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ABSTRACT

Homogeneous glass formation in binary rare-earth silicate systems has thus far been precluded due to the presence of
extensive liquid-liquid immiscibility and a strong tendency of these liquids toward crystallization. In this study, we demonstrate
homogeneous glass formation in the Sc,0;-SiO, binary system within a narrow compositional window (37-39 mol% Sc,0;) near a
deep eutectic between the compounds Sc,Si,0; and Sc,SiOs, using containerless laser melting under aerodynamic levitation. The
atomic structure of these unusual glasses is investigated using multinuclear (¥Si, *Sc, 7 0) solid-state nuclear magnetic resonance
(NMR) and Raman spectroscopy. The spectroscopic results, when taken together, provide a comprehensive picture of the structure
of these glasses characterized by pyrosilicate [Si,0,]°~ anionic units interconnected by Sc cations in ScO,, coordination polyhedra,
via Si-O-Sc linkages. A significant fraction (~6%) of the oxygen atoms in the structure is present as free oxide (FO) ions in Sc-O-
Sc linkages, providing connectivity between the ScO, polyhedra. The formation of the FO species via oxygen disproportionation
reaction is promoted by the uniquely high field strength of the Sc** ions, and the resulting structural frustration is hypothesized
to suppress crystallization of the stable pyrosilicate phase in these liquids, enabling glass formation in an otherwise non-glass-
forming binary system. These findings highlight the critical role of rare-earth cation field strength in controlling oxygen speciation,
structure, and glass-forming ability in this binary silicate system.

1 | Introduction

Rare-earth (RE = lanthanides, Y and Sc) ions constitute an
important class of additive that have been used either as dopants
or as major components in oxide network glasses for imparting
relatively unique physical properties that are relevant to tech-
nological applications ranging from photonics to encapsulation
of radioactive waste. Specifically, the incorporation of RE ions
results in significant enhancement in optical (refractive index,
tunable colors/luminescence, lasing), thermal (high glass tran-
sition temperature T, and low thermal expansion coefficient),
chemical (corrosion resistance), and mechanical (high micro-
hardness) properties [1-10]. A number of these properties show
systematic and monotonic change with the mass and the field
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strength of the RE cations [3], where the latter is a function
of the charge Z and the radius r of the cation and is given by
Z/r’. In comparison with the typical network-modifier cations
such as the alkalis and most of the alkaline earths (excluding
Mg?** in fourfold coordination), the RE cations with Z = 3 are
characterized by significantly higher field strength (HFS) with the
smallest RE Sc** having the highest field strength. HFS cations
are also known to promote disproportionation of Si Q" species
in the glass structure driving Reaction (2) Q" — Q"' + Q"
where n denotes the number of bridging oxygen (BO) atoms on
an SiO, tetrahedron [11]. Moreover, these cations also promote
the formation of fivefold and sixfold coordinated Al species in
aluminosilicate glasses [12]. Such behavior of HFS cations stems
from their strong affinity for bonding to negatively charged
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oxygen atoms in the structure that is, of course, maximized in the
case of network formers such Si** or P°*, characterized by some
of the highest field strengths.

Finally, besides Q-species disproportionation, the HFS cations are
also expected to favor the oxygen disproportionation reaction:
2NBO — free oxide (FO) + BO, where NBO denotes a non-BO
atom that is linked to one network-forming cation and several
network-modifier cations, whereas FO corresponds to the FO
ion, that is, an oxygen that is not linked to any network-forming
cation in the structure [13]. These speciation equilibria strongly
influence the structure of the glass-forming liquid, thermody-
namics, and properties such as viscosity and fragility. In highly
modified systems, FO becomes unavoidable once the oxygen-
to-network-former atomic ratio exceeds the value N required
to satisfy the formation of isolated cation-oxygen polyhedra
(e.g., N > 3 for BO; triangles or N > 4 SiO, tetrahedra, in
borates and silicates, respectively), although small amounts of
FO may appear even slightly below these thresholds due to
entropic stabilization [13]. Direct observation of FO formation
has indeed been made only in highly modified RE-borate and
Pb-silicate glasses as well as in Ca-Mg silicate glasses near the
orthosilicate composition using 7O nuclear magnetic resonance
(NMR) spectroscopy [13-15]. Moreover, small amount of FO
formation in RE-aluminosilicate glasses has been claimed to be
necessary to explain certain non-monotonic variations in physical
properties and would be consistent with the molecular dynamics
simulation results, although no direct spectroscopic observation
of such oxygen species has been reported in the literature [3].

Oxygen speciation in highly modified oxide glasses remains a
poorly explored area because of synthesis challenges. Recent con-
tainerless processing has enabled glass formation in RE-borate
systems with exceptionally high modifier contents, providing an
opportunity to directly probe oxygen and boron speciation [8-10,
13]. However, to the best of our knowledge, no glass formation
has been reported in simple binary RE-silicate (RE,05-SiO,)
systems to date. These binary systems are characterized by a
large immiscibility dome that spans the region between 100
mol% SiO, and ~70 to 80 mol% SiO,, rendering homogeneous
glass formation practically impossible [16-19]. The adverse effect
of this immiscibility is well known in the RE doping of silica
glass for applications in fiber amplifier technology for all-optical
telecommunications networks. Doping at the level of even a
few hundred to a few thousand parts per million of RE-oxide
into silica results in clustering of rare-earth ions and consequent
fluorescence quenching, which is severely detrimental to the
optical amplification efficiency [20, 21].

Further lowering of SiO, content to below 80 mol% results
in the appearance of two eutectics in the RE,0;-SiO, phase
diagram that are located near ~70 and ~40 mol% SiO, [16-19].
The former composition close to the stoichiometry of RE,Si,0,
corresponds to the lowest melting point in the system. In the
present study, we have explored glass formation in the Sc,0;-SiO,
binary system using containerless processing by laser melting
under aerodynamic levitation, thus minimizing the possibility
of heterogeneous nucleation-induced crystallization of the melt
on cooling. We report the formation of optically homogeneous
glasses in this system in a rather narrow composition range
between ~37 and 39 mol% Sc,0;, close to, but not coincident
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FIGURE 1 | Sc,05-SiO, binary phase diagram [19] annotated with
glass-forming ability of the investigated compositions. Filled circles
indicate nominal, that is, batched compositions that undergo partial
to complete crystallization upon quenching, whereas open triangles
correspond to those that form homogeneous glass. Note that analyzed
compositions of these homogeneous glasses show loss of ~3 mol% Sc,05
during melting.

with, one of the deep eutectics in the phase diagram near the
composition with ~43 mol% Sc,0;, located between the com-
pounds Sc,SiO; and Sc,Si, 05, the latter of which is incidentally
also found in nature as the mineral thortveitite. We present the
results of a comprehensive structural study of these glasses using
multinuclear (?Si, *Sc, and 0O) NMR spectroscopy and explore
the unique structural role of the highest field strength RE cation
Sc3* in the glass structure.

2 | Experimental Details
2.1 | Glass Synthesis

(Sc,05),(Si0,),_, glass beads within the compositional window
0.05 < x < 0.55 were fabricated in 5 mol% increments to
determine the glass-forming region in the Sc,05-SiO, binary
system. Stoichiometric amounts of the constituent oxides (99.99%
Sc,05, MSE Supplies and 99.998% SiO,, Thermo Scientific) were
thoroughly mixed and ground in a mortar and pestle to produce
homogeneous powder batches. Each batch was loaded into a
copper hearth containing spherical wells and melted using a
400 W CO, laser (10.6 um; Synrad PSi401SB; Mukilteo, WA)
forming spherical crystalline beads approximately 2 mm in diam-
eter. Following laser consolidation, the spheres were levitated
in an oxygen atmosphere, laser heated to ~2100°C, allowed to
equilibrate, and subsequently quenched by powering off the laser.

The crystallinity of the resulting beads was assessed with powder
x-ray diffraction to identify the glass-forming region of the binary
system. From these experiments, nominally batched composi-
tions with x = 0.40-0.42 were able to form glass, as illustrated
in Figure 1. The final compositions of the glass beads after laser
processing were determined using x-ray fluorescence (XRF) spec-
troscopy (Rigaku Supermini200). Elemental analysis revealed
that the true glass-forming region corresponds to 0.37 < x < 0.39,
which is located close to the stoichiometry of Sc,Si,0; (x = 0.33)
and to the location of the deep eutectic between this composition
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and Sc,SiOs in the phase diagram near x ~ 0.43 (Figure 1). The
atomic structure and thermophysical properties of two glasses
with x = 0.37 and 0.39 are investigated in this study, and these
two compositions are denoted as Sc-37 and Sc-39, respectively, in
the subsequent discussion.

After establishing the glass-forming region, an Sc-37 glass sample
enriched in O isotope was synthesized for O NMR spec-
troscopic measurements. This glass was synthesized using the
standard Sc,0; powder and a 1:1 by weight mixture of natural-
abundance SiO, and that isotopically enriched with 0. The
isotopically enriched SiO, was prepared by hydrolyzing SiCl, with
60% enriched H,"0 following standard procedure reported in
previous studies in the literature [22].

2.2 | Physical Properties

The glass transition and crystallization behavior of the Sc-37 and
Sc-39 glasses were probed using a differential scanning calorime-
ter (NETZSCH STA 449F5). For each composition, one or two
glass spheres (10-15 mg) were placed in an alumina crucible. The
samples were heated at 10 K/min under a nitrogen atmosphere,
and data were collected during this upscan. Although both Sc-
37 and Sc-39 glasses showed a relatively sharp crystallization
exotherm centered at 986°C, no clear endothermic signal corre-
sponding to glass transition was observed. This apparent absence
of a clear glass transition is not unusual for glasses whose parent
melts are highly fragile and unstable against crystallization on
supercooling; the orthosilicate Mg,SiO, glass with its notoriously
poor glass-forming ability is a case in point [23]. Such glasses
typically undergo rapid nucleation and crystallization as the
glass transition temperature T, is reached on heating, and the
relaxation time of the resulting supercooled liquid drastically
decreases rendering the constituent atoms highly mobile at the
experimental timescale. In these cases, T, is often approximated
to be the same as the temperature of the onset of crystallization
[23]. In fact, a closer inspection of the DSC scans of the Sc-silicate
glasses in Figure 2 indeed appears to show the hint of an onset of
the glass transition endotherm near 950°C. The density of these
glasses was measured using He-gas displacement pycnometry
and was found to be 3.371 + 0.004 and 3.420 + 0.002 g/cm?,
respectively, for Sc-37 and Sc-39 glasses. The corresponding
molar volumes calculated using an oxide basis are ~26.37 and
~26.44 cm?, respectively. The density and molar volume values
are comparable to those reported for Sc-aluminosilicate glasses
by Pahari et al. in a previous study. It may be noted here for
comparison that crystalline Sc,Si,0; with 33.33% Sc,0; has a
density of 3.374 g/cm?.

2.3 | NMR Spectroscopy

The #Si and *Sc magic-angle-spinning (MAS) NMR experiments
were carried out using a Bruker Avance spectrometer equipped
with a 11.7-T wide-bore magnet operating at the ?°Si (**Sc) Larmor
frequency of 99.3 (121.5) MHz The ?°Si (**Sc) MAS NMR spectra
were acquired using a Bruker 4 mm (2.5 mm) MAS probe. The
as-made spherical glass beads were crushed and taken into ZrO,
rotors and spun at 12 kHz (32 kHz) for collection of #Si (*Sc)
NMR data. For Si MAS NMR, approximately 2000 free induction
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FIGURE 2 | DSC scans of Sc-37 (top) and Sc-39 (bottom) glasses.
Sharp peak at 986°C corresponds to crystallization exotherm. Inset shows
expanded view of top scan with an approximate baseline marked by the
dashed line and a vertical arrow marking possible onset near 950°C of an
endotherm corresponding to glass transition (see text for details).

decays (FIDs) were collected using a 60° pulse (1.7 ps) and
60 s recycle delay, averaged, and Fourier-transformed to obtain
each spectrum. All ®Si spectra were externally referenced to
tetramethylsilane. The “Sc MAS NMR spectrum was collected
using a solids 30° pulse (0.07 ps) and 0.2 s recycle delay. A total
of 8600 FIDs were averaged and Fourier-transformed to obtain
the spectrum. The *Sc NMR spectra were externally referenced
to crystalline LiScO, (*Sc chemical shift = 148 ppm [24]).

The 70O MAS and triple-quantum (3Q) MAS NMR spectra, and
4Sc QMATPASS/QCPMG NMR spectrum of the isotopically
enriched Sc-37 glass were collected at the National High Magnetic
Field Laboratory (NHMFL, Tallahassee, Florida) using a Bruker
Avance NEO console operating at a magnetic field B, =20 T (i.e.,
Larmor frequencies of 115.3 and 206.6 MHz for 70 and **Sc) and
a Low-E 3.2 mm HX MAS probe designed and constructed at
the NHMFL. The glass sample was crushed and packed into a
3.2 mm ZrO, rotor and spun at 16 kHz. The 7O MAS spectrum was
acquired with a central-transition selective 30° flip-angle pulse of
1usatan rffield amplitude of 27.8 kHz, a 1 s recycle delay, and 8192
averaged transients. In addition, a WURST (Wideband-Uniform
Rate-Smooth Truncation) pulse with 288 kHz offset and 15.4 kHz
rf field was applied to the satellite transitions for enhancement of
the central transition polarization [25, 26]. A shifted-echo SPAM
MQMAS pulse sequence was used to acquire the 2D 70O 3QMAS
spectrum [27, 28]. Pulses of 3 and 1 ps were used for excitation and
conversion of 3Q coherence with an rf amplitude of ~110 kHz,
and selective /2 and 7 pulses of 5 and 10 us with rf field of
16.7 kHz. The indirect spectral window was rotor-synchronized
by incrementing the ¢, delay by the rotor period, 62.5 ps. The 2D
experiment employed a 2 s recycle delay, 1440 averaged transients
per t; increment, 20 ¢, complex points acquired in the indirect
dimension, and a total experiment time of 16 h.
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FIGURE 3 | 70 MAS NMR spectrum of Sc-37 glass (top, black line)
and of empty rotor background (bottom, red line) collected at 20.0 T.
Structural assignments of constituent resonances to different oxygen sites
in the glass spectrum are denoted with arrows. Asterisks denote spinning
sidebands.

The “Sc “infinite MAS” NMR spectrum was obtained using
the method previously outlined by sum projection of a sheared
2D MAT/CPMG spectrum [25] but using the nine z-pulse [29],
instead of the five 7r-pulse MAT pulse sequence. Acquisition of the
2D #*Sc QMAT/QCPMG spectrum consisted of 16 hypercomplex
t, increments, each with 100 transients, 0.2 s recycle delay, and a
total experimental time of ~12 min. A total of 65 CPMG echoes
were co-added for S/N improvement before the processing of 2D
spectrum. The 70 and “Sc spectra were externally referenced by
recording the 70 signal of natural abundance H,O, setting it to
2.8 ppm with respect to the D,0 7O frequency at 0 ppm, and
then using the appropriate frequency ratio reported in the ITUPAC
recommendations [30].

2.4 | Raman Spectroscopy

The Raman spectra of both glasses were collected in backscat-
tered geometry using a Renishaw 1000 Raman microscope
spectrometer equipped with a diode laser (Spectron Development
Laboratories: SDL-8530) operating at a wavelength of 785 nm. The
laser power was set to allow 10% transmission through the sample.
The backscattered light was detected using a charge-coupled
device cooled at 200 K.

3 | Results and Discussion

The VO central transition MAS NMR spectrum of the Sc-37
glass consists of three well-resolved resonances of approximately
Gaussian shape centered at ~56, 164.5, and 375 ppm (Figure 3).
The resonance at 56 ppm can be readily assigned to the Si-O-
Si (i.e., BO) environment, whereas the strongest resonance at
164.5 ppm is consistent with the NBO environment in Si-O-Sc
[31]. These two resonances are also apparent in the 7O 3QMAS
NMR spectrum (Figure 4). For a spin I = 5/2 nuclide such as 70,
the &, and the quadrupolar product P, = C,, (1 + 5*/3) for the two
resonances can be estimated from their isotropic peak position 8y,
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FIGURE 4 | 70 3QMAS NMR spectrum of Sc-37 glass collected at

20.0 T. NBO and BO resonances are denoted with arrows, whereas FO
resonance was too weak to be observed.

and their center of gravity 6. along the MAS dimension using the
following relations [32]:

17 10 o
6150 - ﬁ 5F1 + ﬁapz (1)
2] oy 680[2I (2I — )|
— _ sCG 0
Po= [<5F1 %, ) ] (1000) 81[4I(I+1) - 3] @

where v, is the resonance frequency (115.3 MHz), and I = 5/2
is the spin quantum number of the nuclide. Such calculations
yield &, and P, values of ~167.1 ppm and 2.6 MHz, respectively,
for the NBO site and 65.7 ppm and 4.9 MHz, respectively, for
the BO site. Finally, the O chemical shift of 375 ppm for the
downfield resonance is similar to that reported for Sc-O-Sc type
FO environments in crystalline compounds Sc,0; (340 ppm)
and Sr,ScGaO; (340-366 ppm) [33, 34]. It may be noted that
the background from the empty rotor collected under identical
conditions has only a weak 70O NMR signal near ~90 ppm and
thus has no significant contribution to the observed 7O MAS
NMR spectrum of the Sc-37 glass.

Integration of the peak areas for the NBO, BO, and FO resonances
yields their relative fractions to be ~81%, 13%, and 6%, respectively.
On the other hand, the chemical composition of the Sc36 glass
indicates that if, on melting, all Sc-O-Sc type FO species in Sc,0;
react with the BO species (i.e., Si-O-Si) in SiO, and convert to
NBO of the type Si—-O-Sc via the reaction FO + BO — 2NBO then
93% of all oxygen atoms would have an NBO character, whereas
the rest (7%) would be BO. Therefore, the experimentally observed
oxygen speciation indicates that the high field strength of the
Sc3* ion favors the formation of FO environments, which can be
expressed in the form of a conversion of 12% of the NBO into 6%
BO and 6% FO following the reaction:

12NBO — 6FO + 6BO

Moreover, the observation of 81% NBO in Sc-37 glass implies that
out of 237 oxygen atoms in the formula unit (Sc,0;)4;(SiO,)e
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FIGURE 5 | 2°Si MAS NMR spectra of Sc-37 (bottom) and Sc-39 (top)
glasses.

approximately 192 are NBO, and thus NBO/Si is ~3, which, in
turn, suggests that the Si atoms should predominantly be present
at Q! species, that is, as [Si,0,]°" dimers in the structure of
this glass. This expectation can be verified against the *Si MAS
spectra of the two glasses, which display a relatively symmetric
and featureless resonance centered at approx. —85 ppm with a full
width at half maximum of ~15 ppm (Figure 5). It may be noted
here that typically the #Si isotropic chemical shift &, ranges
for the depolymerized Q°, Q', and Q? species in various silicates
can overlap significantly and depend, among other factors, on
the type of the charge-balancing cations in the structure and
on the Si-O-Si angle. For example, the ®Si &, for the Q°
species in Mg,SiO, is —61.9 ppm and in ZrSiO, is —81.6 ppm,
whereas the »Si §,, for the Q! species in NagSi,0, is —68.4 ppm
and in La,Si,0, is —83.2 ppm, and for the Q? species the *Si
Sio 1S —74.5 ppm for Li,SiO; and —84.0 ppm for f-Ca;Si;O,
[35].

It is intriguing to note here that the #Si &, for the Q! species can
span an even wider range in the case of RE,Si, O, compounds. The
»8i &, in these compounds with [Si,0,]°~ anionic units becomes
more negative with increasing #Si-O-Si angle between the two
SiO, tetrahedra. For example, for La,Si, 0, with £Si-O-Si = 133°
the 2°Si &, is —83.2 ppm, whereas it reaches a value of —95 ppm
in the case of Sc,Si,0, and Lu,Si,0; with £Si-O-Si = 180° [36].
Therefore, the observed average Si &, of —85 ppm for these
Sc-silicate glasses appears to be consistent with the structure
consisting primarily of [Si,0,]® anionic units with £Si-O-Si
similar to that in La,Si,0,.

The Sc-O coordination environment in these glasses can be
probed with ¥*Sc NMR spectroscopy [4, 36]. The ¥*Sc MAS NMR
spectra of the Sc-37 glass collected at two different magnetic fields
of 11.7 and 20.0 T are presented in Figure 6A. The **Sc NMR line
shape at low field does not change significantly between the Sc-37
and Sc-39 samples. The significant asymmetric broadening of the
low-field “Sc MAS NMR spectral line shape with a low-frequency
tail is typical of line shapes of quadrupolar nuclides in glasses

and suggests that at this field the line shape is dominated by a
distribution of the “Sc quadrupolar coupling constant C,. This
type of NMR line shapes can be simulated well with a Czjzek
distribution of disorder that results in a normal distribution of
electric field gradient tensor elements at the site of the nucleus.
Such a simulation (Figure 6A) yields a *Sc NMR &, ~105 ppm
and of Cy ~ 21 MHz, both typical of Sc in sixfold coordina-
tion [24]. A similar coordination environment for Sc was also
proposed to be present in the structure of Sc-aluminosilicate
glasses by Eden and coworkers on the basis of *Sc NMR
spectroscopy [4, 36].

The large C, of “*Sc and additional isotropic shift distribution
resulted in a rather broad center band, which made the applied
MAS frequency of 16 kHz insufficient to get a clean “Sc NMR
center band (free of overlap with spinning sidebands) spectral
line shape at the higher field (Figure 6A). The QMAT experiment
was thus used to help separate the MAS center band from the
spinning sidebands, including those arising from the quadrupolar
interaction. The quadrupolar line broadening in ppm scale
is expected to decrease with increasing magnetic field B, as
(B,)~2. However, the linewidth of the ¥Sc QMAT/QCPMG NMR
spectrum obtained at 20.0 T only decreases by 25% compared to
the width of the MAS spectrum obtained at 11.7 T (Figure 6B),
which suggests that a significant part of the “*Sc NMR linewidth
at 20.0 T is associated with chemical shift distribution. This high-
field line shape can also be simulated with a Czjzek distribution
with similar parameters as those used for the simulation of the
low-field line shape (3;s, ~ 105 ppm and C,, ~ 24.0 MHz); however,
only with a chemical shift distribution that is twice as large for the
former compared to that required for the latter.

It may be noted that a measure of the strength of an interatomic
bond is its bond valence (BV), and the BV of an Sc-O bond
for VISc in its typical octahedral (sixfold) coordination is ~0.50
to 0.60, which is similar to that of an Al-O bond for YAl in
fivefold coordination (~0.55 to 0.60) [37-39]. These values can
be compared to the BV of an Al-O bond for VAl in tetrahedral
coordination (~0.75 to 0.80) and YAl in octahedral coordination
(0.45 to 0.50) [38, 39]. A network-forming cation (e.g., Si, P) can
be defined to be one so that only two such cations can bond
to an oxygen atom equally or subequally to satisfy the BV sum
requirement to be ~2.0 within 10%-20%. The BV sum for an
VAI-0O-Si or an YIAl-O-Si linkage (~1.5 to 1.6) is substantially
lower than 2.0, and the oxygen atom will bond to a third VAl or
VIA] ion. Therefore, VAl or V'Al behaves as a network modifier,
similar to VISc in the Sc-silicate glasses. This scenario implies
that all NBO in the structure will be bonded to 1 Si and 2 Sc
atoms. Considering Si and Sc to be four- and six-coordinated and
avoiding double counting, each NBO is linked to 1/4 Si and 2/6
Sc. Therefore, the 192 NBO in the formula unit (Sc,0;)5,(Si0, ),
as determined via 7O NMR satisfies the bonding requirement
for approximately 64 Sc atoms. The remaining 10 Sc atoms per
formula unit then must form Sc-O-Sc linkages, and considering
the BV of Sc-O bond to be ~0.55, each FO would need to be
bonded to 4 Sc nearest neighbors in O(Sc), configuration as
observed in crystalline Sc,05. Therefore, each FO will satisfy the
bonding requirement of 4/6 Sc and thus would predict a total of
15 FO (6.3%) per formula unit. This prediction is then consistent
with the 7O NMR result, which indicates that ~6% of all oxygen
atoms in the structure are present as FO.
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FIGURE 6 | (A)Top figure- Left: Experimental (top: black line) and simulated (bottom: red line) *Sc MAS NMR spectra of Sc-37 glass collected at
11.7 T at a spinning speed of 32 kHz. Right: Experimental *Sc MAS NMR spectra of Sc-37 glass collected at 20.0 T at a spinning speed of 16 kHz. Asterisks
denote spinning sidebands. (B) Bottom figure- Experimental (top: black line) and simulated (bottom: red line) “infinite MAS” #3Sc NMR spectrum of
Sc-37 glass collected at 20.0 T obtained from sum-projection of a 2D QMAT/QCPMG spectrum.

Finally, the dominance of the pyrosilicate [Si,0,]°" units in
these Sc-silicate glasses is also evident in their Raman spectra
(Figure 7). These spectra are dominated by a low-frequency band
centered at 400 cm~! with a weak shoulder in the mid-frequency
range near 700 cm™! and a high-frequency envelope that peaks
near 900 cm™" with a shoulder in the region between 950 and
1000 cm™. On the basis of previous Raman spectroscopic studies
of crystalline rare-earth silicates of the stoichiometry RE,Si,0,
including that of Sc,Si,0,, these Raman bands can be assigned
to the various vibrational modes of the [Si,0,]°" anionic units
as follows [40-42]. The high-frequency bands near 900 and 950-
1000 cm™! correspond, respectively, to the symmetric and anti-
symmetric stretching modes of the Si(NBO); moieties of the two
SiO, tetrahedra in the pyrosilicate unit. The weak mid-frequency
shoulder near 700 cm™ corresponds to the symmetric vibration
of the Si-BO-Si linkage in this unit. Moreover, the spectral line
shapes in Figure 7 are similar to that reported by Voron’ko et al. for

a pyrosilicate melt of composition Lu,Si,0, [40]. It may be noted
here that previous Raman spectroscopic studies on pyrosilicates
indicated a negative correlation between the frequency of this
band and the associated £Si-O-Si. According to this correlation,
the location of the band near 700 cm™ in the Raman spectra of
these Sc-silicate glasses corresponds to an #Si-O-Si of ~130°,
similar to that that observed in crystalline La,Si,O, and to be
contrasted with an «Si-O-Si of 180° that is characteristic of
crystalline Sc,Si,0,. This result is consistent with the conclusions
drawn from the *Si NMR results, as discussed above. Finally, the
lowest frequency band near 400 cm™ in the Raman spectrum
in Figure 7 may correspond to the Si-O-Si bending mode
as well as to Sc-O stretching of the ScO, octahedra in the
structure.

Therefore, when taken together, the NMR and Raman spectro-
scopic results suggest that the structure of the Sc-37 and Sc-39
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FIGURE 7 | Unpolarized Raman spectrum of Sc-37 (top) and Sc-39
(bottom) glasses.

FIGURE 8 | Schematic ball-and-stick representation of structure of
Sc-silicate glasses investigated in this study. Si, O, and Sc atoms are shown
in green, red, and purple, respectively. FO atom in Sc-O-Sc environment
is shown in teal.

glasses is dominated by [Si,0,]°" anionic units that are linked
to one another via ScO, octahedra, whereas a small fraction of
the structure also consists of Sc-O polyhedra connected via Sc-
O-Sc linkages (Figure 8). Glass formation over such a narrow
composition range in an RE,0;-SiO, system such as Sc,0;-SiO,
is rather intriguing, especially when one considers the highly
depolymerized structure of these glasses. The composition and
structure of these glasses as well as the Sc,0,-SiO, phase diagram
(Figure 1) suggest that upon supercooling their parent melts
would rapidly crystallize the Sc,Si,O, pyrosilicate phase. We
hypothesize that such crystallization is averted by the oxygen
disproportionation reaction: 2NBO — FO + BO in the melt, which
results in a structure that is structurally sufficiently frustrated
to avert the rearrangement of oxygen atoms into a crystalline
pyrosilicate structure with BO:NBO in 1:6 ratio with the complete
absence of FO. Although this disproportionation reaction is

expected to be entropically promoted at high temperature, it
will also be favored by an increased field strength of the RE
cation. Therefore, it will be interesting to explore in future
studies the role of the latter parameter in controlling the glass-
forming ability in other RE,0;-SiO, systems. Glass formation
in the Sc,0;-Si0O, system becomes more difficult with either
increasing or decreasing Sc,0; content outside the range of 37-
39 mol%. It is likely that the lowering of the glass-forming ability
with increasing Sc,0; content is associated with the progressive
depolymerization of the structure and creation of isolated SiO,
tetrahedra. On the other hand, a decrease in the Sc,0; content
would promote liquid-liquid immiscibility that may drive nucle-
ation and crystallization, thereby lowering the glass-forming
ability.

4 | Summary

This study demonstrates that glass formation by container-
less laser melt-quenching is possible in the binary Sc,0;-SiO,
system, albeit within a very narrow compositional window (37—
39 mol% Sc,0;) near a deep eutectic, despite the strong tendency
of rare-earth silicates toward immiscibility and crystallization.
Multinuclear NMR and Raman spectroscopic results reveal a
highly depolymerized structure of these glasses, dominated by
pyrosilicate [Si,O,]°" units that are connected via Si-O-Sc link-
ages with ScO, octahedra. Additionally, nearly 6% of the oxygen
being present in O(Sc), FO environment, a fraction of these
ScOy octahedra are also connected with one another via Sc-
O-Sc linkages. The high field strength of Sc3* stabilizes the
FO species via driving the oxygen disproportionation reaction:
2NBO — FO + BO. We propose that this oxygen dispropor-
tionation plays an important role in the (meta)stabilization
of supercooled liquids near the deep eutectic against crystal-
lization of the stable pyrosilicate phase, enabling glass forma-
tion despite the otherwise poor glass-forming ability of the
system.
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