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The atomic scale structure of amorphous AsTe; is investigated through X-ray diffraction, first-

principles molecular dynamics (FPMD), and machine learning interatomic potentials (ML-GAP) ob-
tained by exploiting the ab-initio data. We obtain a good agreement between the measured and
modelled diffraction patterns. Our FPMD results show that As and Te obey the 8-N rule with an
average coordination numbers of 3 and 2, respectively. We find that small fractions of under and
over coordinated As and Te atoms occur in the amorphous phase with about 6% (FPMD), and 13%
(ML-GAP) of 3-fold Te. As is found at the center of pyramidal structures predominantly linked
through Te, chains rather than rings. Despite the low As concentration in AsTes, its local envi-
ronment feature a very high chemical disorder that manifests through the occurrence of homopolar
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bonds including at least 57% of As atoms.

1 Introduction

Chalcogenide glasses are attractive materials for a wide range
of technologically relevant applications including chemical sen-
sors, medical and environmental devices, optical lenses, opti-
cal fibers, optoelectronic devices, Li-ion solid-state batteries and
phase change memories. X0 Most of chalcogenide glasses ex-
hibit a semi-conducting behavior owing to their peculiar elec-
tronic band-structure where spatially localized electronic states
contribute to the electrical transport. While this feature is a main
drawback for practical applications in semiconductor and opto-
electronic areas, it is of interest for applications in the thermoelec-
tric domain where a high thermopower and a very low thermal
conductivity are highly required.

Among thermoelectric chalcogenide materials, Te-based com-
pounds show outstanding performances. Within this family, crys-
talline BiyTe; is the best thermoelectric material operating at
room temperature. 1212 In addition, its isostructural B-As;Tes
compound shows remarkable thermoelectric properties. 23 The
search for high performing thermoelectric materials led recently
to the development of a new crystalline compound with compo-
sition AsTes, that exhibits a very low thermal conductivity and an
interesting figure of merit (ZT) peak value of 0.3 at 405 K, in-
dicative of its thermoelectric performance.® An interesting fea-
ture of this compound is that it was exclusively synthesized from
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the full and congruent crystallization of the parent glass.1¥ Thus,
while only the crystalline phase is of interest for thermoelectric
applications, a better control of the synthesis and stability of the
cristalline phase require a fundamental understanding of the par-
ent glassy AsTes. In this work, we focus on the structural proper-
ties of the amorphous phase of AsTes.

Within the As-Te family, several glassy As,Te;_, (0.2 < x <
0.8) compositions were synthesized and their properties investi-
gated. 227 However, all the studied compositions were found to
be thermally unstable and require either fast quenching rates14 or
conventional quenching of very small quantities to retain their vit-
reous state.’> The atomic scale picture of As-Te systems remains
elusive and various descriptions of the network connectivity and
the short range order are provided in the literature. 1372028
particular, Mossbauer spectroscopy revealed the presence of three
fold Te environments in Te-rich compounds.28 This result was
extended by Raman measurements which proposed that a large
fraction of three fold Te occurs in the entire compositional range
of As atoms.T¥ On the opposite side, recent X-ray diffraction ex-
periments combined with X-ray absorption fine structure (EX-
AFS) spectroscopy and reverse Monte Carlo simulation, 17 in addi-
tion to high-resolution two-dimensional projection magic-angle-
turning '?>Te nuclear magnetic resonance (NMR) spectroscopy
revealed that coordination number of As and Te obey the 8-N rule
over the entire compositional range. Moreover, most of these
studies reported the presence of a significant chemical disorder
irrespective of the Te concentration in the material.

In the present work, we resort to first-principles molecular dy-
namics (FPMD) combined with, machine learning (ML) and X-
ray diffraction (XRD) to investigate the atomic scale structural

Journal Name, [year], [vol.],

1H12| |1



organization of glassy Te-rich AsTe; compound. FPMD tech-
niques have shown a high record of reliability in investigating
a wide class of chalcogenides including S, Se and Te-based ma-
terials.22"35 We focus our efforts solely on the amorphous AsTes
compound, as a good understanding of its structure provides di-
rect insights into that of the metastable undoped crystalline AsTes
thermoelectric material.

The paper is organized as follows. Synthesis and sample char-
acterisation are given in Section [2} In Sec.[3] we provide a de-
scription of the FPMD methodology (Sec. and machine learn-
ing approach (Sec. employed in this work. Results, including
real and reciprocal space properties, atomic local environment
and network connectivity, are presented in Sec. The conclu-
sions of our work are drawn in Sec.[5l

2 Sample preparation and caracterisation

2.1 AsTe; Synthesis

AsTes was synthesized from high-purity elemental As (Goodfel-
low, 99.99%) and Te (SN+, 99.99%). Approximately 3 g of stoi-
chiometric powders were placed in a cylindrical silica ampule (6
mm inner diameter and 1 mm thick) sealed under secondary vac-
uum (10> mbar). The tube was subsequently heated in a vertical
furnace up to 1123 K, with a low heating rate of 9 Kh™!, held at
this temperature for 2 h, and finally quenched in a salt-ice-water
mixture. The obtained ingot was crushed into small pieces, re-
melted then quenched using the twin roller quenching technique.
To this end, the resulting pieces were placed in a quartz tube with
a drilled hole at the bottom of the tube. These pieces were heated
using a radio frequency induction furnace, which allowed their
temperature to rise very rapidly. An over pressure using an Ar
gas jet was introduced forcing small droplets of the melt to flow
through the hole in between the rotating twin rollers. Amorphous
quenched flakes (typically ~ 40 um in thickness and ~ 1 cm? in
surface area) were released by the rollers and dropped into an Al
collector. The entire process was carried out inside a glove box
kept under Ar atmosphere (for more details on the experimental
procedure see Pradel et al. [ 36]]).

2.2 Physico-chemical caracterisations

The chemical composition of the amorphous flakes after twin
roller quenching was checked by SEM-EDS using a ZEISS EVO
HD15 equipment. Different flakes and zones were analyzed in or-
der to obtain information on their chemical homogeneity. We find
mean atomic percentages of 24.3+1.0 and 75.7+1.0 for As and Te
in the amorphous flakes, respectively. This result is in agreement
with the target stoichiometric composition AsTe;. Glass transition
and crystallization temperatures were recorded using Differential
Scanning Calorimetry (DSC) AQ20 (TA Instruments) with a heat-
ing rate of 10 K/min as displayed in Figure [I} The DSC thermo-
gram shows that AsTes; glass exhibits a glass transition temper-
ature (Tg) and a temperature of the onset of the crystallization
(T.) at 367 K and 413 K, respectively. These temperatures are
quite similar to the values obtained by J. Cornet et al.12 on simi-
lar As-Te glasses. We note that the difference between T, and T,
is about 46 K, which indicates a rather limited thermal stability of
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Fig. 1 Differential scanning calorimetry thermogram of amorphous
AsTe3. The glass transition temperature T, and the crystallization tem-
perature T, are provided.

Furthermore, the density (pg) of AsTe; powder was determined
using an helium pycnometer (Micromeritics) and was found to be
5.639 gem 3, close to the value reported by J. Cornet et al.1?

Insights into the structure of amorphous AsTe; sample was ob-
tained throught X-ray total scattering. Measurements of the to-
tal X-ray structure factor Sy (k) were performed with a dedicated
laboratory setup based on a Bruker D8 advance diffractometer
(=0.559422 A) equipped with a silver sealed tube and rapid
LynxEye XE-T detector. This setup was modified in order to maxi-
mize collected intensities, to minimize spurious signal from empty
environment and to get good counting statistics up to a large
scattering vector length of 21.8 A~!. Raw Sy (k) data were cor-
rected, normalized and Fourier transformed using a homemade
software® in order to get the atomic Pair Distribution Function
(PDF) of the sample (g7(r)). The corrections included capillary,
empty environment and Compton scatterings, fluorescence, ab-
sorption and polarization. The obtained S (k) and gr(r) are plot-
ted in Figures[3]and [4 respectively and will be discussed in sec-
tion

3 Computational details

3.1 First-principles molecular dynamics simulations

In this work, the electronic structure is described in the frame-
work of density functional theory. We resort to the Becke Lee,
Yang and Parr (BLYP)3240 functional to describe the exchange
and correlation parts of the total energy. The choice of BLYP
is motivated by its high record of reliability when applied for
chalcogenide materials.2232 In particular, BLYP demonstrated a
superior performances compared to Perdew, Burke, and Ernzer-
hof4ll (PBE) functional when modelling Te-based, GeTey, binary
chalcogenide system,4? and led to very good structural models
for ternary systems including Ge,Sb,Tes, 43 Ga,SbgTes4¥ and,
GajgGe;sTes5.42 The core-valence interactions are described by
normconserving Troullier and Martins pseudopotentials.4® The
wave functions of the valence electrons were expanded in a plane-



wave basis set defined by a kinetic energy cutoff of 40 Ry. The
Brillouin zone was sampled at the I" point. In the case of Te-
based chalcogenides, it has been shown that van der Waals (vdW)
corrections play an essential role in reproducing structural mod-
els featuring a good agreement with experiments.4242 Therefore,
we account for long-range dispersion forces through the DFT-D2
correction term due to Grimme.Z We resort to the Car-Parrinello
molecular dynamics as implemented in the CPMD code.4® A ficti-
tious electron mass of 500 a.u. and a time step of At = 0.12 fs are
used to integrate the equations of motion, ensuring a good control
of the conserved quantity. A Nosé-Hoover thermostat chain42">2
is implemented to ensure the temperature control of the ionic de-
grees of freedom and a similar thermostat due to Blochl and Par-
rinello®? ensures the control of the temperature of the fictitious
electronic degrees of freedom.

We model AsTe; using a periodic cubic cell containing 240
atoms (60 As and 180 Te) at the experimental density of 5.639
gem 3 (cell side length 20.07 A). The initial configuration was
built by selecting 240 atomic positions from an old binary chalco-
genide (GeSes2%) and performing an atom substitution. The sys-
tem was then subject to a thermal annealing cycle as follows: 10
psatT = 300K, 10 psat T = 500K, 50 psat T = 650K, 50 psat T =
500K and 25 ps at 300K. We note that both atomic species reached
high mobility during the run at the melting temperature (T = 650
K) characterised by a liquid-like diffusion coefficients (Das = 3.5
1075 cm?/s and D, = 4.2 1073 ecm?/s). As such As and Te have
undergone displacements several times larger than interatomic
distances which ensures that no memory remains from the used
initial configuration. The residual stress is calculated for the final
structure obtained at T = 300K and was found to be equal to ~
0.8 GPa. Such a residual stress has been shown to alter the equi-
librium structural properties of chalcogenide systems=>>
eliminated by relaxing the cell following the procedure described
in Ref.”” yielding a slightly lower glass density of 5.45 gem™3
(cell side length 20.3 A). The obtained stress-free structure was
then further annealed at T = 300K during 43 ps at an internal
stress lower than 0.05 GPa. The final 20 ps of this trajectory were
used to compute statistical averages of the structural properties
of glassy AsTe; presented in this work.

In order to achieve an accurate and unbiased description of the
network connectivity, we rely on the formalism of the maximally
localized Wannier functions (MLWF).2857 within this method, a
Wannier function (w,(r)) corresponds to the localization of two
electrons and its center (W) gives its average position. As such,
MLWEF leads to an accurate and compact real-space representation
of the electronic structure, which we can use to define chemical
bonds and lone pairs. In practice, w,(r) and their corresponding
centers W are obtained by an on the fly unitary transformation of
the Kohn-Sham orbitals y;(r) under the constraint of minimizing
the spatial extension (spread, Q) of the resulting w,(r) as follows:

and was

Q= Z <<w,,|r2\w,1) — (w,1|r|w,1>2) M

Wannier functions were computed on top of 30 to 100 configura-
tions selected along the last 20ps at T = 300K and their centers
were used to investigate the network connectivity (occurrence of

Table 1 GAP model and hyper-parameters of the SOAP and 2 body
kernels.

Atomic environment kernel ~ SOAP 2_body
Feut 6 6
A 1 1
Co 1.0 0.0995
] — 1
O-Hme 0'5 -
: 4 -
Nmax 8 -
Imax 8 —
Represenative environments 1600 50
o8y 1.0 x 107> eV/atom
ol 5.0 x 1072 eV/A
oirial 5.0 x 1072 eV/atom
sparse jitter 1012
GAP software version 1563528539

chemical bonding between neighboring atoms).

3.2 Machine learning modelling
Despite the predictive power of FPMD methodology, its exten-
sion to large time- and size scales is inherently associated to
the explicit treatment of the electrons and of their interactions.
This limitation can be overcome by resorting to machine learn-
ing (ML) to generate interatomic potentials that allows a cost-
effective simulations of large systems. In particular, we resort to
the Gaussian Approximation Potential (ML-GAP) approach that
allows to learn and reproduce smooth highly dimensional poten-
tial energy surface by interpolating DFT data.287%0 In this tech-
nique, each point of the potential energy surface is written as a
sum of a universal local atomic energy function ¢; that depends
on the geometry of neighbors atoms structure around atom i and
within a sphere of radius r.. Then, Gaussian regression pro-
61162/ {5 ysed to define a model for & as a linear combina-
tion of nonlinear Kernel functions. An extensive review of this
technique is provided in Ref.®Y. This technique has been suc-
cessfully applied to model glasses, liquids, and crystals.©3769
this work, we apply ML-GAP technique as implemented in QUIP
(http://www.libatoms.org). We combine two descriptors for the
representation of the atomic structure where the Smooth Over-
lap of Atomic Positions (SOAP)©Z is complemented by a non-
parametric two-body distance descriptor in order to prevent non-
physical clustering of atoms. We train the ML-GAP potential on a
data base build by extracting representative configurations from
the FPMD trajectories as follows: 216, 240, and 243 configura-
tions at T = 650 K, 500 K, and 300 K, respectively, and 240 stress-
free configurations at T = 300 K. This amounts to 225360 local
environment to be fitted. In order to achieve a good accuracy of
the data base, we recomputed DFT energies, forces, and stresses
for all the configurations at an energy cutoff of 140 Ry. Table
shows the details of the GAP model and the hyper-parameters of
the used descriptors.

The obtained ML-GAP potential is then used to compute ener-

cess
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Fig. 2 Comparison between total energies (top panel) and force com-
ponents (bottom panel) as obtained from ML-GAP potential and DFT
calculations on the training data base.

gies and forces on the training configurations. The results pre-
sented in Figure|2|show a very good match between all the quan-
tities within a root mean square errors of 1.25 meV/atom for en-
ergy and 0.16 eV/A for the force. Similar errors were also ob-
tained on a validation data base made of configurations unknown
to the trained potential, thereby validating the accuracy of the ob-
tained ML-GAP interatomic potential.

Finally, we exploit the ML-GAP potential to produce a large
amorphous model of AsTe; containing 1920 atoms (480 As and
1440 Te). MD is carried out using the ML-GAP potential in the
NVT ensemble (cell side length 40.6 A) and with an integration
time step of 0.5 fs as implemented in the LAMMPS code®®. As in
the case of the FPMD model, the glass is obtained after a thermal
annealing cycle featuring: 5 ps at T = 300K, 5 ps at T = 500
K,70psat T =650K, 70 psat T = 500 K, and 70 ps at T =
300 K. The obtained glassy model will allow us to consolidate the
FPMD structural model of AsTe; by relaying on a large size system
obtained at the DFT accuracy. When useful, results of the ML-GAP
AsTes model are presented and discussed throughout the paper.
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4  Results

4.1 Total structure factor and total pair correlation function:
Experiments vs Modelling

In X-ray diffraction experiments the total X-ray structure factor
St (k) is defined by:

2 2 cocpfalk)fgk
st -1=Y ¥ W sEw-1]. @

o=1pB=1

where o and 8 denote one of the two chemical species As and/or
Te. ¢y and fu (k) are the atomic concentrations of species a (As,
or Te) and its corresponding scattering factor. Sﬁzﬁ (k) is the Faber-
Ziman (FZ) partial structure factor and k is the magnitude of
the scattering vector.©? SE% (k) partial structure factors can be di-
rectly calculated on the equilibrium trajectory by solving the De-
bye equation in the reciprocal space. Consequently, one can have
a direct access to the St(k). Alternatively, SZ% (k) can be obtained
by Fourier transform (FFT) of the real space pair correlation func-
tions gqp(r) as follows:

4npg [ .
SI;% (k)—1= — 0 /0 r [gaﬁ(r) — l}sm(kr)dr. 3)
Similarly to St(k) the total pair distribution function gr(r) is
often calculated using gqp(r):

2 2
gr(nN—1=~Y Y M [gap()—1]. @
a=1p=1 - [{fko))|

Where the scattering factors are evaluated at some arbitrary
value k, generally zero. While this approximation often leads to
a fair representation of gr(r), the magnitude of the first peaks can
be altered, in particular for samples combining both heavy and
light elements. We here resort to the method developed by Mas-
son and ThomasZ? where an exact and explicit gr(r) expression
was derived. In their formalism, gr(r) can be obtained through a
weighted linear combination of modified partial pair correlation
functions where the weights are defined as the mean values of the
Faber—Ziman factors over the considered reciprocal space range.
In practice, the modified partial pair correlation functions are ob-
tained by superposing on the original partial PDFs their weighted
and symmetrically shifted ghost PDF functions. A full description
of this method is provided in Ref. [ [70].

The measured X-ray structure factor of glassy AsTes is provided
in figure 3] We remark that St(k) features a narrow first peak at
about 1.8 A~!, followed by a much broader peaks (~ 3.35 and
5.25 A~!) and rapidly damped oscillations corresponding to a
structural correlation length of about 12 AL Figureshows also
the AsTes total structure factor directly calculated in the recipro-
cal space and that obtained by Fourier transform of the pair corre-
lation functions of the FPMD model in addition to the FFT Sy (k)
of the ML-GAP model. Furthermore, we provide the measured
X-ray structure factor of glassy AsygTegy from Ref. [ [17]. Our
results show a good agreement between FPMD/ML-GAP models
and the measured data over the entire range of reciprocal space
within typical statistical fluctuations. In particular, the positions
and intensities of the first three peaks (k < 6 A1) are very well
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Fig. 3 Total X-ray structure factor for amorphous AsTe; at T = 300
K. The experimental results (blue lines) are compared to the calculated
FPMD Sr(k) in the reciprocal space (gray lines) or obtained through
Fourier transform of the pair correlation functions with a cutoff value
kmax = 21.8 A (red lines), and to the ML-GAP St(k) (green lines). These
results are also compared to the measured St (k) for amorphous AsyyTegg
from Ref. [ [I7] (black lines). The inset represents a zoom on the FSDP
region.

reproduced. Small discrepancies occur for large k values. Despite
the slightly different composition, we find that AsTe; data are in
a very good agreement with those of AsyyTegg.L”

Amorphous chalcogenide systems feature an intermediate
range order (IRO) that manifests through the appearance of the
first sharp diffraction peak (FSDP) at around & ~ 1 A= in the to-
tal structure factor.”172 In the particular case of Ge-based chalco-
genides, the IRO was correlated to the occurrence of a particular
connectivity between Ge-centered tetrahedra through edge— and
corner-sharing connections.?? In the case of As,Tes, diffraction
data showed the presence of a FSDP in the amorphous phase.”Z3
However, it appears from our results that while a small shoulder
for k ranging from 1 to 1.4 A~! is present in the case of the FPMD
model of AsTe; (see panel in Figure [3), the ML-GAP model does
not show any distinguishable feature around 1 A~!. The absence
of a relevant FSDP reveals that the IRO is very limited in amor-
phous AsTe;. We note that the small peak at k < 1 A1 cannot
be ascribed to any structural feature as it is a Fourier transform
artifact due to the finite system size. Overall, we remark that the
St(k) obtained through FFT allows to capture all the features of
the structure factor calculated directly in the reciprocal space.

Figure 4| shows the experimental gr(r) obtained by Fourier
transforming the measured St(k) and compared to that obtained
from FPMD and ML-GAP models. The measured gy(r) shows an
overall pattern typical of amorphous materials. We distinguish a
first sharp peak at 2.71 A, followed by a second broader peak at
4.02 A reflecting the first and second coordination shells, respec-
tively. Few other peaks occur at larger r values, however, their
intensities are rapidly damped due to the abscence of long range
correlations in the amorphous phase.

Compared to experiments, the gr(r) as obtained from the
FPMD and ML-GAP models shows an excellent agreement over
the entire real space range. For r < 5.4 A, the measured first peak
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Fig. 4 Total pair correlation function for amorphous AsTe; at T = 300
K. The experimental results (blue lines) are compared to the FPMD
calculated St(k) (red lines) and to ML-GAP St(k) (green lines).

shows a slightly higher intensity compared to the modelled one,
while the opposite case occurs when looking at the second peak.
We also remark that the experimental gr(r) show a small shoul-
der at around 3.5 A that is not reproduced in the modelled ones.
These small discrepancies are typical of statistical errors and are
expected to have a very limited influence on the short range or-
der of AsTes. This rational is substantiated by the fact that the
integral of the first peak up to the first minimum, which directly
correlates to the average atomic coordination number, gives the
same result for FPMD and XRD pattern. The same rational applies
also to the second peak. For r > 5.4 A, the FPMD and ML-GAP
models reproduce the positions and intensities of the peaks oc-
curring at medium range distances. Overall, these results provide
evidences that our models allow for a very good description of
the topology of glassy AsTe; in comparison to experiments.

4.2 Faber-Ziman partial structure factors

In order to disentangle the various contributions of each chemi-
cal species into the network topology we consider the partial FZ
structure factors as displayed in Fig.

Focusing on S¥Z%. (k), one can immediately remark that it fol-
lows closely the pattern of the total structure factor St(k) (see
Fig. [B). This result is not surprising and is a direct consequence
of the large concentration of Te atoms in the system, as well as
their large atomic scattering factor, that leads to a dominant con-
tribution of T4, (k) into the total structure factor as evidenced
by Eq. We remark that the small discrepancies between the
measured and calculated St (k) at k larger than 6 A~! observed in
Figure 3| are mainly due to the Te-Te correlations. In this respect,
a more accurate description of these correlation would require
a higher level of theory for the description of vdW interactions
within the DFT setup. Nevertheless, such discrepancies occurring
at high k values are expected to have a very limited impact on the
local structure around Te. In the case of %2, (k) and SY2, (k), we
remark the occurrence of an FSDP-like peaks in between 1 A1
and 1.5 A~!, which might be correlated with the occurrence of an
intermediate range order around As atoms. Nevertheless, due to
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Fig. 5 The Faber-Ziman partial structure factors S, (k), S¥%p, (k), and

SEZ, (k) for amorphous AsTe; at T = 300 K obtained from FPMD (red
lines) and ML-GAP (green lines). The curves are shifted vertically for
clarity.

the small concentration of As atoms, these peaks are barely vis-
ible in the St(k). In addition, while the ML-GAP model shows a
reduction of the fluctuations of S¥2, (k) for k < 4 A~ it does not
promote any clear peak around 1 A~!. Taken together, FZ par-
tial structure factors provide evidences of the dominance of Te-Te

correlations as well as a very limited IRO in amorphous AsTejs.

4.3 Partial pair correlation functions
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Fig. 6 The partial pair correlation functions grete(r), gaste(r), and
gasas(r) for amorphous AsTes at T = 300 K obtained from FPMD (red
lines) and ML-GAP (green lines). The curves are shifted vertically for
clarity.

The atomic-scale picture of AsTes as described in the reciprocal
space can be substantiated by investigating the real space prop-
erties of this glass. Figure [6]shows the FPMD and ML-GAP calcu-
lated partial pair correlation functions of glassy AsTes.

gasAs(r) feature a narrow first peak around 2.51 A indicative of
the presence of As-As homopolar bonds in glassy AsTes. The high
intensity of this peak reflects that As homopolar bonds occurs in
a relatively large fraction. For larger r values, we remark that

6 Journal Name, [year], [vol.], 1

the FPMD model suffers from some statistical fluctuations due to
the relatively small number of As atoms in the cell. This leads
to a wide first minimum gap between the first and the second
peaks in addition to the absence of a clear trend for r > 5 A.
Interestingly, the ML-GAP model provides a better description of
the As-As correlations in real space where peaks representative
of second (around 4 A) and third (around 6.2 A) coordination
shells are well distinguished in comparison to the FPMD model.
We note also a small reduction of the intensity of the first peak in
the ML-GAP model.

Focusing on grete(r), we find a first peak centered around 2.81
A indicative of homopolar Te-Te bonds and a second peak around
4.06 A originating from the Te belonging to the second coordina-
tion shell. These two peaks feature a similar intensities due to the
high concentration of Te atoms and their ability to form -Te-Te-Te-
linkages. In addition, one can distinguish three peaks at medium
range distances (r > 5.5 A) that might be indicative of the pres-
ence of long Te, chains with n > 3. Finally, gasre(r) shows a first
sharp peak around 2.65 A. For r larger than 3 A we remark some
similarities between gasre () and grete (1), which can be attributed
to a preference of As and Te to have Te atoms on their third and
forth coordination shells. Hence, the picture of glassy AsTez could
be rationalized in terms of highly chemically disordered structure
(occurrence of As-As and Te-Te bonds) where As-centered motifs
are linked through relatively long Te chains.

Let us now compare atomic bond lengths found in amorphous
AsTej to those found in stable a-As,Te; and metastable 3-As,Tes
crystalline counterparts. a-As,Te; and f3-As;Te; crystallize in
monoclinic and rhombohedral phases, respectively. The crystal
structure of o-As;Tes consists of zig-zag chains where As atoms
are either trigonally (As(I) site) or octahedrally (As(II) site) co-
ordinated to the Te atoms yielding three various Te (Te(I), Te(1I),
and Te(III)) sites. More precisely, Te(I) type atoms are bonded
to two As(I) atoms (typical bond length dre(yy_ a1 =2.77 A) and
one As(Il) atom (dr(r)—as(m) =2-93 R). Te(1D) atoms are bonded
to two As(II) atoms (dTe(H)_ As(n)=2.90 A) and one As(I) atom
(Are(my—As(r) =2-68 A) and finally, the Te(Ill) atoms are bonded
to three As(Il) atoms (dre(mm)—as)=2.76 or =2.85 R).74 The
B-As;Te; compound is isostructural to the well-known Bi,Tes-
based thermoelectric materials used in solid-state cooling appli-
cations. 2 In this structure, As atoms exhibit a more homoge-
neous environment since all As atoms are octahedrally coordi-
nated (three short As-Te bonds with d=2.735 A and three long
As-Te bonds with d=3.132 A). Overall, we remark that the As-
Te bonds in both a- and B-As,Tes crystalline compounds are

longer than those found in As,Te; or AsTes glasses (das_e=2.65
R) 7476

4.4 Coordination numbers and atomic local environments

More insights into the AsTe; network can be obtained by looking
at the atomic coordination numbers. Partial coordination num-
bers can be obtained by two different methods. The first method
relies on the partial pair correlation functions and consists on es-
timating n,g by integrating the first peak of gq5(r) up to a given
cutoff distance corresponding to the position of the first mini-



mum. The total As and Te coordination numbers are then ob-
tained as follows: nas = nasas + naste, and nte = neTe + ATeAs, T€-
spectively. We here note that nagre = 3n1eas. Finally, the average
coordination number can be defined irrespective of the chemical
species and is given by 71 = casnas + crenre. While this method
is commonly used to estimate coordination numbers from molec-
ular dynamics trajectories, its accuracy depends on the adopted
distance cutoffs. In particular, in the case where first minimums
of the g (r) cannot be defined accurately, any small variation of
the used cutoffs could lead to a significant change in the coordi-
nation numbers.

In order to go beyond this limitation, we resort to a second
method based on the MIWF formalism. We recall that a Wan-
nier function corresponds to the localization of two electrons
and its center gives its average position. Hence, a chemical
bond between two atoms o and f is defined when a Wannier
center W is shared between the two considered atoms such as
Fap —Taw —rgw < 0.1 A. Here r is a distance, a and J refers to
As and/or Te atoms, and a 0.1 A tolerance is considered to ac-
count for small deviations that occurs on the spacial localization
of the W center. Consequently, one can accurately estimate the
coordination number of each element by counting the number of
chemical bonds. In addition, proportion of atoms a (As or Te)
that are /-fold coordinated to other atoms (As or/and Te), 7ig(!),
can be obtained. An illustration of the Wannier centers occurring
in AsTe; is provided in Fig.

Fig. 7 Details of the bonding environment for glassy AsTes. For the color
code: As (purple), Te (light orange), and Wannier centers (labeled as
W) (light brown). Only a few As and Te atoms are presented along with
representative Wannier centers. We distinguish three different Wannier
centers: Wp centers occurring along As-Te bonds, Wy centers occurring
along homopolar Te-Te or As-As bonds, and Wy p, indicates the lone pair
(LP) valence electrons not participating in chemical bonds.

Table [2] summarizes the obtained coordination numbers of
AsTe;. We find that As and Te coordination numbers obtained
by integration of g,5(r) are slightly larger than those obtained
from the MLFW analysis. In particular, nrere shows the largest
difference between the two methods, which can be ascribed to

Table 2 Coordination numbers as obtained from the FPMD and ML-GAP
models. Results computed either by integrating the PDFs up to the first
minimum or based on the MLWF analysis. Typical standard deviation of
the MLWEF results is of ~ 0.02.

FPMD ML-GAP
PDF MIWF PDF MLWF
NAsAs 0.78 0.75 0.67 0.66
nasTe  2.26 225 236 2.32
neas 0.75 0.75 0.78 0.77
nrere  1.33  1.25 145 131
nas  3.04  3.00 298 299
ne 2.08 2.00 223  2.08

the ill defined first minimum in the grer(r). We now focus on
the MLWF coordination numbers and compare the results of the
FPMD and ML-GAP models. We find a slight dependence of the
partial coordination numbers on the cell size. In particular, nasas
decreases from 0.75 (FPMD) to 0.66 (ML-GAP) at the expanses
of nagte that increases from 2.25 (FPMD) to 2.32 (ML-GAP). Nev-
ertheless, the overall nas remains constant (3.00) with increasing
the cell size. Looking at nreas, we find that both models lead to
a very similar values. In contrast, a larger nrere is obtained from
ML-GAP compared to FPMD. This leads to an np. of 2.08 in the
case of the ML-GAP model and to 2.00 in the case of the FPMD
model. Overall, the picture of the amorphous AsTe; network as
obtained from the MLWF formalism is in good agreement with
the "8-N" rule which predicts coordination numbers of 3 and 2 for
As and Te, respectively. These results are in good agreement with
previous RMC data on AsygTegglZ and experiments. 1316

We deepen the description of the AsTes glassy network by look-
ing at the details of the atomic local environments of As and Te
atoms obtained through the MLWF decomposition on the FPMD
and ML-GAP models (see Table [3). First we focus on the FPMD
model. We find that 97% of As atoms are three-fold coordinated
with a minor fraction of two- and four-fold As configurations (see
table [3). Such a distribution of configurations is inline with the
As coordination number nas =3. Looking at the breakdown of
the 3-fold As environment, we find that configurations containing
at least one homopolar As-As bond (As-AsTe, and As-As,Te) are
as numerous as 59% compared to the chemically ordered As-Tes
configurations (38 %). Interestingly, despite the low concentra-
tion of As atoms in AsTes, 61% of them belong to homopolar
bonds (see Table [3). While this result agrees with previous mod-
elling218! it is in a strike contrast with NMR and Raman spec-
troscopy results?>18 where As-As homopolar bonds appear only
for As concentration x > 0.3 in amorphous As,Te;_,. This ab-
sence of As homopolar bonds in glassy AsTe; might be ascribed
to the way their fractions are estimated from NMR and Raman
spectroscopy. Actually, both experiments!21® rely on molecular
dissociation models in order to estimate the fractions of As-Te, As-
As, and Te-Te bonds. On the one hand, this procedure employs
empirical parameters and, on the other hand, it replies on the dis-
sociation of either As,Te; or AsTe. As such, the fraction of As-As
bonds cannot be accessed in a straight forward manner and might
be subject to large error bars due to the non inclusion of a more
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Table 3 Percentage 7iq(I) of the different coordination units in the FPMD model of glassy AsTes, error bars are typically of ~ 1%. We note that the
ne(l) is given with respect to the number of atoms a in the system. We also provide the fractions of As and Te atoms involved in homopolar bonds

Nasas and Nasas, respectively. Values between parenthesis correspond to ML-GAP model.

Proportion 7ig (1) [%]
=1 =2 [=3 =4
As atom 1.00 (2.26) 97.67 (96.10) 1.31 (1.60)
Tes; 38.61 (40.71)
AsTe, 45.44 (46.51)
As,Te 13.61 (8.60)

Te atom 5.86 (5.62) 87.90 (80.18) 5.92 (13.87)
Te 3.61 (3.51)  Te, 34.19 (33.86) Te; 1.23 (5.61)

As2.25 (2.11)  AsTe 41.46 (30.79)  AsTe, 2.96 (4.50)

Asy 12.24 (15.52)  As,Te 1.70 (2.35)

homopolar atoms fraction [%]
61.09 (57.29)

NAS—AS
Nte—Te 86.44 (80.93)
linear chains

length As [%] Te [%]
2 20.1 (31.2) 15.0 (10.7)
3 31.1 (22.2) 9.1 (5.5)
4 10.4 (3.3) 12.6 (4.3)
5 - 10.1 (3.1)
6 - 4.7 (1.8)
7 - <1% (1.4)
8 - 2.5(1.1)
9 - <1% (<1%)
10 - 1.8 (<1%)
11 - <1% (<1%)
12 - <1% (<1%)

8 Journal Name, [year], [vol.], 1



general model. Moreover, the occurence of large fractions of ho-
mopolar bonds in As-Te systems might also be ascribed to the very
similar bond energies of As-As, As-Te, and Te-Te bonds."””

Compared to As, Te shows a larger distribution of local envi-
ronments. In particular, Te occurs mainly in 2-fold structural mo-
tifs (87.9 %) together with small fractions of under coordinated
(1-fold Te, 5.8%) and over coordinated (3-fold Te, 5.9 %) units,
in agreement with the Te coordination number ny, =2. Inter-
estingly, while these three Te environments are present in crys-
talline As,Tes, 19 the occurrence of three fold coordinated Te in
glassy As,Te;_, has been longly discussed in literature. Recent
EXAFS and NMR spectroscopy proved that Te atom is mainly
two fold over the entire range of compositions as predicted by
the 8-N rule. 1917 [n the contrary, Méssbauer and Raman spec-
troscopy, 12128 suggests the occurrence of a non negligible fraction
of 3-fold Te. The picture of Te-rich amorphous As,Te;_, as stems
out from our FPMD model shows that a small fraction of 3-fold
Te occurs in AsTes. In particular, we find that 3-fold Te occurs in
Te-AsTe; (2.96 %), Te-As,Te (1.7 %), and, Te-Tez (1.23 %) units
which differs from that found in the stoichiometric As,Tez system
where Te-Asj; is the main building block.

Coming to the ML-GAP model, we remark that it reproduces the
overall population of the atomic local environments found in the
FPMD model. Nevertheless, few differences are noticeable and
might be due to the enhanced description of the As-As correla-
tions in the ML-GAP model. In particular, the fraction of As-As,Te
in the ML-GAP model is found to decrease by about 5% compared
to the FPMD model. This result is in line with the decrease of the
nasas (see Table [2) discussed previously. More interestingly, we
find that the fraction of 3-fold Te increases by about 8% at the
expanses of 2-fold Te in the ML-GAP model with respect to the
FPMD results. This finding consolidates our results on the pres-
ence of 3-fold Te in amorphous AsTe; and shows that it occurs
not only as a chemically ordered As-Te; configuration, but also
as As-AsTe,, and As-As,Te configurations. Such a picture might
explain the difficulty of detecting Te(III) structural units from ex-
periments. Furthermore, we find that the ML-GAP model features
a sizeable fraction of homopolar bonds, 57% and 81% for As and
Te, respectively.

Overall, our results show that while As and Te fairly obey the
8-N rule, over and under coordinated atoms are present in glassy
AsTe;. In the particular case of Te, we find that the occurrence of
Te(III) is not necessarily in contrast with an average coordination
number close to nt. = 2. Moreover, the 3-fold Te environment is
found to be altered by the presence of homopolar bonds.

4.5 Network connectivity

It is of interest to focus on the network topology and connectivity.
Figure |8 shows the bond angle distributions around As and Te
atoms. ML-GAP model shows smoother bond angle distributions
than the FPMD system thanks to a larger number of As atoms.
Therefore, we only comment the results of the ML-GAP model.
As features a broad angular distribution centred around ~ 95°
and ~ 97° in the case of As-As-Te and Te-As-Te environments,
respectively, consistent with a pyramidal 3-fold structure of As. In
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Fig. 8 Bond angle distribution around As atom (top) and around Te
atom (bottom).

the case of As-As-As units we distinguish a main peak around ~
97° and an extended tail up to ~ 120°. Coming to Te, we find that
As-Te-As bond angle distribution shows a broad peak centered
at around 95°. In the case of Te-Te-As, the angular distribution
becomes less broad and centers around 95°. Finally, for the Te-
Te-Te chains we distinguish a main peak centered around 97° and
a second less intense peak around 167°.

In order to access the structural origins of these peaks we report
in Tab. [3]the chains analysis of glassy AsTe;. We note that a chain
of atoms belonging to species o is defined as a linear sequence
of atoms connected through chemical bonds where the two end
atoms are singly coordinated, and the intermediate atoms are two
fold coordinated to a atoms. In this definition, a chain of length
n is quantized by the number of atoms forming the chain nor-
malized to the total number of atoms of species a. We note that
chains statistics obtained from the FPMD and the ML-GAP models
cannot be directly compared as they contain substantially differ-
ent fractions of Te-Te; configurations, which lead to the exclu-
sion of a sizeable number of Te atoms when searching for chains.
Hereafter we solely focus on the results obtained from the large
cell with ML-GAP.

Focusing on As, we remark that it forms mainly dimer and
trimer chains, and to a less extent 4-membered As chains (~ 3%).
These chains are reflected in the As bond angle distribution. The
first peak around 95-97° is attributed to As pyramids irrespective
of the chemical order and the tail observed in the As-As-As bond
angle distribution in the vicinity of ~ 118° is attributed to As
chains with n = 4. The intensity of this peak is consistent with the
small fraction of such chains. The As pyramids are predominantly
linked to each other through three types of Te linkages. One can
distinguish Te connecting two As pyramids is a "corner-sharing”
fashion (As-Te-As), short Te chains involving Te dimers (As-Te-Te-
As), and long Te chains (As-Te..Te..Te-As). As shown in Tab.
long linear Te chains up to n = 7 occurs in relevant proportions
and are responsible of the peak at ~ 167° in the Te-Te-Te bond
angular distribution.42

Aiming at a complete picture of glassy AsTe; topology we in-
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vestigate the network connectivity through the rings analysis. We
employ the RINGS methodZ87? to calculate the connectivity pro-
file following the King/Franzblau shortest paths criterion. 8081 1
this method, all atoms are considered as initial points to begin the
search for a given ring, and homopolar bonds are allowed during
the searching procedure. We use the first minimum of the partial
pair correlation functions as cutoff distances and search for rings
with a maximum of 30 atoms. The distribution of rings in AsTes
can be quantified by two quantities: R.(n) which represents the
number of rings containing n atoms (As or Te), and P,(n) rep-
resents the number of atoms that can be used as the origin of
search for at least one ring containing n atoms. Both R.(n) and
P, (n) are normalized to the total number of atoms in our model.
Due to size effects, rings in the FPMD model show a large statis-
tical fluctuations, therefore only results of the ML-GAP model are
presented in Fig. [9]

I ML-GAP

N o w A~ O
T T T

Rc (%)

i IIIIIIIII”IIIIIHH |
. LiLi
0 6 8

2 4 10 12 14 16 18 20 22 24 26 28 30
ring size (n)

Fig. 9 Connectivity profiles for amorphous AsTe; ML-GAP model ob-
tained using the RINGS method. (top panel) R.(n), number of rings of
size n normalized to the total number of atoms in the model, (bottom
panel) P,(n), number of atoms at the origin of at least one ring of size
n normalized to the total number of atoms in the model. Vertical lines
represnts the standard deviation.

Our results reveal that only 4 and 5 membered rings show a
meaningful concentration with about 13% and 18% atoms that
could be at the origin of these rings, respectively.

In summary, the AsTes; shows a particular connectivity where
As belongs to pyramidal structures with a high level of chemical
disorder. The pyramids are rather connected through Te chains
than rings and no significant IRO can be identified in the amor-
phous phase of AsTes;. A representative snapshot of the AsTes
structure is provided in Fig.

5 Conclusions

We used X-ray diffraction, first-principles molecular dynamics,
and machine learning interatomic potentials to study the glassy
phase of AsTe; compound. X-ray diffraction experiments con-
firmed the nature of the amorphous phase AsTe; elaborated
by twin roller quenching technique. The differential scanning
calorimetry showed that glassy AsTe; exhibits a glass transition
temperature T, and a temperature of the onset of the crystal-

10 | Journal Name, [year], [vol.], 1

Fig. 10 Snapshot of amorphous AsTe; FPMD model at T = 300 K. For
the color code: As (purple), and Te (light green). As centered pyramids
are also highlighted and periodic clones are shown for clarity.

lization T, at 367 K and 413 K, respectively. Measured X-ray to-
tal structure factor and total pair correlation function were com-
pared to those obtained from the FPMD model yielding a very
good agreement. We then exploit the FPMD date to generate a
machine learned interatomic potential through the Gaussian ap-
proximation potential framework, and use it to produce a large
size AsTe; amorphous model. Then, the atomic scale structure of
glassy AsTes was investigated based on the obtained FPMD and
ML-GAP models. We found that As and Te obey the 8-N rule
with an average coordination numbers of 3 and 2, respectively, in
the case of the FPMD model, and 2.99 and 2.08, respectively, in
the case of the ML-GAP model. In addition, we find that signif-
icant fractions of under and over coordinated atoms exist in the
amorphous phase with about 6% (FPMD) and 13% (ML-GAP) of
3-fold Te. Despite the low As concentration in AsTes, its local en-
vironment features a very high chemical disorder that manifests
through the occurrence of homopolar bonds including 57 % of
As atoms (ML-GAP model). The overall picture of AsTes glass is
mainly made by As centered pyramidal structures linked through
Te, chains. Our results provides a comprehensive picture of the
chemistry and network connectivity of amorphous AsTes.
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