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ABSTRACT: Tellurite glasses have emerged as a promising candidate for nonlinear optics  Te5slonepair  oxygenvacancy site
(NLO) due to their high refractive index and third-order optical susceptibility (y*). In this work, non-bonding
we focus on the electronic structure of crystalline TeO,, a precursor to numerous TeO,-based

glasses. All three crystalline TeO, polymorphs are wide-gap semiconductors and have electronic ©
contributions from the Te*" Ss* lone pairs near the Fermi level, which affect optical properties. (@€ & ..
Based on the formation energies, the formation of oxygen vacancies is strongly favorable during bonding b

synthesis. Introduction of an oxygen vacancy induces notable changes in the chemical

environment in the pristine @-TeO, structure and the response of the Te Ss* lone pairs. Comparative analysis to the measured
refractive indices and static dielectric constant (a second-rank tensor) shows that the calculated values of a-TeO, with the presence
of an oxygen vacancy (a-TeO,:0,) agree well with experimental data. The high distortion index and stereochemical activity ratio of
a-Te0O,:0, contribute to its polarizable asymmetric electron density. High polarization and faster orientation of the dipoles in a-
TeO, with the presence of an oxygen vacancy make it an excellent NLO material for ultrafast optical switch applications. This study
can help to guide design principles and improve our understanding of the electronic origin of NLO materials containing lone pairs.

Bl INTRODUCTION and the formation of dipoles.” These polar behaviors are

favorable for materials with NLO, particularly for compounds

containing ions such as Pb*, As**, I*, Bi**, Te", etc.'071°
Oxygen vacancies are one of the most common defects

Materials with nonlinear optical responses—where the polar-
ization density responds nonlinearly to an electric field—have
garnered significant interest in a variety of applications, ranging

. ) L 16—18
from wavelength conversion to telecommunications and formed during the synthesis of metal oxides and can have
optical computing." Tellurite glasses have become promising profound effects on material properties. The combination of
candidates for nonlinear optics (NLO) due to their high lone pairs and vacancies is known to affect crystal structures
refractive index (2.239 at 486.1 nm) and their third-order and their optical and physical PrOPertieS-w’zo For example,
optical susceptibility (}(3), on the order of 10713 esu, defects such as zinc interstitials and oxygen vacancies enhanced
considered to be the highest among oxides.”* In particular, third-order nonlinear parameters and optical response of
third-order optical nonlinearities and their dipole response Zn(;_»Ni,O nanoparticles and ZnO thin films.*"** Functional
times play a key role in high-frequency ultrafast optical defects such as oxygen vacancies have been used to manipulate
switching." For example, ZnO-Nb,Os-TeO, glasses have been and tailor crystal structures, which provides more flexibility to
investigated to display ultrafast nonlinear optical response (450 control and enhance materials’ properties. Specifically, oxygen
to 500 fs), which is desirable for optical switching vacancies in compounds with lone pairs can change the
applications.” One outstanding challenge in the field of NLO chemical environment around the atom, distorting the crystal
materials is the search for NLO-active materials in the infrared structure and dipole orientations and varying the polarization
region, which would require less energy input compared to responses. Therefore, a fundamental understanding of oxygen
materials activated by UV—vis wavelengths.” With a large defects and their correlation to stereochemically active lone
third-order optical susceptibility, TeO, can be considered a pairs will contribute significantly to understanding the

potential IR-active NLO material. Indeed, previous reports of
NLO behavior at 800 and 1064 nm suggest the potential
application of tellurite-based glass TeO,—GeO,—K,0—Bi,0,
in the near-infrared region.’

Such promising NLO properties have motivated computa-
tional and experimental works in TeO,-based materials. DFT
+U studies comparing a-TeO, with $-TeOj; indicate that the
stereochemically active Ss* lone pairs lead to a higher NLO
susceptibility in a-TeO,.”® Thus, an effective NLO design
strategy is to introduce stereochemically active lone pairs that
results in structural distortions, asymmetric electron densities,

synthesis of functional materials.
In this work, we focus on the electronic structure of
crystalline TeO,, which contains Te Ss* lone pairs. We first
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investigate the three known crystal structures and the stability
of the crystalline TeO, phases, a-, -, and y-TeO,, from first-
principles calculations. We then primarily focus on the most
common synthetic product—a-TeO,. Characterization of the
lone pairs in both pristine and oxygen-vacancy models is
reported; in particular, we discuss their optoelectronic
structures, distortion index (d), stereochemical activity ratio
(Rgca), and dielectric constant (&). The goal of this paper is to
understand the fundamentals of how the lone pair and oxygen
vacancies impact NLO properties in crystalline TeO,, so that
we can ultimately target and design future TeO,-based
materials.

B METHODS

Calculations. First-principles density functional theory
(DFT)**** calculations were performed using the Vienna Ab
initio Simulation Package (VASP)**™*” code and data
postprocessing code VASPKIT.*® The generalized-gradient
approximation (GGA) with the exchange and correlation
described by Perdew—Burke—Ernzerhof functionals was
used.” For the core electrons of the atoms, the projected
augmented wave’”’' method was used. The electronic basis
set was expanded with plane waves with a kinetic energy cutoff
of 600 eV used throughout the calculations, affording well-
converged results. Atomic position and volume were relaxed
for each structure until the force on each ion was 0.01 eV/ A or
less. The zone-centered scheme was used to generate the k-
point grid. A 15 X 15 X 10 k-point mesh was used for a-TeO,,
12 X 12 X 6 k-point mesh for f-TeO,, 10 X 10 X S for y-TeO,,
and 3 X 3 X 3 for an oxygen vacancy containing 3 X 3 X 2 a-
TeO, supercell. Due to the layered structure in -TeO, and
side chain interactions in a-TeO, and y-TeO,, geometry-
dependent van der Waals correction”””* was applied for better
optimization of all three TeO, polymorphs. Hybrid func-
tionals®* with 15% exact exchange and a 7 X 7 X 3 and 4 X 4 X
2 k-point mesh were employed to calculate the partial density
of state (PDOS) for the a-TeO, and S-TeO,, respectively, and
to emphasize the localization of the lone pairs. Inclusion of
spin—orbit coupling was also tested during the calculations;
however, its effects on the electronic structure, specifically the
Te Ss* lone pairs, were not significant. The PDOS of a-TeO,
using hybrid functionals with and without spin—orbit coupling
are reported in the Supporting Information (Figure S1).
Density functional perturbation theory®>*® with GGA func-
tionals was used to compute the static dielectric constants for
the pristine a-TeO,, B-TeO,, and the oxygen vacancy
containing a-TeO,. The initial crystal structures of a-, -,
and y-TeO, were obtained from the Materials Project.37 The
optical properties are determined by the real & (w) and
imaginary &,(w) parts of the dielectric constants. The
absorption coefficients a(®) and refractive indices n(w) are
calculated by egs 1 and 2, respectively:*®

V2w

— 812(0)) + 822(5‘)) - 51(“’)]1/2

c (1)

a(w) =

_ [ glz(w) + gzz(a’) + 81(“’)]1/2

B V2 (2)
Diffuse Reflectance Spectroscopy (DRS). Indirect and

direct optical band gaps of a-TeO, (99.99%, Alfa Aesar) were

estimated by DRS measurements and Tauc analyses.””*" DRS
data were collected with wavelengths ranging from 200 to 700

n(w)
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nm using a PerkinElmer Lambda 365 UV/vis spectropho-
tometer equipped with an integrating sphere. The reflectance
measurements were converted to the Kubelka—Munk function
defined as F(R) = a/S = (1 — R)?>/2R, where «a is the
absorption coeflicient, S is the scattering coeflicient, and R is
the reflectance at a given wavelength.””*" The Tauc plot is
constructed based on the equation (F(R)hv)" = B(hy — Eg),
where B is a proportionality constant, E, represents the energy
(optical) band gap, and n denotes the mode of electronic
transition, n = 1/2 for indirect transition and n = 2 for direct
transition in (){-TeOZ.41

B RESULTS AND DISCUSSION

Crystal Structure and Thermal Stability of TeO,
Polymorphs. The three known tellurium dioxide polymorphs
are a-TeQ,, f-TeO,, and y-TeO,. The structures of all three
polymorphs were relaxed to minimize the interatomic forces
and optimize the lattice parameters. Table 1 summarizes the

Table 1. Calculated and Experimental Structural Data for
TeO, Polymorphs

Crystal Structural Experimental*>**  Computational ~Difference

Structure Data (A) (A) (%)

a-TeO, .'?,. a b 4.808 4.800 0.173

< c 7.612 7.345 3.512

M&. Te—O 2.121 2.144 1.063

%o distances 1.879 1.928 2.590

B-TeO, ° a 5.464 5.446 0.330
o %ae ®

s b 5.607 5.703 1717

:Mwyo c 12.035 11.776 2.155

.4"4 Te-O 2.070 2.087 0.815

distances 2.196 2.157 1.748

i 5 1.927 1.940 0.668

1.877 1.926 2.603

y-TeO, ? ? a 4.898 4.897 0.018

@ ° ‘.,I ° b 4351 4276 1.727

@0 e c 8.576 8.596 0.236

. W Te-0 2.019 2.049 1.486

I_’i 3 d: distances 2.197 2.256 2.671

b u{ ° 1.860 1.872 0.697

1.948 1.958 0.505

crystal structures and calculated and experimental structural
data for all three TeO, polymorphs. Paratellurite, a-TeO,,
adopts the noncentrosymmetric P4,2,2 space group; tellurite,
B-TeO,, adopts the orthorhombic Pbca space group; and y-
TeO, adopts the orthorhombic P2,2,2, space group. The a-
TeO, structure is constructed of helical chains of corner-
sharing TeO, disphenoids along the c-direction. In both
experimental and calculated models, each TeO, disphenoid in
a-TeO, has two longer axial and two shorter equatorial Te—O
bonds. The B-TeO, structure is composed of edge-sharing
TeO, disphenoid layers where each disphenoid has four
different Te—O bond lengths consisted of two short equatorial
and two longer axial Te—O bonds. Finally, y-TeO, contains
chains of TeOj; polyhedra. In contrast to the disphenoids in a-
and f-TeO,, one of the Te—O bonds in the TeO, disphenoid
of y-TeO, has a much longer bond length of 2.256 A and is
considered nonbonding. Therefore, each Te atom in y-TeO, is
coordinated to only three oxygen atoms.

Because of the layer and chain features in a-, -, and y-TeO,,
van der Waals interactions were included for better structural
relaxation of all three polymorphs. Inclusion of van der Waals
corrections in @-TeO, resulted in a and b lattice parameters
that are similar to experimental lattice parameters; however,
the calculated ¢ lattice parameter is underestimated when
compared to experimental lattice parameters (Table 1). Since

https://doi.org/10.1021/acs.jpcc.3c05472
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Figure 1. Electronic band structures of TeO, polymorphs (a) a-TeO, and (b) B-TeO, and optical absorption plots of (c) a-TeO, and (d) S-TeO,
generated with GGA functionals. For the band structures, 0 eV is the highest occupied band.

the chains are along the c-direction, the side chain interactions
in the ab-plane are corrected appropriately, while the ¢ lattice
parameter is compressed. The van der Waals corrections were
added to f-TeO, calculations to accommodate the weak
interactions between TeO, disphenoid layers and to improve
model fidelity. The average difference between the calculated
lattice constants and bond lengths from experimental data is
1.373% with a maximum of 3.512%. The overall small
differences between experimental versus our calculated values
demonstrate reliability of our calculations.

After obtaining the relaxed structure for all three
polymorphs, the formation enthalpy of each polymorph was
then calculated by eq 3:

E.(TeO,) = E,(TeO,) — E,(Tebulk) — E,(O,) 3)
where E(TeO,) is the total energy of pristine TeO, of the
polymorph, E,(Te bulk) is the total energy of tellurium in its
bulk phase, and E,(O,) is the total energy of an oxygen
molecule in the triplet state. According to the calculated
formation energies, f-TeO, is the most stable with the lowest
formation energy of —3.616 eV/fu., followed by a-TeO, with
a formation energy of —3.582 eV/f.u,, and finally y-TeO, with
the highest formation energy of —3.571 eV/fu. f-TeO, exists
as the tellurite mineral in nature,” and the addition of weak
van der Waals interactions between TeO, layers contributed to
its low formation energy and high thermodynamic stability.
Paratellurite (a-TeO,) is synthetically the most stable and used
in many optical technologies and as a precursor for many glass-
based applications. A previous dispersion corrected GGA study
also determined a-TeO, to be the most thermochemically
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stable based on formation energies.”” Because the absence of
an inversion center in the structure favors NLO behavior, the
Results and Discussion section of this paper primarily focuses
on a-TeO,. The f-TeO, structure is the most thermodynami-
cally stable polymorph and belongs to a centrosymmetric space
group. Therefore, comparison of the electronic structure of
centrosymmetric #-TeO, and noncentrosymmetric a-TeO, is
beneficial to studying polarization, which is the source of NLO.
Note that, though noncentrosymmetric in nature, @-TeO, is
not known for second harmonic generation. In the next parts,
we will be discussing the electronic structures of the
noncentrosymmetric pristine a-TeO,, centrosymmetric f-
TeO,, and oxygen vacancy a-TeO, with the focus on the
effects of the stereochemical activity of Te lone pairs and their
correlation with oxygen vacancy on the structure and
optoelectronic properties.

Pristine a-TeO, and p-TeO,. The electronic band
structures of a-TeO, and f-TeO, were calculated with GGA
functionals (Figure 1) where the Fermi level (0 eV) was
defined as the highest occupied state. The band gap of a-TeO,
(Figure 1a) was determined to be indirect with a value of 2.761
eV from the valence band maximum (VBM) between the A
and Z symmetry points to the conduction band minimum
(CBM) between the M and I' symmetry points. A direct band
gap of a-TeO, was determined to be 2.919 eV at the top of the
valence band to the CBM. Figure 1b shows that the -TeO,
has a direct band gap at the I' symmetry point of 2.141 eV.
The band structures of both a- and f-TeO, agree with
previously reported band structures.**™*® The computed
optical band gaps of a-TeO, and fS-TeO, (Figure lc,d)

https://doi.org/10.1021/acs.jpcc.3c05472
J. Phys. Chem. C 2024, 128, 1728-1736
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Figure 2. Charge density plot of Te and Te—O bondings in (a) @-TeO, and (c) -TeO, coupled with PDOS plots for (b) a-TeO, and (d) f-TeO,
using hybrid functionals. Note that the discontinuity on the energy axis (horizontal axis) is included to enhance the features of the PDOS plots.

indicate direct band gaps of ~3.0 and 2.2 eV, respectively, and Table 2. Summary of Experimental and Calculated Band
agree well with the direct band gap extrapolated from the band Gaps of a-TeO,
structures. The calculated a-TeO, band gap underestimates

our experimental values of 3.45 and 3.79 eV for indirect and g éegi‘lziiit;::f;i h;f;‘gaéfjcgzlgfls
direct gaps, respectively (Figure S2). This band gap under- ,
estimation is a well-known limitation of DFT using GGA dlzz;;)band &P 379 2761 48
functionals. The p-TeO, direct band gap was sli§htly lower indirect band 345 2.919 3.585
than a previously calculated band gap of ~2.2 eV. 648 gap (eV)

Since, to the best of our knowledge, there are no other
experimental characterizations for the electronic structure of a- —7.5 eV together with O 2p and O 2s and very small
TeO, and f-TeO, other than the optical band gap, we adopted contributions of Te Sp states. The contribution of the Te*"
hybrid functionals with spin polarization to determine whether lone pairs is shown within the two peaks. A more intense and
the calculated band gaps come closer to the experimental band sharper peak at approximately —11 to —12 eV represents a
gap. The calculated PDOS plots and band structure for a- localized and inert part of the orbital, which is displayed as the
TeO, using hybrid functionals (Figure 2b and Figure S3) show spherical portion toward the nonbonding direction of tellurium
an increase in the band gap from 2.761 to 3.418 eV for a- atoms in the charge density plot for both @-TeO, and -TeO,
TeO,. The experimental and computational band gap values of (Figure 2a,c). Meanwhile, another broader Te Ss* peak at
a-TeO, are summarized in Table 2. Larger band gap values around —11 to —7 eV indicates the delocalized part of the s
with the use of hybrid functionals reflect a more accurate orbital where it contributes toward the Te—O bonding. The
experimental band gap (3.45 eV) of a-TeO,. The band gap assignment of the localized and delocalized part of the Te Ss
also increases from 2.141 to 2.748 eV for -TeO, (Figure 2d). orbital becomes evident when manipulating the layer
The addition of exact exchange in hybrid functionals also separation in f-TeO, (Figure S4). A compression and
benefits our study of lone pairs by increasing the localization to expansion of the interlayer separation of f-TeO, was
the orbitals. constructed, and the PDOS are shown in the Supporting

The PDOS of a-TeO, and -TeO, are similar where Te 55 Information (Figure S4). In the pristine f-TeO, structure, the
lone pairs contribute mostly from the energy region of —12 to layer separation is 1.916 A. The distance between the layers in
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Figure 3. (a) PDOS plot, (b) band structure, and (c) optical absorption plot of O-vacancy containing TeO2, a-TeO2:0,, using GGA functionals.
Both the band structure and DOS plot show the occupied defect level due to the oxygen vacancy. The Fermi level, the highest occupied band, is
scaled to 0 eV on the PDOS plots and band structure. Note that the discontinuity on the energy axis (horizontal axis) is included to enhance the

features of the PDOS plots.

B-TeO, was decreased and increased by 0.7 A in the
compressed and expanded f3-TeO, model, respectively.
Increasing the interlayer distance reduces the interaction of
the lone pairs between the layers, making them more localized
and inert. Therefore, the localized nature of the lone pair is
represented by the sharper, more intense peak at approx-
imately —12 to —11 eV.

The O 2p states dominate around the Fermi energy;
however, the Te Ss* lone pairs also contribute to the VBM.
The interlayer interaction between Te Ss lone pairs in -TeO,
(Figure 2c) results in an additional feature between —1 and 0
eV in the PDOS of 5-TeO, (Figure 2d). This feature is not
observed in a-TeO, (Figure 2b). Therefore, adjusting the
separation between two layers will have consequences for the
interaction between lone pairs. By decreasing the interlayer
distance, the repulsion between Te Ss lone pairs will result in
highly localized lone pairs. A sharp high-intensity peak should
be observed at the top of the valence band, as seen in Figure
S4. The lone pair contribution is shown at the top valence
band in both a- and -TeO,, which indicates stereochemically
active lone pairs in both polymorphs. However, due to the
interlayer interaction of the Te lone pairs in S-TeO,, the
contribution of the lone pair to bonding with oxygen in j-
TeO, is less than that in a-TeO,, resulting in lower
stereochemical activity of Te lone pairs in f-TeO,. Never-
theless, in the charge density plot of a-TeO, and B-TeO,
(Figure 2a,c), the Te Ss* orbital is not found as a complete and
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isolated sphere but rather a semispherical shape around the
tellurium atom, making Te Ss* stereochemically active and not
simply taking up empty space.

Oxygen Vacancy in a-TeO,. Common synthetic methods
for a-TeO, yield products with a Te:O molar fraction greater
than the ideal 1:2 molar ratio, indicating the presence of
oxygen vacancies.”” Hence, we consider oxygen vacancies in
TeO, denoted as a-TeO,:0,. Such vacancies are known to
affect the electronic and optical properties. In addition, oxygen
vacancies are expected to alter the local Te environment. The
formation energy of an oxygen vacancy in a-TeO, was
calculated using eq 4:

1
E(TeO,: O,) = E(TeO,: O,) — E(Te0,) + EE‘(OZ)

+ A, (4)
where E{TeO,:0,) is the total energy of a-TeO, with an O
vacancy, E,(TeO,) is the total energy of the pristine a-TeO,,
E(0O,) is the total energy of the oxygen dimer in the triplet
state, and Ay, is the change in oxygen chemical potential that
reflects the oxygen environment in the synthesis condition
such as an oxygen-rich or poor condition. The Ay is bounded
by the following:

1
—E(TeO,) < Au., <0
2 f( € Z) = /’to = (5)

https://doi.org/10.1021/acs.jpcc.3c05472
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where an oxygen-poor synthesis condition is defined as
Apy = %Ef(TeOZ) and an oxygen-rich condition is defined

as Apig = 0. The calculated formation energies of a-TeO,:0,
are —6.688 and —4.897 eV/fu. under oxygen-poor and
oxygen-rich conditions, respectively. The largely negative
values of E{TeO,) indicate that oxygen vacancy formation is
thermodynamically favorable.

Previously, the refractive indices of paratellurite a-TeO,
crystal were measured at 1.94 eV with the values of 2.2565 for
the ordinary refractive index (n,) and 2.4088 for the
extraordinary refractive index (n,).>° In comparing the
measured refractive indices at 1.94 eV with the computed
data extracted from the refractive index plots (Figure SS) (n, =
2.7320 and n, = 2.8966) for the pristine a-TeO, and (n, =
24808 and n, = 2.6618) for a-TeO,:0,, the calculated
refractive indices of a-TeQ,:O, are closer to the experimental
data, which emphasizes the favorable formation of oxygen
vacancies in the synthesized single crystal.

The PDOS of a-TeO,:0, (Figure 3a) shows that the
contribution of Te Ss* lone pairs at around —12 to —7 eV is
still present; however, their peak intensities and shapes vary
compared to those of pristine a-TeO,. The participation of
tellurium lone pairs in bonding is affected by the new chemical
environment when inducing an oxygen vacancy in the
structure. This is also shown in the electron localization
functions. In the pristine a-TeO,, the lone pair density is
shown on the Te atoms with s orbital-like nature (Figure 4a,c).

Figure 4. Electron localization functions along with the 2D slice at the
(200) plane containing the vacancy site (indicated with an arrow) of
(a, c) pristine a-TeO, and (b, d) a-TeO,:0,.

Upon introduction of an oxygen vacancy (Figure 4b,d), the
lone pair electron density around the Te atom is delocalized,
creating an asymmetric charge density at the vacancy site. This
asymmetric charge density can contribute to the polarization
and the observation of the NLO behavior in a-TeO,.

Besides charge density, the oxygen vacancy also alters the
optical properties of a-TeO,. Due to the oxygen vacancy, there
is an occupied defect state between the VBM and CBM, as
shown in the PDOS and the band structure (Figure 3a,b),
causing an additional absorption peak at a lower energy in the
absorption plot (Figure 3c) where an electron is excited with
1.8 eV to transition from the defect state to the CBM and
another excitation of 2.9 eV from the top of the valence band
to the CBM.

Stereochemical Activity of Te 5s?> Lone Pairs. To
quantitatively investigate the distortion caused by the stereo-
chemically active lone pairs, we studied the bond distortion
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index in the TeO, disphenoids. The bond length distortion
index, d,”' is defined in eq 6:
1 n llz - lav l
d==-y —=
n hug (6)
where J; is the bond length from the central Te atom to the ith
coordinating oxygen and [, is the average bond length of Te—
O bonds within the polyhedron. The distortion indices d of a-
TeO,, f-TeO,, and a-TeO,:O, are shown in Table 3.

Table 3. Distortion Indices (d) and Stereochemical Activity
(Rgca) of Te 55> Lone Pairs in a-TeO,, f-TeO,, and a-
TeO,:0,

d RSCA
a-TeO, 0.053 0.990
S-TeO, 0.047 0.764
a-Te0,:0, 0.056 1.018

Introducing an oxygen vacancy in a-TeQO, distorts all of the
polyhedra in the supercell, and variation of the distortion index
for each polyhedron depends on its proximity to the vacancy
site. Therefore, taking an average of the distortion index for all
polyhedra in the a-TeO,:0, supercell will give an estimate of
the overall distortion index in the supercell.

The revised lone pair model®® suggested that the stereo-
chemically active Ss lone pairs of the cation strongly interact
with anion p orbitals, creating bonding and antibonding states.
Their antibonding states are seen at the VBM in the PDOS
plot.>” This implies that a larger contribution of the cation s
orbital to the top of the valence band results in an increased
stereochemical activity of the lone pairs. In addition, structural
distortion will allow the unoccupied cation p states to interact
with the antibonding of cation s and anion p orbitals, resulting
in a further stabilization of the occupied electronic states,
which induces the stereochemical activity of the lone pairs
(Figure S6). Therefore, a comparison between the contribu-
tions of Te-s and Te-p near the Fermi level can characterize the
degree of the stereochemical activity (SCA) of Te 5s* which

has previously been defined as an Ryc, ratio'™'® shown in eq 7:
I
RSCA — TeSs
ITeSp (7)

where I, s, and Ir, s, are the area under the curve in the PDOS
plot of Te-s and Te-p orbitals within an energy range from the
Fermi level to where their intensities are equal. This represents
the number of electrons that the Te-s and Te-p orbitals
contributed at the top of the valence band. The larger the Rgcp
ratio, the greater the contribution of the lone pairs to the
antibonding state with the anion p orbital, which increases the
SCA of the lone pairs. The Rgcy for a-TeO,, f-TeO,, and a-
TeO,:0, are recorded in Table 3. A higher distortion index
and stereochemical activity Rgcy of Te Ss* indicates that the
stereochemical active lone pairs in @-TeO, with an oxygen
vacancy create more distortion on its TeO, disphenoids. Thus,
this distortion can give rise to a more asymmetric electron
density, resulting in high third-order optical susceptibility
compared to the pristine @-TeO, and the centrosymmetric S-
TeO,.

The dielectric constant is related to the degree of
polarization of a material, which is a crucial property in
NLO. The calculated diagonal dielectric tensors of a-TeO,, a-
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TeO,:0,, and f-TeO, are recorded in Table 4. The static
dielectric constants are the sum of the electronic and ionic/

Table 4. Summary of the Calculated Dielectric Tensors of a-
TeO,, a-Te0,:0,, and f-TeO,

a-TeO, a-TeO,:0, p-TeO,

- 32.835 26.816 26267
» 32.835 26832 24416
€., 35.801 36.665 10.577

lattice dielectric constants at a static field (E = 0 eV), which is
extrapolated from Figure S7. The dielectric constants of the
single crystal a-TeO, were measured in a previous study to be
22.9 and 24.7 in the x and y directions, respectively.”” The
dielectric constant of 20 was also measured for the crystalline
a-TeO, over the frequency range from 400 Hz to 1 MHz.>*
The experimentally determined dielectric constants of crystal
and powder a-TeO, are on the same order of magnitude with
the computed dielectric constant of a-TeO, with an oxygen
vacancy. This reinforces the possibility of oxygen vacancies in
synthesized a-TeO,. When an electric field (E) is applied, the
electric polarization vector P is defined as P = gyy.E, where y .E
can be expanded in higher-order terms.”® The polarization P is
correlated to the dielectric constant. Tellurium dioxide has a
relatively high dielectric constant, around S times the dielectric
constant of silicon dioxide, a conventional glass material.*®
This gives rise to a higher polarization and NLO in the TeO,
glass. Another aspect to consider besides a high polarization in
NLO materials is how fast the dipoles reorient under an
applied rapidly changing electric field. Since the dielectric
constant is directly correlated to resistive-capacitive time delay,
a lower ¢, and thus lower capacitance, should correspond to a
faster reorientation of the dipoles under an applied electric
field. Relatively lower static dielectric constants of a-TeO,:0,
compared to pristine @- TeO, indicate that the presence of
oxygen vacancy in a-TeO, can reduce the reorientation time of
the dipoles and increase the NLO response time. This can help
to guide the synthesis and tune the NLO response of future
TeO,-based materials.

B CONCLUSIONS

First-principles calculations were used to investigate the
structural, electronic, and optical properties of a-TeO,, f-
TeO,, y-TeO,, and a-TeO,:0,. Thermodynamic stabilities of
three TeO, polymorphs are ranked f-TeO, > a-TeO, > y-
TeO, based on their calculated formation energies. Hybrid
functionals were employed to enhance the band gap accuracy
compared to the experimental values and the localization of the
Te 5s* lone pairs. The band gaps for a-TeO, and S-TeO, were
determined to be 3.418 eV (indirect) and 2.748 eV (direct),
respectively, using hybrid functionals. The presence of an
oxygen vacancy has been shown to be very favorable in a-TeO,
with the formation energies of —4.897 eV/fu. under an
oxygen-rich synthesis condition and —6.688 eV/fu. under an
oxygen-poor synthesis condition. Due to the overlap of Te Ss
with O 2p at the VBM, the partially delocalized Te Ss orbital
contributes to Te—O bonds. Their response to changes in the
chemical environment, such as oxygen vacancy formation,
indicates that Te Ss* electrons are stereochemically active lone
pairs. The stereochemical activity (SCA) of lone pairs was
quantified by determining the ratio of tellurium s and p orbitals
at the top of the valence band. In the presence of an oxygen
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vacancy, a-TeO,:0, has a high distortion index and stereo-
chemical activity ratio, which distorts TeO, disphenoids,
creating a highly polarizable asymmetric electron density. A
relatively lower dielectric constant of a-TeO,:O, compared to
the pristine a-TeO, suggests a faster reorientation of the
dipoles under an applied electric field, which suggests that a-
TeO,:0, could be an excellent candidate for ultrafast optical
switch applications. This study of stereochemically active lone
pairs and oxygen vacancy in TeO, provides useful insight into
an electronic origin of NLO properties in the crystalline phase,
which can guide design principles for future TeO,-based NLO
materials.
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