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I. Introduction

Barium borates possess many interesting and valuable properties.
Interest in these compounds is due to not only pure research
aspects, but also the possibility of modern technological applica-
tions. Currently, bariumborates are used in production of ceramic
glazes, luminophors, oxide cathodes as well as additives to pig-
ments for aqueous emulsion paints.1 ± 8 The BaO±B2O3 system (a
constituent of the BaO±B2O3 ± SiO2 system) serves as the basis
when synthesising special optical glasses.9 ± 14

The history of studies of barium borate, BaB2O4, can be
divided into two periods. The pioneering communication con-
cerning the synthesis of BaB2O4 single crystals dates back to the
19th century.1, 2 The structure of anions in crystalline borates was
established by X-ray structural analysis in the 1950s.3, 4, 15 The
crystal structures of a number of barium borates including the
high-temperature modification of BaB2O4 were established in the
1960s;16 ± 18 however, these results were of low reliability.

Two crystalline modifications { of BaB2O4, viz., the high-
temperature (a) and the low-temperature (b) forms were described
and characterised by X-ray diffraction analysis by Levin and
McMurdie.12

In the anions, oxygen atoms surrounding borons can form two
types of coordination environment, viz., a tetrahedral and a
trigonal coordination environment corresponding to the sp3- and
sp2-hybridisation of the electron orbitals of the B atom, respec-
tively.19 As a rule, both of them are realised in borate ions. Both
the BO3 triangles and BO4 tetrahedra can form fused structures by
sharing their vertices (bridging oxygen atoms), thus forming
polyanions. The presence of polymeric anions in borate melts is
responsible for hysteresis of properties (in particular, viscosity)
and the glass-forming ability.8

The second period of studies of BaB2O4 dates back to the
1980s and is associated with the discovery of nonlinear optical
properties in the single crystals of the low-temperature modifica-
tion of barium borate, b-BaB2O4 (BBO){ (see Refs 20 ± 25). Its
crystals are non-centrosymmetric, which is responsible for a
number of specific properties of the compound.26, 27 This form of
barium borate combines excellent nonlinear optical character-
istics [large effective second harmonic generation (SHG) coeffi-
cient, which is nearly 6 times higher than that of potassium
dihydrophosphate crystals; large birefringence; wide transparency
region (190 ± 3500 nm), high laser damage threshold], good
mechanical properties and very low hygroscopicity. Comparison
of the properties of BBO with those of other optically active
nonlinear crystals shows that barium borate is the best candidate
for fabrication of solid-state UV lasers operating at a wavelength
of 200 nm. BBO single crystals are used in optoelectronics for
laser radiation-to-radiation frequency conversion (in particular,
visible-to-UV frequency upconversion) by the SHG and higher
harmonic generation (up to the fifth harmonic) mechanisms.
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{ In the literature, the high-temperature and the low-temperature mod-

ifications of barium borate are, as a rule, designated as a-BaB2O4 and

b-BaB2O4, respectively (in this review, we also use these notations).

However, quite the reverse notations are sometimes used.

{ The terminology is somewhat ambiguous. The compound having a

composition BaO .B2O3 is usually treated as a salt, Ba(BO2)2, ofmetaboric

acid (HBO2) and called barium metaborate;2 sometimes, the same com-

pound is called barium diborate (see, e.g., Ref. 4). However, barium

diborate has another composition, namely, BaO . 2B2O3 .2 To match the

crystal structure of BBO, it is more correct to represent its composition as

Ba3(B3O6)2 .
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Recently, frequency conversion by the stimulated Raman scatter-
ing (SRS) mechanism using BBO-crystal oscillators has been
studied.28 ± 30

In the last decade, new crystals possessing nonlinear optical
properties (including borates) were synthesised.31 ± 39 These are,
e.g., LiB3O5 (LBO) } (see Ref. 31), KBe2BO3F2 (KBBF),32

Sr2Be2B2O7 (SBBO),33 LiCsB6O10 (CLBO),34 Ba2Be2B2O7

(TBO) andK2Al2B2O7 (KABO) 35 and BiBO3 (BIBO);36 however,
BBO remains of considerable value.

Nonlinear optical properties of various borate single crystals
are due to electron delocalisation 37, 38, 40 ± 43 in complex boron ±
oxygen anions. The simplest examples of such anions are provided
by the [BO3]37 triangles and by two types of ring trimers, viz., the
[B3O6]37 units constructed of three BO3 triangles with two of the
three vertices shared and the [B3O7]57 units (two BO3 triangles
linked by the BO4 tetrahedron). They are shown in Fig. 1.
Peculiarities of the electronic structure of borate crystals deter-
mine high polarisability of these compounds, which is comparable
to that of aromatics. These crystals also have good mechanical
properties and high laser damage threshold, which is typical of
inorganic crystals.44

Solid-state optoelectronics (photonics) requires high-quality
crystals that contain no inclusions, twins and inhomogeneities, are
free from thermal strain and variations of the refractive index,
have a definite crystallographic orientation and are, as a rule,
rather large (of the order of a centimetre). BBO single crystals can
be grown by melt-solution (high-temperature flux) technique
using the modified Kyropoulos and Czochralski methods 45, 46 or
by direct crystallisation from supercooled melts. Crystal growth is
complicated by high viscosity and glass-forming ability of melts.
The polymeric structure of borate melts can be to some extent
controlled by shifting the acid ± base equilibria.47, 48 Low yield of
materials suitable for practical applications, undesired variations
of the properties of BBO crystals and high cost of optical elements
are due to the fact that growing such crystals is a technologically
sophisticated procedure.

Recently, interest to centrosymmetric single crystals of the
high-temperature a-modification of BaB2O4 has quickened.49

These crystals are characterised by large birefringence, broad
optical transparency region (190 ± 3500 nm) and can compete
with calcite crystals that are widely used in linear optics.

An extensive literature on BBO crystals has evolved. Despite
this fact, a number of topical problems concerning both the basic

(nonstoichiometry, polymorphism, phase equilibria, thermody-
namics) and applied (elucidation of the reasons responsible for
characteristic optical and structural inhomogeneities of BBO
crystals, optimisation of crystal growth conditions) aspects of
the investigation and growth of these crystals are still to be solved.

II. Barium borates. The BaO±B2O3 system

Studies of the phase equilibria in the BaO± B2O3 ±H2O system at
30 8C (Fig. 2) revealed the existence of barium metaborate
tetrahydrate, BaO .B2O3

. 4H2O, and barium triborate heptahy-
drate, BaO . 3B2O3

. 7H2O.2, 50 Some other hydrated barium
borates were reported in the early studies.2 More recently,4

BaO .B2O3
. 5H2O was synthesised, which is formed in dilute

solutions and is thought to be metastable,5 as well as
BaB2O4

. 1.67H2O.51 Determination of the crystal structures of
BaO .B2O3

. 4H2O (see Ref. 52) and BaO .B2O3
. 5H2O (see Refs

53 and 54) revealed the presence of isolated tetrahedral B(OH)4
groups in these crystals; therefore, the formulae of the compounds
can be written as Ba[B(OH)4]2 and Ba[B(OH)4]2 .H2O, respec-
tively.

The crystalline compounds Ba2[B5O8(OH)2]OH,
Ba[B5O8(OH)] .H2O and Ba5[B20O33(OH)4] .H2O were hydro-
thermally synthesised in the BaO±B2O3 ±M2O±H2O (M=K,
Rb, Cs) systems at 280 8C under a pressure of 70 atm.55 ± 58

The melting diagram of the BaO±B2O3 system was studied by
thermal analysis.59, 60 Using the `composition ± property' curve,
six congruently melting compounds were found. These are
3BaO .B2O3 , 2 BaO .B2O3 , BaO .B2O3 , BaO . 2B2O3 ,

} The notations widely used in the literature are given in parentheses.
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Figure 1. Structural units present in borate crystals.

BO3 (a); BO4 (b); B3O6 (c) and B3O7 (d).
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BaO . 3B2O3 and BaO . 4B2O3 (for the generalised phase diagram
of the BaO±B2O3 system, see Ref. 2). It is believed that super-
cooling of melts occurred in these studies.

Phase equilibria in the BaO±B2O3 systemhave been studied in
detail 12 by annealing and quenching techniques and by the X-ray
phase and thermal analyses. Only four congruently melting
compounds were found, namely, 3 BaO .B2O3 , BaO .B2O3 ,
BaO . 2B2O3 and BaO . 4B2O3 . A melt immiscibility region was
observed near the boron oxide composition.

Bariummetaborate, BaO .B2O3,melts congruently at 1095 8C
and forms eutectics at 905 and 889 8C.12 In addition to the high-
temperature a-modification of BaO .B2O3, the low-temperature
b-modification was found and characterised by X-ray powder
diffraction. No transition temperature was reported;12 it was only
assumed to lie between 100 and 400 8C. More recently, in studies
of the BaO±B2O3 ± SiO2 ternary system13 the temperatures of a
number of phase transformations in the BaO±B2O3 system were
corrected (increased by*10 8C) while the melting temperature of
BaO .B2O3 was found to be 1105 8C.

The generalised phase diagram of the BaO±B2O3 system
(Fig. 3), which was proposed by Levin and reported in a hand-
book,10 has been commonly accepted by crystal growth research-
ers (see, e.g., Refs 11, 27, 46). Following Feigelson et al.,46 in
Fig. 3 we added a horizontal line (dash-and-dot line) correspond-
ing to the polymorphic transformation of BaO .B2O3 at 925 8C
(see below). It should be noted that the boundaries of the
immiscibility region (dashed line) do not match those reported
earlier.12 The coordinates of the upper critical point of the
immiscibility dome (1931 8C, 6.6 mol.% BaO) were determined
in a thorough study by Hageman and Oonk.61

The middle part of the phase diagram of the BaO±B2O3

system was revised by HuÈ bner 62 who showed that not only the
above-mentioned compounds, but also 2BaO . 5B2O3 ,
2 BaO .B2O3 and 4BaO .B2O3 are formed in the system. All of
the newly found compounds were characterised by X-ray powder
diffraction. The congruent melting temperature of 2BaO .B2O3

(920� 5 8C) is close to the temperature of the eutectic between
BaO .B2O3 and 3BaO .B2O3 .12, 13 The temperature of the poly-
morphic transformation of BaO .B2O3 is 925� 5 8C. HuÈ bner
proposed the existence of homogeneity regions for both modifi-
cations of BaO .B2O3 and suggested that this region for the high-
temperature form is especially broad (Fig. 4). According to this

version of the phase diagram, the low-temperature modification
of b-BaB2O4 is not in the equilibriumwith the B2O3-enrichedmelt;
however, this contradicts the results obtained more recently.63, 64

HuÈ bner 65 also studied the phase equilibria in the BaO±
B2O3 ±Al2O3 system and reported the formation of continuous
solid solutions in the composition range between 2BaO .B2O3 and
the low-temperature modification of BaO .B2O3 at 700 8C
(Fig. 5). The formation of individual compound 2BaO .B2O3

was established based on the X-ray diffraction data obtained in
melt crystallisation studies in a number of ternary systems.66

Compound 2BaO .B2O3 crystallises in the monoclinic crystal
system (Table 1) and its unit cell parameters are close to those of
b-BaB2O4 in the monoclinic setting (the difference consists in
doubling the parameter c). This structural type is possible only if
barium and oxygen ions are inserted into the b-BaB2O4 lattice,
which is accompanied by a dramatic increase in density.

Single crystals of the 2BaO . 5B2O3 (Ba2B10O17) phase found
by HuÈ bner 62 were grown by Stone et al.68 by slowly cooling a
stoichiometric melt. The solid-phase synthesis was carried out at
750 8C and the melting temperature of the compound was
reported to be 901 8C. The melt undergoes a glass transition on
cooling with ease.

The crystal structures of compounds BaO . 2B2O3 (BaB4O7),
BaO . 4B2O3 (BaB8O13) and 2BaO . 5B2O3 (Ba2B10O17) were
established (see Table 1).16, 18, 68 At 700 8C, compound
BaO . 4B2O3 undergoes a phase transition from the low-temper-
ature orthorhombic to the high-temperature tetragonal modifica-
tion which is stable up to the congruent melting temperature
(889 8C).67 The heat of the transition is 2100 J mol71. The phase
transition is accompanied by twinning of crystals.

An IR spectroscopic study 75 revealed the presence of isolated
BO3 triangles in the structure of compound 3BaO .B2O3 which is
thus an orthoborate.

The generalised phase diagram of the BaO±B2O3 system is
shown in Fig. 6. Since the melting temperature of compound
Ba2B10O17 (see Ref. 68) is somewhat higher than the liquidus
temperature for this composition (see Ref. 12), this compound
seems to be stable. According to the version of the phase diagram
proposed by Levin andMcMurdie,12 an eutectic corresponding to
the crystallisation of BaO . 2B2O3 and BaO . 4B2O3 should occur
in this concentration range; however, no eutectic effects were
observed. Probably, they simply overlooked the compound
2BaO . 5B2O3 . Earlier,60 a congruently melting compound of
other stoichiometric composition was found in this concentration
range.

The `interrelation' between compounds 2BaO .B2O3 and
BaO .B2O3 is still a moot question. The melting temperature of
2BaO .B2O3 reported by HuÈ bner is much lower than the liquidus
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Table 1. Crystallographic characteristics of anhydrous barium borates.

Compound Crystal system Space group Unit cell parameters Density Ref.

/g cm73

a /�A b /�A c /�A a, b, g /deg Z

BaB813 orthorhombic P2221 8.56 17.38 13.20 8 2.91 18

8.55 17.352 13.21 8 2.927 67

tetragonal a 8.630 13.268 4 2.899 67

BaB47 monoclinic P21/c 10.56(1) 8.20(1) 13.01(1) b=104.95(17) 8 3.57 16

Ba2B1017 triclinic P1 9.858(1) 9.990(1) 6.706(1) a=96.79(1) 2 3.54 68

b=106.64(1)

g=76.89(1)

b-BaB24 trigonal R3c 12.532 12.717 18 3.74 22

12.529 12.731 18 7 69

12.519 12.723 18 7 70

12.547(6) 12.736(9) 18 7 44

12.500(3) 12.6875(9) 18 7 71

12.517(3) b 12.708(3) b 18 7 72

a-BaB24 trigonal R�3c 7.2188(10) 39.000(4) 18 3.734 17

7.2351 39.192 18 3.751 73

Ba2B25 monoclinic P2, Pm or P2/m 11.014(6) 12.684(5) 16.856(7) b=99.82(3) 19 5.07 62

trigonal 7 21.70 c 12.74 c

Ba3B26 orthorhombic 7 13.82 14.81 13.43 16 5.11 74

aAt 725 8C. bDoped with neodymium. cRecalculated by the authors of this review using HuÈ bner's data.62
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temperatures determined earlier 12, 59 and, hence, cannot corre-
spond to the equilibrium congruent melting of this compound.
However, it is rather close to the eutectic temperature. The
authors of this review suggest incongruent melting of
2BaO .B2O3 following a peritectic reaction (see Fig. 6).

HuÈ bner's assumption 62 of the presence of the homogeneity
region based on BaO .B2O3 is in agreement with the absence of
eutectic effect in this concentration range.12 Figure 6 presents a
version of the phase diagram containing the regions of solid
solutions based on a-BaB2O4 and b-BaB2O4 shown according to
HuÈ bner. The presence of these regions suggests a strong non-
stoichiometry of BaB2O4 . If this is the case, the maximum on the
liquidus curve should not coincidewith the point corresponding to
the 1 : 1 composition. It should also be noted that the densities of
both the a- and b-modifications of BaB2O4 are much lower than
the average density obtained by linear approximation of the data
for compounds in the BaO±B2O3 system. This anomaly can be to
some extent compensated for by the formation of interstitial solid
solutions. This issue as well as the thermal stability of
4 BaO . B2O3 call for further investigation.

III. Glass formation in the BaO±B2O3 system

Melt cooling in the BaO±B2O3 system causes glass forma-
tion.9, 11, 14 The most stable glasses (ingots up to 50 g by mass)
are fabricated by solidification of melts containing from
16 mol.% to 40 mol.% BaO, i.e., in the region of existence of the
low-melting compounds BaO . 2B2O3 , 2 BaO . 5B2O3 and
BaO . 4B2O3 (see Fig. 6). As the cooling rate increases, the region
of glass formation extends (up to 60.5 mol.% BaO for ingots of
mass 0.1 g) and includes the composition BaB2O4. No transparent
homogeneous glasses are formed on cooling of B2O3-enriched
melts. At temperatures that are somewhat higher than the liquidus
temperature, the equilibrium melt represents two immiscible
liquids of different compositions. Similarly to the melt, on cooling
each of the liquids can undergo a glass transition.

Boron oxide can undergo a spontaneous glass transition.9

Glassy boron oxide can be readily obtained from boracic acid
whichmelts at 176 8C. Long-term heating is accompanied by slow
removal of water from the melt; however, trace amounts of water
are hard to remove. The content of the residual water after heating

at 1200 8C for 19 h is 0.127 mass%. Pumping anhydrous dini-
trogen through themelt over a period of 5 h reduces the content of
water down to 0.025 mass%. A nearly completely dehydrated
material was prepared by long-term heating at a pressure of
1 Torr in a platinum crucible and then in a graphite crucible.
The viscosity of the melt depends on the content of water; as this
parameter decreases from 0.248 mass% down to 0.025 mass%,
the temperature corresponding to a viscosity of 104 P increases
from 537 to 550 8C.

It is noteworthy that the viscosity of B2O3 at 450 8C (melting
temperature) is much lower than that of silica at 1710 8C;
however, glassy boron oxide is much more hard to crystallise
compared to glassy silica. This was assumed to be due to
abnormally high ratio of the bond energy to the melting temper-
ature of glassy B2O3.No spontaneous devitrification of B2O3 at an
atmospheric pressure was observed. Crystallisation of boron
oxide requires heating at 225 ± 250 8C over a period of several
days in a loosely plugged vessel. The sample slowly loses water and
is transformed into a solid finely crystalline aggregate character-
ised by a density of 2.42 g cm73 and a melting temperature lying
between 460 and 470 8C. The content of B2O3 in the material thus
obtained is 99.4% while the rest seems to be the bound water.

An X-ray study of glassy B2O3 showed that its structure is a
disordered network of [BO3]37 triangles (in which each oxygen
atom is linked to two boron atoms) or distorted [BO4] tetrahedra.

Glass formation is also typical of the systems comprising B2O3

and alkali metal oxides. The Na2O ±B2O3 system is characterised
by two glass formation regions14 corresponding to the concen-
tration ranges 0 mol.%± 8 mol.% (or 0 mol.%± 30 mol.%) and
66.5 mol.%± 71.5 mol.% Na2O. The second glass formation
region coincides with the region of existence of low-melting
compositions in the vicinity of the NaBO2 ±Na4B2O5 eutectic.
A `belt'-like glass formation region was found in the Na2O±
BaO±B2O3 system at the B2O3 concentration of greater than
60 mol.%.76

IV. Methods of preparation of BaB2O4

There are four groups of methods for preparation of BaB2O4 .
These are precipitation of crystal hydrates from aqueous solutions
followed by dehydration; hydrolysis of alkoxides; anhydrous
solid-phase syntheses (possibly) followed by melting and melt-
solution syntheses. The last-named group also includes various
single-crystal growth techniques which can be considered as
specific methods of synthesis.

1. Precipitation of BaB2O4
. nH2O from aqueous solutions

Methods for the synthesis of barium borate based on precipitation
of crystal hydrates BaB2O4

. nH2O from aqueous solutions
(aqueous methods) have been known for long.2 ± 8 However, they
are rarely employed for the preparation of charge that is used as
raw material for the crystal growth.

Aqueous methods for the synthesis of different metal borates
share a number of features. During precipitation from aqueous
solutions the borates are isolated as crystal hydrates. The content
of the bound water depends on the reaction conditions. In
addition, metal borates can be isolated in the amorphous state.
Such borates are intermediate products of many syntheses; never-
theless, they can undergo a transition into the crystalline state
under particular conditions. Amorphous borates are, as a rule,
highly reactive.

Borates can contain water in the form of both hydroxyl ion
and solvate molecules. This allows one to rationalise a complex
process of dehydration of borates at elevated temperatures which
involves elimination of individual solvate water molecules and
hydroxyl groups, which is due to association of boron-containing
anions. Usually, removal of water occurs in a stepwise manner in
the temperature range from 100 to 200 8C. The residual water can
be removed only at very high temperatures (*1000 8C and
above). Often, dehydration of borates is accompanied by a specific
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effect of borate rearrangement 77 which was first reported by
Nikolaev.78 Namely, dehydration causes a complete destruction
of the crystal lattice and transition of the compound under study
into the amorphous state; further heating leads to crystallisation
accompanied by exothermic effect, which can be detected on
thermograms.

The synthesis of BaB2O4 by precipitation from aqueous
solutions should be carried out in a strongly basic medium
(pH>11) provided that variations of the pH value during
crystallisation are small. This can be done by performing a
reaction between a solution of boric acid and a solution of
Ba(OH)2 (see Ref. 4) or BaCl2 .51 However, it is more convenient
to use barium chloride and a mixture of sodium tetraborate and
sodium hydroxide.

BaCl2+Na2B4O7+2NaOH+3H2O=

=BaB2O4
. 4H2O;+2NaBO2+2NaCl.

Tomaintain the pH value at the desired level, a nearly twofold
excess of the precipitating agent is required. The reaction results in
a flaky precipitate which is transformed into crystalline
BaB2O4

. 4H2O after several hours.
The crystallisation fields of BaB2O4

. 4H2O and
BaB2O4

. 5H2O in sodium borate solutions at 25 8C for the
reaction presented above were studied by Gode.5 The possibility
of nearly complete precipitation of boron (in the form of barium
borate) from solutions was demonstrated (see Fig. 2 b). A draw-
back of this method consists in poisoning the precipitate by
sodium and chlorine impurities.

The synthesis of barium borate from barium nitrate was
proposed 8

Ba(NO3)2+Na2B4O7+2NaOH+3H2O=

=BaB2O4
. 4H2O;+2NaBO2+2NaNO3.

It was proposed to remove the chloride (impurity in NaOH) and
sodium ions using an ammonia solution (to prevent transforma-
tion into polyborates). Drying at 400 ± 650 8C for 30 min resulted
in an anhydrous product.

To transform non-crystalline barium borate into the crystal-
line BaO .B2O3

. 4H2O, it was recommended 6 to grind the mate-
rial in a boric acid solution in the presence of KOH. The yield of
the desired product was low (*20%).

Dehydration of the tetrahydrate BaO .B2O3
. 4H2O begins at

70 and is completed at 140 8C, while dehydration of the pentahy-
drate BaO .B2O3

. 5H2 occurs in the temperature range from 50 to
450 8C.4 It should be noted that the melting temperatures of the
dehydrated products (1015 and 925 8C, respectively) 4 are much
lower than the equilibriummelting temperatures. Probably, this is
due to the influence of the residual water. According to Lehmann
et al.,51 dehydration of BaO .B2O3

. 1.67H2O occurs in the tem-
perature range 90 ± 170 8C.

Precipitation of the tetrahydrate BaB2O4
. 4H2O from solu-

tion followed by thermal decomposition following the reactions

BaCl2 . 2H2O+2H3BO3=BaB2O4
. 4H2O;+2HCl, (1)

BaB2O4
. 4H2O=BaB2O4+4H2O (2)

was employed 79 ± 82 for the synthesis of BaB2O4 that is used as raw
material (charge) for themelt growth of b-BaB2O4 crystals (the so-
called chloride technique). Remelting or sintering BaB2O4 at
1095 8C for 3 h results in a coarse-grained material of higher
purity grade compared to the charge obtained by solid-phase
synthesis from barium carbonate. A thermogram exhibiting a
clearly seen peak corresponding to the melting at 1100 8C has
been reported.82

It should be noted that the synthesis of BaB2O4 by thermolysis
of crystal hydrates allows reliable preparation of a product of
stoichiometric composition. In addition, it seems that aqueous
solutions favour purification of barium-containing reagents

(removal of impurities including strontium and calcium that
strongly affect the stability of the crystalline modifications of
BaB2O4).

2. Syntheses using `soft chemistry' methods
Recently, the so-called `soft chemistry' methods have been used
for the synthesis of inorganic materials (see, e.g., Ref. 83). These
methods can also be employed to synthesise barium borate. For
instance, a stoichiometric mixture of boron triethoxide and
barium isopropoxide was slowly hydrolysed with distilled
water.84 The powder dried in vacuo at 60 8C was found to be a
new g-modification of BaB2O4.

3. Anhydrous high-temperature syntheses
Compound BaB2O4 can be directly synthesised by melting BaO
and B2O3 at 1150 8C for 1 to 2 h.85 According to the results of
differential thermal analysis (DTA) study, the reaction begins at
1060 8C.

Barium borate (the starting material for the synthesis of single
crystals) is usually prepared from a mixture of BaCO3 and B2O3

(see Refs 86 ± 89) or H3BO3 .64, 80, 90 ± 92 The syntheses are con-
ducted using the following reaction equations

BaCO3+B2O3=BaB2O4+CO2:, (3)

BaCO3+2H3BO3=BaB2O4+3H2O:+CO2:. (4)

Powder mixtures taken in the stoichiometric ratios are
mechanically mixed and then heated until sintering and melting.
In the case of reaction (3) the powders are sintered at 800 8C for
10 h, melted at 1200 8C for 10 min and then zone melted (both
processes are carried out in a graphite boat in an argon atmos-
phere) 88 or are melted in air at 1150 8C for 5 h. For the reaction
with H3BO3 it was recommended 92 to use a stepwise synthesis
with allowance for the reaction mixture to stay at 150 and 700 8C.

Usually, syntheses are performed in platinum crucibles; how-
ever, graphite crucibles can also be used in an inert atmosphere
(argon).88

It seems likely that one can synthesise BBO from barium
carbonate according to Berzelius by boiling a barium carbonate
suspension in an aqueous boric acid (analogously to the synthesis
of lead borate 4). However, this synthetic route was not studied
experimentally.

Barium borate BaB2O4 is also synthesised using other barium
compounds (e.g., barium oxide,79 barium acetate 90, 91 and barium
nitrate 12, 82) as starting reagents.

BaO+2H3BO3=BaB2O4+3H2O:,

Ba(CH3COO)2+2H3BO3+4O2=

=BaB2O4+6H2O:+4CO2:,

Ba(NO3)2+2H3BO3=BaB2O4+N2O5:+3H2O:.

The reaction with barium acetate was carried out in a platinum
crucible using stepwise heating;91, 92 finally, the product was kept
at 1150 8C for 50 h. The reaction proceeds in air; however, it does
not always happen that the reaction goes to completion under the
crystal growth conditions. This leads to poisoning the growing
crystals with carbon. In the reaction with barium nitrate the
ground mixture of reagents was heated to 700 8C for 2 h and
then repeatedly heated above this temperature.12

The following reaction was conducted 82

Ba(NO3)2+B2O3= b-BaB2O4+N2O5:.

A ground mixture of reagents was repeatedly heated from 700 to
850 8C. It was also found that the reactions of BaCO3 or BaOwith
H3BO3 do not result in products that are suitable for the
Czochralski growth of b-BaB2O4.
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4. Melt-solution crystallisation
Barium borate can be synthesised by exchange reactions in melts.
The first successful synthesis dates back to 1874.1, 79 The following
reaction was used

BaCl2+2NaBO2=BaB2O4;+2NaCl.

Sodium chloride having a lower melting temperature acts as
solvent that is removed with water after cooling.

Reactions analogous to the processes underlying the aqueous
methods of synthesis 93, 94 can also be used for the synthesis of
b-BaB2O4

BaCl2+B2O3 BaB2O4;+2HCl:,

BaCl2+2H3BO3=BaB2O4;+2HCl:+2H2O:.

The excess barium chloride acts as flux. The reaction was carried
out in a platinum crucible at 1000 8C for 2 h.93 The driving force
of the synthesis of BaB2O4 is the difference between the heat of
reaction and the energy of pyrohydrolysis of barium chloride
(*78 kcal).

A method of fabrication of a seed rod necessary for melt-
solution growth of single crystals is as follows.94 BaB2O4 poly-
crystals precipitated in the reaction with boric acid are ground,
moulded, sintered in an oxygen atmosphere at 730 ± 850 8C, re-
ground and then re-sintered at 850 ± 1095 8C.

An extensive literature on the synthesis of single crystals using
the systems of the BaB2O4 ± S or, more generally, BaO±B2O3 ± S
types (S is the melt playing the role of solvent) has evolved. Both
equilibrium and nonequilibrium melt crystallisations are possible
(the former corresponding to the primary crystallisation region of
b-BaB2O4 in the phase diagrams). Among various solvents, Na2O
is most widely used at present (see below).

Melt-solution growth of single crystals is strongly affected by
the impurities coming into the crystal from the solvent. These are
the melt components (first of all, sodium), impurities contained in
the starting reagents and accumulated within the growing crystal
(e.g., potassium or strontium) and `extra' impurities that come
from the material the crucible is made of (platinum).

V. Polymorphism and the crystal structure

In addition to the high- and low-temperature modifications of
BaB2O4 (these two were mentioned above) there are some
indications of the existence of at least one unstable low-temper-
ature modification designated as T-BaB2O4 (see Ref. 51), or
g-BaB2O4 .84, 95 The X-ray diffraction patterns of the samples
reported in Refs 51, 84 and 95 are close but not identical. The
samples of this phase were obtained by dehydration of
BaB2O4

. 1.67H2O (see Ref. 51) and by the interaction of boron
triethoxide and barium isopropoxide. According to Yamaguchi et
al.,84 g-BaB2O4 undergoes an irreversible transformation into
a-BaB2O4 on heating to *600 8C. An IR spectroscopic study of
g-BaB2O4 showed that, in contrast to the structure of the a- and
b-forms of BaB2O4 (see below), the structure of this modification
comprises infinite anionic chains constructed of [BO4] tetrahedra
with their vertices shared (calcium, strontium and lithiummetabo-
rates have an analogous structure).}

The crystal structure of a-BaB2O4 was established by Mighell
and Perloff.17 It was found that the crystal is characterised by the
trigonal system and centrosymmetric space group R�3c (Fig. 7).

According to HuÈ bner,62 b-BaB2O4 single crystals have a
monoclinic unit cell with the parameters a=11.133, b=12.67,
c=8.381�A and b=100.04 8; the space group isC2/c andZ=12.
Coincidence of the results ofX-ray powder diffraction studies 12, 62

indicates that the same modification of barium borate was
investigated in both cases.

However, HuÈ bner's 62 choice of the unit cell was questioned.69

According to Liebertz and Stahr,69 b-BaB2O4 crystals are uniaxial
and trigonal (the crystallographic parameters are listed in
Table 1). This discrepancy is of fundamental nature, since the
space group C2/c is centrosymmetric while the space group R3c is
non-centrosymmetric. Frohlich70 established the crystal structure
of b-BaB2O4 and confirmed the results obtained by Liebertz and
Stahr.69 Lu et al.22 also reported similar results; however, they
believed that the b-BaB2O4 crystal is characterised by the space
group R3. The results obtained by Lu et al.22 were used in the
interpretation of the Raman spectra of b-BaB2O4 crystals.97 Re-
determination of the crystal structure 44, 71 and the results of
piezoelectric and electro-optical measurements 38, 98 and Raman
spectroscopy studies 99, 100 confirmed that the low-temperature
modification of barium borate is characterised by the space group
R3c.

A thorough study 85 of BaB2O4 single crystals confirmed the
lack of central symmetry and revealed a slight monoclinic dis-
tortion of the trigonal lattice. The parameters of the trigonal
lattice of b-BaB2O4 obtained by different authors are slightly
different (see Table 1).

The high- and low-temperature modifications of barium
borate exhibit pronounced structural similarity, viz., both of
them have layered structures, contain nearly planar boron ± oxy-
gen [B3O6]37 ring groups arranged perpendicular to the three-fold
axis while their lattice parameters are related by simple formulae
aa&

���
3
p

ab , ca& (1/3) cb , Za=Zb .
The [B3O6]37 groups are constituents of the structure of only

one out of the three known crystalline modifications of metaboric
acid, namely, metastable orthorhombic HBO2-III with a melting
temperature of 176 8C.3 Therefore, the a- and b-modifications of
BaB2O4 are salts of this acid.

High-temperature Raman spectroscopy studies 99, 100 of the a-
and b-forms of BaB2O4 revealed a change in the number of
spectral lines in the frequency range of internal vibrations of the
[B3O6]37 anions corresponding to the D6

3h and C 6
3v symmetry,

respectively. The B7O distances in and out of the ring are*1.40
and 1.32�A, respectively.

The structures of the a- and b-modifications of BaB2O4 are
characterised by different types of coordination environment of
barium ions. In the high-temperature a-modification there are two
types of barium atoms. The coordination number of barium
atoms occupying the first position is 6 while for Ba atoms in the
second position it equals 9. In the low-temperature b-modifica-
tion the Ba atoms are in irregular environment of eight oxygen
atoms shared by three ring borate anions. The Ba ±O distances,
d (Ba ±O), lie between 2.613 and 3.025�A. The X-ray powder
diffraction patterns of the a- and b-modifications of BaB2O4 are
presented in Fig. 8.

Investigation of the nonlinear optical properties of BBO is a
topical problem. In this connection it is appropriate to briefly
outline the nature of chemical bonding in this com-
pound.38, 40 ± 43, 97 In the [B3O6]37 ring anions, the sp2-hybridised
boron atoms form s-bonds with oxygen atoms. The filled orbitals
of the oxygen atoms and the vacant orbitals of the boron atoms
involved in the rings interact with one another, thus forming the
p-bonds. Positively charged Ba2+ ions and negatively charged
[B3O6]37 groups interact electrostatically. In addition, the inter-
molecular interaction occurs between electrically neutral layers. A
number of the first-principle studies of the electronic structure and
nonlinear optical susceptibilities of BBO have been reported.42, 43

The results of calculations are in good agreement with the
experimental data. The energy states of the atoms constituting
the [B3O6]37 anions contribute to both the upper part and the
bottom of the conduction band.

Different temperatures of the phase transition between the b-
and a-modifications of BaB2O4 have been reported
(100 ± 400 8C,12 880 8C,103 *900 8C 44 and 917 8C 104). Cur-
rently, a value of 925�5 8C reported by HuÈ bner 62 and confirmed

H2O

} In addition, two unstable modifications of BaB2O4 were obtained

during crystallisation of glasses in the BaO±B2O3 ±Al2O3 system.65

Barium borate b-BaB2O4 as a material for nonlinear optics 657



in the annealing and quenching studies 23, 105 has been commonly
accepted.

The phase transition in question is strongly hindered. An
X-ray diffraction pattern obtained after annealing of coarse-
grained (40 ± 50 mm), single-phase (b-phase) crystalline BBO at
940 8C for 4 h exhibited only traces of the a-phase.87 Annealing at
higher temperatures is accompanied by gradual decrease in the
intensity of the reflections of the b-phase and by simultaneous
increase in the intensity of the reflections of the a-phase. After
annealing at 960 8C for 2 h nearly *50% of the initial b-phase
transformed into the a-phase. Analogous studies were carried out
using single-phase (a-phase) crystalline BBO. After annealing at
*800 8C for 7 h nearly*30% of the initial a-phase transformed

into the b-phase. At lower temperatures, the phase transformation
occurred very slowly.

During measurements 106 of the thermal expansion coeffi-
cients the BBO single crystals were overheated up to 983 8C at a
heating rate of 1 deg min71 and to 1010 8C at a heating rate of
0.1 deg min71. Transition into the a-phase occurred after reach-
ing these temperatures.

According to Kimura and Feigelson,107 the b? a transfor-
mation takes only 5 min on heating above 1000 8C. It should be
noted that the samples studied contained Sr (*0.05%) and Ca
(*0.03%); it is thought that Ca impurity causes stabilisation of
the a-phase.108

a b

a

c

a

c

B

Ba

B

Ba

c

B

Na

c

a

Figure 7. Projections of the trigonal crystal structures of a-BaB2O4

(space group R�3c) 17 (a), b-BaB2O4 (space group R3c) 71 (b) and

NaBO2 (space group R�3c, a=11.875, c=6.4375�A) 96 (c) on the

plane passing parallel and perpendicular to the c axis (different scales

were used).

Triangles denote the BO3 groups. The unit cells are shown by solid

lines.
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A number of in situ studies of the b> a transformation by
high-temperature X-ray powder diffraction have been
reported.82, 84, 106 Kozuki and Itoh106 heated BBO powder to
1050 8C but no phase transition was observed. Yoshimoto and
Kimura 82 also did not observe the b? a and a? b phase
transitions upon heating to 1000 8C. According to Yamaguchi et
al.,84 transformation of b-BaB2O4 prepared by heating from the
g-modification into a-BaB2O4 begins at 870 8C and is completed
at 940 8C. The kinetics of this transformation have been studied.

The most surprising results were reported by Kouta et al.80

who studied the transition in question and did not observe even
minor indications of the phase transformation after heating
b-BaB2O4 powder at 1090 8C for 5 h and subsequent cooling of
the sample. The results of DTA study 80 showed that both
modifications of BaB2O4 melt at nearly the same temperature,
namely, 1100� 0.5 8C (a-phase) and 1099� 0.5 8C (b-phase).

A special study concerning the influence of the heating and
cooling rates (u=3.75, 5.0, 7.5, 10.0, 15.0 deg min71) on both the
transition temperatures and reversibility of the phase transforma-
tions has been reported.104 It was shown that the temperatures of
the polymorphic transition of the low-temperature modification
of BaB2O4 into the high-temperature form (917 8C) and the
melting temperature of the latter (1092 8C) are virtually inde-
pendent of the heating rate, whereas the reverse is observed on
cooling.

VI. Peculiarities of crystallisation of BaB2O4

melts

BBOmelts are characterised by high viscosity, tendency to super-
cooling and by hysteresis of properties. The physical properties of
BBO have been studied recentlly.81, 109 The viscosity of the melt

monotonicaly increases from 20 to 61 mPa cm71 as the temper-
ature decreases from 1463 to 1271K and is*30 mPa cm71 at the
melting temperature. The activation energy of the viscous flow for
the melt is 0.95 eV. The time taken to achieve the equilibrium
viscosity of the melt at 1463K is nearly 10 h. The density of the
melt is a linear function of the temperature in the range between
1463 and 1271K; it is described by the following equation

r=(4.45370.000545)T

It was found that r=3.707 g cm73 at the melting temperature.
The thermal expansion coefficient of the melt is 1.561074 K71.
The surface tension at the melting temperature is 0.35 Nm71 (see
Ref. 89).

According to the results of our experiments data and to Itoh et
al.79, the degree of supercooling of the melt (DT ) in a platinum
crucible can be as high as 250 8C at cooling rates spanning the
range from 4 to 15 deg min71. In this case crystallisation of
b-BaB2O4 can occur at temperatures that are much higher than
the temperature of the polymorphic transition. Crystallisation
occurs randomly; there is a wide spread of the melt crystallisation
temperature values but no correlations between this temperature
and the cooling rate are observed.Mention has beenmade that the
degree of supercooling of themelt can be as high as 300 8C.110 The
problem of crystallisation of BBO (spontaneous crystallisation,
seed crystallisation using a-BaB2O4 and b-BaB2O4 and crystal-
lisation on a platinum wire) has been the subject of numerous
studies.

In a study 104 the degree of supercooling of the melt was 170 ±
200 8C. On cooling (u=3.75, 5.0, 7.5, 10.0, 15.0 deg min71),
crystallisation occurred only at the temperature of the poly-
morphic transition or at lower temperatures and resulted in the
low-temperature modification of BaB2O4. The crystallisation
temperatures were found to be Tc=917 8C at u=3.75 and
5 deg min71, Tc=887 8C at u=7.5 deg min71 and
Tc=857 8C at u=15 deg min71.

BBO melts can exist without any changes in the metastable
state for long at temperatures that are higher than the temperature
of the polymorphic transition and lower than the melting temper-
ature. However, seeding causes rapid crystallisation the rate of
which increases with temperature. If a-BaB2O4 is used as seed, the
same modification of barium borate crystallises. Seeding with
b-BaB2O4 causes crystallisation of the b-modification despite its
instability under these conditions.

Experiments on platinum seeded crystal growth showed 87

that co-crystallisation of b-BaB2O4 and a-BaB2O4 begins if
DT5 40 8C. At smaller DT values, crystallisation of the a-phase
occurs, whereas b-BaB2O4 mainly crystallises at temperatures
below 1030 8C (i.e., at DT5 70 8C).82

The degree of supercooling achievable using graphite crucibles
is substantially lower compared to platinum crucibles; in addition,
crystallisation of both the a- and b-modifications of BaB2O4 in
graphite crucibles is possible.107 This is thought to be due to some
similarity between the trigonal structures of graphite and BBO.

Thermodynamically, the possibility of direct melt crystallisa-
tion of the low-temperature phase can be rationalised by taking
into account strong supercooling of the melt and the existence of
the temperature of metastable melting of the low-temperature
phase (at this temperature the curves of the temperature depend-
ences of the Gibbs thermodynamic potentials of the low-temper-
ature phase and the melt intersect). The corresponding scheme is
presented in Fig. 9. The temperature ofmetastable melting,Tb , of
the low-temperature modification lies between the temperature of
equilibrium melting, Ta , of the high-temperature modification
and the temperature of polymorphic transformation, Tt . For the
crystallisation of the b-phase to begin themelt temperature should
be lower than Tb .

Ignoring the difference between the heat capacities of the a-
and b-modifications of BaB2O4 , the following relationship is
valid:110
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Figure 8. X-Ray powder diffraction patterns (CuKa radiation) of

a-BaB2O4 (a), b-BaB2O4 (b) and NaBaBO3 (c).101, 102
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Tb �
DHt � DHa

DSt � DSa
� DHb

DSb
,

whereDH andDS are the enthalpies and entropies of the reactions.
By denoting

d=
DHt

DHa
,

one gets 111

Tb �
�d� 1�TaTt

dTa � Tt

.

The estimates of the Tb value are strongly different (Table 2).
From the standpoint of polymorphism, BaB2O4 presents a

unique phenomenon, since both modifications (a and b) of this
compound have virtually equal melting enthalpies and melting
temperatures, while the enthalpy (and, correspondingly, entropy)
of the a> b transition is very low.80, 82 On the other hand, here we
deal with the first-order phase transition characterised by signifi-
cantly different crystal structures, volumes and densities (in the
temperature range from 20 to 1000 8C) of both phases. In this
case, a correct thermodynamic description of the phase trans-
formations requires that the heat capacities be taken into account
(they must be measured) and, hence, the approximate relation-
ships listed above cannot be used. Under the conditions in
question the mutual stability of the polymorphous modifications
strongly depends on the presence of impurities, defects, as well as
on themechanical strain and surface energy, so that the possibility
of melt crystallisation of a particular modification is first of all
determined by the kinetic considerations.

Hindered melt crystallisation of BBO can be rationalised
based on structural considerations. The results of high-temper-
ature Raman spectroscopy studies 99, 100, 112 of barium borate
point to a dramatic difference between the spectra of the melt
and crystalline b-BaB2O4 . The spectrum of supercooled melt
exhibited not only narrow lines of [B3O6]37 anions, but also a
number of broad bands corresponding to internal vibrations of
long-chain [BO2]

nÿ
n anions. The contribution of the [B3O6]37

anions near the melting temperature is small; however, it increases
as the degree of supercooling of the melt increases. Probably,
melting of BBO is accompanied by rearrangement of the boron ±
oxygen complexes (transformation of the [B3O6]37 ring anions
into long anionic chains). Crystallisation is accompanied by the
reverse rearrangement.

High viscosity of barium borate melts and their tendency to
glass formation are due to the presence of long anionic chains. The
hysteresis of viscosity (see above) 81, 109 seems to be associatedwith
polymerisation ± depolymerisation of [B3O6]37 anions.

Structural rearrangement of the melt on heating was studied
experimentally (by X-ray powder diffraction) and theoretically
(by the molecular dynamics method).113, 114

It was found 82 that self-melt crystallisation of b-BaB2O4

single crystals is possible if the starting material used for the
preparation of the melt corresponded to the b-phase and no melt
overheating occurred. The character of crystallisation of the melt
can be affected by the presence of fine particles and structural
fragments of crystalline phases that play the role of nucleation and
crystallisation centres.87 Overheating causes destruction of these
centres. Graphite particles present in the melt can also play the
role of crystallisation centres.107

Information on the influence of atmosphere on the character
of crystallisation of BBO melts was questioned by some authors.
However, an increase in the degree of supercooling of the melt in
the case of crystallisation in an argon atmosphere compared to the
crystallisation in air has been reported recently.115

VII. Growth of bb-BaB2O4 single crystals

Peculiarities of crystallisation of BBO melts determine two most
widely used methods for the growth of b-BaB2O4 single crystals.
These are the supercooled self-melt growth (under nonequilibrium
conditions) and melt-solution growth techniques. In the latter
case, both single crystal growth from the equilibrium primary
crystallisation region and nonequilibrium crystallisation are pos-
sible. The schemes of a number of most widely used single crystal
growth techniques are presented in Fig. 10.

1. Self-melt growth of single crystals
Self-melt growth techniques of b-BaB2O4 single crystals have the
advantages that the growing crystals are not poisoned with flux
and the crystallisation rates are high (by an order of magnitude
higher compared to melt-solution crystal growth). However, in
these cases crystallisation occurs under nonequilibrium conditions
at large temperature gradients, which causes development of
mechanical strain in and cracking of the crystal. In addition, the
crystal quality strongly depends on the procedure employed for
the preparation of the starting reagents and on the crystallisation
conditions. These methods have not received wide application so
far.

Single crystals of b-BaB2O4 were Czochralski grown using a
platinum wire seed.79, 80 Noteworthy is that only the a-modifica-
tion was melt crystallised if the starting reagents were prepared by
the carbonate technique [see reactions (3) and (4)]. The process
using the starting reagents synthesised by the chloride method [see
reactions (1) and (2)] led to direct crystallisation of the b-phase in a
narrow range of the temperature gradient (G) values at the
crystallisation front (G=150 ± 125 deg cm71). Variation of G
(an increase up to 175 deg cm71 and a decrease down to
50 deg cm71) resulted in the crystallisation of the a-phase.
A cracked single-crystal boule 7 mm in diameter and 18 mm

1

2

3

Tt Tb Ta

G

T

Figure 9. Temperature dependences of theGibbs thermodynamic poten-

tials (G) of the melt (1 ) and of the a- (2) and b-modifications (3) of

BaB2O4 .106

Tt is the temperature of polymorphic transformation, Tb is the temper-

ature of metastable melting of the low-temperature modification and Ta is

the temperature of the equilibrium melting of the high-temperature

modification.

Table 2. Melting temperatures (8C) and enthalpies (kJ mol71) of the a-
and b-modifications of BaB2O4 .

Ta Tb DHa DHb Ref.

1095 1078 67.784 74.562 111

1100 1050 7 7 106

1100� 0.5 1099� 0.5 7 7 80

7 7 109.45 110.00 82
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long was obtained at a seed rotation rate of 20 rpm and a pulling
speed of 0.6 mm h71.79 Improvement of the growth technique
allowed obtaining single crystals 15 mm in diameter and 40 mm
long without cracks at a seed rotation rate of 14 rpm and a pulling
speed of 4 mm h71 .80

According to Kozuki and Itoh,106 the upper critical temper-
ature for stable Czochralski self-melt growth of b-BaB2O4 crystals
is 1050 8C. The startingmaterial (charge) is prepared from barium
nitrate and boron oxide. A single crystal 15 mm in diameter and
7 mm long was grown at a seed rotation rate of 10 rpm and a
pulling speed of 3 mm h71. The vertical temperature gradient was
only 10 deg cm71; however, a strong influence of the radial
temperature gradient was revealed (in this case, the optimum
value was 77 deg cm71, see Ref. 116).

Yet another example of the Czochralski growth of b-BaB2O4

crystals has been reported.89 A b-BaB2O4 seed of specified
orientation was placed in a platinum pipe 2 or 4 mm in diameter.
The charge was prepared from barium carbonate. The predom-
inant impurity was platinum (30 ppm). The temperature gradient
was 300 deg cm71. Crystals 7 mm in diameter and 20 mm long
were grown at a seed rotation rate of 15 rpm and a pulling speed of
5 mm h71. The same technique was also used for the crystallisa-

tion of solid solutions b-Ba(B17xRx)2O4 (R=Al, Ga,
04 x4 0.1).116

2. Melt-solution growth of single crystals {{

a. Choice of solvent
An appropriate solvent (flux) must provide a rather extended
primary crystallisation region of the low-temperature modifica-
tion of BaB2O4 and reduce the viscosity and glass-forming ability
of the melt. As a consequence, the melts should exhibit a lower
degree of polymerisation of the boron ± oxygen chains and an
increased proportion of the [B3O6]37 ring anions. The solvent
must be of low volatility, possess stable properties and provide
very weak interaction with the crystal to exclude the possibility of
poisoning. The melt should also not be an aggressive medium
towards the material the crucible is made of.

A melt growth technique of b-BaB2O4 single crystals from the
starting reagents using a shift from the stoichiometric composition
towards an excess of BaO or B2O3 (the so-called self-flux) has been
reported.63, 103 However, the temperature ranges suitable for
crystal growth in this manner are narrow (less than 20 8C). More
often, an excess of B2O3 is used;120, 121 however, in this case the
crystal growth is hampered due to high viscosity of the melt.

A large number of compounds and their combinations have
been considered as candidates for solvents. These are, e.g.,
Li2O,62, 103 BaCl2 ,103, 121 BaF2 ,66, 103, 121, 122 NaF,66, 90, 91, 123

LiF,66 NaCl,66, 124 ± 126 NaCl ±Na2O,125 PbO,127 Na2O ±
Nd2O3 ,72, 120 LiNbO3 ,120 PbF2 ±B2O3 ,120 CaF2

124 and
Na2SO4 .124

Usually, the solvent is chosen based on the phase diagrams of
corresponding systems. Some known regions of the phase dia-
grams are presented in Fig. 11. The BaB2O4 ±NaCl, BaB2O4 ±

{ For basic principles of the methods for melt-solution (flux) crystal

growth, see Refs 117 ± 119.
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Figure 10. Schematical illustrations of the most widely used experimental

techniques for the melt and melt-solution growth of single crystals.

Czochralski technique, T=const (a); Kyropoulos technique (immersion-

seeded solution growth, ISSG), T decreases (b); top-seeded solution

growth (TSSG) technique, T decreases (c); melt feed Czochralski techni-

que (d); Stepanov technique, T=const (e); zone melting technique (f) and

laser assisted pulling from pedestal (g).

Crystal (1); melt (2); heater (3); crucible (4); seed (5); feeding charge (6);

shape-forming element (7); laser heating (8) and polycrystal (9).
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NaF and BaB2O4 ±BaF2 sections seem to be quasi-binary. The
BaB2O4 ±Na2SO4 section is unstable, since in this case an
exchange reaction occurs

BaB2O4+Na2SO4 BaSO4+Na2B2O4 .

The temperatures of the eutectic in the BaB2O4 ±NaCl system,
determined by different authors,124, 125 virtually coincide (see
Fig. 11 a); however, the compositions of the eutectic are appreci-
ably different. Correspondingly, the concentration ranges of the
growth of b-BaB2O4 crystals in this system are also different. Data
on the phase equilibria along the BaB2O4 ±NaF (see Refs 66 and
123) and BaB2O4 ±BaF2 sections (see Refs 103 and 122) are
contradictory.

All solvents studied have certain drawbacks. The systems
containing Li2O (see Ref. 103) and BaF2 (see Ref. 122) exhibit
very narrow crystallisation regions of b-BaB2O4, while no such
region at all was found in the system containing CaF2.124 The
system with BaCl2 is characterised by fast hydrolysis. If fluoride
melts are used, pyrohydrolysis also occurs in air,128 either rela-
tively fast (BaF2) or slow (NaF). A number of additives (e.g.,
MgF2 and BaF2) do not favour reduction of the melt viscosity;
besides, the melt containing MgF2 is prone to glass formation.66

The use of lead-containing compounds 120, 127 favours stabilisa-
tion of the a-modification of BaB2O4.49 Potassium fluoride
additives cause significant changes in the lattice parameters of
BBO crystals, which seems to be due to isomorphous incorpo-
ration of potassium.66

The BaO±B2O3 ±BaF2 system is used as flux in the growth of
rare-earth ferrite single crystals.129

Sodium fluoride is considered as candidate for flux. The
BaB2O4 ±NaF section and the BaO±B2O3 ±NaF system are
characterised by broad regions of primary crystallisation of
b-BaB2O4

66 and by substantial reduction of the viscosity of the
melt, which permits crystallisation at higher rates. However, to
make the best use of these advantages, the crystals should be
grown in an inert gas atmosphere. Slow pyrohydrolysis of NaF in
air during crystallisation causes a gradual transformation of the
BaB2O4 ±NaF system into the BaB2O4 ±Na2O system.

Na2O 45, 46, 64, 86, 90, 91, 101 ± 103, 105, 121, 124, 130 ± 146 is, at present,
most widely used for melt-solution growth of b-BaB2O4 single
crystals. Melt-solution growth of single crystals in the BaB2O4 ±
Na2B2O4 system has also been reported.103 The process is com-
plicated by high viscosity of the melt and its tendency to super-
cooling. A number of studies concerning variation of the melt
composition in the BaO±B2O3 ±Na2O system are avail-
able.64, 134 ± 137, 143, 144

Phase equilibria in the BaB2O4 ±Na2O system were first
studied by DTA105 (cited according to Refs 46 and 130). A
compound Na2BaB2O5 was identified, which congruently melts
at 846 8C. The temperatures of the eutectics are 755 and 573 8C.
The phase diagram constructed by Huang and Liang 105 was used
for the choice and `tuning' of the growth regimes of BBO crystals.

Kaplun et al.133 proposed yet another version of the phase
diagram of the BaB2O4 ±Na2O system. In this case, the liquidus
curve in the BBO crystallisation region and the eutectic position
match those reported by Huang and Liang;105 however, the
compound Na2O .BaB2O4 was assumed to be incongruently
melting at 830� 3 8C following a peritectic reaction resulting in
a refractory compound that melts at temperatures above 1300 8C
(this compound was assumed 133 to have a composition
3BaO .B2O3). An analogous interpretation of the phase equilibria
in this system was reported in other studies.143, 144 The generalised
phase diagram of the BaB2O4 ±Na2O system is shown in Fig. 12.

The region of primary crystallisation of b-BaB2O4 in the
BaO±B2O3 ±Na2O ternary system (Fig. 13) has been thoroughly
studied by Nikolov and Peshev.64

The contradiction between the results of studies105, 133 was
solved recently.102 In an investigation of the BaB2O4 ±Na2O
section by DTA and visual-polythermal analysis (VPA) it was
found (see Fig. 12) that both strong thermal effects (ascribed 105 to

the melting of Na2BaB2O5) and high-temperature equilibrium
crystallisation (liquidus curve) manifest themselves in the concen-
tration range from 30 mol.% to 50 mol.% Na2O. These results
are in agreement with those reported by Kaplun et al.133 The
medium-temperature effects were found 102 to be concentration
dependent (this contradicts the results reported earlier 133), which
is impossible in the case of stable quasi-binary section.

X-Ray diffraction and Raman spectroscopy studies showed
that the reaction of BaB2O4 with Na2O results in barium ortho-
borate, NaBaBO3, whose structure comprises isolated [BO3]
triangles and that compoundNa2O .BaB2O4 does not exist. Single
crystals of compound NaBaBO3 were grown by spontaneous
crystallisation from melts of different compositions including a
melt containing 62 mol.% BaB2O4 and 38 mol.% Na2O using a
platinum loop seed. The compound melts at 1270 8C and under-
goes a rapid degradation in air, being a good absorbent of water
and carbon dioxide. The X-ray diffraction pattern of NaBaBO3 is
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Figure 12. Phase equilibria along the BaB2O4 ±Na2O section.102

The data were obtained byDTA, themixtures were prepared by successive

addition of Na2CO3 to remelted BaB2O4 (1); the data were obtained by

DTA, the samples were prepared by solid-phase synthesis (2); the data

were obtained by visual-polythermal analysis (3); other data were taken

from Ref. 133 (4), Ref. 105 (5), Ref. 64 (6) and Ref. 72 (7).
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shown in Fig. 8 c and its Raman spectrum is presented in
Fig. 14 a.

Both the a- and b-modifications of BaB2O4 have nearly
identical thermodynamic characteristics.80, 82 This means that
the liquidus curve (surface) corresponding to the polymorphic
transformation of BaB2O4 should exhibit no kinks.

The projection of the liquidus surfaces of a part of the BaO±
B2O3 ±Na2O system on the concentration triangle is shown in
Fig. 15. In this system, compound NaBaBO3 is assumed to be
congruently melting and the BaB2O4 ±NaBO2, NaBaBO3 ±
NaBO2 and, probably, BaB2O4 ±NaBaBO3 sections are thought
to be of eutectic character (the eutectics lie at 28 mol.% BaO,
50 mol.% B2O3 , 22 mol.% Na2O, 826 8C and at 22 mol.% BaO,
39 mol.%B2O3 , 39 mol.%Na2O, 830 8C). The region of primary
crystallisation of NaBaBO3 can be determined by analysing the
morphology of the primary (spontaneously grown) crystals. The
primary crystals are isometric individuals in contrast to needle-
shaped BaB2O4 and NaBO2 crystals. The ternary eutectic occurs
at 745 8C and lies at 41 mol.% BaO, 41 mol.% B2O3 , 18 mol.%
Na2O (or 70 mol.% BaB2O4 , 30 mol.% Na2O). The results
obtained by different authors 64, 102 are in good agreement.

By chance, the BaB2O4 ±Na2O section passes nearly exactly
through the ternary eutectic in the BaB2O4 ±NaBaBO3 ±NaBO2

ternary system. Therefore, the left part of the BaB2O4 ±Na2O
section looks like a binary system. It seems likely that weak high-
temperature effects were overlooked 105 and that the non-variant
effect of the L+NaBaBO3+NaBO2 binary eutectic was inter-
preted to be the melting of a compound BaB2O4

.Na2O, while the
co-crystallisation (co-melting) curve of NaBaBO3+NaBO2 was
considered to be the liquidus curve.

Studies of the phase diagram of the BaO±B2O3 ±Na2O
system are complicated by high reactivity and hygroscopicity of
melts, by their ability to absorb carbon dioxide and by the

corroding action of the melts on the platinum crucibles. High
viscosity of the melts and their tendency to supercooling, glass
formation and appearance of metastable equilibria present a
particular problem.102, 143 ± 145

According to the phase diagram of the BaB2O4 ±Na2O section
(see Fig. 12), the temperature range of crystallisation of b-BaB2O4

is *170 8C. The compositions suitable for growth of the low-
temperature phase lie in the range 22 mol.%±30 mol.% Na2O.
Usually, the composition with the Na2O content between
20 mol.% and 22 mol.% is used as charge. However, supercool-
ing of themelt allows growth of large b-BaB2O4 crystals at aNa2O
content of less than 5 mol.% at*1050 8C.121

The volatility of the melt increases along the BaB2O4 ±Na2O
section, whereas its viscosity decreases as the concentration of
Na2O increases.121, 132, 145

b. Crystal growth techniques
The driving force of the melt-solution growth of BBO crystals is
due to temperature reduction. Usually, vaporisation of the solvent
is not used as a method for the preparation of a supersaturated
solution.117 ± 119 The process can be performed using various
equipment.

Schematical illustrations of a number of crystal growth
techniques are shown in Fig. 10.

Only a few studies are concerned with the growth of (i) BBO
single crystals by the travelling solvent method (a version of zone
melting technique),131 (ii) single-crystal filaments by laser-assisted
pulling from pedestal 120 and (iii) plates using the Stepanov
technique.85, 92

The so-called top-seeded solution growth (TSSG) technique is
most widely used.45, 46, 66, 86, 121, 130, 137 ± 140, 146 It allows bulk BBO
crystals (up to 60 mm in diameter andmore than 10 ± 15 mm long)
to be grown (Fig. 16). Several versions of this method are known.
If crystal growth occurs on slow cooling of the melt without
pulling the seed, one deals with the Kyropoulos technique. The
Czochralski method involves pulling of the seed-growing crystal
under isothermal conditions (see Fig. 10).

In the case of melt-solution crystallisation the composition of
the crystal differs from that of the melt; therefore, a feature of the
Czochralski technique is continuous change in the composition of
the melt and, correspondingly, in the crystallisation conditions.
To avoid variations of the melt composition and other parameters
and to maintain steady-state growth conditions, a method involv-
ing melt feed with BBO charge was proposed.132

Often, a combination of the two above-mentioned growth
techniques is employed. In this case, a slow pulling of the crystal is
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Figure 14. Raman spectra of a NaBaBO3 single crystal (a), Na3BO3

powder (b) and 3Na2O .B2O3 melt (c).102

The fundamental vibration of the impurity carbonate ion is asterisked.
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combined with slow cooling of the melt. The major advantages of
the TSSG technique with pulling of the crystal compared to
analogous technique without pulling are as follows:

Ð higher crystal growth rate;
Ð the possibility of growing thick crystals in smaller cruci-

bles;
Ð prevention the crucible walls from touching with the

growing crystal, which causes seed failure.
Seed growth of bulk b-BaB2O4 crystals of good quality with

and without pulling from Na2O flux has been reported.121 The
seed rotation rate varied from 2 to 60 rpm while the pulling speed
was 0.01 ± 0.02 mm h71. The high seed rotation and crystal
pulling rates cause undesired changes in the shape of the interface
from a convex interface to a concave one. Inclusion-free BBO
crystals were grown at low pulling rates (of the order of 0.5 to
1.0 mm per day).

As a rule, a melt of composition 75 mol.% BBO±25 mol.%
Na2O was used. The liquidus temperature for this composition is
*886 8C. The starting reagents (BaCO3 , H3BO3 and Na2CO3)
were weighed, mixed and placed in a platinum crucible 75 mm in
diameter. Then the crucible was heated to*1110 8Cover a period
of several hours until complete decomposition of carbonates. Seed
crystals with different orientations were used for crystal growth.
Orientation of the seed crystal affects not only the rate and quality
of growth, but also the shape of the BBO crystal. A high

anisotropy of the growth rate of BBO crystals was reported. The
rates of growth along the a and b axes were found to be higher than
the rate of growth parallel to the c optical axis. Crystals grown
parallel to the a and b axes or in other directions that strongly
deviate from the c axis usually undergo spontaneous cracking in
the (001) cleavage plane. This is due to anisotropy of the thermal
expansion. The thermal expansion and thermal conductivity
coefficient of BBO crystals measured along the c axis are by nearly
an order of magnitude larger than those measured in the perpen-
dicular direction.39

The radial and axial temperature gradients and the shape of
the liquid ± solid interface are important parameters that define
quality of the crystal. Crystals of the best quality are usually
grown if the interface is flat or slightly convex. The shape of the
interface depends on both the pulling speed and the seed rotation
rate. Obtaining a flat or slightly concave interface requires that the
pulling speed and the seed rotation rate be 0.5 ± 1.0 mm per day
and 4 ± 8 rpm, respectively. As the seed rotation rate increases, the
contribution of forced convection gradually becomes much larger
than that of natural convection. If the pulling speed seed is too
high, the growing crystals can lose contact with the solution.

Search for methods of control of convective heat and mass
transfer always has received considerable attention, since it is
these processes that in most cases provide the possibility of
growing particular types of crystals with preset properties. All
methods of control can be divided into contact methods and
contactless ones. The former are based on the action of a physical
body placed in contact with the melt, solution or another
crystallisation medium. Most of these methods involve mechan-
ical rotation of the crystal and/or crucible, the use of various
diaphragms, stirrers, shape-forming elements, etc. A number of
contact methods have been applied to the growth of BBO
crystals.139, 147, 148 Extreme sophistication of the mechanical devi-
ces gave an impetus to search for simpler methods of control of the
heat and mass transfer processes. This approach had some
success.

Contactless techniques are based on the action of physical
fields (gravitational, electromagnetic and thermal) on the heat and
mass transfer processes.

In practice, all crystal growth techniques include (sometimes,
unconsciously) a certain pattern of the heat field. In most cases
these are static heat fields characterised by the symmetry axis of an
infinite order, L?, and particular values of the axial and radial
temperature gradients. Traditionally, crystals are grown in tube
heating furnaces with cylindrical heat field symmetry L? (exclud-
ing the edge effects).With the advent of precision heating furnaces
(PHF),149 the possibility of controlling the heat field and the heat
and mass transfer during the crystal growth appeared. This is
achieved by changing the heat field symmetry and by rotating the
heat field. A version of dynamic control of the heating elements
(HE) in such a furnace has been reported.150 ± 153 In practice, the
growth of crystals under conditions of static, azimuthally distrib-
uted heat field in the PHF is also of considerable interest.140 These
conditions are created by either commutation or regular arrange-
ment of the HE around the PHFmuffle, which provides a radially
distributed pattern for power delivered to the muffle walls and,
hence, to the walls of the growth crucible.

Experiments on the growth of BBO crystals 140 were carried
out using a heating furnace with a total of 18 HE arranged evenly
around the quartz muffle 110 mm in diameter with walls 4 mm
thick. Switching on all series-connected HE in the furnace
produced a heat field of cylindrical symmetry L?. Strictly speak-
ing, in this case the heat field symmetry should be L18 ; however, it
was considered asL? (within the limits of experimental error) due
to the choice of an optimum distance between the HE and taking
into account the effect of the heat field smoothing by the muffle
and the crucible walls. Switching off each third HE changed the
heat field symmetry in the furnace to six-fold symmetry L6 . If
three HE arranged at an angle of 120 8with respect to one another
were switched off, the heat field symmetry reduced to L3. In
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Figure 16. Photographs of a BBO crystal (a), axial slice 8 mm thick (b)

and a nonlinear optical element of dimensions 868615 mm3 (c).

Paper cell size is 565 mm. The crystal was grown by the authors of this

review at the Crystal Growth Laboratory, Institute of Mineralogy and

Petroghaphy, Siberian Branch of the Russian Academy of Sciences.
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Fig. 17, we present the horizontal sections of the growth furnace
and the polar diagrams of the heat fields of symmetry L? , L6 and
L3 , as well as the typical convective patterns on the melt-solution
surface, formed under the action of the heat fields of different
symmetry.

BBO crystals were grown on a 464 mm seed oriented parallel
to the optical axis c. The growth procedure consisted in search for
an equilibrium temperature by seed touching the melt-solution
surface in the place where the rays of the convective star are
brought to a point. After the seed started to spontaneously
dissolve, the temperature in the furnace was lowered by 1 ± 2
degrees. The next touching of themelt surface was performed after
2 ± 3 h. After prolonged (12 ± 24 h) liquid ± seed contact the crys-
tal was allowed to grow on cooling the furnace at a rate of
1 ± 3 degrees per day. The seed was rotated at 1 ± 2 rpm and
moved upward at a rate of 0.3 ± 0.4 mm per day. The growth
process continued until the crystal became visually much less
transparent. This was interpreted as an indication of the constitu-
tional supercooling, which induced a cellular crystal growth.

The experimental data on the growth of BBO crystals under
the action of steady-state heat fields of different symmetry are
listed in Table 3. As can be seen, a change in the heat field
symmetry from L? to L6 led to a slight increase in the `yield'
coefficient (from 1.22� 0.02 to 1.27). However, the `yield' coef-
ficient increased by a factor of 1.7 to 2.07 g (kg deg)71 on going to
L3 symmetry [cf. a theoretical value of *2.52 g (kg deg)71

obtained according to the liquidus equilibria in the BaB2O4 ±
Na2O system].

The changes in the `yield' coefficient as function of the heat
field symmetry and the observed character and evolution of
convective flows on the melt surface were interpreted as fol-
lows.140 As the heat field with L3 symmetry was created in the
growth furnace, the convective regime in the bulk of the melt
changed fundamentally. The fluid body divided into three azimu-
thally distributed convective cells in which the thermal-gravita-
tional flows moved up and down, thus `enveloping' nearly the
whole bulk of the liquid phase and forming three intense surface
flows merging at the centre. This convective regime provided a
permanent renewal of the melt in the region near the crystallisa-
tion interface, thus substantially delaying the onset of constitu-
tional supercooling. In this case the `yield' coefficient amounted to
82% of its maximum theoretical value. This, in a way, character-
ises the extent of involvement of the fluid body in the convection.

BBO crystals thus obtained were found to have a very small
central defect region. These crystals can be used for fabrication of
relatively large (up to 20mmandmore) nonlinear optical elements
and electro-optical cells oriented parallel to the optical axis c .

Feigelson et al.130 reported the `yield' coefficients of 2.01 and
2.13 g (kg deg)71 obtained in the growth of BBO crystals from a
crucible 55 mm in diameter with the corresponding initial charges
of 380 and 290 g. An increase in the charge to 470 g caused
reduction of the `yield' coefficient to 1.6 g (kg deg)71. This points
to significant difference between the convective regimes in the
crucibles 55 and 100 mm in diameter at comparable temperature
gradients in the growth furnace.

Recently,154 pioneering results concerning the growth of BBO
crystals in rotating heat fields of different symmetry have been
reported.

VIII. Defects and impurities in crystals

Information on intrinsic nonstoichiometry and impurity defects in
BBO crystals is scarce.155 Three types of radiation defects that
exhibit UV absorption at 210, 250 and 310 nm were identified in
g-irradiated BBO crystals. The formation of these defects is
assumed to be associated with both cleavage of the B7O bonds
and atomic displacements from the equilibrium positions.156

Growth defects were studied by chemical etching, optical
microscopy, microprobe technique, X-ray topography and laser
scanning tomography.46, 86, 121, 130, 157, 158 The main types of
defects found in BBO crystals were inclusions (usually, they are
interpreted as flux inclusions) and inclusion-induced dislocations.
The appearance of gas bubbles is associated with the presence of
trace amounts of non-decomposed carbonates in the charge.86

High density of dislocations due to solvent trapping was pointed
out.121 It is assumed that removal of inclusions must favour a
substantial improvement of the quality and optical characteristics
of BBO crystals.

The content of sodium in b-BaB2O4 crystals grown under
different conditions (from melt-solution and from a stoichiomet-
ric melt according to Czochralski) can vary from 120 to 680 ppm
(0.012 mass%± 0.068 mass%).159 Transparent inclusion-free
crystals contain from 0.012 mass% to 0.023 mass% Na. At a
sodium content of greater than 0.035 mass%, the crystals are
semi-transparent until becoming opal. Sodium impurity was
found to be responsible for thermoluminescence of BBO crys-
tals.159, 160

Among other impurities, an increased concentration of stron-
tiumwas pointed out.161 Probably, this impurity incorporates into
the BBO crystals from barium-containing starting reagents. Lead
impurity causes stabilisation of the a-modification of BaB2O4 .49

A feature of BBO crystals is accumulation of sodium and
potassium impurities.101 The critical concentration of sodium is
0.021 mass%. As the content of sodium exceeded this value,
inclusions of the second phase and the scattering centers
appear.101 The effective distribution coefficient of sodium
between the crystal and melt is (2.5 ± 4.4)61073.

8828C

8868C

8888C
8848C

8908C

8958C

a b c

Figure 17. Polar diagrams of the heat fields of symmetry L? (a), L6 (b)

and L3 (c) used for the growth of BBO crystals (at the top) and the

corresponding convective patterns (at the bottom). The open circles

denote the switched off heating elements.

Table 3. Experimental data on BBO crystals grown in a crucible 100 mm
in diameter at initial charge of 1.5 kg in heat fields of different sym-
metry.140

Run Heat DT /8C Pulling Crystal `Yield'

No. field /mm mass coefficient a

symmetry /g /g (kg deg)71

1 L? 117.5 12.6 212 1.20

2 L? 122.9 10.3 227 1.23

3 L? 106.4 16.7 198 1.24

4 L6 94.2 14.2 179 1.27

5 L3 103.0 14.4 319 2.07

a The `yield' (or `mass production') coefficient is an increase in the mass of

a crystal grown upon 1 8C temperature reduction at initial crucible charge

of 1 kg.
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From crystal chemical considerations it follows that alkali
metal impurities can incorporate into the structure of b-BaB2O4 .
As can be seen in Fig. 7, BaB2O4 and a sodium compoundNaBO2

are structurally similar. They contain identical structural frag-
ments (boron ± oxygen [B3O6]37 anions) stacked perpendicular to
the c axis of the trigonal lattice and exhibit a similar packingmotif.
The difference is in the arrangement of cations; the number of
sodium ions that provide electrostatic compensation of charge is
twice as large as the number of barium ions. The trigonal unit cells
also have close parameters (see Table 1). This suggests the
possibility of heterovalent isomorphism simply described as
Ba> 2Na and incorporation of extra sodium ions into the
b-BaB2O4 lattice. The authors of this review also assume that the
major type of intrinsic point defects in b-BaB2O4 crystals are
Frenkel pairs characterised by displacement of Ba ions from the
equilibrium positions to the interstitial ones. Close values of the
unit cell parameters allow epitaxial growth of NaBO2 on the
b-BaB2O4 crystals.

Even better is agreement between the lattice parameters of
b-BaB2O4 and potassium metaborate, KBO2, which is isostruc-
tural to the sodium-containing analogue. Potassium ions are
readily incorporated into the BBO lattice (potassium fluoride
melt was used as flux).66

The distribution coefficient of sodium in BBO crystals is small,
therefore this impurity can be removed by zone melting with
ease.88 Low efficiency of this technique in the removal of stron-
tium impurity from BBO crystals 107 indicates that the corre-
sponding distribution coefficient approaches a unity.

Inclusions in BBO crystals were found to be sodium
enriched.46, 130 Identification of the phase that is formed at the
crystallisation interface, thus blocking the process of crystal
growth, by X-ray powder diffraction failed.66 However, a recent
X-ray powder diffraction study of the particles with inclusions,
picked up with a microscope, showed 102 that this phase has a
composition NaBaBO3 .

IX. Constitutional supercooling

Morphological instability of the crystallisation front (Fig. 18)
occurs in a certain stage of melt-solution growth of BBO crystals
(usually, as the crystal becomes *15 mm thick). It involves the
development of a characteristic cellular substructure with quasi-
hexagonal cells, which is accompanied by trapping of inclusions
and the formation of a protrusion.46, 66, 130 The appearance of
cellular substructure is the major reason for forced termination of
the process of crystal growth. This phenomenon is associated with
specific features of heat transfer during the growth process.130, 143

However, usually the morphological instability is due to the

constitutional supercooling which has been studied in detail for
binary systems.162 ± 166

Consider the growth of BBO crystals from a Na2O melt-
solution. In this case, sodium piles up near the solidification front,
thus causing the loss of its stability. Figure 19 presents a scheme
illustrating the distribution of the melt components in the region
adjacent to the solidification front for a steady-state growth of
BBO crystals from Na2O melt-solution at the rate R. Since the
amount of sodium incorporated into the crystal is very small, it is
displaced by the growing crystal and is accumulated near the
liquid ± solid interface. The sodium concentration jump appeared
at the crystallisation front induces a diffusion flow of sodium ions
in themelt, which is directed away from the liquid ± solid interface.
The content of barium and boron in the melt is somewhat lower
than in the crystal; therefore, these components are trapped by the
crystal. This leads to the appearance of a region depleted of Ba and

Smooth
interface

Cells

Deep
cells

Fluctuation instability
of the interface

Figure 18. Qualitative picture of the development of morphological

instability of the crystallisation front and the formation of cellular

substructure.
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B near the crystallisation front and induces diffusion flows
directed from the bulk of the melt towards the interface. Accu-
mulation of the excess sodium should reduce the equilibrium
liquidus temperature. The integrated distribution curve of the
equilibrium crystallisation temperature is presented in Fig. 19 b
while the possible shift of the figurative point corresponding to the
melt composition for actual crystallisation is shown in Fig. 19 c.
Since the BaB2O4 ±Na2O section is unstable, the line correspond-
ing to the change in the melt concentration with distance from the
solidification front (diffusion path) should deviate from this
section, thus forming a zig-zag curve on the concentration
triangle.167

More detailed analysis of the situation requires a consider-
ation of different forms of boron present in the melt. As men-
tioned above, melting of BaB2O4 causes destruction of the
[B3O6]37 ring anions (i.e., this crystal is a typical example of
compound which nearly completely dissociates on melt-
ing).99, 100, 112 According to the molecular dynamics calcula-
tions,168 the addition of Na2O to the melt leads to shortening of
the [BO2]

nÿ
n polymer chains formed by [BO3]37 triangles and to an

increase in the proportion of isolated [BO3]37 triangles, dimeric
[B2O5]47 units, three-membered [B3O7]57 fragments and
[B3O6]37 ring anions. Nevertheless, one can state that it is the
low concentration of the [B3O6]37 ring anions near the crystal-
lisation front that is the limiting factor for the growth of BBO
crystals.

It should be noted that steady-state melt-solution growth of
BBO crystals can be performed using theCzochralskimethodwith
melt feed 132 or by floating zone technique.131 Experiments carried
out according to Kyropoulos (with slow cooling of the system)
represent a kind of non-steady-state processes characterised by
accumulation of sodium near the solidification front (Fig. 20).

The simplest constitutional supercooling criterion for solid-
ification front stability is provided by the Tiller ±Chalmers
criterion

GD

R
<

mC0�1ÿ k�
k

,

where G is the temperature gradient in the melt at the solid-
ification front, D is the diffusion coefficient of the solute, R is the
crystal growth rate, m is the slope of the liquidus curve, C0 is the
concentration of the solute in the solution and k is the partition
coefficient. This criterion was proposed for steady-state processes
in dilute binary systems 162, 163 and cannot be applied to the
crystallisation of BBO. This criterion is equivalent to the boun-
dary condition at the crystallisation interface while the integrated
curve describing the increase in the equilibrium crystallisation
temperature (liquidus temperature) with the distance from the
solidification front of BBO follows the same pattern as in the case
of binary systems. Therefore, the criterion for morphological
stability of the solidification front of BBO (heat transfer is
assumed negligible) can be written as follows

G

R
D� < mDC ,

where D* is the function of the diffusion coefficients of the
components of the system in the melt (it varies from one
composition to another), m is the directional derivative of the
liquidus temperature taken along the tangent to the diffusion path
at the point corresponding to the melt composition at the solid-
ification front (this point is labelled 1 in Fig. 19 c ) and DC is the
change in the composition at the interface. An analogous expres-
sion proposed166 for binary systems can also be used for non-
steady-state processes.

In any case the most important factors improving the stability
of the solidification front against constitutional supercooling are
an increase in the temperature gradient at the crystallisation front
and a decrease in the crystal growth rate.

There are two reasons for deterioration of the optical quality
of flux grown BBO crystals. These are (i) the attainment of critical
supersaturation with respect to sodium near the crystallisation
front and (as a consequence) the appearance of a cellular structure
with trapped inclusions and (ii) accumulation of sodium impurity
above the equilibrium solubility (limiting concentration) in BBO
followed by crystallisation of the second phase on cooling of the
crystal. In both cases mixing of the melt for not only control of the
heat convection, but also homogenisation of themelt composition
is of paramount importance.

X. Properties and fields of application
of bb-BaB2O4 crystals

Crystals of the non-centrosymmetric low-temperature modifica-
tion, b-BaB2O4, are widely used in nonlinear optics as nonlinear-
optical crystals possessing large birefringence for the generation of
optical harmonics and sum frequencies of laser radiation in the
visible and UV regions. Widespread use of this material in
quantum electronics is to a great extent due to relatively high
optical damage threshold. Numerous applied 30, 169 ± 195 and mate-
rials science studies 156, 157, 196 ± 201 of BBOwere reported in the last
decade.

Development of compact solid-state sources of tunable UV,
visible and IR radiation is topical. Currently, BBO-crystal para-
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metric light oscillators (OPOs) pumped by the second and third
harmonics ofNd :YAG lasers aremost widely used. These devices
generate tunable radiation in the 2628 and 3036 nm regions,
respectively.192 The tuning range of BBO-crystal OPOs is limited
to strong absorption of the idler wave radiation in the spectral
region from 2200 to 3000 nm.44 The pioneering study of the
characteristics of a BBO-crystal OPO pumped by the fourth
harmonic of a Nd :YAG laser (l=266 nm) was reported by
Bosenberg et al.193 A BBO-crystal OPO 25 mm long generated
radiation in the spectral region between 330 and 1370 nm at a
pulsed pump intensity exceeding 23 MW cm72. Another BBO-
crystal OPO pumped by the fourth harmonic of a single-mode
Nd :YAG laser generated radiation in the region 302 ± 2248 nm at
a pulsed pump energy of 20 mJ with a conversion efficiency of
6.3% at a wavelength of 340.2 nm at quadruple the oscillation
threshold.192

The characteristics of a BBO-crystal Type-I OPO pumped by
the fourth harmonic of a multimode Nd :YAG laser have been
studied.194 The output was tunable over the region 300 ± 2340 nm.
The efficiency ranged up to 15% near the peak of the tunability
curve at double the oscillation threshold. The OPO configuration
was based on a BBO crystal (aperture 668 mm, length 14 mm)
cut for Type-I phase matching at an angle (y) of 38.3 8with respect
to the optical axis of the crystal.

The above-mentioned applications of BBO crystals were
based on the second-order optical nonlinearity. However,
b-BaB2O4 also possesses third-order optical nonlinearity.30 In
particular, it was found that picosecond laser pump of BBO at
1 mm excites efficient Stokes and anti-Stokes Raman parametric
generation (RPG) and allows simultaneous SHG and multicom-
ponent RPG in the visible and near IR regions. In particular, a
BBO-crystal active element 15 mm long [excitation configuration
a(cc)a] pumped at 1 mm re-emitted to all RPG components more
than 35% of the energy (*1 mJ), the first Stokes line
(l=1.1414 mm) accounting for *20%. The efficiency of pico-
second RPG from b-BaB2O4 was also illustrated by an extended
(up to the thirteenth component with l=0.5661 mm) wing of the
multicomponent anti-Stokes spectral region. Based on high SHG
efficiency of BBO crystals, an SRS experiment with the optically
active element oriented parallel to the Type-I phasematching
direction (ee-o) was carried out.30 The experiments showed the
possibility of simultaneous conversion of the 1 mm pump of BBO
into both the Stokes and anti-Stokes components and the second
harmonic. It was found that excitation of the multicomponent
RPG induced by the second harmonic generated by the BBO
crystal occurs at a lower pump power, which is due to high SHG
efficiency from BBO crystals and to dispersion of the Raman
amplification coefficient of BBO. This discovery Ð simultaneous
manifestation of the second- and third-order optical nonlinearities
in BBO crystals Ð can be used for creation of novel types of
b-BaB2O4-based laser frequency converters.

Electro-optical application of BBO crystals as Pockels cells in
the UV spectral region should be emphasised.195

Recently, BBO crystals have been on the commercial market.
A large body of valuable information on the physicochemical
properties of BBO crystals can be found in the Internet at URLs
http://www.crystaux.com/betabbo.htm (website of DLKCrystal)
and http://www.clevelandcrystals.com/BBOLBO.shtml (website
of Cleveland Crystals, Inc.). The principal properties of BBO
crystals are listed in Table 4.

XI. Conclusion

Based on the aforesaid, the following conclusions can be drawn.
Polymorphism of BaB2O4 is a unique phenomenon. On the

one hand, the high- and low-temperature modifications of this
compound have substantially different structures. On the other
hand, their thermodynamic characteristics are nearly identical.
Studies of the mutual stability of these modifications and of the
influence of different factors on their crystallisation and kinetics

of transformations are of great importance. In this connection,
investigations of the heat capacities of both modifications of
BaB2O4 over a wide temperature range are also required.

HuÈ bner's data 62, 65 on the stability of compoundBa2B2O5 and
on the formation of BaB2O4-based solid solutions strongly contra-
dict the phase diagram of the BaO±B2O3 system proposed by
Levin et al.12, 13 An indirect proof of variable composition of BBO
is provided by small but, at the same time, noticeable variations of
the lattice parameters of single crystals, determined by different
authors. Both nonstoichiometry of BaB2O4 and the BaO±
B2O3 ±Na2O system in the BaO-enriched region (in particular, in
the Ba3B2O6 ±NaBaBO3 ±BaB2O4 concentration triangle) call for
further investigation.

Table 4. Properties of BBO single crystals.

Parameter Value

Optical transmission /nm 0.196 ± 2.2

(50% transmission at a thickness of 3 mm)

Indices of refraction a at l
0.2660 nm 1.7571; 1.6146

0.4358 nm 1.6868; 1.55638

0.5461 nm 1.6738; 1.5547

0.6328 nm 1.6673; 1.5500

1.0642 nm 1.6551; 1.5425

Absorption coefficients a (cm71) at l
0.266 nm 0.04 ± 0.15

1.0 nm 0.001 ± 0.002

2.09 nm 0.0085;b 0.07 c

Laser damage threshold /GW cm72

at l=1.0642 nm

10 ns pulse 0.0046

0.1 ns pulse (2.3 J) 15

Nonlinear optical susceptibility /pm V71 2.3;d <0.1 e

Phasematching range (l /nm)

Type I SHG 0.4096 ± 3+

Type II SHG 0.53 ± 3+

Phasematching angle f (deg) at maximum

nonlinear optical susceptibility and 25 8C
0.532 nm, type I SHG 47.6; 90

0.532 nm, type II SHG 81.0; 0

1.064 nm, type I SHG 22.8; 90

1.064 nm, type II SHG 32.8; 0

Linear electro-optical coefficients g /pm V71 2.7� 0.4;*0; 0.055

Hardness, Mohs 4.5

Elastic stiffnesses /GPa

c11 123.8

c12 60.3

c13 49.4

c14 12.3

c33 53.3

c44 7.8

c66 31.8

Young's modulus /GPa 39

Poisson's ratio 0.58

Thermal expansion coefficient,i 4; 36

1076 (deg)71

Specific heat /J (g deg)71 0.49� 0.02

Thermal conductivity /W (m deg)71

parallel to c axis 1.6

perpendicular to c axis 1.2

Resistivity /O cm >1011

Relative static dielectric constants k 6.7; 8.1

a The n0 and ne values are respectively given. b e-Ray. c o-Ray. d The d22
value. e The d15 value. fGiven are the y and F values, respectively. g Listed

are the r22 , r31 and r6 values, respectively. i Given are the aa and ac values,
respectively. kGiven are the e11/e0 and e33/e0 values, respectively.
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Studies of the phase equilibria in the BaO±B2O3 ±Na2O
ternary system showed that the BaB2O4 ±Na2O section, which is
most often used for growth of b-BaB2O4 single crystals from
Na2O, is unstable and that compound Na2BaB2O5 does not exist.
Compound NaBaBO3 was identified and structurally character-
ised. The BaB2O4 ±Na2O section passes nearly exactly through
the eutectic in the BaB2O4 ±NaBaBO3 ±NaBO2 ternary system.

The BaB2O4 ±Na2O melt used for growth of BaB2O4 crystals
is multicomponent and unstable. Further search for optimum
growth conditions and better solvents seems to be appropriate.

Improvement of methods of control of the heat and mass
transfer during crystal growth including those involving variation
of the heat field patterns is also topical.

This review has been performed as part of the Research
Project `Investigations of the PhaseDiagrams, Search for Solvents
and Growth of Nonlinear Optical Crystals in Heat Fields of
Different Symmetry' carried out in the framework of the Integra-
tion Programme `Novel Principles and Methods of Design and
Targeted Synthesis of Chemical Compounds with Preset Proper-
ties' in accord with the Decision of the Presidium of the Siberian
Branch of the Russian Academy of Sciences signed on 09.04.2002.
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