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Abstract

Yttrium aluminosilicate glasses with 25-78 mol% silica were studied using molecular
dynamics simulations to understand their structural and property changes. The results show
that AI** ions primarily exist as four-fold coordinated, with <5% in higher-coordinated states
that increase with decreasing silica content. The formation of significant concentrations (4-9%)
of oxygen tri-clusters and small amounts of free oxygen were also observed, suggesting a
perturbed glass network structure. An average Y-O bond distance of 2.26 A and Y coordination
number of 6.3 were found. The glass transition temperatures are relatively insensitive to
composition, agreeing with experiments. A 16% and 30% increase in Young’s and bulk
moduli, respectively, was observed with decreasing silica contents which was explained by the
strong Y-O bond and formation of oxygen tri-clusters that aggregate higher coordinated Al
species. These results were discussed in the context of optical and acoustic properties of YAS
optical fibers that exhibit reduced nonlinearities.

Keywords: aluminosilicate glass, yttrium, molecular dynamics, glass structure, mechanical
properties, optical fiber

1. Introduction

Glasses in the Y203-Al1203-S102 system have long been recognized as technologically useful
due to their combination of excellent mechanical properties, low thermal expansion, high glass
transition temperatures, refractive indices, and thermo-chemical stability[ 1-5]. Further, since
the yttrium ions can be replaced by rare earth or transition metal dopants of similar ionic radii
and charge states, such glasses have garnered attention as in vivo drug delivery vehicles for
cancer treatments,[6,7] nuclear waste vitrification,[8,9] and, due to their high glass transition
temperatures and low thermal expansion coefficients, they are used as seals between glass-to-
metal / ceramic components[10,11].

Y AS glasses in the form of optical fibers have been shown to exhibit intrinsically low Brillouin
and Raman scattering,[12] which are important features critical to the continued scaling of high
power/energy amplifiers and lasers.[10,13]. Subsequently, a wide variety of all-glass, doped
YAS optical fibers have been realized using the molten core method[14] based on precursors
of yttrium aluminum garnet (YAG, Y3Al5012): Nd:YAG,[15] Ce:YAG,[16] Er:YAG,[17] and
Yb:YAGJ[15,18-21]. Further, Dragic et al. observed a reduced Brillouin scattering for YAG-
derived yttrium aluminosilicate glasses compared to conventional silica optical fibers[12]. In
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addition, the Raman scattering from the core of YAG-derived fibers revealed that the intensity
was inversely proportional to the silica content[22].

Such a diverse range of applications, hence enabling properties, benefits from a broad range of
compositions in the Y203-Al203-Si02 system and processes to realize them in glassy form.
Yttrium aluminosilicate glass compositions have been studied using different forming methods
ranging from conventional melt and quench to laser-induced melting (levitation method)
followed by very rapid quenching and the molten core method of (optical) fiber formation. The
compositions also cover a wide range of silica concentrations from as low as 12 mol% to as
high as 90 mol%. These are summarized in Fig. 1.

@ Levitation + CO, laser melting

100 B Conventional batch and melt

& Molten core fiber draw

+* Simulated compositions

Glass forming region

100

0 25 50 75 100
Si0,

Figure 1. Comparison of yttrium aluminosilicate glass compositions (mole%) formed using a
variety of processing including levitation and laser melting (@), conventional melting (M), the
molten core fiber draw (@), as well as those treated in this work via MD simulations (*). The
dashed line links pure SiO2 and YAG compositions. Also noted is the typical compositional
range for optical fibers made using the conventional glass-forming region (shown in purple
line) based on Ref. [4,23,24].

Since the applicability of these YAS glasses depends on their composition and thermal
histories, unraveling these glass structures and properties is crucial for understanding how these
glasses can be optimized to maximize their usability in the stated applications. Research to date
has suggested that YAS glass structure primarily consists of corner-shared [SiO4] and [AlO4]
tetrahedra bridging via a common oxygen, also known as a bridging oxygen (BO), and Y**
cations as the network modifiers. Alkali and alkaline-earth cations of low-cation-field strength
incorporated into aluminosilicate (AS) glass structures behave as network modifiers by creating
non-bridging oxygens (NBO) or as charge compensators for the [AlO4] units, depending on the
glass composition. Aluminosilicate glasses with trivalent rare-earth cations as modifiers have
the ability to charge compensate three [AlO4] tetrahedral units and an [AlOgs] octahedral unit,
making the structure of these glasses more complicated.[25] Different spectroscopic
techniques, including NMR,[26-32] FTIR,[33] and spontaneous Raman scattering,[25,34,35]
have been employed to investigate the structure of rare-earth oxide and yttria-containing AS
glasses and have shown that more highly disordered structures are possible, in comparison to
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alkali or alkaline earth AS glasses, and consist of a mixture of various species including [SiO4],
[AlO4], [AlOs] and [AlOs¢], due to the higher cation-field strength[26,30,34,36,37]. In a
previous NMR study, it has been shown that aluminum predominantly exists as four-
coordinated Al species as network former, and significant fractions of five- and six-coordinated
Al species are present, depending on the Al/Y ratio[25,26]. Several experimental studies
confirmed the existence of substantial proportions of five-coordinated Al in these glasses and
the correlation of the rare-earth network modifier’s nature and concentration[27]. The role of
yttria in these rare-earth oxide containing glasses is still not well understood, yet it is assumed
to play a role between a network former and a network modifier.

All this said, the uncertainties associated with experimental measurements can be reduced by
using complementary computational methods, including MD simulations and ab-initio
calculations, which provide detailed characterizations of the glass structures on an atomic
scale[7,38—42]. Du, for example, previously analyzed low (5-20 mol%) silica content YAS
glasses using MD simulations and revealed that the aluminum and yttrium coordination
numbers decrease with increasing silica content.[43] It was found that the fraction of four-fold
coordinated aluminum significantly increased while edge-sharing alumino-oxygen polyhedra
decrease with increasing silica concentration. Oxygen tri-clusters were also observed in these
aluminosilicate glasses. The mechanical property change with composition was also
determined and correlated with the observed structure features[43].

This work investigates a broader range of YAS glass compositions with very different silica
concentrations using MD simulations based on tested interatomic potentials[43]. The impact
on the glass compositions, particularly the effect of SiO2 concentration on the short-range
structural features, including pair distribution functions, coordination numbers, bond angle
distributions, and medium-range order structural features (Qn distribution) and -elastic
properties (Young's, bulk and shear moduli) will be discussed. Lastly, with this structural
information, connections to the acousto-optic properties (Brillouin and Raman) are discussed.

2. Simulation details

Three YAS glass compositions along the Si02-YAG tie line (see in Fig. 1) with varying silica
contents ranging from about 25 to 78 mol% and representing low, medium, and high silica
YAS glass compositions were chosen to investigate the structures and property changes of
these glasses with silica and constant Y/Al ratios. The structures of these glasses were
generated using the simulated 'melt-quench' process with MD simulations. The interatomic
potential used is a set of partial charge pair-wise potentials that has been widely used to
simulation silicate glasses[44][45]. The yttrium related parameters were added and have been
shown to be able to describe both YAG crystal and the structure and properties of YAS
glasses[46]. Table 1 provides the YAS glass compositions, Al/Y, Al/Si ratios, and the initial
and final glass density values after MD simulations, where the initial density was estimated
based on an additive combination of density of glass composition.

Table 1 The YAS glass compositions, number of atoms, and final densities in MD
simulations.

Composition (mol %) Number of atoms

Name Density (g/cm?)
SiO2 | AO3 | Y203 |AlI/Y AI/Si| Si | Al | Y O | Total
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L-SiO2 | 25.2 | 46.7 | 28.1 | 1.66 | 1.85 | 756 |2802 1686 8244 | 13488 3.526
M-SiO2| 50 | 31.6 | 18.4|1.72 | 0.63 |1750 2212 1288 8750 | 14000 3.238

H-Si02| 779 1 13 | 9.1 1 1.43]0.17 |3116/1040 728 | 8884 13768 2.836

The procedure to generate the glass structures from MD simulations is described below. The
starting random configurations with about 14,000 atoms for each glass composition were first
generated with a simulation box size corresponding to their initial estimated densities from the
additive models (4.162, 3.745 and 2.799 g/cc for L-, M- and H-SiOz glasses respectively). The
systems were then melted at 5000 K under canonical ensemble (NVT; constant number of
atoms, volume, temperature) after the initial relaxation at 300 K. This high temperature initial
melting is to ensure fully mixing of the atoms and remove any memory effect of the starting
configuration. The systems were then gradually cooled to 3000 K under the NVT ensemble
with a nominal cooling rate of 1 K/ps. After equilibrating at this temperature, the systems were
further cooled to room temperature (300 K) under isobaric isothermal ensemble (NPT, constant
number of atoms, pressure and temperature) conditions with the same cooling rate. The switch
from NVT at high temperature melting to NPT at 3000 K is to allow the system to relax to the
correct density of the system. The glass transition temperatures (Tg) were extracted by plotting
the enthalpy (H) change with temperature (T) during the NPT cooling process, where the
change in of slope indicate a change of heat capacity during the glass transition. Similarly, the
volume change with temperature during the cooling process can be used to extract the glass
transition temperature. At 300 K, the systems were further relaxed under NPT conditions for
100 ps, followed by an equilibration under microcanonical ensemble (NVE; constant atom
number, volume, energy). The MD trajectories were recorded under NVE conditions for the
YAS glass structural analysis in every 50 steps of the final 40,000 steps for final structural
analyses. All the simulations were performed using the LAMMPs package[47] while structural
analyses were performed using in-house programs.

The mechanical properties, including Bulk, Shear, and Young’s modulus, were determined
based on Hill’s approximation. Further, the geometric average of Ruess and Voigt
approximations was taken as the final value of each elastic property. The second derivative of
the energy with respect to a small strain determines the elastic stiffness matrix Cij. The
compliance matrix components (Sij) obtained by inverting the Cij and 21 distinct elastic
constants are deduced after symmetry considerations. The elastic constants were calculated by
applying a 0.5% strain in the x,y,z,xy, yz, and xz directions. The LAMMPs[47] package was
used in all elastic property calculations.

The interatomic potential model used in these MD simulations has the long-range Coulombic
and Buckingham formats. The atomic charges and Buckingham potential parameters A;;, p;;

and C;; are listed in Table 2, and the potential form is given by

~Tij

e
Vrij _Aije Y

) Cij ZiZjez
i 4—1T£0Tij

(1)

ij

where 7;; is the interatomic distance between atoms i and j, Z; and Z; are partial charges for
atoms i and j, e is the charge of a single electron and ¢ is the permittivity of vacuum.
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Table 2. The Buckingham term parameters A;;, p;; and C;; used in the YAS glass

ij>

simulations[43,46].
Pair Aij (eV) pij (A) Cij (Al eV)
O12.0!12 2029.2204 0.34364 192.58
Si%4-0!12 13702.9050 0.19381 54.681
Al'3-012 12201.4170 0.19562 31.997
Y'8-012 29526.977 0.211377 50.477

Figure 2. An illustration of the simulated YAS glass structure (L-Si02) from MD simulations.
White: Oxygen, Red: Silicon, Blue: Aluminum, and Yellow: Yttrium. (The shading of the
tetrahedral units in the visualization is due to the effect of depth cues).

3. Results

Snapshots of representative YAS glass structures are shown in Fig. 2, where the simulation box
contains 14,000 atoms and simulation box of the size of 53x53x53 A3. [SiO4] and [AlO4] are
shown as red and blue tetrahedrons, while yttrium ions are shown as yellow balls.

3.1 Glass transition temperature

The enthalpy versus temperature curves during the cooling process of glass structure generation
is shown in Figure 3. The slope of the curves represents the heat capacity of each system and
the temperature where there is a change in slope, representing the glass transition temperature
(Tg). The high temperature (melt) and low temperature (glass) regions were each linearly fitted
while the intercepts of two lines is used to obtain the Ty value, as shown in Figure 3. The Tg
values for L-, M- and H-silica YAG glasses are ~1529, ~1553, ~1559 K, respectively. Despite
the large silica composition differences between the samples studied, the T value changes are

5



198
199
200
201
202
203
204
205
206
207

208
209

210
211
212
213
214
215
216
217

218
219
220
221
222
223
224
225
226
227
228
229
230

less than 30 K. This is in good agreement with experimental observations that the Tg of these
glasses are largely insensitive to glass compositions[3,48]. This can be explained by the fact
that the dissociation energy of three oxides MOx (M=Si, Al, Y, in units of kCal/MOx) are quite
similar: 424 for Si, 317-402 for Al and 399 for Y,[49] although they are commonly designated
as glass former, intermediate and modifier respectively. It is worth noting that the values
obtained from MD simulations are usually higher as compared to experiments,[29,50] which
might result from the significantly higher cooling rates used in the MD simulations and the
particular potential used where the melting temperature is higher than experimental ones.
However, the trend of Ty change with composition is valid.
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Figure 3. The glass transition temperatures for YAS glasses.

As the Tg values slightly decrease with decreasing Si content, one can assume that the YAS
glass network begins to depolymerize at higher Y203 concentrations.

3.2 Short-range structural features
3.2.1 Pair Distribution Functions

The pair distribution functions (PDF, also known as g(r)) of the simulated YAS glass structures
are shown in Figures 4(a) for cation-oxygen and 4(b) for cation-cation distributions. The first
peak of the cation-oxygen PDF represents the most probable bond distance of the pair. The Si-
O bond distance, according to the PDFs for all three compositions, remained unchanged with
a value of around 1.64+0.01 A. On the other hand, the Al-O peak position shifted slightly
towards lower distance of 1.75 A (H-SiO2) from an Al-O distance of about 1.774+0.00 A (L-
Si02) with increasing SiO2 concentration. The Y-O bond length was in the range of 2.28+0.01
-2.2840.01 A, and the coordination number of yttrium, which is represented by the area under
the first peak, reduced with decreasing Y203 content (further discussion in next section). Also,
the Si-O, Al-O, and Y-O bond distances found in this work are comparable with the previous
studies of YAS glasses[43,51-55].
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Figure 4. The pair-distribution functions of (a) cation-oxygen (Si-O, Al-O, Y-O) and oxygen-
oxygen PDFs (b) cation-cation (Si-Y, Al-Y, and Y-Y) PDFs for YAS glasses. The y-axis in
Figure 4a) is offset by 5, 10 and 15 for clarity.

To investigate the medium-range order of the YAS glasses, cation-cation PDFs for possible
pairs are shown in Figure 4(b). According to results for the Si-Y and Al-Y pairs, it is evident
that the yttrium has a strong tendency towards aluminum, rather than silicon, in all three
simulated YAS glasses. In the high silica content glass, intense peaks in the PDF for Al-Y,
compared to Si-Y, suggest the possibility of clustering, again with the yttrium preferring to
cluster with aluminum over silicon. Nevertheless, Y-Y distributions exhibited a sharp peak
(3.514 0.01 A) in high silica glass, implying some clustering with the nearest yttrium.

3.2.2 Coordination number

The average coordination numbers associated with network former and modifier cations in the
simulated YAS glasses were calculated based on integration of the first peak of PDFs with the
cut-off distances taken from the first minimum after the first peak. SiOz is a known glass former
in silicate glasses where Si*" is assumed to be four-fold coordinated. For all three YAS glasses,
silicon ions (Si*") are found to be four-fold coordinated by oxygen and this remains unchanged
with composition, highlighting the glass's former role of silica and its ability to attract oxygen
to satisfy its coordination requirement. The average coordination number variation as a
function of SiO2 content is shown in Figure 5 and detailed coordination number distribution of
the cations are provided in Table 3.
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Figure 5. The average coordination number variation for Si, Al, and Y as a function of SiO2
concentration.

In the YAS glasses, aluminum ions (AI**) also mainly exist as four-fold coordinated, indicating
that aluminum enters the Si-O network as a network former with yttrium being the charge
compensators of the negatively charged [AlO4] units. The average AlI** coordination number
increases from 4.007 for the high silica glass (H-Si102) to 4.044 for the low silica glass (L-S102)
glass, with increasing alumina and yttrium contents. Additionally, significant proportions of
five-fold and a small amount of six-fold coordinated aluminum are formed, consistent with
results of NMR studies of YAS glasses[26,27]. This further suggests that the addition of Y203
promotes the conversion of four-fold coordinated aluminum to higher-coordinated species,
through the reaction such as YOs + AlO4 < YOs + AlO:s.

Table 3 The percentages of coordination numbers of aluminum and yttrium.

Name Al coordination (%) Y coordination (%)
111 v A% VI v A% VI VII VIII IX
L-SiO2  0.04 9565 425 0.07 0.12 1026 5569 30.84 3.08 0
M-SiO2  0.18 9584 393 0.05 031 1196 56.68 27.80 3.18 0.08
H-Si02  1.83  95.67 250 0.00 1.65 2651 5069 18.54 247 0.14

The average yttrium coordination number is slightly above six, which decreases somewhat with
increasing silica content in the YAS glasses (see Fig. 5). The distribution of yttrium
coordination ranges from 4 to 8, while the 6 being the dominating coordination (Table
3)[41,55]. This broader distribution of yttrium coordination as compared to silicon and
aluminum is consistent with its glass modifier role. The typical yttrium coordination
environments are shown schematically in Figure 6 for the M-SiOz glass, in which about 5, 6
and 7-fold coordinated aluminum are 12, 57 and 29 %, respectively.



282
283

284
285
286
287

288

289
290
291
292
293
294
295
296
297
298
299
300
301

302
303
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coordinated, b) six-coordinated, and c) seven-coordinated yttrium units observed in the YAS
glass system. Red: silicon, Blue: Aluminum, Yellow: Yttrium, and White: Oxygen.

3.2.3 Bond Angle Distributions

Bond angle distribution (BAD) provides further details of the local geometry of the cation-
oxygen polyhedrons or how the polyhedrons are connected together. Figures 7(a) through 7(f)
shows the BADs of Si, Al, and Y in YAS glasses. The O-Si-O bond angle distribution, Fig.
7(a), shows an intense symmetric peak at around 108.3° close to an ideal tetrahedral unit
reflected by the average Si coordination number. The O-Al-O BADs (Fig. 7(b)), although
centered at around 106.4° and close to the perfect tetrahedral angle, are significantly broader
and less symmetric as compared to O-Si-O, which is partially due to the existence of higher
coordinated aluminum. Furthermore, the O-Si-O and O-AIl-O distributions are insensitive to
the glass composition, while that for O-Y-O are quite sensitive to glass composition (Fig. 7
(¢)). This behavior is consistent with their structural role in the glass: with Si and Al being glass
former and Y being modifier in these glasses.
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Figure 7. The normalized bond angle distributions of possible inter- and intra-tetrahedral of
YAS glasses: (a) O-Si-O, (b) O-Al-O, (c) O-Y-O, (d) Si-O-Si, (e) Al-O-Al, and (f) Y-O-Y.

The O-Y-O bond angle distribution, Fig. 7(c), shows a sharp peak in the range of about 80.1-
82.5 degrees, which becomes broadened and whose peak intensity decreases with increasing
silica content, reflecting the lower coordination number of yttrium. The minor peak at about
71.2 degrees in the low silica content YAS glass becomes more prominent with increasing
silica content and shows a value around 62.1 degrees.

In order to understand the connectivity between Si and Al glass former polyhedrons, the inter-
tetrahedral bond angle distributions were obtained (Figures 7d and 7e). The intensity of the Si-
O-Si peak ~150 degrees increases with increasing Si content suggesting higher Si-O network
connectivity. On the other hand, Al-O-Al bond angle distributions show two peaks at around
~90 and ~120 degrees. The prominent peak at ~120 degrees is attributed to the corner-shared
[AlOx] polyhedral connections, while the peak at ~90 degrees represents edge-shared
polyhedral connections. Also, the inter-tetrahedral bond angle distribution of the charge
balancing cation, yttrium (Figure 7f)) shows a major peak localized around ~95 degrees. The
peak becomes more intense with increasing yttrium content.

3.3 Medium range structural features

3.3.1 Oxygen speciation

An analysis of the oxygen speciation that quantifies the fraction of free-oxygens (FO), non-
bridging oxygens (NBO), bridging-oxygens (BO), and tri-cluster oxygens (TBO) is listed in
Table 4. The oxygen species associated with Al and Si in the glasses was further analyzed
(Table 4). It is not surprising that the H-SiO2 glass has the highest amount of BO (80.2%), and
the least amount of BO (59.2%) was observed in the L-SiO2 YAS glass, since with a higher
amount of silica more bridging oxygens are expected. The NBO percentages reflect that the
higher the content of network modifiers, i.e., yttria, the larger the number of NBOs in YAS
glasses. Interestingly, 67.6% of the total number of NBO has the contributions of AI-NBO in
the L-Si02 glass. On the other hand, significant proportions of Si are associated with the Si-
NBOs of the total number of NBOs as Si concentration is increased. It has been shown that the
formation of AI-NBO and high-coordinated Al is frequent when high-field strength cations are
present as the modifiers[56].

Table 4 The percentages of free-oxygens (FO), non-bridging (NBO), bridging-oxygens (BO),
and tri-clusters (TBO) in YAS glasses.

Name Total NBO (%) Total TBO (%)
FO (%) Si- Al- Total BO (%) 2Si-Al Si-2A1  3Al Total
NBO NBO NBO TBO

L-SiO2 2.1 32.4 67.6 30.2 59.2 0.3 16.1 83.6 8.5
M-Si02 1.1 61.4 38.6 23.1 68.4 3.7 39.6 56.7 7.4
H-Si02 0.3 85.4 14.6 15.9 80.2 21.6 64.6 13.5 3.6

Further, YAS glasses exhibit an increasing population of oxygen tri-clusters with increased Al
content. Tri-clusters are common in AS glasses when there is a network modifier deficient in
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compensating for the negative charged [AlO4] groups[57]. The tri-clusters are formed when
three tetrahedrons share an oxygen atom ([SiO4]/[AlO4]). Out of the possible tri-cluster
configurations for YAS glasses, 3Al is the most abundant tri-cluster configuration in L-SiOa.
However, as the SiO2 content increases, this preferred configuration is converted into Si-2Al
as the most populated tri-cluster type, followed by the population of 2Si-Al tri-clusters (H-
Si02).

3.3.2 Q, distributions
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F1gure 8: The Qn distributions of a) Si*" and b) AI** for YAS glasses.

Glass former tetrahedral connection can also be quantified by the calculation of Qn distributions
of Si and Al. The Qn distributions for Si and Al in the three YAS compositions studied are
shown in Figure 8. The Qn distributions of YAS glasses affirm that the Si and Al mainly exist
as Qa species, and the connectivity increases as the yttrium concentration decrease. Regarding
the glasses' connectivity, the L-SiO2 glass exhibits the least connectivity among all glass
compositions, where the network modifier concentration is higher, and the depolymerization
within the network is also higher. However, the connectivity increases, i.e., Al Qs species, in a
relatively steady increment with decreasing network modifiers.

3.4 Deduced Mechanical Properties

The mechanical properties, including Young's (E), bulk (K), and shear (G) moduli, were
calculated for the as-simulated YAS glass structures, with the findings detailed in Table 5. The
mechanical moduli increase with decreasing silica content in the glasses studied. The
incorporation of Y203 and Al2Os3 in place of SiO2 imparted more robust mechanical properties
to the YAS glasses. For example, the Young’s modulus increases from 100, to 109 and 116
from H- to M- and L-SiO: glasses. Other moduli show similar trends. Poisson’s ratio also
increases slightly in the sequence. This increase of mechanical properties can be explained by
the higher field strength of Y**, as compared to alkali/alkaline-earth cations might lead to
stronger Y-O bonding, resulting in larger elastic moduli. As shown in Table 2, the Y** tends to
occupy larger coordination numbers than Al. Consequently, tighter packing states are expected
with the higher coordination states, which leads to higher elastic moduli in YAS oxide
glasses[4,58].

Table 5 The values of Young's, Bulk, and Shear moduli for YAS glass structures.
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Name Bulk (GPa) Shear (GPa) Young's (GPa) = Poisson’s ratio
L-SiO2 97.671+0.85 44.22+0.32 115.26+0.86 0.30+0.00
M-SiO2 87.341+0.42 42.3540.22 109.37+0.55 0.29+0.00
H-SiO2 70.3740.21 39.740.32 100.254+0.64 0.26+0.00

4. Discussions

MD simulations were performed on YAS systems with varying SiO2 concentrations covering
a range from low (L-Si0Oz) to high (H-Si02) mole percentages using the partial charge pairwise
potential[43,46]. In the L-, M-, and H-SiO: glasses, the incorporation of Y>" ions plays a
significant role in the glass's short-and medium-structural properties as well as in its mechanical
properties. The glass transition temperatures for these glasses increase with increasing SiO2
content over the ranges studied herein. However, these T values only slightly depend on the
glass composition, as shown in Figure 2, suggesting that reasonably higher Tg values lead to
better glass-forming ability in the YAS system. The MD simulations of the present study
indicate that the Si coordination is entirely four-fold. In contrast, Al coordination exists as
either four-, five-, or six-coordinated, which agrees well with previous experiments[39]. The
higher coordinated Al tends to increase in number with increasing Y concentration and
decreasing Si content[39]. Since yttrium acts as the network modifier, the coordination number
varied at higher coordination states (greater than 6), as expected. It is evident from this study
both Al and Y coordination numbers are sensitive to the Si content.

The NBOs within the YAS glass from MD simulations show that the AI-NBO population
gradually increases as the number of network modifiers, i.e., Y** ions, increases, where L-SiO2
tends to have a more depolymerized glass network. At the same time, H-SiO2 exhibits the
lowest depolymerization due to high silica concentration. It is worth mentioning that the
formation of NBO is highly dependent on the glass composition, particularly on the Al/Y ratio.
The Al in the AS/Y AS glasses behaves as an intermediate, and with modifier cation for charge
compensation [AlO4] can enter the glass network.

The values of the elastic moduli in the YAS glasses were found to be inversely proportional to
the SiO2 content. The L-SiO2 glass showed the highest Young's, bulk, and shear moduli as it
contained the highest content of Y** ions. This can be explained by the higher cation field
strength of the yttrium, which resulted in the higher packing density of atoms. In addition, the
Y** bonding with surrounding oxygen (Y-O) is relatively strong compared to other alkali-
/alkaline-earth-oxygen bonds, which ensures the YAS glasses' stability. As previously
mentioned, incorporating high-charge trivalent yttrium cations as a network modifier strongly
perturbed the YAS glass network by forming various connectivity between [SiO4] and [AlOn]
units. One of the possible exceptions of the phenomenon mentioned above is the formation of
free oxygens, where oxygen atoms are non-bonded to any of the glass-former tetrahedral units
but bound to network-modifying yttrium atoms. The existence of these free oxygens in rare-
earth AS glasses is confirmed by several experimental studies and simulations[29,32,43]. The
number of free oxygens also increases with increasing Y203 concentration. In addition, an
increase in the higher coordinated Al species together with significant populations of 3-
coordinated oxygens, i.e., tri-clusters, are observed. In other words, five-/six-coordinated Al
species are formed at the expense of 4-coordinated Al species (Shown in Table 3). The
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following reaction illustrates the above Al and Y coordination correlation, and this trend is
shown in Figure 5 as a function of SiO2 content.

YOy + AlOx & YOy.1 + AlOx+1 where x =4,5 and y = 6,7 (2)

In this work, the medium-range order of the YAS was characterized considering the Qn
distribution. The results show that the addition of yttrium highly affected the connectivity of
the YAS glasses. Silicon and aluminum predominantly exist as Q4 species with minor
populations of Q2 and Q3. Based on the coordination numbers and Qn distributions, it was
shown that with increasing SiO2 concentration, Al2O3 primarily exists as a network-former. At
the same time, tri-clusters were observed for all three compositions. Previous NMR studies[57]
and other MD simulations[43] have recognized oxygen tri-clusters as a possible mechanism
for charge balancing in AS glasses, particularly in per-alumina compositions where there is a
network-modifier deficit to compensate the negative charge associated with the [AlO4] units.
Thus, small proportions of tri-clusters are observed even though our tested YAS glass
composition's Al/Y ratio is less than three. It has been found that the formation of a 3Al tri-
cluster configuration is preferred over other possible configurations. It was worth mentioning
that aggregation of tri-clusters has frequently occurred in the glass structure, particularly for
YAS with low silica content (L-SiOz). Since the L-SiO2 glass composition has the highest
yttrium concentration, the glass network is relatively depolymerized compared to M- and H-
Si02 glasses. This was further confirmed by the NBO concentrations shown in Table 4. Even
though the connectivity is low in L-Si02, this YAS composition exhibited a higher modulus
compared to the other YAS glass compositions. This could be explained by the fact that the
yttrium cation's higher field strength might have tightened the glass network by forming strong
bonding between NBOs, particularly AI-NBOs. This can be further confirmed by the Al
tetrahedron connecting angle (Al-O-Al), which shows a comparatively lower angle of about
~120° than Si-O-Si BAD suggesting that Al-aggregation is a possibility in low silicate glasses.
The existence of 3Al tri-clusters might have also enhanced the connectivity of L-SiO2 glass by
introducing Al aggregations within the glass network leading to better mechanical properties.
An illustration of the Al aggregation observed in the L-Si02 glass is shown in Figure 9. Christie
et al., have demonstrated that the reduced number of connectivity associated with Si network
formers due to the yttrium could be enhanced by the additional Al-O-Al linkages that arise due
to the Al-aggregation[7].

Clustering of structure moieties such as 5-coordinated Al, Al-O 2-membered rings, and oxygen
tri-clusters have been observed in the simulated glasses. One might wonder whether there exists
phase separation in the simulated YAG glasses. To check on this, we calculated the neutron
structure factor from the trajectories of glass structure from MD simulations for the three
glasses. Details on how the structure factors were calculated can be found in refs [69, 70]. The
results are show in Fig. 10. The first sharp diffraction peak (FSDP) representing the medium
range order located at 1.5 A! was observed in H-SiO2. The FSPD peak intensity decreases and
peak position shifts to higher Q values, indicating a decrease of medium range order with
decreasing silica content in the YAS glasses. This is consistent with previous studies on FSDP
change with silica content in alkali silicate glasses [69, 70]. However, no noticeable peak at Q
value lower than 1 A”!, typical for small angle scattering, is observed, suggesting no noticeable
phase separation in the simulated glasses. Nevertheless, the clustering of the above discussed
structural moieties could be the initial stage phase separation.
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485 Fig. 10 Calculated neutron structure factors of H-, M- and L-SiO2 YAG glasses.
486
487 4.1 Connection to Optical and Acoustic Properties
488

489  Prior studies on Raman- and Brillouin-related properties of YAS optical fibers have
490 demonstrated that these glasses possess intrinsically low optical and acoustic nonlinearities
491  [17,59-67]. In particular, both Raman and Brillouin gain coefficients decrease with increasing
492  modifier concentration[12,22]. How such properties relate to the glass structure has yet to be
493  considered in greater detail.

494
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As related to Raman scattering, for (optical fiber core) glasses that fall between the L-Si02 and
M-Si02 compositions modeled herein, several proposed structural connections were suggested
in Ref. [22]: that (a) the main SiO2 Raman peak near 440 cm™! wavenumbers, attributable to
the Si—O-Si stretching mode, broadened, but did not shift, with increasing modifier
concentration, (b) the defect lines at 490 cm™ and 600 cm™! wavenumbers, attributable to four-
and three-membered ring ‘breathing’ modes, respectively, diminish with increasing modifier
concentrations, (c) a shift in the Raman peak near 800 cm! wavenumbers, associated with
bending of the Si—O bond suggested a reduced fictive temperature and (d) broadening of these
various lines was consistent with the considerable disorder in the YAS glass cores upon
drawing into the fiber from a molten core[63]. Corroborations of these observations with the
modeling results above can be made as follows. As relates to observation (a), the broadening
was attributed to a likely wider dispersion in the Si—O—Si bond angle, given the more highly
modified compositions in comparison to conventional high SiO:2 optical fiber. This seems to
generally correlate with the populations of Si-O-Si bond angles shown in Figure 7(d) with
decreasing silica content. In regards to point (b), suggested in Ref. [63] as relating to a reduction
in the number of ring structures upon the addition of yttria and alumina, may corroborate with
the results of Section 3.3.2 wherein higher network modifier concentrations led to greater
depolymerization of the structure. This may also support observation (d) above in Ref. [63].
Lastly, relating to (c), Section 3.1 discusses the reduced glass transition temperature, a
surrogate for the fictive temperature, with increasing modifier concentration.

Table 6 Comparison of calculated properties of this work (MD) and additive models based
on experiments [12].

Longitudinal

., . . . 3
. Composition ratios Density (g/cm’) Modulus (GPa) Va (m/s)
ame .. .. .
AUY | AUSi | [YAG] MD Additive Additive MD Additive
model model model
L-SiO2 | 1.66 | 1.85 427 | 3526 | 3.533 | 158.1| 186.1 | 6696 | 7258
194 +
M-SiO2 | 1.72 0.63 |1.5A103| 3.238 | 3.161 |144.6 | 148.8 6683 6861
6.2+

H-Si02 | 1.43 0.17 11.5Y203 | 2.836 | 2.694 | 123.7| 108.7 | 6604 | 6353

Regarding to Brillouin scattering and, more specifically, to the associated acoustic properties,
it was deduced in Ref. [12], based on measurements on similar fibers to the Raman
measurement noted above, that a “monotonically increasing spectral width, larger mass
density, and increasing acoustic velocity with increasing [yttria and alumina concentration],
all of which cooperate to result in a considerable reduction of the Brillouin gain relative to
pure silica...”[12]. First, the analysis in Ref. [ 12] was performed with the assistance of a simple
additive model that provided some insight into several material properties as a function of glass
composition, such as refractive index, density, longitudinal acoustic velocity, and viscoelastic
attenuation of an acoustic wave. This model has the form of:

P = Zpixi 3)
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where p is the bulk value of constituent i (i.e., Si02, Al2O3, Yb20s3, etc.), x is the additivity
parameter (volume fraction of the total inhabited by the constituent in this case), and P is the
property of the aggregate glass mixture. Furthermore, the properties of the base glass (silica)
and its additives (alumina, yttria) are assumed to be fixed. Therefore, one can interpret the
simple model as one that describes how glass properties change as additives are added to silica.
Since the optical fibers in Ref. [12] were drawn from crystalline Y3AlsOi12 precursors, the
analysis was further simplified by assuming a YAG unit cell [YAG], where 1 unit of [YAG]
possesses 1.5 units of Y203 and 2.5 units of AlOs. Fiber L-SiO: has precisely this
stoichiometry (Al/Y = 5/3), while M-SiOz is close. The result of the analysis in Ref.[12] was
that the properties, p, for [YAG] are as follows: Va = 7649 m/s, p = 3848 kg/m?, and molar
mass = 593.62 g/mol, but the compositions were limited to silica concentrations greater than
77%., which is considered H-SiO2 in the context of the present study.

In order to compare the results herein to experimental data from Ref. [12], Eqn. (2) will be used
to calculate the properties (Va and p) of the three YAS compositions. The comparison is shown
in Fig. 11. To begin, the compositions from Table 1 are transformed into units of [YAG] plus
a small excess amount of either Al2O3 or Y20s3. This is provided in Table 6. Only in the H and
M fiber cases is there an excess of one or the other of either alumina or yttria, which will be
considered in the calculations. The values for alumina are taken from Ref. [68] to be: Va=9790
m/s, p = 3350 kg/m?, and molar mass = 101.96 g/mol. Although similar values for yttria are
not readily available, they are estimated using Eqn. (2) wherein a binary mixture was assumed
(no silica) and Y203 values were iterated until the properties in the composition
0.625A1203:0.375Y203 matched the [YAG] properties listed above. The result is as follows:
Va= 6307 m/s, p = 4333 kg/m?, and molar mass = 225.81 g/mol. With the values for silica (Va
= 5970 m/s, p = 2200 kg/m>, and molar mass = 60.08 g/mol), Eqn. (2) can now be applied to
the YAS glass compositions of the present study. Those results are provided in Table 6. Note

that the material (or longitudinal) elastic modulus, M, can be found from M = K + %G, from

which the longitudinal acoustic velocity can subsequently be found: V, = \/M/p.

With respect to density, the agreement between the previous experimental results and the
present MD calculations improves as the silica content decreases. At higher silica
concentrations, the additive model seems to underestimate the density relative to the MD
calculations. This suggests that the [YAG] density contribution is higher when the silica
concentration is low. Turning to the acoustic velocity, the MD calculations suggest that Va
changes little across the compositions of the present study. A good match between previous
observations and the present MD calculations occurs in the M-SiO2 compositional range. This,
coupled with the density results, suggests that simple additivity holds over a finite
compositional range in the case of the YAS glasses. The structural changes imparted to the
system as the Y>' concentration is increased modifies the contribution of [YAG] to the
characteristics of the glass. On the other hand, Fiber 2 from Ref. [12] has a composition (78.9%
Si02) similar to that of H-Si02 and a measured Va of 6291 m/s. The more likely reason for the
discrepancy, therefore, is two-fold. First, the thermal histories of the fiber and the bulk material
studied herein differ considerably. Although rapid by most standards, the ‘freezing’ process of
the fiber is far slower than what was assumed herein. This could provide sufficient time for
additional structural changes (or even forms of phase separation [69]) to take place. Second,
the fiber is drawn under tension. This could also have an impact by ‘freezing-in’ stresses or
elongation of the network/structure preferentially along the fiber axial direction, suggesting the
YAS glass is strongly impacted by these external influences. It is interesting to note that the
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elastic modulus, M, versus p for both cases, is approximately linear, with the experimental data
in Ref. [12] possessing a larger slope.

The correlation of glass properties and structural features can be obtained by using the
Quantitative Structure-Property Relationship (QSPR) approach based on the structure
information from MD simulations. This approach has been applied to a number of glass
properties such as density, Young’s modulus, hardness, coefficient of thermal expansion, glass
transition temperature, dissolution rate and other [72, 73]. This approach can potentially be
applied to understand acoustic and optical properties as well. However, to do so for the YAS
glass system would require a large number of glass compositions to be simulated and properties
measured. This work serves a good starting point for such analysis by providing structural
information of glasses with wide silica content ranges.
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Fig. 11. M versus p for the numbers obtained from the MD calculations (red curve) and additive
model using data in Ref. [12] (black curve). Both are roughly linear (covering the range 25.2
to 77.9 mole% Si0z), but the latter has a larger slope.

Conclusions

Three YAS glass structures, covering the low, medium, and high silica content, and their
properties were studied using MD simulations with a set of well-tested partial charge potentials.
The results show that the T of the YAS glasses is not sensitive composition changes, consistent
with experimental observations. Overall, the short-range and medium-range structural features
of YAS glasses in this work agree well with previously reported experimental and simulation
results, including bond lengths, coordination numbers, and bond angle distributions. The Al
coordination number primarily exists as 4-coordinated Al, confirming the majority of Al act as
a network-former in YAS glasses. There exists small amount of higher (5- and 6-fold)
coordinated Al and their percentage decreases with increasing silica content. The mechanical
properties of the YAS glasses were also calculated from simulated glass structures. The results
show that YAS glasses with lower silica and higher yttria show higher Young's, bulk, and shear
moduli. This is explained by the presence of significant proportions of 3Al tri-clusters and their
possible aggregation that can lead to the increased connectivity of low silica glass even though
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the total amount Si-O-Si bonds are decreased. Furthermore, the trivalent yttrium ions, which
have a higher cation field strength than most common modifier cations, might have tightened
the YAS glass structures and strengthened the bonding among the network fragments, thus
increasing the packing density and leading to better mechanical properties. Lastly, these
structural considerations were shown to generally correlate well to previous experimental
measurements on the Raman and Brillouin scattering properties of YAS core optical fibers,
where the structural origin of the property changes were discussed based on the simulation
results.
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