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Structure of amorphous TeO2 revisited: A hybrid functional ab initio molecular dynamics study
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The atomic-scale structure of glassy TeO2 has been the subject of a longstanding debate. We resort to first-
principles molecular dynamics with a careful choice of the exchange and correlation functional to achieve a good
agreement with experimental findings for the topology of glassy and molten TeO2. We show that only molecular
dynamics at the hybrid functional level of theory is able to reproduce a correct description of the medium-range
order in the glass. Based on a Wannier-function decomposition of the electronic structure, we show that the
coordination number of tellurium is around 4 and that there is a non-negligible fraction of nonbridging oxygen
atoms. An analysis of the net atomic charge distribution shows that an increase of the Te-O-Te bridge asymmetry
strongly correlates with the charge on the oxygen atom. Additionally, we find that the oxygen bridge asymmetry
increases with temperature, which strengthens the short-range disorder in molten TeO2, and consequently lowers
the coordination number of Te. These results provide a revisited picture of the TeO2 network connectivity and
its evolution as a function of temperature.
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I. INTRODUCTION

Tellurite glasses are frequently studied due to their dis-
tinctive physical properties, which include a high refractive
index, good nonlinear optical properties, high dielectric con-
stant, low phonon energies, high chemical stability, low
melting temperatures, large thermo-optical coefficient, and
wide optical transmittance in the visible to near-infrared re-
gion [1–6], allowing them to be used in a wide range of
applications. These distinguishing characteristics make them
suitable for usage as optical switching devices [7], erasable
optical recording media [8], optical amplifiers, up-conversion
frequency systems, and laser hosts [5,9]. Remarkably, TeO2-
based glasses feature a high nonlinear optical susceptibility
among other oxide glasses [10], attracting therefore a con-
siderable interest to this family of compounds. The origin
of these properties has been early attributed to the electronic
(5s2) lone pair of tellurium (IV) atoms when bonded to oxy-
gen atoms [11]. Recent works suggest that the structure of the
glass itself and in particular the nature of the Te-O-Te bridges
[12–14] is responsible to a large extent for these properties.
Despite its wide technological relevance, the atomic-scale
description of TeO2 glass remains elusive and no general
consensus has been so far established.

Tellurium dioxide TeO2 can be found in several poly-
morphs, including α−TeO2, β−TeO2, γ−TeO2, and δ−TeO2

[15–19]. The α−TeO2 variety (paratellurite) is stable at
ambient pressure whereas the β−TeO2 phase (the natural
form of the tellurium dioxide) is metastable and transforms
irreversibly to the paratellurite at 600 ◦C. The γ - and δ-
polymorphs are obtained during crystallization of TeO2-rich
glasses. They both transform irreversibly to α−TeO2 at tem-
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perature above 450 ◦C. The structures of these polymorphs are
all characterized by the presence of stereochemically active
lone pair of tellurium (IV) atoms, which produces a strong
asymmetry in the oxygen atom environments. The main struc-
tural units are TeO4 disphenoids with two short equatorial
Te-O bonds and two longer axial bonds. In α−TeO2, the
disphenoids are connected via single Te-O-Te bridges and
form a three-dimensional network, whereas in β−TeO2, the
tellurium atoms are connected via double bridges, forming
a layered network. The γ−TeO2 consists of corner sharing
TeO3+1 units, where one Te–O bond is substantially larger
than the other three and appears as a chain-like structure when
these longer bonds are disregarded. As a result, γ−TeO2 can
be classified as a polymeric TeO3-based form of TeO2. The
δ−TeO2 polymorph has a fluorite-type average structure with
a very high positional disorder, especially for oxygen. It is
best described as an intermediate state between the amorphous
and crystalline states. Interestingly, α−TeO2 and γ−TeO2

have shown ∼40 and ∼30 times higher third order nonlinear
susceptibility, respectively, as compared to structurally similar
α−SiO2 [20].

During the last two decades, various approaches such as
neutron diffraction [21], Raman spectroscopy [21,22], magic
angle spinning (MAS)-nuclear magnetic resonance (NMR)
[23,24], neutron and total x-ray diffraction combined with
reverse Monte Carlo (RMC) simulations [25–28] have been
used to investigate the structure of modified TeO2-based
glasses. The overall picture stemming from these studies de-
scribes TeO2 glass as a complex system made up of several
TeOx structural units with either bridging oxygen (BO) or
nonbridging oxygen (NBO) atoms, the amount of the latter
increasing with the modifier content. These units are usually
referred to as Qn

m units, where m denotes the total num-
ber of bonding oxygen and n denotes the number of BO
atoms.
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In the case of the pure TeO2 glass, the presence of
NBO atoms, or terminal Te=O groups, is much less clear.
In particular, the exact value of the average coordination
number of Tellurium atoms (nTeO), indicative of the pres-
ence of terminal oxygen atoms (if less than four), remains
a matter of debate in the community. In the work by Bar-
ney et al. [21], neutron diffraction and Raman spectroscopy
measurements of the structure of pure TeO2 revealed that
the glass is made of two-third four coordinated (trigonal
bipyramid) and one-third three coordinated (trigonal pyra-
mid) tellurium units. On the contrary, solid-state NMR in
conjunction with first-principles calculations, Raman spec-
troscopy and total x-ray diffraction revealed the lack of
threefold coordinated Te in TeO2 glass [22]. In this work,
the authors used a topology constraint model to refute the
prior assertions by Barney’s earlier statements [21]. In their
model, Garaga et al. reported a Te coordination number
around 3.75, which is slightly higher than what was pre-
dicted in the studies by Gulenko et al. [29] (nTeO = 3.63)
and by Pietrucci et al. [30] (nTeO = 3.69). As a result, the
authors dismiss the presence of terminal oxygen, claiming
that considering threefold coordinated tellurium units in the
description of the network oversimplifies this issue. In a
further NMR spectroscopy study by Marple et al. [31], the
authors reveal the presence of 89% of TeO4 units along with
11% of TeO3 units in TeO2 glass which results in a Te
coordination number of 3.9, slightly higher than the one re-
ported by Barney et al. [21]

In a recent work by Alderman et al. [32], the authors used
high-energy x-ray diffraction as this technique is less sensitive
to O-O interactions and more sensitive to Te-O interactions in
TeO2 glass compared to neutron diffraction, allowing conse-
quently to have a better access to the Te coordination number.
The authors reported the presence of Q4

4 units (coordination
number ≈ 4) with a wide distribution of asymmetric Te-O-Te
bridges. In addition, due to the presence of highly asymmetric
Te-O bonds, no apparent distance cutoff between bonded and
nonbonded Te-O was possible to establish at high tempera-
tures (melt state). The long and weak Te-O bonds undergo
larger anharmonicity as a result of the strong temperature
fluctuations, which makes the long Te-O bond to be no longer
qualified as a bonded interaction after a certain point, causing
a compensation through the contraction of the short bonds in
the Te-O-Te bridge. Ultimately, this leads to a reduction of the
coordination number in molten TeO2 compared to the glass.
The investigation of the pair distribution functions (PDF) in
their work supports this finding, revealing a slightly shorter
Te-O bond distance of 1.919 Å in the melt compared to
1.926 Å in the glass.

On the computational side, an ab initio study [30] of a
model of 32 TeO2 units corresponding to a density of 5.84
g/cm3 with Becke-Lee-Yang-Parr (BLYP) functional reported
the coordination number of glassy TeO2 to be 3.69 (defined
with a Te-O cutoff radius of 2.36 Å). Moreover, classical
molecular dynamics (CMD) studies by Gulenko et al. [29]
revealed nTeO to be 3.63 with a Te-O cutoff radius = 2.46
Å. Both investigations reveal that the evolution of the coordi-
nation number as a function of Te-O cutoff radius increases
continuously without any flat plateau, which indicates the
presence of considerable range of Te-O distances in glassy

TeO2 network. This brings the problem in establishing a
clear-cutoff radius value for defining Te atom’s first coordi-
nation sphere [30,33], and more fundamentally it raises the
question whether a clear separation between three- and four-
coordinated Te atoms can be made given the high versatility
of this element in TeO2 melts and glasses. The Qn

m structural
units distribution found in both mentioned ab initio and CMD
studies are quite similar. Additionally, Torzuoli et al. [34]
proposed a refined version of the Te-O interatomic potential
and reported the occurrence of 21% NBO, which is 7% larger
than the one reported by Pietrucci et al. [30].

Despite the success of the aforementioned works in elu-
cidating the structure of TeO2 glass and its related properties
they suffer from several limitations. On the one hand, ab initio
modeling [30] was performed on a small system size and
during a short simulation time, which may lead to nonphys-
ical constraints in the system. On the other hand, classical
interatomic potentials rely on an empirical formulation of
the various interactions between the particles and is fitted on
either experimental or high-level theoretical data. Hence, this
approach highly depends on both the empirical formulation of
the interaction potential, and on the data on which it was fitted.
Consequently, this method leads generally to a less accurate
structural description of the studied system. Overall, because
of these limitations, none of the various and sometimes contra-
dictory models proposed in the literature provides a complete
and comprehensive description of the structure of TeO2 glass,
which remains elusive despite its chemical simplicity.

In the present work, we push further our understanding of
the structure of TeO2 systems by relying on various molecu-
lar dynamics (MD) simulation techniques based on density
functional theory (DFT). First, we focus on establishing a
modeling scheme able to reproduce the main structural fea-
tures of glassy and molten TeO2 measured experimentally
from total x-ray scattering with a particular focus on the use of
hybrid exchange and correlation functional. Then, we develop
a scheme that allows one to define the coordination number
of tellurium with less ambiguity and study the network con-
nectivity and the short-range order evolution as a function
of temperature. Finally, we focus on the short-range disorder
around Te and O atoms in relation to the chemical environ-
ment and net atomic charge distribution between neighbors in
both molten and glassy TeO2. Our results provide a revisited
view of the atomic-scale structure of TeO2 system in agree-
ment with recent experimental data.

The paper is organized as follows. Computational details
are presented in Sec. II where the various molecular dynam-
ics schemes are illustrated in Sec. II A and the TeO2 model
generation and validation processes are presented in Sec. II B.
Results, including the pair distribution functions, coordination
numbers, short-range disorder, atomic local environments,
charge analysis and electron localization are presented in
Sec. III. The conclusions of our work are drawn in Sec. IV.

II. COMPUTATIONAL DETAILS

A. First-principles molecular dynamics simulations

In this work, we resort to first-principles molecular dy-
namics (FPMD) to produce amorphous and melt models of
TeO2. In particular, several molecular dynamics schemes were
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employed depending on the simulation length and DFT setup.
In what follows, we briefly outline the methodology behind
each MD scheme.

1. Car-Parrinello molecular dynamics

The electronic structure is described within the density
functional theory where electron exchange and correlation
energy was described through generalized gradient approxi-
mation (GGA). In particular, we resort to two GGA function-
als, namely, the Perdew-Burke-Ernzerhof (PBE) functional
[35] and the BLYP functional [36,37]. Valence electrons are
treated explicitly and represented by a plane-wave basis set
expanded at the point of the simulation cell with an energy
cutoff of 80 Ry. The valence-core interactions are described
by norm-conserving pseudopotentials of the Troullier-Martins
type [38]. Molecular dynamics within the scheme of Car-
Parrinello (CPMD) [39] are carried out as implemented in
the CPMD computer code [40]. A fictitious electron mass of
500 a.u. and a time step of t = 0.12 fs is used to integrate the
equations of motion, ensuring good control of the conserved
quantities. The temperature for both the ionic and electronic
degrees of freedom is controlled by a Nosé-Hoover thermostat
[41–43].

2. Born-Oppenheimer molecular dynamics

The electronic structure calculations are performed with
the CP2K code [44], which is based on the Gaussian plane
waves (GPW) method to solve the Kohn-Sham equations.
Within this method, the orbitals are described with an atom-
centered Gaussian-type basis set of type triple-ζ [45], and the
electron density is expanded on an auxiliary plane-wave basis
set. The plane-wave energy cutoff is set to 500 Ry and the
Brillouin zone is sampled at the � point. Goedecker-Teter-
Hutter pseudopotentials are used to describe core-valence
interactions [46]. We use either GGA (PBE or BLYP) or
PBE0 hybrid functional to calculate the DFT energy [47,48].
Molecular dynamics simulations are carried out within the
Born-Oppenheimer (BOMD) framework with a time step of
t = 1 fs and a Nosé-Hoover thermostat [41–43] to ensure the
temperature control.

3. Second generation Car-Parrinello molecular dynamics

In order to reach long time scales at affordable computa-
tional cost, we resort to the second generation Car-Parrinello
molecular dynamics due to Kühne et al. [49] implemented in
the CP2K suite of programs. In this scheme, the wave functions
are not self-consistently optimized during the dynamics in
analogy to the Car-Parrinello MD, while large integration time
steps typical of Born-Oppenheimer MD can be used. This
scheme leads to a slightly Langevin-type dissipative dynamics
governed by the following equation:

MI R̈I = FBO − (γD + γL )ṘI + �I , (1)

where MI , RI , and FBO are the particle mass, the ionic coor-
dinates, and the Born-Oppenheimer forces, respectively. γD,
γL, and �I are the intrinsic and Langevin friction coefficients
and a random noise term. Although dissipative, an accurate
sampling of the Boltzmann distribution can be achieved by
an appropriate choice of the friction coefficients such that the

noise has to obey the fluctuation-dissipation theorem [49]:
< �(0)�(t ) >= 6(γD + γL )MI kBT δ(t ). In the case of TeO2,
we used the same DFT setup as for BOMD in Sec. II A 2.
In addition, the values of γD and γL were fixed to 0.0005
and 0.1 fs−1 for temperatures ranging from 1000 to 500 K
and to 0.0007 and 0.1 fs−1 for temperatures below 500 K,
respectively.

B. TeO2 model generation

In this work, seven TeO2 glassy models were generated by
quenching from the melt. In particular, we have produced five
models at the GGA level of theory: a 270-atom model using
the CPMD and PBE functional at the experimental density
of 5.57 g cm−3 (model S1), model S2 in a similar fashion
to model S1 except the use of BLYP functional, model S3
is similar to model S2 but contains 480 atoms, model S4 is
similar to model S3 but was produced through BOMD, models
S5 resorts to the SGCPMD at the PBE level of theory with 270
atoms over a long quenching period. Furthermore, two models
at the hybrid functional level of theory were produced using
BOMD, PBE0 functional, 270 atoms at the experimental den-
sity (model 1), and with a variable density scheme (model
2). All the details related to these models are provided in the
supplementary materials [50] (see, also, Refs. [29,32,51,52]
therein). These models allow to evaluate the effects of the
adopted DFT setup (model S1 versus model S2 and models
S1, S2 versus models 1, 2), size of the model (models S1, S2,
S3 versus model S4) and quenching protocol (model S1 versus
S5) on the final structure of the glassy system compared to
experimental measurements. A detailed comparison of the
various models is provided in Ref. [50].

This set of models allowed us to asses the best modeling
strategy to achieve an accurate atomic scale model of glassy
TeO2. To this end, the quality of the model is first evaluated by
comparing the calculated x-ray total pair correlation function
to experimental measurements in the molten and glassy states
[32] of TeO2. PDFs allow a direct access to the structure of the
glassy and molten material and could be directly compared to
experiments. Although there are available NMR and Raman
spectroscopy measurements for glassy TeO2, their computa-
tional counterpart remains challenging to achieve on a large
periodic systems at the DFT level of theory. In addition, the
interpretation of NMR and Raman data remains difficult due
to the broad spectra usually obtained. As such, we focus
on the PDF as a tool to validate our models in comparison
to experiments. In addition, we compare the calculated total
x-ray structure factor to experiments when needed.

The total pair distribution function (PDF) G(r) is usually
calculated by combining the partial pair correlation functions
gαβ (r) as follows:

G(r) ≈
2∑

α=1

2∑
β=1

cαcβ fα (k0) fβ (k0)

|〈 f (k0)〉2| [gαβ (r) − 1], (2)

where α and β refer to one of the involved chemical species
(Te and/or O). cα and fα (k) are the atomic concentrations of
species α (Te, or O) and its corresponding scattering factor.
In this formulation, the scattering factors are usually taken at
a k0 = 0, which often leads to an overall good representation
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of G(r) but with an ill description of the magnitude of the
first peaks of the PDF. In order to go beyond this limitation,
we here use the exact G(r) expression from Ref. [53] where,
G(r) can be obtained through a weighted linear combination
of modified partial pair correlation functions. The weights are
defined as the mean values of the Faber-Ziman factors over
the considered reciprocal space range. The calculated PDFs
on all our GGA models are presented in Fig. S1 in Ref. [50].

Careful examination of all models derived from setups
utilizing the GGA level of theory (see Ref. [50]) establishes
that the observed similarities between PDFs of molten and
glassy TeO2 neither depend on the model characteristics (size
and XC functional) nor on its thermal history (see Fig. S1
in Ref. [50]) but are more probably related to an inadequate
level of theory. Indeed, as the particular geometry of the TeOx

structural units depends on the position of the electronic lone
pair, which itself depends on the electronic localization level,
the ability of the chosen level of theory to precisely describe
the electronic localization is expected to impact the quality of
the models. However, the GGA level of theory is known to
promote electronic delocalization and therefore may be insuf-
ficient to achieve a correct description of the TeO2 systems.
In order to verify this hypothesis, we have produced a model
by resorting to hybrid XC functional (model 1). In particular,
the PBE0 hybrid functional comprising a fraction of 25% of
Hartree-Fock exchange, is expected to lead to a better descrip-
tion of the electronic structure of oxide materials which in
turn leads to an improved local structures compared to those
produced in otherwise similar conditions at the GGA level of
theory [54–58]. Nevertheless, the prohibitive computational
cost of such a hybrid functional molecular dynamics (more
than 10 million core hours for the present work) prevents the
production of extended trajectories. In order to have a signifi-
cant melt-like diffusion at high temperature, we annealed the
model 1 at T = 1200 K, a temperature slightly higher than the
melting point (T = 1006 K) before quenching to T = 300 K
(details of the model production are available in Ref. [50]).
The obtained PDFs for glassy and molten TeO2 (model 1) are
presented in Fig. 1.

We observe the presence of a shoulder in the PDF of the
glass at around 4.5 Å, close to the position of the measured
third peak around 4.3 Å. Nevertheless, this shoulder remains
almost the same as a function of the system temperature.
Overall, the calculated PDFs show small differences between
molten and glassy TeO2. While these findings show that a
better description of the electron localization (see Fig. S3 in
Ref. [50]) induces an impact on the structural organization of
the disordered system compared to GGA functionals, a better
reproduction of the third peak intensity requires additional
efforts. In particular, this peak assigned to neighboring Te
atoms, might be affected by the fixed volume of the cell
during the melt-quench cycle. To cope with this issue, we
repeated the thermal cycle of Model 1, to produce a new
system (model 2) where the density was linearly reduced from
the melt density (at T � 1000 K) to the glass density (details
of the model production are available in Ref. [50]). We note
that this approach is similar to molecular dynamics in the
isobaric isothermal ensemble (NPT). While the NPT approach
requires very extended molecular dynamics runs in order to
ensure the convergence of the cell volume, in the constant

FIG. 1. Total PDF computed for amorphous (black lines) and
melt (red lines) TeO2 obtained from Models 1 and 2 compared to
experimental results from Ref. [32]. The curves are shifted vertically
for clarity.

density approach, the volume is fixed and fitted to the experi-
mental reference densities. This approach ensures structural
relaxation at various densities and temperatures mimicking
the experimentally observed density variations.

The computed PDFs at PBE0 XC functional and variable
density (model 2) are presented in Fig. 1. We observe that
the overall shape of the PDFs is enhanced comparing to that
of model 1. The PDFs of molten and glassy TeO2 now show
differences in shape and position of peaks that are remindful
of those present in the PDFs measured experimentally. In
particular, the shift and change of the shape of the shoulder
visible between molten and glassy TeO2 are consistent with
experiment. Specifically, we distinguish a peak at around 4.3
Å in the PDF of the glassy TeO2 similar to that observed
experimentally. This peak is better reproduced than with any
of the previous models and its origins will be discussed in
Sec. III A. We note that, although the second peak in the PDF
does not perfectly reproduce the experimentally observed
peaks in the glassy and molten TeO2 and that its intensity is
slightly overestimated, it reflects a structural change in the net-
work connectivity upon cooling as measured experimentally.
As for the minima observed in the calculated PDFs at 3 and
5.3 Å, they fairly reproduce the experimental measurements as
this latter shows a strong error bar due to the uncertainty on the
melt density [32]. Overall, model 2 appears to better capture
the structural changes occurring as the system is quenched to
room temperature.

For completeness, we carried out the same variable-density
melt quench as used for model 2 at the PBE level of theory
(data not shown). The obtained model was found to be very
similar to model S1 (see Ref. [50]) which supports the role
played by the improved electronic description of the hybrid
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FIG. 2. Total x-ray structure factor computed for amorphous
(black lines) and melt (red lines) TeO2 compared to experimental
results from Ref. [32].

functional to obtain a correct description of glassy and molten
local structures of TeO2.

In order to consolidate the TeO2 structure obtained from
model 2, we present in Fig. 2 the x-ray total structure factor
S(Q) obtained by Fourier transform of the total PDF and
compare it to experimental results. We find a good agreement
between the measured and the computed S(Q) over all the
reciprocal space region. In particular, our model reproduces
the shift in the position of the first diffraction peak to larger
Q values and the increase of its intensity as measured experi-
mentally when the temperature is reduced [32].

All these results suggest that a good modeling of molten
and glassy TeO2 requires the combination of two important
ingredients: an accurate description of the electronic structure
through the use of hybrid XC correlation functionals, and a
proper account of the system density during the glass produc-
tion process. Although there certainly remains room, on paper,
to further improve the amorphous TeO2 models presented here
through extended FPMD (larger model sizes, multiple initial
states, longer quenching rates, and averaging over multiple
trajectories) at the hybrid functional level of theory, in practice
their cost is presently prohibitive. To achieve such goals one
will have to resort to different strategies, such as machine
learning atomic interaction potentials trained based on DFT
calculations at the hybrid level of theory (including those
presented here), but this is well beyond the scope of this
work. Here, in light of all the concordant elements discussed
above, one can rely on model 2 to investigate the atomic scale
structure of glassy and molten TeO2 with an unprecedented
level of accuracy and reliability. This is the focus of the next
section.

III. RESULTS

A. Partial pair distribution functions

A first insight into the atomic scale structure of the amor-
phous TeO2 system is obtained by looking at the partial
pair distribution functions (gαβ (r)) of model 2 presented in

FIG. 3. The partial pair correlation functions gTeTe(r), gTeO(r),
and gOO(r) for amorphous (black lines) and melt (red lines) TeO2.
The curves are shifted vertically for clarity. The inset shows the break
down of the Te-Te distance distribution into contributions from Te
atoms connected through at least one O bridge (green color), and
neighboring Te atoms not directly sharing any O (blue color).

Fig. 3. The first peak in the Te-O PDF corresponds to the
first peak of the total PDF shown in Fig. 1. We remark that
the position of this peak moves from 1.964 Å in the glass
to 1.952 Å in the melt. These results are in agreement with
their experimental counterpart where the same first peak has
been observed to move from 1.926 Å in the glass to 1.919
Å in the melt. The slight overestimation (≈ 0.03–0.04 Å) of
the Te-O bond length in our models is mainly due to the
adopted DFT setup [30,52]. Coming to the first peak of the
O-O PDF, it only appears for distances larger than 2.3 Å in
agreement with x-ray diffraction results [32] and does not
show a significant contribution to the total PDF due to the
small scattering factor of O atom [ fO(k0 = 0) ≈ ZO = 8] as
compared to Te atom [ fTe(k0 = 0) ≈ ZTe = 52]. Neverthe-
less, this peak position exhibits a shift from 2.79 to 2.83 Å as
the temperature increases. These changes in the Te-O and O-O
correlations reflect the significant alteration of the local envi-
ronment around Te, and consequently the alteration of short
range order as a function of temperature. These findings are
also reflected in the Te-Te PDF, where beside a barely visible
displacement of the Te-Te main peak position towards smaller
distances, a shoulder appears around 4.25 Å when the system
is quenched to room temperature. We note that the choosen
DFT setup might impact the shoulder position and shape. The
aforementioned two features can be respectively attributed to
Te atoms connected through at least one O bridge (Te-O-Te),
and neighboring Te atoms not directly sharing any O (see inset
of Fig. 3). The absence of the Te-Te shoulder around 4.25 Å in
the melt suggests that not only the short-range order is affected
at high temperature, but also the medium-range organization
of Te atoms.

B. Coordination numbers and atomic local environments

More insights into the local environment can be obtained
by calculating the integral of the partial pair distribution
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FIG. 4. Running Te-O coordination number [nTeO(r)] of amor-
phous (black) and melt (red) TeO2. Results obtained by integration
of the Te-O partial PDF (solid lines) and based on Wannier centers
(dashed lines) are compared to experimental results (circles) from
Ref. [32]. Vertical dashed lines indicate distance cutoffs and the
dashed horizontal line indicates the ideal Te4+ coordination number.

functions. This quantity, nαβ (r), corresponds to the coordi-
nation number of a given chemical species α with respect to
species β. Figure 4 shows the evolution of the running Te
coordination number nTeO calculated on molten and glassy
TeO2 as a function of the Te-O distance and compared to
their experimental counter part [32]. We remark that the calcu-
lated coordination numbers are slightly displaced towards the
large r values compared to experiments. This shift of about
0.05 Å is due the displacement of the calculated first peak
of the Te-O PDF compared to the measured one. The same
shift is also visible in the total PDF (see Fig. 1). In spite
of this shift, we find that the calculated nTeO follows closely
the pattern measured experimentally, showing a continuous
increase over all the r range, which reflects the absence of a
clear first minimum in the Te-O PDF. In addition, our models
reproduce the smaller Te coordination number found in the
melt compared to the glass. This reduction was attributed in
previous studies to the increase of the short-range disorder
around Te atom [32]. In particular, at high temperatures, Te
looses some long and weak bonds with O atoms leading to a
reduction of the coordination number[32,59]. We recall that
the short-range disorder is the result of the deviation from the
ideal local structural arrangements that are generally found in
the crystalline structures [60].

By inspecting Fig. 4, an unambiguous estimation of the
Te coordination number is not straightforward as one cannot
clearly define a Te-O distance cutoff due to the ill definition of
the Te-O PDF first minimum. This results in the absence of a
plateau in the nTeO(r) that could be used to uniquely determine
the average coordination number. In literature, an arbitrary
cutoff of 2.36 to 2.46 Å was often used to estimate the Te co-
ordination number [29,30,32,52]. In this work, we use instead
the maximally localized Wannier functions (MLWF) [61,62]
in order to improve the accuracy of the determination of the
network connectivity. Within this scheme, a Wannier function
(wn(r)) corresponds to the localization of two electrons and

FIG. 5. (a) A representative snapshot of bonding environment
in glassy TeO2. Te (brown), O (red), and Wannier centers (labeled
as W) (cyan). Only a few Te and O atoms are presented along
with representative Wannier centers. We distinguish three different
Wannier centers: WB centers occurring along Te-O bonds, WLP

Te and
WLP

O indicate the lone pair (LP) valence electrons not participating
in chemical bonds. (b) A representative Te environment where the O
neighbors are identified based on a fixed cutoff distance (left image)
and based on MLWF constraints (right image).

its center (W) gives its average position. wn(r) are obtained by
an on the fly unitary transformation of the Kohn-Sham orbitals
ψi(r) under the constraint of minimizing the spatial extension
(spread, 
) of the resulting wn(r) as follows:


 =
∑

n

(〈wn|r2|wn〉 − 〈wn|r|wn〉2). (3)

Hence, MLWF leads to an accurate and compact real-space
representation of the electronic structure, which can be used
to define chemical bonds and lone pair electrons. Wannier
functions were computed on top of 100 configurations se-
lected along the trajectory at T = 300 K. Figure 5(a) shows
a representative fragment of TeO2 glass, where we distinguish
three types of Wannier centers. WB refers to centers occurring
at a Te-O bond, WLP

Te and WLP
O refer to centers representative

of lone-pair electrons at the vicinity of Te and O atoms,
respectively.

Figure 6 shows the distribution of Wannier centers around
Te and O in molten and glassy TeO2 where we distinguish
three main peaks. The first peak is attributed to WLP at the
vicinity of a chosen atom, the second peak is due to bonding
Wannier WB, and the last peak is attributed to WLP occurring
at the first neighboring atoms. In contrast to the gTeO(r), a
Te-O cutoff distance can be defined from the positions of the
Te-WB and O-WB second minimum positions in Fig. 6. These
distances correspond to the farthest position of a shared Wan-
nier center occurring along the Te-O bond and when summed
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FIG. 6. Distribution of the Wannier centers around Te (top) and
O (bottom) in amorphous (black lines) and melt (red lines) TeO2.

up provide a reasonable estimation of the Te-O cutoff. Based
on this assumption, we find that Te-O cutoff distances are
2.46 and 2.47 Å in glassy and molten TeO2, respectively. We
remark that this cutoff is 0.1 Å larger than the 2.36 Å usually
reported in the literature. This small difference is attributed,
on the one hand, to the small overestimation of Te-O bonds
in our model (≈ 0.05 Å ), and on the other hand, to statistical
error due to Wannier centers occurring slightly off the Te-O
bond which usually leads to a deviation smaller than 0.05 Å
in the estimated Te-O distance. By integration of the partial
Te-O PDF up to the obtained cutoff distances, we find a
Te coordination number nTe of 4.12 and 3.91 for glassy and
molten TeO2, respectively. These results are in agreement with
those obtained from experiments based on a cutoff of 2.36 Å:
4.22 and 4.09 for glassy and molten TeO2 [32], respectively.
Hence, these results reveal that the coordination number of Te
is rather close to 4, in contrast to previous modeling results
suggesting a Te coordination number in the range 3.6 to 3.7
[29,30].

While instructive, the above analysis is still dependent on
the choice of the cutoff distances. One way to go beyond this
limitation lies in the use of MLWF formalism to define chem-
ical bonds and therefore provide a direct count of the Te-O
bonds in the disordered system. A chemical bond is defined
between two atoms α and β if they share a Wannier center
that satisfies the following inequality: |dαβ − dαW − dβW | �
0.05 Å . Where d is a distance, α and β refer to Te or O
atoms, and a 0.05 Å tolerance is considered to account for
small deviations that occurs on the spatial localization of the
W center. In Ref. [29], the authors suggested that the position
of the electronic lone pair of Te, and in particular the angle
formed between the lone pair direction and the Te-O bonds
is also a key property to define the chemical bonds in TeO2

systems. In our case, this corresponds to the position of the
WLP

Te centers. Actually, by inspecting the structure of the TeO2

system we identified some configurations in which the WLP
Te is

facing one O atom [see Fig. 5(b)]. In an ideal disphenoidial
unit, the WLP

Te should point out in the opposite direction of the
space occupied by the O atoms.

Hence, it appears necessary to define a cutoff angle be-
tween WLP

Te , Te, and O atoms to ignore lone pair Wannier
centers that might occur at distances that satisfy the bonds

FIG. 7. Bond angle distribution θW LP
Te -Te-O computed on α- (red

lines), β- (green lines), γ -(blue lines), and amorphous (black lines)
TeO2 using a Te-O distance cutoff of 2.4 Å. The vertical line indicates
the selected angle cutoff of 73◦.

inequality condition but do not correspond to bonds. To this
end, we have calculated the WLP

Te -Te-O bond angle distribu-
tions (BAD) in glassy as well as in the three crystalline phases
of TeO2. The crystals were annealed at T = 300 K for 20 ps
(PBE level of theory) and Wannier centers were calculated on
top of 100 snapshots (PBE0 level of theory) extracted from
the ambient temperature trajectory. Both functionals were
first further tested by fully relaxing the structures of TeO2

polymorphs, which showed lattice parameter changes within
the range expected for DFT calculations (see Table S2 in
Ref. [50]). The results for BAD are presented in Fig. 7.

The angular distribution of TeO2 crystals features two main
regions, the first in the 75◦–100◦ range, which corresponds to
angles between the lone pair of Te and axial O atoms, and
the second at 110◦–160◦ corresponding to contributions from
equatorial oxygen atoms. As for the glassy TeO2, we find
a broad peak at the region corresponding to typical features
found in the crystals and a tail at angles below 73◦. These
results are in agreement with previous classical molecular
dynamics results [29].

Following this analysis, a Te-O chemical bond is then
defined upon the satisfaction of two conditions: (i) the bond
inequality condition |dαβ − dαW − dβW | � 0.05 Å and (ii) the
angular constraint θW LP

Te −Te−O � 73◦. This procedure mini-
mizes the impact of the choice of a fixed bond length cutoff
and allows one to accurately estimate the coordination number
of each chemical element by counting its number of chemical
bonds. In addition, populations of l-fold coordinated Te and
O can be also calculated.

Figure 4 shows as dashed lines the nTeO obtained with this
procedure involving Wannier centers and angular constraints.
The effects of varying θW LP

Te −Te−O on nTeO were found to be
limited as shown in Fig. S4 in Ref. [50]. In marked contrast
with previous methods, we find that the Te coordination num-
bers in both glassy and molten TeO2 now reach a considerably
stabilized (albeit yet slowly evolving) plateau around a value
of 4, and this remains true for Te-O bond lengths up to 3
Å. This result shows a very small dependency of the Te
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coordination number on the selected Te-O bond length (and
here θW LP

Te -Te-O angle) cutoff. By considering the cutoffs estab-
lished based on the position of the Wannier centers, we find
nTeO of 3.96 and 3.65 in glassy and molten TeO2, respectively.
These numbers are smaller than those obtained by integrating
the partial Te-O PDF and reflect the ability of the angular con-
straint condition to eliminate Te-O spatial proximities within
the range of physical Te-O bonds but with electronic structure
that are not consistent with the presence of a chemical bond.
Our results are in very good agreement with the conclusions
of Ref. [32] where nTeO was found to be around 4 with a hint
that it is smaller in the melt than in the glass.

Nevertheless, by inspecting the region of r < 2.3 Å in
Fig. 4, one remarks that the experimentally measured nTeO

is larger in the melt than in the glass. The same trend is
only visible in our models for distances below 1.97 Å. This
behavior is mainly due to the differences observed between
the measured and the calculated gTeO(r) first peaks. Actually,
the measured first peak corresponding to Te-O interactions
is found to be more intense in the melt than in the glass,
while the opposite is observed in our models. Generally, the
intensity of nTeO(r) is subject to two competing effects: on the
one hand, as the system is quenched the gTeO(r) first peak max-
imum is expected to increase due to the increasing number of
short Te-O bonds in the glass, and on the other hand, when the
system density increases the maximum of the peak is expected
to decrease [63,64]. Hence, the small discrepancies between
modeling and experiments might be due to the large error bar
on the experimental density of the melt as well as the adopted
quenching protocol [32].

C. Atomic local environments and short-range disorder

The coordination number reflects an average picture of
the first coordination shell around a given atom. A more
detailed picture can be obtained by decomposing the local
environment into l-fold environments around Te and O, where
l is the number of the nearest neighbors. These environments
are determined using the same scheme as the coordination
number and the corresponding results are shown in Fig. 8.
Looking at Te atom in the glass, we find a dominant fraction
(66.0%) of TeO4 units together with non negligible fractions
of undercoordinated TeO3 units (19.3%) and over-coordinated
TeO5 units (14.3%). We here neglect the fraction of twofold
Te units as it is of the order of the statistical error (∼2%). This
distribution of Te local environment is in agreement with a
Te average coordination number close to 4, as the under- and
overcoordinated Te cancel out to promote an overall averaged
fourfold coordination sphere. This distribution undergoes a
substantial modification in the melt where the fraction of TeO4

and TeO5 units reduces to 49.4% and 8.4%, respectively. This
trend goes together with an increase of the population of TeO3

motifs to reach 39.3%. Taken all together, the evolution of the
local environment of Te atoms is consistent with an elonga-
tion of some Te-O distances beyond the considered bonding
threshold at high temperature in such that Te and O atoms are
considerably far apart and consequently leads to a reduction
of the average Te coordination number in the melt.

These findings are consolidated by looking at the analysis
of the Qn

m units (see Table I). For every Te atom, m is its total

TABLE I. Fractions of Qn
m Te units found in glassy and melt TeO2.

Qn
m Glass (%) Liquid (%)

Q1
3 - 2.5

Q2
3 5.2 17.6

Q3
3 14.1 19.2

Q3
4 13.8 16.5

Q4
4 52.0 32.1

Q4
5 2.1 1.4

Q5
5 12.2 6.9

coordination number and n represents the number of bridging
O atoms (e.g., forming Te-O-Te bridges). Interestingly, we
find a substantial increase in the fraction of Te units containing
at least one nonbridging O atom (Q1

3, Q2
3, and Q3

4) as a function
of the temperature (see Table I). Although indirectly, one can
infer that at high temperature the Te-O-Te bridges are subject
to high thermal fluctuations that lead to a break down of
weak Te-O bonds and consequently to a reduction of the Te
coordination number. Furthermore, we remark that Te link-
ages with nonbridging O atom leads to distances significantly
smaller than those occurring in Te-O-Te bridges, as shown
in Figs. 9(b)–9(d). This increase of the short-range disorder
around Te can be quantified by accessing the asymmetry of
the Te-O bonds. To do so, we define for a given Te atom i the
following average bond asymmetry function:

fi = 2

m(m − 1)

m−1∑
j=1

m∑
k= j+1

|di j − dik|, (4)

where m is the number of O nearest neighbors of the Te
atom i, and d the distance between the Te atom and one
neighboring O. The average bond asymmetry f is thus zero
for a Te atom having all its Te-O bonds lengths equal, and is
positive when asymmetric bonds occur around Te. The same
equation applies also for O centered bridges. Figures 9(a) and

FIG. 8. Fractions of l-fold Te (l = 2, 3, 4, or 5) and O (l = 1, 2,
or 3) computed on amorphous (black bars) and melt (red bars) TeO2.
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FIG. 9. Distribution of the average bond asymmetry function
calculated on amorphous (a) and melt (c) TeO2 and its breakdown
into contributions from TeOn units (n = 3, 4, and 5). Distribution of
Te-O distances calculated on glass (b) and melt (d) TeO2 where O
atoms are either bridging or not bridging.

9(b) shows the distribution of f for various local environments
of Te atom in the glassy and molten TeO2. The distribution is
normalized to the total number of Te atoms.

The total f distribution shows a broader spread in the melt
than in the glass as well as a shift towards high f values indi-
cating an increase of the bond asymmetry as the temperature
increases. This evolution can be rationalized by looking at the
break down of f as a function of the Te local environment,
where we find that TeO3 f distribution is largely shifted to
higher values in the melt. Similar, but less important shift is
also observed for the TeO4 f distribution and goes together
with a substantial broadening. These elements suggest that
the increase of the disorder in TeO4 units as the temperature
increases, leads to a break of long and weak Te-O bonds, and
consequently transforms into highly asymmetric TeO3 units.
These elements are inline with the hypothesis suggesting an
increase of the short-range disorder as a function of tempera-
ture leading to a reduction of the Te coordination number.

Coming to O atom, we find that it is mainly twofold coor-
dinated with a non-negligible fractions of one- and threefold
configurations. This result agree with a coordination number
close to two for O atom. Interestingly, we find that the melt
shows a larger fraction of onefold O atoms (21.8%) compared
to the glass (10.7%). This increase of the fraction of onefold
O as a function of temperature goes with a reduction of the
fractions of twofold (from 81.0% in the glass to 72.6% in the
melt) and threefold (from 8.2% in the glass to 4.8% in the
melt) O units. We note that the occurrence of onefold O atoms
has to be correlated with the occurrence of terminal Te=O
groups. This trend is in agreement with the increase of the
fraction of undercoordinated Te atoms (TeO3) and the increase
of the Te environment asymmetry as a function of increasing
temperature. Actually, our findings show that an average co-
ordination number nTeO less than 4 is not a straightforward

FIG. 10. Te-O distance vs the average bond asymmetry function
is presented in glass (top) and melt (bottom) phases.

proof of the occurrence of NBO in glassy TeO2 as proposed
previously, as the fractions of TeO3 and TeO5 motifs can be
counterbalanced and lead to an overall nTeO close to 4. These
results are in agreement with the conclusions drawn based on
NMR spectroscopy [31].

Figure 10 shows the evolution of the distribution of Te-O
bonds in Te-O-Te bridges as a function of the bridge asym-
metry (denoted f ) in glassy and molten TeO2. For f values
less than ∼0.2 Å Te-O distances show a broad distribution
around the average Te-O bond length. Nevertheless, for larger
values of f , we can clearly distinguish two populations of
Te-O bonds one corresponding to short bonds of length less
than dTeO = 2 Å and another corresponding to long bonds
with dTeO > 2 Å . As f increases we find that the short bond
exhibits a slow contraction while the long bond elongates
rapidly. We remark that using f as a descriptor for the local
environment asymmetry allows one to shed light into struc-
tural correlations that would not be observable otherwise. For
example, no insightful information can be learned about the
local environment by simply looking at the distribution of
Te-O distances in Te-O-Te bridges as this leads to two broad
and overlapping distributions. Coming to the melt, despite the
broadening observed due to thermal fluctuations, the same
distance variations as a function of f hold true as in the case
of the glass but with a slightly larger population of bridges
with large asymmetry. These findings are perfectly in line
with the distortion theorem of the bond-valence sum rule that
states that in order to satisfy the valence of a given atom,
when one of its bonds reduces, another bond has to undergo a
larger elongation (leading to an increase of the average bond
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length) [65,66]. The above analysis supports the hypothesis
that terminal Te=O groups can probably be formed due to the
increasing asymmetry of the Te-O-Te bridges and particularly
due to the elongation of one Te-O bond [32].

D. Atomic charge analysis and electron localization

We now correlate the Te and O local environments and
coordination numbers to the electronic structure. To do so, we
perform atomic charge analysis by resorting to the density de-
rived electrostatic and chemical partitioning method (DDEC6)
[67–70] as implemented in CHARGEMOL program [71]. In this
charge partitioning scheme, the total electron density ρ tot (r) is
partitioned into the atomic contributions ρA(r) at each spatial
position based on spherically symmetric weighting functions
wA(r) built from reference ions:

ρA(r) = ρ tot (r)
wA(r)∑

i wi(r)
. (5)

Subsequently, the net atomic charges (NACs) (qA) on atom A
are computed by integrating the atomic contribution over the
whole space as follows:

qA = ZA −
∫

ρA(r)dr, (6)

where ZA is the atomic number of atom A (nuclear charge).
We calculate the total electron density at the PBE0 level of
theory by running an electronic structure minimization. We
note that as pseudopotentials are used in our calculations, the
core electrons are replaced by effective core potentials that are
added back to ρA(r) prior to DDEC6 partitioning.

In practice, DDEC6 charge partitioning employs a dis-
tributed multipole expansion to formally reproduce electro-
static potentials outside the electron distribution by partition-
ing the total electron density at each point in space among
atoms in such a way that exactly one electron distribution is
assigned to each atom. We note that DDEC6 method is a basis
set independent scheme as it only depends on the total electron
distribution. Hence, no empirical parameter is needed in this
approach which provides us with an independent tool to assess
the short-range order in terms of electronic structure. This
method has been proved to be able to reproduce transferable
NACs following Pauling scale electronegativity trends and
chemically consistent with the assigned atomic spin moments
[67]. Figure 11 shows the evolution of Te and O NAC as a
function of the coordination number and their distributions in
TeO2 glass and melt.

We find that Te and O carry an average net charge of +1.62
e and −0.81 e in the glassy phase, respectively, in agreement
with the expected formal oxidation states ratio of these ele-
ments in TeO2. Interestingly, Te shows a slightly lower NAC
in the melt (+1.60 e), while the opposite occurs for O atoms
(−0.80 e). The evolution of Te NAC as a function of nTeO

shows a slightly increasing trend in both glassy and molten
TeO2 reflecting that Te becomes more positively charged as
more O atoms are added to its first coordination shell. This
is particularly important for over-coordinated Te (fivefold Te)
where their charge increase with respect to fourfold Te by
+0.04 e in the glass and +0.03 e in the melt. Looking at the
O NAC evolution in Fig. 11(b), we find that onefold O shows

FIG. 11. Average net atomic charge (NAC) for l-fold Te (l = 3,
4, and 5) (a) and O (l = 1, 2, and 3) (b). In the bottom joint figures,
distribution of NACs in the case of glass and melt for Te (c) and O
(d) is represented.

a more negative NAC compared to twofold O with a reduction
of −0.04 e and −0.05 e in the glass and melt, respectively.

In spite of their broadening and asymmetry, the distribu-
tions of net atomic charges computed for Te and O atoms
show a clear correlation, in average, to the type of local struc-
tural environment [Figs. 11(c) and 11(d)]. In the particular
case of O, the strong change in the NAC of singly folded O
atom might be attributed to the occurrence of Te=O chemical
groups.

In order to rationalize the short-range disorder in the Te-
O-Te bridges in terms of electronic structure, we present
in Fig. 12 the evolution of Te-O-Te bond asymmetry as a
function of the twofold O NAC. Interestingly, we find an
overall tendency of the twofold O NAC to be less important
as their corresponding bond asymmetry increases in glassy
and molten TeO2. Having in mind that the increase of bridge
asymmetry is mainly due to the elongation of one Te-O bond
(see Fig. 10) and that singly fold O atoms feature a larger NAC
compared to twofold O (see Fig. 11), one can put forward the
following extrapolation: in a Te-O-Te bridge, the elongation
of one Te-O bond leads to an increase of the bridge asym-
metry and to an increase of the O NAC, if a Te atom is far
enough from the O atom, the associated long Te-O bond can
be considered as broken so that the O atom now belongs to a
Te=O group and features substantially larger NAC. We note
that, although there is no direct proof of this mechanism, our
analysis shows concordant elements that makes it plausible.

Another interesting marker of the bond asymmetry and
electronic structure relationship is the electron localization
function (ELF), as it correlates the free electron states (paired
and unpaired electrons) to the nature of chemical bonds [72].
In practice, ELF is a spatial function with values ranging
from 0 to 1. ELF values close to 1 suggest the occurrence
of strong covalent interaction along a given bond, or lone
pair electrons at the vicinity of a given atom, whereas lower
ELF values represent weaker ionic, metallic, or van der Waals

174201-10



STRUCTURE OF AMORPHOUS TeO2 REVISITED: A … PHYSICAL REVIEW B 106, 174201 (2022)

FIG. 12. For twofold oxygen, the distribution of Te-O-Te average
bond asymmetry function ( f ) vs the net atomic charge (NAC) is
illustrated for glass and melt phases.

interactions. We here compute ELF on structural fragments
extracted from the amorphous phase of TeO2. Particularly,
we select two structural motifs, one with a nearly symmetric
Te-O-Te bridge (Te-O distances of 1.96 and 2.04 Å) and
another with an asymmetric Te-O-Te bridge (Te-O bonds with
1.97 and 2.21 Å). For both motifs, we consider the complete
coordination shells of Te atoms and passivate O with H atoms
to ensure an overall charge neutrality. ELF is calculated at
the PBE0 level of theory after relaxing H atoms at fixed Te
and O positions. Figure 13 shows the obtained ELF results
calculated in the plane containing the Te-O-Te bridge. For
both symmetric and asymmetric bridges we remark a strong
electron localization with ELF values larger than 0.7 at the
vicinity of Te and O atoms which has to be correlated with
electron lone pairs of the considered atoms. Looking along the
symmetric Te-O-Te bridge, we find a high electron localiza-
tion on both sides of the central O atom with ELF values larger
than 0.6 indicating that the electrons are almost equally shared
between the two Te atoms and the central O atom. In addi-
tion, the ELF distribution reduces as one approaches the Te
atom reflecting therefore the ionocovalent nature of the Te-O
bonds in this fragment. In the case of the asymmetric Te-O-Te
bridge, one remarks that the electron localization distribution
exhibits sizable changes. In particular, while along the short
Te-O bond one can observe similar ELF distribution to that

FIG. 13. Calculated ELF on the Te-O-Te plane of symmetric
and asymmetric bridges in representative fragments of glassy TeO2

network. The atomic structure of each fragment is superimposed on
top of the ELF map. Only Te (brown color) and O (red color) above
the Te-O-Te plane are shown. H atoms were used to make the O
atoms passive and are not shown for clarity.

observed around the symmetric bridge, along the long Te-O
bond one observes an important reduction of ELF to values
below 0.5 (see Fig. 13), suggesting thereby the occurrence of a
weaker and more ionic Te-O bond. O atoms captures a higher
fraction of shared electrons and consequently become more
negative. These results confirm the DDEC6 charge analysis
where a correlation between the bridge asymmetry and the O
NAC has been observed.

IV. CONCLUSIONS

In summary, we have carried out first-principles molecular
dynamics by resorting to a variety of DFT based schemes. The
produced models allowed us to assess the effects of the choice
of the DFT XC functional, model size effects, quenching rate,
and variable density effects on the final structure of TeO2

glass. We find that the best agreement between the produced
models and experimental data is achieved at the hybrid ex-
change and correlation functional level of theory combined
with a variable density melt-quench approach. We note that
the obtained TeO2 atomic scale model can further be improved
by considering statistical averages over multiple trajectories.
Next, we concentrate our efforts on the calculation of the Te
coordination number. We show that, although the integration
of the partial PDFs allows us to reproduce the experimental
measurements, it does not provide a straightforward value of
nTeO as a clear Te-O distance cutoff cannot be established. To
cope with this limitation, we resort to the Wannier function
formalism and provide a cut-off independent definition of the
chemical bonds based on the positions of the Wannier cen-
ters and the geometry of the Te local environment. Based on
this approach, we demonstrate that Te features a coordination
number of 3.96 in the glass and 3.65 in the melt, in excellent
agreement with recent experimental results. The study of the
atomic local environments reveals that Te is mainly found
in fourfold units with a non-negligible fraction of three- and
fivefold units, while O typically occurs in twofold units with
a substantial fraction of nonbridging and threefold O atoms.
The fraction of nonbridging O increases with the temperature
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which explains the observed reduction of the Te coordination
number.

Furthermore, we focus on the short-range disorder around
Te and O and show that the melt exhibits an overall broader
distribution of asymmetry around both species. In the case
of Te, we infer that the increase of the temperature leads to
an increase of the TeO4 units asymmetry ( f ) that transform
it into a highly asymmetric TeO3 unit. As the asymmetry
of twofold O increases, we observe that the short bond un-
dergoes a slow contraction while the long bond elongates
steadily which provides a plausible hypothesis of the trans-
formation of Te-O-Te bridges into terminal Te=O groups
due to the increase of the short-range disorder around O
atom.

The study of the net atomic charge shows that Te fea-
tures a slightly lower charge in the melt while O features
a slightly larger charge. Interestingly, we find that fivefold
Te and onefold O show more important NAC compared to
other Te and O structural units, respectively. Moreover, our
results highlight the correlation between the twofold O NAC
and the Te-O-Te bridge asymmetry, where the O NAC tends
to have larger negative values when f increases. The study
of the electron localization function of a symmetric and an
asymmetric Te-O-Te bridge shows that in the first case, Te-O
bonds are ionocovalent with a substantial charge localization
along the bond and a higher ELF value at the vicinity of
O, while in the second case, the short bond shows a charge
localization similar to that observed in a symmetric bridge
whereas, the long bond shows a low charge localization along

the Te-O connection, which indicates an ionic character on
this bond.

Overall, the picture stemming out of our work describes
TeO2 as a network made of a variety of TeOn units featur-
ing a substantial short-range disorder. This disorder translates
into bond asymmetry and increases as a function of the tem-
perature. As a consequence, the coordination number of Te
reduces from ∼4 in the glass to 3.65 in the melt. In addi-
tion, the increasing disorder around two fold-O atoms leads
to the elongation of one Te-O bond and subsequently to the
increase of the O negative charge, which tends towards that
observed for nonbridging O atoms. Hence, both structural and
electronic properties analyses corroborate the occurrence of
Te=O groups in TeO2.
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