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Abstract

An interatomic potential for simulating the structural properties of thallium (I) oxide (with oxidation state +1) based compounds has been
developed by fitting to the experimental crystalline structures of a-Tl,Te,Os, Tl TesO7 and Tl TeO3 simultaneously. The obtained potentials
are subsequently verified and validated by optimizing additional TI(I)—O based compounds, leading to a good agreement of the lattice constants
with experimental data. Amorphous (TlOgs), — (TeO2),_, systems where then produced by classical molecular dynamics and their structural

properties compared to experimental measurements.

Keywords: Thallium (I), Buckingham interatomic potential, shell model, oxide glass.

1. Introduction

TeO,-based materials exist in crystalline and amorphous
forms, featuring high dielectric constant [1], high refractive
index [2], good infrared transmissivity, good optical properties
[10], strong thermal and chemical stability [11, 12], low
glass transition temperatures and high third-order optical
non-linearity ()((3) =1.9572x 10720 mz/Vz) [13] with several
orders of magnitude larger than that of conventional silicate
and borate glasses [14]. These properties make TeO,-based
glasses substantially promising for applications in areas such
as laser light modulators [2], pressure sensors and optical
switching devices [15]. Despite the large efforts undertaken to
study these materials, the link between the macroscopic mea-
surable properties and the intimate features of the atomic-scale
structure remain elusive.

In practice, pure TeO; is a conditional glass former [16]
and requires a fast quenching rates to achieve stable amorphous
samples [17, 18, 19, 20, 21, 22]. This limitation could be over-
come by mixing TeO, with other modifier oxides [2, 23]
such as LirO, NayO, K,0, ZnO [24]. In particular, thallium
oxide (T1,O) has attracted a great attention as a , as its
addition, contrary to other leads to maintain the ampli-
tude of the high optical non-linearity of the TeO,-based ma-
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terials [25, 26] despite the structural depolymerization of the
glasses evidenced by Raman spectroscopy [27, 28, 29].

The atomic scale structure of TeO, glass is essentially made
of distorted TeO4 disphenoid [27, 22] with an electronic lone
pair (LP) laying in the vicinity of the Te atom. These structural
units are linked to each other through Te—O-—Te linkages.
Incorporation of a modifier oxide into TeO, amorphous phase
leads to a reduction in coordination number of Te** cation by
the transformation of initially present TeO4 disphenoids into
TeOs trigonal pyramidal units [2]. While this decrease in coor-
dination number generally leads to a decrease of the non-linear
optical response of the material, the opposite trend is observed
in the case of Tl,O modifier. Beside these general trends in
the structural evolution of Tl,O modified TeO, glasses, the
TI* local environments in the amorphous matrix remains to a
large extent unknown. At the experimental side, beside studies
based on Raman spectroscopy [27], experimental results on
(M;0),—(TeOy);_x (M: alkali modifier ion; x: concentration)
glasses focused more on the macroscopic properties rather than
the atomic-scale description of the glass. At the theoretical
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side, no study of the Tl,O—TeO, systems exist, to the best of
our knowledge.

At this level, modelling can help one to disentangle the
role of thallium oxide in structural and optical properties
of TI,O—TeO, binary glasses. Atomistic models can be
obtained through first-principles molecular dynamics based on
a quantum mechanical description of the particles interaction.
Nevertheless, such a technique is computationally expensive
which limits its application to either small systems or short
time-scales. Alternatively, classical molecular dynamics based
on empirical interatomic potentials (IAPs) offer the possibility
of modelling large glassy systems over long periods of time
at a very reasonable computational cost and keeping a good
accuracy.

Modelling Tl,0—TeO, glasses requires the development of an
IAP that accounts for elemental interactions in this system. To
date, only one classical IAP exists for Te** —0?~ interaction.
This potential has been developed by Gulenko ef al. [30] and
further improved by Torzuoli et al. [31]. In these studies, the
authors adopted a fully ionic description (i.e. electronic charges
equal to oxidation number) of the system with a Buckingham
core-shell potential formulation that leads to very good results
on reproducing lattice parameters of various TeO, crystalline
phases within 2% of mean absolute error. In addition, their
potential was used to model glassy TeO; leading to structural
properties in fair agreement with experimental measurements.
In the present work, we focus on developing a classical
IAP for TI* —0?~ interaction in order to model amorphous
(TlO¢5), — (TeOy),_, compounds (for convenience, we use
hereafter T1Og 5 notation instead of Tl,O). Our potential is
tested against various TI(I) containing oxides and proved to
be transferable. Furthermore, we produce amorphous models
of various (TlOqs), — (TeOy),_, glasses featuring a good
agreement with experimental measurements.

This paper is organized as follows. Following the introduction,
section 2 describes the computational approach and fitting
criteria used to develop the classical TIT—0>~ IAP. Section
3 is devoted to the IAP transferability tests on various Tl (I)
based compounds and its validity on the amorphous description
of (T1Og5), — (TeO2),_, systems. Finally, concluding remarks
are presented in the section 4.

2. Methodology

2.1. Theory

In this work, we adopt the Buckingham formulation of the
classical IAP [32] in conjunction with an electrostatic interac-
tion model that turned successful on modelling a variety of ma-
terials [30],[33]. In practice, the potential energy Uj; of a given
system is written as follows:

qiqj 1
4rey r’

Uji = Ajje "/Pi — Cijr 0 + (1
where Ajj, p;j and Cj; are the Buckingham potential parameters
and q; is the charge (=oxidation number) of ion i. The first term
in Eq. (1) describes the electronic repulsion at the short range

due to the overlap of closed electron shells. The middle term
in Eq. (1) represents the attractive London dispersion contri-
bution. Finally, the last term contributing to Uj; is the coulom-
bic interaction. Due to the long range nature of this term, it
requires a special treatment during its calculation which is han-
dled through the Ewald summation technique [34].

Classical description of ions that carry an electronic LP, such as
Te** and TI*, requires a careful account of their ionic polariz-
abilities. We resort to the Dick and Overhauser’s shell model
[35] that allows for an analytical description of the ionic polar-
isibility. In this technique, a mass-less shell is attached to the
massive core of the ion. The core and the shell of the same ion
are coloumbically screened, but coupled through a harmonic
spring of force constant K; and possibly an anharmonic force
constant K,. This scheme induces a polarization on the con-
sidered ion as its associated shell is displaced. The potential
energy contribution of this core-shell model, E is given by:

1 1
Ee = EKhrES + EKahr;‘s, 2

where r¢ is the distance between ionic core and its associated
shell. This model allows one to derive environment based po-
larizabilities, o, which are expressed as:

2
_ %
K’

where qg, is the charge assigned to the shell of the ion.

(04

3

Coupling the Buckingham interaction potential with the
core-shell model allows one to develop classical IAPs by
relying on a proper account of the ionic polarizibility of the
system, as implemented in the General Utility Lattice Program
(GULP) [36] software.

2.2. Deriving interatomic potential for TIT —0*~

In order to produce and study the amorphous structure of
thallium tellurite glasses, IAPs accounting for Te, Tl, and O
interactions are required. In previous works, Gulenko et al. [30]
and Torzuoli et al. [31] have proposed a Buckingham potential
model for Te** and 0%~ that allows a good description of TeO,-
based crystals and pure TeO, glass. In this work, we intend to
extend this model to be able to describe Te—T1—O compounds.
In practice, energy parameters (see Eq. 1) accounting for the
TI"—0?~ and TIT—TI* interactions need to be fitted on the
basis of experimental data.

We note that core-shell interactions used by Gulenko et al
[30] are somehow unconventional. In particular, instead of a di-
rect Te shell and O shell interaction, the authors allowed Te core
to interact directly with O shell. Following the same legacy, in
this work we allow O shell to interact with T1 core instead of Tl
shell, as illustrated in Fig. 1.

In order to optimize the potential parameters, we consider
three Te—TI—O crystal structures, namely «-Tl,Te,Os [37],
Tl,TesO7 [38] and Tl,TeO3 [39] (see crystal structure projec-
tions along c axis in Fig. 2) simultaneously to fit the TI* —0?~
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T1 shell

Tl core

N
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O core )

::_.. Te core
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Figure 1. Schematic representation of interactions between shells and/or cores
in Te—T1—O systems used in our work.

and TIT—TI7 interaction model. In particular, we consider ex-
perimental lattice parameters and atomic positions as observ-
ables to be reproduced by the Buckingham interaction model.

i

(a). a-leTeZOS

(b). TL,Te;0, (¢). T, TeO,

Figure 2. Three crystalline thallium tellurite crystal structures used in the fit of
IAP. (a) a-T1,Te,Os : space group - P2/n, (b) Tl,TezO7 : space group - Py,
(c) T1,TeOs : space group - Pban. Color code: oxygen (red), tellurium (green)
and thallium (cyan).

The convergence of a fit is evaluated by computing the fi-
nal sum of squares between these experimental observables and
their calculated counterpart obtained through the IAP model.
The sum of squares, F, is defined as follows:

F= Y w(feae —fons)’, )

observables

where f 4 and f,,g are the calculated and observed quantities
and w is a weighting factor. F is minimized with respect to
the variable potential parameters using the Newton-Raphson
method. In addition, in the case where more than one set of
parameters led to F convergence, the one that leads to the least
deviation from the experimental lattice parameters is selected.

In our strategy, we start by adding a TI* —0?~ energy term
to the Te** —0?~ Buckingham potential from Ref. [40]. The
initial parameters of this potential energy term were initialized

Guess initial
Buckingham
Potential Parameters

Pij> Cij, Kn, Kan, sn No

p

Aij ) Cl] 9 Kh’ Kahy sh Convergence ? Yes

S

Pij

[ Ajj, pij, Cij, Kan, Gsh STOP

Kj

{ Ajj, pij> Cij, Kn, Kan

Qsh

Aij s Pij» K, Kan; gsh

Ajj, Pij> Cij, Kn, Qsh Kan

Figure 3. Illustration of the fitting flowchart used to develop the Te—TI-O
TAP. Parameters fixed during the fit are shown in rectangular boxes, while the
variable parameter is displayed along the arrows.

to TI3* —0?~ parameters available in Woodley library of po-
tentials for GULP [41]. Then, we fix pj;, Cjj, qen, Ky and Ky
and vary A;; from 100 eV to 5000 eV. The value of Aj; yielding
the best fit has then been kept fixed and other parameters were
subsequently varied. Following the flowchart presented in Fig.
3, pjj is varied in the interval 0.1 to 0.6 A, K, from 10 to 200

eV.;\_z, gsh from 0.2 to 0.6 e, C;j from 0 to 50 eV.i\_G and

lastly, Ky, from 0 to 200 eVA

After this loop of fitting is finished, the obtained TI* —0?~
interaction parameters are then fixed and a new interaction term
is added to account for the TIT —TI1" interaction. We found that
adding such an interaction term is required in order to prevent
the systems from undergoing important geometrical deforma-
tion. The initial pj; and Cj; values are fixed to those obtained
in the case of TIT—O?" interaction and Ajj is varied to min-
imise the final sum of squares. As in the case of TI*—0>~
interaction, a complete loop on the potential parameters is per-
formed following the fit flowchart (Fig. 3) until convergence is
achieved.
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After these two loops of optimization we obtained a reason-
able parametrization of the TI* —0?~ and TIT —TI* potentials.
In order to achieve a full convergence of the Buckingham inter-
atomic potential for Te—Tl—O compounds and ensure its sta-
bility, we repeatedly carried out the potential parameters fitting
until their values reach convergence and do not change signif-
icantly when refitted. The final Buckingham potential parame-
ters for Te—T1—O compounds are listed in table 1.

Buckingham Potential

A (V) p (A) C(eVA %
Torzuoli et al. [31]

Telt-03 1631.810731 0.346336 0.020139
0% 7-0%"  47902.536233  0.175930  33.029759
This Work
TIF-04  826.731161 0.341763 17.097819
TIL-TL,  924.000025 0.392193 9.906808
Shell Model

Py i
Kn (eVA )  Ku (VA ) qsh(€)
Torzuoli et al. [31]
Te*t 30.827429 90.0 -1.975415
0% 61.600546 0.00 -3.122581
This Work
TI+ 111.754795 81.0 -2.852493

Table 1. Obtained Buckingham IAP parameters for thallium core-oxygen shell
and thallium shell-thallium shell interaction along with the charges and spring
constants. Data for Te‘c”—th‘ and O?h_ —Ogh_ interactions have been taken from
Torzuoli et al. [31] work.

3. Results and discussion

3.1. Validation of the interatomic potential

The quality of an IAP is inherently related to its capability
of describing various chemical environments. As such, we
test the transferrability of the obtained IAP by considering
several thallium (I) oxide based crystalline compounds. The
considered crystals were extracted from the Open Quantum
Materials Database [42], [43] and listed in table 2.

For each compound, a variable
cell geometry optimization is achieved through the BFGS
algorithm [44, 45, 46, 47]. Final results are presented in table
2.

The obtained mean absolute errors (MAE) on the lattice pa-
rameters of various TI (I) based compounds show a very good
accuracy with values less than 6% (see Tab. 2). Such a good

4

ICSD TI™ based TI™ a(%) b(%) c¢(%) MAE

No. compound environment (%)
50457 TICuPOy [4, 5] T1O0;3 -8.56 0.97 -1.93 3.82
33579 TIGaO; [6] T1Og 6.62 6.62 -0.46 4.57
202028 Na3TIO; [7] TIO3 4.93 1.92 -7.92 4.92
98627  TIhNisP4O15 [8, 5] T1O3/T10s 0.04 0.81 0.82 0.56
74811 T1ZnPOy4 [9, 5] TI104/T105 -2.63 1.26 12.70 5.53
98625 TINi4P30y; [8, 5] T1Og 0.63 -4.92 0.73 2.09
98626 TI4NiPsO24 [8,5]  TlO4/T106/T10; 0.40 2.04 1.93 1.46
77699 TI,O TIO; 8.89 2.78 18.83  10.17
86782 a-Tl,Te;O5 [31] TIO4 2.56 -4.95 2.11 3.21
200965 TI,TeO;3 [31] T1O4 0.15 -5.69 8.76 4.87
150779 Tl Te;07 [31] TI103/T104 -0.68 -0.30 1.15 0.71

Table 2. Percentage change in reproducing lattice parameters (a, b, ¢) compared
with experiments and the mean absolute error (MAE) of investigated crystalline
Tl (I) based oxides has been shown. A cut-off bond length of 3 A is used
in describing different Tl (I) environments (for the case of TIGaO,, cut-off of
3.3A is used).

result proves the versatility of our potential in accounting for
different T1(I) environments ranging from T1O3 to T1Og units.
Nevertheless, one remarks that simple Tl,O shows relatively
high MAE that reflects the large elongation of the cell along the
c direction. This result is most likely ascribed to the layered
arrangement of crystalline Tl,O compound that would require
a higher level of theory to be properly described [48].

For this reason, and after few tests, we ruled out pure Tl,O
from the potential fitting procedure and only considered crys-
talline phases of o-Tl,Te;Os, Tl, TezO7 and Tl TeOs. For these
three compounds, a very good accuracy in predicting experi-
mental lattice parameters is obtained. Furthermore, we present
in table 3 the experimental and calculated TI*—O?~ bond dis-
tances in the a-Tl,Te,Os, Tl,Te3O7 and Tl,TeO3 crystalline
systems and find that they are well reproduced compared to ex-
periments with an average error of 1.8%.

3.2. Classical molecular dynamics (MD) study of thallium tel-
lurite glasses

We further validate our potential in the case of thallium
tellurite glasses and show its capability in producing good de-
scription of their glassy states. We here stick to a general val-
idation of the IAP and do not discuss the atomic scale struc-
tures of these glasses as this requires the production of ex-
tended atomistic models which goes beyond the scope of this
work. In practice, we generate random initial configurations
for (T1Og 5), — (TeO»),_, with concentrations x = 0.1, 0.2, 0.3,
0.4, and 0.5, using Packmol software [49]. The detailed simu-
lation cell information can be found in table 4.

We carried out MD simulations as implemented in the
DL_POLY software package [50] using our IAP presented in
table 1. An integration time step of 1.0 fs is used to integrate
the Newton’s equations of motion. Starting from the random
configurations, each configuration underwent a thermal cycle
featuring

(see
Fig. 4(a)). These runs are performed at fixed density in the
NVT (constant number of particles, volume and temperature)
ensemble. We ensured that at high temperature all the configu-
rations exhibited a considerable diffusion and completely lost
memory of the initial state. As maintaining the system at the
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Compound

TIT —0>~ (A) (Experiment)

TIT—02%~ (A) (Calculated)

(X-TIQTGQOS [37]

T12T63O7 [38]

T12T603 [39]

TI(1)-O: 2.580/2.584/2.646/2.840
T1(2)-O: 2.681/2.775/2.799/2.813

TI(1)-0: 2.471/2.588/2.700/2.828
T1(2)-O: 2.488/2.652/2.736/2.942

TI(1)-O: 2.548/2.746/2.810
T1(2)-O: 2.508/2.636/2.663/2.870

TI(1)-O: 2.513/2.377/2.722/2.844
TI1(2)-O: 2.564/2.600/3.164/2.509

TI(1)-O: 2.465/2.561/2.560/2.663
T1(2)-0O: 2.400/2.585/2.722/2.895

TI(1)-O: 2.728/2.577/2.679
TI1(2)-O: 2.538/2.651/2.368/3.086

Table 3. TIT—0>~ bond distances for three different TI—Te—O crystalline structures based on experimental data and calculations from our IAP.

experimental density might lead to spurious effects due to the
residual pressure in the cell, we extend the MD at 300 K in the
NPT (constant number of particles, pressure and temperature)
ensemble during a period of about 100ps. During this run we
allow the cell volume to vary isotropically.

We note that polarisiblity effects are included in our simu-
lation through core-shell IAP model. In particular, we resort to
the DL_POLY Relaxed Shell Model (RSM) [51] implementa-
tion in which shells are massless and their motion follows the
motion of the cores under the constraint of keeping vanishing
forces acting on the shells.

@ |

Temperature (K)

(b)

DR
© © O
B W

-29.61 1
-29.7¢ ]
-29.8¢ ]
-29.9

Total energy (eV/atom)

0 50 100 150 200 250 300 350 400
Time (ps)

Figure 4. (a) Temperature and (b) Total Energy variation as function of Time
for in (TlOg5), — (TeOy),_,; Black and Red lines represent NVT and
NPT ensembles respectively.

The stability of our IAP is assessed during the MD run by
looking at the total energy of the system. Fig. 4(b) shows the
time-evolution of the total energy for (T1Ogs), — (TeOy),_,
with . At high temperatures, it is particularly difficult to
account for core-shell models as shells move away from the
cores due to their high kinetic energy resulting in simulation
crash [30]. It is noteworthy that in our work the energy is
conserved even for temperature as high as 2000K and during
extended time-scales, reflecting the numerical accuracy of our
IAP potential. This remains true as well for the NPT run where
the cell size is allowed to vary. In this case, the stability of the
potential is further proved by the very good stability of the dy-
namical variable, such as the lattice constant and the pressure

for , as shown in Fig. 5.

0.1r (b)

Pressure (GPa)

s 5
N =

330 340 350 360 370 380 390 400 410 420 430
Time (ps)

Figure 5. (a) and (b) Pressure varia-

tion as a function of Time during NPT ensemble run.

We find that the pressure is very well conserved within a
standard deviation of . The same behaviour is ob-
served for the evolution of the lattice constant, where we find a
standard deviation of A. For all the studied (TlOp5), —
(TeO,) 1, models, we report the final equilibrium densities ob-
tained by averaging the cell volume over the last 20ps during
the NPT run. These values are also compared to experimental
results from Ref. [40]. We find that our models successfully
reproduce the experimental densities within an error of %,
see table 4.

After checking the numerical stability and convergence of
our IAP, we now confront the obtained atomic-scale models to
experiments.

The reduced X-ray PDFs G(r) calculated using RINGS
code [52] are presented in Fig. 6 and compared to their experi-
mental counterpart from Ref. [40].

Overall, our models reproduce with a good accuracy the ex-
perimental pair distribution functions. In particular, the posi-
tions of the peaks located at 1.9 A,38Aand 7.1 A are in very
good agreement with the experimental measurements. Further-
more, we find that the intensities of the peaks corresponding
to Te—O distances (=~ 1.9 A) and TI—O distances (~ 2.4 A)
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Concentration (x) No. of Tl/Te/O (Total) Experimental p (g.cm*3) [40] Calec. p (g.cm*3) Lattice Constant (A) Ap (%)
0.1 64/576/1184 (1824) 5.85 5.80 39.25/39.25/19.62 0.85
0.2 128/512/1088 (1728) 6.12 6.06 39.08/39.08/19.54 0.98
0.3 192/448/992 (1632) 6.40 6.30 38.98/38.98/19.49 1.56
0.4 288/432/1008 (1728) 6.68 6.50 40.51/40.51/20.25 2.69
0.5 360/360/900 (1620) 6.95 6.74 40.41/40.41/20.21 3.02

Table 4. Description of (T1Og 5), — (TeO,),_, amorphous system with various concentrations (x). Percentage change in density (Ap) between experimental (Expt.)
density and after NPT run i.e. final calculated (Calc.) density. All configurations feature tetragonal simulation cell.

G(n)

r(A)

Figure 6. Comparison of G(r) between experiments and classical MD for
(TlOg5), — (TeO2),_, amorphous system with various concentrations (x).
Solid lines: experimental; dashed lines: classical MD (analysed over the last
20ps of NPT run). A shift of 2 units is given to various concentrations for
better analysis of the graph.

follow closely the trends observed experimentally. Specifically,
our model reproduces the experimentally observed reduction of
the intensity of the peak at =~ 1.9 A with increasing concentra-
tion of T1Og 5 in TeO,-based glass. In addition, the accuracy
in reproducing the broad peak centered around 3.8 A, which
corresponds to Te—Te, Te—TI1 and TI—T1 distances, increases
with higher concentration of T1Og s modifier oxide. For r > 5
A, we remark that, while the PDFs obtained from our models
reproduce well the intensity of the broad peak in this region,
they underestimate its position by about 0.5 A. In addition, a
better description of this peak might require a more sophisti-
cated description of the Van der Waals interactions in the sys-
tem. Nevertheless, we note that the integral of the peaks which
directly correlate with the number of neighbors is very similar
from theory and experiments.

The static structure factor S(g) is obtained from Fourier
transforming the G(r) as follows:

sin(gr
(ar) ,,
q

*Imax
S(@)=1+ [ 60 ®
JO
where ¢ and 1, are the scattering vector and upper limit of
integration in real space, respectively. A comparison of exper-
imental [40] and calculated S(g) is presented in figure 7. The
. . o —1 . ..
first diffraction peak (FDP) centered around 2 A is fairly re-
produced by our models in comparison to their experimental

counterparts. It is also worth mentioning that similar to experi-
ments our IAP records the increase of the amplitude of the FDP
as a function of the concentration x of (T1Ogs), — (TeO2),_,.
Furthermore, similar to the behaviour observed for the G(r), the
computed FDP tends to show a better reproduction of the ex-
perimental S(g) as the concentration of TIOg s in the glass in-
creases. Finally, we remark that for q vectors larger than 3 Ail
our models remarkably reproduce the experimental pattern.

S(@)

g@h

Figure 7. Comparison of S(q) X-ray diffraction between experiments and clas-
sical MD for (TlOq 5), — (TeO»),_, amorphous system with various concentra-
tions (x). Solid lines: experimental; dashed lines: classical MD (analysed over
the last 20ps of NPT run). A shift of 2 units is given to various concentrations
for better analysis of the graph.

4. Conclusion

In summary, we obtained the Buckingham IAP parameters
of TI*—0? and TI*—TI" interaction through fitting exper-
imental observables of «-Tl,Te,Os, Tl,Te3O7 and Tl TeOs
crystalline compounds. The obtained potential has been
tested on several other thallium (I) oxide based crystalline
compounds and shows good accuracy in reproducing their
atomic environments and lattice parameters with less than 6%
of error. Furthermore, our potential is used to produce vari-
ous (TlOgps), — (TeO3);_, amorphous models (0.1<x<0.5)
with less than 4% error on their final densities compared to
reference experimental data. The obtained models feature
good real and reciprocal space properties, in comparison to
their experimental counterparts. The main peak positions and
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This work opens the way

towards a inexpensive and accurate enough modelling of
thallium (I) oxide based disordered systems.
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