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Abstract

S- and Se-based chalcogenide glasses are intrinsically metastable and exhibit a number of photo-induced effects
unique to this class of materials, reversible photostructural changes being a major example. Such changes manifest
themselves as reversible darkening under the exposure to band gap light and are usually interpreted in terms of the
formation of valence alternation pairs and ‘“wrong’ bonds. Some time ago it was shown that quenching the As,S; melt
under a weak magnetic field also results in a decrease of the glass optical band gap. In this work, we report the results
of comparative Extended X-ray absorption fine structure (EXAFS) and high-energy X-ray diffraction studies of the
local structure of the As,Ss glass formed through quenching the melt under a weak magnetic field and without it.
Based on these experiments and density functional theory simulations, we propose a model of the structural nanoscale

modification of diamagnetic As,Sz under a magnetic field.
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Relevance Summary

The present work reports on EXAFS and high-energy X-ray diffraction studies of the nanometer scale local structure
of the As,S; glass formed under a weak magnetic field and without it. As,Ss is of great topical interest as a material
with a number of photo-indued phenomena (reversible photostructural change being a most characteristic example).
Based on the above experiments and density functional theory simulations, we propose a model of the structural

modification of As,S; under a magnetic field.

1 Introduction

Chalcogenide glasses, of which As,Ss is a typical representative, exhibit a number of photo-indued phenomena,
reversible photostructural change being a most characteristic example (for reviews see [1, 2]). Reversible photo-
structural change, experimentally detected by structure-sensitive techniques such as Raman scattering [3], x-ray
scattering [4] and extended x-ray absorption fine structure ((EXAFS) [5, 6] manifests itself as photodarkening [7],
when the optical band gap decreases upon illumination. The initial properties can be restored by subsequent annealing
at temperatures close to the glass-transition temperature. The band gap decrease depends on the material composition
and can reach a value as large as 0.3 eV [8], which is close to 15% of the initial gap value. The photodarkening is
usually accompanied by volume expansion [9, 10]. On the nanometer scale, photodarkening has been explained by
bond switching [11], the formation of photo-induced valence alternation pairs [5] and the formation of “wrong’ bonds
[3]. It was also proposed that so-called soft modes may serve to generate states with negative correlation energy
responsible for photodarkening [12]. Computer studies also concluded that interchain interaction was enhanced in
selenium as evidenced by the formation of dynamic covalent bonds between neighboring chains [13].

Interestingly, darkening has also been reported for the As,Ss glass quenched under a weak magnetic field [14], the
result being very intriguing because the material does not contain magnetic elements. In this paper, we report the
results of comparative EXAFS and high-energy x-ray diffraction studies of As,S3 formed through quenching the melt
under a weak magnetic field and in its absence. Based on the experimental results and density functional simulations

we propose a plausible nanoscale model of the effect of magnetic field on the structure of diamagnetic As;Ss glass.

2. Experiments and simulations

As;S; compositions were prepared in evacuated (10* Pa) and sealed fused quartz ampoules from elemental
ingredients with purity no worse than four nines preliminary purified by distillation. The synthesis procedure lasted
near 14 h was portioned in a few step-wise stages with fixed temperatures kept during 2 h and further vibrational
mixing. The maximum temperature of synthesis was 720 K. The ingots were then air-quenched to a glassy state, which
was controlled visually by a characteristic conchoidal fracture. Then the glass samples in evacuated quartz ampoules
were heated in a furnace located in air gap in a solenoid. The processing mode was as follows: heating to 670 K,
holding for 30 min. and then cooling to room temperature with the furnace turned off.

One glass sample was used as a control and, accordingly, was not exposed to the magnetic field, and the other was

exposed to the magnetic field of a solenoid (H = 250 Oe) during the exposure at 670 K and subsequent cooling.



Extended X-ray absorption fine structure (EXAFS) measurements were performed in transmission mode at beam
line BLO1B1 at Spring-8. Samples were powders of As,Ssz glass quenched with and without a magnetic field [14].
They were mixed with BN to achieve an absorption edge jump of unity. Analysis of the experimental data was
performed using the Athena/Arthemis packages [15].

The high-energy X-ray diffraction experiment was performed at beamline BL04B2 at the SPring-8 synchrotron
radiation facility, using a two-axis diffractometer dedicated to the study of disordered materials [16]. The energy of
the incident X-rays was 112.8 keV. The raw data were corrected for polarization, absorption, the background, and the
contribution of Compton scattering was subtracted using standard data analysis software. The fully corrected data
were normalized to give a Faber-Ziman [17] total structure factor. The total correlation function T(R) was derived by
the Fourier transform of S(Q).

Molecular dynamics calculations of As,S3 were carried out using the plane wave pseudopotential code VASP 5.4.4
using a NVT ensemble [18]. A total of 240 atoms were included in the simulation cell with a density 3.49 g/cm?. The
Gamma point with a Gaussian smearing of 0.05 eV was used for Brillouin zone integration. A value of 260 eV was
used for the plane wave cutoff as recommended by the VASP developers. The Perdew-Burke-Ernzerhof exchange
correlation functional was utilized [19]. The projected-augmented method in which the outermost s-and p-electrons
were treated as valence electrons was used to correct for the effect of the core electrons within the augmentation sphere
[20]. The amorphous phase was generated by the following procedure. The initial structure was randomized by heating
the structure to 3000 K followed by cooling to a temperature just above the melting point 900 K over a period of 45
ps. The amorphous phase was generated by quenching from 900 to 300 K over a duration of 15 ps.

The electronic structure of the orpiment and tetradymite crystalline phases of As,Szwere simulated using the plane-
wave code CASTEP [21]. The PBE functional [19] was used to optimise the structures.

3 Results and discussion
A change in optical absorption in chalcogenide glasses that manifests itself as photodarkening is usually associated
with photostructural change. In many cases darkening is observed under exposure of chalcogenide glasses to band
gap light but it can also be induced by other agents. In particular, it has been reported that bulk ingots of As;Ss glasses
quenched under a weak magnetic field and without the magnetic field [14] look quite different (figure 1). The visual
difference is twofold. Firstly, the glass quenched under a magnetic field is notably darker, secondly, it breaks in a

different manner. Both results demonstrate the structure, i.e. the bonding, difference in the two cases.

Fig. 1 Bulk As;S3 glass quenched under a weak magnetic field (left) and without a magnetic field (right)

To investigate the structural differences between these two structures on the nanometer scale, we performed X-
ray absorption and high-enargy X-ray diffraction measurements. Figures 2 and 3 show raw EXAFS oscillations and

the corresponding Fourier transforms of the two samples alongside with the fitting results. One can see that in the



sample annealed under magnetic field the amplitude of the oscillations at higher k is slightly larger. The difference is
also visible in the Fourier transformed spectra. Another aspect that can be noticed is a higher white line intensity in

the sample quenched without the magnetic field.
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Fig. 2 Raw EXAFS oscillations (left) and XANES spectra (right) of As,S; quenched without (red) and under

(black) weak magnetic field

A5233 Without B A5253 With B
151 ) u F
bR e
J f 9
—_ ’I \ e Exp't ‘." ". e Exp't
T b f % —Fit g [ ¢ —Fit
= ? ° P .
z ;o S
| J '.
= S PR
031" \ B o/ °
* o/
. 3 ¢
\W VXN
0t | | | 1 't | 1 h 1
1 15 2 25 3 1 15 2 25 3
R (A)

Fig. 3 Fourier transformed spectra of As,S3 quenched without (left) and under (right) weak magnetic field (dots).

The fitting results are also shown (solid lines)

The fitting of the experimental data (Table 1) yielded the average As-S bond length of 2.27+0.02 A, while the As-
S partial coordination number was 2.7 in the sample quenched without field and 2.3 in the sample with field. At the
same time, the As-As partial coordination number was higher (2.8 vs. 0.8) in the sample quenched with field. It should
be noted, however, that the uncertainties (Table 1) for the As-As coordination numbers were rather large. The larger
concentration of As-As bonds in the sample annealed with field is not unreasonable since photodarkening was also

found to correlate with an increased concentration of As-As bonds [3].

Table 1. EXAFS fitting results (partial coordination numbers - N, and bond lengths - R) for As,Ss quenched
without and with a weak magnetic field



Structural parameter without field with field

N as-s 2.71+0.14 2.30+0.11
R as-s, A 2.27+0.01 2.27+0.01
N as-As 0.78 +0.58 2.79+1.88
R as—as, A 2.53£0.02  2.53+0.02

As an alternative approach, the data sets were fitted assuming the presence of shorter and longer bonds in the
linear fragments by analogy with shorter and longer bonds in amorphous GeTe. In this scenario, the fitting quality
was comparable to the previous case.

We further measured high-energy X-ray diffraction. Figure 4 shows the structure factors S(Q) and total correlation
functions T(R) of As;Ss quenched without (blue) and under (red) weak magnetic field. Again, despite the high quality
of the experimental data, the differences between the two structures are too small to draw any definitive conclusions.
One can speculate that the difference is due to the presence of a rather small concentration of specific structural defects

(such as valence alternation pairs of linear fragments) that are not detectable by the techniques used.

4 - —— with magnetic field
—— without magnetic field

o ~
by =4
0.6 1 —— with magnetic field
—— without magnertic field
T T T T T T T T T T T
2 3 4 5 6 7 8 2 3 4 5
Q, A" R, A

Fig. 4 Structure factors S(Q) and total correlation functions T(R) of As,S3 quenched without (blue) and under

(red) weak magnetic field

To obtain further insights into the structural differences we also performed density functional theory (DFT)
simulations. Because the local structure of an amorphous material is generally similar to that of the corresponding
crystal [22], we first consider possible crystalline structures. Crystalline As;Ss possess the orpiment structure, however
its heavier isoelectronic homologues Sh,Tes, Bi»Ses, and Bi,Tes crystallise into a layered tetradymite structure (insets

to figure 5). While the bonding geometry in the former satisfies the 8-N rule [23] typically observed in glasses



(chalcogen atoms are two-fold coordinated and pnictogens are three-fold coordinated), in the latter the 8-N rule is

violated.
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Fig. 5 Band diagrams of the orpiment (left) and tetradymite (right) structures of As,Ss obtained through DFT

simulations. The insets show the two different structures. Since the purpose of the figure is to demonstrate the large

difference in the band gap values and not to discuss the electronic structure itself, the k-points are not indicated

It is not unnatural to assume that in a glass fragment reminiscent of both structures can be present. Indeed, in

in-silico generated amorphous As,Ss (figure 6) both the fragments characteristic of the orpiment phase, and linear

atomic fragments reminiscent of the tetradymite phase are formed. We note in passing that extended linear fragments

were also found in amorphous of Sh,Tes [24]. It should also be noted that such extended fragments, called hypervalent

bonds, were introduced by Dembovsky and Chechetkina [25] as major defects in chalcogenide glasses. Furthermore,

the idea of the formation of tetradymite-like structural fragments with shorter and longer bonds was initially proposed

by Dembovsky and Chechetkina as self-organization of hypervalent bonds, or bond waves [26].
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Fig. 6 In-silico melt-quenched amorphous As;Ss. In addition to fragments satisfying the 8-N rule, linear

fragments marked by brighter colors and As-S-As-S squares are clearly visible



Comparison of the band structures of the orpiment and tetradymite phases shown in figure 5 demonstrates that the
tetradymite structure with QLs has a significantly smaller band gap (0.1 eV vs. 2.1 eV). Consequently, if an external
magnetic field promotes the formation of linear fragments, a larger concentration of the tetradymite phase should
result in a darker glass. It is still not clear how and why the magnetic field effects the formation of linear tetradymite
fragments but it is interesting to notice that rather strong effects of an external magnetic field were also reported for
interfacial phase-change materials containing layers of the tetradymite Sh,Tes phase [27]. Effects of weak magnetic
field on other diamagnetic materials are reviewed in [28].

The linear fragments are formed through the involvement of lone-pair electrons interacting with back-lobes of
covalently bonded p-orbitals [25]. Recently, the important role of lone-pair electrons in the formation of multicenter
bonds has been stressed in various publications [29, 30] underscoring their significance for chalcogenide-based
materials. One can assume that controlling the concentration of lone-pair electrons, e.g. through doping with transition
metals can serve to modify the ability of As,Ss-like chalcogenide glasses to form linear fragments, which, as noted
above, was argued to be one of the reasons of good glass-forming ability of chalcogenide glasses. Consequently, the
glass forming ability should change as well as, possibly, also the magnitude of photo-induced anisotropy in such

glasses.

4 Conclusion

In conclusion, based on the results of experimental EXAFS and high-energy x-ray diffraction studies combined
with density functional simulations, we propose that the presence of an external weak magnetic field may affect the
ability of glassy As,Ss to form linear fragments with multicenter bonds combined with a higher concentration of As-
As bonds. At the same time, we notice that the experimentally measured difference between the two sets of samples
is rather small and consequently this conclusion is speculative. Further studies of the nanoscale structure are needed

to understand the unusual effect of a weak magnetic field on the diamagnetic As,Ss glass.
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