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Abstract

The short-range structure of K,0-9TeO, and K ,0-4TeO, in amorphous states such as glass and melt has been investigated by X-ray
diffraction (XRD) and semi-empirical molecular orbital calculation (AM1-MOPAC method). The structure of amorphous alkali tellurites
consisted of the TeO, trigona bipyramids (tbp) and the TeO, trigonal pyramids (tp). Confirmed in the present work is that the TeO,
trigonal bipyramids characteristics of TeO,-based glasses transform into TeO, trigonal pyramids with increasing modifier K,O content
and arise of temperature. The usage of XRD and MOPAC enabled us to comprehend in some details what to happen in phase transition
from glasses to melts. [0 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

There have been reported many studies of the tellurite
glasses from scientific and technological points of view on
account of their low melting temperatures [1,2], large
thermal expansion [3], high dielectric constants [4], high
refractive indexes, and good transmission for infrared
lights with a wide range of wavelength [5]. Nowadays,
these features of the tellurite glasses have been considered
to promise for use as optical fiber or non-linear optical
materials [6]. The structures of TeO,-based glasses have
frequently been examined by Raman and IR spectroscopy,
reporting that there are two types of basic structura units
such as TeO, trigonal bipyramid (tbp) with two equatorial
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and two axial Te—O bonds and a lone pair of electrons
located on the third equatorial site, and TeO, trigonal
pyramid (tp) [7]. In these structures, the coordination
circumstance of Te changes from TeO, to TeO, with
increasing akali metal ions or a rise of temperature [8].
These spectroscopic measurements were, in fact, powerful
tools for qualitative discussions of chemical species in
glasses since it seemed easy to distinguish TeO, from
TeO, in Raman and IR measurements, but unfortunately
semi-quantitative for evaluation in the fractions of the
structure units. On the contrary, X-ray diffraction provides
one-dimensiona interpretation of glass structures through
the radia distribution function (RDF). Te-O and O-O
distances and the coordination humber of oxygen around
tellurium are obtained with ease from RDF. The short-
range structure of amorphous K,O-TeO, was thus ana-
lyzed by X-ray diffraction in this study. Prior to the
structural analysis of tellurite glasses, it is necessary to
construct proper structural models for K,0-TeO, glasses
and melts. The semi-empirical molecular orbital calcula-
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tion techniques called MOPAC was carried out to model
glasses and to utilize the results as initiad values in the
structure optimization. The main purpose of this study isto
examine the structure of alkali tellurite glasses and to
demonstrate the usefulness of MO calculations in structural
analysis of inorganic materials.

2. Experimental

Potassium tellurite glasses were prepared from the
chemicals of reagent grade K,CO, and TeO, so as to mix
in prescribed ratios. The xK,0-(1-x)TeO, (x=0.1 and
0.2) glasses and melts were prepared by a roller-quenching
technique using a twin-roller apparatus with a thermal-
image furnace [9,10]. Mixtures of these materials with
appropriate compositions were melted at 973 and 1173 K
for 1 h in a platinum crucible, respectively. The resultant
melt was poured into rotating twin rollers (3000 rpm) to
yield thin flakes. The quenching rate was estimated to be
10°-10° K s™*. The compositions were chemically ana-
lyzed to be unchanged within the experimental errors. The
densities of glasses were taken from the literature [7],
being estimated to be 5.461 g cm > for x=0.1 and 4.243 g
cm > for x=0.2. The densities of melts were regarded to
be almost equivalent to those of the corresponding glasses
since the volume changes on melting were negligibly small
in both systems. The conventional diffraction technique
was employed in the measurements of glassy powders. But
the melts were contained in a Pt vessel, the scattered X-ray
from the surface of which was counted.

Scattered X-ray intensities were measured with an X-ray
diffractometer (TTRAX type, Rigaku, Osaka) having a
0—6 type reflection geometry with an SSD (solid-state
detector) using Mo Ka radiation with a continuous output
of 60 kV and 300 mA. Measurements were made using a
step-scanning technique for every 0.25°% in the low angle
range of 2.5°<#<15" and in the high angle range of
12.5°<0=<60°, covering from 7.72 to 153.1 nm~ ' in the
magnitude of wave vector Q=47 sin 6/A where A is the
wavelength of the radiation, 0.07107 nm. Divergence and
scattering dlits of 0.5-0.5° and 1-1° were employed for the
low angle region and high angle region, respectively. The
receiving dlit was 0.6 mm throughout this work. Accumu-
lated intensities were combined smoothly by scaling the
data in the overlapped 6 region. The intensity data were
corrected for background, polarization factor, absorption
factor and Compton scattering by the usual method [11],
and then normalized with the Krogh-Moe and Norman
method [12,13] and the high-angle region method [14], so
that the difference between normalization factors became
less than 0.1% over the range 140.0<Q<153.1 nm .
Atomic scattering factors and Compton scattering factors
were taken from the literature [15,16].

3. Results and discussion
3.1. X-ray diffraction

The analytical functions used in this work are described
briefly as follows. The interference function Q-i(Q), the
radia distribution function D(r) and the correlation func-
tion G(r) are defined by Egs. (1)—(3),

Q-i(Q) =Q- [Izﬁh(Q) —Zfi(Q)z] /(Zﬂ(@))z (1)

Qmax

D(r) = 4wt p, + (2r ) f Q-i(Q) sin(Qr) dQ (2)

Qmax

G(r) =1+ (27"rp,) " X f Q-i(Q) sin(Qr) dQ (3)

where Q is the wave vector defined before, f(Q) the
theoretical independent atomic scattering amplitude, p, the
number of stoichiometric units per unit volume, 1°"(Q)
the total coherent intensity function, Q,,, the maximum
value of Q reached in the scattering experiment. Summa-
tion is made over the stoichiometric units in a glass.
Introduction of the term (2f(Q))? into Eq. (1) makes the
product f,(Q)f,(Q)/(Zf(Q))? in Eq. (4) nearly independent
of Q and thus removes from the resulting correlation
function most of the average breadth of the distribution of
electron density in the atoms.

i(Q) = [Iéﬁ“(Q) —Zfi(Q)z] /(ZMQ))Z
= [ZJZfi(Q)fj(Q)/@fi(Q))z]

X 4arr® f [p;(r) — pol SiN(Qr)/(Qr) dr (4)

where the function i(Q) is related to the radial density
4arr®p,(r) of distinct atoms pairs i—j. The analytical
procedures were about the same as those of Narten [17].

It is necessary for the structural analysis of glass to
understand what is the most basic short-range structure for
the investigated glass. In case of akali tellurite glasses, it
has been proposed that two types of Te—O coordinations
are presented, one is formed by the long Te—O bond (=0.2
nm) and the other the short Te—O bond (<0.2 nm) [18].
Fig. 1 shows the radial distribution function D(r) and the
scaled function D(r)/r of K,0-9TeO, glass. The function
D(r) reveals the information of time and space averaged
atomic arrangement, being one-dimensional interpretation
of glass structures. In the D(r), the near neighbor coordina-
tion number is usually evaluated from integration of the
first peak area. The first peak in Fig. 1 was, however, not a
Gaussian-type function probably due to the overlapping of
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Fig. 1. Radia distribution function D(r) and scaled function D(r)/r of
K,0-9TeO, glass.

some peaks. The same tendency was observed at the other
composition.

The correlation functions G(r)s in glassy and molten
K,O0-TeO, systems are depicted in Fig. 2. There appeared
two clear peaks at about 0.20 and 0.36 nm. Another small
peak around 0.27 nm was observed in the profiles of three
samples except for K,0-9TeO, glass. The first peaks at
around 0.20 nm were thought to be due to the nearest
neighbor Te—O correlation by taking into account the ionic
radii of Te'", K™ and O*" which were evaluated by
Shannon [19] to be 0.056, 0.138 and 0.140 nm, respective-
ly. However, some overlapping of the atomic pair correla-
tions should be considered since the first peaks on D(r)/r
curve shown in Fig. 1 were asymmetric on the tail ends.
The second small peak at about 0.27 nm was expected to
be assigned to the O—O and K-O correlations. It might be
assignable to the K—O correlation because the intensities
of the first peaks at around 0.20 nm decreased and those of
the second small peaks at about 0.27 nm increased with
increasing K ,O content. The third peaks at around 0.36 nm
in the correlation function G(r) were thought to be
attributed mainly to the Te—Te pair, and there were many
other correlations after this distance because of the broad
profiles in the peaks. As mentioned above, only infor-
mation on the nearest neighbor can easily be obtained from
D(r) or G(r) anaysis, as was not the case with the other
correlations.

In order to refine the short-range structure of the K,O—
TeO, glasses and melts, the structural parameters for each
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Fig. 2. Correlation function G(r) of glassy and molten K,O-TeO,
systems.

atomic pair are needed to be optimized in (Q, Q-i(Q))
space by the correlation method, using the non-linear
least-squares fitting of Eq. (5) [17].

Q-i(Q)= [ZZnij £(Q)f,(Q) exp(~b,Q%) sn(Qrij)/r”]
I(24@)° (5)

where n;;, r;;, and b; refer to the average coordination
number, the average interatomic distance, and the tempera
ture factor for the atomic pair i—j, respectively. Each
atomic pair was presumed to be Gaussian distributed and
centered at r;; with a mean square displacement 2b;;. The
initial values of the structural parameters were preset to be
equal to those obtained in D(r) or G(r) analysis or taken
from the crystallographic data of K,O [20], considering the
results of MOPAC described afterwards. The prescribed
Q-i(Q) equation on the bases of the Debye scattering
equation was applied to the model structure of the glass
and melt, and the Q -i(Q) calculated from the model was
compared with the observed Q - i(Q) in (Q, Q- i(Q)) space
[21,22]. The interference functions Q - i(Q)s of glassy and
molten K,O-TeO, systems are illustrated in Fig. 3. The
caculated Q-i(Q) revealed a good agreement with the
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observed Q-i(Q) in the Q-range of more than 10 nm™ .
The degree of coincidence in fitting, R, defined by Eq. (6),

R=2/Q"i(Q)ops — Q- 1(Q)card/2|Q  (Q)opd (6)

were estimated at around 0.3, indicating that the obtained
structural parameters reproduced the rea structure of
glasses and melts with a fairly accuracy. The least-squares
fitted structural parameters are listed in Tables 1 and 2,
where the statistical errorsin ny, r;;, by, and (4r5)*'? were

estimated at 0.2, =0.001 nm, +0.5%x10 ° nm? and

+0.001 nm, respectively. As described before, there were
two types of near neighbor Te—O distances, i.e., one was at
around 0.18 nm and the other around 0.20 nm. This trend
was consistent with those of the other alkali tellurite
glasses having two sorts of Te-O pairs in the TeO,
trigonal bipyramids (tbp) [3]. As can be seen in Tables 1
and 2, the third Te—O pair was observed at about 0.24 nm.
This would be due to the fact that the Te—O bonds in the
TeO, trigonal bipyramids (tbp) were broken partly into
TeO, trigonal pyramids with increasing K,O and a rise of
temperature (phase change). The total coordination number
of O around Te (in the first coordination shell) decreased
with increasing K,O content and arise of temperature. The
results suggest that the alkali tellurite glasses having lower
K,O content had networks composed of mainly TeO,
trigonal bipyramids (tbp). Actually, Yoko et al. have
pointed out that TeO, trigonal bipyramids (tbp) convert to
TeO, trigonal pyramids (tb) and pass by the TeO,,,
polyhedra having non-bridging oxygen [23] by the addition
of K,O content and with the increase of temperature.

It should be noted that the contributions of O—O and
K—O pair correlations to the D(r) or G(r) curve were rather
difficult to be estimated since the compositional ratios of K
to O or Te were very small and the atomic scattering factor
of Te was rather greater than those of O and K. Conse-
quently, the peaks of O—-O and K—O pairs were in effect
undetectable in the D(r) or G(r) curve. In this work, the
initial values of the K—O distance and the coordination
number of O around K were preset for 0.27 nm consider-
ing the ionic radii and 6 on the basis of the crystallo-
graphic data [20], respectively, and the other structural
parameters were refined.

Akagi et a. have carried out an XAFS spectroscopy and
high-temperature Raman spectroscopy for K,O-TeO,
glasses and melts [24], determining that the potassium
tellurite glasses consist of both TeO, trigonal bipyramids
and TeO, trigonal pyramids, and TeO, trigonal bipyramids
convert to TeO, trigonal pyramids by the addition of K,O
and with an increase of temperature. It was also found that
the K-O distances were almost equal to the sum of the
ionic radii K™ and O°~ (=0.276 nm), and that total
coordination number of oxygen atoms around potassium

Table 1
Least-squares fitted structural parameters of K,0-9TeO, glass and melt
ik Glass Melt

M Mk bik <Arﬁ>1/2 My Fik bik <Ari>l/2

(nm) (hm?) (hm) (nm) (hm?) (nm)

Te-O 153 0.180 2.68E-5 7.32E-3 152 0.181 3.14E-5 7.92E-3
Te-O 1.96 0.205 3.64E-5 8.53E-3 1.86 0.204 5.24E-5 1.02E-2
Te-O 0.97 0.239 5.16E-5 1.06E-2 0.81 0.248 7.85E-5 1.25E-2
0-0 4.23 0.260 6.04E-5 1.10E-2 3.88 0.261 9.03E-5 1.34E-2
0O-0 3.42 0.277 6.23E-5 1.12E-2 3.52 0.276 9.90E-5 1.41E-2
K-O 7.01 0.292 7.60E-5 1.23E-2 6.99 0.283 1.20E-4 1.55E-2
Te-Te 2.28 0.355 2.32E-4 2.16E-2 2.02 0.353 2.70E-4 2.32E-2
Te-Te 3.08 0.406 9.74E-4 4.41E-2 3.00 0.411 1.01E-3 4.50E-2
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Table 2
Least-squares fitted structural parameters of K,0-4TeO, glass and melt
ik Glass Melt

My Fix bik <Arﬁ>1/2 Ny Fix bik <Arﬁ>l/2

(nm) (nm?) (nm) (nm) (nm?) (nm)

Te-O 1.10 0.176 4.39E-5 9.37E-3 1.49 0.177 6.04E-5 1.10E-2
Te-O 2.00 0.202 6.98E-5 1.18E-2 1.69 0.202 6.34E-5 1.13E-2
Te-O 1.04 0.239 7.73E-5 1.24E-2 0.82 0.241 7.88E-5 1.26E-2
0-0 4.13 0.264 8.05E-5 1.27E-2 413 0.264 8.50E-5 1.30E-2
0-0 3.75 0.269 8.30E-5 1.29E-2 3.01 0.266 9.48E-5 1.38E-2
K-0 5.89 0.271 8.52E-5 1.31E-2 5.24 0.267 2.89E-4 2.40E-2
Te-Te 2.98 0.359 3.71E-5 2.72E-2 2.83 0.356 4.58E-4 3.03E-2
Te-Te 2.46 0.405 9.85E-4 4.44E-2 2.48 0414 10.3E-4 454E-2

was almost 6. As can be seen from the K—O correlations in
Tables 1 and 2, the coordination number decreased on the
phase change from glass to melt as usual. The coordination
number of O atom around K atom in both glass and melt
of K,0-9TeO, composition was estimated at about 7 and
that of K,0-4TeO, composition from 5.2 to 5.9. The
K-O distance in K,0-9TeO, composition was calculated
to be 0.283-0.292 nm, that in K,0-4TeO, composition
being 0.267-0.271 nm. This dlight difference in com-
position of K,O leads to the marked decreases in the
coordination number and the interatomic distance for K—-O
pair. These findings might indicate that the bond nature
between K and O was not covalent but ionic, and thus the
potassium atoms distributed easily and unrestrictedly as
K™ ions in the gaps of network formed by TeO, or TeO,
structural units. The XAFS spectroscopy [24] aso revealed
that potassium ions had a similar loca structure in all
K,0-TeO, glasses studied. Not only the present work but
also the Raman spectra [24] supported the model described
before, such that the network forming Te—O bonds has
been broken and a part of TeO, trigonal bipyramids have
changed into TeO, trigonal pyramids by the addition of
K,O and with an increase of temperature.

3.2. MOPAC

The semi-empirical molecular orbital calculation (AM1-
MOPAC) was applied to confirm the results given as the
structural parameters through XRD in this work, XAFS
and Raman spectroscopy [24]. In the molecular orbital
calculations the MOPAC97 program (winMOPAC) instal-
led on the Windows 95 machine was used [25]. As
mentioned before, alkali tellurite glasses consisted of two
types of network forming units, the TeO, trigona
bipyramids (tbp) and the TeO, trigonal pyramids (tb).
Calculations were made until the model structure was in
the most stabilized state energy, which has the geometry
optimized structure, and were finaly adopted to the
calculation of the Te,0}, which is supposed to be the
most basic model-network structure in alkali tellurite glass
(tellurite-rich) after computations of several models. The

geometrically optimized structure Te,05, is illustrated in

Fig. 4 and the numerical results tabulated in Table 3. Two
types of Te—O bond lengths exist with certainty, as listed
in Table 3. The bond lengths of Te-Te were aso in fair
agreement with the experimental structural data (0.36 nm),
although the calculated bond lengths are a little different
from the experimental ones. MOPAC calculations are
thought to reproduce in some extent the short-range
structure of akali tellurite glasses and melts.

Fig. 4. Geometry optimized structure of Te,Oi, by AM1-MOPAC
calculation.
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Table 3
Geometry optimized parameter of Te,0}, by AM1-MOPAC calculation
Atomic pair Bond Atomic pair Bond
length length
(nm) (nm)
TE3-02 0.188 02-07 0.293
TE3-O7 0.189 02-08 0.241
TE3-08 0.195 02-09 0.240
TE3-09 0.194 TE1-TE3 0.354
- - TE3-TE10 0.320

4. Conclusion

According to X-ray diffraction (XRD) and semi-empiri-
cal molecular orbital calculation (AM1-MOPAC method),
the short-range structure of K,O0-TeO, systems in amor-
phous states such as glass and melt has been investigated.
The results obtained in the present work is that the
structure of amorphous potassium tellurite consisted of the
TeO, trigonal bipyramids (tbp) and the TeO, trigonal
pyramids (tp), and the TeO,, trigonal bipyramids convert to
TeO, trigonal pyramids with increasing modifier K,O
content and a rise in temperature. In the TeO, trigonal
bipyramids (tbp), there are two sorts of near neighbor
Te—O distances. The shorter is at around 0.18 nm and the
longer is at around 0.20 nm. These finding were semi-
guantitatively interpreted by the MOPAC calculations.
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