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High refractive index La-rich lanthanum borate
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Atsunobu Masuno, *a,b,c Takashi Iwata,d Yutaka Yanaba,b Shunta Sasaki,a

Hiroyuki Inoueb and Yasuhiro Watanabeb

La2O3–B2O3 binary glasses were prepared by containerless processing using a levitation technique. The

bulk glass-forming region in a B-rich composition was extended compared to that using conventional

melt-quench techniques. Furthermore, additional glass formation was realized in an La-rich composition.

The glass transition temperature and crystallization temperature of La-rich glasses are much higher than

those of B-rich glasses. Both B- and La-rich glasses were colorless and transparent and had a high refrac-

tive index with low wavelength dispersion in the visible region. With the increase of the La2O3 content, the

optical absorption edge in the ultraviolet (UV) region shifts to a long wavelength. An additional infrared

(IR) transmittance window was observed in La-rich glasses, indicating that the La-rich borate glasses are

expected to be used in optical components in a wide wavelength region. Local structural analyses using
11B magic-angle spinning (MAS) nuclear magnetic resonance (NMR) and Raman scattering spectra

revealed that every B-atom in La-rich glasses formed a planar trigonal BO3 unit and these BO3 units were

entirely isolated. The evident difference from B-rich glasses where B-atoms formed a complex network

structure with BO3 and BO4 units caused the characteristic physical and optical properties of La-rich

glasses.

Introduction

Containerless processing is a way to keep a material in the air
by a levitation technique using some types of force to resist
gravity, such as electromagnetic force, electrostatic force, mag-
netic force, sound waves, and gas flow.1 By applying laser
heating, the material can be melted while being levitated.
Because no container, such as a crucible, is used to hold the
melt, containerless processing can suppress heterogeneous
nucleation that occurs at the boundary between the melt and
the container’s wall. Deep undercooling of the melt can thus
be promoted,2 which often leads to glass formation without
crystallization even if the material has a low glass-forming
ability. Accordingly, this process employing levitation has been
recognized as an approach not only to extend the glass-
forming region of conventional oxide glasses,3,4 but also to
develop new glass systems.5–10

Among new glasses obtained by containerless processing,
some binary oxide systems without any network former oxides
have characteristic optical properties. TiO2-,

11 Nb2O5-,
12 WO3-,

8

and Ga2O3-based
13 binary glasses are colorless and transparent

and have a high refractive index (nd) over 1.9 to 2.35 at
587.65 nm. It should be noted that these glasses show low
wavelength dispersion. Using high refractive index glass with
low wavelength dispersion as a lens, focal points for various
wavelengths get close in a wide wavelength region. Chromatic
aberration is thus suppressed. Therefore, a high refractive
index and low wavelength dispersion are the desired properties
in the field of optical glasses. In order to improve optical
properties regarding the refractive index, various third com-
ponents were added to TiO2-, Nb2O5-, and Ga2O3-based
glasses. Some glasses having a high refractive index with
low wavelength dispersion were successfully obtained.14–17

Although the third components were effective in reducing the
wavelength dispersion, the refractive index still decreased in
the cases of high refractive index TiO2-, Nb2O5-, and Ga2O3-
based glasses. Therefore, previous studies whose aim was to
develop high refractive index glasses with low wavelength dis-
persion were oriented toward decreasing the wavelength dis-
persion and keeping the refractive index high.

Besides the aim of obtaining high refractive index glasses
with low wavelength dispersion as mentioned above, there
must be an opposite approach to increase the refractive index
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of low wavelength dispersion glasses. It is well known that
commercial optical glasses with low wavelength dispersion
and a comparatively high refractive index (nd = 1.7–1.8) are
designed on the basis of rare-earth borate composition.18,19 It
was reported that La2O3–B2O3 binary glasses were formed in
the range 0–28 mol% La2O3 by the conventional melt-quench
technique. However, glasses with 2–22 mol% La2O3 were
milky and phase-separated owing to the immiscibility of the
liquids.20,21 Therefore, the content of La2O3 required to obtain
clear and homogeneous glasses is limited in the vicinity of
25 mol%.20–27 Nevertheless, if La2O3 content of the glasses
increases, the refractive index of the glasses with low wave-
length dispersion will increase because La2O3 is regarded as a
key component to increase the refractive index, besides TiO2

and Nb2O5. In this study, containerless processing was applied
to La2O3–B2O3 glasses in order to obtain high-La2O3-content
glasses. Glass formation in La2O3-rich compositions in La2O3–

B2O3 binary systems is reported. In addition, the thermal,
optical, and structural properties of the glasses were
investigated.

Experimental procedures

High-purity La2O3 and H3BO3 powders were mixed stoichio-
metrically in the composition of xLa2O3–(100 − x)B2O3. The
mixtures were pelletized and sintered at 600 °C for 12 h to
remove H2O. A piece of ∼20 mg was taken from the crushed
pellets as a target and placed on the nozzle of an aerodynamic
levitation furnace and levitated by O2 gas, with the flow rate
controlled by a mass-flow controller. A 100 W CO2 laser was
used to melt the levitated target. The temperature was moni-
tored using a pyrometer with a 100 Hz sampling rate. The melt
was maintained above its melting point for a few seconds in
order to achieve homogeneity. The laser power was set as low
as possible to avoid evaporation of the target. Then, the laser
was turned off, and the melt was cooled naturally down to
room temperature at the rate of several hundred kelvins per
second. The solidified samples were spherical, and their dia-
meters were approximately 2–3 mm.

Cu Kα X-ray diffraction (XRD) patterns were measured to
confirm glass formation. Inductively coupled plasma atomic
emission spectrometry (ICP-AES) analysis indicated the com-
position deviation of some glasses from the target material
was less than approximately 3 mol%. A differential thermal
analysis (DTA) at a heating rate of 10 °C min−1 was performed
to determine the glass transition temperature (Tg) and the crys-
tallization on-set temperature (Tx) (SII, TG/DTA6300). All the
glasses were annealed slightly above Tg for 10 min to remove
internal strain before physical property measurements. The
densities of glasses were measured on a gas pycnometer
(AccuPycII 1340; Micromeritics). For the transmittance
measurement, both sides of the glass samples were optically
polished to a thickness of ∼500 μm. The transmittance spectra
were measured using an ultraviolet–visible (UV-Vis) spectro-
meter (UV3100PC; Shimadzu) in the range of 250–2000 nm
and using a Fourier transform infrared spectrometer (FTIR
8200; Shimadzu) in the range of 2000–10 000 nm. In order to

measure the refractive index, a spectroscopic ellipsometer
(M-2000F; J.A. Woollam) was used in the range of
250–1000 nm. The incident light was at an angle of 75° to the
glass surface.

Unpolarized Raman scattering spectra were obtained in a
180° scattering geometry on a T-64000 Jobin–Yvon spectro-
meter equipped with a liquid-nitrogen-cooled CCD detector.
The incident source was an Ar+ ion laser of 514.5 nm operating
at 250 mW. 11B nuclear magnetic resonance (NMR) spec-
troscopy measurements were performed on a JEOL JNM-ECA
500 spectrometer at 11.74 T (1H-500 MHz) equipped with a
magic-angle spinning (MAS) probe head (spinning rate:
15 kHz, zirconia rotor of a 4 mm diameter). The NMR spectra
were recorded using μ/6 pulses (1.0 μs) and a relaxation delay
of 30 s and 64 accumulated signal transients. 11B chemical
shifts are expressed in parts per million (ppm) relative to 1 M
boric acid at 19.5 ppm. The decomposition of the NMR
spectra was performed using the “dmfit” program.28 All of the
measurements except for the DTA were performed at room
temperature.

Results and discussion
Glass-forming region

Fig. 1 is a phase diagram of the La2O3–B2O3 binary system21

together with glass-forming regions. The glass-forming region
was reported to be limited in a very narrow region in B-rich
compositions around 22 ≤ x ≤ 28 in bulk form by the conven-
tional melt-quench method and up to x = 30 in flake form by
the twin roller rapid quench technique.20,26 The bulk glass-
forming region was expanded to x = 35 using the levitation

Fig. 1 Glass-forming regions on the phase diagram of the La2O3–B2O3

binary system.21 The open and cross symbols represent glass formation
and crystallization, respectively. The inset is a picture of the glasses
obtained.
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technique. Furthermore, glass formations were found in not
only the B-rich composition range, but also the La-rich compo-
sition range. The newly discovered La-rich glass-forming
region was 50 ≤ x ≤ 63. The edges of the glass-forming region
correspond to the crystalline phase LaBO3 (x = 50), and the
eutectic point was at x = 63. No glass formation was observed
in other compositions. The liquid state of this region is thus
peculiarly easy to amorphasize differently from others. The
occurrence of two separate glass-forming regions is of particu-
lar note, because there are very few reports on more than one
glass-forming region in binary oxide systems such as the
Na2O–B2O3 system and the La2O3–Nb2O5 system.29,30 As
reported in La2O3–Nb2O5 glasses, the structures of B- and La-
rich glasses might have different connectivity. In both regions
of B- and La-rich compositions, colorless and transparent
sphere glasses were obtained as shown in the inset.

Physical properties

The composition dependences of the glass transition tempera-
ture (Tg) and the crystallization on-set temperature (Tx) of
xLa2O3–(100 − x)B2O3 glasses are shown in Fig. 2(a). Both Tg
and Tx decreased by increasing the La2O3 content in B- and
La-rich glasses. However, it is clearly seen that both Tg and Tx
of La-rich glasses are much higher than those of B-rich
glasses. The obvious difference in the temperature region
between B- and La-rich glasses suggests a difference in the
glassy state itself, which might be one of evidences of the con-

nectivity change from B-rich glasses to La-rich glasses. The
temperature difference between Tg and Tx (ΔT = Tx − Tg) is a
measure of glass stability against crystallization. ΔT was
decreased by increasing the La2O3 content, as shown in
Fig. 2(b). However, although ΔT of La-rich glasses was small,
its glass formation is easy comparable to B-rich glasses. The
melting point of the glasses has not been determined in this
study because of the measurement limit for especially La-rich
glasses. Nevertheless, the observation at the levitation experi-
ments indicated the melting point of the glasses seemed to be
close to the liquidus temperature shown on the phase diagram
of La2O3–B2O3 binary system.

Fig. 3 shows the density of xLa2O3–(100 − x)B2O3 glasses
together with the values from references.20 There is no reliable
data in the vicinity of x = 10 because the region corresponds to
the phase separation region. Nevertheless, the density in the
B-rich region increased linearly. It is clearly seen that the
density increased monotonically with x. However, the increase
in the slope became more gentle in the La-rich region.

Fig. 4 shows the transmittance spectra of xLa2O3–(100 − x)
B2O3 glasses in the UV-Vis region. The absorption edge of the
x = 25 glass was approximately 200 nm. The absorption edge
shifted toward long wavelengths by increasing the La2O3

content. At the highest La2O3 composition of x = 63, the
absorption edge was still below 250 nm, indicating that the
glasses are good transparent media in the UV-Vis region. The
optical band gap energy (Eg) was estimated from the wave-
length of the absorption edge.11 Eg was decreased monotoni-
cally from 6.2 to 5.1 eV by increasing the La2O3 content, as
shown in the inset. The valence band is originated from O 2p
band, while the conduction band is from cation band.

Fig. 2 (a) Glass transition temperature (Tg) (red circles) and crystalliza-
tion on-set temperature (Tx) (black triangles). (b) ΔT = Tx − Tg of
xLa2O3–(100 − x)B2O3 glasses.

Fig. 3 Densities of xLa2O3–(100 − x)B2O3 glasses. The closed circles
represent the data obtained in this study. The open symbols represent
data from a reference.20
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Decreasing Eg by adding La2O3 to the system means that the
conduction band originated from La3+ developed to the lower
energy side compared to that of B3+. Accordingly, the band gap
was dominated by the density of state of La and O. Below
300 nm, there were some small absorption bands that were
likely to be assigned to the absorption by O–H bonds in the
glasses. These bands can be eliminated by careful optimiz-
ation of the melting process and the removal of the water
content in raw materials.

The infrared (IR) transmittance spectra of xLa2O3–(100 − x)
B2O3 glasses are shown in Fig. 5. It is clearly seen that the

main absorption edge was approximately 2700 cm−1 (3.7 μm)
of the x = 25 glass, and there were small transmittance
windows at 2500 cm−1 (4.0 μm) and 2000 cm−1 (5.0 μm). At x =
30, the main absorption edge shifted toward the long wave-
length side. Furthermore, the peaks of the two small transmit-
tance windows also shifted toward the long wavelength side at
2435 cm−1 (4.1 μm) and 1910 cm−1 (5.2 μm), and the transmit-
tance increased. In the La-rich region, two transmittance
windows at approximately 2300 cm−1 (4.3 μm) and 1800 cm−1

(5.6 μm) were clearly observed. The peak of the 2300 cm−1

band shifted toward the long wavelength side by increasing x,
whereas the peaks of the 1800 cm−1 band did not shift. It is
unclear whether the two obvious transmittance windows in La-
rich glasses correspond to those in B-rich glasses. Due to the
fact that these two transmittance windows had large transmit-
tance, the main absorption edge of La-rich glasses was taken
as 1500 cm−1 (6.7 μm), which is much longer than that of
B-rich glasses. It has been considered that borate glasses are
not transparent in the near-IR (NIR) region. However, it was
found that La-rich La2O3–B2O3 glasses had extra optical
windows suitable for optical applications in the visible-to-NIR
region.

Fig. 6 shows the refractive index dispersions of xLa2O3–

(100 − x)B2O3 glasses. It is clearly seen that the refractive index
was increased by increasing the La content. The inset shows
that the refractive index (nd) at 587.56 nm increased linearly
with x. A high refractive index, over 1.9, was achieved in La-
rich glasses. Furthermore, it seems that the wavelength dis-
persion of La-rich glasses was small enough. Unfortunately, it
is difficult to calculate the Abbe number of these glasses accu-
rately, because the accuracy of the data obtained by the ellips-
ometer was not so high when the refractive index was less than
2.0. Nevertheless, the original goal, to increase the refractive

Fig. 4 Transmittance spectra in the UV-Vis region of xLa2O3–(100 − x)
B2O3 glasses. The inset shows the composition dependence of the
optical bandgap (Eg).

Fig. 5 IR transmittance spectra of xLa2O3–(100 − x)B2O3 glasses.

Fig. 6 Refractive index dispersions of xLa2O3–(100 − x)B2O3 binary
glasses. The inset shows the composition dependence of the refractive
index at 571 nm (nd).
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index of low-wavelength-dispersion La2O3–B2O3 glasses by
increasing the La2O3 content, was achieved.

Local structure around B

It is well known that the local structure around B-atoms in
borate glasses undergoes complex changes of structural
groups with the increase in modifier oxides.31 In B2O3 glass, B-
and O-atoms form boroxol ring networks where B-atoms are
coordinated by three oxygen atoms. BO4 units are formed via
the addition of modifier oxides to B2O3 glasses. The fraction of
BO4 units to all BOn units (n = 3 or 4) is called the N4 value.
This value increases when the content of the modifier oxides
increases, before it reaches the maximum value at a certain
amount of modifier oxides.32 A further increase in the modi-
fier oxides decreases the N4 value. Generally, the results of
NMR, Raman scattering, and IR spectra can be used to esti-
mate N4 values.

31–36

Under a simple presumption that oxygen atoms introduced
by modifier oxides are used to form BO4 units without produ-
cing any nonbridging oxygen, N4 can be easily estimated from
chemical compositions. In the case of alkali borate glasses,
xAA2O–(100 − xA)B2O3, and alkali-earth borate glasses, xMMO–
(100 − xM)B2O3, N4 is calculated to be X/(100 − X) (X = xA, xM).
Experimentally obtained N4 values agree rather well with the
estimated data in the range X < 30, and they reach the
maximum at approximately X ∼ 40. This means that, at low
concentrations of modifier oxides, X < 30, no nonbridging
oxygen is formed in binary borate glasses as the simple pre-
sumption suggests. By further increasing X, networks of BO3

and BO4 units are broken and the number of structural units
with nonbridging oxygen increases. There are few examples on
local structure analyses around B-atoms at much larger X due
to the low glass-forming ability over X ∼ 40, although it was
reported that N4 certainly decreased with X and became almost
zero at X = 70 in the case of alkali borate glasses.31 This means
that glass formation in borate systems requires network struc-
tures composed of BO3 or BO4 units.

In order to consider structural changes depending on the
amount of modifier oxides in rare-earth borate glasses, xR2O3–

(100 − x)B2O3, and to compare alkali borate and alkali-earth
borate glasses, the chemical composition should be modified
to xRR2/3O–(100 − xR)B2O3. The value of xR corresponds to xA
and xM, and N4 is calculated to be X/(100 − X) (X = xR). Here,
there is a relationship between x and xR, as shown below.

xR ¼ 300x
100þ 2x

Accordingly, in the case of xLa2O3–(100 − x)B2O3 system,
glass-forming regions (20 ≤ x ≤ 35 and 50 ≤ x ≤ 63) were trans-
lated to be 42.9 ≤ xR ≤ 61.8 and 75 ≤ xR ≤ 83.6, respectively.
Since the xR value corresponding to even the smallest x of 20
was already as large as 42.9, N4 should decrease by increasing
xR and reach zero, referring to the cases of alkali borate and
alkali-earth borate glasses. B-rich glasses might still have BO4

units. However, xR in La-rich glasses is much larger than 70,
indicating that La-rich glasses may not have any BO4 units.

Fig. 7(a) shows the results of 11B MAS NMR of xLa2O3–

(100 − x)B2O3 glasses. The 11B-atom has I = 3/2 nuclear spin.
In addition, the NMR spectrum is affected by a second-order
quadrupole interaction that depends on three parameters: iso-
tropic chemical shift (δiso), quadrupole coupling constant (CQ),
and quadrupole asymmetry parameter (η). δiso reflects the
degree of connectivity of BOn units. CQ is a function of electric
field gradient at the nucleus eq and nuclear quadrupole
moment eQ, which can be accordingly defined as CQ = e2qQ/h.
CQ is a measure of symmetry for a coordination shell around a

Fig. 7 (a) 11B NMR spectra of xLa2O3–(100 − x)B2O3 binary glasses. (b)
Composition dependence of N4 values. The dashed line is a guideline.
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nucleus. η describes the deviation of the electric field gradient
from the axial symmetry.37 The 11B MAS NMR spectral
decomposition for binary borate glasses is usually performed
using one Gaussian/Lorentzian line for the BO4 site and two
quadrupolar lines including a Gaussian distribution on the
chemical shift for BO3 units.38 The parameters δiso, CQ, and η

deduced from the fitting are shown in Table 1.
The sharp peak at approximately 0 ppm of δiso, which

corresponds to BO4 units, was clearly seen only in B-rich
glasses. The relative peak intensity was decreased by increas-
ing the La2O3 content, and it became zero in La-rich glasses.
The fractions of BO3 and BO4 units were estimated using the
integral of fitted curves and were used to calculate the N4

value, as shown in Table 1. Fig. 7(b) shows the composition
dependence of N4 values, which agrees well with those of
alkali borate and alkali-earth borate glasses considering the xR
value. Accordingly, the formation of BO4 and BO3 with non-
bridging oxygen by the addition of modifier oxides can be dis-
cussed quantitatively and universally for alkali, alkali-earth,
and rare-earth borate glasses.

Here, the details regarding the parameters for BO4 and BO3

peaks of the binary La2O3–B2O3 glasses were investigated. In
the case of B-rich glasses, the observed shift of δiso for the BO4

peak might be caused by the effect of BO3 peaks, which even
shifted to larger values from 0.5 to 0.83 by increasing the
La2O3 content. The BO4 sites had negligible second-order
quadrupolar broadening with CQ and η, indicating a high sym-
metrical environment around B-atoms.

The peak due to BO3 units changed its shape and shifted to
a large chemical shift in B-rich glasses, whereas the spectra of
La-rich glasses were almost identical to each other in shape
and position. The spectral change indicates the local structure
change of BO3 units. In order to discuss the local structure of

the BO3 unit using NMR parameters, the work reported by
Kroeker and Stebbins is highly helpful.39 They precisely exam-
ined the correlations between short-range structures around
the BO3 unit in various kinds of crystalline borate compounds
and their chemical shift δiso. The values of δiso were clearly
categorized by the bonding characteristics of trigonal BO3

units, T0, T1, T2-ring, T2, T3-ring, and T3, where T and the
superscripts mean the capital of trigonal and number of brid-
ging oxygen atoms, respectively. It is indicated that δiso of BO3

units in the range of around 10–25 ppm moved to the down-
field region as the number of bridging oxygen atoms
decreased, as in the inequality δiso(T

0) ≥ δiso(T
1) > δiso(T

2-ring)
> δiso(T

2) ≥ δiso(T
3-ring) > δiso(T

3). Kashiwakura et al. developed
a two-dimensional map with δiso and η for a variety of T
species.40 The η values of BO3 peaks were significantly small
(<0.1) when the number of bridging oxygen atoms was zero or
three, owing to the symmetrical electric field gradient around
B-atoms. On the other hand, the η values of T1 and T2 became
higher (≥0.4) because of the asymmetrical coordination of the
boron nucleus.

These previous NMR data were acquired with an external
magnetic field strength of 14.1 T, which is different from our
experimental conditions. There may be a little concern about
comparing our data with those ones. However, it was con-
firmed the differences in NMR parameters between 11.7 and
18.8 T are small enough.41 Therefore, the classification men-
tioned above is available for this study. For the spectra of x =
20, 25, and 30 glasses, there were two BO3 NMR signals
referred to as BO3 I and BO3 II. δiso of BO3 II is larger than that
of BO3 I. Two δiso’s shifted to high values by increasing the
La2O3 content. η of BO3 I was as large as 0.4–0.5, whereas that
of BO3 II was significantly small. BO3 I was in the range
between T1 and T2. By increasing the La2O3 content, BO3 I
shifted from the T2 to the T1 region.

For La-rich glasses, one BO3 site is enough to fit the
spectra. The large chemical shift of approximately 20 ppm and
the small η correspond to T0 values and are also almost the
same values of orthoborate LaBO3. Therefore, in La-rich
glasses, there was no BO4 as expected from the simple esti-
mation using chemical composition. In addition, there was no
bridged BO3, but isolated BO3.

The Raman scattering spectra of xLa2O3–(100 − x)B2O3

glasses, as shown in Fig. 8, strongly support the composition
dependence of the local structure around B and the existence
of isolated BO3 units as shown from the NMR results. In the
B-rich region, the peak intensity of the spectra changed
depending on the composition, whereas the shift was small.
The band assignment for the spectra of B-rich glasses was
carried out by referring alkali and alkali-earth borate binary
glasses.42,43 The bands of 659, 839, and 929 cm−1 correspond
to the B–O–B stretching vibration of BO3 units in depolymer-
ized groups with only BO3 triangles such as metaborate rings,
pyroborate groups, and orthoborate groups, respectively. The
band of 768 cm−1 is assigned to the vibration of the ladder-
type ring unit (2BO3 + 2BO4 units) existing in the LaB3O6 crys-
talline structure. The band of 240 cm−1 is due to La–O bonds.

Table 1 11B NMR parameters, chemical shift (δiso), quadrupolar con-
stant (CQ), and asymmetry parameter (η), extracted from spectral
decompositions using the Gaussian/Lorentzian and Q MAS 1/2 models
for the B4 and B3 signals, respectively

Sites δiso (ppm) CQ (MHz) η Fraction (%) N4

x = 20 0.44
BO4 0.52 — — 44
BO3 I 16.5 2.34 0.45 13
BO3 II 18.4 2.70 0.08 43
x = 25 0.41
BO4 0.73 — — 42
BO3 I 17.4 2.34 0.4 21
BO3 II 19.3 2.79 0.08 37
x = 30 0.34
BO4 0.83 — — 34
BO3 I 18.0 2.53 0.5 29
BO3 II 19.7 2.70 0.08 38
x = 50 0
BO4 — — — 0
BO3 I — — — 0
BO3 II 21.3 2.67 0.08 100
x = 60 0
BO4 — — — 0
BO3 I — — — 0
BO3 II 21.3 2.67 0.08 100

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2019 Dalton Trans., 2019, 48, 10804–10811 | 10809

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 9

:2
2:

49
 A

M
. 

View Article Online

https://doi.org/10.1039/c9dt01715a


At x = 30, the band from orthoborate shifted to a low wave-
number side of 920 cm−1, and the intensity was increased
drastically. The band from pyroborate also shifted to a low
wavenumber side and the intensity was slightly increased.
These results agree with the composition dependence of N4

values and NMR results, indicating the progress of fragmenta-
tion of the BO3 network by increasing the La2O3 content.

By further increasing the La content, the spectra were
almost identical to each other in La-rich glasses. In La-rich
glasses, no peak shift and no intensity change were found.
This means no change in the environment around B. There
are intense bands at 602, 743, 917, 1190, and 1490 cm−1,
which correspond to the reported values for crystalline LaBO3

of 585, 596, 621, 932, 1228, 1249, and 1369 cm−1.44 This result
indicates that the local structure around B-atoms of La-rich
glasses resembled that of crystalline LaBO3. There is one B-site
in crystalline LaBO3. A B-atom is coordinated to three oxygen
atoms, and the BO3 units are isolated. The trigonal planar BO3

units form an infinite net that lies perpendicular to the c-axis,
with La3+ ions residing between the layers. Each La3+ is co-
ordinated to nine oxygen atoms from six different borates.

From the results of NMR and Raman scattering spectra, it
is concluded that La-rich glasses had only isolated BO3 units,
meaning a simple environment around B-atoms. The effect of
the disappearance of a variety of BOn units on the physical pro-
perties was seen in the IR spectra in Fig. 5. In the IR transmit-
tance spectra at the B-rich composition, the absorption edge
was approximately 2700 cm−1. IR light below the energy was
absorbed by multiple vibrations of various types of BOn units.

On the other hand, the absorption edge was 1500 cm−1 in the
La-rich composition, even though there were some absorption
peaks between 2700 and 1500 cm−1. The IR transmittance
spectra of La-rich glasses are similar to those of crystalline
LaBO3.

45 The remnant absorption, thus, was caused by B–O
vibration only in isolated BO3 triangles. Therefore, the small
value of the absorption edge of La-rich glasses was due to the
absence of a variety of BOn units, which caused large absorp-
tion in a wide region. Although binary borate glass systems are
conventional in glass science, the simplification of the local
structure around B-atoms caused the wide transmittance in
the IR region. The La-rich glasses are suitable materials from
UV to NIR regions with a high refractive index and low wave-
length dispersion. Very recently, Tb-rich borate glasses with a
large Faraday effect have been developed by a levitation tech-
nique.46 These results indicate that there is still a possibility of
adding further functionalities to conventional glass systems by
extending glass-forming regions and tuning local structures.

Conclusion

xLa2O3–(100 − x)B2O3 glasses were fabricated via containerless
processing using an aerodynamic levitation technique. In
addition to the expansion of the glass-forming region in the
B-rich composition, a new glass-forming region was discovered
in La-rich regions. All of these glasses were colorless and trans-
parent in the visible region. The absorption edge shifted to a
long wavelength by increasing the La content. The refractive
index increased monotonically by increasing the La content,
and these glasses showed very low wavelength dispersion. The
local structure around B-atoms was investigated. In La-rich
glasses, completely isolated B-atoms were found. The few
kinds of BOn units decreased the multiphonon process and
then new transmittance windows were obtained in the NIR
region.
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