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The short-range structure of 20BaO—-80TeO, glass was studied in situ by high pressure neutron diffraction
and high pressure Raman spectroscopy. Neutron diffraction measurements were performed at the PEARL
instrument of the ISIS spallation neutron source up to a maximum pressure of 9.0 + 0.5 GPa. The diffraction
data was analysed via reverse Monte Carlo simulations and the changes in the glass short-range structural
properties, Ba—O, Te—O and O-0O bond lengths and speciation were studied as a function of pressure. Te—
O co-ordination increases from 3.51 + 0.05 to 3.73 4+ 0.05, Ba—O coordination from 6.24 + 0.19 to 6.99 +
0.34 and O-0 coordination from 6.00 4+ 0.05 to 6.69 + 0.06 with an increase in pressure from ambient to
9.0 GPa. In situ high pressure Raman studies found that the ratio of intensities of the two bands at 668 cm™*

. 4 14th S ber 2020 and 724 cm™! increases from 0.99 to 1.18 on applying pressure up to 19.28 + 0.01 GPa, and that these
eceive th September . . - . .
Accepted 12th November 2020 changes are due to the conversion of TeOs into TeO4 structural units in the tellurite network. It is found

that pressure causes densification of the tellurite network by the enhancement of co-ordination of

DOI: 10.1039/d0ra07867k cations, and an increase in distribution of Te-O and Ba—O bond lengths. The original glass structure is
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1 Introduction

The structural changes in glasses induced by pressure can
substantially modify their mechanical, optical, electrical and
thermal properties.” The structures of silicate,® borate,”'® boro-
silicate and germanate'* glasses have been investigated in situ
by high pressure X-ray and neutron diffraction and Raman spec-
troscopy and it is reported that Si-O, B-O and Ge-O coordination
in the glass network increases significantly on compression.
Glasses usually recover completely from high pressure conditions,
and this helps to make fracture-resistant materials."**> From an
industrial point of view, high-pressure and high temperature
treatment of melts can produce permanent changes in glass
properties on quenching to ambient conditions.’® The pressure-
induced structural transformations produce changes in the bond
lengths, concentration of non-bridging oxygen (NBO) and coordi-
nation number of network-former and modifier cations.***"
Mackenzie*® conducted studies on vitreous SiO, at 8 GPa and
848 K by infrared (IR) spectroscopy to investigate the effects of
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restored upon the release of pressure.

compression on the glass structure and reported an increase in
the glass density of ~18% without any significant changes in
the silica network. Chason® studied the pressure-induced
structural changes in vitreous-B,O; compressed at 1 to
1.5 GPa and 573 K, resulting in ~10% densification. Based on X-
ray diffraction studies, the enhancement in the density was
attributed to the changes in B-O-B bond angles. Velde and
Kushiro® using infrared and X-ray spectroscopy found an
increase in the Al coordination from 4-fold to 6-fold in Na,O-
Al,0;-Si0O, glasses upon pressure quenching their melts from
3 GPa. Inamura et al.®* studied the structure of glassy SiO,
compressed up to 7.4 GPa and found changes in the middle
range order caused by deformation of 6-fold ring structure.
Similar changes in the MRO have been detected by Guerette
et al.”* in glassy-SiO, compressed up to 8 GPa.

Tellurite glasses based on TeO, as a network forming
material, are technologically important materials and find
applications in optical fibres, photoluminescence, lasers and
non-linear optical devices due to their high linear and nonlinear
refractive indices,*® photosensitivity and high transparency in
the infrared region.*****° It is known from neutron diffraction
and high energy X-ray diffraction studies®"** that the structure
of TeO, glass consists of predominantly corner sharing TeO,
trigonal bipyramidal (tbp) units along with small concentra-
tions of TeOj; trigonal pyramidal (tp) units. TeO, has poor glass
forming ability and it forms glassy phase at high melt
quenching rates or by intermittent melt cooling technique.****
However upon adding alkali, alkaline-earth and transition

This journal is © The Royal Society of Chemistry 2020
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metal oxides, the glass forming ability (GFA) of TeO, gets
significantly enhanced and several binary and multi-component
tellurite glasses can be easily prepared in the bulk form at
moderate quenching rates of 10°-10° K s~ *.%° It is well known
from the ambient pressure X-ray diffraction, neutron diffraction
and Raman spectroscopy studies that the average Te-O co-
ordination number in the tellurite network decreases steadily
upon adding network modifier oxides due to the structural
transformation: TeO, — TeO; + NBO.**** Neutron and X-ray
diffraction, infrared and Raman spectroscopy are excellent
techniques for investigating in situ changes in the glass short-
range structure under extreme conditions of high pressures
and high temperatures.*****

The binary xBaO-(100 — x)TeO, glasses are of interest due to
their positive, negative and zero-stress optical coefficients.*>**
Barium tellurite glasses have applications in optical devices and
in flat panel displays where even small amounts of birefrin-
gence due to external stress are an undesirable effect.*>™”
Earlier, we had studied the short-range structure of xBaO-(100
— x)TeO, (x = 10, 15 and 20 mol%) glasses by neutron diffrac-
tion and Raman spectroscopy at ambient pressure and its
correlation with stress-optic properties.® In the present study,
the effects of pressure on the short range structure of 20BaO-
80TeO, glass have been studied in situ by high pressure neutron
diffraction up to a maximum pressure of 9.0 + 0.5 GPa. High
pressure Raman spectroscopy studies up to a maximum pres-
sure of 19.28 + 0.01 GPa were also carried out under
compression and decompression cycles.

2 Experimental
2.1 Glass preparation and density measurement

Barium tellurite glass of composition: xBaO-(100 — x)TeO, (x =
20 mol%) was prepared by melt quenching using TeO, (Aldrich
India, 99%), BaCO; (Central Drug House (CDH), India, 99.9%).
Powders of TeO, and BaCO; were weighed to get the required
composition and ground thoroughly in an agate mortar pestle
for about 30 min and then transferred to a platinum (Pt)
crucible. The batch mixture were melted in the Pt crucible at
temperature of 800 °C for about 40 min in an electric furnace
and the glass sample was prepared by normal quenching
method in which the melt was poured on a heavy brass plate
and disk shaped glass was prepared. The sample was annealed
at 250 °C for 30 min immediately after its preparation to reduce
thermal stresses, and then slowly cooled down to room
temperature. Clear, bubble free dark brown colour glass sample
was prepared.

The density, d of glass was determined at ambient pressure
(1 atmosphere) and laboratory temperature (25 °C) by Archi-
medes principle*® using dibutyl phthalate (DBP) as the immer-
sion fluid. The weight of the sample in air, W; and, its weight
inside DBP, W,, were measured on an electronic balance with
a precision of +0.0001 g, density was calculated using the
following relationship:

wid,

(wy —wy)

d= (1)
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where d, is the density of DBP liquid. The density measurements
were repeated 3 times and the maximum uncertainty in its value
was & 0.004 g cm >, The mass density, d of glass was used to
calculate the ambient pressure atomic number density, p, from
its molecular weight (158.3 u), total number of atoms (280) per
glass formula unit (20BaO-80TeO,) and the Avogadro's number
(6.023 x 10*).

2.2 High pressure neutron diffraction

The time-of-flight diffractometer PEARL at the ISIS pulsed
neutron source was used to measure the high pressure neutron
diffraction data up to a maximum pressure of 9.0 + 0.5 GPa. The
Paris-Edinburgh (PE) press along with sample container was
mounted at the centre of instrument; the load was applied by
a press. No pressure transmitting medium was used during in
situ high pressure neutron diffraction studies and the pressure
was directly applied on the sample. This was done in order the
avoid background scattering peaks of the pressure transmitting
material which makes the pair distribution function analysis
difficult.*

A standard annular Ti-Zr gasket assembly made from null
alloy, TiZr (67 :33 molar ratio) was chosen as a sample
container because of having negligible elastic neutron scat-
tering cross-section.” Neutron diffraction data was measured at
ambient pressure, 3.0 £ 0.5 GPa, 6.5 + 0.5 GPa and 9.0 +
0.5 GPa under the compression cycle.

2.3 Reverse Monto Carlo (RMC) modelling

The experimental neutron structure factor, S(Q) at each pres-
sure value was simulated by the RMC++ software package
version 1.5.1 and the partial atomic pair correlation functions,
coordination numbers and the bond-angle distributions were
determined.”* The RMC method minimizes the squared
difference between the experimental S(Q) and the calculated
S(Q). The total neutron structure factor, S(Q) is given as:

S = > wiSy(Q) 2)

The neutron scattering weight factors, w;; of the six atomic
pairs (Table 1) in the glass structure were calculated as:****%

cibieib; x (2 — 6;)
k 2
=

where, ¢;, ¢; are the molar fractions of the iMand jth atoms in the
sample respectively, b; b; are the corresponding neutron
coherent scattering lengths, and k£ = 3 in the glass sample:
20Ba0-80TeO,. The partial structure factors, S;(Q), are ob-
tained by RMC technique and used to determine the partial
atomic pair correlation functions, g;(r) by the following inverse
Fourier sine transformation:*%%'-5%5%36

(3)

Wi =

1 Omax
() =1 [ 0[S,(0) ~1]snordQ (1)

J’_ —_
27’52}’/) J Omin
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Table 1 Neutron scattering weight factors for the six atomic pairs in
20BaO-80TeO, glass

Ba-Ba Ba-Te Ba-O Te-Te Te-O O-O
3.54 8.13 8.10 37.19 42.65

Atom pairs
Weighting factors, w;; (%) 0.39

The following RMC simulations steps were used to generate
partial atomic pair correlation functions, bond lengths, co-
ordination numbers and bond angle distributions:

(a) Random distribution of atoms. The simulations were
started with an initial random configuration of 10 000 atoms of
Ba, Te and O in a box. The RMC model cubic box lengths at
ambient pressure, and at pressure values of 3.0, 6.5 and 9.0 GPa
were 55.248 A, 54.904 A, 54.346 A, and 53.418 A respectively.

(b) Refining. During this step a randomly chosen atom is
moved in a random direction. Ba, Te and O atoms were moved
out by using the minimum interatomic distances constraints
(cut-off distances) in the RMC input program [Table 2] and no
co-ordination constraints (such as Te-O or Ba-O co-ordination
constraints) were applied during the RMC runs.”” The RMC
simulations were done for a sufficient time and the neutron
structure factors (S(Q) — 1) at four pressure values are shown in
Fig. 1. The RMC calculated S(Q) matched very well with the
experimental S(Q) within the limits of experimental errors.

2.4 In situ high pressure Raman spectroscopy

In situ high pressure Raman studies were carried out on the
20BaO-80TeO, glass sample up to 19.28 + 0.01 GPa in
diamond-anvil cell (DAC). A small piece of glass sample was
loaded between the two diamond culets along with small chip of
ruby and pressure was applied. For complete hydrostatic
compression, the sample was immersed in a 4 : 1 mixture of
methanol and ethanol (pressure-transmitting medium).

The pressure inside the DAC was measured by the ruby
fluorescence technique.’® Raman spectra were measured on
LABRAM HR-800 micro-Raman spectrometer using He-Ne laser
(633 nm) as an excitation source at a spectral resolution of

1em L

3 Results and discussion

3.1 High pressure glass atomic number density

An important characteristic feature of X-ray and neutron
diffraction patterns of glasses is the position of the first sharp

Table 2 Cut off values for 6 atomic pairs used in the RMC simulations
of neutron diffraction data of 20BaO-80TeO, glass at ambient and
high pressures

Cut-off values (A)

Pressure Ba-Ba Ba-Te Ba-O Te-Te Te-O 0O-0
Ambient 3.12 2.95 2.45 2.85 1.61 2.35
3 4+ 0.5 GPa 3.12 2.95 2.45 2.85 1.59 2.35
6.5 + 0.5 GPa 3.12 2.95 2.45 2.85 1.58 2.35
9 £+ 0.5 GPa 3.12 2.95 2.45 2.85 1.62 2.35
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Fig.1 Experimental neutron diffraction and RMC calculated structure
factors (S(Q) — 1) of 20BaO—-80TeO, glass at ambient and high pres-
sures. The plots for pressures of 3.0, 6.5 and 9.0 GPa are shifted
successively by 1 unit for clarity. The dotted line marks the FSDP
position (2.04 AY at the highest pressure of 9.0 GPa.

diffraction peak (FSDP) position, Q, which is closely related to
the interatomic distances in the first co-ordination shell and the
shift in FSDP has been used in the literature to calculate the
atomic number density, p as a functions of pressure by certain
empirical formula reported in the literature.>

The position of the FSDP shifts towards higher Q-values with
an increase in pressure from ambient to 9.0 &+ 0.5 GPa [Fig. 2].
The ambient pressure atomic number density, p, was calculated
from the mass density (5.521 & 0.004 g cm>), measured by
Archimedes method.** Atomic number density of the 20BaO-
80TeO, glass at higher pressures was calculated from the
position (Q-value) of FSDP by using the universal fractional
power-law empirical relation®

(a)=G)" ©

where, Q, is the FSDP position at ambient pressure (1 atmo-
sphere) at which atomic number density, p, is experimentally
measured. The FSDP position, Q, shifts from 1.89 A to
2.04 A~!, with an increase in pressure from ambient to 9.0 GPa.
The values of the exponents, D; = 10/9 and D; = 5/3 (ref. 59-61)
were both used to calculate the atomic number density, as
a function of pressure in 20BaO-80TeO, glass. The average of
atomic number density, p was calculated from the two D, values
and these values were used in the RMC input program. Fig. 2
shows the variation of FSDP position, Q and the atomic number
density, p with pressure. The shift in the FSDP towards higher Q
values as a function of pressure (up to 8.5 GPa) and temperature
(~973 K) on silica glass has also been reported from X-ray
diffraction studies by Katayama et al.®

Atomic number density increases from 0.0593 to 0.0656 A3
with increase in pressure from ambient to 9.0 GPa [Fig. 2]. The
enhancement in the atomic density with pressure is due to the
compression of glass structure by the modifications in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Correlation between the First Sharp Diffraction Peak (FSDP)
position, Q and atomic number density, p determined from an
empirical formula [ref. 53] as a function of pressure in 20BaO-80TeO,
glass.

short-range and intermediate-range order, which produces
changes in the intensity and position of FSDP in S(Q).

3.2 Atomic pair correlation functions by Fourier
transformation

The atomic pair correlation functions, g(r) were calculated by
the Fourier transformation of the reduced neutron structure
factors, Q(S(Q) — 1) multiplied with the Lorch modification
function:

Omax
g =1+ 1.[ 0(S(Q) — 1)M(Q) sin (0r)dQ  (6)

2
2epr Jo,,

where the Lorch modification function, M(Q) is defined as:****

MQ:?%Q,QS%M )
4= o (8)

The first peak in the g(r) is due to the shorter Te-O equatorial
bond lengths of 1.90 A and the second peak at ~2.7 A is due to
Ba-O and O-O pair correlations [Fig. 3].** There is strong
overlapping of Ba-O, Te-O and O-O pair correlations in g(r),
which makes structural analysis by deconvolution difficult,
therefore in order to get the structural property data at the
atomic level, RMC simulations were performed to obtain the
partial atomic pair correlations which directly give the values of
Te-O, Ba-O and O-O bond lengths, cation-oxygen coordination
numbers and bond angles distributions.

3.3 Partial atomic pair correlations

Fig. 4a, b and c shows the atomic pair correlation functions of
Ba-O, Te-O and O-O respectively as obtained from RMC
simulations of the neutron diffraction datasets as a function of
pressure. RMC analysis generates the six partial atomic pair

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Atomic pair correlation function, g(r) of 20BaO-80TeO, glass

calculated from Fourier transformation. The curves for 3.0, 6.5 and
9.0 GPa are shifted by 0.05 units successively for clarity.

correlation functions: ggapa(r), Zea-te(r); Lza-o(r), Zre-te(r),
&re-o(r) and go-o(7).

The partial atomic pair correlation functions g;(r) of 20BaO-
80TeO, glass at ambient pressure and at high pressures of
3.0 GPa, shows peaks of Ba-O, Te-O and O-O atomic pairs
centred at 2.69 + 0.02-2.73 £ 0.01 A, 1.83 £ 0.02-1.88 £ 0.01 A
and 2.72 + 0.01-2.74 + 0.01 A, respectively [Table 3]. In case of
Ba-O pair correlation function, gz, (), the peak at 2.69 + 0.02 A,
becomes sharper and more prominent at the highest pressure
of 9.0 £ 0.5 GPa [Fig. 4a], while in case of gr._o(r), the first peak
at 1.86 A splits into two peaks at high pressures [Fig. 4b]. The
partial atomic pair correlation functions for Ba-O and Te-O
shows the shifting of the first peak towards smaller distances.
However, compression also causes the formation of longer Te-O
bonds and a decrease in the O-Te-O bond angles in the corner-
sharing tbp units. A new peak at 2.55 4+ 0.02 A grows under
compression due to the increase of Te-O coordination and
formation of longer Te-O bonds. The Te-O pair partial corre-
lation function shows at least two co-ordination shells, the first
shell ends at 2.52 A and the second at 2.99 A.

3.4 Cation-oxygen co-ordinations

The values of coordination numbers, CN;; that were obtained
from the RMC simulations within a certain range of distances are
summarized in Table 4 and co-ordination number distributions
are shown in Fig. S1(a)-(c). The average Ba-O co-ordination is in
the range: 6.24 + 0.48 (ambient pressure) to 6.99 + 0.34 (9.0 £+ 0.5
GPa) while the O-O co-ordination is in the range: 6.00 £+ 0.05
(ambient pressure) to 6.69 + 0.06 (9.0 + 0.5 GPa) [Table 4].
Te-O co-ordination number (CNp.o) was calculated as
follows: for CNYre_o, F'min = 1.40 A and rpg, = 2.52 A was used,
while for CN*re_0, Fmin = 2.52 A and .y = 2.99 A were used.
CN'"? e gives the total Te-O coordination number in the full
distance range: 1.40-2.99 A (CN'*2}.._o = CN'je_o and CN?pe_o).
The values of CN'1._o and CN’1._o at high pressure are in the
ranges: 3.51 + 0.05-3.73 £ 0.01 and 1.13 &+ 0.01-1.45 + 0.04
respectively. The total Te-O coordination i.e. CNyp._o "> varies

RSC Adv, 2020, 10, 42502-42511 | 42505
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Fig. 4

(a) Ba—O atomic pair correlation functions in 20BaO-80TeO, glass as function of pressure (the curves for 3.0, 6.5 and 9.0 GPa are

displaced by 0.3 units successively for clarity). (b) Te—O atomic pair correlation functions in 20BaO-80TeO, glass as function of pressure (the
curves for 3.0, 6.5 and 9.0 GPa are displaced by 0.5 units successively for clarity). (c) O—O atomic pair correlation functions in 20BaO-80TeO,
glass as function of pressure (the curves for 3.0, 6.5, and 9.0 GPa are displaced by 0.3 units successively for clarity).

with pressure as follow: 4.64 4 0.06 for ambient pressure, 4.78 &
0.03 at 3.0 GPa, 5.04 £ 0.06 at 6.5 GPa and 5.18 & 0.05 at 9.0 GPa
[Table 4 and Fig. S1(b)].t

The increase in Te-O coordination is consistent with the
formation of longer Te-O bonds (i.e. axial bonds) in the tellurite
glass network. The application of pressure produces densifica-
tion by two mechanisms; the first one is the distortion of TeO,
structural units and second is the gradual increase in the
average coordination number (CNg, o, CNpe o and CNg o)
which produces an increase in the atomic number density. An
increase in Te-O coordination with pressure up to 9.0 GPa is
also supported by in situ high pressure Raman studies that were
performed up to a maximum pressure of 19.28 + 0.01 GPa
(discussed below).

The bond lengths [Table 3] and changes in Te-O coordina-
tion [Table 4] are similar to the findings of high pressure studies

on silicate and borate glasses.®*®” It is reported that in
aluminium silicate glasses quenched from high pressure melts,
the average Si and Al co-ordination number with oxygens
increases steadily to values greater than four with increase in
pressure.®” Bista et al.®* studied changes in the short-range
structure of calcium aluminium borosilicate glasses prepared
by quenching its melt near the glass transition temperatures at
in situ pressures of 1.5-3.0 GPa. It was found that with the
increase in pressure, both aluminium and boron coordination
numbers increased significantly. Aluminosilicate glasses and
melts quenched from high pressure (12 GPa) show similar
enhancement in the Al-O coordination number with pressure.
Lee et al.*® carried out inelastic X-ray scattering studies on glassy
B,0;3 under compression and decompression cycles and found
a continuous transformation from tri-coordinated (*B) to tetra-
coordinated (*B) boron units with pressure. John et al®®

Table 3 Bond lengths in 20BaO-80TeO,, glass structure at ambient and high pressures

Pressure Ambient

Bond length, r; (A) Ba-O 2.55,2.73
Te-O 1.86, 2.14, 2.75
0-0 2.40, 2.74

42506 | RSC Adv, 2020, 10, 42502-425T]

3.0 + 0.5 GPa 6.0 + 0.5 GPa 9.0 + 0.5 GPa
2.50, 2.70 2.55, 2.69 2.53, 2.71

1.88, 2.15, 2.76 1.83,2.14, 2.74 1.85, 2.15, 2.75
2.40, 2.73 2.39, 2.73 2.40, 2.72

This journal is © The Royal Society of Chemistry 2020
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Table 4 Te-0O, Ba—0O and O-0 coordination values in 20BaO-80TeO, glass at ambient and high pressures. The rmin and rmax values used to

determine the co-ordinations are given for each atomic pair correlation

Co-ordination numbers from RMC simulations

Pressure Ngao (2.33-3.36) Nreo (1.40-2.52, 2.99) No-o (2.27-3.40)
Ambient 6.24 + 0.48 CN'pe_o = 3.51 £ 0.05 6.00 £ 0.05
CN%peo = 1.13 £ 0.01
CN'"? o0 = 4.64 + 0.06
3.0 + 0.5 GPa 6.49 + 0.35 CN're_o = 3.54 + 0.01 6.09 + 0.04
CN’reo = 1.24 + 0.02
CN'"2 oo = 4.78 + 0.03
6.5 &+ 0.5 GPa 6.80 + 0.29 CN'1e_o = 3.61 £ 0.04 6.28 & 0.06
CN%peo = 1.43 + 0.02
CN'"2 (o0 = 5.04 + 0.06
9.0 + 0.5 GPa 6.99 + 0.34 CN're_o = 3.73 £ 0.01 6.69 =+ 0.06

CN%eo = 1.45 £ 0.04
CN""2. o = 5.18 + 0.05

4 Te-O coordination values CN're o (min = 1.40 A and rp. = 2.52 A), CN’*re 0 (Fmin = 2.52 A and ryp.. = 2.99 A). CN'""? o is the total Te-O

coordination number(1.40-2.99 A).

simulations suggested that a change in Si-O coordination in
glassy SiO, occurs at pressures higher than 14-17 GPa, and that
at pressure of 30 GPa, the Si-O coordination number is 6 as
compared to the value of 4 under ambient conditions. Lee
et al.® studied the structure of lithium borate glasses up to
30 GPa by in situ boron K-edge inelastic X-ray scattering and by
"B MAS-NMR studies up to 6 GPa (ref. 70) and found that
boron-oxygen coordination transforms from three to four on
applying pressure.

3.5 Bond angle distributions

The bond angle distribution is defined as the number of angles
between the two vectors joining a central atom. The possible
angles between the chemical linkages in the 20BaO-80TeO,
glass structure were calculated by the RMC simulations and the
results are given in Table 5. The bond angle distributions of o
Ba-0y fo-te—-o and 0o_o_o, were obtained from the final atomic
configuration files of the RMC runs.

For 0o _pa-o, the peak is centred at 57.4 £ 0.7°, 57.9 £+ 0.7°,
56.1 + 0.9° and 56.4 £+ 0.9° for ambient, 3.0 + 0.5 GPa, 6.5 +
0.5 GPa and 9 + 0.5 GPa pressures respectively [Table 5 and
Fig. S2(a)f]. Similarly, 6o r..o bond-angle distribution shows
the decreasing trend with pressure i.e. peak shifts towards lower
angles with maxima at 87.0 & 0.4°, 86.2 + 0.1°, 85.4 &+ 0.3° and
83.6 £+ 0.1° for ambient, 3.0, 6.5 and 9.0 GPa pressures respec-
tively [Fig. S2(b)f]. fo_o0_o bond angle distributions are centered
at 56.1 + 0.9°, 58.6 = 0.9°, 56.1 + 0.6° and 56.8 £+ 0.3° for
ambient, 3.0, 6.5 and 9.0 GPa pressures respectively [Table 5
and Fig. S2(c)].t

According to molecular dynamics simulations, there are two
different peaks of f_te-0 bond angle distribution; the first peak
lies in the range: 70° to 105° and is attributed to both O.y-Te-
O.x (equatorial and axial) and O.q-Te-Ocq (equatorial) linkages
while the second weaker peak in the higher angle range: 150-
170° is due to O,,—Te-O,, (axial) linkages.” The maxima at 83.6
+ 0.1° in g _reo distribution [Fig. S2(b)t], indicates that the
majority of the linkages are of the types: Ocy—Te-Ocq and Oeq-
Te-0,, in the TeO, and TeO; structural units.?>

The O-O-0 bond angle has both intra-polyhedral and inter-
polyhedral contributions; the peak at 56-60° is due to three O
atoms in the same tetrahedra and/or due to three O atoms in the
same penta coordinated polyhedral and the peak at 110° could
arise either due to oxygen atoms on either the same or adjacent
penta or hexa coordinated polyhedra; and the peak at 120° can
arise due to inter-polyhedral contributions from tetra or penta
coordinated Te-O polyhedral units. The RMC configuration
files were used to generate three dimensional models of the
cubic cell containing 500 atoms on Ba, Te and O and these are
shown in at ambient pressure in Fig. 5a and at 9.0 GPa in
Fig. 5b. It is clear from these models that the network connec-
tivity of Te and B with oxygen enhances considerably under
compression.

3.6 Te-O speciation by high pressure in situ Raman
spectroscopy

In situ high pressure Raman studies of 20BaO-80TeO, glass
were carried out in a DAC up to maximum pressure of 19.28 +
0.01 GPa under both the compression and decompression

Table 5 Peak values in bond angle distributions in 20BaO—-80TeO, glass network at ambient and high pressures

Pressure Ambient

Bond angle, 6, (°) 0-Ba-O 57.4 + 0.7°
O-Te-O 87.0 £ 0.4°
0-0-0 56.1 £ 0.9°

This journal is © The Royal Society of Chemistry 2020

3.0+ 0.5 6.0 + 0.5 9 + 0.5 (GPa)
57.9 + 0.7° 56.1 + 0.9° 56.4 + 0.9°
86.2 + 0.1° 85.4 + 0.3° 83.6 + 0.1°
58.6 & 0.9° 56.1 %+ 0.6° 56.8 + 0.3°
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Fig. 5 DRMC models of the structure of barium tellurite glass cubic cell (a) ambient pressure-cell parameter 20.34 A (b) 9.0 GPa-cell parameter
19.83 A. The cubic cell consists of 500 atoms of Te (green), Ba (red) and oxygen (blue).

cycles. Fig. 6 shows the Raman spectra of 20BaO-80TeO, glass
at different pressures up to maximum pressure of 19.28 +
0.01 GPa in the Raman shift range: 100 and 900 cm ™. In situ
high pressure Raman spectra of barium tellurite glass shows
three broad bands in the Raman shift ranges: 560 to 685 cm ™
due to the asymmetric Te-O bond vibrations in TeO, units,*
while the band from 685 to 820 cm ™' is due to Te-O stretching
vibrations in TeO3;/TeOj;:; units. The Raman bands at 410 to
560 cm * are due to the bending modes of O-Te-O and Te-O-
Te linkages.””® The 4 : 1 methanol-ethanol mixture vibration
band at ~820 cm ™' is also clearly seen in Raman spectra up to
a pressure of 4.05 & 0.01 GPa.” The band around 410-560 cm "
is assigned to symmetrical vibrations of Te-O-Te bonds at the
corner-sharing sites of TeOs,4, TeO3 and TeO, polyhedra. Fig. 6
shows that the low frequency band at ~286 cm™ ', and the

19.28 GPa
17.46 GPa

14.11 GPa

11.11 GPa

8.16 GPa

6.65 GPa

4.72 GPa

4.05 GPa
3.62 GPa

Ambient

L 899
oz e
L €L

200 400 600 800
Raman Shift[cm'l]

Fig. 6 In situ high pressure Raman spectra of 20BaO-80TeO, glass
up to a maximum pressure of 19.28 GPa during compression cycle.

42508 | RSC Adv,, 2020, 10, 42502-42511

Raman band of 410-560 cm ™' gets significantly suppressed
with increase in pressure, this band is completely suppressed at
the highest pressure of 19.28 GPa. The suppression of this band
arises due to the breakage of the tellurite network with pressure.

Further on increasing the pressure up to 19.28 GPa, the intensity
of bands at ~724 cm ™! due to Te-O bond vibrations in TeO; units
decreases significantly relative to the intensity of the band at
~660 cm ", these changes confirm the structural transformation:
TeO; + NBO — TeO, and it is similar to the structural trans-
formations in borate glasses; BO; + NBO — BO, with pressure.**”°

Fig. 7 shows the Raman spectra of 20BaO-80TeO, glass in
the decompression cycle: 19.28 GPa — 6.06 GPa — 2.73 GPa —
0.08 GPa — ambient pressure. Under the decompression cycle,
the Raman spectra restores back to the original spectra. The
band of 344 cm ™! and 450-550 cm ™" reappears, and the high
frequency band in the range: 560 to 820 cm™ " splits again into
two distinct bands. The abrupt increase in the main Raman
bands intensity and high frequency shoulder shows that the
most dramatic change in the vibrational spectra takes place

during the decompression cycle.

Iees

The intensity ratio of two main Raman peaks at

724
~668 cm™ " (due to TeO,) and 724 cm ' (due to TeOQ;) were

calculated to determine the short-range structural trans-
formations with pressure in both the compression and

19.28 GPa

ambient

Decompression

200 400 600 800

Raman Shift [em™1]

Fig. 7 In situ high pressure Raman spectra of 20BaO-80TeO, glass in
the decompression cycle.
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Table 6 Raman peaks' intensity ratio <I—> in 20BaO-80TeO,, glass under compression and decompression cycles

724

Compression cycle
pressure (GPa) (£0.01)

Raman peaks’
intensity ratio Iseg/l724

Raman peaks’
intensity ratio Iseg/I724 (£0.01)

Decompression cycle
pressure (GPa) (+0.01)

Ambient 0.99
1.19 1.01
2.28 1.05
2.81 1.07
3.62 1.09
4.05 1.05
4.72 1.17
6.65 1.22
8.16 1.23
11.11 1.16
14.11 1.23
17.46 1.18
19.28 1.18

decompression cycles. The increase in Raman intensity ratio
I S .
298 ) confirms that there is significant conversion of TeOs/
724
TeOj3,, into TeO, units [Table 6] on compression. The Raman
. . . (1
Intensity ratio il
i 1724 }
sample is compressed up to 19.28 £ 0.01 GPa, and during the

decompression cycle the intensity ratio shows the reverse trend

increases from 0.99 to 1.18 when the glass

1
[Table 6 & Fig. 7]. The decrease in the intensity ratio <16ﬂ) with

724
pressure confirms that there is continued loss of the oxygen

environment around Te ions on decompression.

4 Conclusions

The modification in the short-range structure of 20BaO-80TeO,
glass was studied in situ by high pressure neutron diffraction
and high pressure Raman spectroscopy. Neutron diffraction
studies were performed up to a maximum pressure of 9.0 +
0.5 GPa on a Paris-Edinburg large volume press and it is found
that the Te-O coordination number enhances significantly with
pressure due to the isomerization reaction: TeO; + NBO —
TeO,. The results of in situ high pressure Raman spectroscopy
are consistent with those of neutron diffraction and it is found

-1

that the ratio of intensities of Raman bands at 668 cm™ " and

1 . .
724 cm ™! (ﬂ) increases from a value of 0.99 to 1.18, with an
724

increase in pressure up to 19.28 £ 0.01 GPa. Raman studies
found that the TeO, units transform back into TeO; and the
glass structure is restored to its original state at ambient pres-
sure on the release of pressure.
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