious extra peaks, but in most of the crystal samples these
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Table 1
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Crystallographic data, experimental details of powder X-ray diffraction and
Rietveld refinement data for hydrothermal-grown KBBF.

Chemical formula KBe,BOsF,

Formula weight 153.93

Crystal system Trigonal

Space group R3c (no.167)

a (A) 4.422(1)

¢ (A) 37.524(3)

Volume (A®) 635.4(3)

Z 6

d. (g/cm?) 2.413

Diffractometer PANalytical X'Pert Pro MRD

Radiation type

CuKa1

Wavelength (A) 1.54056
Profile range (°20) 10-110
Step size (°20) 0.033
Number of observation (N) 3030
Number of contributing reflections 396
Number of structure parameters (P;) 7
Number of profile parameters (P5) 8

RBragg (%) 103

Ry (%) 3.65
Rup (%) 479
Rexp (%) 3.47

Note: Rp—z‘yxo yxc‘/z‘yxo‘ pr [ZW Yio~. yxc Z/ZWLVIO]1/2 exp:[(N_Pl_PZ)/ZWiyﬁ)]l/z-
S= Z[W(ym_%c /N Pl PZ)]

Table 2
Atom parameters for hydrothermal-grown KBBF.

Atom X y z Ueq (A%)

K1 0.00000 0.00000 0.00000 0.0246 (8)
Bel 0.00000 0.00000 0.0988 (1) 0.054 (4)
B1 —0.33333 —0.66667 0.08333 0.029 (4)
01 —0.33333 —0.9762 (3) 0.08333 0.0628 (16)
F1 0.00000 0.00000 0.36086 (7) 0.0537 (17)

peaks are much weaker, sometimes even indiscernible. For the
crystals with obvious extra peaks, the powder SHG intensity was
measured to be only 3% that of the flux grown ones, while for
those with weaker and indiscernible extra peaks, they were 29%
and 43%, respectively [5]. For the crystals with obvious extra
peaks, the R3c structure agrees well with the experimental results
both in PXRD patterns and powder SHG intensities and therefore
can make an acceptable explanation, but for those with weaker
and indiscernible extra peaks, more explanations are still needed.

The hydrothermal-grown KBBF crystals are not simple mix-
tures of the R32 and R3c structures as macroscopic isomers, since
it is very difficult to peak up a perfect millimeter-scale single
crystal of either structure, and we failed to obtain the R3c
structure by single crystal diffraction. They are more likely to be
microscopic intergrowth of the two structures. Since some hydro-
thermal crystals were grown with seeds from flux grown KBBF,
we particularly examined the remaining seeds of them by PXRD,
and found them keep the same as the R32 structure. This
indicates that the R3c structure should be formed during the
growth process.

Based on the above analyses, we presume that the crystal
nonuniformity was caused by stacking faults during the hydro-
thermal growth process. Taking the flux grown R32 structure with
(Be,BOsF,)., layers of aligned (BO3)*~ groups as a perfect model,

a (Be,BOsF»).. layer with twisted (BO3)>~ groups can be seen
as a stacking fault. Considering the layered structure and the
weak combination between the adjacent (Be,BOsF;) ., layers, such
stacking faults could be introduced easily along the ¢ axis. With
the DIFFaX software, we simulated the PXRD patterns with
different incidences of the stacking faults. We built the stacking
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Fig. 3. Unit cell of the R3c structure. Triangles are (BO3)>*~ groups.
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Fig. 4. Simulated XRD patterns with different stacking fault incidence.
model as ...AX..., where A represents one (Be,BOsF,),, layer, and X

represents a possible reversed stacking with an incidence of x. For
examples, x=0% results in the stacking sequence of ...AAAAAA...
(R32), while x=100% results in ...ABABAB... (R3c). The simulated
result is shown in Fig. 4. As the stacking fault incidence rises, the
intensity of the three extra peaks (marked by up arrows) goes up
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with two other peaks (marked by down arrows) going down, which
agrees quite well with the experiments. This simulation also reveals
that the extra peaks can only be observed when the stacking fault
incidence is more than 80%. This can finely explain why some
hydrothermal-grown KBBF crystals have much lower powder SHG
intensity even though their PXRD patterns look quite the same as
the flux grown ones. Thus, the nonuniformity of the hydrothermal-
grown KBBF crystals can be simply attributed to the varying density
of the stacking faults. The higher the concentration of the stacking
faults, the more obvious the extra peaks in PXRD, and the lower SHG
coefficient of the crystal.

We tried to confirm our assumption by electron diffraction and
high resolution lattice imaging with transmission electron micro-
scopy, but unfortunately failed due to two reasons. One is that
the hydrothermal-grown KBBF crystals cleave so easily along the
c axis that samples of desired orientations can hardly be prepared.
The other is that the crystals cannot sustain the high energy
electron beam and easily get molten and decomposed, which
makes the observation rather difficult. More efforts are still
needed for further experimental evidence.

It is worth noting that this nonuniformity only exists in
hydrothermal-grown KBBF crystals and has not been found in
flux grown crystals so far. This indicates that the stacking faults
are more likely to happen under hydrothermal conditions. It is
still unknown whether they could be eliminated by improving the
growth technique.

The structural problem of hydrothermal-grown KBBF is quite
similar to that of the NayAl,B,0; (NABO) [13-15] and Sr,Be;B,0,
(SBBO) [16,17] family crystals. They share a common structural
characteristic of a layered [M,B,07] ., (M=Al, Be) network formed
by parallel BOs triangles combined with MO, tetrahedra. For
KBBF, the BeO, tetrahedra are replaced by BeOsF, while the
layered structure is nearly the same. Though twins and domain
structures caused by stacking faults were proposed to explain the
structural complexity of NABO and SBBO crystals and did agree
well with some theoretical calculations [14,15,17], they have not
been confirmed by convincing experimental evidence yet. Struc-
tures of these crystals are still not well understood. This investi-
gation on hydrothermal-grown KBBF may also be helpful for
structure study of NABO and SBBO family crystals.

4. Conclusions

The structure of the hydrothermal-grown KBBF crystals was
investigated by PXRD and Rietveld refinement. A new structure of

the R3c space group was obtained, which is a 1x 1 x 2 super-
structure of the previously reported R32 structure. The formation
of the superstructure is considered to be caused by stacking
faults, which may also account for the nonuniformity of the
hydrothermal-grown KBBF crystals. This work may be helpful
for future structural investigations of similar boron materials.
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