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The structures of xSrO—(100 — x)TeO, (x = 5, 7.5, 8.5 and 10 mol. %) glass, anti-
glass and crystalline samples were studied by high-energy X-ray diffraction

Keywords: tellurite glasses and anti-glasses; (HEXRD), reverse Monte Carlo (RMC) simulations, atomic pair distribution
high-energy X-ray diffraction; reverse Monte function analysis and Fullprof Rietveld refinement. The atomic pair distribu-
Carlo simulations; Rietveld refinement. tions show the first peak at 1.90 A due to the Te—O equatorial bonds and the

Te—O peak is asymmetrical due to the range of Te—O bond lengths in glass,
anti-glass and crystalline samples. The short-range structural properties of
glasses such as Te—O bond lengths, Te—O speciation, Te-Te distances and O—
Te—O bond angle distributions were determined by RMC simulations. The
average Te—O coordination number (Nr._o) for 5SrO-95TeO, glass is 3.93 which
decreases to 3.59 on increasing the SrO concentration to 10 mol.%. The changes
in Nt._o revealed that the glass network predominantly contains TeO, units with
a small amount of TeOj; units and there is a structural transformation TeO, —
TeO; with an increase in SrO concentration. The O—Te—O bond angle
distributions have a peak at 79° and reveal that the Ocquatoriai— T —Oecquatorial
bonds are the most abundant linkages in the tellurite network. Two glass
samples containing 7.5 and 8.5 mol.% of SrO were annealed at 350°C for 1 h to
produce anti-glass phases; they were further annealed at 450°C for 4h to
transform them into crystalline phases. The anti-glass samples are disordered
cubic SrTesO;; and the disordered monoclinic SrTeO; phases, whereas the
crystalline samples contain monoclinic SrTeO; and the orthorhombic TeO,
phases. The unit-cell parameters of the anti-glass and crystalline structures were
determined by Fullprof Rietveld refinement. Thermal studies found that the
glass transition temperature increases with an increase in SrO mol.% and the
results on the short-range structure of glasses from Raman spectroscopy are in
agreement with the RMC findings.

1. Introduction

Tellurite glasses are technologically important materials due
to their unique physical properties such as high refractive
index, excellent non-linear optical properties, low phonon
energies, wide optical transmission window, semiconducting
properties and low melting temperatures (Wang et al., 1994;
Rivera & Manzani, 2017; Zhou et al., 2011; Manning, 2011).
TeO, forms glass only at a high quenching rate of ~10° K s !
by roller quenching and therefore it is considered to be a
conditional glass former (Barney et al, 2013). On adding
; modifiers such as alkali, alkaline earth and transition metal
R PO R I Y P O A oxides into TeO,, bulk glass samples can be prepared easily at

riki a moderate quenching rate of ~10*Ks™' (El-Mallawany,
© 2020 International Union of Crystallography 2011; Kaur, Kaur et al., 2018; Kaur, Khanna et al., 2018).
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Several tellurite systems are known to produce anti-glass
materials (Burckhardt & Tromel, 1983; Kaur, Khanna et al.,
2018; Bertrand et al., 2015; Blasse et al., 1986; Tromel et al.,
1985, 1988; Gupta & Khanna, 2018; Gupta et al., 2019; Wilding
et al., 2016). An anti-glass is a disordered crystalline solid in
which the cations (Te*", Bi**, La®™*, Nb*, Sr** efc.) have long-
range order but are statistically distributed over the sites,
while the anion (oxygens) sites are partly vacant and the
anions are also arranged in a disorderly way. In other words, a
prominent long-range order of the cations contrasts with the
highly disturbed short-range order of anions, i.e. there is order
and disorder co-existing in anti-glass materials. Due to the
non-periodicity of the anion sites, anti-glass is also known as
an anion glass. The X-ray and neutron diffraction patterns of
anti-glasses exhibit sharp peaks similar to those of crystalline
materials due to the long-range order of the cations. However,
all the atoms are randomly distributed from their ideal posi-
tions causing large irregularities which result in apparently
high temperature factors compared with those generated by
the thermal motion of atoms. This consequently produces
considerable vibrational disorder and results in broad phonon
bands in the infrared and Raman spectra of these samples,
similar to glasses (Gupta & Khanna, 2018; Gupta et al., 2019;
Kaur, Khanna et al., 2018). The glass-forming range of the
xSrO—(100 — x)TeO, system is between 4.8 and 11 mol.% of
SrO (El-Mallawany, 2011) and slowly cooled samples are
found to contain co-existing glass and anti-glass inclusion
phases (Kaur, Khanna et al., 2018). The anti-glass droplets of a
definite size and a particular pattern can be deliberately grown
inside the glass matrix by controlled infrared laser irradiation
and find application in luminescence and non-linear optical
devices. It is therefore important to understand the structure
of glass, anti-glass and crystalline phases of the same material/
composition.

Crystalline TeO, exists in «, 8 and y polymorphs; o and
phases are more common but the glass structure is best
described by the metastable y-TeO, phase (Barney et al., 2013;
Li et al, 2010). The o and B phases consist of trigonal bipyr-
amidal (tbp) units along with a lone pair of electrons at the
equatorial positions and have a tellurium—oxygen coordina-
tion number (Nt._o) equal to 4, while in the y-TeO, phase one
of the Te—O,, (ax = axial) bonds in the TeO, units undergoes
elongation. The elongated TeO, polyhedra are usually iden-
tified as TeOs, and the coordination number (Nt._o) in glassy
TeO, decreases to ~3.68 (Barney et al, 2013). However,
determining the Te-O coordination in tellurite materials by
radial distribution function analysis is not straightforward due
to the existence of a wide range of Te—O bond lengths in the
structure and it is sometimes difficult to correctly identify the
Teuoft Value (Gulenko et al., 2014; Whittles et al., 2018). The
complexity of the Te-O coordination environments is dealt
with by considering five different types of Te—-O polyhedral
units that exist in the crystal structures of alkali tellurites,
denoted as Q)', where m is the number of bridging oxygens
and n represents the coordination number of the central Te
atom. The (n — m) value represents the number of non-
bridging oxygens (NBOs). The Qf and Q> units represent

trigonal bipyramids (fourfold-coordinated TeO, units in the o
and B phases) while the remaining three units Q, O} and Q3
are trigonal pyramids (threefold-coordinated TeO; units in the
y phase) (Whittles et al., 2018; McLaughlin et al., 2000).

In the previous study (Kaur, Khanna et al., 2018), the
optical and thermal properties of xSrO-(100 — x)TeO, and
xSrO-yB,0;-(100 — x — y)TeO, glass and anti-glass samples
containing Eu®* were reported. The present study aims at the
elucidation of the short-range structure of glass, anti-glass and
crystalline samples of the xSrO—(100 — x)TeO, system by
high-energy X-ray diffraction (HEXRD). The diffraction data
sets were modelled by reverse Monte Carlo (RMC) simula-
tions to give partial atomic pair correlations (also known as
pair distribution functions, PDFs), the metal ion-oxygen
coordination numbers, bond lengths and the bond angle
distributions. Similarly, the structural analysis of anti-glass and
crystalline phases was carried out by Rietveld refinement of
the HEXRD data. The samples were also characterized by
density measurements, Raman spectroscopy and differential
scanning calorimetry (DSC).

2. Experimental
2.1. Sample preparation

The glass samples of the system xSrO—(100 — x)TeO, with
x =5,75, 85 and 10 mol.% were prepared by the splat-
quenching technique. The appropriate amounts of the starting
materials, i.e. TeO, (Aldrich India, 99%) and SrCO; (Aldrich
India, 99.9%), were weighed and mixed together in an agate
mortar and pestle for about 30 min to homogenize the
mixture, and then transferred to a platinum crucible. The
mixture was melted in the furnace at 750°C for ~1 h. The melt
in the crucible was homogenized by the occasional swirling of
the crucible inside the furnace. The glass samples were
prepared by splat-quenching the melt between two heavy
metal blocks. The strontium tellurite system is known to
produce samples that contain co-existing glass and anti-glass
phases on slow normal quenching (Kaur, Khanna et al., 2018).
Therefore, to get a completely glassy phase, the samples were
prepared by splat-quenching which provides higher quenching
rates and suppresses the growth of anti-glass droplets. All the
glasses prepared in this way were clear and transparent and
did not show any anti-glass inclusions on visual examination
under an optical microscope.

Anti-glass phases of two compositions, xSrO-(100 — x)TeO,
(with x = 7.5 and 8.5 mol.%), were prepared by annealing the
initial glass samples at 350°C for 1 h. The glass samples 5ST
and 10ST did not produce anti-glass phases on heat treatment
at 350°C for 1h and remained amorphous; probably they
required a different temperature and time for the transfor-
mation into anti-glass. Subsequently, some part of the two
anti-glass samples (7.5ST_CR1 and 8.5ST_CR1) and two glass
samples (5ST and 10ST) were further annealed at 450°C for
4h to produce crystalline samples (5ST_CR2, 7.5ST_CR2,
8.5ST_CR2 and 10ST_CR2). A total of ten samples (four
glass, two anti-glass and four crystalline samples) were
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Table 1
Composition, mass density p and atomic number density p, of strontium
tellurite samples.

Table 2
Thermal properties of strontium tellurite glass, anti-glass and crystalline
samples.

Composition
(mol.%)
Sample Nature of Density Py

No.  code sample StO  TeO, p(gem™) (A7)
1 SST Glass 5 95 5.63 0.0636
2 5ST_CR2 Crystalline 5 95 5.68
3 7.58T Glass 75 92,5 5.60 0.0635
4 7.5ST_CR1  Anti-glass 75 92.5 5.66
5 7.5ST_CR2 Crystalline 7.5 92.5 5.67
6 8.5ST Glass 8.5 91.5 5.57 0.0632
7 8.5ST_CR1  Anti-glass 8.5 91.5 5.59
8 8.5ST_CR2  Crystalline 8.5 91.5 5.64
9 10ST Glass 10 90 5.55 0.0629
10 10ST_CR2 Crystalline 10 90 5.62

prepared (Table 1) and characterized by HEXRD, DSC and
Raman spectroscopy.

2.2. Density

The density of all the samples was determined by the
Archimedes method using dibutyl phthalate (DBP) as the
immersion fluid at laboratory temperature. The density of
each sample was calculated using the following relation:

o= g
AT WL

where p; is the density of the immersion liquid (DBP) at room
temperature, W, and Wy are the weights of the sample in air
and in DBP, respectively. The error in the density was calcu-
lated from the precision of measurement of mass by the
electronic balance and it was in the range =0.001-
0.005 g cm . The densities of the samples are given in Table 1.

2.3. Differential scanning calorimetry (DSC)

The thermal properties such as glass transition temperature
(T,), crystallization temperature (7,) and melting temperature
(T) of the powder samples were determined by the DSC
technique. The endothermic transition (change in the base-
line) in the DSC thermograph is the glass transition and it
gives a T, value which is a measure of the rigidity and strength
of the glass network while the crystallization temperature is
indicated by the exothermic peak. DSC studies were
performed on the Setaram Setsys 16 TG-DSC system at a
heating rate of 10°C min~' in the temperature range of 200—
800°C under airflow conditions. Sample amounts of 20-40 mg
were taken in platinum pans for DSC analysis. The maximum
uncertainty in the measurement of 7, (mid-point), T, (peak
point) and T, (peak point) is £1°C. The T, T and T,, values
for the samples are given in Table 2.

2.4. Raman spectroscopy

The short-range structural studies were carried out on all
glass, anti-glass and crystalline samples on a Renishaw In-via
Reflex micro-Raman spectrometer. The Stokes spectra were
generated by a 514.5 nm argon-ion laser as the excitation

T. (O T (°C)

Sample T, AT Eg
code (C C) Tcl Tc2 TC3 Tc4 Tml TmZ Tn\3 (C C) (kJ m0171)
58T 309 353 474 538 618 627 712 44 394
7.58T 315 358 366 448 530 622 695 43 395
8.58T 319 359 404 443 533 623 686 40 396
10ST 322 359 433 623 677 37 397
7.5ST_CR1 315 355 370 452 527 622 695 395
8.5ST_CR1 318 358 404 449 532 623 687 396
5ST_CR2 503 619 628 712 394
7.5ST_CR2 335 525 622 695 395
8.5ST_CR2 336 531 623 687 396
10ST_CR2 532 624 675 397

source (25 mW) and the Raman spectra were measured in the
Raman shift range of 30 to 1200 cm ™" with a spectral resolu-
tion better than 1 cm™'. Measurements were carried out at
room temperature using an edge filter for Stokes spectra with
a diffraction grating containing 2400 lines mm ™' and a Peltier-
cooled charged-coupled device detector in an unpolarized
mode using backscattering geometry.

2.5. High-energy X-ray diffraction (HEXRD)

The HEXRD studies on the glass, anti-glass and crystalline
samples were carried out at the High Energy Materials
Science (HEMS) beamline (P07, second experimental hutch
EH2) of the PETRA III synchrotron of the Deutsches Elek-
tronen-Synchrotron (DESY), Hamburg, Germany. The finely
powdered samples were filled into Kapton capillary tubes of
diameter 2 mm (wall thickness of ~0.02 mm) and the X-ray
scattering intensity was measured at room temperature. The
optics for the X-ray beam consist of a double-crystal mono-
chromator having two bent Si (111) Laue crystals to tune the
energy range (Schell et al., 2014). The scattered intensities
were measured with a 2D PerkinElmer detector XRD1621.
2D powder diffraction data were obtained and converted into
1D diffraction patterns (intensity versus Q) by using the
FIT2D software (Hammersley, http://www.esrf.eu/computing/
scientific/FIT2D/) which facilitates the detector calibration
and integration of powder diffraction data from 2D detectors.

In a diffraction experiment on amorphous materials, high
values of the momentum transfer Q (Q = 4msind/A, 6 is the
diffraction angle and X is the wavelength of the X-rays) are
necessary to achieve a high real-space resolution of the atomic
pair distributions since the Fourier transform with a low Q,..«
value yields peak broadening that prevents the resolution of
two close-spaced interatomic distances (Cormier, 2018). This
can be done by using high incident energy, i.e. short-wave-
length, X-rays. In the present work, X-ray diffraction data
were measured in the high momentum transfer Q range 0.47 to
25 A~ using monochromatic X-rays of wavelength A =
0.1263 A (energy = 98.35 keV).

110
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Table 3
X-ray scattering weight factors, w;; (%), for the atomic pairs in strontium
tellurite glasses at Q = 7.01 A™".

Table 4
The cut-off distances used for each atomic pair in the final RMC run for
strontium tellurite glasses.

X-ray weight factors, w;; (%)

r cut-off values (A)

Atomic pair 5ST 7.58T 8.58T 10ST Atomic pair 5ST 7.58T 8.5ST 10ST
Sr-Sr 0.10 0.23 0.30 0.41 Sr-Sr 3.20 3.00 3.20 3.20
Sr-Te 5.28 7.83 8.84 10.32 Sr-Te 2.50 2.50 2.50 2.50
Sr-O 0.88 0.13 1.51 1.78 Sr-O 2.30 225 2.20 2.25
Te-Te 68.73 66.17 65.15 63.62 Te-Te 3.00 2.40 2.60 3.00
Te-O 23.06 22.50 22.28 21.95 Te-O 1.67 1.65 1.65 1.65
O0-0 1.93 1.91 1.90 1.89 0-0 2.40 2.30 2.30 2.30

2.6. Pair distribution function analysis by PDFgetX2

The intensity versus Q data from the HEMS beamline were
converted into a structure factor S(Q) with the PDFgetX2
software (Qiu et al., 2004). In the PDFgetX2 software, the
standard corrections due to polarization of the scattered
X-rays, inelastic Compton scattering, background subtraction,
sample absorption and oblique incident angle corrections
were applied. The structure-factor S(Q) files generated by
PDFgetX2 also contain the Faber—Ziman coefficients (X-ray
scattering weight factors) as a function of Q (Table 3). The
Fourier sine inverse transform of S(Q) yields the reduced pair
distribution, G(r), which gives the spatial correlations between
the different pairs of atoms. In the present system
[xSrO-(100 — x)TeO,] six atomic pair correlations, i.e. Sr-Sr,
Sr-Te, Sr-0O, Te-Te, Te-O and O-0O, exist.

The G(r) is obtained from the following well-known inverse
Fourier sine transformation (Petkov, 2008; Egami & Billinge,
2003):

G(r) = 4Irp,[g(r) — 1]

Omax
& | o0~ m@sinorae. @
Omin
1 Onmax
€0 =14 / 0IS(0) — IM(Q)sinQrdQ.  (3)

min

where M(Q) is the Lorch modification function and is defined
as (Soper & Barney, 2012)

w0 =22 0<0,. @
T
=—" 6
A Qmﬂx ( )

g(r) is the atomic pair correlation function and g(r) — 1 as r
— 00, while the reduced pair correlation function G(r) — 0 as
r — oo and p, is the bulk atomic number density.

2.7. Reverse Monte Carlo (RMC) simulations

RMC++ is a 3D structural modelling program used for the
disordered (amorphous) structures which involves random
movements of atoms placed in a simulation box with periodic
boundary conditions (Kaur et al., 2019; Khanna et al., 2018;
Evrard & Pusztai, 2005; Fabian et al., 2016; Fabian & Araczki,
2016). The RMC technique reduces the squared difference
between the experimentally measured structure factor,
Sexp(Q) and the calculated one, by repeatedly sampling the
configuration space (McLaughlin & Zwanziger, 1999).

Mathematically,

X2 = @Z[SLXP(QI) - Smodcl(Qi)]z’ (7)

where o is the standard deviation of the experimental data,
Sexp 18 the experimental structure factor and Syoqe is the
calculated structure factor. For each experimental run, a new
configuration is generated by the random motion of one
particle and the new 2., is calculated. If 2., < X(Z,ngmap then
the new configuration is accepted. However, if X7ey > Xarigina»
the move is accepted with a probability that follows a normal
distribution. The process is repeated until x2.,, decreases to an
equilibrium value (Moharram, 2015).

RMC simulations were performed on the X-ray structure-
factor data sets of four glass samples to determine the struc-
tural parameters such as the partial atomic pair correlation
functions, Te-O, Sr—O and O-O speciation, bond lengths, and
O—Te—0O, O—Sr—0O and O—0O—O0O bond angle distribu-
tions. The RMC++ program consists of the following three
steps, namely Random, Moveout and Rmcppnew.

In the Random step, N virtual atoms of the correct atomic
number density (Table 1) were put into a simulation box of
length L, having interatomic distances up to 3"*L/2. In the
present case, the box contains N = 10 000 random atoms of Sr,
Te and O. The half box length was 27.17, 27.04, 27.08 and
27.14 A for the glass samples 5ST, 7.5ST, 8.5ST and 10ST,
respectively.

In the Moveout step, the atoms were moved out by using
the cut-off distances or the minimum interatomic distances in
the input program. In this particular step, we can apply any
constraints to better model the experimental data. Here, we
used cut-off distances (Table 4) as the constraints to avoid

Acta Cryst. (2020). B76, 108—121
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Table 5

Te—Te and Te—O bond lengths, O—Te—O bond angle, r cut-off and Ny, o values for the strontium tellurite glasses by RMC and Raman analysis.

Sample code Te—Te (A) Te—O,q (A) Te—O, (A) 0—Te—O (°) Nreo (& 0.01) (RMC) Nreo (£ 0.01) (Raman)
5ST 355 1.90 217 79 3.93 (Fmin 1.75 A, Finax 239 A) 3.60
7.58T 3.54 1.90 215 75 3.84 (Fin 1.79 A, o 225 A) 3.58
8.5ST 355 1.90 215 77 3.82 (Fnin 1.80 A, rypa 2.30 A) 3.54
10ST 3.63 1.90 2.10 75 3.59 (Fmin 1.80 A, Finax 225 A) 353

unnecessary atom interactions. No constraints were applied to
Te-O speciation in the RMC input program.

In the third and final step, the Rmcppnew application, the
data were refined until the difference between the calculated
and the experimentally derived structure factors was reduced.
Repeated RMC runs were carried out by slightly modifying
the cut-off distances for the various atom pairs until an almost
perfect fit to the experimental data was achieved to obtain
reliable partial atomic pair correlation functions, g;(r).

The cut-off distances used in the final RMC run for Sr-Sr,
Sr-Te, Sr-0O, Te-Te, Te-O and O-O atom pairs for the four
glass samples are given in Table 4. The r;, and ry., values
were used to calculate the coordination number of Te-O, Sr-O
and O-O atomic pairs.

The uncertainty in the final results is obtained by repeating
the RMC simulations three times on each sample and the
reported errors are the maximum uncertainties in the data.
After multiple RMC runs on each sample, a good convergence
and reproducibility of RMC results were obtained. The
experimental and the calculated structure factors S(Q) of the
glass samples matched well, and the output parameters
including the partial atomic pair correlation functions, g;(r),
were generated with good reproducibility and statistics. The
RMC results are given in Table 5.

2.8. Fullprof Rietveld analysis of HEXRD data of anti-glass
and crystalline samples

The Rietveld suite is a refinement tool that uses a non-linear
least-square method to minimize the differences between the
observed peak intensities of the sample and the peaks calcu-
lated from a crystal model (Young, 1993; Toby, 2006). More
precisely, the Rietveld is a multi-parameter curve-fitting
procedure that fits the sample data to the structure model. The
HEXRD data of the anti-glass and crystalline samples show
sharp peaks. The data obtained from HEXRD are a set of
intensity values measured at a set of specific momentum
transfer Q values and expressed as ‘intensity versus 26’ to
perform Rietveld analysis by using the Q = 47sin6/A equation.

The HEXRD peaks of the anti-glass sample correspond to
two phases, face-centred SrTesO;; and monoclinic SrTeO;
phases, while the peaks of the crystalline samples match well
with the monoclinic SrTeO; and the orthorhombic TeO,
phases. In the case of one anti-glass (7.5ST_CR1) and one
crystalline sample (10ST_CR?2), the profile matching using the
constant scale factor was carried out by the Fullprof program
with the pseudo-Voigt function to model the peak profile
shape.

3. Results and discussion
3.1. Density

The density, p, of all the glass samples is given in Table 1.
The density of the glasses decreases from 5.63 to 5.55 g cm >
on increasing SrO content from 5 to 10 mol.%. This is due to
the fact that the heavier TeO, molecules (molecular weight =
159.6 u) are replaced by significantly lighter SrO molecules
(molecular weight = 103.6 u). A similar argument holds for the
anti-glass and crystalline samples: the density decreases with
an increase in SrO concentration. However, the trend of
density differences among the three phases is Pgjass < Panti-glass
< Perystattine- This is due to the fact that the amorphous samples
are disordered and cannot be packed in an optimal way while
in the anti-glass materials there is long-range order of cations
and they therefore exhibit higher packing density than the
glasses. On the other hand, crystalline samples are the most
ordered system (prominent long-range order of both the
cations and anions), ie. these are ‘close-packed’ and hence
denser than both the glass and anti-glass samples.

3.2. Thermal properties

DSC scans of all the glass samples are displayed in Fig. 1.
The glass transition temperature (7) is an endothermic event,
in which the abrupt change in heat capacity is illustrated by
the shift in the baseline followed by an exothermic peak due to
the crystallization (7,) or the devitrification process (Affati-
gato, 2015). The T, of the first sample (5ST glass) is 309°C,

0.4

Exo
e
(=)

-1

Q[Wg ]

= o o
%) [>] S
1 ; 1

=
=)
\

b
(=)
1

—7.58T

8.5ST
—10ST

«— Endo

2.4

1 1 1
500 600 700

TI°C]

1 1
200 300 400 800

Figure 1
DSC thermographs of xSrO—(100 — x)TeO, (x =5, 7.5, 8.5 and 10 mol.%)
glasses.
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which increases to 322°C on increasing the SrO concentration
from 5 to 10 mol.%. This increase in 7T, is due to the repla-
cement of weaker Te—O [Ep._o = 391 (8) kJ mol '] linkages
by significantly stronger Sr—O [Es,_o = 454 (14) kJ mol™']
bonds. The average single bond enthalpy, Eg, for each glass
sample was calculated as

_ XEg_o + (100 — x)Ey._o
B 100 ’

with x = 5, 7.5, 85 and 10 mol.%. Ejy increases with the
increase in SrO concentration and therefore the 7, also
increases. The T, T, and T, values for the glasses are given in
Table 2.

In the case of the anti-glass samples (xST_CR1; x = 7.5,
8.5 mol.%), the slope of T, is very weak (Fig. 2) because these
samples are mostly anti-glass phases with only a small amount
of the glassy phase. The crystalline samples xST_CR2 (x = 5,
7.5, 8.5 and 10 mol.%) also exhibit weak glass transition
(Fig. 3) compared with glass and anti-glass samples because

Ey

®)

=}

=]

=
-

)

=

o

o 1

=

=

=

l 124 —7.5ST_CR1
8.5ST_CRI1 Tt
¥ T T T T T T T T T T
200 300 400 500 600 700 800
T[°C]

Figure 2

DSC thermographs of strontium tellurite anti-glass samples.
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Figure 3

DSC thermographs of crystalline strontium tellurite samples.

these samples are predominantly crystalline and contain very
little remnant glassy phase. DSC scans of anti-glass samples
(Fig. 2) exhibit exothermic crystallization peaks due to the
transformation of anti-glass and remnant glassy phases into
thermodynamically more stable crystalline phases on heat
treatment. However, the crystallization peaks in crystalline
samples (Fig. 3) are also very weak because of their crystalline
nature.

The thermal stability AT of the glass samples is calculated
by

AT=T,—T,. 9)

The thermal stability of glasses decreases from 44°C to 37°C
on increasing the SrO concentration from 5 to 10 mol. % which
shows that the tendency towards crystallization enhances with
an increase in SrO concentration (Table 2).

3.3. Short-range structure by Raman spectroscopy

The Raman spectra of the glass samples are shown in Fig. 4.
It is found that the Raman spectra show broad bands in the
high-frequency region and a well-resolved asymmetric sharp
boson peak in the low-frequency region (~55cm™'). The
boson peak is the characteristic feature of amorphous mate-
rials and its intensity and position depend on the composition
of the glass samples. In the high-frequency region, the Raman
spectra show three polarized bands: a broad band at
~450 cm™', a highly intense band at ~660cm ' and a
shoulder around 760 cm™'. These bands correspond to the
bending mode of Te—O—Te and/or O—Te—O linkages, to
stretching modes of the TeO, tbp units and to the stretching
modes of the TeOj; trigonal pyramidal (tp) units, respectively.

The band in the range 550-850 cm™' for all the glass
samples was baseline corrected and deconvoluted with peaks
due to TeO,4 and TeOs; units to calculate the Te-O coordina-
tion number. The deconvoluted spectrum of 5ST (Fig. 5)

Boson —=—5ST Te[|4 ]
peak —e—7.55T
' 8.5ST
—v—10ST

Intensity [a.u.]

1 v T T T T T
200 400 600 800
Raman shift [cm_l]

Figure 4
Raman spectra of strontium tellurite glasses.
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shows four peaks centred at ~621, 664, 723 and 783 cm ™. The
peaks at 621 and 664 cm™ ' are due to asymmetric stretching
vibrations of Te—O bonds in TeO, units, whereas the peaks at
723 and 783 cm ™" are due to the stretching vibrations of TeOs
and TeOs,; units (Manning, 2011). The shifting of the peak
from 664 to 672 cm ™" in the strontium tellurite sample with an
increase in SrO concentration is due to the conversion of TeO,
into TeO; units along with the formation of NBOs. The
coordination number was calculated from the deconvoluted
Raman spectrum by using the formula (Kaur, Khanna et al.,
2018)

34+ A621 +A664
A621 + A664 + A723 + A783 ’

Npeo = (10)
where A is the area under the Gaussian peak. Nt._o decreases
steadily from 3.60 (1) to 3.53 (1) (Table 5) with an increase in
the concentration of SrO due to the conversion of TeO, —
TeO; + NBO.

The Raman spectra for the anti-glass samples are shown in
Fig. 6 and we observe broad bands which are very similar to
those of the glass samples. However, the band at 450 cm ™' in
the glass samples shifts to 430 cm™" in the anti-glass samples,
which indicates the red shift. The latter effect is due to the
improved crystallinity in the samples since the anti-glass
samples possess a long-range order of cations and are more
ordered than glasses. Additionally, the bond length of Te—O
linkages also increases in the case of anti-glass samples as
observed from G(r) distributions (discussed below). The
broad Raman bands in the anti-glass samples represent the
vibrational disorder due to the non-periodicity of the anionic
sites in the anti-glass material. The sharp X-ray diffraction
(XRD) peaks (discussed later) and the broad Raman bands
confirm the anti-glass nature of xST_CR1 (x = 7.5 and
8.5 mol.%) samples.

On annealing the anti-glass samples at 450°C for 4 h, crys-
talline phases are formed which give sharp peaks in the
Raman spectra. The Raman spectra for crystalline samples

'axoeq-Te

Te

T T

T T T T T T T T
650 700 750 800 850
Raman Shift [cm'l]

T N T
550 600

Figure 5
Deconvoluted Raman spectrum of the glass sample (5ST).

xST_CR2 (x =5,7.5,8.5 and 10 mol. %) are displayed in Fig. 7.
The combined HEXRD and Raman studies of the samples
confirm that the sample transforms as glass — anti-glass —
crystalline upon heat treatment.

The short-range and long-range structural analysis of glass,
anti-glass and crystalline samples was carried out using
HEXRD, PDF analysis, RMC simulations and Rietveld
refinement as discussed below.

3.4. Structure of strontium tellurite glasses

The HEXRD data of the four glass samples (xST, x =5, 7.5,
8.5 and 10 mol.%) are shown in Fig. 8. Broad peaks in the
HEXRD data are due to short-range and intermediate-range
order in the glasses that are evaluated by Fourier transfor-
mation and RMC analysis as discussed below.

Boson Tel4]
peak  —=—75ST_CRI
: 8.5ST_CRI1
S|l
.‘? } Te-O-Te
w ]
= 5
2|
= |
[
L
I ' T T T T T
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Raman shift [cm'l]
Figure 6

Raman spectra of strontium tellurite anti-glass samples.
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Figure 7
Raman spectra of strontium tellurite crystalline samples.
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3.4.1. The total structure factor, S(Q), and first sharp
diffraction peak. The X-ray structure factors S(Q) (Fig. 9)
were calculated with the PDFgetX2 software up to Qnax =
18.5 A~!. The XRD data of the glasses show an interesting
feature at low Q values, often referred to as the ‘first sharp
diffraction peak’ (FSDP) (Fig. 9) (McLaughlin e al., 2001;
Johnson et al., 1986; Elliott, 1991). The FSDP is due to the
intermediate-range order (IRO) in covalent glasses and
defines the relationship between the momentum and real
spaces. It corresponds to the correlation in real space with a
length scale r = 2 /Qgrspp Where Ogspp is the position of the
FSDP. In general, the FSDP are in the range 0.63 to 1.9 A~!
due to the real-space atomic correlations between 3 and 5 A
which is a typical length scale of the IRO (Moss & Price, 1985;
Salmon, 1994).

—5ST
—7.58ST
8.58T
—10ST
E
e
£
g
]
=
1 T T x T T T T
5 10 1 15 20 25
QAT
Figure 8

X-ray scattering raw data of strontium tellurite glasses measured at the
P07 beamline of the PETRA synchrotron.
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Figure 9

RMC calculated and experimental X-ray structure factors (curves are
displaced successively by 1 unit for clarity).

Table 6
FSDP position and intermediate-range length scale in strontium tellurite
glasses.

IRO = 271/Qgspr (A)

Sample code Orspr (A7)

5ST 1.95 322
7.58T 1.96 3.20
8.58T 1.96 3.20
10ST 1.96 3.20

The glass system xSrO-(100— x)TeO, (x = 5, 7.5, 8.5 and
10 mol.%) has a strong FSDP at Q = 1.95-1.96 A~! (Fig. 9)
and it corresponds to real-space distances r = 322-320 A
(Table 6). These r values correspond to the typical Te-Te
correlations for corner-sharing units and are accountable for
~50% of the intensity in the X-ray data.

3.4.2. G(r) of the strontium tellurite glass samples. The
reduced pair correlation function, G(r) (Fig. 10), of all the
glass samples was obtained from the Fourier transformation of
S(Q) with the Lorch modification function to reduce spurious
ripples in the data. In all glasses (Fig. 10), there is a first sharp
peak at 1.91 ;\, a weak shoulder at 2.12 A, a broad band at
~2.65 A and another broad band in the range of 3.1-5.0 A.
The first peak at 1.91 A is due to the shorter Te—O equatorial
bonds in the TeO, units and represents a well-defined nearest-
neighbour shell (McLaughlin et al., 2000). The shoulder at
212 A corresponds to longer Te—O,, bonds in TeO; units.
The Sr—O bond length is reported to be ~2.65 A (Wunder-
lich, 2007), but due to weak X-ray scattering weight factors of
Sr—O their contribution is small in G(r). The broad band in
the range of 3.1-5.0 A shows maxima at 3.61 A and 4.10 A
which are due to the Te-Te correlations (Thomas, 1988;
Shimizugawa et al, 1995). As the concentration of SrO
increases from 5 to 10 mol.%, the Te-Te maxima peak shifts
slightly from 3.61 A to 3.65 A.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
r [A]

Figure 10
G(r) of all the glass samples (successive curves are shifted by 0.5 units
along the y axis for clarity).
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The G(r) gives the weighted sum of correlations of all the
atomic pairs in the sample. It is difficult to obtain structural
parameters such as bond lengths and the coordination
numbers from G(r) due to the strong overlapping of the
different atomic pair correlations. Therefore, it is important to
find the partial atomic pair distribution functions, g;(7), to
determine the structural parameters accurately. The RMC
simulations provided the necessary g;(r) distributions by
simulating the structure factor, S(Q), of the samples.

3.4.3. Short-range structure of strontium tellurite glasses
by RMC modelling. The RMC simulations of the glass samples
determined their native atomic structure including Te-O
speciation, partial atomic pair correlations, bond lengths and
the bond angle (O—Te—0O, O—Sr—O) distributions of the
local network with accuracy. Due to the low concentration and
hence smaller weight factors of Sr—O atomic pairs (Table 3),
the coordination number, bond length and bond angle (O—

—=—5ST

T T T T T T T T T T T T T

2.5 3.0 35 4.0 4.5 5.0 55 6.0
r [A]

Figure 11

Partial atomic pair correlations for Te-Te (gr._t.) in glass samples (curves

are shifted successively along the y axis by 1.5 units for clarity).

30+ . 1.90 —=—5ST
1 —e— 7.58T
25 - t —4—85ST
t —v—10ST

Sr—O) could not be calculated accurately from the calculated
data generated by the RMC model and hence are not
presented herein.

The experimental and calculated structure factors,
[S(Q) — 1], show a good fit and are represented in Fig. 9. The
partial pair distribution functions for Te-Te and Te-O, i.e.
&1e-1e(r) and gr._o(r), are shown in Figs. 11 and 12 respectively.
The first strong peak (Fig. 11) in the Te-Te correlation func-
tions is at 3.55 A, 3.54 A, 3.55 A and 3.63 A for 5ST, 7.5ST,
8.5ST and 10ST glass samples, respectively (Table 5). The first
peak position of the Te-O correlation function (Fig. 12) is at
1.90 (1) A in all the glass samples (Table 5). The Te—O bond
lengths show the distribution of peaks in the tellurite glasses:
the axial Te—O,, bonds are longer, in the range of 2.10 to
2.17 A, whereas the equatorial Te—O.q bonds are shorter
(1.90 ;\). These results are in excellent agreement with the
reported structural data on tellurite glasses (Barney et al.,

| 5ST; CN=3.93

1200 | HE 7.55T; CN=3.84
| 8.5ST; CN=3.82
@ 10ST; CN=3.59

1000

No. of atoms
(=X [}
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(=] (=}
1 1

N
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Figure 13

Te—O coordination distributions in the glass samples.
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Figure 12
Partial atomic pair correlations for Te-O (g._o) in glass samples (curves
are shifted successively along the y axis by 2.5 units for clarity).
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Figure 14
Bond angle distributions for O—Te—O linkages in strontium tellurite
glasses (successive curves are shifted by 0.5 units for clarity).
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2013; Hoppe et al., 2004; Kaur et al., 2019). The mean Te-O
coordination numbers for 5ST, 7.5ST, 8.5ST and 10ST glasses
are 3.93 (1), 3.84 (1), 3.82 (2) and 3.59 (1), respectively. The
distribution of different structural species and the mean Nr._o
is shown in Fig. 13.

The Te-O speciation revealed that the glass network
predominantly contains TeO, with small amounts of TeO;
units. However, TeO, transforms into TeO; units with an
increase in the concentration of the modifier, i.e. SrO. The O —
Te—O bond angle distribution (Fig. 14) is found to be peaked
at 79 (1)°,75 (1)°,77 (1)° and 75 (1)° in 5ST, 7.5ST, 8.5ST and
10ST glasses, respectively (Table 5). Generally, the bond angle
distributions (O —Te—O) of the glassy TeO, show two distinct
peaks in the angular range of 70-105° and 150-170°. The peak
in the lower angle range (70-105°) is due to the O,y —Te—O,q
(equatorial linkages) and O.q—Te — O, (equatorial and axial)
bonds while the peak in the higher angle range (150-170°) is
due to the O,,—Te—O,, linkages (Khanna et al., 2018). In the
present case, the maxima in the O—Te—O distribution occur
at ~79° and therefore the strontium tellurite glass network
contains mostly O.q—Te—0,.q and/or O.q—Te—O,, bonds in
the TeO, and TeOj; structural units with bridging, non-bridging
and terminal oxygens. In the higher angle range of 150-170°,
there are no peaks (Fig. 14) which indicates that the concen-
tration of O,,—Te—O,, linkages is small in the glass structure
(Pietrucci et al., 2008). However, the bond angle and bond
lengths show no significant variation with changes in concen-
tration of SrO (Table 5).

3.5. Structure of strontium tellurite anti-glass samples

The HEXRD data for anti-glass (xST_CR1; x = 7.5 and
8.5 mol.%) samples are shown in Fig. 15. For peak indexing,
the HEXRD data are converted into d spacing (interplanar
spacing) using Q = 2m/d. The sharp XRD peaks of anti-glass
samples match well with the cubic SrTesO;; phase [Joint

/\ ——8.5ST_CR1
*- SrTeO; q
3
s
g *x * #
H
y #
s #
1.6 2.4 3.2 4.0 4.8
d[A]
Figure 15

X-ray scattering raw data in the strontium tellurite glass samples
(successive curves are shifted by 0.1 units for clarity).

Committee on Powder Diffraction Standards (JCPDS) file No.
36-1235] but an additional monoclinic SrTeO; phase (JCPDS
file No. 34-1280) had to be incorporated during Rietveld
refinement for better profile matching.

The SrTesO;; is an anti-glass phase as reported earlier
(Kaur, Khanna et al., 2018) and has a face-centred cubic unit
cell, while the SrTeO; has monoclinic symmetry. The broad
Raman bands (Fig. 6) and the sharp XRD peaks (Fig. 15)
confirm the anti-glass nature of xXST_CR1 (x = 7.5, 8.5 mol.%)
samples. The short-range and long-range order structural
analyses of anti-glass samples were carried out by PDF
analysis and Rietveld refinement (discussed below). The
structure factors, S(Q), of anti-glass (xST_CR1; x = 7.5,
8.5 mol. %) samples were calculated by PD FgetX2 software up
t0 OQmax = 18.5 A~" and are shown in Fig. 16.

6- ——17.5ST_CRI1
——8.5ST_CRI

}

Figure 16
The structure factor S(Q) for the anti-glass samples (successive curves are
shifted by 0.15 units along the y axis for clarity).
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Figure 17
G(r) of the anti-glass samples (successive curves are shifted by 0.5 units
along the y axis for clarity).
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Table 7
Unit-cell parameters and the Rietveld refinement parameters for the anti-
glass (7.5ST_CR1) sample.

Anti-glass SrTesOy; (cubic)

a=b=c(A) 5.646 (1)
Aanti-glass SrTeO; (monoclinic)

a (A) 28303 (7)
b (A) 5.932 (1)
c(A) 28.625 (1)
B () 114.336 (7)
R, 0.350 (1)
Ryp 0.645 (7)
Rexp 0.505 (7)
X 1.65 (2)

3.5.1. G(r) of strontium tellurite anti-glass samples. The
reduced pair correlation function, G(r) (Fig. 17), for the two
anti-glass samples is obtained from the Fourier transformation
of S(Q) using the Lorch modification function. The G(r) for
the anti-glass samples is very similar to that of glasses. This is
due to the fact that the anti-glass and glass samples possess
similar atomic arrangements and bond lengths of the atomic
pairs. In the anti-glass samples, the peak at 1.91 A (Fig. 17) is
due to the Te—Ocq bonds of the TeO, tbp units.

The weak peak at 2.65 A is due to Sr—O bonds similar to
those of the glass samples. Additionally, the anti-glass samples
show a broad peak in the range of 3.1-5.0 A with maxima at
3.66 A and 4.17 A due to the Te-Te interatomic linkages. On
increasing the concentration of SrO from 7.5 to 8.5 mol. %, the
Te-Te separation increases from 3.66 to 3.76 A.

3.5.2. Structure of anti-glass samples by Rietveld analysis.
The HEXRD data of one anti-glass sample (7.5ST_CR1) were
analysed by the Fullprof Rietveld technique and the sample
shows the formation of anti-glass SrTesO;; and anti-glass
SrTeOj; phases (Fig. 15). The SrTesOy; has a face-centred cubic
unit cell and Fm3m space group (JCPDS powder diffraction
file No. 36-1235), while the SrTeO; has monoclinic symmetry
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Figure 18
Rietveld refinement of HEXRD data of the anti-glass (7.5ST_CR1)
sample.

with the C2/c space group (JCPDS powder diffraction file No.
34-1280). The initial unit-cell parameters for the Rietveld
profile matching were taken from their respective JCPDS files.
The starting structural parameters for the cubic SrTesOq;
phase were taken as a = b = ¢ = 5.655 /0\, while for the SrTeO;
phase, the initial lattice parameters were taken as a = 28.240,
b =5926 and ¢ = 28440 A, and o = y = 90° with 8 = 114.330°.

The Rietveld analysis is a structure refinement technique
for crystalline materials. Here, for the 7.5ST_CR1 anti-glass
sample, the profile matching using the constant scale factor
was carried out by the Fullprof program. The complete
structure refinement was not possible because the samples do
not possess long-range order of the anions. For the compre-
hensive profile analysis, all the lattice parameters, profile
shape parameters, thermal displacement factor and the
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Figure 19
X-ray raw data for the crystalline strontium tellurite (xST_CR2;x=5,7.5,
8.5 and 10 mol.%) samples.
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Figure 20
The structure factors S(Q) for the crystalline (xST_CR2; x=5,7.5, 8.5 and

10 mol.%) samples (successive curves are displaced by 0.50 units for
clarity).
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background parameters were refined and the value of x* is
reduced to 1.65 (2) (Table 7). The data were refined three
times to calculate the uncertainty in the refined parameters
and to check the reproducibility of the results.

The final refined data are shown in Fig. 18. The structural
parameters from the Rietveld technique are: a = b = ¢ =
5646 (1) A for the anti-glass SrTesO;; phase, and a =
28.303 (7), b=5.932 (1), c = 28.625 (1) A, @ =y =90° and 8 =
114.336 (7)° for the anti-glass SrTeO; phase (Table 7).

3.6. Structure of strontium tellurite crystalline samples

The HEXRD patterns for the crystalline samples
(xST_CR2; x = 5, 7.5, 8.5 and 10 mol.%) show several sharp
peaks and are shown in Fig. 19. The crystalline samples show
the presence of two phases, the first is the orthorhombic TeO,
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—+—75ST_CR2
34 190 8.5ST_CR2 [/

——10ST_CR2

1.5 2.0 2.5

Figure 21
G(r) of the crystalline (xST_CR2; x =5, 7.5, 8.5 and 10 mol.%) samples
(successive curves are shifted by 0.5 units for clarity).
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Figure 22

Rietveld refinement of HEXRD data for the crystalline (10ST_CR2)
sample.

Table 8
The unit-cell parameters and Rietveld refinement parameters for the
crystalline 10ST_CR2 sample.

TeO, (orthorhombic)

a(A) 5314 (5)

b (A) 11.344 (8)
¢ (A) 5.429 (18)
SrTeO; (monoclinic)

a(A) 27.205 (15)
b (A) 5.777 (6)
c(A) 27.533 (12)
B) 114.49 (5)
R, 0.40 (5)
Ryp 0.64 (4)
Rexp 0.56 (9)

X 1.37 (4)

(labelled as @) and the second is the monoclinic SrTeO; phase
(labelled as *).

The structure factor, S(Q), of the four crystalline samples
was calculated by PDFgetX2 software up to Qnax = 18.5 A
and is shown in Fig. 20.

3.6.1. G(r) of the strontium tellurite crystalline samples.
The reduced pair correlation functions, G(r) (Fig. 21), for all
the crystalline samples were obtained with PDFgetX2 soft-
ware. The atomic pair correlation distribution of the crystal-
line phase has peaks at 1.90 A and 2.65 A which represent the
Te—O,q and Sr—O bond lengths, similar to those of theﬂ glass
and anti-glass samples. However, the two peaks at 3.75 A and
4.34 A are more prominent and better resolved and are due to
the Te-Te correlations. It is found that, with annealing and
crystallization, the Te-Te distances shift towards higher r
values as compared with the glass and anti-glass samples
(Fig. 21).

3.6.2. Structure of the crystalline sample by Rietveld
analysis. The HEXRD data of all the crystalline samples
match well with the monoclinic SrTeO5 and the orthorhombic
TeO, phases (Fig. 19). The HEXRD data of one crystalline
sample, i.e. 10ST_CR2, were modelled by Rietveld analysis to
determine the unit-cell parameters.

In the case of this crystalline sample, the profile matching
using the constant scale factor was carried out by the Fullprof
program with the pseudo-Voigt function to model the peak
profile shape. The different profile shape parameters, lattice
parameters, thermal displacement factor and the background
parameters were refined during the fitting to minimize the x>
value. The initial parameters were taken from the crystal-
lographic information file (CIF) available at the crystal-
lography open database (COD). The CIF files (COD Nos
1528441 and 1011183) were used for the monoclinic SrTeO;
phase and for orthorhombic TeO,, respectively.

The starting structural parameters for the SrTeO; (space
group C2/c) for Rietveld refinement were taken as a = 28.340,
b =5.940 and ¢ = 28.658 A and o = y =90° with 8 = 114.263°,
and for the orthorhombic TeO, phase (space group Pcab), the
initial lattice parameters were a = 5.500, b = 11.750 and ¢ =
5590 A and o = B =y =90°. The refined data are shown in
Fig. 22 and the refined structural parameters (Table 8) calcu-
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lated from the Rietveld program are a = 27.205 (15), b =
5777 (6) and ¢ = 27.533 (12) A with B = 114.49 (5)° for the
monoclinic SrTeO; phase, and a = 5.314 (5), b= 11.344 (8) and
¢ =5.429 (18) A, and @ = 8 =y = 90° or the orthorhombic
TeO, phase. The error in the refined parameters is calculated
by repeating the refinement process three times and is given in
Table 8.

4. Conclusions

The HEXRD data of strontium tellurite glass, anti-glass and
crystalline samples were analysed to determine the short-
range structural properties, i.e. the coordination environments
of Te with oxygens (Ng._o), nearest-neighbour distances,
distribution of Te—O and Te—Te distances and bond angle
distributions. RMC simulations revealed that the Te-O coor-
dination number is in the range 3.93-3.59 in glasses. HEXRD
studies confirm the formation of anti-glass SrTesO;; and
SrTeOj; phases on heat treatment of glasses at 350°C for 1 h.
On heating the samples further at 450°C, the crystalline phases
of monoclinic SrTeO; and orthorhombic TeO, are produced.
The results from Raman spectroscopy and RMC simulations
on Te-O speciation are consistent and confirm the structural
transformation TeO, — TeO; with an increase in SrO
concentration in the xSrO-(100 — x)TeO, system. The devi-
trification of xSrO—(100 — x)TeO, glasses with heat treatment
takes place via the formation of anti-glass as a partially
disordered intermediate phase between the glass and crystal-
line phases.
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