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Abstract 
The article presents the results of many years of studies of the growth of a low-temperature modification of barium borate 
b-BaB2O4 (R3с) crystals in the Na, Ba, B // O, F quaternary reciprocal system. Barium borate b-BaB2O4 is the most important 
nonlinear optical crystal of the UV spectrum. The key factor determining the quality of crystals is the choice of an optimal 
solvent. The article presents phase diagrams and the results of the growth of b-BaB2O4 crystals in several subsystems of 
the studied quaternary reciprocal system. Using atomistic modeling, we predicted and then experimentally obtained new 
high-pressure modifications: g-BaB2O4 (P21/n), whose structure includes edge-sharing tetrahedra, and d-BaB2O4 with 
assumed symmetry Pa3. In our study, we also focused on a solid solution with an “antizeolite” structure, which also 
crystallizes in the Na, Ba, B // O, F system. 
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1. Introduction
Modifications of barium metaborate, 

a-BaB2O4 (R3c) and b-BaB2O4 (R3с), are 
important materials with birefringent and 
nonlinear optical properties in the UV and 
visible spectra respectively. Low-temperature 
non-centrosymmetric modification b-BaB2O4 is 
widely used for the generation of the fourth and 
fifth harmonics of Y3Al5O12:Nd3+ lasers (266 and 
213 nm respectively), and as optical parametric 
generators and amplifiers [1–4]. b-BaB2O4 
crystals are characterized by a wide transparency 
range (from 185 to 2500  nm), high nonlinear 
optical susceptibility (d22 (1064 nm) = 2.2 pm/V, 
d22  =  5.7d36 (KDP), an acceptable birefringence 
value (Dn  =  0.113  (1064  nm)), a low light 
dispersion in the range from 204 to 1500 nm, and 
good physical and chemical properties [5]. 

The melting point of the high-temperature 
modification a-BaB2O4 is 1100 °С. Due to the 
a-b phase transition at a temperature of 925 °С 
the main method of growing b-BaB2O4 crystals is 
the high-temperature solution growth method, 
which ensures crystallization before the phase 
transition temperature is reached. The key factor 
determining the actual structure and optical 
quality of crystals is the choice of an optimal 
solvent. Earlier we suggested combining the 
main solvents used for the growth of b-BaB2O4 
crystals, namely Na2O [6] and components 
of the BaO–Na2O–B2O3 ternary system [7–9], 
NaF [10–13] and BaF2 [14, 15, 16], into a single 
quaternary reciprocal system Na, Ba, B // O, F 
[1, 17, 18]. Composition diagrams of quaternary 
reciprocal systems containing six salts A, B, C // 
X, Y are presented as a trigonal prism according 
to Jänecke [19]. A polytope of the Na, Ba, B // 
O, F system is shown in Fig. 1. The compositions 
of individual phases are presented in Table 1. 
Presented below are the results of the growth of 
b-BaB2O4 crystals performed using six solvents 

and the results of the synthesis of two new 
polymorphic modifications of BaB2O4 at high 
temperatures and pressures. 

The Na, Ba, B // O, F system also includes a 
composition range of the solid solution of borates 
with an “antizeolite” structure. The structure 
of the solution is based on the {Ba12(BO3)6}

6+ 
framework with channels along the с axis built of 
barium cubes and anticubes. The general formula 
of the solid solution in this system can be presented 
as {Ba12(BO3)6}[(F2)x(BO3)1-x][(F4)x(NaF4)y(BO3)1–x–y], 
where x + y ≤ 1, and [(F2)x(BO3)1-x]

3- and [(F4)
x(NaF4)y(BO3)1-x-y]

3–
 – are anionic groups in the 

barium anticubes and cubes, respectively. Fig. 1 
shows a crosshatched triangle whose vertices 
contain experimentally determined phases: 
Ba3(BO3)2, {Ba12(BO3)6}[BO3][BO3], x = 0, у = 0 
[23], Ba3(BO3)1.8F0.6, {Ba12(BO3)6}[(F2)0.4(BO3)0.6]
[(F4)0.4(BO3)0.6], x = 0.4, у = 0 [24] and NaBa12(BO3)7F4, 
{Ba12(BO3)6}[BO3][NaF4], x = 0, у = 1 [22]. The 
NaBa12(BO3)7F4 phase was first described in [25] 
as having a centrosymmetric I4/mcm structure. 

Table 1. Compositions of individual phases of the quaternary reciprocal system Na, Ba, B // O, F

Chemical formula
Compositions, mol %

Syngony, sp. gr., Z ReferenceBaO Na2O B2O3 BaF2

NaBaBO3
50 25 25 – Monoclinic, С2/m, 4 [20]

Ba2Na3[B3O6]2F 23.1 23.1 46.1 7.7 Hexagonal, P63/m, 2 [21]

NaBa12(BO3)7F4
62.5 3.1 21.9 12.5 Tetragonal, P42bc, 4 [22]

Fig. 1. Polytope of the quaternary reciprocal system 
Na, Ba, B // O, F. Subsystems used for growing b-BaB2O4 
crystals: I BaB2O4 –BaF2, II BaB2O4 – (NaF)2, III BaB2O4 – 
Ba2Na3[B3O6]2F, IV BaB2O4 – (NaBO2)2, V BaB2O4 – 
30 NaBaBO3, VI 70BaB2O4 – NaBaBO3 – Ba2Na3[B3O6]2F
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However, this was not confirmed by the results 
of our X-ray structural analysis [22]. In this 
article we briefly describe the conditions for the 
growth of the NaBa12(BO3)7F4 phase and analyze 
the stability of the Ba3(BO3)1.8F0.6 phase at high 
temperatures and pressures.

2. Experimental research methods
2.1. High-temperature solution growth 
of  b-BaB2O4 and NaBa12(BO3)7F4 crystals

b-BaB2O4 crystals were grown from high-
temperature solutions in a top seed solution 
growth (TSSG) furnace. The compositions of the 
used high-temperature solutions I–VI are given 
in Table 2. 

The starting materials were commercially 
available extra pure reagents BaCO3, Na2CO3, 
H3BO3, NaF, and BaF2. The initial batch weighing 
about 2 kg, whose composition corresponded 
to those presented in Table 2, was prepared by 
means of solid-phase synthesis and then melted 
in a platinum crucible (standard diameter of 80 
and 100 mm). After determining the equilibrium 
temperature, a crystal seed was placed in contact 
with the top surface of the high-temperature 
solution; the seed was oriented along the optical 
axis and had a cross-section of 5×5 mm2. The 
crystals were grown by constantly revolving the 
seed at a speed of 1 r/min. The cooling and pulling 
rates varied from 0.4 to 2 °С/day and from 0.5 
to 0.1 mm/day respectively. In order to use the 
solution multiple times, b-BaB2O4 was added 
after each growth cycle obtained by means of 
solid-phase synthesis from metaboric acid HBO2 
and barium carbonate BaCO3. The weight of the 
added b-BaB2O4 corresponded to the weight of 
the grown crystals. 

NaBa12(BO3)7F4 crystals were grown from 
38 mol % BaO, 36 mol % BaF2, 13 mol % B2O3, 
and 13 mol % Na2O compositions; the starting 
materials were the same commercially available 
reagents as used for the growth of b-BaB2O4 
crystals. After the solid-phase synthesis, the 
batch (300 g) was melted in a platinum crucible 
(diameter 60 mm). To grow the crystals, a crystal 
seed was used oriented along the [001] axis with 
constant pulling (0.3 mm/day) and revolving (1 r/
min). The weight of the grown crystal was about 
30 g.

2.2. Synthesis at high temperatures 
and pressures

Based on the ab initio calculations, we 
predicted the existence of two high-pressure 
polymorphic modifications of BaB2O4, which 
we denoted as g-BaB2O4 and d-BaB2O4. These 
modifications are stable under pressures above 
0.9 GPa and 6.1 GPa respectively [14]. According 
to the calculations, d-BaB2O4 is isostructural to 
CaB2O4 – Pa3 [15].

We synthesized the new high-pressure 
modification g-BaB2O4 using a Discoverer-1500 
multi-anvil hydraulic press of the DIE type at a 
pressure of 3 GPa and a temperature of 900 °С 
[26]. The experiment lasted 24 hours. The 
anvils were 26 mm cubes of tungsten carbide. 
The medium of pressure transmission was 
semi-sintered ceramics ZrO2 in the shape of an 
octahedron with the edge of 20.5 mm. Conducting 
another experiment at a pressing force of 6 GPa, 
which is the maximum pressure for the hydraulic 
press used, and a temperature of 900 °С for 
48 hours, we also obtained the phase g-BaB2O4. 
In both experiments the initial samples were 

Table 2. Characteristics of high-temperature solutions used for growing b-BaB2O4 crystals

№ Compositions (mol %) Na (wt. %) DTtheor (°C) Ktheor / Kexp
(g/(kg·°C)) Reference

I 54.5 BaB2O4 – 45.5 BaF2 – 165 1.58 / 1.05¸0.72 [18, 39] 

II
79.9 BaB2O4 – 20.1 (NaF)2 

60 BaB2O4 – 20 Ba2Na3[B3O6]2F – 20 BaF2
4.75 125 3.63 / 2.76¸2.02 [13]

III 60 BaB2O4 – 40 Ba2Na3[B3O6]2F 7.22 100 3.09 / 2.85¸2.39 [39, 30]

IV 70 BaB2O4 – 30 (NaBO2)2 7.05 94 3.83 / 3.22¸3.20 [34, 35] 

V 70 BaB2O4 – 30 NaBaBO3 3.11 115 2.49 / 1.89¸1.60 [40]

VI 70BaB2O4 – 22.5NaBaBO3 – 7.5Ba2Na3[B3O6]2F 4.09 120 2.80 / 2.2¸2.03 [18, 39] 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2024;26(4): 620–632

T. B. Bekker et al. Functional borates and their high-pressure polymorphic modifications. Review



623

polycrystalline b-BaB2O4 obtained by means of 
solid-phase synthesis.

Up to the present moment, the fourth 
modification d-BaB2O4 has only been obtained 
as a product of decomposition of barium-sodium 
metaborate Ba2Na3(B3O6)2F in an experiment 
conducted at a pressure of 6 GPa and a temperature 
of 900 °С for 64 hours [27]. The initial sample was 
a grounded Ba2Na3(B3O6)2F crystal.

The stability of the Ba3(BO3)1.8F0.6 phase was 
analyzed at 3 GPa and 1000 °С for 5 hours. The 
initial sample was a grounded Ba3(BO3)1.8F0.6 
crystal. 

During all the experiments, polycrystalline 
samples were put into holes in graphite cassettes. 
The diameter of the holes was 0.9 mm and the 
depth was 1.1 mm. Each sample was covered 
with an individual graphite lid. The temperature 
gradient between the low-temperature (LT) and 
high-temperature (HT) regions of the samples 
at 900 °C was about 5°C. The design of the high-
pressure cell was detailed in [28].

2.3. Analytical research methods
The samples synthesized at high temperatures 

and pressures were filled with epoxy resin and 
polished. Due to the small size of the synthesized 
samples, whose crystals are usually no bigger than 
tens of micrometers, the main analysis method 
was scanning electron microscopy (MIRA 3 LMU, 
Tescan Orsay Holding) using an INCA 450 energy-
dispersive microanalysis system with a large area 
EDS X-Max-80 Silicon Drift Detector. 

Raman spectroscopy was also used to 
determine the composition and the polymorphic 
modification of each phase. Raman spectra were 
registered using a Horiba Jobin Yvon LabRAM 
HR800 spectrometer with a 1024-pixel LN/CCD 
detector. The wavelength of the Nd-YAG laser 
was 532 nm. Raman spectra were measured in 
the backscattering geometry using an Olympus 
BX41 microscope. The spectral resolution was 
~2.0 cm–1. The microscope with an Olympus 100× 
lens, WD = 0.37 mm with a numerical aperture 
for the visible spectrum had a focal diameter of 
~2 μm. The power of laser radiation was 0.5 mW 
to prevent the heating of the sample. 

The study was conducted using the equipment 
of the Centre for Collective Use of Scientific 
Equipment of the Institute of Geology and 

Mineralogy of the Siberian Branch of the Russian 
Academy of Sciences. 

3. Results and discussion

3.1. Growth of b-BaB2O4 and NaBa12(BO3)7F4 
crystals

Presented below is a brief description of the 
six systems used for the growth of b-BaB2O4 
crystals (Table 2). Besides the compositions 
of the initial high-temperature solutions, 
Table 2 presents some additional characteristics, 
namely the concentration of sodium in the 
initial high-temperature solution, theoretical 
crystallization intervals (DTtheor), and theoretical 
and experimental yield coefficients (Кtheor / Кexp). 
Theoretical crystallization interval (DTtheor) is a 
temperature range corresponding to the region 
of primary crystallization of b-BaB2O4 in the 
system. The theoretical yield coefficient (Кtheor) 
is the difference (in grams) in the concentration 
of BaB2O4 in 1 kg of the high-temperature 
solution in the compositions limiting the region 
of primary crystallization of b-BaB2O4 divided by 
the theoretical crystallization interval. Therefore, 
the yield coefficient is measured in g/(kg×°С). 
Both parameters (the theoretical crystallization 
interval and the theoretical yield coefficient) 
are determined based on the phase diagram of 
the system. The experimental yield coefficient 
is determined as the weight of the grown 
crystal divided by the weight of the initial high-
temperature solution and by the crystallization 
interval specific for each experiment. 

I BaB2O4 – BaF2. The melting point of BaF2 is 
1353 °C. The coordinates of the eutectic points 
are 41 mol % BaB2O4, 59 mol % BaF2, 760 °C [18], 
the theoretical yield coefficient is 1.58 g/(kg×°С). 
A significant difference between the experimental 
and theoretical yield coefficients, as well as the 
drop of the experimental coefficient from 1.05 to 
0.72 g/(kg×°С) in three consequent experiments 
can be explained by a rapid pyrohydrolysis of 
barium fluoride. During the third consequent 
experiment, co-crystallization of phases b-BaB2O4 
and Ba5B4O11 took place, which can be described 
by the following reactions:

BaF2 + H2O → BaO + 2HF↑  (1)
2BaB2O4 + 2BaO → Ba5B4O11. (2)
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II BaB2O4 – (NaF)2. The study determined 
that the BaB2O4 – (NaF)2 system is not chemically 
stable, which is completely different from the 
results obtained in [10]. A chemical reaction 
occurs between BaB2O4 and NaF [13, 29], which 
results in the formation of barium-sodium borate 
fluoride Ba2Na3[B3O6]2F (P63/m) [21], available 
for the study of phase equilibria in the system. 
The second product of the chemical reaction is 
barium fluoride:

79.9 BaB2O4 + 20.1 (NaF)2 →  
→ 13.4 Ba2Na3[B3O6]2F + 13.4 BaF2 + 39.7 BaB2O4 (3)

66.7 BaB2O4 + 33.3 (NaF)2 →  
→ 22.2 Ba2Na3[B3O6]2F + 22.2 BaF2 (4)

Thus, the initial composition 79.9 mol % 
BaB2O4, 20.1 mol % (NaF)2 transforms into a 
composition 20 mol % Ba2Na3[B3O6]2F, 20 mol % 
BaF2, 60 mol % BaB2O4 during the solid-phase 
synthesis at 720 °С, which is demonstrated in 
Table 2. The region of primary crystallization 
of b-BaB2O4 in the system is limited by the 
composition 66.7 mol % BaB2O4, 33.3 mol % 
(NaF)2, when BaB2O4 and (NaF)2 react completely 
according to (4), which results in the formation 
of Ba2Na3[B3O6]2F and BaF2 (Fig. 2a). This 
composition was used to grow a Ba2Na3[B3O6]2F 
crystal [13], whose image is given in the insert 

to Fig. 2a. We should note that the composition 
of Ba2Na3[B3O6]2F is not on the BaB2O4 – (NaF)2 
section. It belongs to the Na, Ba // BO2, F ternary 
reciprocal system, which was detailed in [29].

The crystallization interval of b-BaB2O4 
is 125 °С. The drop in the experimental yield 
coefficient from 2.76 to 2.02 g/(kg×°С) in three 
consequent experiments can be accounted for by 
the pyrohydrolysis of barium fluoride formed in the 
system. An image of the b-BaB2O4 crystal grown 
in the system is presented in the insert to Fig. 2a.

I I I  B a B 2O 4 – B a 2N a 3[ B 3O 6] 2F .  T h e 
Ba2Na3[B3O6]2F compound melts congruently at 
835 °С. The coordinates of the eutectic points of 
the system are 85 mol % Ba2Na3[B3O6]2F, 15 mol % 
BaB2O4, 810 °С [30]. The system is characterized 
by a relatively high theoretical yield coefficient of 
3.09 g/(kg×°С). The experimental yield coefficient 
in three consequent cycles changed from 2.85 to 
2.39 g/(kg×°С). The phase diagram and an image 
of the crystal grown in the system are presented 
in Fig. 2b.  

IV BaB2O4 – (NaBO2)2. The melting point of 
NaBO2 is 997 °C. The coordinates of the eutectic 
points of the system are 44 mol % (NaBO2)2, 56 
mol % BaB2O4, 831 °C [31]. The crystallization 
interval of b-BaB2O4 is 94 °C and the theoretical 
yield coefficient is 3.83 g/(kg×°С). The system is 

Fig. 2. Phase diagrams of the BaB2O4 - (NaF)2 (a) and BaB2O4 - Ba2Na3[B3O6]2F (b) systems and photographs of 
crystals grown in these systems
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characterized by the highest experimental yield 
coefficient of 3.22 g/(kg×°С).

V BaB2O4 – NaBaBO3. The NaBaBO3 (C2/m) 
compound [20] melts congruently at 1270 °С. 
It was determined that the BaB2O4–NaBaBO3 
system is quasi-binary only in the solid state, 
i.e. at temperatures below 760 °С, and crosses 
the region of primary crystallization of Ba5B4O11 
[32] and NaBa4(BO3)3 [33]. The crystallization 
interval corresponding to the region of primary 
crystallization of b-BaB2O4 (Fig. 3) is 115 °C and 
the theoretical yield coefficient is 2.49 g/(kg×°С). 
The experimental yield coefficient varies in the 
range of 1.89÷1.60 g/(kg×°С).

VI BaB2O4 – NaBaBO3 – Ba2Na3[B3O6]2F. The 
composition used for the growth of b-BaB2O4 
in this ternary system is 70 mol % BaB2O4, 
22.5 mol % NaBaBO3, and 7.5 Ba2Na3[B3O6]2F mol %. 
The crystallization interval of b-BaB2O4 is 
120  ºC and the theoretical yield coefficient is 
2.80 g/(kg×°С). The experimental yield coefficient 
is 2.20 g/(kg×°С).

One of the key characteristics determining 
the possibility of using optical elements based 
on b-BaB2O4 crystals in laser systems is the 
absence of scattering, when laser radiation passes 
through a crystal. We assume that the formation 
of scattering centers in b-BaB2O4 crystals is 
associated with the introduction of sodium 
impurities. The concentration of sodium in the 
initial high-temperature solution is presented 
in Table 2. Inductively coupled plasma atomic 
emission spectroscopy demonstrated that the 
concentration of sodium in crystals is lower 
by at least three orders of magnitude [34, 35]. 
Sodium ions can be incorporated both into barium 
positions and into interstitial sites [36–38]. 

Despite the rapid pyrohydrolysis and a 
drop in the yield coefficient, crystals grown in 
system I did not scatter the laser beam. During 
long-term storage, the crystals were split by 
cleavage, which can be a result of thermoelastic 
relaxation. Crystals grown in systems II and III 
(the concentration of Na in the initial solutions 
was 4.75 wt. % and 7.22 wt. % respectively) 
appeared to be of good quality. However, they 
demonstrated laser beam scattering in the entire 
volume. Crystals obtained in system IV (7.05 wt. % 
Na) contained solid-phase inclusions of up to 
200 μm; the regions without inclusions also 

demonstrated laser scattering. Crystals grown 
in system V (3.11 wt. % Na) did not scatter laser 
beams, which was confirmed be a few dozen 
experiments. The disadvantages of the system are 
a low yield coefficient and a loss of stability of the 
crystallization front at a certain point resulting 
in cellular growth. The crystals of system VI 
(4.09 wt. % Na) were also characterized by a high 
optical quality and a higher experimental yield 
coefficient than the crystals of system V. We 
should note that in the consequent experiments 
with system VI the yield coefficient changed 
insignificantly, which can be explained by the 
absence of free barium fluoride susceptible to 

Fig. 3. Phase diagram of the BaB2O4 - NaBaBO3 system 
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pyrohydrolysis in the initial composition. At 
the same time, the presence of borate fluoride 
Ba2Na3[B3O6]2F apparently helps to reduce the 
viscosity of the high-temperature solution. 

Fig. 4 demonstrates an image of the 
NaBa12(BO3)7F4 crystal, the end member of the 
solid solution with an “antizeolite” structure 
grown in the Na, Ba, B // O, F system. The crystal 
presented in Fig.4 is dark crimson. Another 
formally colorless group of compounds that were 
first classified as “antizeolites”, are compounds of 
the meionite group Ca12Al14O33 [41-44]. The color of 
the NaBa12(BO3)7F4 crystals grown in the Na, Ba, B // 
O, F system is determined by the concentration of 
intrinsic defects and depends on the composition 
of the initial high-temperature solution [45]. The 
crystals are characterized by linear dichroism, 
i.e. different light absorption depending on 
the orientation of the light-wave vector, which 
makes it possible to use them as polarizers in 
optical systems [46]. It was also determined that 
depending on the composition of the initial high-
temperature solution, the dielectric permeability 
of the NaBa12(BO3)7F4 crystals changes by an order 
of magnitude and becomes unusually high for 
borate crystals (319(5)) [47].

3.2. Synthesis at high temperatures 
and pressures 

As an initial sample in our experiment we 
used polycrystalline b-BaB2O4 obtained by means 

of solid-phase synthesis. At 3 GPa and 900 °С 
we obtained a BaB2O4 single crystal of about 
350 μm, which could further be used for X-ray 
diffraction analysis (Fig. 5a). Letter L in Fig. 5a 
denotes the region of partial melting (quenched 
melt). The obtained crystal is a new high-pressure 
modification of g-BaB2O4, which is crystallized 
in the centrosymmetric space group P21/n, 
a = 4.6392(4) Å, b = 10.2532(14) Å, c = 7.066(1) Å, 
b = 91.363(10)°, Z = 4. The structure was added to 
the CCDC database, No. 2106970. A unique feature 
of the structure is the presence of the [B2O6] 
group consisting of edge-sharing tetrahedra. The 

Fig. 5. Backscattered electron image of synthesis products under high pressure and temperature conditions: 
(a) synthesis at 3 GPa, 900 °C, initial sample – b-BaB2O4, obtained by solid-phase synthesis (SPS); (b) synthesis 
at 6 GPa, 900 °C, the initial sample is a ground crystal of Ba2Na3[B3O6]2F; (c) synthesis at 3 GPa, 1000 °C, the 
initial sample is a ground crystal of Ba3(BO3)1.8F0.6. L – quenched melt, LT and HT – low and high temperature 
zones of the sample, respectively

Fig. 4. Photograph of a crystal NaBa12(BO3)7F4 (P42bc), 
28´28´11 mm, grown in the system Na, Ba, B // O, F 
from a composition of 38 mol % BaO, 13 mol % Na2O, 
13 mol % Ba2O3, 36 mol % BaF2
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metaborate ring disappears from the g-BaB2O4 
and two ∞[B4O4O8/2] double endless chains appear 
along the a axis built of [B2O6] groups connected 
by two [BO3] triangles. The g-BaB2O4 phase is 
characterized by the shortest distance between 
the boron atoms of the edge-sharing tetrahedra, 
1.984 Å, with the corresponding angles of 95.5° 
and 105.5° [24,48].

Edge-sharing tetrahedra were first discovered 
in 2002 in the Dy4B6O15 compound synthesized at 8 
GPa and 1000 °С by a group of researchers headed 
by professor Huppertz [49]. The discovery of edge-
sharing tetrahedra led to the revision of one of 
the main rules of crystal chemistry of borates: 
it used to be considered that polymerization 
in borates takes place only at the vertices [50]. 
At the moment, there are a limited number of 
known structural types of borates with edge-
sharing tetrahedra synthesized at high pressures 
by Prof. Huppertz’s group [51, 52], as well as 
KZnB3O6 [53], Li4Na2CsB7O14 [54], BaZnB4O8 [55], 
and other compounds synthesized at atmospheric 
pressure. The theory of crystal chemistry of hard 
boron-oxygen groups formed by edge-sharing 
tetrahedra is only starting to develop, so there 
is little information yet about the properties 
of such compounds [56]. Thus, [54] states that 
Li4Na2CsB7O14 demonstrates an uncharacteristic 
anisotropy of a thermal expansion, BaZnB4O8 
is characterized by both high birefringence 
Δn = 0.14 at a wavelength of 589.3 nm and a large 
band gap [55], while the BaZnB4O8: Tb3+, Eu3+ 
phosphor based on it demonstrates outstanding 
thermal stability (90.2 % at 423 K) [57]. 

Based on the calculations, the fourth 
modification d-BaB2O4 with the proposed 
structure Pa3 isostructural to CaB2O4-Pa3 [15], 
is stable under pressure above 6.1 GPa. In order 
to obtain d-BaB2O4 crystals we conducted an 
experiment at a pressure of 6 GPa, which is the 
maximum pressure for the Discoverer-1500 
multi-anvil hydraulic press of the DIE type. The 
initial samples were both b-BaB2O4 samples 
obtained by means of solid-phase synthesis and 
grounded crystals. The Raman spectra of the 
synthesized BaB2O4 crystals were identical to the 
spectra of g-BaB2O4. However, we still managed 
to experimentally confirm the existence of the 
fourth modification d-BaB2O4 when studying 
compound Ba2Na3(B3O6)2F. When grounded 

Ba2Na3(B3O6)2F crystals were used as an initial 
sample at 6 GPa and 900 °С, the synthesized 
sample contained phases BaB2O4, NaBO2, and 
NaF (Fig. 5b), which were identified by means 
of energy dispersive X-ray spectroscopy and 
Raman spectroscopy. At the same time, the 
Ba2Na3(B3O6)2F phase completely disappeared 
[27]. The small size of the formed crystals made 
it impossible to conduct X-ray diffraction studies. 
The results of the analysis of the synthesized 
BaB2O4 phase by means of Raman spectroscopy 
are presented in section 3.3.

For the first time we conducted experiments 
in order to study the stability of borates with 
an “antizeolite” structure under high pressures. 
When grounded Ba3(BO3)1.8F0.6 crystals were 
used as the initial sample at 3 GPa and 1000 °С, 
we obtained a single-phase sample of a similar 
composition, which had a region of partial 
melting (quenched melt) (Fig. 5с). The study 
determined that the compositions of the initial 
and synthesized samples were close, while their 
Raman spectra differed, which makes it possible 
to assume the presence of a phase transition that 
requires further research. 

3.3. Raman spectra of polymorphic 
modifications of BaB2O4 

Fig. 6 shows the Raman spectra of the four 
known polymorphic modifications of BaB2O4. The 
basis of the a-BaB2O4 (R3c) [58] and b-BaB2O4 
(R3с) structure [59] is a metaborate ring [B3O6]

3–, 
built of three triangles sharing a common vertex 
[BO3]. The most intense vibration in the Raman 
spectra for metaborates traditionally corresponds 
to the so-called breathing mode of the metaborate 
ring, whose location practically does not depend 
on the composition of the compound. Thus, for 
a-BaB2O4 the vibration is registered at 634 cm–1 
(Fig. 6a), for b-BaB2O4 – at 637 cm–1 (Fig. 6b), for 
Ba2Na3[B3O6]2F - at 628 cm−1 [27], and for NaBO2 
(R3c) at 626 cm–1 [60].

The spectrum of b-BaB2O4 (Fig. 6b) is in good 
agreement with the previous studies, namely with 
[61], which describes out-of-plane modes at 58, 
73, 99, 124, 172, and 197 cm–1, and in-plane modes 
at 598, 620, 770, 788, 1499, 1526, and 1541 cm–1 
of the metaborate ring [B3O6]

3-. In [62], the most 
intense peaks at 390, 498, and 620 cm–1 in the 
spectra of b-BaB2O4 at temperatures from 300 to 
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1100 K are attributed to the in-plane deformation 
vibrations of [B3O6]

3–; at higher temperatures the 
peaks monotonously move towards the region of 
lower frequencies.

The structure of g-BaB2O4 (P21/n) includes 
double endless chains built of edge-sharing 
tetrahedra connected by [BO3]-triangles [26]. 
Experimental and numerical studies of the Raman 
spectra demonstrated that the most intense band 
at 853 cm–1 corresponds to the breathing mode 
of the (4)B–O–(4)B–O ring formed by two edge-
sharing tetrahedra. Bands at 1436, 1390, 1150, 
and 1114 cm–1 correspond to stretching modes 
(3)B–O. Bands in the range of 770–300 cm–1 are 
a combination of libration and deformation 
modes of groups [BO3] and [BO4], and bands below 

300  nm – are combined out-of-plane libration 
and translation modes [BO3] of barium atoms and 
triangles. A more detailed study of the analyzed 
Raman spectra is presented in [26]. An analysis 
of the previous studies led us to a conclusion that 
the location and the intensity of the vibration 
corresponding to the breathing mode of the (4)

B–O–(4)B–O ring significantly depend on the 
structure of the boron-oxygen anionic complex 
in general. Thus, for KZnB3O6 the most intense 
vibration is registered at 723 cm–1 [52], and for 
HP-KB3O5 – at 760 cm–1 [51].

As we have mentioned earlier, we could not 
conduct X-ray diffraction studies of d-BaB2O4 
single crystals due to their small size. According 
to ab initio calculations, modification d-BaB2O4 is 

Fig. 6. Raman spectra of four polymorphs of BaB2O4
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isostructural to CaB2O4-Pa3 [15]. We can assume 
that the most intense vibration at 906 cm–1 is 
explained by the stretching vibrations of the [BO4] 
tetrahedron. 

Numerical methods demonstrated that in 
the series a → b → g → d the band gap gradually 
increases (6.315 → 6.468 → 7.045 → 7.340 eV 
respectively). We should note that the calculated 
band gaps for the a- and b-BaB2O4 modifications 
are in good agreement with the experimental 
ones. The calculated PT phase diagram of BaB2O4 
is presented in [48].

4. Conclusions
Based on the numerous studies of phase 

equilibria in the Na, Ba, B // O, F quaternary 
reciprocal system conducted in order to optimize 
the composition of the solvent used for the 
growth of b-BaB2O4 crystals, we can conclude that 
crystals of reproducibly good optical quality can 
be obtained when using compounds of systems 
BaB2O4 –NaBaBO3 and BaB2O4 – NaBaBO3 –
Ba2Na3[B3O6]2F. Using a Discoverer-1500 multi-
anvil hydraulic press of the DIE type at high 
temperatures and pressures we synthesized 
two new polymorphic modifications: g-BaB2O4 
with a P21/n structure (CCDC, № 2106970) 
and d-BaB2O4 with a proposed structure Pa3. 
A unique feature of the g-BaB2O4 structure is 
the presence of the [B2O6] group consisting of 
edge-sharing tetrahedra. Both modifications 
were analyzed using the Raman light scattering 
method.

The Na, Ba, B // O, F system also includes the 
region of compositions of the solid solution with 
an “antizeolite” structure. The composition of 
the solution in the system can be presented as 
{Ba12(BO3)6}[(F2)x(BO3)1–x][(F4)x(NaF4)y(BO3)1–x–y], 
where x + y ≤ 1. Phases Ba3(BO3)2, Ba3(BO3)1.8F0.6, and 
NaBa12(BO3)7F4 were experimentally determined. 
The crystals have dichroic properties that 
depend on the composition of the initial high-
temperature solution; the dielectric permeability 
of NaBa12(BO3)7F4 is unusually high for borate 
crystals (319(5)). Raman spectroscopy determined 
that under high pressures Ba3(BO3)1.8F0.6 undergoes 
a phase transition, whose nature requires further 
research. 
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