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Abstract
The homogeneous and stoichiometric crystallization of the barium disilicate

(BaSi2O5) glass makes it possible to follow the structural evolution of Raman bands

from the supercooled liquid to the crystalline phase. We monitored the crystalliza-

tion of supercooled liquid BaSi2O5 at 790°C over 440 minutes revealing a three-

stage crystallization process: stage 1 involves changes in the barium sites toward a

bonding environment that is similar to that in orthorhombic low barium disilicate.

The end of stage 1 is marked by the loss of the Q4 species vibration at 1170 cm�1

and the creation of a crystalline band at 490 cm�1. Stage 2 is marked by the transi-

tion of the Q3 peak (1060 cm�1) from a Gaussian-like to a Lorentzian curve, indi-

cating the formation of well-developed sheet structures. These observations lead us

to conclude that the Raman spectra are resolving both the crystalline L-BS2 phase

and the BS2 melt. The final stage involves a rapid decrease in the remaining Qn

species to form Q3. This crystallization process involves structural modifications

that occur on the tens of microns scale. The barium cations drive the initial stages

of crystallization, providing direct evidence that the short-range order, around net-

work modifiers, is a critical factor involved in homogeneous crystallization.
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1 | INTRODUCTION

Understanding the crystallization process of glass-forming
liquids is very relevant from both scientific and technological
perspectives. While there is intense activity regarding crystal
nucleation, growth, and overall crystallization kinetics,
unfortunately, there have been scarce studies on the finest
structural details of the crystallization pathways in super-
cooled liquids (SCL). The BaO-2SiO2 (BS2) composition is
one of a few stoichiometric glass-forming liquid that reveals
homogeneous, internal crystal nucleation around the glass

transition temperature (Tg)
1-6 and thus serves as a model for

crystallization studies. Crystallization of the supercooled
BS2 liquid is complex and it often crystallizes in an axiolitic
or spherulitic morphology.1,2,7,8 Ramsden and James1,2 stud-
ied the early stages of the crystallization of a BS2 glass by
transmission electron microscopy. During the initial stage of
crystallization, these authors identified small spheres
(<10 nm) composed of fine fibrillar crystallites, which were
identified as the monoclinic polymorph, H-BS2. From these
small H-BS2 crystals, the spherulitic growth of the
orthorhombic sanbornite (L-BS2) grow. The BS2 crystal
structure data shows that the orthorhombic L-BS2 phase has
only one site each for Ba and Si, whereas monoclinic H-BS2
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has two Ba sites and three Si sites.9 Both of these minerals
are sheet silicates where the tetrahedra are linked by three
corners (Q3) or bridging oxygens (BO), parallel to their
[001] plane. In addition to H-BS2, other studies on BS2 have
provided evidence for the formation of small amounts of
Ba5Si8O21 and Ba3Si5O13 phases during crystallization of
the stoichiometric BS2.10-12 The role of these metastable
phases in the crystal nucleation and growth processes is still
poorly understood and warrants further investigation beyond
this study.2,7

The sensitivity of Raman spectroscopy to monitor the
BS2 crystallization process was shown by Rodrigues et al.,13

however, the structural evolution of supercooled liquid and
the crystallization process itself were not investigated.
Raman spectroscopy is among the most sensitive techniques
to the local and medium-range order within silicate glasses
and melts.14-16 The majority of the vibrational modes for sili-
cates are well known, although there remain some discrepan-
cies in the detailed peak assignments.16 Nonetheless, there is
broad agreement that there are four main regions within the
Raman spectra of silicate melts (e.g.14,16). At low wave num-
bers, below ~250 cm�1 the Boson peak is observed in all
amorphous silicate materials.17 Although its origin is still
debated, it is a signature of the amorphous state whether as a
glass or SCL.13,17,18 In silica-poor alkaline earth-bearing sili-
cates, the region from 200 to 400 cm�1 is dominated by oxy-
gen vibrations associated with the modifier polyhedra,
whereas in silica-rich compositions there are additional
vibrations related to the bridging oxygen rocking and stretch-
ing vibrations.14,16 At intermediate frequency shifts, between
400 and 800 cm�1, lies the region assigned to symmetric
stretching of the bridging oxygens (BO).14,19

The high-frequency region is dominated by symmetric
stretching vibrations assigned to the non-bridging oxygen
vibrations (NBO) located on the Qn species; where “n” is
the number of BO per silicon tetrahedron.14,16,19 The Q0-3

band centers are separated by 50-100 cm�1 and show a
remarkable consistency over a broad compositional
range.14,20 At room temperature, the Q1-3 band centers are
well established around 900, 975, and 1075 cm�1

(�25 cm�1), respectively.14,20 In the BS2 spectrum at
790°C, the Qn bands show a negative shift of 10-18 cm�1

from their respective room temperature positions. There-
fore, at 790°C, the major bands at 920 and 1060 cm�1 are
assigned to the Q2 and Q3 bands. Despite the clear consis-
tency in band position, additional bands are required to fit
the complete spectral envelope (e.g.21,22). Two possible
explanations have been provided for these additional bands.
The first possibility is that the each Qn band has two (or
more) associated vibrations and the relative position of
these bands is determined by the connectivity of the adja-
cent tetrahedral network (c.f.21). For example, a Q3 species
attached to other Q3 species has a higher frequency shift

than a Q3 attached to Q2 species. The second possibility is
that additional bands arise from the presence of modifier
cations (c.f.22,23). Where present, modifiers will weaken the
Si-BO bond causing a decrease in the associated force con-
stants via charge transfer from the modifier onto the central
Si atom.23 Both explanations appear plausible and are not
necessarily mutually exclusive. The implications for the
spectral evolution of BS2 are discussed below.

In this article, we present a detailed, time-resolved in situ
analysis of the crystallization of BS2 using Raman scattering.
One crucial observation is that BS2 crystallizes homoge-
neously and arguably stoichiometrically. Therefore, unlike
non-stoichiometrically crystallizing systems, the Raman
vibrational modes evolve directly from those in the super-
cooled liquid to those in the crystal. As a result, a novel
behavior is resolved. Three distinct stages in the transforma-
tion of the SCL to the crystalline orthorhombic L-BS2 exist,
and their structural characteristics are reported.

2 | METHODS

The BS2 glass composition used in this research was synthe-
sized by splat cooling from the melt. The full preparation has
been described in Rodrigues et al.8,13 The composition of our
glass has been measured by electron probe microanalyzer
(EPMA) on a JEOL JXA8230 5-WDS using a 15 nA current
and 15 kV voltage on a 1 lm spot size. Our BS2 glass has the
composition 33.8BaO�66.2SiO2. See Table S1 for the full
chemistry. Cubic specimens of uniform thickness
(2.0 9 2.0 9 1.5 mm), devoid of bubbles were chosen for
this high-temperature experiment. Using a heating rate of
10 K/min, differential scanning calorimetry (DSC) results
show that the glass transition temperature (Tg) and the two
crystallization peaks of this glass which reveal them to be
690°C, 853°C, and 905°C, respectively.8 One sample was
heated at a rate of 25°C/min from 25°C up to 790°C (�5°C)
and held constant for 440 minutes during the experiment. At
this temperature for BS2 glass, the crystallized fraction is
mostly a consequence of the growth of pre-existing crystals
(which formed during the quenching and heating procedures)
in the volume.24 By applying the Avrami equation to existing
experimental nucleation and growth rate data8,24,25 we calcu-
late that after 440 minutes at 790°C the volume fraction crys-
tallized is 99%. Moreover, the surface layer of crystals is only
3 lm in thickness after 440 minutes. We refer the reader to
Figure 1B of reference8 to view an example of surface and
internal crystallization in BS2 glass. In this study, the sample
overwhelmingly crystallizes from within the SCL volume
rather than the surface. It truly exhibits internal crystallization.

In situ Raman spectra were taken with a HORIBA Lab-
RAM HR800 Evolution mounted with a Linkam HS1500
micro-furnace. The 532 nm line of a diode laser was used.
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The same results were obtained using the 633 nm laser. To
approximate the sampling volume the depth of field
(d.o.f. = 4 k/N.A.2) and the spot size (D = 1.22 k/N.A.)
were calculated to be 15.9 and 1.70 lm, respectively.26

With a probe depth of roughly 16 lm, we can be sure that
the Raman signal is dominantly coming from within the
volume of the SCL and therefore, faithfully records the
internal crystallization rather than surface crystallization.
The furnace temperature was stable and never varied more
than 1°C during the 435 minutes. A spectrum was taken
over 5 minutes (five accumulations of one minute each)
approximately every 10 minutes. Data points are plotted at
the middle point of the acquisition time. For example, the
spectra from 210 minutes to 215 minutes are plotted at the
212.5 minutes mark. The spectra were curve fit to quantify
the peak behaviors during crystallization. To curve fit the
data in a consistent manner a background was removed
using a polynomial spline fit between the four peak regions.
This process results in a flat background with Raman peaks
in the regions <100 cm�1, 200-400 cm�1, 425-700 cm�1,
and 850-1300 cm�1 in the BS2 supercooled liquid. Each
spectrum was then intensity normalized to the most intense
peak, found at ~1060 cm�1.

Curve fitting of the spectra enables us to quantify changes
in the peak behaviors. Peak areas were normalized relative to
the maximum area of their respective region. The spectra
were fit using a Lognormal line shape for the Boson peak
and Gaussian line shapes for the rest of the peaks except the
1060 cm�1 peak. The 1060 cm�1 peak, is the most intense
peak within crystalline sanbornite (L-BS2) and has a Lorent-
zian line shape, typical of crystalline materials (c.f.27). In

contrast, silicate glasses and melts are best fit by Gaussian
line shapes, although the line shape may be up to 30% Lor-
entzian without significantly affecting the quality of the fit.27

In the case of BS2 and crystalline sanbornite (L-BS2), both
have the same Raman peak position at 1060 cm�1, but the
line shape was permitted to vary between Gaussian and Lor-
entzian using a pseudo-Voigt curve. The pseudo-Voigt line-
shape contains a parameter that varies from 0 for a Gaussian
curve to 1 for a Lorentzian curve. To fit the remaining Qn

species bands, we constrained the full-width at half-the-maxi-
mum-intensity (FWHM) to be roughly equal, between 45 and
65 cm�1. This range is consistent with recent high-tempera-
ture work on alkali-bearing silicate SCL.22 The FWHM of
the intense 920 and 1060 cm�1 peaks were permitted to vary
to assess the validity of this constraint. The resulting FWHMs
remain within the 45-65 cm�1 limits. A consequence of this
is that the high-frequency side of the 1060 cm�1 peak
required two additional curves centered at 1120 and
1172 cm�1. The latter peak at 1172 cm�1 is very weak and
constitutes only 1% the area of this region. To go from the
Raman band areas to the Qn species fraction a correction fac-
tor has been applied; for more details see Appendix S1.

A two-step curve fitting procedure was used on the
425-700 cm�1 region, which includes the 550 doublet (see
below). The 550 doublet was first to fit without constraints
and then re-fit based on the results of the initial free-fit
using the main peak center as the only constraint
(Appendix S2). For all curve fits, the Levenberg-Marquardt
regression was done using Fityk software.28

3 | RESULTS AND DISCUSSION

BS2 glass and supercooled liquid Raman spectra (SCL)
have been previously reported in several studies.11,13,29,30

Our spectra are qualitatively the same as previous studies
and are compared to L-BS2 reference spectra (Figure 2). It
is clear that the Boson peak intensity decreases throughout
the crystallization process (Figure 3). The peak centered at
300 cm�1 (Figure 4) and the doublet found at 550 cm�1

(Figure 5) both display a slight shift to lower frequencies
and an increase in their intensities during crystallization. In
contrast, the peaks at 920 and 1060 cm�1 remain at appar-
ently constant positions while their intensities decrease and
increase, respectively (Figures 6 and 7). The latter behavior
is expected as the crystalline L-BS2 has a single sharp
peak near 1060 cm�1 (Figure 2).13

The Boson peak center shows a non-linear behavior, shift-
ing dramatically to higher wavenumbers after the first
200 minutes. Its area displays a more distinct behavior. The
area of the Boson peak appears to continuously decrease from
60 minutes until the 350 minute mark. The Boson peak area
decreases at a rate of 0.25% per minute and then decreases to

FIGURE 1 Characteristic Raman spectra vs time at 790°C.
Spectra have been background corrected, and intensity normalized to
the 1060 cm�1 peak. The arrow at 490 cm�1 indicates the position of
a new peak which appears near 210 min and is clearly a shoulder
after 300 min (see discussion below) [Color figure can be viewed at
wileyonlinelibrary.com]
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~0.1% per minute after 350 minutes. Although its origin
remains controversial, the Boson peak reveals the overall
degree of disorder which suggests that even after the
435 minutes in this experiment there remains some BS2 in
the SCL state.18,32-34 Therefore, the Boson peak shows no
evidence of crystallization during the first 60 minutes of this
experiment. This 60 minutes delay is observed in the behav-
ior of all other Raman peaks and suggests that no structural
changes are revealed within the Raman spectra during this
time. An induction time of 35 minutes is expected for crystal-
lization at 790°C based on the experimentally available data.8

3.1 | Crystallization Stage 1 (60-210 minutes):
Structural reorganization of the SCL

After the initial 60 minutes, crystallization starts, the Boson
peak area diminishes, and the vibrations associated with bar-
ium polyhedral and NBOs display distinct changes in behav-
ior. The slight increase in the 300 cm�1 peak area and the
acute decrease in its peak center (Figure 4) suggest there is a
significant difference between the local environment of the
Ba ions in the SCL compared to those in the L-BS2 phase.
The 1060 cm�1 peak starts to become slightly more Lorent-
zian, and its FWHM starts to decrease linearly (Figure 7).
While the 1060 cm�1 peak (Q3) becomes sharper, it is not
accompanied by an increase in area (Figure 8). In fact, the Q3

band shows a modest decrease of ~5% to the benefit of Q4 spe-
cies (Figure 8). There appears to be no effect on the Q2 spe-
cies indicating a modest polymerization of the silicate
network during this stage. This idea may be counter-intuitive
since polymerization is expected to decrease the mobility of
elements, thereby impeding crystallization, but can be
explained by the polymerization reaction proposed by Nesbitt
and co-workers: Ba-2Q3 ↔ 2Q4 + Ba2+ + O2�.18 In this
case, the polymerization enhances diffusion of itinerant spe-
cies, O2� and Ba2+ ions, that are able to modify and reorga-
nize the silicate network facilitating crystallization.

These observations suggest that itinerant Ba cations and
polymerization of the Q3 environments are important dur-
ing the early stages. The strong negative shift in the peak
center of the Ba vibrations at 300 cm�1 indicates that the
bond strength, and therefore the force constants, decrease
from the SCL relative to the crystalline vibrations. The fact
that the Ba vibrations attain the near-crystalline frequency
while there is only a negligible increase in the peak area
suggests that, while they probably attain a crystal-like

FIGURE 2 Raman spectrum of BS2 glass, L-BS2 (sanbornite)
and the Raman spectrum at 440 min from Figure 1 and its ex situ
spectrum outside of the furnace at room temperature (RT) (may not
be identical position to that of the in situ spectrum). The L-BS2
spectrum R060489 comes from the RRUFF database31 whereas the
L-BS2 spectrum, M26412, is a sanbornite sample from the Royal
Ontario Museum [Color figure can be viewed at wileyonlinelibrary.c
om]

FIGURE 3 Boson peak (<100 cm�1) parameters vs time. The
peak area (circles) and center (triangle) of the log-normal peak are
reported. Each area has been normalized to the peak area at
t = 0 min. Dashed lines are just to guide the eye [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 4 300 cm�1 peak parameters during crystallization.
The peak area is normalized relative to the final peak area
(t = 435 min). The error associated with reproducibility of the curve
fit is smaller than the symbols [Color figure can be viewed at wile
yonlinelibrary.com]
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coordination (C.N. = 9), these sites remain quite distorted.
Moreover, the lack of modification to the BO vibrations
during this stage indicates that the modifier-rich regions
within the SCL are driving the initial stage of crystalliza-
tion. Finally, these modifications appear to be widespread
throughout the network as they involve the complete shift
in the band and not simply the addition of new vibrational
modes. Therefore, this organization is not simply a local
phenomenon around the crystal nuclei but a pervasive
change throughout the silicate network.

3.2 | Crystallization Stage 2 (210-370 minutes):
From Supercooled Liquid to Q3 sheets

This stage reveals a major reorganization of the silicate net-
work, which affects all Raman bands. The Ba-associated peak
at 300 cm�1 shows a decrease in the rate of shift and an
increase in area (Figure 4). In fact, the 300 cm�1 band essen-
tially attains its final intensity which is roughly equal to that of
the BO vibrations at 500 cm�1. The intermediate frequency
bands, which formed the 550 doublet, now require a third peak
centered at 490 cm�1 to fit the spectral envelope while the
areas and the FWHM of the original two bands change dramat-
ically. The 540 cm�1 band shows an increase in both area and
FWHM while the 575 cm�1 band displays a decrease in both
parameters (Figure 5). The high-frequency region displays a
loss of the weak band at 1170 cm�1 while the 1060 cm�1

band becomes completely Lorentzian and increases in intensity
(Figure 6, 7 and 8). The Q2 and Q4 bands experience a weak
decrease in their respective proportion (Figure 8). Finally, we
note that the Qn species presented in Figure 8 does not accu-
rately represent the proportion of Qn species because of the
1060 cm�1 band, the Q3 band, includes both the signal from
Q3 species within the SCL as well as that of the crystal. These
observations indicate that the Raman spectra simultaneously
record both the crystal formation and retain the amorphous sig-
natures of the Qn bands and Boson peak.

The relative intensities of the 300, 550, and 1060 cm�1

peaks suggest a structure which has equal contributions from
BaOx polyhedra and BO vibrations with well-developed
sheets of Q3 species. We interpret this as the growth of L-
BS2 as its crystal structure has only a single site for each Ba
and Si. The decreasing FWHM and increasing area of the
1060 cm�1 peak indicates the presence of well defined Q3

sites, but the remaining Qn species indicate that some tetrahe-
dral sheets may be cross-linked by Q2-4 species. Alterna-
tively, the Q2-4 signature could solely be from the SCL
signal. The persistence of all Qn bands in the roughly same
proportion suggests that there is no preference for which spe-
cies are incorporated into the crystal or that the bulk melt
connectivity does not change on the larger scale.

The presence of well-formed sheets of Q3 species implies
that the BO environments should also be well defined (Fig-
ure 5). Indeed, the 550 doublet displays indications of a more
crystalline-like environment. For instance, the area and the
FWHM of the 540 cm�1 peak increase during this period
whereas the 575 cm�1 band, that was originally the strongest
signal within this doublet, decreases steadily (Figure 5).
Moreover, during the crystallization process, we observe the
FWHM of the BO vibrations converge to 60 cm�1 around
430 minutes (Figure 5). This behavior indicates that the BO
environments between SCL and crystal are quite different.
The weak changes in the peak centers suggest that the bond
strength does not change dramatically, but the other

FIGURE 5 Revised curve fit using the 540 cm�1 band peak
center constraint (Figure S1). A, The peak centers. B, The full-width
at half-the-maximum intensity (FWHM). C, The normalized areas of
the three peaks (squares - 490 cm�1; circles - 540 cm�1; triangles -
575 cm�1). Note that the 540 cm�1 peak attains 70% of the peak
intensity at the end [Color figure can be viewed at wileyonlinelibra
ry.com]
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parameters indicate that the proportions of the BO environ-
ments decrease as expected during the crystallization process.

One distinct change at 210 minutes, is that the high-fre-
quency region no longer requires the highest-frequency

shifted Q4 band, at 1170 cm�1, while at the same point in
time, the 550 doublet region requires an additional band at
490 cm�1 to adequately fit the spectral envelope. The
490 cm�1 band, which constitutes 20% of the intensity,
appears to reduce the intensity of the 575 cm�1 band by a
similar magnitude. After the appearance of the 490 cm�1

FIGURE 6 Example curve fits of Raman spectra taken during crystallization at t = 0 min (A), t = 140 min (B), t = 290 min (C),
t = 430 min (D). For colors see the digital version. The fit curves are the 920, 1000, 1060, 1120, and 1170 cm�1 from left to right in each
example and are labeled in (A). Note the loss of higher frequency peaks in (C) and (D) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 FWHM of the 920 (blue circles) and 1060 cm�1

(green squares) bands and the Lorentzian character (red diamonds) of
the 1060 cm�1 band. Note that the 1060 cm�1 band reaches a
completely Lorentzian character well before crystallization is finished.
The maximum FWHM of the 920 cm�1 band does not appear to
change until the 1060 cm�1 band becomes completely Lorentzian
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Fractions of Q2 (circle), Q3 (triangles), and Q4

(square) species. See Appendix S1 for details of the Qn calculation.
Dashed lines are guides to the eye. The errors associated with the
reproducibility of the curve fit are much smaller than the symbols
[Color figure can be viewed at wileyonlinelibrary.com]
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band at the 210 minute mark, the 575 cm�1 band proceeds to
decrease in area in proportion to the increase in the area of the
540 cm�1 band. The latter behavior can be interpreted as the
formation of BO environments within the L-BS2 structure at
the expense of the environments within the SCL. The
490 cm�1 band is tentatively assigned to the vibrations in L-
BS2 which are found in this region (Figure 2). Vibrational
modes in this region are typically assigned to internal defor-
mation modes associated with the Si2O5 sheet(s) [c.f.35,36]
and indicate that the Raman spectrum is recording a crys-
talline signal from this point onwards. This interpretation is
consistent with the observations that the lineshape of the
1060 cm�1 band (Figure 7) and the proportion of Q3 species
increases at this point (Figure 8).

3.3 | Crystallization Stage 3
(370-435 minutes): Complete crystallization

While we note the Boson peak still has 6% of its initial area,
we speculate that the processes observed in the remaining
hour of our experiment will continue until completion; pro-
ducing a completely crystalline sample. Indeed, the post-run
sample measured at room temperature shows no evidence for
the Boson peak, although the Raman bands are quite broad
indicating that the crystals are small (Figure 2). In the final
stage, the 300 cm�1 peak shifts to slightly lower frequencies,
from 285 to 280 cm�1 (Figure 4) while the high-frequency
bands begin to noticeably decrease to the benefit of the
1060 cm�1 band (Q3 - Figure 7 and 8). During this stage, it
appears that the non-Q3 bands convert to crystalline Q3 spe-
cies, while the other weaker bands in the 550 doublet convert
to the 540 cm�1 vibrations (Figure 5). All of these observa-
tions point to the rapid conversion of the remaining SCL to
crystalline L-BS2 (orthorhombic sanbornite).

4 | CONCLUSIONS

The crystallization pathway of supercooled barium disilicate
liquid displays a three-stage process: In the first stage, the local
environment around the network modifier polyhedra shows a
clear structural reorganization, likely involving itinerant Ba2+,
and polymerization of the silicate network, while at the end of
this stage some Q4 species disappear. The second stage is
dominated by a modification of the bridging oxygen environ-
ment and associated development of sheets of Q3, as found in
the orthorhombic L-BS2. The final stage sees the rapid con-
sumption of the remaining supercooled liquid network to form
the crystalline phase. Our results provide no clarity on the role
of non-stoichiometric phases (e.g. Ba3Si5O13) in the crystal-
lization process and we are currently pursuing experiments to
clarify this debate. Our results show that the crystallization
pathway of barium disilicate involves a series of structural

rearrangements, which are pervasive throughout the entire sili-
cate network, on the tens of microns scale. The observation
that barium ions drive the initial stage of crystallization pro-
vides direct evidence that the short-range order around the net-
work modifier is one of the critical factors involved in
homogeneous crystallization.37 This study of the finest struc-
tural details of the crystallization pathway in a glass-forming
oxide contributes to a better understanding of this important
phenomenon. It would be insightful to carry out a similar
study with other oxide compositions that undergo internal
homogeneous nucleation, such as Li2O�SiO2, CaO�SiO2,
and Li2O�2B2O3 to generalize (or not) these findings.
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