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In this work we present for the first time empirical interatomic potentials able to reproduce TeO;-based systems. Using these po-
tentials in classical molecular dynamics simulations, we obtained first results on the pure TeO; glass structure model. Calculated
pair distribution function is in a good agreement with the experimental one, which indicates a realistic glass structure model. We
investigated the short- and medium-range TeO, glass structure. The local environment of Te atom strongly varies, so that the
glass structure model has a broad @, polyhedra distribution. The glass network is described as weakly connected and with a

large number of terminal oxygen atoms.

1 Introduction

Tellurium oxide-based glasses are among the most promising
candidates for integration in non-linear optical devices, such
as up-conversion frequency systems and high speed optical-
switches, since they exhibit high linear and nonlinear optical
properties. In particular their susceptibilities 1(3) are the high-
est among the known oxide glasses, 50—100 times higher than
that of glassy SiO, !. The origin of these properties, which is
of great interest for material science, has been early attributed
to the electronic (5s%) lone pair (LP) of tellurium (IV) atoms
when bonded to oxygen atoms?. Recent works however sug-
gest that the structure of the glass itself and in particular the
nature of the Te—O—Te bridges> is responsible to a large ex-
tend for these particular features. A better understanding of
the origin of non-linear optical properties thus requires a bet-
ter knowledge of the glass structure.

The structure of modified TeO,-glasses has been rela-
tively well investigated by different techniques: Infrared (IR)
and Raman spectroscopy ®’, Magic Angle Spinning (MAS)—
Nuclear Magnetic Resonance (NMR)8'9, NMR, Neutron and
X-ray diffraction combined with Reverse Monte Carlo (RMC)
simulations '%-13. These studies describe the tellurite glasses
as complex systems composed of various TeO, structural units
with either bridging oxygen (BO) atoms or non bridging oxy-
gen (NBO) atoms. These units are described in terms of Q7
units, where m is the total number of BO and NBO (within
a chosen R.,0f) atoms and n is the number of BO atoms.
More precisely, the authors in!%!! established that the pres-
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ence of five tellurite polyhedra (Qg, Q%, Q%, Qi, Qj, see Fig.
1) in the glass model is necessary to achieve a good agree-
ment between experimental data and RMC model of modified
TeO, glasses. All these Q) polyhedra are found in modified
tellurite crystals, whereas the pure TeO, polymorphs (-, -
and y-TeO,) consist of only Qj and Q‘31 41 T units 17, This
is the tellurium (IV) electronic LP steric effect that produces
the strong asymmetry in oxygen atoms distribution in Te atom
environment (Fig. 1).

The studies of pure amorphous TeO; system are represented
with only two works in the literature to date. The first one is
an ab initio molecular dynamics (MD) studies by Pietrucci
et al.'8. These authors report a glass model that consists of
various Q% units like those determined by RMC modelling,
but also of other Q% and Qg units, and Q% units make up an
important contribution (20.4 %) in Qj, population. Also the
authors report the presence of 14% of terminal oxygen atoms,
which does not fit well with the continuous glass network
model of Zachariasen!®. The second work on pure amor-
phous TeO, system by Barney et al. >° is based on recent neu-
tron diffraction experiment . These authors made the precise
measurements of tellurium coordination number n7,o and ob-
tained a value 3.68(4), that implies that the glass structure is
formed from about 2/3 four-coordinated units and 1/3 three-
coordinated units, that gives, in turn, about 16% of terminal
oxygen atoms. Further they propose a simple connectivity
model for the glass, where TeO3 and TeO4 units in ratio 1 :
2 form the rings like in crystalline K;Te4Og structure. This
especially high concentration of NBO atoms can explain the
particular behaviour of TeO, as glass former. TeO, is known
as a conditional glass former and requires fast-quenching tech-

+This notation stands for TeO, unit with three short (< 2.02 A) Te-O bonds
and one elongated (2.2 A) bond in y-TeO,
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niques to form a glass. The resulting amorphous material is
not stable to devitrification, but could be stabilised by adding,
for example, alkali oxides. This is contrary to classical glass
formers such as SiO;, P,Os5 and B,03, where the modifiers
usually break the glass network. Thus, it was proposed in2°
that the facile accommodation of modifier atoms is fairly con-
nected to the presence of a large number of NBO atoms.

These results are highly unusual and require deeper under-
standing. However, ab initio MD methods are limited in size
of simulated system and simulation time. The glass model
in'® consisted of only 32 TeO, units and was obtained as a
result of 16 ps cooling the liquid at a rate of ~ 10'* K/s. The
authors themselves consider that such a high concentration of
NBO atoms might be due to a too high cooling rate used in ab
initio MD simulation. In other words, the system might have
not reached a fully equilibrated glass structure and resembles
more to a frozen liquid.

On the contrary, classical MD allows bigger size-scale and
longer time-scale simulations in comparison with ab initio
MBD. To our knowledge the classical MD simulations of pure
TeO, glass have never been presented in the literature because
of the absence of established interatomic potentials (IAPs) for
TeO, system. Classical MD requires very accurate IAPs in
order to produce realistic structure model. The only work re-
ported the classical MD simulations for TeO;-based systems
is for ZnO-TeO, glasses?!. The authors used the three-body
IAP for Te—O interaction, which could have prevented them to
reproduce all the variety of TeO, structural units by fixing the
minimum of potential energy at a certain angle value. In ad-
dition, the envelope of the resulting pair distribution function
(PDF) does not fit very well the experimental data in medium-
range order (3-6 A).

In this work we report for the first time the IAPs of able to
reproduce TeO,-based systems. We report also the first results
of their application to the classical MD simulations for pure
TeO, glass. The paper is organised as follows. Firstly, we
consider the methodology of IAPs derivation in Sec. 2 and
their validation in Sec. 3. Then we briefly discuss the MD
simulation computational details in Sec. 4 and pass on to the
results (Sec. 6). The last section is dedicated to the discussion
of the MD glass structure model.

2 Derivation of the Interatomic Potentials

The IAPs were developed in the framework of the Born model
of ionic solids. Simple pairwise potentials were used in order
to reproduce the various coordinations of Te atom in different
TeO;-based compounds and the high polarisability of both tel-
lurium and oxygen atoms was taken into account by using the
core-shell model 2.

Fig. 1 Structural units O}, found in tellurite crystals, where m is the
number of bonded oxygen atoms and 7 is the number of bridging
oxygen atoms. Taken from 10

2.1 Potential form

In general, the IAP between ions i and j consists of a short-
range term and the long-range Coulombic contribution. As the
Buckingham potential model has previously proved to be suc-
cessful in modelling a variety of materials >34, it was chosen
for this work for the short-range term. Thus, the total force
field has a form

qiq; 1

Uij(r) = Aije™"/P5 — Cyyr=° + dmeg 1’

ey
where A;;, p;; and C;; are the Buckingham potential parame-
ters, and g; is the charge of ion i. In this work we used formal
integer charges: +4 for Te and -2 for O.

In the core-shell model the atom is divided into a core and a
shell, where all the atom mass is assigned to the core and the
charged massless shell permits to model the atom polarisabil-
ity. The core and the shell are Coulombically screened from
each other, but coupled by a harmonic spring of force constant

k5% which has a potential form 2.
1 cs. 2
UCS = Ekz X (2)

where x is the distance between the core and the shell.

By convention, the short-range forces are specified to act on
the shell, while the Coulomb potential acts on both the core
and the shell, which is not the case in the present work as we
will see later.

Consideration of the structure and crystal chemistry of the
parent crystalline compound helps to explain the nature of the
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relevant glass properties. While glasses lack long-range or-
der characteristics of crystals, the chemical forces controlling
the short-range order are similar. Therefore, knowledge of lo-
cal structure in various crystalline compounds can clarify the
Te(IV) atom environment in glasses.

The software used to derive IAPs was GULP (General Util-
ity Lattice Program)?%. Firstly, the empirical fitting procedure
was performed that implies determination of potential param-
eters by reproducing experimental structural data. The exper-
imental crystalline structure is fitted by varying the potential
parameters so as to minimise the energy of the configuration.
To improve the fit quality we used elastic constants data as
second derivative information. For a-TeO,?’ the experimen-
tal elastic constants data were used and for y-TeO; calculated
by ab initio® and lattice dynamics'” methods.

2.2 Interatomic interactions

We performed [APs fitting to pure tellurium oxide phases a—,
B— and y—TeO, 41617 In these polymorphs the Te(IV) atom
is found in rather particular environments. In oc—TeO; the co-
ordination polyhedron of Te atoms has the form of a disphe-
noid TeOy4 (Qﬂ in Fig. 1), or if we take into account the elec-
tronic LP of tellurium atom (E), a distorted trigonal bipyramid
TeO4E with one free equatorial vertex. Two equatorial Te—O
bonds are short (1.880 A) and two axial bonds have interme-
diate bond length (2.121 A). If we consider two more distant
oxygen atoms with bond lengths Te-O = 2.867 A, we get a
strongly distorted octahedral environment of Te atoms so that
a—TeO, can be thought of as a derived from rutile-type struc-
ture.

Firstly, for O-O interaction we used the established IAP
from the Catlow library?°. For Te—O interaction, preliminary
tests with rigid ion model gave a rutile-type structure with a
perfect octahedron coordination of Te atom in oc—TeO,. The
conventional application of the core-shell model, i.e. when the
short-range forces act on the shells, did not lead to a much bet-
ter representation of Te atom coordination in &t—TeO,. Then
the interaction between Te and O was set in a quite unusual
way: the tellurium atom core (with the charge +6) and the oxy-
gen atom shell interact via Buckingham potential, while the Te
shell (with the charge -2) contributes to Coulombic U,,,,; and
core-shell U, energies. This is the first time that short-range
forces are applied to the core while using a core-shell model,
and such an application allowed us to model the correct oxy-
gen distribution around Te atom. The interaction scheme is
represented in Fig. 2.

The subtle differences in Te atom coordination in oc—TeO,
and y—TeO, required the refinement of the Catlow’s parame-
ters for O—O atoms interaction. While in o-TeO, we find two
short and two intermediate Te—O bonds, in y-TeO, Te atom
is coordinated with three short-bonded ( < 2.02 A) oxygen

Te shell

O shell

Te core O cCOre

Fig. 2 (Color online) The scheme of considered interactions
between atoms in TeO; system. The short-range interatomic
interactions are indicated with arrows and intra-atomic core-shell
interactions are illustrated with springs.

atoms and one oxygen atom with intermediate bond (2.2 A).
The increase of oxygen atom polarisability in O-O interaction
permitted to reproduce the TeO3, | unit in Y—TeOs,.

Besides the pure TeO, polymorphs, we investigated a set of
TeO,-based compounds that contain the variety of TeO, units.
The details on this study and on the IAPs derivation procedure
can be found elsewhere . Te shell displacements for different
structures vary in a large range (from 0.4 A to 0.72 A) and
affect strongly tellurium atom coordination. In order to satisfy
various Te atom coordination, we refined the core-shell model
for Te atom by adding an anharmonic term to spring potential
of the form:

1 1
U, = 51«5%8 + ﬂkfﬁx“. (3)
This is one more quite unusual feature used in our potential
model. Some rare cases of applying an anharmonic spring
potential in the core-shell model could be found in3!=3*. The

final parameters for IAPs are listed in Table 1.

3 Validation of the Interatomic Potentials

Several tellurium oxides were investigated: M,TeOsz (M
— Li35 , N336, K37, CS38), MgT620539, 06—14, ‘3_16’
y—TeO, 7, AgaTesO1; (AgaTel Te)'041)* , BaTe,0¢ (Ba-
TeIVTeV105)41 R B12T6401142 s CaTe20543, C05TC501644,
CsyTesOqn (CSQTGIVTC;/IOH)%, K>Te4O12 (KzTeIVTe;/I-
012)%, Na,Tes00%7, NiTe,05*8, P,Te3011 4, SrTe;Og (St-
TeIZVTeVIOg)SO. These structures contain a variety of TeO,

This journal is © The Royal Society of Chemistry [year]
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Table 1 Parameters for Buckingham potential for Te*t-02~ and
0% —0? interaction and for shell model for both Te and O atoms.

Table 2 Calculated and experimental lattice parameters for
investigated structures

Page 4 of 13

Buckingham potential Parameter Exp. Calc. Difference, %
A, eV P, A C,eVA° 0-TeO,
Tl -07, 1595266748 0.345867 1.0 a,b, A 4.810 4.831 -0.44
07, 05 82970.688434  0.16099 31361954 ¢ A 7.613 7.349 3.46
Volume, A3 176.135 171.548 2.60
Shell model a.By 90 90 0.0
KSS, eVA—2 kg, eVA™* g5 e ﬁ'£602
Te™ 35736418 90.0 1o7sals ol §242i5 ;13;0 4(')0137
0%~ 61.776616 0.0 -3.122581 ’ ' ’ e
c A 5.607 5.549 1.03
Volume, A3 368.712 350.814 4.85
o, B,y 90 90 0.0
structural units and most of them are quite asymmetrical. 7-TeO»

Among these structures there are BaTe,Og and CsyTesO1; a, A 4.898 5.084 -3.79
with atypical symmetrical environment of Te atom. In b, A 8.576 8.312 3.08
BaTe;Og structure Te(IV) atom is coordinated to five oxygen c. A 4.351 4.196 3.55

I Volume, A3 182.765 177.326 2.98
atoms, where four of them form a square pyramid with edge ’ : : :
o, By 90 90 0.0

of 2.126 A and the fifth bond is much shorter (1.830 A). The
LP points in the opposite direction of the shortest bond. In
CsyTe4Oq, structure Te(IV) atom is located in the centre of a
perfect octahedron TeOg formed with six oxygen atoms (dis-
tance Te-O = 2,112 A) and Te LP does not present any stere-
ochemical activity (i.e. the LP is not polarised).

In general, there is a good agreement between calculated
and experimental structures considered. The errors in repro-
ducing cell parameters do not exceed 5% and all the varieties
of TeO, structural units are well represented, including atyp-
ical environments in BaTe;Og and Cs;Te4Oq, structures. In
this paper we present the results concerning the pure TeO;
polymorphs only. The detailed information for other struc-

tures is given in30,

The comparison between calculated and experimental lat-
tice parameters for a—, f— and y—TeO; is reported in Table
2 and characteristic Te-O bond lengths and angles are listed
in Table 3. One can point out that the general feature of the
derived potentials is an underestimation of short Te-O bond
lengths and a slight overestimation of intermediate Te—O bond
lengths. In Table 3 we list the total bond-valences for each Te
atom site calculated with Brown and Altermatt formulae>' as
well. As we can see, calculated values for optimised structures
are overestimated because of the important contribution of the
short bonds into the total atom bond-valence.

Let us now point out some subtle structural peculiarities of
Y-TeO; polymorph which we managed to reproduce using our
IAPs. This polymorph is especially interesting because it is
considered as the crystalline structure closest to glass. In-
deed, y-TeO, polymorph crystallises first while heating the
glass and the Raman spectra of glass has much more com-
mon bands with y-TeO; than with &-TeO, or 3-TeO; poly-
morphs 7. As was discussed above, y-TeO, is made of TeO4E

structural units with three short (< 2.02 A) Te-O bonds and
one elongated bond (2.2 A), which by sharing oxygen cor-
ners frame the three-dimensional network illustrated in Fig. 3.
Such a network forms wide rectangular tunnels containing the
LPs of tellurium atom !’ Let us now compare the structure of
v7-TeO, with that of the paratellurite, a-TeO, (Fig.4). In both
structures basic units are interconnected via Te—-O—Te bridges
with the following difference: a-TeO, contains a unique type
of bridges, which are essentially asymmetric ( 1.87-2.12 A),
whereas in y-TeO,, the TeO4E units are alternately linked by
both nearly symmetric (1.95-2.02 A) and highly asymmetric
(1.86-2.20 A) bridges. According to Champarnaud ez al. '’ the
resemblance of the Raman spectra of y-TeO; and that of glass
comes from vibrations of symmetric Te—O-Te bridges; thus it
appears that such bridges represent one of the main structural
features of TeO, glasses. Although the errors in bond lengths
exaggerate a bit the subtle difference in symmetric and asym-
metric bridges in optimised structures, our IAPs model has a
critical ability for distinction between TeO4 and TeOs | units
for successful application to glass simulation.

4 Molecular dynamics study of the TeO, glass
structure

MD simulations were performed with the DL_POLY >3 code.
The core-shell model requires a special treatment in MD sim-
ulations. In this work, the relaxed shell model®* implemented
in DL_POLY was used. With this method, the massless shell
is firstly relaxed before integration of the atomic motion and
then the motion of the finite mass core is integrated by con-

4| Journal Name, 2010, [vol]1-12
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Table 3 Bond lengths, angles (only for o, y-TeO;), bond-valences for each tellurium site and value of Te and O shells displacements (x7, and
Xxp) according to corresponding cores for experimental and optimised structures

Bond Exp., A Calc., A Difference, % Vi Ve Difference, % XTes A Xy A
a-TeO,

Te-O; > 1.880 1.836 2.31 4.06 4.32 -6.39 0.504 0.182
Te-O3 4 2.121 2.130 -0.42

Angles, °©

0;-Te-0, 103.343 110.449 -6.87

03-Te-O4 167.938 174.492 -3.90

B-TeO,

Te-O 1.877 1.836 2.18 3.93 4.20 -6.95 0.501 0.194
Te-O 1.927 1.886 2.13

Te-O 2.070 2.025 2.17

Te-O 2.196 2.299 -4.69

')/-T802

Te-O, 1.859 1.819 2.15 3.99 4.27 -7.20 0.525 0.199
Te-0, 1.948 1.865 4.26

Te-O] 2.197 2.253 -2.55

Te-0% 2.019 2.060 -2.03

Angles, °

0;-Te-0 99.2 102.176 -3.00

0}-Te-0? 153.6 147.884 3.72

*Bond-valences are calculated using re-determined bond-valence parameters for Te*T — O:
ro = 1.96054,b = 0.41°? and neighbours out to 3.5 A were included
*#*Core/shell distances for O atoms are averaged over all oxygen sites in the structure

Fig. 3 (Color online) Spatial view of y-TeO, structure: a) Experimental structure and b) Optimised structure. The notations for bonds and
atoms are the same as in Fig. 1, in a) the arrows indicate the direction of the Te LP and in b) the small black circles correspond to the Te shell
optimised coordinates. The bond lengths are in A.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-12 |5
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b)

Fig. 4 (Color online) Spatial view of &-TeO, structure: a) Experimental structure and b) Optimised structure. The notations for bonds and
atoms are the same as in Fig. 1, in a) the arrows indicate the direction of the Te LP and in b) the small black circles correspond to the Te shell

optimised coordinates. The bond lengths are in A.

ventional MD.

The final model of the pure TeO, glass was obtained start-
ing from the draft glass model obtained after test runs. The
simulation box (31.76 Ax34.62 Ax30.58 A) contained 4032
particles (= 2016 cores and 2016 shells). We used the NPT
ensemble and a time step of 1.0 fs for integration of the equa-
tions of motion. Firstly, the system was heated up to 2050 K
(the y-TeO, melting temperature according to the test runs)
and kept for about 150 ps following which it was cooled down
to 1000 K and kept for about 70 ps more, and after is was
cooled down to 500 K and kept at this temperature for about
70 ps more. Then, the system was cooled down to 300 K and
kept at this temperature for about 50 ps. Unfortunately, it was
not possible to use the shell model for both Te and O atoms
(i.e. with harmonic spring potential interaction for O(core)—
O(shell) system and quartic spring potential interaction for
Te(core)-Te(shell) system) during this quenching procedure.
Indeed, despite the fact that the shell relaxation was very time-
consuming, frequent and random abortions of the simulation
occurred because of convergence problem of the shell relax-
ation algorithm in DL_POLY. Consequently, we used the rigid-
ion model for oxygen atoms during the quenching procedure
and the full shell model was only used for annealing the sys-
tem at 300 K during about 20 ps in order to obtain the final
configuration. The fact that the shell model for oxygen atoms

was not activated when the atomic diffusion is high may in-
duce defects in the medium range-order of the glass model (as
discussed in Sec. 6). The temperature variation as a function
of time is shown in Fig. 5 and corresponds to 5.4-10'? K/s
cooling rate in average. The atomic density of the modelled
glass structure is 0.0626 at/A3.

5 Experimental PDF

The pure TeO, glass sample was synthesised starting from or-
thotelluric acid HgTeOg (Aldrich 99.9%). Orthotelluric acid
was first thermally decomposed at 550°C for 24 hours in or-
der to obtain powdered @—TeO;. The powder was then put in
a platinum crucible and melted at 800°C for 30 minutes and
finally quenched using a mixture of water, NaCl and ethanol
at about -10 °C. As only a small quantity of glass (few deci-
grams) was obtained after each synthesis, this procedure was
repeated in order to obtain a few grams. The measured den-
sity of the sample is Py, = 5.57 g/cm3, which corresponds to
a atomic density 0.063 at/A3.

The experimental PDF was obtained thanks to a neutron to-
tal scattering experiment carried out at the 7C2 diffractometer
of the LLB (Laboratoire Leon Brillouin), Saclay, France. The
used wavelength of 0.701 A enabled us to record intensities up
t0 Qpax = 16A~1 (Q = 47sinf /A). The powder samples were

6| Journal Name, 2010, [vol]1-12
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Fig. 5 Temperature as a function of time in the TeO, glass
preparation procedure.

placed in a thin-walled (2.5 micrometers) vanadium container
of 6 mm in diameter. The experiment was performed under
vacuum at room temperatures. Raw data were corrected for
empty cell, absorption, inelastic and multiple scattering and
normalised using the program CORRECT™. The total PDF
was then derived from the structure factor using the MCGR
program>°. This Monte Carlo-based inversion method allows
in contrast to the conventional direct Fourier transform, to cor-
rectly handle noise, truncation of data and the finite resolution
of the instrument.

6 Results

6.1 Pair distribution functions

In Fig. 6 we report the calculated total distribution function
T(r) together with the experimental one. The envelope of
calculated T'(r) is in good agreement with the experimental
one, which let us conclude that the modelled glass structure is
consistent with the real one. The first peak of the calculated
T (r) corresponds to the shortest Te—O distances and is slightly
shifted to smaller » values with respect to the experimental
data. This accords with the underestimation of the Te—O bond
lengths found with the crystalline structures optimised with
our IAPs . Also it shows a more explicit shoulder at ~ 2.13
A than the experimental T'(r), which is attributed to elongated
axial Te—O bonds. The second peak shows a more significant
inaccuracy in calculated 7' (r). This peak has the main con-
tribution from the O-O partial distribution function (see Fig.
7) and is shifted to the larger r values (2.83 A) with respect
to the experimental one (2.77 A). It implies that in our model

the O-O distances are slightly exaggerated, but this does not
effect a lot neither Te atom coordination, nor TeO, units inter-
connection. The third peak at 3.47 A is very representative for
TeO, units interconnections, as it corresponds to the shortest
Te-Te distances, and it fits very well the experimental data.
The most important disagreement between calculated and ex-
perimental 7'(r) is in the fourth peak position. The calculated
value is 4.40 A and corresponding experimental value is 4.67
A. As we can see in Fig. 7, all three partial PDFs contribute
to this peak to a large extent, so that it is difficult to define
the origin of this error. Possibly, this error is due to the use
of the rigid-ion model for oxygen atoms during the quenching
process.

T(r)

r(A)

Fig. 6 Total distribution function obtained with MD simulations
(solid line) and compared with the neutron diffraction data (dotted
line).

Fig. 7 shows all the partial PDFs, which have no oscilla-
tions in the region for r > 9 A. This indicates an appropriate
choice of the simulation box size. The Te-O partial PDF has
a sharp first peak with the maximum at 1.865 A and a broad
asymmetric shoulder up to the first minimum at 2.46 A. The
average coordination numbers of Te and O atoms (n7.o and
nore) calculated by integrating Tr.o(r) = 47r2pGreo(r) with
cutoff radius Reyopy = 2.46 A have values of 3.93 and 1.97
respectively. These values are lower than those in crystalline
structures (4 and 2). They are also in a good agreement with
the ab initio MD results of Pietrucci et al. (ny.o = 3.69 and
nore = 1.85) and with experimental results of Barney er al.
(n1e0 = 3.68(4) and npr. = 1.84(1)) obtained with total neu-
tron scattering techniques. In these works, a cutoff radius of
2.36 A (proposed in'? as well) was used. If we now calcu-
late the coordination numbers with this cutoff value, we obtain
nreo = 3.73 for tellurium atom and npr, = 1.86 for oxygen

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Partial and total radial pair distribution functions for
modelled TeO, glass.

atom, which are in better agreement with the literature. As
we can see, the Te atoms coordination number in tellurites is
very sensitive to R,z value and we will develop a detailed
discussion on this problem in the next section.

6.2 Tellurium coordination number

Let us now discuss in more details the problem of tellurium
coordination number and cutoff radius for Te—O bonds. Fig. 8
(solid line) shows coordination number of Te atoms as a func-
tion of the cutoff radius. The coordination number curve keeps
increasing without any flat region indicating a large variety
of Te—O distances. This means that there is no characteristic
cutoff radius that could unambiguously define the first coordi-
nation sphere of tellurium atom and its coordination number.
This problem of the broad Te—O distances distribution and no
univocal definition of cutoff radius was already raised in 1821
but it has never been considered more elaborately. In this work
we propose to explicitly take into account the presence of the
Te LP, when defining the cutoff radius for Te—O bonds. Each
TeO, unit has its stereo-chemically active Te LP on one side
and the bonded oxygen atoms on the other side. So it is incor-
rect to consider oxygen atoms on the LP side as being bonded
to the Te atoms even if they lie within the given cutoff radius.

The explicit treatment of tellurium LP as a shell allows us
to distinguish between bonded and non-bonded oxygen atoms
in the Te coordination sphere of given radius. For this pur-
pose we considered the distribution of the angles (¢) between
oxygen atom inside the Te coordination sphere of the radius
Rewroff =2.46 A, Te core and Te shell (the LP) (Fig. 9). Aswe
can see, this distribution consists of three regions: two broad

peaks at 80—100 degrees and at 110-140 degrees which corre-
spond to axial and equatorial oxygen atoms respectively, and
a shoulder between 50 and 80 degrees on the left. This last in-
terval corresponds to the oxygen atoms that lie on the LP side
of the TeO, unit and should not be taken into account when
calculating Te coordination number.

We investigated Te atom environment in a number of crys-
talline tellurite structures and defined a new criterion Qe rf =
75° for oxygen atoms that contribute to Te coordination num-
ber. The dotted line in Fig. 8 shows a new accumulated co-
ordination number for Te—O pairs considering the new cut-
off criterion and this time the curve has a characteristic flat
region that starts from approximately 2.4 A. Now when cal-
culating the coordination numbers of Te and O atoms from
the glass structure configuration and taking into account two
cutoff criteria @cyrorr = 75° and Reyrorf = 2.46 A, we obtain
nreo = 3.63 and npr, = 1.81. These values are clearly smaller
than those obtained with the same cutoff radius but without
the @cyrorr criterion. This indicates that not taking into ac-
count this latter criterion systematically overestimates the co-
ordination number by including incorrect oxygen atoms from
a chemical point of view. In addition, using Reorf = 2.36
A and Qcurorf = 75° does not change so much the coordina-
tion numbers (n7.0 = 3.55 and nor. = 1.77), which confirms
the robustness of the ¢ criterion. From these remarks it ap-
pears that for tellurite glass systems, the first minimum of the
Treo(r) (2.46 A) is not the best choice for calculating the co-
ordination number, and that a smaller cutoff radius value (for
example, 2.36 A) gives a better estimation if the @, rs crite-
rion is not considered.

nTeO

Rcutoff

Reutorr®™ Youtorr|

Fig. 8 Accumulated tellurium atom coordination number with only
Reuory criterion (solid line) and with two cutoff criteria
Ocutofy = 75° and Ry 7 (dotted line).

8| Journal Name, 2010, [vol]1—12

This journal is © The Royal Society of Chemistry [year]

Page 8 of 13



Page 9 of 13

Physical Chemistry Chemical Physics

glass
a-TeO.
0.8 2
—— p-Te0,
c
8 —4Te0,
5
2 064
2
2
©
3
N 0.4+
©
15
2
0.2

T T T
0 20 40 60 80 100 120 140 160 180
angle (degrees)

Fig. 9 (Color online) Normalised O-Te(core)-Te(shell) angle
distribution glass within Ry pf = 2.46 A in TeO, glass model.
Color vertical lines correspond to these angles in o- (red), §- (blue)
and y-TeO, (magenta) crystalline structures (optimised with used
IAP).

6.3 Structural units distribution

The structural units distribution of the glass structure model
obtained with the best criteria (Reuoff = 2.46 A and @eurorr =
75°) are reported in Table 4. It shows that the structure con-
tains a large variety of Q7 polyhedra with a large proportion
(about 43%) of threefold units. This directly contributes to the
decrease of Te coordination number to ny,o = 3.63. There is
about 50% of four-coordinated Te atoms and a small amount
(7%) of five-coordinated Te atoms. A large content (21%) of
terminal oxygen atoms bonded only to one Te atom was found
in the glass structure and a negligible amount (about 3%) of
three-coordinated oxygen atoms.

In Table 4 we also give the Q) polyhedra distribution cal-
culated with other cutoff values discussed in previous section.
As we can see, considering the Reyopf = 2.46 A without )
cutoff criterion gives the highest discrepancies, which empha-
sises the discussion of Sec. 6.2.

The O-Te—O and Te-O-Te bond-angle distributions (BAD)
are reported in Fig. 10. The O-Te—O BAD has two peaks: one
between 70°— 110°and the other, much less intense, between
150°- 180°. The peak at smaller angles includes the O,,—Te—
O, angles of a—, B— and y—TeO; phases (99°- 103°), but
its maximum is shifted to 90° that corresponds more to TeO3
pyramidal units. The second peak corresponds to O, —Te—
O,y angles. A quite narrow peak of Te—O-Te BAD argues for
rather corner-sharing character of polyhedra connection and
the absence of edge-sharing polyhedra. The BAD statistics
does not differ significantly when considering only R cri-

terion.

1.0+

0.8

0.6

0.4

Normalized distribution

v v v — ot
0 20 40 60 80 100 120 140 160 180
angle (degrees)

Fig. 10 Normalised BAD. The solid line is for O-Te—O BAD and
the dashed line is for Te-O-Te BAD.

6.4 Rings statistics

In order to obtain the information on the Intermediate Range
Order (IRO) of the glass, we performed the rings statistics
analysis of the final MD configuration. We used the RINGS
code?” for this purpose. RINGS allows obtaining the follow-
ing quantities: Rc(n), the number of rings of n nodes per cell
in the material, Py(n), the proportion of nodes, which form
at least one ring of size n, and the probabilities Py, (n) and
Pyin(n), that a ring with n nodes represents respectively the
longest or the shortest ring for given node>’. A n-membered
ring is a ring containing n nodes and the results are reduced to
the total number of nodes in the networks. In such a manner,
it is possible to compare the results for systems with different
number and/or nature of nodes.

In Fig. 12 we present the rings statistics of the final MD
configuration obtained for primitive rings search. A ring is
primitive 8 if it can not be decomposed into two smaller rings.
It is significant, that for rings statistics analysis with RINGS
we could use only Reyzorf = 2.36 A criterion, but we suppose
that consideration of the @07y criterion would have changed
quantitative results not very strongly, while qualitative con-
clusions would have rested the same. The rings analysis was
carried out using 30 nodes as maximum search depth.

The Rc(n) values for TeO, system are really low, which
indicates the small amount of rings in the system and hence
the weak network connectivity. Furthermore, the rings with
n > 10 predominate in the TeO; glass configuration. As Py (n),
the proportion of nodes, is high for rings with n > 10, they can

This journal is © The Royal Society of Chemistry [year]
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Table 4 The Oy, units distribution in % in the TeO, modelled glass structure.

0! 03 03 07 03 0} 01 02
This work
(Peutofr and Reyeopp = 2.46 A) 1.19 18.15 23.96 0.59 19.05 30.51 2.08 4.46
This work
Reutofy = 2.46 A) 0.0 476 20.68 0.29 10.27 46.13 3.27 13.99
This work
(Peutorf and Reyofr = 2.36 A) 1.49 22.17 26.04 0.74 18.75 25.06 2.08 3.13
This work
Reuofs = 2.36 A) 0.45 12.8 244 0.59 14.29 37.95 2.83 6.55
Ab initio MD 18 0.6 14.9 20.4 0 17.1 35.9 0 9.4

Fig. 11 (Color online) Fragment of pure TeO, glass structure
obtained with MD simulations with found rings. Oxygen atoms are
presented in the small spheres (red for BO and yellow for NBO),
tellurium atoms are the medium size spheres (black for
four-coordinated, indigo for three-coordinated and dark green for
five-coordinated Te) and Te LPs are the big transparent blue spheres.
The solid lines represent the short Te—O bonds (< 2.02 A) and
dashed lines represent intermediate and long bonds (2.02 < d < 2.36
A). The black bonds emphasise the rings in the structure and # in the
circles indicates the amount of nodes in each found ring.

be considered as a global characteristic of the network.

Let us now consider the P, (n) and Py(n) values. For
n < 8 we get Py,(n) = 1 meaning that the small rings of 4—
8 nodes are always the shortest path for the given node and,
hence, one particular node can not be the origin of several
small rings. Otherwise it would be an evidence for a quite
compact glass structure. The Py (n) reaches the value of 1
only for 30 nodes search. This implies, that the shortest paths
of 30 nodes could be found and points out on the openness of
the network and the presence of voids in the structure.

7 Discussion

Having done the statistics description of the glass structure let
us consider a random fragment of the modelled glass struc-
ture. In Fig. 11 several rings are presented as well as chains
with terminal oxygen (NBO) atoms. TeO, units tend to form
large rings (n > 10), probably, because of the tellurium LP (big
blue transparent spheres in Fig. 11) steric effect. When form-
ing small rings, each TeO, unit should take into account its
orientation with respect to the other, because all the LPs could
not be oriented inside the small ring. Accordingly, they are the
reason of forming such an open network with voids created by
the LP steric effect. The network connectivity computed di-
rectly, as the average number of bridging oxygen atoms bound
to each tellurium atom, is equal to 3.2.

From the rings statistics and from. Fig. 11 we can see that a
large amount of NBO atoms (see Sec. 6.3) in the glass struc-
ture plays an important role (together with electronic LP steric
effect) in forming the glass network. This could be due to the
high proportion of terminal oxygen atoms that prevents the
closure of the rings and indicates a more open network>°.

Our model of the amorphous TeO; structure agrees in gen-
eral with the one proposed in2’, but it is much more irregular
and consists of a larger variety of TeO, units. Indeed, our
model of open network with weak connectivity and a large
amount of terminal oxygen atoms supports the concept that
NBO atoms and low tellurium coordination numbers are the
reason of facile accommodation of modifier atoms, as ex-
pressed in??, Possibly, the surplus of NBO atoms allows sta-
bilising the glass structure when adding a modifier (M,,0,,)
by creating M—O bongs with terminal oxygen atoms thus re-
inforcing the connectivity of the glass network.

Let us now compare our amorphous TeO, model with one
obtained by ab initio MD simulations in!8. The Q7 struc-
tural units distribution in that work is quite close to those for
our model (particularly if considering only Ry, fs criterion).
Pietrucci et al. report about 14% of NBO atoms which is 7%
less than in our model. As mentioned above, the authors sup-
pose that such a large concentration of NBO atoms is due to a
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Fig. 12 Primitive rings statistics for pure TeO, modelled glass.
Rc(n) is the number of rings of n nodes per cell in the material,

Py (n) is the proportion of nodes, which form at least one ring of size
n, and Py (n) and Py, (n) are the probabilities, that a ring with n
nodes represents respectively the longest or the shortest ring for
given node.

high cooling rate used in the quenching protocol, which might
have brought the system to the frozen liquid state. The glass
model in their work was obtained as a result of 16 ps cool-
ing the liquid at a rate of = 10'* K/s, as ab initio simulations
are very time-consuming. With our classical MD simulations,
we could perform a much longer quenching protocol. As it
was mentioned in Sec. 4, the total simulated time is about 350
ps which is significantly longer. Nevertheless, we found even
more NBO atoms and weaker connectivity of the network as in
ab initio MD simulated glass structure. Thus we suppose that
these are really characteristics of the TeO, amorphous state.

8 Conclusions

We have presented for the first time IAPs for TeO,-based sys-
tems and their application to the study of pure amorphous
TeO, by MD simulations. The potential model is simple but
has some nontrivial features: the short-range interatomic inter-
action in the core-shell model frameworks is set between the
Te atom core and O atom shell and the core-shell model for
Te atom uses an anharmonic spring potential form. This ap-
proach is reported for the first time in the literature and works

well for different TeO,-based compounds.

The derived potential successfully reproduces the structure
of all the pure TeO, polymorphs and a number of mixed TeO;-
based compounds, and the various Te atom coordinations.
The subtle difference between Qﬁ polyhedron in ot—TeO, and
Qé +1 Polyhedron in y—TeO; is well represented that is evi-
dence for a good quality of IAPs appropriate for MD simula-
tion glass modelling.

MD simulation of the pure TeO, glass was performed for a
system containing 672 TeO; units and a total simulation time
of about 350 ps. The calculated total PDF is in a good agree-
ment with the experimental one obtained by neutron diffrac-
tion method. Hence we consider our glass structure model as
realistic.

The glass structure model has a broad Q7, units distribution
with a large variations of Te—O bond lengths. We developed
a new criterion that allows to precisely define the first coordi-
nation sphere of Te atom by explicitly taking into account the
Te stereochemically active electronic LP. This criterion is the
angle between oxygen atom inside the Te coordination sphere
of the radius Reyorr = 2.46 A, Te core and Te shell (the LP)
and it was set to 75°.

The Te coordination number in the modelled glass is nz.o =
3.63 and is in good agreement with these ones obtained by ab
initio MD simulation '8 and by neutron diffraction methods .
This result together with Q) units distribution implies a large
amount of NBO (21%) in the glass structure, which confirms
the results of the mentioned above studies as well.

We carried out the rings statistics analysis and investigated
the modelled glass structure. The pure amorphous TeO, net-
work has a weak connectivity, terminated chains and large
(n > 10) rings. This is due to large number of NBO and stere-
ochemical effect of Te electronic LP that the TeO, glass has
such a badly connected network. Possibly, these peculiarities
explain the instability of the glass towards to devitrification
and its good ability to accommodate the modifiers.
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This article derives the interatomic potential for TeO, system and presents the first results
of molecular dynamics simulations of pure TeO, structure.




