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New insights into the BiB3O6 melt structure3
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The structure of borate melt has long been a fundamental unsolved problem in condensed matter physics,

materials chemistry. Here, we use high temperature Raman spectroscopy and first principles calculations to

study the structural change before and after the melting of a BiB3O6 crystal to obtain the BiB3O6 melt

structure. A transformation of the 4-fold coordinated boron atoms to 3-fold coordinated boron atoms and

a destruction of the atomic configuration around the Bi3+ ions were found when the crystal melted.

Considering the growth habit of the BIBO crystal, we proposed a polymer model for the first time to

describe the melt structure. The BiB3O6 melt is made up of special [B3O3Ø3] (Ø = bridging oxygen)

structural units, which further polymerize into [B3O3Ø3]n chains by sharing oxygen atoms; the boron–

oxygen chains are surrounded by the Bi3+ ions. Density functional theory (DFT) calculations were carried

out to simulate the melt Raman spectrum based on the structural unit. The calculated BiB3O6 melt Raman

spectrum shows good agreement with the experimental spectrum. The main vibrational bands were

assigned. The strongest band below 400 cm21 is mainly attributed to the wagging vibration of the side

BØO2 triangle as a whole; the band located around 630 cm21 is assigned to the bending vibrations of the

[B3O3Ø3]n chain; the bands in the range of 1200–1500 cm21 arise from the stretching vibrations of B–O (or

B–Ø) bonds in the boron–oxygen triangles.

1 Introduction

Fast development in laser medicine, full color display, optical
communication and signal processing has created increasing
demands for highly efficient and compact all-solid-state lasers
used in the visible and ultraviolet regions. An effective
approach to generate such lasers is by frequency conversion
of solid-state lasers using nonlinear optical (NLO) crystals.1,2

The a-BiB3O6 (BIBO) crystal is an outstanding NLO material.
Its effective NLO coefficient along the phase matching
direction is 3.2 pm V21, larger than that of the widely used
NLO crystals, such as KTiOPO4, b-BaB2O4, and LiB3O5. The
crystal also possesses a wide transparency range (280–2500
nm), a high damage threshold (300 MW cm22) and a large
angular acceptance (2.7 mrad cm21).3–5 Third harmonic
picosecond laser (355 nm) and tunable femtosecond lasers
from 375 nm to 435 nm have also been achieved by using the
crystal.6,7

BIBO crystals have been grown from the stoichiometric
BiB3O6 melt by top-seeded method.8–10 During the past two
decades, substantial efforts have been put into the crystal

growth. However, the goal of reproducible growth of high-
quality BIBO crystals is far from being achieved. One problem
is the very high viscosity of the BiB3O6 melt, which limits mass
transport, inhibits initial nucleation, and leads to a very low
growth rate.8 Another problem is a metastable eutectic
mixture, Bi3B5O12 and a-Bi2B8O15, often present in the crystal
growth process.11 Besides, the phase relationships of the
BiB3O6 system are very complicated. So far four different
polymorphs, monoclinic a-BiB3O6,12 b-BiB3O6,13 c-BiB3O6

13

and orthorhombic d-BiB3O6,14 have been reported. a-BiB3O6 is
stable only in a narrow temperature range near the melting
point.15

The BiB3O6 melt structure, in particular that near the
melting point, provides a basis for deeply understanding the
thermodynamic properties of the melt and the phase relation-
ships in the BiB3O6 system.16–18 On one hand, the BiB3O6 melt
structure is a major factor determining the macroscopic
properties, such as viscosity, density and surface tension. On
the other hand, the BiB3O6 melt structure is associated to the
structures of the equilibrium BiB3O6 crystals. The character-
istics of the BiB3O6 melt structure can pass down to BiB3O6

crystals and impact their structures (phase relationships),
growth habits and qualities.

However, the structure of the borate melt has long been a
fundamental unsolved problem in condensed matter physics,
materials chemistry.17 Borate glass is widely used as the
analogue for the structural study of the corresponding melt,
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which avoids the experimental difficulties under high-tem-
perature conditions. However, this method is still debatable
because the glass structure represents the structure of the
supercooled melt at the glass transition temperature rather
than that of the high-temperature melt.17 Accurate description
of a melt structure requires high-temperature in-situ experi-
mental technologies. Raman and infrared spectroscopy,19,20

nuclear magnetic resonance,21 X-ray diffraction,22 and neutron
diffraction23 are the popular in-situ techniques to study melt
structures. Compared with the other techniques, Raman
spectroscopy is a powerful and convenient tool for the study
of melt structures.19,24–31 However, the conversion of the
vibrational peaks seen in the Raman spectrum into structural
information remains difficult. Raman peaks of borate melts
are usually assigned by comparison with the spectra of
crystalline compounds based on the assumption proposed by
Krogh–Moe that the structural units present in melts resemble
those present in the crystalline compounds.32 As we know,
boron combines with oxygen not only in triangular but also in
tetrahedral coordination, the triangular and the tetrahedral
boron–oxygen units may further polymerize by sharing oxygen
atoms and give rise to great structural diversity. The structural
diversity often makes reliable assignments of Raman vibra-
tional peaks difficult. The situation will be more complicated
when more than one unit gives rise to Raman peaks in the
same region or when the borate compound contains two or
more units.

Recently, density functional theory (DFT) has been used to
predict and interpret Raman spectra for a wide range of
materials, including crystalline solids,33 polymers34 and
molecules.35 Good agreement between the experimental and
the calculated Raman spectra has been achieved; reliable
assignments of all experimental Raman peaks can be
provided. Here, we investigate the BiB3O6 melt structure near
the melting point with high-temperature Raman spectroscopy.
DFT calculations are carried out to interpret the crystal and
melt Raman spectra and to extract their structural informa-
tion. This study will give a novel polymer model to describe the
melt structure.

2 Experimental section

Unpolarized Raman spectra of the BIBO crystal and BiB3O6

melt were recorded on a Jobin Y’von U1000 laser Raman
spectrometer with the 532 nm line of a Q-switch pulsed SHG-
Nd:YAG laser as the excitation source. The Raman scattering
light from the samples was collected by a back-scattering
confocal lens system, and detected by an intensive charge-
coupled device (ICCD). The spectral acquisition, under
accumulated mode, was 10 s each time with 10 repetition
times. The average laser power was fixed at 0.8 W. Raman
spectra in the range of 200–1800 cm21 were recorded with the
spectral resolution better than 2 cm21.

The homemade micro-furnace used in this work has been
described previously.36 A BIBO crystal slice with a size of 5 6

10 6 20 mm3 was placed in a platinum boat, and then into the
micro-furnace with the boat. The micro-furnace provided a
horizontal temperature gradient in the boat. By carefully
controlling the temperature, a steady crystal–melt interface
was produced. The melt Raman spectra, as well as the crystal
Raman spectra, were collected near the crystal–melt interface
in order to ensure the measuring temperature close to the
melting point.

All DFT calculations were carried out by the plane-wave
pseudopotential method implemented in the CASTEP
(Cambridge Sequential Total Energy Package) code.37 The
PBE (Perdew–Burke–Ernzerhof) version of the GGA (general-
ized gradient approximation) was used in conjunction with
norm-conserving pseudopotentials, the cutoff energy was set
to 750 eV. The experimentally determined BIBO crystal
structure was adopted as the initial structure for geometrical
optimization;12 the melt structure was constructed according
to the spectral analysis results, as shown in the Results and
discussion section. The geometrical optimization was done
with the SCF (self-consistent field) convergence criterion of 1
6 1028 eV atom21. Brillouin zone sampling of electronic
states was performed on a 4 6 6 6 4 Monkhorst–Pack k-point
grid for the crystal and on a 4 6 2 6 3 grid for the melt.38

Density functional perturbation theory (DFPT)39 calculations
were carried out to compute the dynamical matrices, which
were diagonalized to give Raman frequencies. Raman activities
were computed by a hybrid method combining DFPT with the
finite displacement method.40 In order to obtain the Raman
scattering intensities, the Raman activities were multiplied by
Bose–Einstein factors corresponding to the experimental
temperatures and the excitation source wavelength (532
nm).41 The CASTEP outputs include the Raman frequencies
and intensities of all Raman-active vibrational modes, as well
as the atomic displacements for each mode.

3 Results and discussion

The room temperature Raman spectrum of the BIBO crystal is
shown in Fig. 1. With temperature increasing, no significant

Fig. 1 Raman spectra of BIBO crystal (at room temperature) and BiB3O6 melt (at
the melting point).
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change was observed in the spectrum except for peaks
broadening and slight frequency red-shift, as reported in our
previous work.42 However, the spectrum changed remarkably
when the crystal melted. The BiB3O6 melt spectrum has three
strong Raman vibrational bands located around 370 cm21, 630
cm21 and in the range of 1200–1500 cm21. As compared to the
crystal spectrum, the relative intensity of the Raman band in
the 1200–1500 cm21 region increases; the strong crystal peak
located at 574 cm21 disappears.

As the BIBO crystal structure has been determined, if we
gain the structural evolution information during the melting
process, the BiB3O6 melt structure will be derived. In this
work, the structural evolution is reflected by the Raman
spectral changes before and after the melting of the BIBO
crystal. In order to understand the structural origins of the
spectral changes, some important Raman peaks both of the
crystal and of the melt should be clearly assigned.

Hu et al. reported the Raman spectrum of the BIBO crystal
and assigned all the Raman vibrational peaks.43 Due to the
structural complexity of the crystal, the internal vibrational
peaks were approximately attributed to the vibrations of BO4

tetrahedra or BO3 triangles although the two groups are not
independent in the crystal structure. In this paper, we
calculate the Raman spectrum of BIBO crystal by DFT method
and give clearer assignments of some important crystal Raman
peaks.

The calculated Raman spectrum is shown in Fig. 2, along
with the experimental spectrum. All calculated frequencies,
except 390 cm21 and 625 cm21, coincide well with the
experimental values within an acceptable error (15 cm21).
The relative intensities of all calculated peaks, except that of
390 cm21 peak, are also consistent with the experimental
results. According to the calculated results, the crystal peaks in
the high frequency region (1200–1500 cm21) are mainly
associated with the stretching vibrations of B–Ø bonds (B3–
Ø) in BØ3 groups (see Fig. 3(c) and 3(d)). When the crystal
melted, the relative intensity of the high frequency band
increased, as shown in Fig. 1, implying the number of the B3–
Ø bonds increased. We deem that the increase originates from
the conversion of 4-fold coordinated boron atoms to 3-fold

coordinated boron atoms. During the melting process, one B–
Ø bond (B4–Ø) in a BØ4 group broke to form a new BØ3 group.
The conversion has been found in various borate melts25,44–46

and is also supported by the spectral characteristics of the
BiB3O6 melt in the range of 800–1100 cm21. The strong Raman
peaks in this range are related to the asymmetric stretching
vibrations of BØ4 tetrahedra (the atomic displacements
corresponding to the calculated 934 cm21 peak is visualized
in Fig. 3 (b)). In the BiB3O6 melt Raman spectrum, no obvious
Raman peaks are present in the range, indicating no BØ4

tetrahedra present in the melt. The experimental 574 cm21

peak (corresponding to the calculated 561 cm21 peak) arises
from the Bi–Ø symmetric stretching vibration of the BiØ4

pyramids in the BIBO crystal structure (see Fig. 3 (a)). The
disappearance of the peak reflects that the pyramids were
destroyed when the crystal melted.

The growth habit of the BIBO crystal also supports the
above analysis. In general, crystal morphology is dominated by
the slow-growing faces. According to the attachment energy
model for crystal growth habit, the relative growth rate of a
face is assumed to be proportional to its attachment energy,
which is defined as the bond energy released when one
additional growth slice of thickness dhkl is attached to the
crystal face identified by the Miller indices hkl.47 Therefore,
the faces with small attachment energy, viz. the faces
connected with weak bonds, will present in the final crystal
morphology. Becker et al. found that the {110}, {111}, {102}
and {001} faces dominate the final morphology of the BIBO
crystal.8 According to the crystal structure, the {110}, {111} and
{102} faces are all connected with B4–Ø bonds and the {001}
faces are connected with Bi–Ø bands (see Fig. 4). Thus, we canFig. 2 Experimental and calculated Raman spectra of the BIBO crystal.

Fig. 3 Graphic representations of the atomic displacements of the calculated
peaks at 561 cm21, 934 cm21, 1222 cm21 and 1464 cm21.
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conclude that both of the B4–Ø bonds and the Bi–Ø bonds are
the weak bonds in the BIBO crystal structure and likely to
break when the crystal melts.

Based on the structural evolution from the BIBO crystal to
the BiB3O6 melt (see Fig. 4), we proposed a boron–oxygen
structural model to describe the BiB3O6 melt. Here, we take the
case of the (110) and (001) faces as the example. When the Bi–
Ø bonds break along the (001) face, two-dimensional boron–
oxygen networks form. The two-dimensional networks further
decompose into polymer-like boron–oxygen chains when the
B4–Ø bonds break along the (110) face. The chain has a meta-
borate chain-type backbone, in which every other non-bridging
boron atom is substituted by a BO2Ø triangle to form a
[B3O3Ø3]n chain. We deem that the BiB3O6 melt is made up of
special [B3O3Ø3]n chains.

Based on the structural model proposed for the BiB3O6

melt, we have calculated the melt Raman spectrum. It is well
known that CASTEP calculations must be performed in a
three-dimensional periodic system.37 In order to satisfy the
condition, a periodic supercell method is often used for the
CASTEP calculations of chain-type polymers.40 The chain is
artificially repeated in two dimensions normal to the chain
direction, the unit cell sizes along the two dimensions are
sufficiently large so as to make the neighboring interactions
negligible. For example, Zeng et al. have used this supercell
method to study the lattice dynamics of polyaniline and

poly(p-pyridyl vinyline).34 Here, we use a similar method to
calculate the BiB3O6 melt Raman spectrum. The fundamental
melt structural unit [B3O3Ø3], as shown in Fig. 4, was placed
into a unit cell with the chain along the c axis, a Bi3+ ion was
added in the vicinity of the three non-bridging oxygen atoms
for charge compensation. Considering the strong electrostatic
interactions between the chains, between the chains and the
Bi3+ ions, and between the Bi3+ ions, we did not limit the unit
cell parameters and the atomic positions during the DFT
geometry optimization. The melt Raman spectrum was
simulated at the same level of theory as was used for the
crystal calculations besides the k-point set (see the experi-
mental section for more details).

The optimized geometric structure of the fundamental
structural unit is shown in Fig. 5. The B–O bond lengths (1.35–
1.40 Å) and the O–B–O bond angles (115u–125u) coincide with
the reported values of boron–oxygen triangles (see the ESI3 for
more details). The calculated Raman spectrum is presented in
Fig. 6. All Raman intensities were corrected by Bose–Einstein
factors with the temperature of 1000 K (the melting point of

Fig. 4 BIBO crystal structure: (a) the projection as viewed along the a axis; (b)
the projection as viewed along the c axis (without Bi3+ ions).

Fig. 5 The optimized structure of the fundamental unit in the BiB3O6 melt.

Fig. 6 The experimental and calculated Raman spectra of the BiB3O6 melt. (a)
The experimental Raman spectrum. (b) The calculated Raman spectrum
broadened by Gaussian line shape function with a FWHM of 50 cm21. (c) The
calculated Raman spectrum broadened by Gaussian line shape function with a
FWHM of 5 cm21.
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the BIBO crystal) and the wavelength of 532 nm (the
wavelength of the excitation source). The temperature depen-
dence (thermal broadening) of the Raman peak shape was
simulated by a Gaussian line shape function with a FWHM
(full width at half maximum) of 50 cm21.24,28 The super-
position of these Gaussian profiles is shown in Fig. 6(b), which
is in good agreement with the experimental melt spectrum.
The intense Raman scattering signal in the low-frequency
region of the experimental spectrum is attributed to the
background thermal radiation of the melt.48

Fig. 7 gives the atomic displacements of the important
vibrational modes that are responsible for the strong Raman
bands in the melt spectrum. The strong band below 400 cm21

is mainly attributed to the wagging vibration of the side BO2Ø
triangle as a whole (see Fig. 7(a)). The band centered at 630
cm21 is associated with the bending vibrations of the
[B3O3Ø3]n chain (see Fig. 7(b)). The vibrational band in the
range of 1200–1500 cm21 contains two sub-bands, located
around 1240 cm21 and 1410 cm21. Both the sub-bands are
attributed to the stretching vibrations of the B3–O (or B3–Ø)
bonds (see Fig. 7(c) and 7(d)).

4 Conclusions

A Raman spectrum investigation on the BiB3O6 melt has been
undertaken assisted with DFT calculations. Some important
BIBO crystal Raman peaks have been assigned: (1) the peaks in
the high frequency region (1200–1500 cm21) are associated
with the stretching vibration of the B3–Ø bonds. (2) The strong

574 cm21 peak arises from the symmetric stretching vibration
of the BiØ4 pyramids. When the crystal melted, the relative
intensity of the Raman bands in the range of 1200–1500 cm21

increased and the 574 cm21 peak disappeared. The spectral
changes are due to the conversion of the 4-fold coordinated
boron atoms to 3-fold coordinated boron atoms and the
destruction of the atomic configuration around the Bi3+ ions.
Based on the structural changes, we proposed a polymer
model to describe the BiB3O6 melt structure. The BiB3O6 melt
is made up of [B3O3Ø3] structural units, which polymerize into
special [B3O3Ø3]n chains by sharing oxygen atoms; the boron–
oxygen chains are surrounded by Bi3+ ions. DFT calculations
verified the melt structure and provided clear assignments of
the strong peaks in the melt Raman spectrum. The strongest
band below 400 cm21 is mainly attributed to the wagging
vibration of the side BO2Ø triangle as a whole; the band
centered around 630 cm21 is associated with the bending
vibrations of the chain; the vibrational bands in the range of
1200–1500 cm21 are assigned to the stretching vibrations of
the B3–O (or B3–Ø) bonds.

Our work demonstrates that DFT calculations are reliable
methods to establish valuable links between Raman spectral
features and structural information not only of a crystal but
also a melt. The polymer model provides us a new viewpoint
on the borate melt structure and is expected to help us deeply
understand the thermodynamic properties of the BiB3O6 melt
and the phase relationships in the BiB3O6 system.
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