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Abstract: Short-range structures of xPbO—(100 — x)SiO, (x = 50, 60 and 65 mol%) glasses were studied by neutron
diffraction and Reverse Monte Carlo modeling. Si—O atomic pair correlation distributions are symmetrical and show peaks
in the range: 1.60-1.64 £ 0.02 A. Si** are tetrahedrally co-ordinated with oxygen, whereas the Pb—O and O-O atomic pair
correlation distributions are broad and asymmetrical due to the existence of wide range of Pb—O and O-O distances in the
glass network. The peak positions in the Pb—O atomic pair correlations shift from 2.60 £ 0.05 to 2.42 + 0.05 A on
increasing PbO concentration from 50 to 65 mol%. Pb>* exist in PbO, (x = 3, 4, 5 and 6) structural units, and the average
Pb-O coordination is constant and is in the range of 4.08 + 0.11 to 4.14 £ 0.08. The O-Si—O bond angles distributions are
broad and asymmetrical with peak values in the range of 91° to 109°, and deviate significantly from the value of 109.5° in
the ideal tetrahedral structural units. The short-range structural properties of glasses i.e. the cation-oxygen coordination
numbers and bond lengths were used to predict the photoelastic properties of the glasses by the Zwanziger model, and it is
concluded that xPbO-(100 — x)SiO, (x =50, 60 and 65 mol%) glasses should exhibit the properties of zero-stress
birefringence.
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1. Introduction

PbO has a wide glass forming range with several oxide
materials such as B,O5 [1, 2], P,Os5 [3], SiO, [4, 5], TeO,
[6] and GeO, [7]. PbO acts as a network former at con-
centrations higher than 40 mol%, and as a network modi-
fier at lower concentrations in xPbO—(100 — x)SiO,
system [8]. The increase of PbO concentration in xPbO—
(100 — x)SiO, system decreases the melting temperature
and viscosity of the melt, while the density and refractive
index of glasses increase significantly [9, 10]. The struc-
tural models of lead silicate glasses show that Pb>* exist in
PbO, polyhedral units that are connected to each other and
to SiO, tetrahedra, further it is known that the incorpora-
tion of PbO produces non-bridging oxygens (NBO) in the
silicate network [11, 12]. Extended X-ray Absorption Fine
Structure and molecular dynamics simulation studies by
Rybicki and coworkers found that PbOy is the dominant
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Pb—O structural unit in lead silicate glasses [13, 14]. Pb—O
bonds are significantly weaker than Si—O bonds, and the
glass network can be easily depolymerized, resulting in a
steady decrease of the glass transition temperature (T,)
with increase in PbO concentration [15].

Kohara et al. [16] studied the structure of lead silicate
glasses by high-energy X-ray diffraction and Reverse
Monte Carlo (RMC) simulations and concluded that the
random network formation is governed by the interplay of
Si0O4 and PbO, polyhedra (x = 3, 4 and 5, and x = 4 as the
major structural units). These researchers reported that
there is inhomogeneous distribution of PbO, units at low
PbO concentration of 35 mol%, whereas at higher PbO
concentration of 65 mol%, the SiO, units are inhomoge-
neously distributed in the glass network, and that the lead
silicate glasses contain extraordinarily large amounts of
free volume or voids in the glass network [16]. Glasses and
crystalline materials with large concentration of voids can
be used for storing Li* in the electrodes of secondary
batteries [17-19].
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Lead silicate glasses have several interesting and useful
optical properties, Jia et al. found that these glasses are
photosensitive and the optical absorption edge shifts
toward longer wavelengths on exposure to ultraviolet
radiation [20]. Bettinali and Ferraresso studied the low
temperature luminescence properties of lead silicate glass
and crystalline phases, and concluded that the light
absorption and emission properties are due to electronic
transitions of Pb>" [21]. The two-photon absorption and
nonlinear refraction has been reported in lead silicate
glasses [22]. Lead metasilicate (50PbO-50Si0,) melts
show the intriguing effects of melt cooling rate on its
crystallization properties [11].

Earlier we had investigated the mechanical, thermal,
optical, vibrational spectra and devitrification properties of
lead silicate glasses by X-ray diffraction, density, micro-
hardness, dilatometry, differential scanning calorimetry
(DSC), UV-visible and Raman spectroscopy [9]. It is the
objective of the present work to elucidate the short-range
structural properties i.e. Si-O, Pb—O, O-O bond lengths/
nearest neighbor distances, coordination number and the
bond angle distributions in xPbO—(100 — x)SiO, (x = 50,
60 and 65 mol%) glasses. The structural study is carried
out by Reverse Monte Carlo (RMC) simulations of the
neutron diffraction datasets. Neutrons are highly sensitive
probes for investigating the oxygen—oxygen atomic pair
correlations; which cannot be determined by X-rays due to
the latter’s weak scattering by low Z atoms (such as oxy-
gen), therefore, neutron diffraction is the best technique to
probe the atomic structure of oxide glasses.

The short-range structural properties of glasses have
been used to predict the photoelastic properties (stress-in-
duced birefringence) by the Zwanziger’s model [23, 24],
the latter is an empirical model that uses the cation-oxygen
bond lengths (d), and the cation—anion coordination num-
bers (N¢) to predict the photoelastic properties. According
to the Zwanziger model, the glass or a crystalline materials
with the ratio d/N. > 0.50, have negative stress-optic
coefficients while those with d/N. < 0.50 have positive
stress-optic coefficients, while the materials with d/N, ~
0.50 are predicted to have zero-stress-optic properties
[23, 24].

2. Experimental details
2.1. Glass preparation

Lead silicate glasses of the composition: xPbO-
(100 — x)Si0, with x =50, 60 and 65 mol% (hereafter
referred to as 50PbSi, 60PbSi and 65PbSi, respectively)
were prepared by using PbO (99.9%, Sigma-Aldrich Inc.,
India) and SiO, (99.9%, Fluka AG, Buchs, Switzerland) as
starting materials. Chemicals were mixed together in
appropriate molar ratios in an agate mortar pestle and then
transferred to a platinum (Pt) crucible (20 cm?®). The batch
mixture was sintered at 300 °C for 24 h and melted in the
temperature range: 1000-1100 °C. The temperature of the
Pt crucible containing the melt was measured by a chro-
mel-alumel thermocouple positioned very close to it. For
each composition, glass sample was prepared by the melt-
quenching technique in which the melt was poured on a
heavy brass plate and a disk shaped samples were obtained.
To reduce thermal stresses, samples were immediately
transferred to an oven where they were annealed at 400 °C
for about 30 min and then cooled slowly to room temper-
ature. Bubble free, transparent, yellow—brownish colored
glasses were prepared for all the compositions and color of
glasses darkened with increase in PbO concentration.
Table 1 gives the composition, mass and atomic number
densities of glasses.

2.2. Density measurements

The density of glass samples was determined by Archi-
medes principle on an electronic balance of sensitivity
10~* g using dibutyl phthalate (DBP) as the immersion
fluid. Measurement on each sample was done three to four
times. The maximum error was = 0.005 g cm ™ and the

precision of measurements was better than 0.1% (Table 1).
2.3. Neutron diffraction experiments

Neutron diffraction studies of lead silicate glasses were
carried out in the momentum transfer range, Q-range: 0.45
to 9.8 A 'for 24 h by using neutrons of de-Broglie
wavelength, 4 = 1.068 A at the 2-axis PSD diffractometer
of Budapest Neutron Center, Budapest, Hungary.

Table 1 Composition and densities of xPbO—-(100 — x)SiO, (x = 50, 60 and 65 mol%) glasses

Mass density (g- cm™?) (£ 0.005)

Atomic number density (553)

Sample code Composition

50PbSi 50PbO-50Si0, 5.945
60PbSi 60PbO—40Si0, 6.668
65PbSi 65Pb0O-355i0, 7.002

0.0632
0.0610
0.0596
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Table 2 Neutron scattering weight factors (%) and cut-off distances for atom pairs used in the final RMC runs on lead silicate glasses
Atomic pairs Weight factors, wj; (%) Cut-off distances, r;; (1&)

50PbSi 60PbSi 65PbSi 50PbSi 60PbSi 65PbSi
Pb-Pb 9.22 13.37 15.81 2.90 2.80 2.90
Pb-Si 8.14 7.87 7.36 2.55 2.20 2.10
Pb-O 34.14 38.50 40.00 1.93 1.90 1.85
Si-Si 1.79 1.15 0.85 2.40 1.90 2.10
Si-O 15.07 11.30 9.40 1.35 1.10 1.25
0-0 31.63 27.70 25.90 1.90 1.75 1.80

The glass samples of mass, 3 to 4 g were pulverized into
coarse powder and mounted in thin walled cylindrical
vanadium can with a diameter of 8 mm for neutron
diffraction measurements. The diffraction data were cor-
rected for detector efficiency, background, multiple scat-
tering, absorption effects and normalized with vanadium
[25-28]. The total structure factor, S(Q) was calculated by
local software packages.

2.4. Reverse Monte Carlo (RMC) technique

RMC simulations were performed on experimentally
measured total structure factor, S(Q) to determine the short-
range structural properties of glasses by using
RMC ++ software [29, 30]. The RMC technique mini-
mizes the square of the difference between the experi-
mental S(Q) and the calculated one from a three-
dimensional atomic configuration by using the following
equations [31-35]:

k
S(0) = > wiSi(0) (1)
= %rmr q(r) — inQrdr
S;(Q) =1+ ) / [i(r) — 1]SinQrdr. (2)

0

The neutron scattering weight factors, w;; for different
atomic pair correlations were calculated by the following
formulae [36-41]:

C,‘bjCjbj X (2 — 5,7)
- 2
[Zf Cibz}

where c;, b; are the molar fraction and coherent neutron
scattering length of atoms of type i, S;(Q) denotes the
partial structure factors, and w;; are the neutron scattering
weight factors for the 6 atomic pairs: Pb—Pb, Pb-Si, Pb-O,
Si-Si, Si—0 and O-O (in these glasses k = 3, thus k(k + 1)/
2 =6 atomic pairs exist). The partial pair correlation
functions g;(r) for the above mentioned 6 atomic pairs

wii(Q) 3)

were calculated, and these give the measure of the proba-
bility of finding the jth atom at a distance, r from the ith
atom.

The following steps were used during RMC simulations
to generate the partial atomic pair correlation function,
gii(r), the coordination numbers of the constituent atoms
and three particle bond angle distributions:

(a) The simulation was started with a random initial
configuration by building a box that contained 10,000
atoms of Pb, Si and O with the atomic density, p,
values of 0.0632 A2, 0.0610 A~* and 0.0596 A~ for
the three samples: 50PbSi, 60PbSi and 65PbSi,
respectively (Table 1). The RMC model box lengths
for the three samples were 27.03 A, 2736 A and
27.57 A, respectively.

(b) In the second step, the Pb, Si and O atoms were
moved out by using the minimum interatomic
distances constraints (cut-off distances) in the input
program (Table 2). The tetrahedral coordination con-
straint was imposed on the first Si—-O coordination
sphere during the RMC simulations, and this condi-
tion was achieved up to a level of 98 to 99% during
the RMC runs [42].

(c) RMC simulations were run, until the best fits between
the calculated and experimental S(Q) were obtained.
Repeated RMC runs were performed to get repro-
ducible data for each pair correlation, g;(r), coordi-
nation number, CN;; and bond angle distribution, 0
).

The cut-off distances used in the final RMC run for Pb—
Pb, Pb-Si, Pb-0O, Si-Si, Si—O and O-O atom pairs for the
three samples are given in Table 2.

Table 2 gives the input parameters namely the weight
factors and the set of the cut-off distances, used in the final
RMC run for the three glass samples. It can be seen that for
the Pb—O and Si—O atomic pair correlation distributions,
the weight factors have large values; which highlights the
fact that neutron diffraction can provide reliable informa-
tion for both the Pb and Si environments. The O-O
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Table 3 Bond lengths/nearest neighbor distances in lead silicate glasses

Sample code Bond lengths (fA)

Pb-O Si-0 0-0 Pb-Pb Pb-Si Si-Si
50PbSi 2.59 + 0.05 1.60 £ 0.01 247 +0.05 3.53 £ 0.05 3.53 £ 0.05 (i) 2.49 £ 0.05
(i)3.05 £ 0.05
60PbSi (i) 2.35 £ 0.05 1.64 £ 0.02 2.35 +0.05 3.55 £ 0.05 3.60 £ 0.05 (i) 2.49 £ 0.05
(i1)2.59 £ 0.05 (i) 2.84 + 0.05
65PbSi (i) 2.25 £ 0.05 1.64 + 0.01 (i) 2.35 £ 0.05 3.60 & 0.05 3.60 £ 0.05 (i) 2.49 + 0.05

(i) 2.59 £ 0.05

(ii) 2.45 £ 0.05

(ii) 2.64 £ 0.05
(iii) 3.10 & 0.05

correlations have the highest weight factors in the neutron
diffraction experiments (Table 2), and therefore it was
possible to obtain reliable O-O atomic pair correlation
functions for all the samples, the latter are difficult to
determine by X-ray diffraction studies.

The atomic pair correlation function, g(r) (also known
as the total pair correlation function in some literature
[43, 44]) for each sample was calculated from the weighted
sum of partial atomic pair correlation functions, g;{(r) by
the following relationship [44, 45]:

k
g(r) =D _wigy(r)g(r) (4)

where w; are the neutron scattering weight factors
(Table 2) given by Eq. (3).

Table 3 gives the ry,;, and ry,,x values that were used to
calculate the coordination numbers and bond angle distri-
butions from the final RMC configuration file for each
sample.

2.5. Atomic pair correlation functions by Fourier
transformation

The atomic pair correlation function, g(r) for each sample
were also calculated by the Fourier sine transformation of
the interference function, F(Q) = Q(S(Q)—1) [45]:

O
F(Q)M(Q)Sin(Qr)dQ (5)

=1
8(r) + 2r2p,r

Qmin

where M(Q) is the Lorch modification function defined as
[16, 45-47]:

M(Q) = %QQ) 0 < Omax (6)
M(Q) =0 Q> O (7)

and A = 1/Qnax, Omax Was selected around 10 A~! for
determining g(r) by (5).

3. Results and discussion

The RMC technique provided an excellent fit of the cal-
culated structure functions (S(Q) — 1) with the experi-
mental ones (Fig. 1). It is seen from Fig. 1 that there is a
growth of the intensity of the first sharp diffraction peak
(FSDP) in glasses on increasing PbO concentration from 50
to 65 mol%, the first glass sample: 50PbO-50Si0, (Sample
Code: 50PbSi) has a broad shoulder at Q = 1.26 Afl,
which grows into broad peak centered at 1.22 A~ with
increase in PbO concentration to 60 mol% (Sample
60PbSi). Finally, the FSDP evolves into a well-defined
peak centered at 1.20 A~lin the sample with 65 mol%
PbO. The FSDP is correlated with the medium range order
in glasses [48], and therefore the sharpening of FSDP
indicates that the medium range order due to Pb—Pb, Pb-Si
and Si-Si atomic correlations grow significantly with an
increase in PbO concentration in glasses [49-51].

The RMC analysis successfully determined all the six
atomic pair correlation functions in xPbO—(100 — x)SiO,
glasses. Si—O distributions show peaks centered in the
range of 1.60-1.64 + 0.02 A in all the three glasses
(50PbSi, 60PbSi and 65PbSi). The Si—O atomic pair cor-
relation functions (Fig. 2) are symmetrical although the
width of these distributions increases significantly with the
increase in Pb—O concentration from 50 to 65 mol%, and
the Si—O bond-length is slightly higher for samples that
contain 60 and 65 mol% PbO. The Pb—O pair correlation
function (Fig. 3) is peaked at 2.60 £ 0.05A in the glass
with 50 mol% PbO, however the Pb—O atomic pair cor-
relation distribution broadens significantly, and it shows at
least two peaks centered at 2.25 £ 0.05 A and
2.59 £ 0.05 A in the sample containing 65 mol% PbO.
Aldermann et al. studied the structure of xPbO-
(100 — x)SiO, glasses by high energy X-ray diffraction
and found that there are at least two types of Pb—O bonds
in the lead silicate glass network, the shorter Pb—O bonds
are at ~ 2.2 A and the longer ones are at ~ 2.6 A [51].
Similar results about the distribution of Pb-O bond
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Fig. 1 Experimental and RMC 10
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Fig. 2 Si-O pair correlation 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
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determined by RMC ; .
simulations. Graphs for the 18 4 60PbS:i |- 18
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units for clarity
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lengths were found from the neutron diffraction studies of
xPbO-(100 — x)TeO, glasses [6]. Therefore it is con-
cluded that the Pb—O bonds shorten with an increase in
PbO concentration in the glass network.

The Pb—Pb atomic pair correlations (Fig. 4) show peaks
at distances in the range of 3.53 to 3.60 £ 0.05 A, similarly
the Pb-Si correlations have peaks at the same distances in
the range: 3.52 to 3.65 £ 0.05 A (Fig. 5). Si-Si
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Fig. 3 Pb-O pair correlation 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
functions in xPbO— P TP T N W WP NP NP
(100 — x)SiO, glasses d 2.254; |2'59A —=—50PbSi |

determined by RMC
simulations. Graphs for the 2.5~
samples 60PbSi and 65PbSi are
displaced successively by 0.3
units for clarity

—=—60PbSi

-2.5
——65PbSi

gpb-0)

Fig. 4 Pb-Pb atomic pair 3 4 5 6 7 8 9 10
correlation functions in xPbO- 5.5 1 N 1 N 1 N 1 N 1 N 1 N 1 N 5.5
(100 — x)SiO, glasses 4 13.53 A —=—50PbSi |
determined by RMC 5.0 - K k5.0
simulations. Graphs for the _HOPDS!
samples 60PbSi and 65PbSi are 4.5 =—65PbSi 4.5

displaced successively by 1
units for clarity

gpb-Pb(r)

correlations show at least two broad maxima at 2.49 A and  neutron scattering weight factors for Si-Si linkages are
3.10 A, the first peak in the Si-Si correlations shifts to  quite small (1.79% to 0.85%) and hence the accuracy of the
smaller r-values (2.30-2.35 A) on increasing PbO concen-  measurement of Si—Si distances is low. Finally, the nearest
tration to 60 and 65 mol% (Fig. 6). It may be noted that the =~ O-O distances are in the range of 2.35 At02.49 +0.05 A
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Fig. 5 Pb-Si atomic pair 25 30 3.5 4.0 45 50 5.5 6.0 6.5 70
correlation functions in xPbO- PUREEN TRPUN NP U NN NS U NN N SR S

(100 — x)SiO, glasses 3.0 3.53A 1 —a— 50PbSi 3.0
determined by RMC 9 o 60Pb$i V-
simulations. Graphs for the | L
samples 60PbSi and 65PbSi are 2.88 A —&— 65PbSi

displaced successively by 0.5
units for clarity

Fig. 6 Si-Si atomic pair
correlation functions in xPbO—
(100 — x)SiO, glasses
determined by RMC
simulations. Graphs for the
samples 60PbSi and 65PbSi are
displaced successively by 1
units for clarity

in the three lead silicate glasses (Fig. 7). Table 3 gives the
values of bond lengths/nearest neighbor distances for the

six atomic pairs in the glass series.
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The atomic pair correlation function, g(r) for all the
three samples was calculated from the weighted sum of
partial atomic pair correlations determined by RMC anal-
ysis, and these are displayed in Fig. 8. The g(r) functions
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were also determined by the Fourier transformation of
structure functions, S(Q) and their plots are shown in
Fig. 8. The g(r) from Fourier transformation show peaks at
exactly the same r-vales as in g(r) from the RMC analysis

of the three samples, however the peaks due to different
correlations are significantly sharper and better resolved in
the g(r) by RMC technique. These results show that RMC
method is very useful to obtain atomic pair correlation
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I 50PbSi, CN: 4.00
N 60PbSi, CN: 3.98

Fig. 9 Si-O coordination
number (Ng;_o) distributions 2000 4
determined by RMC technique
for the glasses: 50PbSi (black), . .
60PbSi (red) and 65PbSi (blue) A - 65PbSI, CN: 3.97
(color figure online)
1600 -
] L
=
S
= 1200 4
St
o -
s
800 -
400 <
0

functions compared to the direct Fourier transformation,
even with limited Q-range of neutron diffraction data.
The average Si—O coordination (Ng;_o) values were
obtained from the RMC analysis of the neutron diffraction
data, and it is found that Si*" are tetrahedrally co-ordinated
with oxygens in the lead silicate network and the coordi-
nation number is in the range: 3.97 £ 0.05 to 4.00 £+ 0.05
(Fig. 9 and Table 4). The Pb—O coordination is in the range
of 4.08 & 0.11 to 4.14 £ 0.11 (Fig. 10), and therefore
within the limits of experimental uncertainties, both Si—O
and Pb—O coordination numbers are constant in the glass
compositions that were characterized in this study. Kohara
et al. reported Pb—O coordination of 4.2 in lead silicate
glasses, and therefore our results show excellent agreement
with the earlier findings [16]. The O-O coordination
number is in the range: 5.59 + 0.10 to 4.84 £ 0.08

3.0 3.5 4.0 4.5 5.0

(Fig. 11). Table 4 gives the r,;, and 7., values that were
used to calculate the coordination number and bond angle
distributions from the final RMC configuration file for each
sample.

The RMC simulations were used to determine the bond
angle distributions. The O-Si—O bond angles show very
broad distributions with maxima in the range of
109.1 £ 0.4° to 91.1 £ 1.1° (Fig. 12). It is clear that the
0O-Si—O bonds are distorted in the lead silicate glass net-
work, and it deviates considerably from the ideal O-Si—O
bond angle of 109.5° in the tetrahedral units. The large
distortion of SiO,4 units in these glasses is probably due to
the role of PbO as network former in these glasses, the
strong interconnectivity of SiO, and PbO, structural units
[52] produces a distortion in the SiO,4 tetrahedron. The O—
Pb-O (Fig. 13) and the O-O-O (Fig. 14) bond angles

Table 4 Average Pb—O, Si—O and O-O coordinations and bond angle distributions peak positions in lead silicate glasses (rpyi, and rp.x values
used to calculate the coordination numbers are given below each correlation)

Sample code Average coordination number

Peak value of bond angle distribution (°)

Npp-0 (Fmin—1 ‘max) Nsi—o (Fmin — Tmax) No-o (Fmin—"max) O-Pb-O 0-Si-O 0-0-0

50PbSi 4.08 + 0.11 4.00 + 0.05 5.59 +£ 0.10 569 + 1.0 974 £ 04 56.2 + 0.6
(1.82-3.15) (1.31-2.09) (1.84-3.25) 88.4 £ 1.0 109.1 + 0.4

60PbSi 4.14 + 0.11 3.98 £+ 0.05 4.85 + 0.19 56.2 + 0.1 91.1 £ 1.1 56.6 =+ 0.9
(1.82-3.15) (1.34-2.04) (1.82-3.15) 88.4 + 0.1 109.1 £ 1.1

65PbSi 4.14 £ 0.08 3.97 + 0.06 4.84 £+ 0.08 56.6 £ 1.2 91.0 £ 0.6 56.2 £ 0.3
(1.82-3.15) (1.35-2.05) (1.82-3.20) 1093 £ 1.2 97.7 £ 0.6
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Fig. 10 Pb-O coordination
number (Npy,_o) distributions
determined by RMC technique
for the glasses: 50PbSi (black),
60PbSi (red) and 65PbSi (blue)
(color figure online)

Fig. 11 O-O coordination
number (Ng_o) distributions
determined by RMC technique
for the glasses: 50PbSi (black),
60PbSi (red) and 65PbSi (blue)
(color figure online)
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distributions show maxima in the same angle range of  predicting the photoelastic (stress-optic) response and the

56.2 £ 1.1° to 56.9 £+ 1.0°.

values of bonding characteristic, B, were calculated by

The short-range structural properties of glasses i.e. Pb—  using the following empirical relationship [23, 24]:
O and Si—O bond lengths, Si—-O and Pb-O coordination
numbers were used in the Zwanziger model [23, 24], for
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Fig. 12 O-Si-O bond angle 40 60 80 100 120 140 160 180
distributions: 50PbSi (black), 2.0 N 1 1 N 1 N 1 N 1 N 1 N 2.0
60PbSi (red) and 65PbSi (blue) i . 0 —a—50PDbSi |
glasses. Curves for the samples 1.8 0-Si-0 91'1? 97.7 «— 60PbSi |- 1.8
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Fig. 13 O-Pb-O bond angle 20 40 60 80 100 120 140 160 180
distributions in: 50PbSi (black), 1.2 A 1 1 N 1 N 1 N 1 N 1 N 1 N 1.2
60PbSi (red) and 65PbSi (blue) | 0 0 = -
glasses. Curves for the samples 4 56.9 881-4 109.3 S0PLSI

60PbSi and 65PbSi are
successively displaced by 0.2
units for clarity (color

figure online)

Probability [a.u]

| —&— 60PbSI [
| —éa— 65PbSi

B - Z (;) (8)

It is found that B, is 0.518 + 0.033 A, 0.522 + 0.038 A
and 0.522 £ 0.033 A in the glass samples: 50PbSi, 60PbSi

) )
60 80 100 120 140
0[d egree]

J
160 180

and 65PbSi, respectively (Table 5). B, values are equal
within the limits of experimental uncertainties. It is
predicted from empirical studies, that B, of ~ 0.50 A
produces materials with zero-stress-induced birefringence
[23, 24]. For example, it is known from experimental
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Fig. 14 0O-0-O bond angle 20 40 60 80 100 120 140 160 180
distributions in: 50PbSi (black), 14 N 1 1 N 1 N 1 N 1 N 1 N 1 N 1.4
60PbSi (red) and 65PbSi (blue) o .
glasses. Curves for the samples 1 56.3 E 50PbS! i
60PbSi and 65PbSi are 1.2 —s— 60PbSIi 1.2

successively displaced by 0.2
units for clarity (color 1
figure online)
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Table 5 Chemical bonding characteristic, B, values in lead silicate glasses

Sample code  <dppo) > (A)  <dsiioy>(A)  dINc (A) (Pb-0)  d/Nc (A) (Si-O) _ n | d A
B, =) % Ne ), (A)

50PbSi 2.59 £ 0.05 1.60 + 0.01 0.637 + 0.046 0.400 + 0.019 0.518 =+ 0.033

60PbSi 2.47 £ 0.05 1.64 + 0.01 0.597 + 0.047 0.412 £ 0.018 0.522 + 0.038

65PbSi 2.42 £ 0.05 1.64 £ 0.01 0.584 + 0.039 0.413 £ 0.019 0.524 =+ 0.033

measurements that 17.5Ba0-82.5TeO, glass has zero-
stress-optic properties (i.e. zero difference in the refractive
indices along the axial and normal directions on applying
stress on the glass sample). Neutron diffraction studies on
xBaO—(100 — x)TeO, glasses [53] also predicted that
oxide glasses with B, = 0.531 £ 0.013 A should exhibit
zero-stress birefringence (i.e. zero photoeleastic response).
Crystalline a-TeO, with B, = 0.500 A is known to be a
positive  stress-optic response material [24], while
crystalline a-Bi,O3 with B, = 0.55 A has negative stress-
optic response [24], Similarly xPbO—(100 — x)TeO,
(x =10, 15 and 20 mol%) glasses have B, values in the
range of 0.535 A 10 0.547 A and show negative stress-optic
response [6]. Bechgaard concluded from photoelastic
studies that lead borate glass with B, = 0.52 A should
exhibit zero-stress-optic (photoelastic) properties [54].
Further, it was found by experimental measurements that
53PbO-47Si10, glass exhibits zero-stress-optic properties
[54, 55]. Therefore it can be concluded that lead silicate
glasses containing 50 to 65 mol% of PbO, with B, values in

the range of 0.518-0.524 A, are expected to show zero-
stress-induced birefringence.

4. Conclusions

The short-range structural properties of three glasses:
50PbO-50Si0,, 60PbO-40Si0O, and 65PbO-35SiO, were
determined by the Reverse Monte Carlo (RMC) analysis of
the neutron diffraction data. RMC simulations is an
excellent technique to determine the glass short-range
structure as it provides partial atomic pair correlation
functions, accurate coordination environments and bond
lengths which cannot be found from the Fourier transfor-
mation of the structure factors when there is strong over-
lapping of pair correlations.

Si** are tetrahedrally co-ordinated with oxygens and
Pb®" exist in variety of polyhedral units, however the
average Si—O and Pb-O coordinations remain invariant in
the glass series. The structural data were used to predict the
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stress-optic (photoelastic) response of these glasses, and it
is concluded that lead silicate glasses containing 50 to
65 mol% PbO should exhibit zero-stress-optic birefrin-
gence. These glasses are suitable for applications in flat
panel displays that require materials that show minimum
anisotropy of the optical properties with stress.
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