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Abstract

Single crystals of a new compound, BaBi,B;O;, were grown by cooling a melt with the stoichiometric composition. The crystal
structure of the compound has been solved by direct methods and refined to Ry = 0.049 (WR = 0.113) on the basis of 1813 unique
observed reflections (|F,| >40|F,|). It is monoclinic, space group P2,/c, a = 10.150(2), b = 6. 362(1), ¢ = 12.485(2) A, p =102.87(1)°,
V =786.0(2) A3, Z = 4. The structure is based upon anionic thick layers that are parallel to (001). The layers can be described as built
from alternating novel borate [B4O,0]% chains and bismuthate [Bi,Os]%; chains extended along b-axis. The borate chains are composed
of [B30g]”~ triborate groups of three tetrahedra and single triangles with a [BO,]™ radical. The borate chains are interleaved along the c-
axis with rows of the Ba>" cations so that the Ba atoms are located within the layers. The layers are connected by two nonequivalent
Ba—O bonds as well as by two equivalent Bi—O bonds with bond valences in the range of 0.2-0.3 v.u.

Thermal expansion of BaBi,B40; studied by high-temperature X-ray powder diffraction in the temperature range of 20-700 °C
(temperature step 30-35 °C) is highly anisotropic. While the » and ¢ unit-cell parameters increase almost linearly on heating, temperature
dependencies of @ parameter and ff monoclinic angle show nonlinear behavior. As a result, on heating orientation of thermal expansion
tensor changes, and bulk thermal expansion increases from 20 x 107°°C~" at the first heating stage up to 57 x 107°°C~" at 700 °C that

can be attributed to the increase of thermal mobility of heavy Bi*" and Ba®* cations.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Nowadays borates have received great attention of
material scientists due to their interesting nonlinear optical
[1-5], piezoelectric [6], luminescent and other useful
properties [7,8] for technical applications. Unique char-
acter of crystal structures of borates determines their
enhanced UV transparency, good nonlinearity and rela-
tively high resistance against laser-induced damage. Re-
cently theoretical calculations [9,10] showed that NLO
properties of o-BiB;Og are due to BiO3 anionic groups and
not only due to borate groups as is the case for other
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borates. This induced a considerable interest in search for
new promising compounds for non-linear optics in ternary
borate systems such as Bi,O3~R,0,~B,O3; where R = Na™
[11], K* [12], Ba*" [13-15], A" [16] and others.

The Bi,O3;-BaO-B,0O; ternary system is of special
interest since it includes, among other compounds, well-
known NLO compound, f-BaB,O, [17,18], and highly
promising material BiB;Og [19-21]. Crystal structures for
most of the homometallic compounds in this system have
already been reported. The Bi compounds studied are
Bi,4B,039 [22], Bi4B>Oy [23], BisB50, [24,25], BiBOj3 [26],
a- [27], - and y-BiB;Og [28], and Bi,BgOq5 [29,30]. In the
BaO-B,0O; system, structures have been reported for
Bas(BO3),(B,0s) [31], a- [32] and p-BaB,0y4 [33], BaB,O,
[34], Ba;,B1907[35] and BaBgO3 [36]. However, only a few
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ternary borate compounds are known in the system [13,15].
Recently Barbier et al. [13] reported synthesis and NLO
properties a novel noncentrosymmetric barium bismuth
borate, BaBiBO,, and reported its crystal structure. The
NLO properties of this compound have been explained as a
result of the presence in the crystal structure of both borate
and bismuthate groups [13]. Here we report synthesis,
crystal structure and thermal expansion of BaBi,B4O,
another new compound discovered in the BaO-Bi,Os—
B,O; system [14].

2. Experimental
2.1. Synthesis

Single crystals of BaBi,B409 were obtained by cooling
down a melt with the stoichiometric composition. First, the
starting charge consisting of Bi,O;, BaCO; and H3BO;
(high purity grade) was sintered by a solid-state reaction in
closed platinum crucibles within electric furnace at 600 °C.
Then the mixture was heated to 750 °C that is higher than
the melting temperature of the compound (730 °C [14,15]).
After that the sample was cooled down with the rate of
0.5°/h.

2.2. Crystal-structure determination

The crystal selected for data collection was examined
under an optical microscope and mounted on a glass fiber.
Data were collected by means of a STOE IPDS II
diffractometer using monochromated MoKa radiation
and framewidths of 2° in w. The unit-cell dimensions
(Table 1) were refined by least-squares techniques. The
data were corrected for Lorentz, polarization, absorption,
and background effects. The intensity statistics indicated
the centrosymmetric space group P2;/c. The structure was
solved and refined by means of the programs SIR-92 [37]
and SHELXL-97 [38], respectively. The final models
included anisotropic displacement parameters for cations
only. Attempts to refine anisotropic parameters of O
positions resulted in physically unrealistic values. The final
atomic positional and displacement parameters are given in
Table 2. Selected interatomic distances are in Table 3.
Tables of anisotropic displacement parameters for the Ba
and Bi’" atoms, and calculated and observed structure
factors have been sent to the Fachinformationzentrum
Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldsha-
fen, Germany as supplementary material No. SUP 417181
and can be obtained by contacting the FIZ (quoting the
article details and the corresponding SUP number).

2.3. High-temperature X-ray powder diffraction study

Thermal expansion of BaBi,B4O;y was studied in air
using in situ high-temperature X-ray powder diffraction
data collected by means of the DRON-3 X-ray
diffractometer with a high-temperature KRV-1100 camera,

Table 1

Crystallographic data and refinement parameters for BaBi,B40,¢
a(A) 10.150 (2)
b (A) 6.362(1)
c(A) 12.485(2)
B (°) 102.87 (1)
V(A% 786.0(2)
Space group P2y/c

p (mm~") 49.671

V4 4

Dcalc (g/cm3) 6.410

Crystal size (mm?®) 0.14 x 0.08 x 0.06

Diffractometer Stoe IPDS II
Radiation MoKo
Total Ref. 6949
Unique Ref. 2109

20 range, ° 4.12-58.26
Unique |F,| <40 1813

Rint 0.057

R 0.054

R, 0.049

wWR, 0.113

S 1.144

Note: Ry = Z||Fy|—|Fel|[ZIFol; wR2 = {Z[W(Fo—FO/ZIW(F) T} % w =
1/[6*(F2) + (aP)* + bP], where P = (F2+2F2)/3; s = {Z[W(F2—F2)]/(n-p)} "/
where n is the number of reflections and p is the number of refined
parameters.

CuKuo-radiation. The sample was prepared from heptane’s
suspension on a Pt plate. The temperature steps were
30-35°C, average heating rate was about 1-2 °C/min in the
range of 20-700 °C. Unit cell parameters of the compound
at different temperatures were refined by the least-square
methods. Main coefficients of the thermal expansion tensor
including its orientation relatively crystallographic axes were
determined using polynomial approximation of temperature
dependencies for the unit-cell parameters in the range of
20-700 °C by Belousov and Filatov program [39].

3. Results and discussion
3.1. Crystal structure

3.1.1. Cation and anion coordination

There are four symmetrically independent B atoms in the
structure of BaBi,B40,9 (Fig. 1). The B(2) atom is
coordinated by three O atoms in a triangular arrangement,
whereas the B(1), B(3) and B(4) atoms are tetrahedrally
coordinated by four O atoms each. The B-O bonds in the
BO; triangles are in the range of 1.36-1.40 A, and the
average < "B-O) bond length for triangle in the structure
is 1.375A. The B-O bond lengths in the BO, tetrahedra
vary from 1.43 to 1.56 A, with an average ("VB-O) bond
length for tetrahedra of 1.481 A. The O-B-O angles range
from 117° to 122° for a BOj; triangle and from 103° to 113°
for BO, tetrahedra. The average bond lengths for both
polyhedra as well as ranges of individual B-O bond lengths
and O-B-O angles are in good agreement with those
reported in [40].
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Table 2

Atomic coordinates, displacement parameters (Az) and bond valence sums (BVS, v.u.) for BaBi,B4O¢

Atom x/a y/b Usso BVS* BVSP
Bi(1) 0.48513(5) 0.17579(8) 0.11842(4) 0.00379(17) 3.21 3.00
Bi(2) 0.72720(5) 0.14836(9) 0.37226(4) 0.00397(17) 3.05 2.86
Ba 0.12784(9) 0.09472(14) —0.12314(7) 0.0047(2) 2.30 2.30
O(1) 0.3127(11) 0.4358(18) —0.1120(9) 0.007¢ 1.84 1.84
0(2) 0.7122(10) —0.2137(17) 0.2754(8) 0.0035(18) 2.08 2.18
0(3) 0.5628(11) —0.1254(18) 0.0959(9) 0.006(2) 2.08 1.94
04) —0.1307(10) —0.0086(17) —0.2303(8) 0.0036(18) 2.10 2.13
o(5) 0.7265(11) 0.4950(18) 0.4033(8) 0.0049(19) 2.03 1.96
0(6) 0.4957(11) 0.0936(17) 0.2889(9) 0.0043(19) 2.15 2.06
O(7) 0.1258(11) —0.3354(16) —0.0996(9) 0.0036(19) 1.85 1.85
0(8) 0.7127(11) 0.2243(17) 0.2032(9) 0.0046(19) 2.27 2.10
0(9) 0.9447(12) 0.0829(18) 0.3639(9) 0.007(2) 2.04 1.99
O(10) 0.0905(11) 0.2347(18) 0.0762(9) 0.006(2) 2.05 2.05
B(1) —0.1952(16) —0.128(3) —0.1585(13) 0.003(3) 3.04 3.04
B(2) 0.0079(16) 0.390(2) 0.1011(12) 0.002(3) 2.97 2.97
B(3) 0.3885(17) 0.202(3) 0.3286(13) 0.005(3) 2.93 2.93
B(4) 0.2176(17) 0.582(3) —0.1728(14) 0.006(3) 2.98 2.98

#Calculated using bond-valence parameters from Brese and O’Keeffe [43] for all bonds.
®Calculated using bond-valence parameters for the Ba—O and B-O bonds from Brese and O’Keeffe [43] and for the Bi-O bonds from Krivovichev and

Filatov [41].
°Fixed during refinement.

There is one symmetrically non-equivalent Ba site
coordinated by twelve oxygen atoms in range of
2.747-3.192 A with the average <{Ba-O) bond length of
2.955A. The eight short bond lengths are distributed
within the narrow interval of 2.747-2.909 A with the
average bond length of 2.813 A (Table 3).

There are two Bi atoms in the structure and both are
coordinated by seven O atoms (Fig. 2). As it can be seen
from Table 3 and Fig. 2, both Bi atoms have irregular
coordination polyhedra due to the stereoactivity of the 6s
lone pair of electrons on Bi** cations [41,42]. Both Bi(1)O;
and Bi(2)O, configurations are highly asymmetric with
four short bonds (2.11-2.40 A) complemented by three
longer ones (2.5973.13A). In the Bi(1)O5 polyhedron, four
short bond lengths vary from 2.114 to 2.398 A with
{Bi-O) =2.255 A, and the next neighboring oxygen
atoms are more than 2.631 A apart (Table 3). In the
Bi(2)O; polyhedron, four short bond lengths are in the
range of 2.138-2.374 A with (Bi-O) =2.256 A and the
next neighboring oxygen atoms are more than at 2.59A
apart. The Bi(1) and Bi(2) polyhedra can be considered as
BiO, distorted tetragonal pyramids formed by short Bi—O
bonds (Figs. 2 and 3) with Bi atoms at the apices of the
pyramids.

The O(1), O2), O4), O(7) and O(10) atoms are
coordinated by two B atoms so that they are bridging
ones in the borate anion (see below). The O(3), O(5), O(6),
0O(8) and O(9) atoms are terminal in the BO-polyhedra and
they are bonded to one or two Bi atoms as well.

3.1.2. Bond-valence analysis
Bond-valence sums (BVS) for atoms in the structure of
BaBi,B40,( are listed in Table 3. They were calculated

using the bond-valence parameters for all bonds from [43],
and also for the Ba—O and B—O bonds from [43] and for the
Bi—O bonds (r, = 1.990 10\, b = 0.48) taken from [42]. All
bond-valence sums (Table 3) are in agreement with the
expected values. From Table 3 we can see that coordina-
tion number equal to 8 is right for BaO polyhedron rather
than 12.

3.1.3. Structure of the borate anion

In the structure of BaBi,B4O;o, the borate polyhedra
share their corners to form a new [B4O;o]%, chain that has
not previously been observed in borates. A portion of the
borate chain contained in the asymmetric unit is shown in
Fig. 1. The borate anion can be described as consisting of
two borate fundamental building blocks (FBB): a triborate
group of three tetrahedra (B(1), B(3) and B(4) atoms) and
the single BO; triangle (formed by the B(2) atom).
According to modern descriptions of borate groups by
Touboul et al. [44] and Burns et al. [40], the asymmetric
unit is symbolized as 4B: o0 '[(3:37)+ (1:A)] or {30 YA,
respectively, where 4B means four boron atoms composing
the asymmetric unit and the BO, tetrahedron is denoted
as T or 7, respectively, and the BOjs triangle is denoted as A.
The notation oo' in Touboul’s system means 1D-dimen-
sionality of the borate anion. The symbol of the triborate
group is 3:37 [44] or 3B:{30 ) [40], in the last notation
the < ) delimiters indicate that borate polyhedra form a
ring. Similar rings of three tetrahedra occur in borate
structures as an isolated group in nifontovite
Ca,Bs03(OH),*2H,0 [45], as a part of isolated cluster in
uralborite Ca,B404(OH)g [46] and as a part of asymme-
trical unit in the frameworks of low and high boracite
Mg3B7013C1 [47,48], etc.
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Table 3 .

Selected bond lengths (A) in the structure of BaBi,B40(

Bond d(A) Bond valence® Bond valence®
Bi(1)-0(3) 2.114(11) 0.94 0.77
Bi(1)-0(6) 2.171(10) 0.80 0.69
Bi(1)-O(8) 2.337(11) 0.51 0.49
Bi(1)-O(5) 2.398(11) 0.43 0.43
Bi(1)-0O(3") 2.631(11) 0.23 0.26
Bi(1)-0(2) 2.729(10) 0.18 0.21
Bi(1)-0(6") 2.889(10) 0.12 0.15
(Bi(1)-0>4/BVS 2.255 2.68 2.38
{Bi(1)-0),/BVS 2.467 3.21 3.00
Bi(2)-0(8) 2.138(10) 0.88 0.73
Bi(2)-0(5) 2.239(11) 0.67 0.60
Bi(2)-0(9) 2.272(11) 0.61 0.56
Bi(2)-0(6) 2.374(11) 0.46 0.45
Bi(2)-0(2) 2.590(11) 0.26 0.29
Bi(2)-0(2) 2.900(10) 0.11 0.15
Bi(2)-0O(4) 3.130(10) 0.06 0.09
(Bi(2)-0O>4/BVS 2.256 2.62 2.34
(Bi(2)-0>4/BVS 2.520 3.05 2.86
Ba-0(4) 2.747(10) 0.29

Ba-0(10) 2.748(11) 0.29

Ba-0(9) 2.748(11) 0.29

Ba-O(7) 2.753(10) 0.29

Ba-O(1) 2.852(12) 0.22

Ba-0(2) 2.863(10) 0.21

Ba-O(5) 2.883(10) 0.20

Ba—-O(8) 2.909(11) 0.19

Ba-0(3) 3.088(10) 0.12

Ba-O(4") 3.121(11) 0.11

Ba-0(9) 3.141(10) 0.10

Ba-0O(10") 3.192(11) 0.09

(Ba-0)¢/BVS 2.813 1.98

{(Ba-0),/BVS 2.955 2.39

B(1)-0O(4) 1.439(19) 0.83

B(1)-0O(10) 1.469(19) 0.77

B(1)-O(5) 1.489(19) 0.73

B(1)-0(2) 1.494(19) 0.72

(B(1)-O>/BVS 1.473 3.05

B(2)-0(9) 1.356(19) 1.04

B(2)-0O(10) 1.374(19) 0.99

B(2)-0(7) 1.396(18) 0.93

{(B(2)-O)/BVS 1.375 2.97

B(3)-0(3) 1.46(2) 0.79

B(3)-0(6) 1.466(19) 0.77

B(3)-0O(1) 1.47(2) 0.77

B(3)-0(2) 1.557(19) 0.60

(B(3)-O>/BVS 1.488 2.93

B(4)-0(1) 1.43(2) 0.85

B(4)-0O(4) 1.449(19) 0.81

B(4)-0(8) 1.51(2) 0.69

B(4)-0(7) 1.54(2) 0.63

(B(4)-O)>/BVS 1.482 2.98

#Calculated using bond-valence parameters from Brese and O’Keeffe [43] for all bonds.
®Calculated using bond-valence parameters for the Ba-O and B-O bonds from Brese and O’Keeffe [43] and for the Bi-O bonds from Krivovichev and
Filatov [41].
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Fig. 1. The one-dimensional borate anion and coordination of the Ba®"
cation in the structure of BaBi,B4O( projected along the b-axis.

3.1.4. Bismuthate groups

Two distorted Bi(1)O; and Bi(2)O; polyhedra share a
common edge O6-08 to form [Bi,O;0]"*~ groups (Fig. 2)
the Bi(1)-Bi(2) bond length is equal to 3.56 A in these
groups. These double groups sharing a common edge are
typical for the Bi oxocompounds. In Fig. 2 the Bi,Og
groups composed of BiO,4 distorted tetragonal pyramids
formed by short Bi—-O bonds are given in black color.
Central atoms of both pyramids, Bi(1) and Bi(2), and two
O atoms forming common O(6)-O(8) edge compose a
rhomb (Figs. 2-4) in the ac monoclinic plane which is one
of the strongest fragments of the structure. The Bi,Ogq
groups are connected via common O(5) atoms to form
[Bi,Os]*~ bismuthate chains extended along the b-axis
(Fig. 3a). The Bi(1)-Bi(2) bond lengths in the chains are
equal to 3.72 and 4.00 A.The similar chains of BiOy4
pyramids with the Bi-Bi bond lengths equal to 3.57 and
3.60 A (Fig. 3b) are formed in the crystal structure of
Bi;B501, [25].

3.1.5. Structure description

The structure of BaBi,B4O;( is shown in Fig. 4a. It is
based upon thick layers that are parallel to (001). Layers
can be described as built from alternate spiral [B4O,o]*~
borate chains and the [Bi,Os]*~ bismuthate chains. The
short Bi—O bonds link Bi atoms to terminal O atoms of the
BO; and BO, polyhedra from the borate chains. The
borate chains are interleaved with rows of the Ba>" cations
along the c-axis so that the Ba atoms are located within the
layers. The BaO;, polyhedra are condensed to form sheets
parallel to (100) while the BaOg polyhedra formed by short

Fig. 2. The Bi,O,( bismuthate group. Short and long bonds are shown as
black and white lines, respectively.

Fig. 3. The similar bismuthate anionic chains in (a) BaBi,B40;¢ and (b)
Bi3B50, structures shown in projection along the bh-axis.

Ba—O bonds are single ones they share common O(1)-O(2)
and O(7)-O(8) edges with the B(3)O; and B(4)O4
tetrahedra from the chains (Fig. 1) of the same layer and
the O(5)-0O(10) edges with the B(1)O4 tetrahedra from
adjacent layer (Fig. 4a). Thus the layers are connected by
the Ba—O(5) and Ba—O(10) bonds with strength of the
bonds equal to 0.20 and 0.29 v.u., respectively, as well as by
two equivalent Bi(1)-O(3) bonds with strength of 0.23 v.u.
each (Fig. 4a).

3.2. Thermal expansion of the crystal structure

The expansion of BaBi,B4Oq in the range of 20-700 °C
is highly anisotropic. Whereas the » and ¢ unit-cell
parameters increase on heating almost linearly, tempera-
ture dependencies of the ¢ and f parameters undergo a
flexion at ~200-300°C (Fig. 5). Before this temperature,
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a Oy g
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Fig. 4. The crystal structure of BaBi,B40;( and pole figures of the thermal
expansion coefficients for 200 and 600 °C (continuous and dotted lines,
respectively) within the ac monoclinic plane (a) and fragment showing the
Bi-O hinge mechanism of the thermal expansion (b). The borate and
bismuthate anionic chains and their superpositions forming layers are
marked by light-gray, gray and dark-gray regions, respectively.

the a parameter increases very slowly, whereas, after
300°C, it increases more drastically. The S angle first
increases slightly that it is not so typical for monoclinic
crystals [49], and, above 300 °C, decreases to prove the
general tendency that the f angle tends to 90° in the
direction of higher symmetry. Whereas temperature
dependencies for the b and ¢ parameters and the unit cell
volume were approximated linearly, the behavior of a and
f has been approximated by a quadratic polynom. Final
approximation equations are

a(t) = 10.156(4) — 0.00002(3) x ¢ 4 0.00000022(4) x *,
b(¢) = 6.371(1) + 0.000050(4) x ¢,

c(t) = 12.475(2) + 0.000159(5) x ¢,

B(r) = 102.76(2) 4+ 0.00038(15) x 1 — 0.0000012(2) x 1>,
V(t) = 784.3(2) + 0.0309(6) x t.

Main coefficients of thermal expansion tensor at
different temperatures calculated using these equations
are presented in the Table 4. In the monoclinic system, the
oo, tensor axis is oriented towards the b-axis and the oy,
and o33 axes are in the monoclinic plane forming the u

angle between the o33 and ¢ axes. It can be seen (Table 4)
that on heating the o, and a33 coefficients increase from 13

and —3 x 107°°C~" up to 37 and 9 x 107°°C~", respec-
tively, while o,, remains practically constant at 11 x
107¢°C~!. On heating, the oy, and o33 axes change their
directions as a consequence of quadratic polynomial
temperature dependence of the a and f unit-cell para-
meters. Bulk thermal expansion increases more than twice
on heating up to 700°C that can be attributed to the
increase in thermal mobility of Bi* " and Ba®>" cations.

The thermal expansion coefficient figures are shown in
Fig. 4 for lower (200 °C, solid line) and higher (600 °C,
dotted line) temperatures. At the stage of initial heating
(20-200°C) the f angle slightly increases (off =2 x
107¢°C™"), and the structure expands most intensely along
directions close to the c-axis perpendicular to the layers.
This character of thermal expansion is typical for the
layered structures. At higher temperatures (400-700 °C), a
hinge mechanism of thermal deformations has been
recognized [49]. The latter can be viewed as a deformation
of the ac monoclinic plane due to the change in the ff angle.
Since, at higher temperatures, the  angle decreases with
the increase in temperature (aff = —9 x 107°°C™"), the
structure expands intensely along the a+ ¢ vector (short
diagonal of the ac parallelogram) and less intensely along
long diagonal (Fig. 4).

In other words, thermal deformations of the studied
compound are very complex. There are two points that
deserve attention: (1) change in the thermal behavior at
~200 °C; (2) synchronous change of the thermal expansion
character for the « and f parameters. It can be suggested
that the compound experiences hinge-type deformations at
higher temperatures and these start at ~200 °C.

In order to wunderstand thermal expansion of
BaBi,B40;, we use the ideas suggested in [50] to explain
thermal expansion of tenorite, CuO. Hinge transforma-
tions are characteristic for the part of the structure that has
strong bonds linked at O atoms that can be considered as
hinge points. As it was mentioned above, this is the case for
the planar configuration of the 2Bi and 20 atoms (Fig. 4b),
where the Bi atoms are separated by 3.56 A that is higher
than the sum of ionic radii of Bi’" (3.20A). At lower
temperatures, the two Bi atoms do not interact with each
other. At higher temperatures, their thermal oscillations
increase. Figs. 4a and b show that, even at room
temperature, the Bi(1) and Bi(2) displacement ellipsoids
are elongated towards each other. At higher temperatures,
the Bi atoms experience repulsive interactions that makes
the structure expanding along the a+ ¢ vector. This results
in the decrease of the f§ angle and expansion along the a-
axis. The temperature of 200-300 °C when the Bi atoms
start to interact can be called ‘hinge-turn-on’ temperature
[51]. After CuO, the structure of BaBi,B4O is yet another
example of this kind of behavior.

4. Conclusion

In conclusion, we have been successful in preparation of
single crystals of BaBi,B4O;9, a new compound in the
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Fig. 5. Temperature dependencies of the unit-cell parameters and volume for BaBi,B4O.

Table 4
Main coefficients ( x 10°°C™") of thermal expansion tensor for BaBi,B40¢

T, °C o1 %22 %33 u Loy Ol
20 13 11 -3 85 7 21
50 13 11 -1 86 8 23

100 13 11 2 89 9 26

150 13 11 4 86 9 28

200 13 11 7 76 10 31

250 14 11 8 62 11 33

300 15 11 9 47 12 35

350 18 11 10 37 13 39

400 20 11 10 31 14 41

450 23 11 10 28 15 44

500 26 11 10 25 16 47

550 28 11 10 24 16 49

600 31 11 9 23 17 51

650 34 11 9 22 18 54

700 37 11 9 21 19 57

%1 is the angle between the o33 and ¢ axes; it is positive in the clockwise direction from ¢ to o33 and negative otherwise.

BaO-Bi,O5-B,05 system. Its structure solution demonstrated
that it contains a novel type of chain borate anion, [B4O10]*~,
consisting of triborate rings of borate tetrahedra and single
triangles. The compound belongs to a new structure type.
Rigidity of the B—O and Bi—O bonds permit us to consider the
new Ba—Bi borate as a barium ‘borate-bismuthate’.
Thermal expansion of BaBi,B4O;¢ is very complex.
Above 200 °C highly anisotropic thermal oscillations of the

Bi atoms and rigid Bi—O bonds result in highly anisotropic
hinge mechanism of the thermal expansion.
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