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TeO, glass properties from first principles
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Based on ab initio molecular-dynamics simulations, we have investigated the properties of TeO, glass
generated by fast quenching from the liquid phase. Structural properties of the glass model are in good
agreement with available diffraction data. Inspection on the local structure of the glass phase reveals the

presence of a great variety of (), polyhedra with the predominance of Qi units typical of the crystalline phases
of TeO,. Calculated IR and Raman spectra of amorphous TeO, are in good agreement with experimental data
and provide an assignment of the most prominent experimental peaks to specific phonons.
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I. INTRODUCTION

Tellurite glasses are considered good candidate materials
for optical switching devices due to their large nonlinear sus-
ceptibility, the largest among known glasses.! TeO, glasses
have also been proposed as active material in optical ampli-
fiers due to their large cross section for stimulated Raman
scattering (SRS). These functional properties are strongly af-
fected by the insertion of modifiers such as alkali oxides
(e.g., Na,O and Li,O) or transition-metal oxides (e.g., V,0;
and WO;) which are added to enhance the ease of glass
formation and the stability against crystallization. In particu-
lar, tellurite glasses stabilized by heavy transition-metal ox-
ides such as WO; and Nb,Os have been recently reported to
display a Raman-scattering cross-section of 2 orders of mag-
nitude larger than that of silica glasses, already used as SRS
amplifiers, and 1 order of magnitude larger than that of
alkali-doped tellurite glasses.>? Pure TeO, glass has also
been synthesized in the form of thin film by sol-gel
processing®> and by fast quenching from the melt.® In spite
of its potential technological importance, the microscopic de-
scription of the structure of TeO, glass and of the bonding
network modifications induced by the stabilizers is largely
incomplete.

In this work, we provide insight into the properties of
TeO, glass (g-TeO,) investigating a model of the glass gen-
erated by quenching from the melt within ab initio
molecular-dynamics (MD) simulations based on density-
functional theory (DFT). We have validated this framework
on tellurite crystals by computing the structural and vibra-
tional properties of the crystalline phases (@, B, and y) of
pure TeO, and of Li,TeO5 in previous works.”?

The paper is organized as follows. We briefly review pre-
vious experimental works on the structure of g-TeO, in Sec.
IL. In Sec. III we outline the computational details; in Sec. IV
we report the results of the simulations on liquid TeO, (at
2400 and 1000 K) which has been used to generate the glass
model upon quenching. The structural, electronic, and vibra-
tional properties of our g-TeO, model are presented in Sec.
V, and finally Sec. VI is devoted to our conclusions.

II. REVIEW OF PREVIOUS WORKS ON THE STRUCTURE
OF g-TeOZ

The traditional view of the structure of glassy TeO, as a
distorted lattice of the crystalline paratellurite phase a-TeO,
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has been challenged recently by the discovery of another
crystalline phase of TeO,, y-Te0,.>!? By heating the glass,
the metastable y phase crystallizes first. Only upon further
thermal annealing the a phase is obtained. This fact would
suggest that the y phase is somehow closer to the structure of
the glass with respect to the « phase.!? Magic angle spinning
(MAS)-NMR studies of '*Te identified several structural
units in tellurite glasses;'!!? different NMR peaks have been
assigned to TeO,, units where Te is either tetracoordinated
(m=4) or threefold coordinated (m=3). In turn, the O atoms
of the TeO,, units can be bridging (BO) (connecting two Te
ions) or nonbridging (NBO). These structures have been re-
ferred to by introducing the notation Q), where m is the
number of bonded O ions (within a cutoff R,,,,=2.36 A cho-
sen to include the bond-length distribution of TeO,-based
crystals'?) and #n is the number of bonded O ions which are
also bridging to other Te ions. According to this notation,
illustrated in Fig. 1, the crystalline a-, 8-, and y-TeO, phases
consist of Qi units (i.e., fully connected corner-sharing trigo-
nal bipyramids) whereas metal-tellurite crystals comprise the
four units Qi, Q%, Q;, and Qg. The Qj unit has the shape of
a trigonal bipyrami(} with two shorter Te-O., equatorial
bonds (1.86—-1.95 A), two longer Te-O,, axial bonds
(2.02-2.20 A), and a lone electron pair on Te in the equa-
torial plane (Fig. 1). In paratellurite (a-TeO,), the QF units
form a three-dimensional (3D) fully connected structure,'*
while B-TeO, has a layered structure with weakly bonded
sheets.!> In y-TeO,, one Te-O bond is substantially longer
than the other three and, by breaking this latter bond, a
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FIG. 1. Coordination polyhedra Q) of Te atom found in tellurite
crystals, with m=number of bonded O atoms and n=number of
bridging O atoms. Adapted from Ref. 13.
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chainlike structure appears. The y-TeO, phase has then been
described also in terms of a polymeric form made of TeO;
units (Q3 polyhedra if R, is reduced below 2.2 A)%0
However, we also mention that lattice dynamics calculations
revealed that the phononic spectra of @-TeO, and SB-TeO,
can be well interpreted in terms of vibrations of weakly
coupled TeO, molecules.'®!%18 Accordingly, tellurite and
paratellurite would be seen as molecular crystals made of
TeO, molecules. The polymeric y-TeO, would represent a
chainlike polymerization of TeO, molecules giving rise to a
structure more connected than paratellurite and tellurite
phases. However, the calculated elastic constants and elec-
tronic band structure do not show strong anisotropies which
would have been expected from the description of y-TeO, as
the assembling of aligned polymers.” As a matter of fact,
TeO, molecules in a- and B-TeO, and polymerized TeO,
chains in y-TeO, are strongly interacting, possibly via elec-
trostatic coupling, as suggested by the strong ionic character
of the Te-O bond emerged from previous ab initio
calculations. %20

Models of alkali-stabilized tellurite glasses have been
generated by a reverse Monte Carlo (RMC) fitting of neutron
and x-ray diffraction data.'>*! These models contain a large
number of NBO ions. It has then been proposed that the
stabilization against recrystallization induced by the alkali
dopant might be due to the presence of many different Q)
units whose conversion into the Qi unit of TeO, crystals
would require a large reorganization of the network.'?

Although these latter works represent a big step toward
the understanding of the microscopic structure of tellurite
glasses, both the NMR analysis based on comparisons with
crystalline analogs and the reverse Monte Carlo models fitted
on experimental total pair-correlation functions are subject to
large uncertainties. In alkali-doped tellurite glasses, for in-
stance, the total pair-correlation function is actually the sum
of six partial pair-correlation functions. A compelling identi-
fication of the proposed structural units, of their interaction
in the network and evolution with the addition of modifiers
are still matter of debate. In this respect, ab initio simulations
can be of great help in providing a reliable model of the glass
structure as demonstrated, for instance, by Car-Parrinello
(CP) molecular-dynamics simulations of a-Si0,.2>

III. COMPUTATIONAL DETAILS

Liquid and glassy TeO, have been modeled by a cubic
supercell of side 11.3 A containing 32 TeO, f.u., which cor-
responds to the experimental density of the glass at normal
conditions [pexy=5.84 g/cm? (Ref. 24)]. Periodic boundary
conditions have been applied. Ab initio molecular-dynamics
simulations have been performed in the framework of
density-functional theory with gradient corrected exchange
and correlation functional [Becke-Lee-Yang-Parr
(BLYP)].2>2¢ The BLYP functional has been chosen since it
performed marginally better than others [Perdew-Burke-
Ernzerhof (PBE)] in reproducing the vibrational spectra of
the crystalline phases of TeO,.” Born-Oppenheimer
molecular-dynamics simulations have been performed in the
Quickstep scheme,?”-?® as implemented in the code cP2K.? In
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this approach Kohn-Sham orbitals are expanded on a Gauss-
ian basis set, whereas an auxiliary plane-wave expansion of
the electronic density is used to efficiently evaluate the
Hartree part of the Coulomb interactions and the exchange-
correlation energy. Goedecker-type pseudopotentials®® and
double-zeta plus polarization (DZVP) Gaussian basis sets for
O and Te have been used. A kinetic cutoff of 240 Ry has
been used for the plane-wave expansion of the density. Basis
sets and cutoffs have been tested on the isolated TeH, and
TeO, molecules, obtaining in both cases 1% error on the
bond lengths and 0.1% error on the bond angles compared to
experiments. The equations of motion are integrated with the
velocity Verlet algorithm with a time step dr=1.5 fs. As it
will be discussed in Sec. IV, we have generated two glassy
models according to two quenching protocols, a short one
and a much longer one, in order to assess the dependence of
the glass structure on the quenching time. For the second
protocol lasting 80 ps, we have used a recent approach to ab
initio molecular dynamics presented by Kuhne et al.3' which
allows speeding up the simulations by 1 order of magnitude
for the system size we have used. In the spirit of the CP
approach, the wave function is not self-consistently opti-
mized during the dynamics. However, in contrast to CP, large
integration time steps can be used in the simulation. This
scheme leads to a slightly dissipative dynamics of the type

—7DR,, where R; are the ionic coordinates. In Ref. 31 it is
shown how to compensate for this dissipation and obtain a
correct canonical sampling. The electronic problem is solved
as detailed above for standard Born-Oppenheimer molecular
dynamics. Simulations of the liquid phase have also been
repeated with a larger basis set triple-zeta plus polarization
(TZVP) with negligible change in structural and dynamical
properties. The electronic, vibrational, and Raman properties
of the glass model have been investigated by making use of
a plane-wave expansion of Kohn-Sham orbitals up to a ki-
netic cutoff of 70 Ry and norm-conserving
pseudopotentials,’> as implemented in the CPMD code.®
Brillouin-zone sampling has been restricted to the I' point
only of a 96-atom cubic supercell. The vibrational spectrum
of the glass model is obtained by calculating the dynamical
matrix from finite atomic displacements. Effective charges
and the electronic dielectric tensor are calculated by density-
functional linear perturbation theory3* as implemented in the
CPMD code.** Details on the calculation of the vibrational
spectra, Raman, and IR response are given in Sec. IV.
Car-Parrinello® molecular-dynamics simulations at room
temperature and 1000 K have also been performed as a fur-
ther test of the completeness of the Gaussian-type basis set.
We have used a time step 6r=7 a.u. (0.17 fs) and a fictitious
electronic mass u=1000 a.u.

IV. LIQUID TeO,

We have equilibrated at high temperature a model of lig-
uid TeO, later used for the generation of the glass model
upon quenching. Starting from an initial configuration
formed by randomly placed TeO, molecules, we performed a
microcanonical (NVE) Born-Oppenheimer molecular-
dynamics simulation of 3 ps long at an average temperature
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FIG. 2. Mean-square displacement of atoms in liquid tellurite at
T=2400 K.

of 2400 K, well above the experimental glass-transition tem-
perature [T,~580 K (Ref. 24)]. The system has then been
quenched in 8 ps and equilibrated at 1000 K. Since the simu-
lations of the liquid are instrumental to the generation of the
glass and experimental data on the density of the high-
temperature liquid are lacking, we have not attempted to op-
timize the density of the liquid at different temperatures. In-
stead, we have fixed the density to the experimental density
of the glass [pe,=5.84 g/cm® (Ref. 24)]. As a result, our
liquid models are pressurized, the calculated pressure at 2500
and 1000 K being of the order of 15 and 8 GPa, respectively.
Although the properties of our liquid models cannot be com-
pared directly with experimental data at normal pressure
(which are lacking as well), we think they deserve an analy-
sis also for sake of comparison with the properties of the
glass. Results at high (2400 K) and at low (1000 K) tempera-
tures are reported separately in Secs. IV A and IV B.

A. High-temperature liquid

At 2400 K, Te and O atoms diffuse on average by 2.0 and
4.1 A (in 3 ps), respectively (Fig. 2), sufficiently far to ex-
plore several local configurations since Te—O bond lengths in
the crystalline phases are in the range 1.9-2.2 A.7 The self-
diffusion coefficients D estimated from the mean-square dis-
placement (D=lim,_..{|R(t)=R(0)|?)/6¢) in the last 2 ps of
the simulation are Dp,~1.3X 107 cm?/s and Do=1.0
X107 cm?/s.

The theoretical partial pair-correlation functions g,4(r) of
Te-O, O-0O, and Te-Te pairs are reported in Fig. 3. The
function g,4(r) gives the ratio between the density of atoms
of species (8 at a distance r from an atom of species « and
the average density pg of atoms of species 3 as30

> (3r+R,—R)), (1)

8ap(r) =
“p Napﬁlea,JeB

where N, is the number of atoms of species a. The total
pair-correlation function is given in turn by*®

8(r) = 2 XX 38 (1), (2)
ap

where x, is the number concentration of species a.
The main peaks of the partial pair-correlation functions
are centered around 2.0, 2.8, and 3.7 A for Te-O, O-O, and
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FIG. 3. Pair distribution functions (partial and total) of the liquid
tellurite model averaged over 1 ps of molecular-dynamics simula-
tion at 7=2400 K (extending the time average over 2 ps the results
do not change appreciably on the scale of the figure). The density
corresponds to the experimental density of the glass (see text).

Te—Te pairs, respectively, which are within the range of the
typical interatomic distances in the three crystalline phases
of TeO,.” The Te—O pair-correlation function is rather broad
with the first minimum above 3.3 A. At such a long inter-
atomic separation Te and O can hardly be considered to form
a bond. To analyze the structure of the liquid and for sake of
comparison with the glass that will be discussed later on, we
have used for the definition of the bond the cutoff distance
R,.x=2.36 A which corresponds to the position of first
minimum of the gr.o(r) pair-correlation function in the glass
(Fig. 12). The coordination numbers of Te and O atoms are
3.42 and 1.95, respectively. The time-averaged distribution
of coordination numbers is shown in the inset of Fig. 4. Most
oxygen atoms are onefold or twofold coordinated with a tiny
fraction of threefold coordinated atoms. To our knowledge
experimental diffraction data for the liquid phase, to compare
our results with, have been reported only for alkali tellurite
(K,0),-(TeO,);_, (x=0.1-0.25) (Refs. 37 and 38) but not
for pure TeO,.

The O-Te-O bond angle distribution of liquid TeO, (Fig.
4) shows several structures: a main broad peak centered at
85° and a broad double peak in the range 140°—165° which
spans the range of the O -Te-O,q and O,,~Te-O,, angles in
the crystalline phases (99°, 102°, 103° and 154°, 166°, 168°,
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FIG. 4. O-Te-O and Te—O-Te angle distributions of liquid tel-
lurite averaged over 1 ps of molecular-dynamics simulation at T
=2400 K (extending the time average over 2 ps the results do not
change appreciably on the scale of the figure). Inset: time-averaged
distribution of coordination numbers.
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FIG. 5. (Color online) Evolution of the population of Q) struc-
tural units as a function of time in liquid TeO, at 7=2400 K. Only
species in concentration larger than 1% are shown.

respectively).” We also recall that the O-Te—O angle in the
gas phase TeO, molecule is 112°.

The local environment around Te atoms is identified by
the polyhedra Q! described in Sec. I. For the definition of
Te—O bond we employ the cutoff distance R, =2.36 A as
discussed above. The same value of R,,, has been used in
the analysis of glass models generated by reverse Monte
Carlo techniques'® (see Sec. V for further discussion on the
choice of R,y).

The distribution of Q, polyhedra in our liquid model (Fig.
5) reveals the presence of several Q) units, mainly Qi, QZ,
Q%, and Q%. Each of them contributes more than 12% to the
total polyhedra population, while lower-coordinated and
lower-connected units Qi, Q;, Q%, and Q; contribute less
than 10% each. In particular, Qg units, corresponding to iso-
lated TeO, molecules, are present in negligible concentra-
tion. Conversely, the concentration of the five-coordinated
and highly connected Qg and Q‘St units is non-negligible
(=5% each). The Q) populations undergo sizable oscilla-
tions during the 3 ps of simulation at high temperature (cf.
Fig. 5) but always with a clear prominence of three- and
four-coordinated Te atoms with at most one nonbridging O.
The distribution of the Q) structural units has a meaning
only as a time average. In fact, at high temperature the at-
oms, especially O, diffuse very fast inducing a continuous
variation of the coordination shell of each Te atom over the
range of possible Q) units. The average survival time of
individual Q) units is of the order of 7~ 13 fs (see Fig. 6).
We have not observed a sizable dependence of the survival
time on the type of Q! polyhedra. The average concentration
of @, units is reported in Table I. We have also found that
TeO, molecular units defined by O.~Te-O, have a similar
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FIG. 6. (Color online) Time evolution of the type of Q/, poly-
hedra defining the environment of three selected Te atoms in liquid
TeO, at 2400 K. The Q) character is indicated by the couple of
integers m,n. All other Te ions, not considered here, display a simi-
lar behavior.

lifetime of 20 fs. The equatorial O atoms are identified once
the axial atoms are found. The latter can be easily identified
since O,—Te-O,, angles are much larger than O.—Te-Oq
and Oy, —Te-O,, angles.

B. Low-temperature liquid

In order to calculate the properties of liquid TeO, at a
temperature accessible to experiments, we have equilibrated
the liquid at 7~ 1000 K. Equilibration has been achieved in
two independent simulations, a Quickstep simulation 30 ps
long and a Car-Parrinello simulation®> 10 ps long. Hereafter,
we report the results of the CP simulation. Compared to the
simulation at 7=2400 K (Sec. IV A), the mean-square dis-
placement of Te and O ions is strongly reduced (Fig. 7) but
still shows a diffusive liquidlike behavior.

The Te-O, O-O, and Te-Te main peaks of the partial
pair-correlation functions (Fig. 8) are centered around 1.93,
2.78, and 3.70 A, respectively. A most-probable Te-O dis-
tance of 1.93 A has also been observed in neutron-scattering
experiments on liquid tellurite at 7=850 K,*® although in-
cluding a stabilizer (K,0, 20 mol %). For the definition of
Te—O bond we employ the cutoff distance R,,,,=2.36 A as
for the high-temperature liquid.

TABLE L. Distribution (%) of Q7 structural units in liquid TeO,
at 7=2400 K and at 7=1000 K, averaged over 3 and 10 ps,
respectively.

0y 03 9 0 0 o 0! 03
2400 K 5.2 19.1 186 3.7 14.1 175 32 6.5
1000 K 2.6 17.7 21.7 1.2 14.4 31.7 1.8 7.9
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FIG. 7. Mean-square displacement of atoms in liquid tellurite at
T=1000 K.

The average coordination numbers of Te and O atoms are
3.67 and 1.89, respectively. The time-averaged distribution
of coordination numbers is shown in the inset of Fig. 9. The
O-Te-O angular distribution shows two well-defined peaks
centered around 90° and 160° (Fig. 9).

The populations of Q) structural units oscillate in time
during the simulation, as shown in Fig. 10, around the aver-
age values reported in Table I. Compared to the populations
at T=2400 K, the Q) units have disappeared whereas the
fully connected Qg, Qi, and Qg units have increased at the
expense of the less connected ones. At 1000 K, TeO, mo-
lecular units survive on average as long as 140 fs, while the
survival time of individual QJ, units is 150 fs.

V. TeO, GLASS
A. Structural properties

The liquid has been quenched to room temperature by
rescaling the atomic velocities in a Quickstep molecular-
dynamics simulation according to two protocols, a shorter
one and a longer one, hereafter referred to as protocols A and
B, respectively. For the longer protocol B, the wave-function
propagation is performed in the scheme of Ref. 31 (cf. Sec.
III). The change in temperature as a function of time in the
two quenching protocols is shown in Fig. 11. The short
quenching time in protocol A amounts to a very high cooling
rate of =~10'* K/s. Fully relaxed model of TeO, glass has

g(r

FIG. 8. Pair distribution functions (partial and total) of the liquid
tellurite model averaged over 10 ps of molecular-dynamics simula-
tion at 7=1000 K. The density corresponds to the experimental
density of the glass (see text).
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FIG. 9. O-Te-O and Te-O-Te angle distributions of liquid tel-
lurite averaged over 10 ps of molecular-dynamics simulation at T
=1000 K. Inset: time-averaged distribution of coordination
numbers.

been obtained by geometry optimization from the room-
temperature simulations. Structural, electronic, and vibra-
tional properties of the optimized model have been computed
with the code cPMD (cf. Sec. III).

To compare our results with experimental structural data
recorded at room temperature we have further equilibrated
the as-quenched model in a 3 ps microcanonical (NVE)
molecular-dynamics simulation at an average temperature of
300 K. The structural properties of the two glassy models
generated by protocols A and B are very similar with tiny
and nearly indistinguishable differences on the scale of the
figures that will be reported below. Therefore, hereafter we
will discuss the properties of model A if not otherwise speci-
fied.

The pair-correlation functions and the O-Te-O bond
angle distribution of g-TeO, are shown in Figs. 12 and 13,
respectively. The gr.o(r) partial correlation function has a
sharp peak in the range 1.9-2.2 A (with a tail up to 2.4 A),
which means that Te-O bond lengths in the glass span the
same range as in the crystalline phases. The average coordi-
nation numbers computed by integrating the partial pair-

Q, (%)

Q, (%)

time (ps)

FIG. 10. (Color online) Evolution of the population of Q) struc-
tural units as a function of time in liquid TeO, at 7=1000 K. Only
species in concentration larger than 1% are shown.
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FIG. 11. Temperature of the TeO, model as a function of time.
(a) Quenching from the melt within Born-Oppenheimer molecular
dynamics. (b) Quenching from the melt within the ab initio
molecular-dynamics scheme of Kiihne er al. (Ref. 31) (see text).

correlation functions up to the first minimum (2.36 A) are
3.69 and 1.85 for Te and O, respectively. The time-averaged
distribution of coordination numbers is shown in the inset of
Fig. 13.

Since the neutron-scattering lengths of Te and O are equal
(bo=5.80 and b.=5.803) (Ref. 39) the total g(r) given in
Eq. (2) can be compared directly with the experimental total
pair correlation obtained by Fourier transforming the total
neutron structure factor.>® The experimental® and theoretical
total g(r) compared in Fig. 12 are in good agreement, with a
slightly broader distribution of Te—O bond lengths in the real
glass compared to our model. Experimental data are taken on
pure TeO, glass produced by fast quenching from the melt.
The first peak of gr.o(r) shows a shoulder around 2.1 A

8 \ \
ol @
Se-
27
|
I I T I T I T I T
I b) — theor. (total) |
— exp.
=2r P
(o]
1
0 |
0 1

FIG. 12. (a) Partial pair-correlation functions g,(r) of the tel-
lurite glass model at 300 K averaged over 2 ps. (b) Total pair-
correlation function g(r) compared with experimental neutron-
diffraction data adapted from Ref. 6 (see text).
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FIG. 13. O-Te-O and Te-O-Te angle distribution functions in
the model of g-TeO, at room temperature.

which could be interpreted as due to the longer equatorial
Te-O bonds. Indeed, experimentally the function J(r)
=4r*pg(r) (p=number density) has been decomposed in
the sum of two Gaussian functions centered at about 1.90
and 2.15 A which should represent short equatorial-like and
long axial-like Te—O bonds, respectively.” The similarity be-
tween the models produced by the two protocols indicates
that the average structural properties do not depend sizably
on the quenching time on the time scale of 5-20 ps. We
cannot obviously exclude that a quenching time of several
orders of magnitude longer than here investigated might
change the structure considerably. However, the good agree-
ment between theoretical and experimental structural data
gives us confidence on the reliability of our models.

The O-Te-O angle distribution shows two distinct peaks:
the weaker spans the range 150°—-170° as the O, —Te-O,,
angles in the crystalline phases and the stronger spans the
range 70°-105° which includes the O.~Te-O., angles
(99°-103°) and the O.-Te-O,, angles of the @, B, and y
phases.” We here recall that the calculation of the bond angle
distribution function is based on a criterion to assign a bond.
As already stated, two atoms are assumed to be bonded when
their distance is below a cutoff distance chosen, as usual, as
the first minimum of the partial pair-correlation function
R,ux=2.36 A (cf. Fig. 12) which also corresponds to the
cutoff distance used in the analysis of glass models generated
by reverse Monte Carlo techniques.!® This geometrical defi-
nition of the bond is corroborated in our system by the pres-
ence of a Wannier function of the oxygen along the inter-
atomic separation (cf. Sec. V B).

Partial S,5(Q) and total S(Q) structure factors have also
been computed as a function of the exchange momentum Q.
They are reported for future reference whenever neutron
scattering on isotopically substituted samples would be avail-
able. The partial structure factor is given by

N, N
1 * B
Sap(Q) = ——|{ Z X TR ) _ 5001, (3)
VNN \ =1 =1

where, following Ref. 40, the thermal average (---) is com-
puted from harmonic phonons as
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FIG. 14. (Color online) Theoretical partial structure factors of
TeO, glass.
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where M, is the mass of «th atom and w; and e(j, k) are
frequencies and eigenvector of the jth harmonic phonon
(computed as will be discussed in Sec. V C). The tempera-
ture dependence is introduced by the Bose factor ng(w;).
Since the neutron-scattering lengths of Te and O are
equal, the neutron total structure factor can be obtained from

the partial structure factors simply by3°

5(0) = X (x,xp) %S 45(0). (5)
aB

The partial structure factors of our g-TeO, model are shown
in Fig. 14 and the total structure factor is compared with the
experimental data from neutron diffraction in Fig. 15.
Insight on the local structure of the glass can be obtained
by inspection on the distribution of Q' polyhedra reported in
Table II. This has been obtained by averaging over the two
models A and B. The time average over a single model in-
troduces deviation of less than 3% with respect to the data in
Table II. The threshold in the Te-O bond length used to
assign the Q" polyhedra is still R,,=2.36 A. The main
structural unit is Q}, but more than half of the Te atoms show
different local environment. This clearly indicates that TeO,
glass is not simply a random network formed by the Qi
structural units found in the crystalline phases. Actually, 14%
of the O atoms are terminal atoms bonded to one Te atom
only (NBO), while only 1% of O atoms are bonded to three
Te atoms. Many three-coordinated Te atoms (38%) are
present in the glass, as well, while coordinations lower than
three are absent. Our glass model also shows a low concen-
tration of Qg units, an overcoordinated species quite unex-

10, .12 14 16 18 20
Q (A%

FIG. 15. (Color online) Theoretical total structure factor of
TeO, glass compared with experimental neutron-scattering data
(circles) from Ref. 6.
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TABLE II. Distribution (%) of Q) structural units in the g-TeO,
at 300 K, averaged in time and on models A and B. Experimental
data refer to alkali tellurite glasses of compositions
ELizo)o.l)s(Teoz)oAxs, (Na,0),12(TeO5) g3, and (K;0)0,19(TeO2)0.99
Ref. 13).

00 o 0o 0 o 0 0
Theor. (300 K) 0 0.6 149 204 17.1 359 94
Expt. 12 5-10 2633 5-9 24-29 23-35 O

pected but present in appreciable amount in the liquid. The
distribution of Q7 units in our glass model is compared in
Table II with those of models of alkali tellurite glasses at low
alkali concentrations (10%—15%) obtained from a reverse
Monte Carlo fit of neutron and x-ray diffraction data.'’ Un-
fortunately, an analogous reverse Monte Carlo analysis is not
available for pure g-TeO,. In the reverse Monte Carlo model
of Ref. 13, the fitting of the total scattering function has been
based on the structural units found in tellurite-based crystals,
namely, the Q3, Q3, Qg, Q4, and Q4 polyhedra. However, the
glass model obtained from the fit also contains Q3 units and
a very tiny fraction of other polyhedra. Alkali-doped glasses
show more cleaved bonds than our pure glass model, with
less fully connected Q) units and more terminal units Q™"
This is the expected effect on the glass network introduced
by alkali doping.

One would expect naively that two NBO are introduced
by each Na,O (in Na-doped glass). Actually the concentra-
tion of NBO inferred from the RMC model for alkali-doped
glasses is larger than that expected from the simple argument
given above. This is, however, consistent with the presence
of a large number of NBO in pure g-TeO, as emerged from
our simulation (cf. Table II). An equilibrium between intrin-
sic NBO and those produced by doping would then be
achieved in alkali-doped glasses. By inspection in Table II
one might conclude that the increase in NBO content in
alkali- doped glasses might occur via the transformation of
Q3 into Q3 units. This might account for the fact that, al-
though we find a large fraction of Qg in our pure g-TeO,
models, these units have never been considered in the inter-
pretation of experimental data of alkali-stabilized glasses.

However, we have to consider also that the concentration
of NBO in our model of g-TeO, might be larger than in
reality due, perhaps, to a too high cooling rate used in the
quenching protocol which might have prevented the system
to reach a fully equilibrated glass structure. In other words,
our g-TeO, model might show some remnants of the liquid
structure from which it has been produced in terms of a
concentration of NBO too close to that of the liquid. Actu-
ally, the analysis of the vibrational properties of our g-TeO,
model given in Sec. V C seems to support this view. Simi-
larly, a too high cooling rate from the melt, imposed by the
computational constraints of ab initio simulations, is respon-
sible for a too large concentrations of small rings (three and
four membered) in ab initio models of amorphous silica.*!

In Fig. 16 we report the angle distribution function re-
solved for different Q) polyhedra. Only Q) polyhedra dis-
play axial bonds with O-Te-O angles at ~165°. The equa-
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FIG. 16. Bond angle distribution of g-TeO, resolved for differ-
ent polyhedra: (a) Q% and (b) Q} and Qg polyhedra.

torial bonds in Q7 units have a distribution centered slightly
below 90°. The Qf polyhedra show instead a single peak
distribution centered slightly above 90°.

To assess the robustness of our definition of Q7 units, we
have checked how the population of polyhedra in our glass
model depends on the variation of the cutoff distance R,
used to define Te—O bonds. The result is shown in Fig. 17:
the population of Q) units in a configuration taken at random
from the room-temperature simulation is poorly affected by
variations of the R, parameter in the range 2.34-2.38 A.
Still, at 300 K the librational motion of TeO, molecular units
(Oeq~Te—Oy) induces fluctuations in the Te-O,, bond
lengths sufficiently large to cross the cutoff distance R,
(Fig. 18). As a consequence, the instantaneous distribution of
Q), units fluctuates in time in our small sample (Fig. 19).
Fluctuations in Te—O bond lengths up to 0.18 A can be ac-
counted for by harmonic phonons, as we have verified by
computing the mean-square bond fluctuations (ju,—u,/|?),
where the (- --) indicate a thermal average obtained from har-
monic phonons [Eq. (4)]. Harmonic stretching and bending
modes of Te-O., bonds account for bond fluctuations of

60
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40~

301

Q," (%)

20, 4

B oo
10F g

| | | . | . | . | .
92 224 228 232 236 24 244 248 252
R (A)
cut

°

FIG. 17. (Color online) Variation of the ) population in
g-TeO, as a function of the cutoff distance R, used to define
Te—O bonds for a snapshot geometry from the MD run at 300 K
(populations can deviate from the average values in Table II). The
vertical dashed line indicates the value R,,,,=2.36 A adopted here
and in Ref. 13. Only species in concentration larger than 1% are
shown.

PHYSICAL REVIEW B 78, 064203 (2008)

0.5 T T T
3
. (m]
OA N
< 0.4F I .
x
q) ©
£
2 o
8 0.3+ i
£
© o
(@) ul o =1
|i" 0.2~ i d 5] o
a o
? o Mg DED e B o
£ 0.1~ Whg_to Y H-.-...0 g
: FeE 050
‘ [ SO N U N S B
q.8 1.9 2 2.1 2.2 2.3 2.4 2.5

average Te-O distance (;&)

FIG. 18. Root-mean-square variation of Te—O distance as a
function of the average Te—O distance for Te—O bonds in g-TeO, at
300 K. The vertical dashed line indicates the cutoff distance R,y
=2.36 A used in the definition of Q) units (see text). The points in
the shaded area correspond to Te—O bonds whose length fluctuates
enough to cross back and forth the R, threshold, leading to the
fluctuations in the Q) populations shown in Fig. 19.

shorter Te—O distances (<2.1 A), while longer bonds are
mostly affected by librational and translational harmonic
modes. Fluctuations in Te-O bond lengths larger than
0.18 A are due to anharmonic motions. We have also
checked whether these latter anharmonicities might be due to
the presence of metastable, not fully relaxed, local structures.
To this aim we have further annealed the glass model at 1000
K for 13 ps and then quenched it down to room temperature
in 8 ps. The latter model still shows fluctuations in time of
the Q" units similar to those reported in Figs. 18 and 19. We
remark that for model B, quenched from the liquid on a
much longer time, the fluctuations in time of Q) units are
very similar to those of Fig. 19. Therefore, we conclude that
the large fluctuations in bond lengths at 300 K are not arti-
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40 —°Q
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FIG. 19. (Color online) Evolution of the population of Q) struc-
tural units as a function of time in g-TeO, at 7=300 K. Only
species in concentration larger than 1% are shown.
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TABLE III. Number of rings (TeO), of length n per 32 TeO, f.u. in the g-TeO, model and in the
crystalline phases. Experimental values are the result of a reverse Monte Carlo fit of neutron-diffraction data

of tellurite glass doped with 12 mol % Na,O (Ref. 21).

2 3 4 5

a-TeO, 0 0 0 0
B-TeO, 16 0 0 0
y-TeO, 0 0 0 0
TeO, glass (300 K) 27 41 1.5 2.4
Expt. (Na,O 12%) 09 17 22 24

64 0 0 0 0 0 0
64 0 0 0 0 0 0
64 0 0 0 0 0 0
1.6 39 3.6 39 55 6.7 5.1
33

facts of our quenching protocol, but they seem to be associ-
ated to the floppiness of some local structures in the glass
which might be one of the sources of the poor stability of the
pure glass toward recrystallization.

To further investigate the topology of the glass network,
we have computed the distribution of rings formed by Te
atoms bridged by O atoms, according to the shortest-path
definition of Ref. 42. The ring distributions of our g-TeO,
model and of the crystalline «, 3, and 7y phases are compared
in Table III. Apparently, the glass model has a very low
connectivity with respect to crystalline TeO,. Snapshots of
the structure of g-TeO, are given in Fig. 20. Evidence of a
low connectivity of alkali-doped tellurite glass (12 mol %
Na,O) has been reported previously from a reverse Monte
Carlo analysis of neutron-diffraction data.?! The presence of
Te—O-Te chains with a low 3D connectivity has also been
proposed as the main source of the nonlinear dielectric prop-

FIG. 20. (Color online) Structure of the 96-atom model of
g-TeO,. (a) Ball-stick and (b) stick views are reported. In panel (a),
large dark (blue) and light (cyan) spheres represent Te in Q) and Q5
polyhedra, respectively. Small dark (red) spheres are bridging O
atoms. Small light (orange) spheres are nonbridging O atoms.

erties of the glass on the basis of ab initio calculations of the
dielectric response of small (TeO,), clusters.*?

B. Electronic properties

The electronic density of states (DOS) of the g-TeO,
model, as computed from Kohn-Sham energies at the I" point
of the supercell Brillouin zone, is reported in Fig. 21. The
CPMD code and a plane-wave basis set for wave functions
have been used (cf. Sec. IIT). The calculated highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular or-
bital (LUMO) gap is 2.51 eV, to be compared with the ex-
perimental optical (Tauc) band gap of 3.37 eV.* This sizable
underestimation is not unexpected, being a common feature
of DFT calculations. Similar results have been obtained for
the (indirect) band gap of crystalline a-TeO, [Etgh=2.8 eV,
E;Xp‘=3.5 eV (Ref. 45)].

Density of states projected on atomic pseudowave func-
tions is shown in Fig. 21. The Kohn-Sham orbitals just below
the valence-band maximum (HOMO-like) are mainly O p
electrons not participating in Te-O bonds with some (small)
admixture of the Te lone pairs. The empty LUMO-like states
near the conduction-band edge are antibonding states of
mixed O and Te characters, oriented in space in order to be
orthogonal to the bonding orbitals in the valence band. This
description of the orbitals near the band gap is in agreement
with our findings on the tellurite crystalline phases’ and with
other first-principles calculations on the « phase.?’

0

S — total

s s(Te) -
3| —p(Te)

8 | s(0) |
QI —-p(0)

Q

c

s

©

o

O |

6 4 =2 0
energy (eV)

FIG. 21. Electronic density of states of the g-TeO, model from
Kohn-Sham orbitals at the supercell I point. The zero of energy
corresponds to top of the valence band. The projection of the DOS
on s and p atomic wave functions of O and Te atoms is also shown.
The Kohn-Sham energies have a Gaussian broadening of 0.1 eV.
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b)

FIG. 22. (Color online) (a) Wannier centers (gray spheres) in the
g-TeO, model. Large (blue) and small (red) dark spheres represent
O and Te atoms, respectively. Near the front Q% and Qi units are
clearly visible. (b) Selected Wannier isosurfaces enclosing 50% of
the electronic charge.

To gain insight onto the chemical bonding of tellurite
glass we have also computed maximally localized Wannier
orbitals which are the periodic version of the Boys orbitals.*®
The Wannier orbitals are obtained by the unitary transforma-
tion of the Kohn-Sham occupied orbitals which minimizes
the quadratic spread.*’48

Isosurfaces of the Wannier orbitals in our g-TeO, model
are shown in Fig. 22. Four valence electron doublets are
bonded to each O ion, more electronegative than Te. Actu-
ally, the Wannier orbitals have a large Gaussian spreading of
0=0.876+0.028 A as defined by o=\(|r*|d)—|(dlr| )
(for sake of comparison 0=0.768+0.031 A for O ions in
the model of amorphous silica in Ref. 49). Each Te ion has in
turn a doublet with a spread of o=1.155+0.020 A which
corresponds to the lone pair at the opposite side of the Te-O
bonds. The presence of a large and easily polarizable elec-
tronic doublet on Te ions, at variance for instance with sili-
con ions in silica glass, is usually considered as the main
source of the large Raman cross section and strong nonlinear
optical properties of tellurite glasses.

C. Vibrational properties

We have calculated the vibrational properties of pure tel-
lurite glass in the framework of density-functional theory.
Starting from the relaxed geometry of the as-quenched glass
(model A), phonon frequencies have been obtained by diago-
nalizing the dynamical matrix obtained in turn from the
variation of atomic forces due to finite atomic displacements
of 0.02 A large. Only phonons with the periodicity of our
supercell (I' point phonons) have been considered. However,
since we are modeling the glassy phase with a periodic su-
percell, we can still define a q-vector for the phononic modes
for the glass model. The modes which display a dipole mo-
ment couple to the inner macroscopic longitudinal electric
field which shifts phonon frequencies via the nonanalytic
contribution to the dynamical matrix, >

PHYSICAL REVIEW B 78, 064203 (2008)
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FIG. 23. (a) Theoretical vibrational density of states of a-TeO,
(Ref. 7). (b) Vibrational density of states (shaded black line) of the
g-TeO, model from phonons at the supercell I" point. Phonon fre-
quencies have a Gaussian broadening of 10 cm™'. Superimposed it
is shown the inverse participation ratio [spikes, Eq. (8)] of vibra-
tional modes. The effect of the macroscopic electric field (LO-TO
splitting) is not included.

E Zuza'(K)quz’E Zﬁﬁ’(K,)qﬁ’
N 4T B’
Dyl n’) =T e ., ()

where Z and €” are the effective charges and electronic di-
electric tensor, V, is the unit-cell volume, and q is the
phononic wave vector. The macroscopic field contribution to
the dynamical matrix [Eq. (6)] introduces a splitting between
longitudinal and transverse optical modes (LO-TO splitting).

The high-frequency electronic dielectric tensor € in Eq.
(6) has been calculated within linear-response theory** and
reads

492 0.2 0.00
e={012 480 -001 |. (7)
0.00 —0.01 4.59

Due to the small size of our simulation cell, the tensor is not
fully isotropic as it would be for a homogeneous glass. The
calculated average value tr(e”)/3=4.77 is slightly larger than
the experimental value €, =4.4, as usual within DFT. The
experimental value is obtained from the measured refractive
index ng,=2.1 above N\=2 um.* Effective charges have
been computed as well and the results are discussed at length
in Sec. VD.

The vibrational DOS of the g-TeO, model is compared
with the DOS of crystalline @-TeO, in Fig. 23. The inclusion
of the macroscopic electric field (LO-TO splitting), calcu-
lated by diagonalizing the dynamical matrix with the
nonanalytic part included [Eq. (6)], affects only marginally
the vibrational DOS—as shown in Fig. 24—for selected di-
rections of the phonon q-vector which should be all equiva-
lent for a homogeneous system. At variance with the DOS of
a-TeO,,” in the glass there is no gap between the low-
frequency bending modes and the high-frequency stretching
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FIG. 24. Vibrational DOS of the g-TeO, model from phonons at
the supercell I' point, including LO-TO splittings for q along
(0,0,1), (0,1,0), and (1,0,0). The vibrational spectrum without the
contribution of the macroscopic electric field is drawn as the shaded
curve for comparison. Phonon frequencies have a Gaussian broad-
ening of 10 cm™.

modes, although a depletion in the DOS of g-TeO, can still
be observed around 460 cm™!.

In an amorphous material, phonons display localization
properties which depend on frequency. To address this issue,
we have computed the inverse participation ratio (IPR) of the
Jjth vibrational mode (Fig. 23) defined as

e(j,x)
M,

(2 |eo,x>|2>2’ ®)

K MK

4

K

IPR =

where e(j, x) are phonon eigenvectors and the sum over x
runs over the N atoms in the unit cell. According to this
definition the value of IPR varies from 1/N for a completely
delocalized phonon to 1 for a mode completely localized on
a single atom. The calculated IPR (Fig. 23) shows that most
of the vibrational modes are delocalized on a large number of
atoms, while few of them, above 400 cm™!, are strongly lo-
calized and the highest in frequency are almost one-atom
oscillations. To get further insight into the relationship be-
tween the vibrational spectrum and the structural units of the
glass, the DOS has been projected on BO (86%) and NBO
(14%) atoms (Fig. 25). It can be noted that due to the lighter
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FIG. 25. The projections of the vibrational DOS of g-TeO, on
all O atoms (black line), bridging O atoms (BO, dashed line), and
nonbridging O atoms (NBO, dotted line) are reported together with
the total DOS (shaded dashed curve). The effect of the macroscopic
electric-field (LO-TO splitting) is not included. Phonon frequencies

have a Gaussian broadening of 10 cm™'.
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mass, the O atoms contribute much more than Te atoms to
the displacement patterns especially for w>200 cm™!. The
projection on BO contributes for nearly 100% of the DOS
between 400 and 650 cm~!. On the other hand, above
750 cm™! the spectrum is dominated by vibrations well lo-
calized on NBO (cf. Figs. 23 and 25). This is consistent with
the fact that NBO are expected to be more strongly bonded
to Te ions than BO. Indeed the Te—O bond length of NBO is
sizably shorter (1.874 +0.020 A) than the average length of
the equatorial Te-O,q bonds (1.95 A).

The relative contribution of each Q) unit to the stretching
part of the vibrational spectrum of the glass is shown in Fig.
27, as computed by projecting phonon displacement patterns
along Te-O bonds belonging to different Q) units. At fre-
quencies below 750 cm™! the relative contribution of the
five 0, units simply reflects their abundance in the glass (see
Table II). At higher frequencies, Qi and Qg units play a ma-
jor role since they are the only structures containing NBO,
which dominate the spectrum above 750 cm™' (see Fig. 25).
In the experimental literature®’>? it is often proposed a ten-
tative partition of the stretching part of the vibrational spec-
trum in a low-frequency region due to stretching of the Q4
units and a higher frequency region due to Q5 stretching.
Overall, our analysis indicates that it is not possible to assign
vibrations of different Q units to different spectral ranges. A
clear separation in frequency exists for BO and NBO stretch-
ings but not among BO stretching of Q, and Q5 units. In Fig.
27 we also report the DOS projected on stretching modes of
short (<2 A) and long (>2 A) Te-O bonds, which corre-
spond, respectively, to equatorial and axial bonds in crystal-
line TeO,. Around 550 cm™!, we recognize a threshold fre-
quency above which the main contribution to the DOS
changes character from stretching modes of equatorial
(shorter) bonds to stretching of axial (longer) bonds.

A different insightful decomposition of the DOS is ob-
tained by considering the displacements of BO along three
different directions in space: the direction linking the two Te
atoms of the Te—O-Te bridge, the perpendicular direction in
the Te-O-Te plane, and the direction perpendicular to the
latter plane [inset of Fig. 27(a)]. These three displacements
can be associated to stretchings of Te—O bonds and bending
and librations of Te—O-Te bridges, respectively. Projection
of the DOS along these BO displacements reveals that (i) the
DOS above 500 cm™! is mostly due to Te—O stretchings, (ii)
bendings of the Te-O-Te bridge sizably contribute to the
peak at ~420 cm™!, and (iii) librations of the Te-O-Te
bridges dominate the DOS in the range 200-300 cm™'.
Complementary information for the assignment of the DOS
to specific phonons is gained by projecting the DOS onto the
molecular modes of the TeO, units O, TeO,, in the Qi poly-
hedra, easily identified since the O, TeO,, angles are much
larger than the O TeO., and O, TeO,, ones as already
pointed out in Sec. IV A. There are 21 Qj polyhedra and then
21 TeO, molecular units in our g-TeO, model. Projection of
the vibrational DOS on translational, librational, bending,
and stretching modes of the TeO, molecular units is reported
in Fig. 26. Molecular bendings mostly contribute to the peak
at ~400 cm™!. Translations, librations, and stretchings con-
tribute to the spectral ranges 0-200, 200-400, and
500—800 cm™!, respectively.
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FIG. 26. Projection of the vibrational density of states on the
normal modes of the Te(Oeq)z molecules (see text): translations,
librations, bendings, and stretchings. Phonon frequencies have a

Gaussian broadening of 10 cm™'.

D. Infrared spectra

The average isotropic Born effective charge is defined as
(Z)=tr(Z)/3. In our g-TeO, model the values of (Z) are
(average *rms deviation in au.) 4.725+0.409 for Te,
—2.391£0.186 for BO, and -2.183 £0.223 for NBO. Both
the average values and the spreads are very large. [For sake
of comparison the effective charges in silica glass are
3.177x0.121 for Si and —1.588+0.078 for O (Ref. 51)].
This feature is due to the presence of large and easily polar-
izable nonbonding electron pairs both on O and Te atoms,
together with the variety of coordination polyhedra around
Te atoms, which leads to a wealth of different local environ-
ments. On the other hand we have been unable to associate
the large variations in the values of (Z) with simple local
descriptors such as bond lengths, Te-O-Te or O-Te-O
angles, Q7 units, etc. Actually even for BO/NBO the distri-
butions of (Z) are heavily overlapping. The large spread of
the effective charges of both NBO and BO recalls a similarly
large spread in XPS and 'O NMR signals which prevented
the discrimination between BO and NBO.>?

It is possible to characterize the anisotropy of the effective
charge tensor Z by comparing the invariant tr(Z) with a
bracket A’Zi, where 1 is a Cartesian versor chosen along a
direction of local atomic symmetry. In the isotropic case any
direction i would equally contribute tr(Z)/3. For Te atoms
we choose the direction which defines the plane perpendicu-
lar to O—Te—O units. This plane passing through the Te atom
divides the space into two, half containing the Te—O bonds
and the other half containing the lone electron pair. This
direction contributes 27% to tr(Z); thus the orthogonal direc-
tions in the O-Te—O plane give the largest contribution. For
each BO three orthogonal versors can be identified, as de-
scribed in Sec. V C and Fig. 27(a): the first is along the
Te-Te direction, the second lies in the Te-O-Te plane and is
orthogonal to the first, and the third is normal to the Te—
O-Te plane. These three directions contribute, respectively,
56%, 26%, and 18% to tr(Z); thus the motion of the BO
along the Te—Te direction produces the largest modulation of
the dipole moment (as expected since Te-O-Te angles are
typically larger than 90°). Finally the direction along the
Te—O bond contributes for 47% to tr(Z) of NBO.

In Fig. 28 we report the calculated complex dielectric
function,
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FIG. 27. (a) The vibrational DOS of g-TeO, projected on BO.
For each O atom the eigenmodes are projected along the three di-
rections sketched in the inset: along Te-Te (x) of the Te-O-Te
bridge, normal to the latter in the Te-O-Te plane (y), and normal to
the Te-O-Te plane (z). (b) Projection on stretchings of short
(equatorial-like, <2 A) and long (axial-like, >2 A) Te-O bonds.
(c)—(g). The relative contribution to the projection on Te-O stretch-
ings from the five types of Q) units present in the glass model.

Phonon frequencies have a Gaussian broadening of 10 ¢cm™.

4m |

=t — >, 9

clw)=e 3V0§’ W (0+i7)? ©
Y es(j, K)

Fl,= 2 2 Zog) L=, (10)
k=1 B \’MK

where the vibrational eigenfrequencies w; and eigenvectors

eg(j, «) do not include the effect of the macroscopic electric

field. V, is the unit-cell volume and 7 is set to 20 cm™'.
The IR absorption coefficient is given by
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FIG. 28. (a) Dielectric function e(w) (real and imaginary parts).
(b) Theoretical IR absorption spectrum a(w) in atomic units com-
pared with the experimental data (Ref. 18). The experimental inten-
sities are rescaled to the maximum of the theoretical spectrum.

(11)

where €,=Im(e) and n,=Re(\/e). In Fig. 28 we compare the
theoretical and experimental'® IR spectra of TeO, glass. The
experimental IR intensity is tentatively set to zero at
900 cm™! in the lack of absolute experimental IR intensities.
This choice might have enhanced the experimental IR peaks
over a background intensity. A redshift of the theoretical
spectrum with respect to experiments is to be expected due
to inaccuracies in the description of bonding in tellurite sys-
tems by DFT generalized gradient approximation (GGA) as
discussed in Ref. 7 for crystalline TeO,.

The calculated value of €, is anomalously large (~30)
and much larger than the experimental result (~20 at room
temperature'). This discrepancy is not to be attributed to de-
ficiencies in our DFT-GGA framework since for crystalline
a-TeO, our previous phonon calculation yielded €,=22.9,” a
value very close to the experimental result of 24.9.5% Actu-
ally by resolving the dielectric function in the contribution
from different phonons, we have found that the upraise of
€(w) below 100 cm™' is due to phonons responsible for the
fluctuations in the distribution of Q' polyhedra reported in
Sec. V A. These modes are strongly anharmonic as discussed
in Sec. V A and their zero-temperature harmonic frequencies
are probably underestimated with respect to the finite tem-
perature values. A self-consistent phonon calculation at finite
temperature, which is however outside the scope of the
present work, might bring the theoretical static dielectric
constant to a better agreement with experiments.

E. Raman spectra

The differential cross section for Raman scattering
(Stokes) in nonresonant conditions is given by the following
expression (for a unit volume of scattering sample):
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es R e/ ['[np(w) + 118w - o), (12
< 2 g B, na(0) + oo - 0, (12
where ng(w) is the Bose factor, wg is the frequency of the
scattered light, and eg and e; are the polarization vectors of
the scattered and incident light, respectively.’*> The Raman

tensor R/ associated with the jth phonon is given by

N
V h
IXap. €U 0) (13)
2(’0]K=1 &r(K) \rM

where r(k) is the position of the «th atom and x”=(€”
—1)/4 is the electronic susceptibility. N

We have considered only phonons with frequency higher
than 200 cm~'. The Raman response of g-TeO, has been
obtained from finite variations of x., along phonon eigen-
modes with maximum atomic displacement of 0.02 A. The
scattering wave vector ¢ and the incoming and outgoing po-
larization vectors e; and eg [Eq. (12)] have been averaged
numerically over 4096 different orientations to compare with
the experimental isotropic unpolarized Raman spectrum in
backscattering setup; the effect of the macroscopic electric-
field (LO-TO splitting) on the phonon eigenvalues and eigen-
vectors has to be included by diagonalizing the complete
dynamical matrix containing the nonanalytic term [Eq. (6)]
for each scattering wave vector q. We computed once and for
all the Raman tensors R relative to the mth phonon without
the nonanalytic term [e"(m x)], then we obtained the corre-
sponding Raman tensors R/(q— 0) including the nonanalytic
term by a rotation,

. Volia X eolj. k
R/ = A /LE _&(_#
= 20; o O ax M,

J
=E( ”’Eeﬁ(m K) - eglj.K ))132“, (14)
m j Bk

where j (m) is the phonon index and the x runs over the N
atoms in the simulation cell.

In principle this transformation requires the unperturbed
Raman tensors R} to be available for all phonons to get the
exact coefﬁ01ents &X /dr,, for all atoms. In practice, the re-
striction [in the sum over m in Eq. (14)] to modes with fre-
quency over 200 cm™' does not introduce sizable errors be-
cause the subspace spanned by the vectors e’(m) with !,
>200 cm™! overlaps for more than 99% with the subspace
spanned by the e(n) modified by the macroscopic field [Eq.
(6)] for all wave vectors q. This procedure allows obtaining
the Raman spectrum restricted to the most interesting spec-
tral region with a number of derivatives of the electronic
polarizability sizably smaller than 3N.

The calculated Raman spectrum is reported in Fig. 29.
The effect of the macroscopic electric field is overall small
on the Raman spectrum as shown in Fig. 29(d). The line-
widths of the Raman peaks affect the overall shape of the
spectrum. We have not attempted to compute the linewidths
theoretically. Instead, we have assigned a Lorentzian line-
width as a function of frequency by interpolating the avail-
able experimental linewidths of the Raman peaks in poly-
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FIG. 29. (a) Theoretical Raman spectrum of tellurite glass in the
unpolarized backscattering setup with a frequency independent line-
width of 20 cm™' (dotted line) or a variable linewidth (continuous
line) fitted to experimental Raman spectra of crystalline TeO, (see
text and Fig. 30). (b) Theoretical Raman spectra of g-TeO, for
incoming and outgoing photons with parallel (VV) and perpendicu-
lar (HV) polarizations. A frequency-dependent linewidth is used as
in panel (a). The absolute Raman differential scattering cross sec-
tion (without the Bose occupation factor) is reported for the theo-
retical spectra. (c) Experimental Raman spectra of tellurite glass
(solid line) and of liquid TeO, (dashed line) (Ref. 18) at 770 °C are
compared with the theoretical Raman spectrum with frequencies
scaled by a factor 1.1 (see text) and the frequency-dependent line-
width as in panels (a) and (b). All the theoretical and experimental
spectra are obtained for a laser frequency of 514.5 nm (Ar laser).
For g-TeO, T=300 K. (d) Theoretical Raman spectra with and
without the contribution of the macroscopic electric field (see text).

crystalline «, B, and y-TeO, (Ref. 10) (see Fig. 30). To
compare the theoretical and experimental spectra of TeO,
glass, we have to consider also the inhomogeneous broaden-
ing induced by disorder, which we can only partially account
for by a calculation with a small cell at the I' point. To
account for the latter effect, we have doubled the homoge-
neous linewidths obtained from the data on the crystalline
phases (Fig. 30). For the sake of comparison we also report
the Raman spectrum with a frequency-independent linewidth
of 20 cm™' chosen such as to reproduce the best overall
agreement with the experimental Raman spectrum.

In both cases (constant or frequency-dependent linewidth)
the overall shape of the calculated Raman spectrum is in
fairly good agreement with experiments. In particular, the
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FIG. 30. Linewidth of the most intense experimental Raman
peaks of a-, B-, and y-TeO, polycrystals (Ref. 10). The frequencies
correspond to the theoretical data of Ref. 7. The interpolated dashed
line has been used to assign the linewidths of the Raman peaks in
g-TeO, (cf. Fig. 29).

relative intensity of the two main Raman peaks around
420 cm™! (experimental: 450 cm™') and 590 cm™' (experi-
mental: 660 cm™!) is well reproduced.

The main discrepancy is an =10% redshift of the bands
which can be traced back to inaccuracies in the description of
bonding in tellurite systems by DFT-GGA as discussed in
Ref. 7 for crystalline TeO,. A good agreement between ex-
perimental and theoretical Raman spectra is obtained by res-
caling the ab initio frequencies by a factor 1.1 [Fig. 29(c)].
From the projected vibrational spectrum in Fig. 27 the Ra-
man peak at 420 cm™' can be assigned mainly to Te-O-Te
bendings. Similarly, from Fig. 27 the peak around 600 cm™
is mainly due to stretchings of the Te-O-Te bridges (this
applies also to the shoulder centered near 700 cm™'). How-
ever, the wide experimental shoulder in the range
720-820 cm™! (redshifted by 50 cm™' in the theoretical
spectrum) still appears much more pronounced in the ab ini-
tio spectrum. Actually, the shoulder is remarkably similar in
relative intensity to the analogous structure present in the
experimental spectrum of liquid TeO, [Fig. 29(c)] and
Li,0-TeO, glasses.’® In alkali-doped glasses the intensity of
the high-frequency shoulder increases with the alkali con-
tent, turning the Raman spectrum more and more similar to
the spectrum of our pure g-TeO, model. Since both melting
and alkali doping are expected to cleave a fraction of Te-O
bonds, one would ascribe a higher intensity of the shoulder
to an increase in the number of NBO in “defective” units Q
and Q% in liquid TeO, and alkali-doped glasses. However,
the projected vibrational DOS (Fig. 25) shows that the high-
frequency shoulder is mainly due to bridging O atoms while
it has only a minor contribution from terminal O atoms
(NBO). Thus, the shoulder cannot be easily assigned to vi-
brations of Qi or Q% units, which prevail only in the highest
frequency tail of the DOS. Nevertheless, since phonons in
this spectral region are largely delocalized, it is possible that
a larger concentration of Qi and Q% units might still enhance
the intensity of the high-frequency shoulder. Would it be the
case, one should conclude that the concentration of these
units is too large in our glass model, perhaps as a conse-
quence of the extremely high cooling rate which has some-
how frozen the larger abundance of these units typical of the
liquid phase. This hypothesis would explain the similarity
between the theoretical Raman spectrum of the glass and the
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experimental spectra of liquid and alkali-doped glasses.
However, the lack of reliable homogeneous (anharmonic)
linewidths for the vibrational peaks of g-TeO, can also pos-
sibly contribute to the discrepancies between the theoretical
and experimental Raman spectra.

The calculated peak Raman intensity of our g-TeO,
model is 5.74X 107 sr™! (backscattering VV setup, 514.5
nm laser, without Bose occupation factor), i.e., 26 times the
peak intensity of a-Si0,.°%>7 Glasses stabilized with transi-
tion metals (e.g., Nb and W) display an enhancement of the
Raman cross section with respect to a-SiO, (ratio of the
strongest peak intensities) ranging from 25 to 180 depending
on composition and laser wavelength.>%° The dependence
on laser wavelength has been ascribed to the occurrence of
resonances with electronic excitations induced by the pres-
ence of the stabilizer.®" By increasing the wavelength of the
laser up to 1064 nm, the Raman intensity converges to
resonance-free values of 25 and 30 times larger than that of
a-Si0,, respectively, for  (TeO,)ys5(WO3)o,5s and
(TeO,).55(NbyO5)g.10(Mg0) 05 (backscattering VV setup).®°
Our calculations indicate that g-TeO, has a Raman-scattering
intensity similar to stabilized tellurite glasses in nonresonant
conditions.

As a further comparison with experiments, we have com-
puted the absolute Raman cross section of the most intense
peak of crystalline a-TeO, (Al mode at 649 cm™!).” The
theoretical Raman cross section of 1.97X 1077 sr™! is 34
times larger than the peak in our g-TeO, model and 36 times
larger than the 467 cm™' mode of a quartz®®37 (all these data
refer to a 514.5 nm laser). This result is in agreement with
experiments reporting that the Raman intensity of a-TeO, is
as large as 40 times the maximum intensity of « quartz,>
although lack of details on how such ratio has been measured
prevents a fully compelling comparison between theory and
experiments.

VI. CONCLUSIONS

We have generated a model of TeO, glass by fast quench-
ing from the melt within ab initio molecular-dynamics simu-
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lations. Although no experimental data to compare with are
available for pure liquid TeO,, for future reference we have
first fully analyzed the structural properties of the liquid
phase at 2400 and 1000 K. The Qi polyhedra are the most
abundant at both temperatures with percentages of 17% and
30% at 2400 and 1000 K, respectively. The polyhedra are,
however, short lived with average lifetimes of 50 and 150 fs
at high and low temperatures. TeO, molecular units (defined
by the equatorial bonds) have similar lifetime as the polyhe-
dra.

The glass model displays a variety of @, units with the
predominance of Qi polyhedra (36%) typical of the crystal-
line phases. The glassy network is somehow less connected
than the crystalline phases as inferred from the presence of
very large rings in the glass structure. The different O, units
can hardly be discriminated on the basis of local observables
such as effective charges, localized Wannier functions, or
localized phonon modes. On the contrary the presence of
nonbridging O atoms in Q) units with n<<m gives rise to
strongly localized vibrational modes at high frequency
(>700 cm™'). The calculated Raman and IR spectra are in
good agreement with available experimental data but for a
redshift of the of theoretical bands which can be traced back
to inaccuracies in the description of bonding in tellurite sys-
tems by DFT-GGA as previously discussed for crystalline
TeO,.” The absolute Raman cross section has been estimated
as well to provide a reference number for pure TeO, in the
search for suitable doped tellurite glasses with larger Raman
response.
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