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ABSTRACT: Low-temperature barium metaborateâ-BaB2O4 has been grown using a LiBa2B5O10-based solvent in a four-mirror
optical floating zone furnace with a traveling solvent zone configuration. Theâ-BaB2O4 rods grown are composed of several different
crystal domains, ranging from 100µm to 1 mm in diameter, and lithium, a component of the flux, was present only at the contaminant
level. The technique demonstrates that thermal decomposition of the incongruently melting phase LiBa2B5O10 can be used to grow
â-BaB2O4.

Introduction

The study and crystal growth of low-temperature barium
metaborate,â-BaB2O4 (â-BBO), have been important since the
discovery of significant nonlinear optical properties in single
crystals ofâ-BBO.1,2 â-BBO crystals combine excellent linear
and nonlinear optical characteristics: large effective second
harmonic generation (SHG) coefficient, large birefringence, wide
transparency region (190-3500 nm), high laser damage thresh-
old, good mechanical properties, and low hygroscopicity.
Because of these properties,â-BBO crystals are used in
optoelectronics for laser frequency conversion (in particular,
visible-to-UV frequency conversion) and although other non-
linear optical materials have been synthesized recently,3-12

â-BBO remains of considerable value in optoelectronics.
Barium metaborate BaB2O4 exists in two modifications. The

reversible phase transition from high-temperatureR-BaB2O4 (R-
BBO) to low temperatureâ-BBO has been described previ-
ously,13 and its phase transition temperature is 925°C.14 Because
of this phase transition, the growth of high-quality large single
crystals is complicated. Additionally, the crystal growth of
â-BBO is also difficult because the high viscosity of theâ-BBO
melt promotes glass formation.

The synthesis of single crystalâ-BBO has been reported using
various techniques such as the top-seeded solution growth
technique, the laser-heated pedestal growth technique, the
Czochralski technique, and other methods.15-18 However, grow-
ing large high-quality single crystals ofâ-BBO remains a
technologically sophisticated procedure.19,20

Growth in an optical floating zone furnace can produce
crystals that are large in three dimensions from which large
samples of specific orientations can be obtained. This technique
has been employed successfully to grow other crystals.21-27

Additionally, â-BBO crystal growth by the traveling solvent-
zone melting method with a multicomponent Na2O and B2O3

flux system has been attempted. However, flux inclusions were
incorporated into the crystals.28 In this paper, we present the
crystal growth ofâ-BBO using a LiBa2B5O10-based solvent with

the optical floating zone furnace in the traveling solvent zone
configuration.

Experimental Procedures

Feed and Support Rod Synthesis.The feed materialâ-BBO was
prepared in air by calcining a 1:2 molar ratio of BaCO3 (Alfa Aesar,
99.8% pure) and H3BO3 powder (Alfa Aesar, 99.99%) in a platinum
crucible at 770°C for 72 h. The experimental powder X-ray diffraction
pattern ofâ-BBO is in agreement with the reported pattern.29,30 The
source of the solvent, LiBa2B5O10, was synthesized by calcining Li2-
CO3 (Sigma Aldrich, 99%), BaCO3 (Alfa Aesar, 99.8%), and H3BO3

powder (Alfa Aesar, 99.99%) in a 1:4:10 molar ratio at 700°C for 48
h with several intermittent grindings. The experimental powder X-ray
diffraction pattern of LiBa2B5O10 is in agreement with the reported
pattern.31 It has been shown that the quality of the starting rods (for
example, density and uniformity) directly influence the quality of the
crystal grown in the optical floating zone furnace,21,22and in some cases
poly(vinyl alcohol) binder is needed to facilitate the formation of high-
quality rods. Therefore, 10 vol % aqueous poly(vinyl alcohol) (Alfa
Aesar 98-99%, hydrolyzed low molecular weight) was added to both
the â-BBO and the LiBa2B5O10 powder to facilitate densification of
the rods. The rods were formed by packing the powder with binder in
a cylindrical rubber sleeve 6 mm in diameter by 60 mm long, which
was then evacuated, sealed, and hydrostatically pressed at 70 MPa for
2 h. To form dense polycrystalline rods, the packed and pressed rods
were sintered in air. The resulting rod density was 3.25 g/cm3 (compared
to a crystal density of 3.86 g/cm3), which is near the minimum density
requirement for crystal growth ofâ-BBO in the optical floating zone
furnace. Theâ-BBO feed rod was sintered at 840°C for 48 h, and the
LiBa2B5O10 support rod was sintered at 760°C for 72 h.

Initially, the â-BBO feed rod was heated at a rate of 10°C /min
from room temperature to 840°C in air for 48 h. However, the resultant
rod was crooked and severely cracked (the top rod in Figure 1). When
the temperature was raised to 500°C at a rate of 0.1°C/min and held
for 48 h to burn the poly(vinyl alcohol) gradually and thoroughly, and
then raised to 840°C at a rate of 0.1°C/min and held, the resultant
rod was very straight and not cracked (the bottom rod in Figure 1).

Crystal Growth. The feed rod was suspended from the upper shaft
of the floating zone furnace using a platinum wire, while the support
rod was affixed rigidly to the bottom shaft using steel wire. Growth
was carried out in an optical image furnace (CSI FZ-T-10000-H-VI-
VP, Crystal Systems, Inc.; Japan) equipped with four 300 W tungsten
halide lamps focused by four polished elliptical mirrors shown in Figure
S1 in Supporting Information.

Crystal Characterization. Phase identification was made using both
crystal and powder X-ray diffraction (PXRD). PXRD analysis of ground
crystals ofâ-BBO was performed at room temperature in the angular
range of 2θ ) 10-70° with a scan step width of 0.02° and a fixed
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counting time of 1 s/step using an automated Rigaku X-ray diffracto-
meter equipped with a diffracted-beamed monochromator set for Cu
KR (λ ) 1.5418 Å) radiation and a nickel filter.

Single crystal measurements were made on a Bruker SMART 1000
CCD diffractometer using monochromatic Mo KR radiation (λ )
0.71073 Å) and integrated with the SAINT Plus program at a
temperature of-120 °C.32 A single crystal was mounted on a glass
fiber for study by single-crystal X-ray diffraction, and all calculations
were performed with programs from the SHELXTL crystallographic
software package.33

The composition and microstructure of theâ-BBO crystals were
characterized by scanning electron microscopy (SEM) and secondary
ion mass spectroscopy (SIMS). Both the crystal quality and the chemical
uniformity were examined. Cross sectional disks were sliced perpen-
dicular to the growth direction from the grownâ-BBO rod with a wire
saw, and the disks were polished with silicon carbide paper to create
a smooth surface. No further preparations were necessary for SIMS;
however, prior to SEM analysis the sample was coated with a 4.0 nm
layer of Au/Pd to increase secondary electron emission and prevent
charging. SEM was performed with a Hitachi S-3500 microscope
operating at 20 kV, and SIMS was performed with a PHI-TRIFT III
instrument using 15 keV Ga+ ions. Area spectra and composition maps
were obtained under positive ion mode, thus measuring the cation
composition of the sample.

Results and Discussion

Successful crystal growth involves a stable liquid zone. In
the optical floating zone furnace, crystal growth begins by
melting the top of the support rod and connecting a counter-
rotating feed rod, thereby forming a liquid zone between the
counter-rotating rods. Achieving a stable liquid zone requires
dense, chemically homogeneous, straight, and precisely aligned
feed and support rods. If the starting feed rod is not adequately
dense, then more liquid can crystallize than will be replenished
from the melting feed rod or the liquid can penetrate into the
feed rod by capillary action. In either situation, the diminishing
volume of liquid will cause the feed rod to disconnect from the
support rod. Additionally, crooked or imprecisely aligned rods
rotate out of the center axis during crystal growth and disturb
the stability of the liquid zone.

Because BBO has a phase transition at 925°C, â-BBO
crystals can be grown from solutions to avoid theR-â solid-
state phase transformation encountered when crystals are grown
directly from the melt.19,20To find a suitable solvent for use in
an optical floating zone furnace, several additional consider-
ations were taken into account compared to a flux assisted
growth in a crucible. First, the solute and solvent must form a
liquid phase with enough surface tension to sustain a molten
floating zone between the two rods during the growth pro-

cess.21,22Preferably the solvent should not penetrate deeply into
the feed rod by capillary action along grain boundaries, thereby
causing an unstable growth condition. In addition, the solvent
chosen must have a low vapor pressure in the liquid-phase such
that it will not evaporate during the course of the growth. If the
solvent selected was volatile and it evaporated during the course
of the growth, then the liquid composition would change and
affect the dynamic equilibrium needed for continuous growth
of a crystal of constant composition. Other growth attempts
using PbF2-B2O3, BaF2, PbO, and Na2O16,34-37-based solvents
failed because of severe penetration, solvent volatility, or an
unstable molten zone.

In the current work, aâ-BBO crystal rod was grown (Figure
2) using a LiBa2B5O10-based solvent that serves to both lower
the temperature and prevent the phase transition. According to
the phase diagram represented in Figure 3, the binary BaB2O4-
Li2B2O4 system38 contains the compound LiBa2B5O10 that
undergoes a peritectic reaction at 930°C and decomposes into
R-BBO and liquid. However, as discussed in a later section,
â-BBO is obtained rather thanR-BBO. Relating to crystal
growth in the traveling solvent zone furnace, this means that
once the top of the support rod is fully melted,â-BBO will

Figure 1. Pureâ-BBO feed rod at different heating rates. The top
â-BBO rod is at a rate of 10°C/min from room temperature to
840 °C; the bottomâ-BBO rod is at a rate of 0.1°C/min from room
temperature to 840°C.

Figure 2. Synthetic â-BBO rod grown using a LiBa2B5O10-based
solvent. Each line represents 1 mm. The LiBa2B5O10 support rod is on
the left-hand side, and the growth region is to the right. The dashed
line separates the region of the crystal used for SEM and SIMS analysis.

Figure 3. Schematic view of BaB2O4 crystal growth from the
LiBa2B5O10-based solvent. Keeping with the special notation used in
describing these oxide systems, A denotes BaB2O4, B denotes Li2B2O4,
C denotes LiBa2B5O10, R-A denotesR-BaB2O4, â-A denotesâ-BaB2O4,
and L denotes liquid.
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nucleate onto the support rod.â-BBO is precipitated from the
melt, and therefore to prevent zone leveling39 from occurring
(in which the equilibrium would continue down the liquidus
line to the peritectic point and establish a Li-rich steady-state
melt composition thereby depositing solid LiBa2B5O10), â-BBO
needs to be replenished via the feed rod to maintain a constant
Ba-rich liquid composition. This is analogous to the “push-
pull” method of single-crystal growth developed by Nelson for
growth of germanium,40 by which the liquid composition is held
constant by continuously adding material (of the same composi-
tion) as the growing rod. If the equilibrium liquid composition
at the solidification front remains Ba-rich, then onlyâ-BBO
will be deposited. Note that this procedure is different from the
case of other peritectic systems in which zone leveling and
deposition of the incongruently melting phase are desired. In
the case of growth of Mg3(VO4)2

21 and highTc cuprates,23 for
example, both the support (or solvent disk, as the case may be)
and the feed rods are composed of the incongruently melting
material, and in these cases, zone leveling occurs, and after a
brief period in which “the first grown material” is deposited,
crystallization of the incongruently melting phase commences.
In fact, the optical floating zone furnace in the traveling solvent
zone configuration in general utilizes such peritectic phase
transitions to grow single crystals of incongruently melting
materials.

The crystal growth commences withâ-BBO crystallization
on top of the support rod and proceeds with the upward
translation of the mirror stage. The liquid composition changes
continuously until a steady state is established between the liquid
and the crystallizedâ-BBO. After the steady state of the molten
zone is formed, theâ-BBO phase travels through a lithium-
based flux and is grown out of the flux, and the grains are
aligned across the volume of the growth region. The crystallized
â-BBO is replenished in the liquid zone from the feed rod, and
therefore continuous growth of crystallineâ-BBO is maintained.
The growth rate and speed of the counter-rotating support and
feed rods were varied to minimize the number of crystal
domains, and the growth rate adopted was 0.3 mm/h. Faster
rates resulted in flux inclusions.

As mentioned, although the phase diagram suggests that
R-BBO should crystallize from the flux, PXRD of the ground
crystals is in agreement with the reported results,29,30 which
shows that the product isâ-BBO. Additionally, single-crystal
X-ray data (Table 1) were refined and agree with previously
published structures of the low-temperature phase in theR3c
space group.29,30 The final R1 and wR2 values are 0.02 and
0.05 for all data, respectively, and final atomic coordinates and
equivalent isotropic displacement parameters ofâ-BBO are
listed in Table 2.

â-BBO directly crystallizes from the molten zone rather than
R-BBO, which is predicted from the phase diagram in Figure
3. Therefore, the crystallization ofâ-BBO from the flux is likely
a metastable crystal growth process. Metastable crystallization
is explained by the Ostwald step rule,41 which suggests that a
metastable, low-temperature phase crystallizes at temperatures
above the phase transition point before the stable, high-
temperature phase appears, when the liquid is supercooled.
Supercooling often occurs from viscous melts, and borate melts
are highly viscous in general. The Ostwald step rule is also
supported by other studies17,18,42and is the likely reason why
metastableâ-BBO was obtained from a LiBa2B5O10-based
solvent.

The resulting rod was 15 mm long and 3 mm in diameter.
SEM and optical microscopy analysis of the rod cross-section
indicated that the rod was composed of several different crystal
domains, ranging from 100µm to 1 mm in diameter. The
morphology and stoichiometry of the grains were uniform across
the disk. Figure 4 shows an SEM micrograph of a polished
cross-section of theâ-BBO rod showing small holes (typically
less than 25µm) contained in the crystal. These holes develop
during the growth process and are frozen in upon rapid cooling
of the molten zone.

SIMS was used to test for the compositional uniformity of
the â-BBO crystal as well as ensure that no lithium remained
in the structure owing to the LiBa2B5O10 solvent-based growth.
Cross sectional disk samples were sputtered in situ prior to
analysis to remove any surface-adsorbed contaminants. Positive
ion mode chemical maps showed a uniform distribution of
barium and boron across the disk (Figure S4, Supporting
Information). Low levels of tramp impurities (owing to the
impurity of the starting materials) were uniformly detected,
namely, Na and K. Li was also present uniformly in the
polycrystalline, but it was measured to be at the same level as
the tramp impurities. An independent SIMS analysis of a

Table 1. Crystal Data and Structure Refinement for BaB2O4

empirical formula BaB2O4

wavelength 0.71073 Å
formula weight 222.96
crystal system trigonal
space group,Z R3c, 6
unit cell dimensions a ) 8.3824(3) ÅR ) 96.86°
density (calculated) 3.862 g/cm3

absorption coefficient 10.215 /mm
crystal size 0.1× 0.2× 0.2 mm3

theta range for data collection 3.7- 28.81°
refinement method full-matrix least-squares onF2

goodness-of-fit onF2 1.025
final R indices [I > 2σ(I)]a R1 ) 0.0209,wR2 ) 0.0516
R indices (all data)a R1 ) 0.0214,wR2 ) 0.0518
largest diff peak and hole 1.247 and-1.003 e Å-3

a R1 )∑||Fo| - |Fc||/∑|Fo| and wR2 ) [∑w(F0
2 - Fc

2)2/∑wF0
4]1/2 for

F0
2 > 2σ(F0

2).

Table 2. Atomic Coordinates (× 104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for BaB2O4

a

atom Wyckoff position x y z Ueq

Ba(1) 6b 3892(1) 333(1) 7530(1) 8(1)
B(1) 6b 6310(7) 7747(7) 8560(6) 10(1)
B(2) 6b 586(7) 1022(7) 8849(7) 11(1)
O(1) 6b 6577(5) 8751(4) 7347(4) 14(1)
O(2) 6b 6066(4) 2710(5) 6854(5) 13(1)
O(3) 6b 2921(4) 91(4) 4399(4) 11(1)
O(4) 6b 1378(4) 9725(5) 9309(5) 16(1)

a Ueq is defined as one-third of the trace of the orthogonalizedUij tensor.

Figure 4. SEM micrograph fromâ-BBO cross section.
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LiBa2B5O10 sample indicated a peak ratio for Li to B of 57:1,
and the ratio for our grownâ-BBO crystal was 0.6:1. Therefore,
the SIMS analysis suggests that not only did theâ-BBO crystal
have a uniform composition, but also the LiBa2B5O10 solvent
did not significantly contaminate the crystal with lithium during
growth.

Conclusions

A rod of â-BaB2O4 was grown by the optical floating zone
method in the traveling solvent zone configuration using a
LiBaB5O10-based solvent. Theâ-BaB2O4 rods grown are
composed of several different crystal domains, ranging from
100µm to 1 mm in diameter, and lithium, a component of the
flux system used in the growth, is present only at the
contaminant level.

It should be noted that using the optical floating zone furnace
in the traveling solvent zone configuration with this type of flux
system is a new methodology for growing crystals ofâ-BBO.
Unique to the growth ofâ-BBO, we used a peritectic reaction
to our benefit in thermally decomposing an incongruently
melting phase to grow an entirely different phase.
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