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FIRST PRINCIPLES STUDY OF A SODIUM BOROSILICATE GLASS-FORMER

II: THE GLASS STATE

Laurent Pedesseau,” Simona Ispas,! and Walter Kob#

Laboratoire Charles Coulomb, UMR 5221, Université Montpellier 2 and CNRS, 34095 Montpellier, France

We use ab initio simulations to investigate the properties of a sodium borosilicate glass of compo-
sition 3Na2O-B203-6Si02. We find that the broadening of the first peak in the radial distribution
functions geo(r) and gena(r) is due to the presence of trigonal and tetrahedral boron units as well
as to non-bridging oxygen atoms connected to BOs units. In agreement with experimental results
we find that the !B units involve a significant number of non-bridging oxygens whereas the vast
majority of B have only bridging oxygens. We determine the three dimensional distribution of the
Na atoms around the PIB and B units and use this information to explain why the sodium atoms
associated to the latter share more oxygen atoms with the central boron atoms than the former
units. From the distribution of the electrons we calculate the total electronic density of states as
well its decomposition into angular momentum contributions. The vibrational density of states
shows at high frequencies a band that originates from the motion of the boron atoms. Furthermore
we show that the !B and /B units give rise to well defined features in the spectrum which thus
can be used to estimate the concentration of these structural entities. The contribution of P'B can
be decomposed further into symmetric and asymmetric parts that can also be easily identified in
the spectrum. We show that certain features in the spectrum can be used to obtain information on
the type of atom that is the second nearest neighbor of a boron in the "/Bunit. We calculate the
average Born charges on the bridging and non-bridging oxygen atoms and show that these depend
linearly on the angle between the two bonds and the distance from the connected cation, respec-
tively. Finally we have calculated the frequency dependence of the dielectric function as well as the

absorption spectra. The latter is in good quantitative agreement with the experimental data.

PACS numbers: 61.43.Fs,63.50.Lm,71.15.Pd

I. INTRODUCTION

Sodium borosilicate (NBS) glasses are an important
class of materials since they are resistant to thermal
shocks, chemically inert, mechanically strong, and have
good insulating properties. As a consequence one finds
them in a multitude of applications such as glassware in
the lab, utensils in the kitchen, or in glass-wool for insu-
lation. Many of these properties are related to the way
the cations Si and B build up the network of the glass.
However, since boron can form three and fourfold coordi-
nated structural units (i.e. triangles, PIB, or tetrahedra,
[4IB) which have rather different mechanical and elec-
tronic behavior, our knowledge on the global structure of
the network is far from complete [1].

Using solid-state nuclear magnetic resonance spec-
troscopy (NMR) of ''B, Yun, Bray, Dell and co-workers
have investigated intensively the structural properties of
sodium borosilicate glasses [2-4]. Based on these exper-
iments they have proposed a structural model (called
hereafter YBD) which describes the evolution of the
structure if cations (Na) atoms are added to the sys-
tem and the mechanism of creation of non-bridging oxy-
gens in terms of the two parameters K = [SiO2]/[B2Os3]
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and R = [NayO]/[B203], where [.] indicate mol%. The
YBD model assumes that the borosilicate glasses contain
several larger structural units like diborate, pyroborate,
boroxol rings, reedmergnerite and danburite, which are
also referred to as supra-structural units [1]. These units
are in turn composed of more basic units, such as four-
coordinated silicon, three- and four-coordinated borons,
etc. Within the model the NasO-B203-SiOy ternary
diagram is divided into four compositional regions and
for each domain the YBD model predicts the fraction
of BIBand 4B for a given boron concentration as well
as the fraction of bridging oxygens. In particular it is
postulated that BOs units are transformed to BOy if
R < 0.5, with sodium acting as charge-compensator,
while for 0.5 < R < R* open reedmergnerite-like struc-
tures are formed on intermediate length scales. (Here
the threshold composition is given by R* = 0.5 + K/16
and corresponds to compositions for which the additional
cations start to form non-bridging oxygen connected to
silica tetrahedra.) This latter structures consist of a BOy4
tetrahedron surrounded by four SiO4 tetrahedra.

Subsequently Raman spectroscopy has been used to
gain insight into the structure of NBS glasses [5-9]. For
this, researchers have assigned certain bands of the spec-
trum to medium range order structures but so far no
consensus has emerged on how this should be done.
Based on certain features of Raman spectra measured
for sodium borosilicate glasses at different temperatures,
Manara et al. [8, 9] have recently proposed a revision
of the YDB model. The peaks around 580 cm™! and



630 cm™!, which are two of the main features in the
550-850 cm~! frequency range, have been assigned to
breathing modes of borosilicate reedmergnerite-like and
danburite-like rings, respectively. (Reedmergnerite-like
ring includes one BOy tetrahedron and three SiO4 tetra-
hedra, while the danburite-like ring includes two BOy
tetrahedra and two SiO4 tetrahedra. See Ref. [8] for
an illustration of the two superstructures.) In practice,
this revision of the YBD model modifies the boundary
composition R* to R* = 0.5+ K/2N, with a value of N
between 5 and 6.

In a previous paper, subsequently referred to as
Part 1 [10], we have studied the properties of an NBS
system of composition 3NasO-B203-6Si05 in the liquid
state. In the present paper we investigate the proper-
ties of the corresponding glass. In particular we will fo-
cus on the structures around the boron atoms and how
these are embedded into the network. In addition we will
also discuss the electronic and vibrational properties of
the system and how these arc related to the structural
units. These studies will allow to gain direct insight on
the structural properties of NBS glass considered and also
help to interpret experimental data for glasses that have
a similar composition.

The remaining of the paper is organized as follows: We
will start with a brief reminder of the simulation proce-
dure and give the details on how the glass samples have
been produced. In section IIT we will discuss the struc-
tural properties of the glass. Section IV is devoted to the
vibrational properties of the system. This is followed by
Sec. V in which we present the electronic properties of
the sample as well as the charges of the various species
and how these are related to the local geometry. Sec-
tion VI deals with the dielectric properties of the system
and in Sec. VII we summarize and conclude the paper.

II. SIMULATION DETAILS

We have used the Vienna ab initio package (VASP)
[11, 12] to carry out first principles molecular dynam-
ics (MD) simulations. The system considered is 3NagO-
B203-65105 and the samples had 320 atoms (60 silicon,
180 oxygen, 60 sodium and 20 boron atoms). The size
of the cubic box was 15.97 A, which corresponds to a
mass density of 2.51 g/cm? (the experimental value of
the density for NBS [13]) and periodic boundary condi-
tions were used. The electronic structure was treated
through the Kohn-Sham (KS) formulation of the Den-
sity Functional Theory (DFT) [14, 15] using the gener-
alized gradient approximation (GGA) and the PBEsol
functional [16, 17]. The KS orbitals were expanded in a
plane wave basis at the I'-point of the supercell of the
systems, and the electron-ion interaction was described
within the projector-augmented-wave formalism (PAW)
[18]. The choice of the functional as well as other simu-
lations parameters have been detailed in Ref. [10].

Since the properties of the glass will depend on their

history we have considered different protocols to generate
our glass samples (more details are given in Ref. [10]):
Two independent samples were equilibrated at 3000 K,
i.e. in the liquid. We then started a linear quench first
from 3000 K to 2000 K (using a quench rate of 2 x 104
K.s71) and then a quench from 2000 K to 300 K with
a rate of 1.7 x 10'® K.s7!. Furthermore we used four
independent liquid configurations at 2200 K and started
from them a quench to 1200 K with a rate of 2 x 10
K.s™!, followed by a quench with rate 9 x 10 K.s™! to
300 K.

Four of these six glass samples were annealed for 2 ps
keeping the temperature fixed at 300 K, and for two of
them the same anncaling was done for 15 ps. Despite
the different quench and annealing history of the six sam-
ples, we did not detect any significant dependence of their
properties on the production process. In the following we
will therefore present only the averaged results.

For the electronic densities of states and vibrational
properties, we quenched the samples to 0 K and relaxed
them. This relaxation was stopped once the z, y, z2—
components of the forces acting on each atom were less
than 1073 ¢V/A. The data discussed in Secs. IV and VI
were obtained by averaging over 8 samples, as 2 supple-
mentary samples have been generated by infinitely fast
quenches (i.c. steepest descent) from the two liquid tra-
jectories at 3700 K.

III. STRUCTURE

In this section we will discuss the structural properties
of the glass, notably the environment of three and four-
fold coordinated boron atoms as well as the arrangement
of the sodium atoms around the network formers.

A. Radial pair distribution functions

The partial radial pair distribution function (PDF)
gap(r) is proportional to the probability to find an atom
of type o at a distance r from an atom of type 8. The
various PDF's have been shown in Figs. 1 and 2 of Part I
at different temperatures for the liquid as well as for the
glass state [10]. For the latter we have found that the
PDFs for Si-O and B-O go to zero between the first and
second nearest neighbor peak. This feature allows thus
to define in a unambiguous manner which oxygen atom is
a first nearest neighbor of a given Si or B atom and hence
to determine the number of O atoms that are bonded to
the network formers. From that information we then can
identify the so-called Q(™ —species, i.e. the Si atoms that
have four oxygen atoms as nearest neighbor, n of which
arc bonded to another network forming atom. In Table I
we summarize the so obtained information regarding the
various length of the bonds, the fraction of Q" —species,
as well as the concentration of three and four fold coor-
dinated boron atoms. The same quantities are also given



glass liquid at 2200 K

Si-O bond length (in A) 1.64 1.63
Si-BO bond length 1.64 1.63
Si-NBO bond length 1.58 1.58
B-O bond length 1.42 1.38
B-BO bond length 1.42 1.40
B-NBO bond length 1.33 1.30
Na-O bond length 2.29 2.24

SiOSi (°) bond angle [132.7 (15.0)|  130.9 (18.1)
BISi (%) 7.5 10.6
QW (%) 35.3 33.6
Q¥ (%) 49.8 48.2
Q® (%) 6.8 7.0
QY (%) 0.3 0.1
BO (%) 73.2 71.9
NBO (%) 26.7 27.3
TBO (%) 0.1 0.8
B (%) 37.0 30.5
BIB (%) 63.0 67.8

TABLE I. Some structural features of the NBS glass and as
well as of the liquid at 2200K: Bond lengths, bond angles,
concentration of Q) units, oxygen species as well as boron
coordinations. For the bond lengths, the values correspond
to the first peak positions of the corresponding PDF's plotted
in Figs. 1 and 2 of Ref. [10]. For the bond angle we also give
in parenthesis the standard deviation of the distribution.

for 2200 K, i.e. the liquid at the lowest temperature at
which we have been able to equilibrate the system. As
expected, the values of these quantities in the liquid are
quite close to the ones in the glass state, since, due to the
rapid quenching, the main difference in the structure is
an anharmonic relaxation of the positions of the atoms.

From Fig. la of Part I (Inset) one sees that the first
nearest neighbor peak in ggio(r) is rather sharp. How-
ever, a closer inspection shows that the peak is in re-
ality a superposition of three distinct peaks that are at
slightly different positions. This is documented in Fig. 1
where we show this PDF decomposed into contributions
according to the different oxygen species: Bridging oxy-
gen (BO) linking to either Si or B and non-bridging oxy-
gen (NBO). We see that the Si-O-Si-peak is at a distance
(Tmax ~ 1.65 A) that is only slightly larger than the one
for Si-O-B (rmax =~ 1.64 A), which shows that in this
case the nature of the second nearest neighbor does not
influence the bond distance to the first nearest neigh-
bor. More important is the observation that the peak in
Si-O-Si is significantly higher than the one for Si-O-B.
If the network would be completely random, one would
expect a factor of three (since we have 3 times more Si
atoms than B atoms). However, we find that the ratio
between the peak height is significantly higher than 3, i.e.
the mixing of the two networks is not ideal, in qualitative
agreement with the observation in Part I, where we found
that the Si and B atoms undergo a microphase separation
(see the partial structure factor Sgip(¢) shown in Fig. 6b
of Part I). Finally we see that the distribution for the
NBO shown in Fig. 1 indicates that this oxygen species
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FIG. 1. First peak of the Si-O PDF for the glass decomposed
by taking into account the oxygen type (BO and NBO) as
well as the nature of the type of the second neighbor of the
O atom.
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FIG. 2. Temperature dependence in the liquid state of the
concentrations of 2-; 3- and 4-fold coordinated borons as well
as the ones of the symmetric and asymmetric 3-fold borons,
BB, and BB, respectively. The filled symbols are the cor-
responding concentrations in the glass generated by the fast
quench in the simulation. The dashed lines are the extrapo-
lation of the 3- and 4-fold coordinated borons to low temper-
atures taking into account that they have to sum up to 100%.
The star and cross are the corresponding concentrations as
predicted by the YBD model.

is relatively close to the Si atom (rmax =~ 1.58 A), a result
that is reasonable in terms of charge balance and in good
qualitative agreement with previous ab initio simulations
for binary sodium and lithium silicate glasses [19-22] as
well as more complex bioactive glasses [23].

Regarding the PDF for B-O, we will see below that it
is useful to decompose this correlation function into con-
tributions that stem from the trigonal motifs */B and
the tetragonal ones, i.e. 4B, since these are important
building blocks in the network. Before doing this it it,
however, important to see to what extent the concen-
tration of these motifs depend on the way we have pro-
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FIG. 3. First peak of the B-O PDF for the glass, decomposed
into contributions from ®'B and B, into oxygen’s speciation
BO and NBO, as well as according the second network-former
of the bridge B-O-T, for T=Si, B.
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FIG. 4. First peak of the O-O PDF decomposed into contri-
butions of oxygen atoms that are associated with BIp, 4B,
and four and five fold coordinated Si.

duced the glass. Although the structure of all glasses
will depend to some extent on the production history,
this dependence is usually mild and hence can, to a first
approximation, be neglected [24]. However, the case of
borate systems are special since in the liquid state there
is a significant conversion of three-fold coordinated boron
atoms into four-fold coordinated ones if temperature is
decreased and hence it must be expected that the prop-
erties of the glass depend strongly on its fictive tempera-
ture. To estimate this dependence we show in Fig. 2 the
T—dependence of the concentration of 2, 3 and 4-fold
coordinated boron atoms in the liquid (open symbols).
As can be seen, the concentration of 2-fold coordinated
boron atoms is small, decreases very rapidly, and van-
ishes at around 2000 K. Hence we conclude that this
local structure is not relevant in this type of glass, in
agreement with expectation and experiments. Also the
concentration of BIB decreases if T is lowered, but re-
mains at relatively high values in the whole temperature
range at which we can probe the equilibrium properties
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of the liquid. In contrast to this the concentration of (4B
is relatively small at high 7', but increases steadily if tem-
perature is lowered. The significant T'—dependence that
we find for the concentration of BIB and B is in quali-
tative agreement with results from NMR experiments in
which it has been found for various borosilicate glasses
that an increase of the quench rate by 4-6 orders of mag-
nitude leads to a decrease of the concentration of /B by
about 5-7% [25-28], that the concentration of PIB is in-
creasing with increasing 7' [26, 28-30], or with studies on
probes at high temperatures in which it has been shown
that an increase of annealing time of the glass samples
leads to higher concentration of 1B [31].

In view of this quite strong T'—dependence of the con-
centrations of PIB and 4B, it is evident that a glass pro-
duced with the high quenching rates imposed by the ab
initio simulations will not give a reliable value for these
concentrations in a real glass. This is seen in Fig. 2 where
we also show these concentrations for the glass we have
obtained (filled symbols). As expected these concentra-
tions are very close to the values we have extracted for
these quantities in the liquid at the lowest temperature,
i.e. 63% and 37% for P'B and B, respectively. However,
since we have determined the T'—dependence of these
concentrations, we can extrapolate them to the tempera-
ture at which the real liquid undergoes a glass transition
temperature and hence obtain a more reliable prediction
for these values. This extrapolation, in which we have
taken into account that the sum of the two concentra-
tions must add up to 100%, is included in Fig. 2 as well
(dashed lines). We see that for a T ~ 760K one obtains
values that are close to the ones predicted by the YBD
model (25% and 75% for ¥/B and /B, respectively, show
in the figure as well) and also to the ones estimated from
XANES experiments (22% and 78%, respectively) [32].
Hence we can conclude that our simulations do indeed
allow to predict the mentioned concentrations in the real
glass, if one takes into account their T—dependence.

Having understood the T'—dependence of the concen-
trations of BIB and WB, we return to the discussion of
the PDF for B-O and in Fig. 3 we show the first peak of
this function. In view of the importance of the local mo-
tifs BIB and B we have decomposed this peak into the
contributions from trigonal and tetrahedral boron (full
and dashed lines, respectively).

From the graph we see that the length of the B-O bond
is 1.38 A and 1.47 A for BIB-O and ¥/B-0, respectively.
These values are in excellent agreement with the ones
obtained from neutron scattering experiments on BsOg
and binary borate glasses which gave 1.37 A and 1.47 A,
respectively [33[] or on sodium diborate glass which gave
1.38 A for the FIB-O distance and 1.485 A for the 4/B-
O distance [29]. Our values are also close to the ones
obtained within a classical MD simulation of borosili-
cate glasses [34, 35|, thus showing that these distances
are basically independent of the composition. It is there-
fore noteworthy that a reverse Monte Carlo simulation of
borosilicate glasses with quite similar NayO/B203 and



SiO2/B20; ratios, but containing 5 % BaO - 5%Zr20
gave a IB-O distance around 1.60 A [36], which indi-
cates that this approach does not give reliable results.

Although the position of the first peaks in /B-O and
MIB-O are very close to the ones found in pure B;Og
or binary borates, onc has to recalize that the local struc-
ture of the present system is more complex. In particular
the presence of Na makes that there is a significant con-
centration of NBO, with the consequence that the B-O
distance shows a relatively wide distribution. This can
be seen in Fig. 3 where we show also the decomposition
of the BIB-O and MB-0 distributions into the parts in-
volving bridging and non-bridging oxygen atoms. From
the size of the peaks one sees immediately that the NBO
play only a minor role for the B environment (1.2%)
whereas in the case of the PIB structures they account
18% of the bonds. Hence we conclude that NBOs are
mainly associated to the trigonal motifs.

The location of the NBO peaks is shifted significantly
to smaller distances with respect to the ones for the BO,
a result that, in view of the reduced connectivity of the
NBOs, is reasonable. For the B/B-NBO distribution we
find the peak at 1.32 A | whereas the one for PIB-BO it
is at 1.39 A. That the mean position of the BIB-O peak is
basically the same as the ones found for BoO3 (for which
one does not expect to have NBO) is therefore only due
to the effect of averaging the peaks for the B/B-NBO and
BIB-BO.

Finally we mention that the length of the B-O bond
can also be influenced by the second atom that is con-
nected to the oxygen: For the case of a B!B-O bond in
which the O is attached to a B or Si atom the bond length
is 1.37A and 1.40 A, respectively. However, for the case
of an B-0O bond we do not find such a difference, thus
showing that the boron triangles and tetrahedra have
quite different rigidity.

Figures 1 and 3 show that there is a substantial amount
of NBOs in our system and we find that the total con-
centration is 27 % (i.e. the BO have a concentration of
73 %). Although we have just shown that the */B tri-
angles contain a significant fraction of NBOs and that
the concentration of the former depends significantly on
T, the overall concentration of NBOs does not depend
strongly on temperature (see Fig. 4 in Part I). The rea-
son for this is that on one hand we have three times more
Si than B atoms, i.e. the strong T—dependences of [FIB
is not that relevant, and on the other hand some of the
NBOs associated to */B are probably accommodated by
the Si atoms, thus weakening the T'—dependence of the
overall NBO concentration. As a result one can make an
extrapolation of the T'—dependent BO concentration to
low temperatures and estimate that around T}, this value
is slightly above 80 %. This result agrees very well with
the prediction of the YBD model which foresees 80 %
and 20 % for BO and NBO concentration, respectively,
and also with results from 17O NMR experiments [37].

For the BOs we have found that 45 % belong to Si-
O-Si bridges, 25 % to Si-O-B bridges, and only 4 % to

B-O-B bridges. For the present composition, the YBD
model predicts the presence of reedmergnerite, diborate
and pyroborate supra-structural units, and consequently
there should be 5% B-0-B, 28% Si-O-B and 47% Si-O-Si,
in very good agreement with our findings. However, in
the 170 NMR experiments of Wang and Stebbins only a
low concentration of Si-O-B has been found [37], which
might imply that the Si and B network are not perfectly
mixed (see also [25, 38]). Although such an non-ideal
mixing behavior is indeed compatible with our simulation
data (we recall that in Part I, Fig. 6b, we have shown that
at small wave-vectors the partial structure factor for Si-B
does not go to zero), the effect is so small that it does
not affect the concentration of the Si-O-B connections
and hence this value can still be relatively elevated.

Finally we mention that the possible connection of
NBO to the ¥/B triangles makes that the latter can be
separated into two classes [4]: The ones including one
or two NBOs, called asymmetric units (labelled hereafter
[BIB,), and the ones completely connected to the network
through bridging oxygens, i.e. with zero NBOs, called
symmetric units (labelled hereafter PIB,). The YBD
model does predict the relative concentration of these
two units and for the current composition one should
have 55% of BIB, and 45% of B!B,. The corresponding
values we have measured for our glasses are around 58%
for BIB, and 42% for BIB,, thus they agree very well
with the predictions of the YBD model, although our
error bars for these concentrations are relatively large.
In view that one has a strong cooling rate dependence of
the concentrations for *IB and /B, this agreement might
surprise. However, NMR experiments [259 have probed
the cooling rate dependences for these two ¥IB structures
and found that the concentration of BIB; is almost inde-
pendent of this rate, whereas the ones of the asymmetric
units shows a decrease of about 6% when the cooling
rate was decrecased over four orders of magnitude. Thus
we can conclude that the transformation of P!/B into *'B
units is mainly made by eliminating the BB, structures.
Unfortunately the temperature dependence of 3/B, and
BIB, in the liquid state (shown in Fig. 2) do not allow us
to confirm this conclusion since the large error bars are
too large.

In Fig. 1d of Part I we have seen that the first nearest
neighbor peak in goo(r) is split into two. The reason for
this feature is given in Fig. 4 where we have decomposed
this correlation function into contributions from first-
neighbor O-O distances in SiO4, BO3s, BOy4, and SiOs
units, the latter occurring with a probability of around
7 %. From the graph we recognize that the peak at 2.40 A
is due to the O-O distance within the trigonal and tetra-
hedral boron structures which give rise to peaks at 2.38
A and 2.42 A, respectively. These values agree well with
the ones obtained from neutron scattering experiments
on B2Os glass and on binary borate glasses containing
modifiers for which, depending of the nature and propor-
tion of the modifier, distances ranging from 2.38 to 2.42
A are found [33]. For trigonal units, the present O-O dis-



tance agrees also with that extracted from classical MD
simulations for ByO3 glass, which was 2.37 A [39].

The main nearest neighbor peak in goo(r) is found at
2.66 A and its presence is entirely due to the SiOy tetra-
hedra. This distance is close to the one found in pure
SiOq glass [40], but this does not imply that the geom-
etry of this structural entity is not affected by the pres-
ence of other network-formers and/or modifiers. This
coincidence is only due to the effect of averaging over
distorted SiO4 tetrahedra with short Si-NBO bonds and
long Si-BO bonds (see Fig. 1 and Tab. I), as already
reported in previous ab initio simulations for other sili-
cates [19, 21, 22, 41, 42]. Finally we mention that the
0-0 distance corresponding to the SiO5 units is some-
what smaller than the one for the SiOy4 tetrahedra. Since
only 2.5% of the defective SiO5 structures are associated
with a NBO, the reduced Si-O distance is not related to
these non-bridging oxygen atoms.

From Figs. 2a, b and c in Part I we see that also the
PDFs for Si-Si, Si-B and B-B show a split first nearest
neighbor peak. A detailed inspection of these features
shows that they are related to the presence of defective
edge-sharing units and/or defective SiOs units which,
due to the high quenching rate, are more abundant in
our samples than in real glasses.

This is also the case for the first peak in the B-B cor-
relation: We have found it to be present only in one of
the samples and therefore consider it to be atypical. The
relevant peak in this PDF is located at 2.60 A which
is in very good agreement with recent neutron scatter-
ing studies by Michel et al. [43] who found for the same
composition the distance 2.64 A and ab initio simula-
tions of BoO3 for which one finds 2.55A [44]. However,
other neutron scattering experiments have found that the
peak is located between 2.77 and 2.85 A for BoO3 and
alkali borate glasses with comparable alkali content, re-
spectively [33]. This shows that extracting such detailed
information from neutron scattering experiments is not
a trivial task.

We also point out that this distance might be affected
by the high quench rate used in computer simulations.
Since we have seen that our simulations predict a con-
centration of PIB that is too high, it can be expected
that a smaller cooling rate (which will give rise to more
(4B units) will lead to a B-B distance that is larger, since
we have seen in Fig. 3 that the distance )B-O is smaller
than the #/B-0 one. Finally we mention that this too low
concentration of /B hinders us to check the validity of
the so-called “tetrahedral boron avoidance” principle, i.e.
the trend seen in NMR experiments that the [¥B units
have the tendency of not being nearest neighbor [45, 46].

To understand how the alkali atoms arrange around
the BO3 and BO4 units we show in Fig. 5 the correspond-
ing PDF. One clearly sees that the nearest neighbor peak
(bold solid line) is the sum of two contributions. We have
found that it is reasonable to decompose the main peak
into B-Na pairs that share exactly one oxygen atom (thin
solid line) or more than one O atom (thin dashed line).
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Thus we recognize that the shoulder at around 3.25 A
is due to the B-Na pairs that share one oxygen atom,
whereas the main peak, located at 2.77 A, is produced
by the pairs that share more than one oxygen. That
sharing more than one oxygen leads to a shorter distance
between the B-Na pairs is reasonable, since these oxygens
give rise to an effective attraction between the cations.
The two mentioned peaks can be decomposed further into
the contributions stemming from ¥/B and /B. We find,
see Fig. b, that the BIB-Na distances are shorter than the
one in [MB-Na, which is reasonable since the tetrahedral
structures are larger than the trigonal ones. Furthermore
we recognize from this decomposition that the probabil-
ity that a (4B shares exactly one oxygen atom with a
Na is significantly smaller than the corresponding prob-
ability for a BIB. This result is related to the three di-
mensional distribution of the Na atoms around the boron
units, as we will show next.

Since the PDF's give only information on the relative
arrangement of two atoms it is instructive to consider
also three dimensional distribution functions. In partic-
ular we are interested to understand how the Na atoms
are arranged around the ¥/B and (4B structures. Since
each BIB triangle or !B tetrahedron will have a slightly
different geometry we have mapped cach of them on an
average structure. For the /B we thus proceeded as fol-
lows: We translated each BOj3 triangle, together with its
nearest Na, to a coordinate system in which the B was at
the origin and the three O atoms define the 2 — y plane.
In this plane we set up an equilateral triangle with the
vertices at a distance 1.37 A from the origin (i.c. the B-O
distance found in the PDF) and with one of them lying
on the y—axis. This triangle defined our ideal reference
structure. The real ¥/BO3 triangles were then rotated
in this plane such that the average squared distance of
the real oxygens from the ideal positions (given by the
reference structure) were minimized. (We note here that
the four atoms of the P/BO3 structure do basically lie in
a plane and hence the reference triangle is a good ap-
proximation.) In order to exploit the symmetry of the
trigonal structure we applied all possible symmetry op-
erations to this triangle, carrying along the Na atoms.
These last operations allow thus to improve the statis-
tics regarding the regions in which the Na atoms prefer
to be. In Fig. 6a we show the projection of this dis-
tribution onto the x — y plane and we sce that the Na
preferential region presents the expected three fold sym-
metry along the three BO bonds. Note that the center
of the triangle is basically devoid of Na atoms, i.c. they
prefer to arrange around the three B-O axes. Note that
in the graph we distinguish the Na atoms that share one
(crosses) and two (circles) oxygen atoms with the central
B atom. These latter ones are found close to the angle
bisector O-B-O and their distance from the B atom is
slightly smaller than the former ones. Thus this explains
why the corresponding PDF's, shown in Fig. 5, have their
maximum at different distances.

In panel b) we show the projection of the distribution



in the direction of the y—axis. We show only the Na
atoms that are nearest neighbor with the oxygen atom
#1 and we distinguish again atoms that share one (cir-
cles) and two (crosses) oxygen atoms with the central B.
We see that most of the latter atoms are close to the
plane spanned by the three oxygen atoms and that the
distribution of (all) the Na is quite circular around the
axes defined by a B-O bond.

To generate panels a) and b) of Fig. 6 we have only
used those [FIB units which have three bridging oxygen
as neighbors. There is, however, a substantial fraction of
BIB which have one NBO as nearest neighbor (58%) and
hence can be expected to have an asymmetric distribu-
tion of Na atoms around them. That this is indeed the
case as shown in Fig. 6¢ where we show these triangles
(oriented such that the NBO points upward). We clearly
see that the NBO has significantly more Na around it (on
average 3.1 instead of the 1.3 found around the symmetric
oxygen in the PIB triangle). From the figure we also rec-
ognize that this enhanced concentration is accompanied
by a decreased concentration of Na around the BO which
makes that the overall number of Na atoms around a [*'B
with one NBO is equal to 4.8 which has to be compared
with 3.2 atoms around a !B unit with only BOs.

To study the distribution around the /B units we have
applied three rigid rotations to each of the real tetrahedra
so that its vertices were as close as possible to the ones
of a regular tetrahedron that had a BO distance equal
to 1.47 A (i.e. the average bond lengths extracted from
the first peaks of the PDF's for the tetrahedra) with one
vertex pointing in the z—direction. In order to exploit the
symmetry of the structure we applied again all possible
symmetry operation to this tetrahedron, carrying along
the Na atoms.

In Fig. 7a we show the projection of the distribution
onto the —z—plane. For the sake of clarity we show only
those Na atoms that are nearest neighbors of the oxygen
atom shown at the top (e.g. O#1). We distinguish again
between Na atoms that share exactly one (crosses) or two
(circles) oxygen atom(s) with the central B atom. An in-
spection of the distribution around the O#1 as projected
on the x — y— plane (not shown) demonstrates that the
former Na have a (basically) circular distribution around
the B-O axis whereas the latter Na (circles) have a distri-
bution with a three-fold symmetry. This symmetry can
be clearly recognized from panel 7b where we plot the
Na distribution projected onto the x — y—plane. (Note
that in this panel the distribution is see from the bottom
of the tetrahedron and that the Na atoms that are first
nearest neighbor of oxygen #1, located on the positive
z—axis, are not shown.) From the two projections we
also recognize that the Na atoms that share two O with
the central B have typically distances that arc smaller
than those Na atoms that share only one, in agreement
with the corresponding PDFs shown in Fig. 5.

Since the BO4 unit have the same symmetry as the
SiO4 tetrahedra, it is instructive to compare the Na dis-
tribution around these two structures. For this we show
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FIG. 5. Decomposition of the 1st peak of the B-Na PDF for
the glass according to boron coordination as well as to the
number of oxygens that are shared between the B and Na
atom.

in Fig. 8 the distribution for SiO4. (Here we have used
the value 1.65 A for the Si-O distance of the reference
tetrahedron and in order to make the graphs compara-
ble we show in the graphs the same number of Na as
in Fig. 7.) The comparison with the corresponding dis-
tribution for BO4 shown in Fig. 7 reveals that for the
case of SiOy4 the Na atoms are concentrated more around
the axis between the cation and the oxygen, thus making
that the number of sodium atoms that share only one
oxygen with the central cation (crosses) is significantly
higher. Furthermore we see that the Na which share two
oxygen atoms with the central cation (circles) are spread
over a significantly larger portion of space for the case
of BOy4. This result is reasonable since the boron atoms
have a smaller effective charge than the Si atoms, thus
restricting the Na atoms less. Hence we see that due to
the effect of charge balance the distribution of Na atoms
around the two tetrahedral structure shows small but sig-
nificant, differences.

B. Bond angle distributions in NBS glass

Complementary and additional information on the lo-
cal ordering and organisation of the glass network is ob-
tained from the analysis of the bond angle distributions
(BAD) P.g~(8) and these nine distributions are shown in
Fig. 9 of Part I [10]. As expected, with decreasing tem-
perature these distributions become narrower and some
of their features more pronounced. At 300 K the distri-
bution Posio(0), Fig. 9a in Part I, shows a quite narrow
distribution with a peak at about 108°, very close to the
ideal intra-tetrahedral O-Si-O angle, and thus similar to
the geometries found for pure SiOs and in alkali silicate
glasses [19-22]. A closer inspection of this distribution
reveals the presence of a small bump at about 90°, which
is the fingerprint of defective 5-fold coordinated Si and/or
edge-sharing tetrahedra.
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FIG. 6. Distribution of the Na atoms around a BO3 unit. The
crosses and circles show Na atoms that share, respectively,
exactly one and two oxygen atom(s) with the central B atoms.
a) BOs3 in top view (The oxygen on the top is oxygen #1). b)
BO3 in side view. Only Na atoms that are nearest neighbor
to the oxygen atom #1 (at the center) are shown. c) The
asymmetric BOs unit with two BO and one NBO (oxygen
#1, on top).

The distribution Popo(#) shown in Fig. 9b of [10] is
broader than Pogio(f) and in fact one sees that it is the
sum of two peaks. (The shoulder at around 95° is due to
edge sharing triangles/tetrahedra, geometries that can
be expected to vanish if the cooling rate is decreased.)
In Fig. 9 we demonstrate that these peaks are related
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FIG. 7. Distribution of the Na atoms around a BO, tetrahe-
dron. a) Top view. Only the Na atoms that are first nearest
neighbor of oxygen #1 (the top one) are shown. b) Bottom
view. Only the Na atoms that are not nearest neighbor of
oxygen #1 (at the center) are shown.

to the presence of O-BIB-O and O-MB-0, giving rise
to distributions that have a maximum at around 121°
and 110°, respectively. These values are close to the ex-
pected values for an isosceles triangle (120°) and an ideal
tetrahedron (109°). (We recall that the PIBO3 triangles
are basically planar, similar to the case of pure B2Og
glass [47].) In addition we see that the distribution for
the angles O-F*IB-0 is asymmetric in that it has a tail to
smaller angles. This feature is related to the presence of
BIB that have a NBO, thus making that the triangular
unit has two angles NBO-B-BO at around 123° and a
smaller one (BO-B-BO) at around 113°.

Figure 10 shows the angle distribution Ponao (). In
Sec. IIL.C of Part I [10], we showed that this double
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peak structure becomes more pronounced if temperature
is decreased (see Fig. 9c in [10]). In agreement with previ-
ous results from ab initio simulations for low-silica alkali-
alkaline earth melts [42], we see that the peak at around
60° is related to the BO-Na-BO angle, whereas the one at
90° to the NBO-Na-NBO angle. Finally the distribution
for the BO-Na~-NBO has peaks at the two angles. Since
NBO are basically absent in the */BOy units, the two lat-
ter distributions can thus be associated with Na atoms
that are around Q3 and ¥BO3 units. Since the concen-
tration of the PIBO3 units is decreasing with decreasing
T and the one of Q? is increasing (see Fig. 4 in [10]), it
is at this point difficult to estimate how the distribution
Ponao will be in glasses that have been produced with
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FIG. 9. Distribution of the bond angle O-B-O and its decom-
position into OPBO and O'BO components.
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FIG. 10. Distribution of the bond angle O-Na-O and its de-
composition for BO and NBO.

the cooling rates used in real experiments.

Further insight into the connectivity of the network
formers can be obtained from the BAD centered on the
BOs, i.e. the angular distributions Si-O-Si, B-O-B, and
Si-O-B, shown in Part I, in Figs. 9d, e, and i, respectively.
All three distributions present small peaks located at
93°, 84° and 87°, respectively, indicating the presence of
the defects mentioned in the previous sub-sections (SiOs
and edge-sharing). Therefore it can be expected that
with decreasing cooling rate these peaks disappear (see
Fig. 5b in Part I) and are not present in glasses obtained
with cooling rates accessible in real experiments. For the
inter-tetrahedral angle Si-O-Si, the distribution shown in
Fig. 9d has a maximum around 130°, and a compari-
son to the corresponding data for pure SiOs glass shows
that this position is shifted to smaller angles due to the
sodium atoms, in agreement with results for a sodium
silicate glasses [19]. Finally, we notice that both PsioNa
and Ppona distributions, see Fig. 9g and h in Part I, have
maxima around 90° and present a significant decrease of
the probability at large angles when T is lowered. These
modifications are related to the fact that Na is avoiding
the direction of the Si-O bond (or B-O bond) as it can



be seen for example in Fig. 6 for the trigonal units. The
maxima around 90° are probably related to the angles
corresponding to Na which share two oxygen atoms with
the central cation (blue circles in Figs. 6-8)

Before we conclude this section on the structural prop-
erties of the glass, we mention that we have not found any
boroxol rings in our sample, and this despite the rela-
tively large concentration of [*/Bunits. Thus, in contrast
to pure B2Ogs glass in which these rings are relatively
frequent [48], the presence of a second network former Si
and the network modifier Na make that these rings are no
more favorable structural units, in a compositional range
with low content of BoOs3.

IV. VIBRATIONAL PROPERTIES

In order to study the vibrational properties of the NBS
glass we have relaxed its structure to 0 K and then de-
termined the dynamical matrix. This was done with a
finite difference scheme using atomic displacements of
about 2.6 - 1073A. The diagonalization of the dynam-
ical matrix gave then the 3N eigenvalues {w,} as well as
the corresponding normalized eigenvectors {e(wp)}, for
p=1,2,...3N where N is the total number of atoms in
the sample, i.e. 320 in our case. The vibrational density
of states (VDOS) is then given by

3N

o) = s Db —w) 1)

p=4

and it is shown in Fig. 1la. It is also instructive to
decompose the VDOS into the so-called partial-VDOS,
i.e. the contributions from the different species:

3N N, 3

9ul0) = 23 I3 lerslen) Pl — ) (2)

p=4 I=1 k=1

where oo = Si, O, Na, and B and ey ;(w,) is that part
of the eigenvector e(w,) that contains the 3 components
of particle I. The so obtained discrete vibrational spec-
tra has been broadened with a Gaussian of FWHM of
30 cm~! and they are included in Fig. 11a as well.

The figure shows that in the total VDOS one can iden-
tify four main bands: A first one which ranges from 0
to & 600 cm™!, a second one between 600 cm™! and
820 cm ™!, a third one between 820 and 1200 cm~!, and
finally the fourth one between 1200 cm~! and 1600 cm ™.
Inspection of the partial VDOS shows that the four el-
ements contribute in very different ways to these four
bands. For the band at the lowest frequencies we see
that the Na atoms give rise to the marked peak at around
180 cm™! and that the oxygen atoms contribute signifi-
cantly in the whole frequency range of this band, whereas
the contribution of the Si and B are relatively weak.
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FIG. 11. (a) Total and partial vibrational density of states for
the glass. The total VDOS is normalized to 1, and the partial
VDOS of borons is multiplied by 3 in order to enhance its
visibility. (b) Partial vibrational density of states for trigonal
PIB and tetragonal /B boron atoms. Both are normalized to
1 in order to allow a better comparison.

These results are in qualitative agreement with the ones
obtained for sodium and lithium silicate glasses [21, 49].
For frequencies below 1200 cm™!, one finds that the
partial VDOS of Si and O present three main bands, as
in pure silica [40, 50, 51]. However, their features (po-
sition, width and intensity) are somewhat modified due
to the presence of Na and B. For example, in pure silica
one finds a prominent peak at around 800 cm ™! which is
related to Si [51], and our data shows that this peak is
shifted to lower frequencies and has an intensity similar
to the one of the band below 600 cm ™!, whereas in pure
silica it is two times more intense. The so-called high-
frequency band in pure silica located above 1000 cm™!
[51] is also shifted to lower frequencies and this can be
rationalized by recalling that the modes on the left side of
this band can be attributed to the softening of stretching
motions in silicates due to the depolymerization [52].
The presence of B in the system gives rise to a peak at
around 680 cm ™! and the band at the highest frequencies.
(In the latter one finds also contributions of the oxygen
atoms that are connected to B atoms.) These results
agree with interpretations of Raman and hyper-Raman
experiments for alkali borates or borosilicate glasses and
melts [9, 53, 54], and are also supported by ab initio
modelling of vibrational spectra (VDOS, infra-red, Ra-
man and hyper-Raman) for BoOs glass [47, 48]. Due
to the importance of the BIB and B units, it is use-



ful to decomposed the partial VDOS of the boron atoms
into contributions that come from these two motifs and
in Fig. 11b we show the two spectra. Note that in or-
der to facilitate the comparison of the two curves we
have normalized them to one. Since we have found a
strong T—dependence of the concentration of the [F'B
and /B units this normalization also allows to infer how
the real spectra would look like if we would use a cool-
ing rate that corresponds to the one in real experiments,
i.e. glasses with a concentration of PIB around 30% (see
Subsec. IITA). (Here we assume that the main effect of
the cooling rate is the concentration of the /B and 4B
units and hence the other partial VDOS are affected only
weakly.)

For frequencies below 600 cm™! the spectra for the
BIB and B units are very similar and hence this part
of the spectrum should not be affected by cooling rate
effects. At higher frequencies we find that the vibration
of the trigonal boron gives rise to a pronounced peak at
around 680 cm~! and a broad band between 1100 cm™!
and 1500 cm™'. This result might be in contrast to the
interpretation of Raman spectra in which one relates the
peak in the 600-700 cm ™! region to the presence of reed-
mergnerite and/or danburite rings containing tetrahedral
borons [8, 9, 28]. Indeed we see from our spectra that the
[MIB units do not have a significant contribution at these
frequencies (their vibrational modes arc mainly located
in a band between 800 cm~! and 1200 cm'). Never-
theless we cannot conclude that this experimental inter-
pretation of the origin of the peak is incorrect, as in our
decompositions we have considered only the modes of the
borons atoms in trigonal and tetrahedral units, and not
the modes of the whole reedmergnerite and/or danburite
rings. Finally we mention that the distinct features in the
spectrum of the 3/B and 4B units allow to infer from the
experimental spectrum the concentration of these units
in the sample.

The vibrational features of the various atoms and
species depend not only on the number of their neigh-
bors but also on how the latter are connected to the
rest of the network. As discussed above, for the trigo-
nal boron atoms one can therefore distinguish between
the symmetric units ([3]BO units completely connected
to the network through BO atoms), and the asymmetric
units (boron atoms that have at least one NBO as near-
est neighbor). In Fig. 12a we show the VDOS for these
two subunits and we recognize that the peak around 680
cm ™!, has contributions from symmetric as well as asym-
metric BIBunits, and that the peak of asymmetric units
is more pronounced.

Also interesting is the high frequency band above 1100
cm ™! since the decomposition shows us that it is the sum
of three peaks: Two peaks located at around 1050 and
1450 cm ™! which correspond to the modes of the asym-
metric P/B and a broad peak located in between and
which is related to the vibrational motion of the symmet-
ric B/Bunits. Although we have not investigate the de-
tails regarding what type of motion corresponds to these
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FIG. 12. Partial vibrational of state for boron. (a) Decom-
position of the pvVDOS for !B into contributions from the
symmetric and asymmetric trigonal environments PIB, and
BIB,: (b) Decomposition of the pVDOS for B into contri-
butions related to different types of second nearest neighbors.

three peaks it is likely that they can be to attributed to
complex stretching motions as it has been suggested for
example from IR experimental data for Agl-doped borate
glasses [55].

The decomposition of the #Bmodes taking into ac-
count the nature of the second network former to which
the BO4 unit is linked to is shown in Fig. 12b. (We
recall that the large majority of /B have only BO as
nearest neighbors.) Among the [“IB units present in our
structures, the concentration of the reedmergnerite and
danburite suprastructural units [8] (labelled [ Bg;,p, and
[4]B813BU respectively) dominate and is around 43% and
27% respectively. We see that these two structures give
rise to a very similar partial VDOS with a asymmetric
band above 800 cm™!. This result may contradict the in-
terpretation of recent Raman investigations in which the
modes of the reedmergnerite and danburite suprastruc-
tural rings were assigned to a different spectral band, be-
tween 600-700 cm~! [8, 9, 28]. However, as already stated
above, one has to recall that our assignments are based
regarding the modes of tetrahedral borons, and not of the
rings to which their belong to, as done in experimental
studies which make use of analogies to the experimen-
tal spectra of reedmergnerite and danburite crystals. For
the structural units [4]B512132 and [4]}3511]33 we find that
the band above 800 cm™! is more symmetric but now



we find also modes at around 700 cm™! and 750 cm ™!,

respectively. Hence our analysis gives evidence that this
spectral band can give information on the nature of the
second nearest neighbor. However, due to the rather poor
statistics of the present simulation it is hard to draw more
quantitative statements.

V. ELECTRONIC PROPERTIES

In this subsection we will analyze the electronic prop-
erties of our NBS glass samples in terms of the electronic
densities of states and the Bader charge variations.

A. Electronic density of states

To calculate D(E), the average total electronic density
of states (eDOS), we have in a first step used the Kohn-
Sham energies obtained for each 0 K relaxed structure to
determine the partial eDOS D!, (E) for a = Si, O, Na, B
and the angular momenta [ = 0, 1. Subsequently D(FE)
has been obtained as D(E) = >, ca) g, D! (E),
where ¢, is the concentration of species a.

In Fig. 13 we show D(FE) as well as the partial eDOS,
D! (E), for « = Si, O, Na, B and [ = 0, 1 respectively.
Above the Fermi level, ' = 0, we find a band gap of
approximately 3 eV. Although to our knowledge, exper-
iments have not yet determined the value of this gap
for NBS glasses, we can compare it to values for other
glasses. For the case of SiOs, DFT calculations have
predicted values around 5 eV [21, 56, 57], whereas for
sodium and lithium silicates the width of the gap was
found smaller: 3.4 €V for the lithium disilicate [21] and
ranging between 2.77 and 2.86 eV for sodium tetrasili-
cate [19]. This narrowing of the gap has been argued to
be related to the presence of the Na and Li atoms, and the
same explanation is likely to hold also for our NBS com-
position which presents a high soda content. However,
when making these arguments one should not forget the
well known problem of standard DFT calculations which
typically predict gaps that are substantially smaller than
the experimental ones, both for semiconductors and in-
sulators [58].

Below the Fermi level, D(E) shows two valence bands:
A first one between —22 and —16 eV and a second one
between —11 and 0 eV. The low energy band is also ob-
served in the partial eDOS for Si, B, and O and it has a
double peak structure. Since the peak at higher energy,
E ~ —17 €V, is absent in fully connected networks such
as pure SiOy and B5Os, we can assign it to electronic
states of Si and B atoms which have at least one NBO,
in agreement with results for lithium silicate crystals and
glasses [21, 59], as well as for a sodium silicate [19]. We
also note that for Si and B this double peak structure is
present for [ = 0 and [ = 1, thus indicating a hybridiza-
tion of their respective 2s and 2p states with each other.
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FIG. 13. (a) Total electronic density of states D(E) in the
glass. (b)-(e) Partial electronic density of states DY (F) for
a =Si, O, Na, and B. The solid and dashed lines show D (E)

for I = 0 and | = 1, respectively. The origin of the energy is
the Fermi level.

The features of the valence band at energies above
—11 eV can be understood by recalling the ones observed
in pure SiOy and B2Os glasses [44, 56], in spite of the
presence of a small but negligible contribution in D, (F)
(see Fig. 13d). Thus the band between —11 eV and
—5 eV may be assigned to contribution from bonding
states between O 2p orbitals and Si sp? hybrids on one
hand, and with hybridized 2s and 2p orbitals of B atoms
on the other hand. Finally there is a large peak above
—5 eV which originates mainly from O 2p since in this
energy range the contributions from DL (E) and D5(F)
are substantially smaller. This peak is generally assigned
to lone-pair O non-bonding 2p states [44, 56].

B. Bader charges

Since simulations within a DFT approach allow to cal-
culate the electronic properties of the system, one can
correlate these with the local structure. In the present
study we have employed the method proposed by Bader
[60], which is also called “atom in molecule”. In this
approach one partitions the charge density into regions
around each nucleus, the so-called Bader volume, using
as boundary surfaces with zero flux, i.e. perpendicular
to this surface the change density p(r) is in a minimum:
Vp(r) -n =0 [59, 61]. The charge is then given by



Charge [|¢|] Si QW QW Q® NBS Si0» [40] SiO- [66]
liquid | 3.097(0.057) | 3.122(0.046) | 3.086(0.054) | 3.075(0.049) ST [2.996(0.198) | 3.298(0.102) | 3.177(0.121)
glass | 3.146(0.021) | 3.159(0.018) | 3.137(0.017) | 3.113(0.012) O [-1.591(0.099) |-1.649(0.062) [-1.588(0.078)

o BO NBO TBO 1\113]300 -1.23421(8.81431) -1.649(0.062) |-1.588(0.078)
liquid  |-1.560(0.047) [-1.580(0.036) [-1.510(0.033) [-1.575(0.059) Na |1 '063((0 '035)) ; §
- 1K _ 215 _ : :
glass 1.584(0.031) |-1.597(0.021) |-1.540(0.014) |-1.607(0.011) B | 2142(0.245) f f
B “IB "B Na MIB |2.308 (0.179) / /
Liquid | 2.285(0.050) | 2.277(0.069) | 2.303(0.052) | 0.822(0.024) BIB 2.009 (0.153) / /
glass | 2.328(0.027) | 2.308(0.020) | 2.346(0.019) | 0.830(0.027)
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TABLE II. Average Bader charges for atoms and various
species found in NBS liquid at 2200 K and in the glass at
0 K. In parenthesis we give the standard deviations.

ander _ Za _/ p(I‘)dV ,
Bader volume

where Z, is the number of electrons of an atom of type
.

3)

We have found that the so obtained charges are basi-
cally gaussian distributed and hence they can be char-
acterized by their mean value and width. The average
Bader charge of silicon, oxygen, boron, and sodium atoms
as well as those of various species present in the struc-
ture of the NBS liquid at 2200 K and in the glass at
0 K are listed in Tab. II. We recognize that these charges
are quite different from the nominal valence charges (i.e.
+4 for Si, -2 for O, +1 for Na and +3 for B) which indi-
cates a mixed ionic-covalent nature of the interactions. In
the liquid, the absolute values of the charges are smaller
than in the glass state, and their standard deviations
are larger which shows that in the liquid state there is a
higher degree of disorder than in the glass state, in agree-
ment with our analysis for the structural quantities and
results of previous ab initio simulations [21]. For Si we
see that the charge of the Q™) species increases with n, a
trend that has been termed “non-localized effect” of the
sodium atoms [62, 63] and which has also been found in
other glassy and crystalline silicates [19, 21, 59].

For the borons we see that the charge depends on their
coordination number, with the /B being more positive
than the BIB. This result is consistent with the observa-
tion that the former structure is surrounded by less Na
atoms than the latter one (if one considers the number
of Na per BO).

Regarding the oxygen species, we find that the BO’s
are slightly more negative that the NBOs, in both glass
and liquid states. Note that a formal charge neutrality
requires a more negative charge of NBO’s, and previous
DFT calculations on sodium and lithium silicates having
NBO’s [19, 21, 59] have indeed shown this to be the case.
In fact this failure of the Bader method to describe the
different ionicity of Si-BO and Si-NBO bonds has already
been pointed out for lithium disilicate [21, 59], as well as
in DFT calculations on clusters representing siliceous ze-
olites [64], and it originates from the partitioning scheme
of the total electron density.

TABLE III. Average Born charge for the Si, O, Na, and B
atoms. (In parenthesis are the standard deviations). Also
listed are the charges found in SiO2 from Refs. [40, 66].

VI. DIELECTRIC PROPERTIES

A. Born charge tensors

Another possibility to associate an effective charge to a
given atom I is to measure the force FI that an external

electric field £ induces on the atom [65]. For this so-called
Born effective charge one thus measures the tensor

OFI
Zrij = ——=

I1=12,...,N
688‘7 < 9 I

(4)

i?j 6 {I7y72}7

where e is the elementary charge. Since on average our
the system is isotropic, and in fact we have found that
the ensemble average values of the off-diagonal elements
of this tensor are negligible, one can define the average
Born charge Z as a third of the trace of Z;;; The so
obtained charges are listed in Table III. If one compares
these values with the corresponding Bader charges, see
Table II, one see that most of them agree within the stan-
dard deviation. The notable exception is Na, for which
the Born charge is significantly higher than the Bader
charge (1.063e vs. 0.822¢ ). This difference can be ratio-
nalized by the fact that the sodium atoms are relatively
mobile and hence will show a significant susceptibility,
i.e. high effective charge, when an external field is ap-
plied.

For the sake of comparison we have included in the
table also the values of the charges for pure silica glass (Si,
O, BO) as obtained in Refs. [40, 66]. We recognize that
for O and BO these charges are quite similar to the ones
of the NBS glass, thus showing that the presence of the
additional elements B and Na do not change these values
in a significant manner. A larger difference is found for
the charge of the Si atoms which for the case of NBS is
smaller than the one in pure SiOs. This decrease is likely
related to the fact that the local environment of Si has
changed from an almost perfect tetrahedral coordination
to a distorted tetrahedral one, due to presence of NBO
atoms and Na neighborhood.
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FIG. 14. Dependence of the trace of the Born charge tensor
Z\Bo for a non-bridging oxygen atom on the bond length with
the network former T for T = Si, ®!Band B . The straight
lines are the linear fits with the expressions given in Egs. (5)
and (6).

B. Correlation between Born charges and
structural features

The knowledge of the structure and local charges al-
lows us to investigate the correlation between these two
quantities. That such correlations do exist has, e.g., been
demonstrated for the case of silica for which it has been
found that the oxygen Born charge decreases as the cor-
responding Si-O-Si angle increases [40, 66]. Since in NBS
one has a much richer variety of local environments it is
of interest to see whether also for this system one can
find correlations between the charge of an atoms and its
local structure.

First we investigate the relationship between the NBOs
Born charge and the associated bond length T-NBO,
where T is the network former: T = Si, /B, and B,
see Fig. 14. We see that there is indeed a significant
correlation between these two quantities in that the (ab-
solute) value of the charge increases with increasing dis-
tance, a result that is reasonable since with increasing
distance the charge on the atom becomes less screened.
This correlation can be fitted well with a linear function
and hence we can write

Z8sole] = ~2.10e[A "] x rsi_npolA] + 1.86¢  (5)

ZBsole] = —2.16¢[A7"] x rp_npo[A] + 1.41e . (6)
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Note that the very few NBO that are bounded to a
4B (red crosses) fall more of less on the same line as
the ones connected to a /B (blue triangles) which shows
that this linear relation does not depend strongly on the
environment of the boron atom. Furthermore we see that
also the slope for the data for T = Si is very close to the
one for T = B from which we can conclude that the dis-
tance dependence of the NBO charge is independent of
the atom to which the oxygen is attached (apart from a
constant).

For bridging oxygens we have investigated the corre-
lation between Zpo and the bond angle spanned by the
two bonds to its nearest neighbors (see [66] for a similar
analysis in the case of silica). This correlation is shown
in Fig. 15 (crosses) and we see that the charge depends
linearly on the angles Si-O-Si and Si-O-B. The linear fits
shown in the figure are given by

7515975 e] = —0.0035¢[deg™ "] x fsi—o—_si[deg] — 1.18(67c)3

and

Z5597Ble] = —0.0038¢[deg '] x0si—o_p[deg]—1.119 ¢

(8)
Thus we see that, within the accuracy of the data, the
two slopes are the same and only the mean value of the
charge is slightly different. Also included in panel a) are
the charges/angles for oxygen triclusters (blue triangles).
We see that these charges are on average significantly
more negative than the ones for BO and that they do
not follow the linear relation given by Eq. (7) and hence
they have not been considered in this fit.

In all three panels we see some data points at angles
around 90°. These are related to defective structure that
are present because of the high quench rate and hence
should not exist in the real glass (see panels d) and e)
of Fig. 9 in Part I). Interestingly enough, the linear fits
give a good description also of these defective structures,
thus showing that the relation between angle and charge
is rather general. Finally we mention that for the B-O-
B angle we do not find a significant correlation between
the angle and the charge, at least if we do not take into
account the defective structures with angles around 90°.
(Note that the observed range in the value of this angle
is smaller than the one for Si-O-Si or Si-O-B. This is
probably not a real feature but is likely related to the
fact that we have only very few of these angles.)

C. Dielectric constants

The dielectric properties of our eight NBS glass sam-
ples have been computed by using the density functional
perturbation theory features of the VASP package within
the PAW methodology [67]. For this we have first de-
termined the purely clectronic dielectric tensor (€eo)qj
(also called relative permittivity). As expected for an
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FIG. 15. Dependence of the trace of the Born charge tensors
Zgo for a bridging oxygen atom on its bond angle with the
two network formers: (a) Si-O-Si, (b) Si-O-B, and (c) B-O-B.
The straight lines are the linear fits with the expressions given
by Egs. (7) and (8). The blue triangles in panel a) are the
oxygen triclusters.

amorphous material, we find that this tensor is basically
isotropic and diagonal and hence we define an orienta-
tionally averaged dielectric constant e, (also called high
frequency dielectric constant) as one third of the trace
of this dielectric tensor. The so obtained value for e
is 2.4. This is somewhat higher than the value obtained
by Pasquarello and coworkers for the case of pure silica
who, using also DFT, found 2.0 and 2.1 [40, 66], values
that agree well with experimental result equal to 2.1 [68].
Although to our knowledge for NBS glasses with the com-
position considered here the experimental value of €4, has
not yet been measured, we can exploit the fact that the
high-frequency dielectric constant is Ielated to the re-
fractive index ne, of the material, €5, = n , which leads
for our NBS glass to a value of ny, ~ 1. 55 This value
can be compared with the experimental result of 1.52 for
the far-infrared refractive index of a sodium borosilicate
glass with a composition quite similar to our glass, i.e.
27.8% NasO-11.1% B503—61.1 SiOs, corresponding to
R =25 and K = 5.5 [69]. From the good agreement
between these two values for no, we can conclude that
this quantity does probably not depend strongly on the
composition of the glass, in agreement with experimental
findings for series of sodium borosilicates and aluminosil-
icates glasses [69, 70].

Furthermore it is also possible to calculate the static
dielectric constant €y which reflects the ionic displace-

ment contributions to the dielectric constant. For this
one makes use of the Born effective charges introduced
above as well as the vibrational modes and eigenfrequen-
cies, the latter ones have been obtained as explained in
Sec. IV. ¢g can then be expressed as [66]:

|]:I)‘2

9)

€0 = €x0 T
where the so-called oscillator strength .7-"7” is defined as

SLE w") (10)

ZZ

Using our value for the high-frequency dielectric con-
stant, €5, = 2.40, the above formula gives an aver-
age dielectric constant €y of 6.62. This result compares
well with experimental values for more complex sodium
borosilicate glasses with low sodium content for which €g
ranges between 5.5 and 6.1 [71]. Furthermore we mention
that for the case of pure silica the DFT calculations pre-
dict values between 3.6 and 3.8 [40, 66], results that are
close to the experimental findings. Hence we can con-
clude that, in contrast to the high frequency dielectric
constant for which we have found only a relatively weak
dependence on the glass composition, ¢y depends quite
strongly on the type of glass considered.

D. Dielectric functions: infrared spectra

A further observable of interest is the frequency de-
pendence of the dielectric function e(w). This complex
quantity can be calculated directly from the eigenmodes
and Born effective charges: Writing e(w) = €1 (w)+iea(w),
the real and imaginary parts are given by [66, 72]:

(w) = _ﬁZZﬂ (11)
UL = oo T3y, =5 w? — w2

|fp |2

Z E %2 — wy). (12)

Closely related to e(w) is the absorption spectra o(w)
which is given by [69]

a(w) = 4rwn” (w) (13)
with

Vetg-oa (14)

n//(w) — 2

This function can be measured directly in experiments
and hence will allow us to make a comparison with the
prediction from the simulation.



In Fig. 16 we show the imaginary part of the dielec-
tric function ez(w) and the absorption spectra calculated
for our NBS glass samples (panels a) and b) respec-
tively). In panel a) we have also included the experimen-
tal spectra for SiO2 and ByOg3 glasses [68, 73], and in
panel b) the experimental absorption spectrum obtained
for a sodium borosilicate glass with ratios R = 2.5 and
K =5.5, i.e. of composition NasO-zB203-(3 — 2x) SiO4
with & = 0.4 [69]. For the sake of comparison we have
scaled the maximum amplitude of each curve to 1.0.

The comparison of the spectra for the three glass for-
mers shown in Fig. 16a allows to identify the origin of
the various peaks. Firstly, the spectrum for NBS shows
a broad band below 300 cm™!. Since this band is absent
in the two other spectra and since we have seen in the
VDOS (see Fig. 11) that in this frequency range the vi-
brational motion is dominated by the Na atoms we can
conclude that the band is related to the sodium atoms.

Furthermore we notice the presence of a narrow band
slightly above 400 em~!. This feature is also present in
the spectrum of pure silica and is known to originate from
the bending and rocking motion of oxygen atoms [50,
51]. The fact that for NBS the peak is broadened and
also shifted somewhat to lower frequencies is probably
related to the slight opening of the Si-O-Si bond angles
and a softening of the effective Si-O interactions due to
the presence of the network modifiers.

The next band is found between 600 and 800 cm~'. In
this frequency range the experiments on BoO3z and SiO9
glasses show a peak, the origin of which is attributed to
the bridging oxygen [9, 69]. Although we find that in
NBS the corresponding band is at somewhat lower fre-
quencies, it can be expected that it has the same origin
and that the red shift is due to the presence of the net-
work modifier.

At even higher frequencies we can distinguish two
bands: The first one ranges from 850 to 1200 cm ™', and
it can be assigned to oxygen stretching modes of Si-NBO
and Si-BO [74, 75]. Earlier analysis of the partial VDOS
of a sodium tetrasilicate glass have shown that the main
effect of the presence of NBO atoms and the resulting
depolymerization of the silica network is the shift of this
band to lower frequencies in the NBS spectrum [49]. The
second high frequency band extents between 1200 cm ™!
and 1600 cm~! and, as discussed in the context of Fig.
12, it arises from motions of oxygen atoms belonging to
borate units, namely the symmetric trigonal ones °/B.
This interpretation is also supported by the fact that the
experimental data for BoOs, which has mainly 1B units,
does have a pronounced peak at these high frequencies
as well (included in Fig. 16b as well).

Finally we compare our calculated absorption spectra
with the experimental data as measured by Kamitsos
et al. [69] for the borosilicate described above. From
Fig. 16b we can conclude that in general there is a rather
good agreement between the results from the simulations
and the experimental data: At low and intermediate fre-
quencies the position and height of the bands are well
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FIG. 16. Imaginary part of the dielectric function ez(w) and
absorption spectrum a(w), panel (a) and (b) respectively.
Also included are the experimental spectra for pure SiO2 and
B203 glasses (panel a) [68, 73]. For the absorption spectrum
a(w) (panel b), we have also included the experimental spec-
tra for a glass of composition NagO-z B2O3-(3 — 2z) SiO2
for x = 0.4 from Ref. [69]. For the sake of comparison we
have normalized the maximum amplitude of each spectrum
to unity.

reproduced. The observed discrepancies can be ratio-
nalized by recalling that our samples have a lack of of
tetrahedral borate units (see the discussion in the con-
text of Fig. 2) which are expected to contribute to the
IR signal in this frequency range [76], in agreement with
our findings from Fig. 11 where we showed that in this
frequency range the contribution of MB is much more
important than the one of B/B. At higher frequencies
there is a very good agrecement for the band between
800 and 1200 cm ! inferring that our models reproduce
accurately the streching motions [52] in silicates.

Finally we see that also the intensity of the band be-
tween 1200 and 1600 cm ™! is higher than the one of the
experiments, but that its position matches the one seen in
the real data. Also this discrepancy can likely be traced
back to the too high concentration of !B units, since,
see Fig. 11, they are the only ones that give rise to the
density of states in that frequency range.



VII. SUMMARY AND CONCLUSIONS

Using ab initio molecular dynamics computer simula-
tions we have investigated the structural, electronic, and
vibrational properties of the ternary sodium borosilicate
glass 3Nag0-B203-6S104. Particular attention has been
given to the coordination of the boron atoms which are
found to be present in trigonal and tetrahedral geome-
tries, as expected for this composition. We find that the
concentration of these two structural units depends sig-
nificantly on the fictive temperature of the glass (with
[BIB decreasing with decreasing The), thus affecting the
vibrational density of states considerably. However, if
one takes into account the measured T—dependence of
these units, one finds concentrations that are in quanti-
tative agreement with the model proposed by Yun, Dell
and Bray and with estimates from spectroscopic mea-
surements.

Despite the high cooling rate with which the glass sam-
ple has been produced, the accuracy of the interactions
allows us to study the local structure of the various struc-
tural units. In particular we have investigated how the
Na atoms are distributed around the [¥/B triangles and
4B tetrahedra. From this analysis we can rationalize
why the first peak of the radial distribution functions be-
tween B and Na is broadened and also understand why
the number of Na that share one/two oxygen atoms with
the central B atom depends on whether one considers
BIB or B structures. Furthermore we see from these Na
distributions that the nature of a [4B tetrahedron is dif-
ferent from a SiO4 tetrahedron in that the former gives
rise to a distribution that is significantly more structured.

From the partial vibrational density of states we can
conclude that the PIBand ¥ Bunits have very different
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signatures. Furthermore we have shown that these spec-
tra also allow to distinguish clearly whether a IBunit
is symmetric or asymmetric. For the /B we show that
the spectrum can also be used to gain information on the
nature of the second nearest neighbor (i.e. whether it is
a B or Si atom).

We have also calculate the dielectric function e(w) and
the absorption spectra. The latter is in good quantitative
agreement with experimental data, thus showing that the
simulation is reliable also for this type of observable.

Finally we have investigated the correlation between
the Born effective charge of an oxygen atom and its sur-
rounding geometry. We have found that for the non-
bridging oxygen, there is a linear correlation of this
charge with the distance from the associated Si/B atom.
For the bridging oxygen we find a linear dependence of
the charge with the angle spanned by its two bonds.
These charge dependencies show that for this type of
glasses it is unlikely that a rigid ion model will be able
to give a reliable description of the local structure since
such models do not take into account the observed charge
transfer.
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