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Abstract

Effect of high-energy mechanical milling on glassy AsxSe100 - x (5 < x < 75) is recognized with X-
ray powder diffraction analysis applied to their diffuse halos ascribed to intermediate—and
extended-range structural ordering, which are revealed respectively in the first sharp diffraction
peak (FSDP) and principal diffraction peak (PDP). Straightforward interpretation of the results is
developed within modified microcrystalline approach, treating diffuse halos as superposition of
broadened Bragg-diffraction reflexes from remnants of inter-planar correlations, supplemented by
inter-atomic Ehrenfest-diffraction reflexes from most prominent inter-atomic and inter-molecular
correlations between cage-like molecules (such As4Se4 and/or As4Se3). Milling is shown to be
ineffective in glassy arsenoselenides near Se (x < 20), while causing increase in the FSDP width for
glasses with 20 < x < 40 due to destroyed inter-planar ordering. Remnants of cage-like molecules in
over-stoichiometric As-rich AsxSe100 - x glasses (40 < x < 75) disappear under milling, promoting
formation of higher polymerized structural network. This milling-driven reamorphization results in
a drastic increase in the FSDP position and fragmentation impact on the correlation length of the
FSDP-responsible entities. Breakdown in intermediate-range ordering in these glasses is
accompanied by changes in their extended-range ordering revealed in high-angular shift and
broadening of the PDP. This effect is concomitant with the disappearance of distant inter-atomic
correlations between quasi-crystalline planes in the milled arsenoselenide glasses at a cost of
prolonged correlations dominating in their extended-range ordering.

1. INTRODUCTION

Nowadays, nanostructurized substances attract unprecedented attention in the materials science
community due to a great variety of unexpected and practically important applications." That is why
high-energy mechanical milling (MM) as an advanced nanostructurization tool transferring
condensed matter to nanoscopic length-scale has been widely applied to crystalline solids,
allowing the generation of defects tending them towards out-of-equilibrium high-entropy state.”*
However, because of native metastability proper to disordered state, the consequences of MM are
merely hidden for glasses derived by conventional melt-quenching. Being nanostructurized, they
reveal deeply depressed glass-transition temperatures Tg and respectively accelerated ability to



physical aging,”® while an adequate picture of responsible nanostructure transformations remains
rather unclear.

In this work, we first report the results of high-energy MM effect on medium-range structural
ordering in glassy arsenoselenides AsxSe100-x obtained from the glass-forming region of this
canonical system,”' including preliminary studied under-stoichiometric glasses restricted by
stoichiometric AszSe3 (ie As40Seso) and Se-rich AssSegs specimens," and stretching far towards
over-stoichiometric glassy AsesSe3s and mixed crystalline-amorphous As70Se3p and As7s5Se2s

alloys.

2. EXPERIMENTAL DETAILS

Arsenoselenide AsxSe100 - x alloys of under-stoichiometric Se-rich (x = 5, 10, 15, 17.5, 20, 22.5, 25,
29, 33, 35, 37) and over-stoichiometric As-rich compositions (x =45, 50, 55, 60, 65, 70, 75) in
respect to stoichiometric As2Se3 (x =40, ie As40Seso) were synthesized by rapid melt-quenching
inwater from high-purity elemental precursors (As and Se of 5N purity) as described in details
given elsewhere.'"'> The synthesized AsxSei0o-x alloys with 5<x<65 were completely
amorphous, as it follows from their X-ray powder diffraction (XRPD) patterns showing only diffuse
“amorphous” peak-halos proper to glassy state, conch-like fracture of fresh-ingot cut sections and
IR transparency of polished cut-plates. The As70Se30 and As7s5Se2s alloys (close to the border of
glass-forming region in As-Se system)® '° were partially crystalline, their XRPD profiles being rich
on sharp reflexes ascribed to As phase.

The plane-parallel disks of 1.0-1.5 mm thickness cut from bulky ingots (1 hour annealed at the
temperature Tq of 15-20°C below glass-transition temperature Tg) were used as reference samples.

The macroscopic densities p (£0.005 g-cm™3) determined at room temperature by Archimedes
displacement in ethanol using Mettler Toledo balances, and mid-onset glass-transition temperatures
T4 (£3°C) determined from differential scanning calorimetry under 10 K/min heating rate using TA
Instrument Q20 calorimeter, testify on the adequacy of these alloys with known counterparts from
As-Se system.” "

The high-energy MM was performed in dry mode using Pulverissete 6 mill operated at protective

argon atmosphere and 500 min~! rotational speed for 60 minutes in 250 mL tungsten carbide

chamber (loaded with 50 tungsten carbide balls each having 10 mm in diameter). Around 3 g of
coarse-grained powder of each composition preliminary sieved under 200 pm was used for the MM.
The amorphous state of these substances is not changed under MM, as it follows from stretched
diffuse halos observed in their XRPD patterns.

The identity of the MM-derived phases in AsxSe100 - x was clarified by XRPD analysis of their
diffuse halos applied, in part, to the first sharp diffraction peak (FSDP), which is believed to be
signature of specific structural entities in vitreous substances forming a so-called intermediate-
range ordering over a length scale of few tens of A.'

The XRPD patterns were detected in transmission mode using a STOE STADI P diffractometer
with a linear position-sensitive detector (Cu Kai-radiation, and a curved Ge monochromator on
primary beam)." This experimental setup has an advantage in comparison with reflection geometry
due to the possibility to remove undesirable low-angle reflections from sample holders and keep
utmost reproducibility between multiple measuring cycles. The 2 ®/w-scanning was performed with



0.015 °20 step, the detector increment being 0.480 °2® within a whole range of scattering angles,
while time of scanning being 500 seconds per step. The temperature was maintained during
measurements at (25.0 £ 0.3)°C. XRPD patterns were corrected for empty instrument background,
X-ray polarization, sample absorption, multiple and Compton scattering, Laue diffuse scattering and
weighting correction, to obtain total scattering structure function, S(Q), and its expression as
reduced structure function, F(Q) = Q [S(Q)—1], where Q is the magnitude of the scattering wave
vector.'® The reduced X-ray structure factors, F(Q), were calculated using the known PDFgetX2
program."” Preliminary data processing was performed using information on the structure of
crystalline arsenoselenide polymorphs taken from databases,'® ' in part, the JCPDS cards No. 65-
2365 for monoclinic As>Se3, No. 73-0465 for trigonal Se, No. 71-0388 for monoclinic As4Se4, No.
04-4979 for orthorhombic As4Se3, and No. 72-1048 for trigonal As. To visualize crystallographic
details of some arsenoselenide phases, the programs DIAMOND and VESTA were employed.** '

Processing of the XRPD profiles was performed with STOE WinXPOW 3.03 and PowderCell 2.4
program packages, following normalization procedure with respect to the intensity of the maximum
peak.>** Both peak angular position (260) and full width at half maximum (FWHM) were defined

with +0.05 °26 accuracy, the values of scattering vector Q and width AQ in a reciprocal space were
calculated as:

Q = (4mt/A) x sin 6, (1)
AQ = (47t/A) x sin (FWHM/2). (2)

The characteristic distance R (spacing of the FSDP-responsible quasi-periodicity) and correlation
length L (over which this quasi-periodicity was maintained) were defined as:'****'

R =2m/Q, 3
L = 2m/AQ. 4)

We also explore the concept of diffuse halos in the XRPD patterns of amorphous substances as
arising from coordination spheres, ie the closest inter-atomic distances like in randomly packed
multiparticulate systems,** when XRPD patterns are governed by the Ehrenfest relation:

2ds - sin § = 1.23 - A, (5)

where ds is average inter-atomic distance in a glass structure (ie distance between atomic scattering
centers defined as radius of the corresponding coordination sphere).

The accuracy in R, L and ds determination doesn't exceed +0.1 A.

3 RESULTS AND DISCUSSION

3.1 Compositional variations in the XRPD patterns of glassy arsenoselenides

The XRPD patterns of unmilled and milled AsxSe100 - x alloys demonstrate few diffuse peaks
(“amorphous” halos proper to vitreous arsenic chalcogenides)**" at ~15-22, ~28-33 and ~50-60

920. In a reciprocal space, these halos can be scaled in respect to Q-ds parameter (where ds denotes
an averaged nearest-neighbor inter-atomic distance), positioned at ~2-3, ~4.6-4.9, and ~7.7-8.9.*%
According to Fourier-transform analysis,”®* each of these features corresponds to real-space
ordering with effective periodicity R and correlation length L determined by Equations (3) and (4),



respectively. For inter-atomic distances of ds = 2.2-2.6 A typical for arsenic chalcogenides (eg,
ds = 2.43 A corresponding to As-Se bond length in As>Se3), ' the first of these peaks associated
with scales commensurable with intermediate-range ordering of some structural motifs, is

reproduced in the structure factor S(Q) as the FSDP positioned at Q1 = ~1-1.5 A™1. Noteworthy,

under the same inter-atomic distances ds, the second peak at ~28-33 °20 (also quite sharp in a
width) ascribed to sizes of these network-forming motifs, which are deterministic for so-called
extended-range ordering in a glass' is revealed near scattering vectors Q approaching ~1.8-

2.2 A71 For glassy networks composed of directional covalent-bonded units, this peak is referred to
as the principal diffraction peak (PDP), ie the PDP in terms of,* or, alternatively, the SSDP, ie the
second sharp diffraction peak in the Elliott's terminology.”” The third diffuse peak (TDP)-halo,
widely stretched at ~50-60 °2@ (corresponding to Q3 ~3.3-4.0 A™1) is associated with shortest

nearest-neighbor separations in a glass.”® Within further consideration, it will be referred to as the
TDP.

The experimental XRPD profiles in the angular diffraction 2@-range corresponding to the FSDP
and PDP for some unmilled As-Se samples (under-stoichiometric glassy AssSegs, stoichiometric
As40Seg0, and over-stoichiometric Ass50Seso) as compared with calculated ones are shown in Figure
1. The XRPD patterns of unmilled and dry-milled AsxSe100 - x demonstrate three diffuse halos for
glassy under-stoichiometric (5 < x < 40) and over-stoichiometric (40 < x < 65) specimens that are
depicted in Figures 2 and 3, respectively. Similar compositional tendencies are also revealed in the
low-Q part of the reduced X-ray structure factor F(Q) = Q(S(Q)—1) for these glasses depicted in
Figure 4. These changes in AsxSeioo - x are summarized for the FSDP (Figures 5-7) and PDP
(Figure 8) accepting each peak-halo as a single diffuse component in the experimental XRPD
pattern.

Thus, it is clearly seen that with increase in Se content in under-stoichiometric AsxSei100 - x
(decrease in x parameter), the FSDP position shifts to higher scattering vectors Q1 (Figures 2, 4,
5A), this effect for unmilled glasses being in an excellent agreement with known data.*” 3" The
FSDP becomes merely reduced in a height and broadened in a width AQ1 reaching a maximum near
eutectic As20Sego composition, and then rapidly drops with Se content (Figures 2, 4, 5B), these
changes agreed with our preliminary research.11 Contrary to the FSDP, the PDP reveals an opposite
steady tendency with x decrease in peak position Q2 (decrease, Figure 8A) and width AQ2 (increase,
Figure 8B). So approaching glassy Se in under-stoichiometric AsxSe100 - x, the intermediate-range
order due to the FSDP disappears, being covered by extended-range order due to low-Q shifted PDP

at ~26-28 °20 (Figure 1A) corresponding to Q2 ~1.6-1.7 A~ (see Figure 4). In the structure factor
F(Q) = Q(S(Q)-1) determination for unmilled As2Se3, the FSDP parameters reach Q1 = 1.28 A™*
and AQ1 =0.43 A™! (see Figure 4, curve 12), while the PDP at Q2 = 2.23A7! is more broadened
having 0.54 A" in a width AQ>.

With going from glassy As2Se3 to As-rich side (increase in x parameter), the FSDP gets increased in
a height, becoming evidently sharper owing to strong narrowing in a width AQ1 (Figure 5B), thus
resulting in more prolonged correlation lengths L (Figure 6B). Under this trend, the FSDP position
shifts towards lower Q1 (Figure 6A) resulting in enlarged R (Figure 6A), these changes being close
to saturation at high As content. Similarly, the PDP demonstrates the same decreasing tendencies in
both peak position Q2 and width AQ2 with As content, resulting in saturation at 60-70 at. % As (see



Figure 8). Therefore, the FSDP and PDP are still well distinguishable in AsesSe3s as it is illustrated
by curve 17 in Figure 4. Other As-rich alloys (As70Se30, As75Se2s5) are amorphous-crystalline, their
parameterization being performed after subtracting sharp reflexes from competitive crystalline
phases.

3.2 Milling-driven changes in the XRPD patterns of glassy arsenoselenides

The FSDP parameters for unmilled AsxSe100 - x are pointed out by red circles on Figures 5 and 6.
The high-energy MM does not change the principal character of these dependences, but changes in
the values of the above parameters are notable, especially in some compositional domains. Thus, in
the milled under-stoichiometric AsxSe100-x (5 <x <40), the FSDP position Q1 (black-square
pointed in Figure 5A) and, correspondingly, the spacing of the FSDP-responsible periodicity R
(black-square pointed in Figure 6A) remains nearly the same as before milling (red-circle pointed in
Figures 5, 6). Conversely, the FSDP width AQq is slightly enhanced (Figure 5B) and correlation
length L is reduced (Figure 6B) in milled AsxSe100 - x glasses with 20 < x < 40.

In over-stoichiometric AsxSe100 - x (40 < x < 65), the effect of high-energy MM is evidently more
pronounced, and surprisingly unexpected. Indeed, in this compositional range, the unmilled glasses
show strong deviations towards lower Q1 values (black-square pointed in Figure 5A), as it could be
expected from linear Q(x) dependence extrapolated for under-stoichiometric AsxSe100 - x
(5 < x <40):

Q=1.454.45-103-x. (6)

The high-energy MM initiates partial recovery of the FSDP positions in over-stoichiometric glassy
As-Se (red-circle pointed in Figure 5A) towards extrapolated line, this effect being inessential near
the border of glass-forming region in AsxSe100 - x system at high As content (x > 65). The most
pronounced relative deviations from this extrapolated Q(x) line depicted in Figure 7 are
characterized for unmilled AssoSeso and Ass5Sess glasses (6Q/Qo ~8%), as well as milled Ass5Sess
and AseoSe4o glasses (6Q/Qo ~4%). These changes in over-stoichiometric AsxSe100 - x glasses can
be presented by plotting the spacing of the FSDP-responsible periodicity R against x parameter, as
illustrated in Figure 6A.

As for the FSDP width AQ1, this parameter shows most substantial changes in the milled over-
stoichiometric AsxSe100 - x glasses with x stretching up to the border of glass-forming region
(Figure 5B). The similar but evidently smaller changes are proper to milled Se-rich glasses
(20 < x < 40) shown in Figure 5B. The correlation lengths L determined from AQ1 using Equation
(4) are reduced after MM as compared with unmilled over-stoichiometric As-rich As-Se glasses (see
Figure 6B). Thus, for instance, the L approaches are ~37 and ~18 A in unmilled and milled
Ase0Se40 glass, respectively.

These MM-driven changes in the FSDP are completely concomitant with changes in the PDP. The
PDP position Q2 and width AQ2 remain unchanged in milled Se-rich arsenoselenide glasses, while,
in As-rich As-Se glasses, both parameters are kept after milling at the level more closer to As2Se3
(Figure 8). Thereby, increasing Q2 and decreasing AQ2 tendencies in under-stoichiometric
AsxSe100 - x glasses with x parameter are hidden in the milled As-rich glasses.

It is worth noting that there are no detectable changes in the TDP-related XRPD patterns in
AsxSe100 - x glasses (at ~50-60 °20 or Q ~3.3-4.0 A1) with glass composition and milling state. So



it seems reasonable assuming that structural entities responsible for compositional variation in
diffuse halos (FSDP and PDP) in the XRPD patterns of over-stoichiometric As-Se glasses are
merely destroyed under MM, keeping the medium-range structure of these glasses similar to
AsaSes.

3.3 Microcrystallinity impact on MM-derived medium-range ordering in glassy As-Se

In general opinion, the FSDP is accepted as a direct manifestation of intermediate-range ordering in
a glass,' despite a lot of controversies concerning microstructural origin of this diffuse peak-halo in
XRPD patterns of many glasses.*** Chronologically, one of the first was the microcrystalline
model alternatively termed as the distorted-layer (molecular) model, originally proposed by
Vaipolin and Porai-Koshits yet in the earliest 1960s,*" who treated diffuse halos (incl. the FSDP) in
glasses due to remnants of distorted (quasi-crystalline) structures proper to their crystalline
counterparts.” It was suggested that stacked covalent-bonded molecular—and/or layer-type
network-forming entities with correlated inter-planar distances of R ~5-6 A proper to crystalline
chalcogenides were kept in glassy state, while layers themselves are highly corrugated, waved and
distorted ensuring spatially restricted stacking domains of ~20-30 A.

In fact, this approach was further developed in the Gaskel's concept on crystalline-like ordering in
melt-quenched glasses* modified by Wright's justification* on the FSDP as arising from periodicity
(quasi-periodicity) in distribution of some pseudo-planes for Bragg diffraction separating
succession of randomly packed network cages. In respect to this microcrystalline concept, the
flattened cage-like structure of network glasses produces inner equivalent planes at the opposite
sides of these cages, forming a necessary contribution to the FSDP-generation reciprocal space
Fourier component. Thus, the FSDP can be ascribed to variations in the underlying cage structure of
glass-forming networks composed by interlinked polyhedrons (network-forming blocks), producing
a variety of interlinked circle-type entities (small rings), keeping some elements of inter-planar
ordering proper to crystalline counterparts of these glasses. This standpoint occurred to be very
useful in the interpretation of crystalline-to-amorphous transitions in many arsenic compounds
(arsenicals) subjected to high-energy MM.**

Within this approach applied to under-stoichiometric AsxSe100 - x glasses (5 < x < 40), the FSDP
can be ascribed to structural networks built of trigonal AsSe3/2 pyramids interlinked by Se-chains, ie
inter-planar order proper to crystalline AspSez with character 12-membered corrugated rings,” **°

disturbed by (-Se-Se-)n chains of different lengths n (in dependence on the glass composition).

The governing role of quasi-crystalline inter-planar correlations in the XRPD halos of AsySe3 glass
is credibly confirmed by close similarity with angular positions of Bragg-diffraction reflexes
attributed to its main crystalline homolog, ie the layer-type AsySe3,*** as shown in Figure 9A.
Remarkable coincidence between the positions and shapes of diffuse halos and grouped sets of most
pronounced Bragg-diffraction reflexes is evident, despite the high-angular shift in (020) inter-layer
spacing corresponding to R ~4.95 A.'® ' The latter is expected for vitreous solids as compared with

their crystalline homologs due to difference in their densities.>" > Thus, the density of crystalline** *

As2Se3 p ~4.85 g-cm 2 is lowered in As2Se3 glass'! on nearly ~5% reaching p ~4.605 g-cm ™.

With Se additions to stoichiometric As>Se3 glass, the FSDP-responsible inter-planar ordering does
not change essentially. The higher content of homonuclear Se-Se bonds in glassy network, which



are shorter than heteronuclear As-Se ones (Ise-se = 2.32 A and las-se = 2.43 A),*' leads to the
shorter nearest-neighbor inter-atomic distance ds, and, consequently, the smaller periodicity R (see
Figure 6A), while the correlation length L decreases slightly (as illustrated by Figure 6B). The
broadened Bragg-diffraction reflexes of trigonal Se, especially the strongest ones originated from
(101) and (100) planes corresponding to inter-planar distances d of ~3.01 and ~3.78 A,
respectively,'® '*>* are both fit rather in angular range of the PDP than the FSDP (see Figure 9A),
thus occurring more influence on extended-range than intermediate-range structural ordering.

Reasonably, these changes are accompanied by dropping in the FSDP intensity with Se excess, this
effect being accompanied by evident L increase when going over a barrier of ~80 at. Se % in
Asp0Sego (Figure 6B), corresponding to eutectic in the phase diagram of As-Se system.®>*>> The
latter can be assumed as resulting from appearance of another structural arrangement in this
compositional domain, this being the network of Se-chains composed of Se atoms in preferential
trans-configurations, and Se-rings built of Se atoms in cis-configurations.>* Thereby, the FSDP
reduction in under-stoichiometric As-Se when going towards to “pure” Se as arising from
disappearance of cation-cation correlations related to this peak can be accepted.*”* From inspecting
Figures 5 and 6, it seems that MM does not influence the FSDP-responsible correlations in
proximity to glassy Se. In contrast, a slight increase in the FSDP width AQ1 for AsxSe100 - x with
20 < x <40 can be ascribed to reduction in the correlation length L due to defects generated under
MM, which disturb the FSDP-responsible inter-planar correlations due to mechanically built-in
stresses. This range in As-Se system is known to be full of some instabilities, tending to local
decomposition on As- and Se-rich fragments and/or global separation on As2Se3- and Se-rich
arsenoselenide phases,*® occurring fragmentation effect on the correlation length L of the FSDP-
responsible quasi-periodicity.

Within the microcrystalline approach applied to over-stoichiometric glassy AsxSe100 - x
(40 < x < 65) and mixed crystalline-amorphous As70Se30 and As7sSe2s alloys, the FSDP can be
considered as arising mainly from remnants of crystalline cage-like molecular structures proper to
As-rich arsenoselenides, particularly, monoclinic*® As4Ses4 and orthorhombic® As4Se3, in addition
to layer-type structure of corner-sharing AsSes/» pyramids proper to monoclinic*** AspSe3. Glass-
forming network derivatives of realgar-type As4Se4 molecules are expected to dominate in this
compositional range, as it follows from §Q/Qo dependence as shown in Figure 7 showing strong
maximum just near this composition. So the FSDP-responsible cation-cation correlations are
substantially enhanced with As content in As-Se glasses resulting in increased intermediate-range
structural ordering.” This compositional trend is accompanied by shifts in the FSDP position
towards lower 20 (see Figure 9), because of overlapping with broadened Bragg-diffraction reflexes
of some remnants of molecular phases, in part, arising from (120) plane of monoclinic As4Se4 at

~16.07 °20 (d =5.51 A, 91.26%)'®'>*® and (111) plane of orthorhombic As4Se3 at ~16.90 °20
(d=5.24 A, 100%).151>% These phases cause only slight effect on the PDP. Indeed, reflexes from
molecular As4Se3 remnants are depressed in this 20 range, (below 66% in intensity),”” while strong

reflexes of AspSe3, As4Ses and As phases are compactly grouped near ~32 °2@ (Figure 10), these
respectively arising from (311) plane at ~31.91 °2@ (d=2.80 A), (141) plane at ~32.17 °20
(d=2.78 A) and (012) plane at ~32.29 °20 (d = 2.77 A).18.1%.48.49.57

The primary effect of MM on over-stoichiometric As-Se can be imagined as the destruction of these
circle-type entities to form more chain-like networks, the milled glasses behaving as those with



more reduced As content. Thus, the FSDP position Q1 is evidently enhanced (Figure 5A) and,
respectively, the spacing of the FSDP-responsible quasi-periodicity R is reduced (Figure 6A) with
maximal effect reaching —3.2% for milled AseoSe40. These changes are accompanied by gradual
broadening in the FSDP width AQ1 (Figure 5B), resulting in dramatically reduced L (Figure 6B)
beyond 40% for milled As-rich AsxSei00-x glasses (45 <x <75). Thus, the high-energy MM
causes fragmentation impact on the correlation length L of quasi-periodic structural entities
responsible for the FSDP in these glasses.

Principally, the MM-driven destruction of intermediate-range ordering in glassy As-Se revealed
through the FSDP means changed role of the extended-range ordering determined by the PDP at

~28-36 °20 (or, alternatively, the SSDP).'"**”°% But in under-stoichiometric Se-rich AsxSe100
(5 £ x £ 40), these changes are rather negligible, testifying in a favor of structural transformations
completely dominated in intermediate-range ordering, as it occurs in some molecular chalcogenide
glasses under moderated pressure-induced densification.®>® In contrast, in the milled As-rich
glasses (40 < x < 65), drastic effects in the FSDP are counterbalanced by changes in the PDP. Thus,
the PDP position for glasses with x > 55 shifts to higher scattering vectors Q2 after MM (over 4.0%
in relative determination), this peak getting more broadened in a width AQ2 (over 20%).

Noteworthy, similar interrelations between the FSDP and PDP were also observed by De Neufville
et al** in the XRD patterns of as-deposited AspSe3 films (thickened to 22 pm), affected by thermal
annealing below glass-transition temperature or illuminated by absorbed light. Such changes were
also detected by Sarsembinov et al?’ in AspSe3 films (having 4-12 pm in a thickness) prepared by
thermal evaporation in vacuum and ion-plasma sputtering.

3.4 Modified microcrystalline approach to MM-derived medium-range ordering in As-
Se

The above interpretation of MM-induced structural transformations in glassy AsxSeioo-x is
developed accepting diffuse halos in their XRPD patterns as arising predominantly from overlapped
broadened Bragg-diffraction reflexes of compositionally close crystalline remnants in their
networks. Detailed analysis of the XRPD patterns (Figures 1-3, 9) testifies that such an approach
alone, grounded exceptionally on inter-planar Bragg-diffraction correlations of homological
crystals is insufficient to explain all details in the underlying medium-range structural ordering in
As-Se.

More straightforward interpretation of compositional variations in the XRPD patterns of As-Se
glasses can be developed within modified microcrystalline approach, accepting their diffuse halos
as superposition of broadened Bragg-diffraction reflexes from remnants of microcrystalline inter-
planar correlations R, supplemented by diffuse halos from prominent pair inter-atomic correlations
ds, ie diffuse halos originated from coordination spheres obeying the Ehrenfest relation (5). The
latter is known to be a useful approach to treat the XRPD patterns of ideal amorphous solids, which
can be characterized by structures composed of randomly positioned hard contacting spheres,
obeying ideal dense-random-packing (DRP) arrangement.** 2% 343

In a glassy state, the Ehrenfest diffraction from inter-atomic correlations is merely hidden as
compared with Bragg diffraction from inter-planar (inter-layer) correlations.* Nevertheless, it can
be reasonably accepted that XRPD patterns are essentially disturbed in covalent-bonded network
As-Se glasses by superposition from the Ehrenfest-diffraction reflexes. In the first hand, it concerns



an anomalous behavior of the FSDP under external influences such as applied pressure or
temperature,*> ** which can be ascribed to overlapping with inter-atomic correlations, possessing
principally different responses on external distortions. Thus, in respect to known pair correlation
functions for glassy As-Se,*>® two pronounced inter-atomic distances ds are fit in angular
diffraction domain of the FSDP in dependence on the glass composition, these being close to ~6 and
~7 A. For example, in the structure of glassy AszSes, the dominated ds approaching ~5.8 and
~6.9 A terminated by deep depopulation regions are detected (as it is demonstrated by Renninger et
al®). A shorter ds is expected for right-sided FSDP wing (at higher diffraction angles 20), while the
longer one is proper to left-sided wing (at lower 26). In As-Se glasses, these distances ds correspond
to lengths between cation-like atoms belonging to extended structural entities such as layers (quasi-
layers) or molecules (quasi-molecules), forming third-order (As)—(As) pair correlations,*” 3" 37342 62

Such inter-atomic pairs between neighboring sheets separated by (020) plane can be visualized in
the monoclinic lattice of AszSe3 exploring the DIAMOND program,® the respective computed view
with some distinguished (As)—(As) distances are being shown in Figure 10. The denoted pairs
represent inter-atomic correlations (subject to the Ehrenfest diffraction) in glassy As40Seso close to
~4.95 A, ie the distance between (020) planes (subject to the Bragg diffraction). These distances are
somewhat enhanced owing to almost ~5% dropping in the glass density respectively to the
crystal.” " >* Because of asymmetric arrangement of such inter-atomic correlations contributing to
the FSDP in respect to the closest inter-planar correlation (Figure 10), the corresponding halo
demonstrates an anomalous response on external influences, when some inter-atomic distances
belonging to these sheets do not change intact (if one grows, the other shortens, and vice versa).

In general, a similar scenario is expected for molecular substances, where such misbalanced inter-
atomic correlations are revealed in asymmetric linkages between neighboring quasi-molecules.
Thus, Figure 11 provides visualization of a few As4Se4 molecules in the structure of monoclinic
As4Ses. For As atoms chosen within one As4Se4 molecule, the third-order inter-atomic distances
with other atoms belonging to neighboring As4Se4 molecules, which are over- and under-estimated
in respect to inter-molecular centroid-centroid B-B distance, can be simply visualized. These inter-
atomic (As)—(As) pairs are asymmetrically arranged, ensuring anomalous response on lattice
distortions, like in previous case of quasi-layered structures.

In a reasonable accord to the above consideration, we believe that the FSDP in AsxSe100 - x glasses

observed at Q1 ~1.42-1.10 A™! can be attributed to commensurable contributions from inter-planar
correlations due to crystalline remnants of close compositions with Bragg-diffraction distances
R =4.41-5.72 A, and inter-atomic correlations due to third-order (As)—(As) pairs with averaged
distances of ds=5.42-7.05 A (the numerical values are given in a sequence of increased As
content).

The nonelementary nature of diffuse halos in chalcogenide glasses revealed through more or less
pronounced features (humps, asymmetric extensions, “tails”) serves as one of the most conclusive
arguments evidencing contribution of Ehrenfest diffraction from pair inter-atomic correlations ds.

On the first hand, this concerns the post-FSDP (shoulder observed at high-angular side of the FSDP
in many chalcogenide glasses as summarized by Popescu).®” This feature was often ignored, being
ascribed to uncertainties in the XRPD measurements. But sometimes direct indicatives on
broadened FSDP superimposed on weak right-sided satellite hump were pointed out for some



glasses showing pronounced FSDP.”® Thus, a distinct shoulder at Q ~1.7 A™! was observed in
As(S/Se)3 by Mori et al”. An asymmetric FSDP broadening was detected in As2S3 under
photoexposure by K. Tanaka.”>”* In our XRPD study, the post-FSDP shoulders, despite not being
reproducible in the structure factor S(Q) (Figure 4), were detected in all AsxSe100 - x samples from
their glass-forming region (5 < x < 65). Analysis shows that positions of these respective peak
features.

k (FSDP) — onst_FSDP/QFSDP (7)
Can be well rationed as close to the Ehrenfest number 1.23.34

Similar peculiarities can be found on XRPD patterns in a vicinity of the PDP (~28-33 °20, see
Figures 2-4, 10). Additional satellite peak (reasonably referred to as the post-PDP) located at right-
sided tail can be fitted to this diffuse halo to justify its asymmetric shape. Noteworthy, in this case,
the relation similar to the above (7) can be evidenced as being close to the Ehrenfest number 1.23:

k (PDP) — QPOSH)DP/QPDP (8)

Therefore, we can reasonably speculate that asymmetry in the PDP can be caused by superposition
of broadened Bragg-diffraction reflexes from inter-planar correlations (due to remnants of some
quasi-crystalline planes) superimposed by Ehrenfest-diffraction reflexes from most prominent
correlations between some atomic pairs belonging to these planes.

It is worth mentioning that the doublet nature of the TDP at ~50-60 °2@ associated with direct
nearest-neighbor separation in chalcogenide glasses (see Figures 2, 9) is rather unrevealed.”
Contribution from Ehrenfest-diffraction reflexes is expected on left-sided wing of this halo for
closest nearest-neighbor correlations caused by covalent bonds in As-Se glasses.

Secondly, the Ehrenfest diffraction seems to be most suitable approach explaining other anomaly in
the XRPD patterns of chalcogenide glasses known as pre-FSDP,*”7*7¢ (viz. additional peak-halo at

low diffraction angles of ~5-7 °26, ie in the region where there are no inter-planar Bragg-diffraction
reflexes from possible crystalline counterparts). The diffuse halo in this angular domain can be
explained as arising from more prolonged inter-atomic correlations in a glass approaching ds ~15-
20 A. Like post-FSDP, this feature is also unreproducible in the structure factor S(Q) (Figure 4).

Thus, we conclude on reasonable necessity to parameterize the XRPD patterns in As-Se glasses
accepting their diffuse halos as originated from superimposed inter-planar (R) and inter-atomic (ds)
correlations. It means that both low-angular diffuse peaks (the FSDP and PDP) should be
considered as composed of two distinct ones (doublet of halos), these being the main low-Q peak
and satellite high-Q postpeak (the post-FSDP and post-PDP). The results of such decomposition for
some representative unmilled and milled AsxSe100 - x samples (x = 40, 50, 60) are gathered in Table
1.

Table 1. Peak halos-related correlations in unmilled and milled over-stoichiometric AsxSe100 - x accepting
decomposition procedure with distinct post-FSDP and post-PDP components

Sample, state: Peak-halo's parameterization
- Q AQ R L ds
k(FSDP), k(PDP) Peak-halo
At Al A A A

Pre-FSDP 0.438 0.308 14.3 204 17.6



Sample, state: Peak-halo's parameterization

Peak-halo Q AQ R L ds

k(FSDP), k(PDP)
Al A7l A A A

As40Seg0, unmilled: FSDP 1.234 0.362 5.1 17.3 6.3

Post-FSDP 1.490 0.561 4.2 11.2 5.2
k(FSDP) = 1.21

PDP 2.227 0.514 2.8 12.2 3.5
k(PDP) =1.19 Post-PDP 2.653 0.339 2.4 18.5 2.9

TDP 3.641 0.620 1.7 10.1 2.1

Pre-FSDP 0.432 0.334 14.5 16.9 17.5
As40Ses0, dry-milled:

FSDP 1.214 0.304 5.2 16.9 6.4
k(FSDP) = 1.26 Post-FSDP 1.525 0.492 4.1 12.8 5.1

PDP 2.210 0.511 2.8 12.3 3.5
k(PDP) = 1.16

Post-PDP 2.555 0.447 2.5 14.1 3.0

TDP 3.635 0.636 1.7 9.9 2.1

Pre-FSDP 0.443 0.285 14.2 22.0 17.4
AssoSesp, unmilled:

FSDP 1.138 0.228 5.5 27.5 6.8
k(FSDP) = 1.24 Post-FSDP 1.414 0.302 4.4 20.8 5.5

PDP 2.096 0.419 3.0 15.0 3.7
k(PDP) = 1.13

Post-PDP 2.378 0.503 2.6 12.5 3.3

TDP 3.617 0.624 1.7 10.1 2.1

Pre-FSDP 0.442 0.334 14.2 18.8 17.5
Ass0Seso, dry-milled:

FSDP 1.165 0.304 5.4 20.7 6.6
k(FSDP) = 1.26 Post-FSDP 1.473 0.258 4.3 24.3 5.2

PDP 2.171 0.500 2.9 12.6 3.6
k(PDP) = 1.16

Post-PDP 2.512 0.456 2.5 13.8 3.1

TDP 3.632 0.631 1.7 10.0 2.1

Pre-FSDP 0.468 0.340 13.4 18.5 16.5
AseoSe40, unmilled:

FSDP 1.107 0.188 5.7 33.4 7.0
k(FSDP) = 1.38 Post-FSDP 1.530 0.019 4.1 329 5.1

PDP 2.061 0.370 3.0 17.0 2.3
k(PDP) = 1.15

Post-PDP 2.378 0.527 2.6 12.1 3.2

TDP 3.590 0.637 1.7 10.0 2.1

Pre-FSDP 0.440 0.358 14.3 17.6 17.6
AsgoSe4o, dry-milled:

FSDP 1.143 0.324 5.5 19.4 6.8
k(FSDP) = 1.34 Post-FSDP 1.530 0.170 4.1 37.0 5.1

PDP 2.136 0.446 2.9 14.1 3.6
k(PDP) = 1.11

Post-PDP 2.379 0.527 2.6 119 3.2

TDP 3.623 0.627 1.7 10.0 2.1

It is clearly seen the pre-FSDP does not demonstrate essential and reproducible effects under
changing in As-Se glass composition, as well as under high-energy MM (see Figure 9). The pre-
FSDP position remains invariant around mean inter-atomic distance of ds = 17.5 A (small deviation
in unmilled Ase0S40 seems accident). The similar behavior is also character for TDP positioned in

all samples in a vicinity of Q reaching ~3.6 A~ (see Table 1).



As in the previous case treating each XRPD peak in glassy AsxSe100 - x as one distinct diffuse halo,
the main low-Q FSDP-halo reveals an obvious tendency to be shifted towards higher scattering
vectors Q accompanied by substantial increase in the width AQ, these changes being enhanced in
As-rich arsenoselenide glasses (see Table 1). These effects were not strictly reproduced in the
satellite high-Q post-FSDP, which remained tightly connected to main FSDP through Equation (7)
with the numerical k(FSDP) ratio slightly above the Ehrenfest number. With MM, the most
pronounced inter-atomic correlations ds responsible for post-FSDP became reduced as compared
with inter-planar correlations R ascribed to the FSDP, thus ensuring increased k values in milled As-
Se glasses (Table 1). It means that MM-driven breakdown in intermediate-range ordering is
expended over destruction of most distant inter-atomic correlations belonging to remnants of
crystalline planes contributing to the FSDP.

These changes are accompanied by more evident shifting in the position of main low-Q PDP
towards higher Q values, and relatively moderated increase in the width of this peak-halo under
MM (see Table 1). The post-PDP was further linked with main PDP through Equation (8) with
(PDP) ratio, which was slightly reduced in respect to the Ehrenfest number, thus meaning that
longer inter-atomic distances reaching 3.2 A became most prominent in extended-range ordering of
these glasses.

3.5 On the role of inter-molecular correlations in over-stoichiometric glassy
arsenoselenides

The above model considering most prominent inter-atomic correlations in glassy As-Se belonging
to inter-planar Bragg-diffraction entities (ie remnants of microcrystalline layer-type structures) does
not explain compositional collapse in the FSDP-PDP parameterization in over-stoichiometric As-
rich As-Se glasses as compared with stoichiometric As2Se3 and under-stoichiometric ones (Figure
9). As was convincingly proved by Yang et al," the structure of over-stoichiometric arsenoselenides
(like crystalline arsenic sulfides)”” can be treated as stacking of network-type entities based on Se-
linked AsSe3/2 pyramids and cage-like As4Ses4, As4Se3 and probably As4 molecular-type entities. To
visualize spatial stacking of such molecules, Bonazzi and Bindi”’ introduced “dummy atom” B for
each molecule, treating it as geometrical barycenter. Such an approach allows estimation of the
shortest inter-molecular centroid-centroid distances B-B in different molecular structures and their
packing in some crystallographic planes.”” From the point of diffuse halos in the XRPD patterns of
glassy As-Se, another aspect of this routine seems very promising, namely the DRP of such
molecular entities (inter-molecular correlations), contributing through the Ehrenfest diffraction. In
case of close DRP, each molecule is surrounded by 12 neighbors forming a cubic or hexagonal
octahedron (six molecules being placed within one plane, 3 molecules above and 3 molecules below
this plane).

Fragment of As4Ses crystal structure visualized on the basis of experimental data taken from
Kyono”™ using DIAMOND and VESTA programs® *" is shown in Figure 12. This presentation
demonstrates all possible inter-molecular centroid-centroid distances B-B, packing of As4Se4 cage-
like molecules as the B[B11] polyhedron together with family of (120) crystallographic planes
corresponding to the hkl reflection (120) proper to this structural type. It is seen that each As4Se4
molecule is surrounded by 11 neighbors forming a B[Bi11] polyhedron, which can be considered as
an incomplete distorted cubooctahedron with face-centered cubic close packing of Cu structure type
(shown at the bottom left in Figure 12) and dp-p distances deviated from 5.778 to 7.734 A. The



averaged d®'s s distance over a whole polyhedron approaches 6.728 A. This distance accepted as the
first coordination sphere in the DRP of As4Se4 cages obeying the Ehrenfest relation (5) remarkably
fits with the FSDP position recalculated as Bragg-diffraction peak on the XRPD pattern of AssoSeso
glass (see Figure 9B).

A similar situation is character for high-temperature As4Se3 crystal structure composed of iso-
compositional cage-like molecules (see Figure 13). In this case, each As4Se3 molecule is
surrounded by 12 neighbors, forming a B[B12] polyhedron, which can be considered as a deformed
anticubooctahedron with hexagonal close packing of Mg structure type (shown at the bottom left in
Figure 13) and B-B distances dp-B deviated from 5.651 to 7.910 A. The averaged d*s s distance
within this B[Bi2] polyhedron approaches 6.650 A, also very close to the FSDP position in
Ase0Se4o glass (see Figure 9C). These AsaSe3 molecular units, which possess some orientation-
rotational freedom in view of their spherical symmetry (all atoms constituting this molecule occupy
nearly the same sphere)>”” are responsible for extra rapid reduction in glass-transition temperature
Tg in As-Se glasses at high As content. In some cases, when Tg values reach room temperature as in
the second glass-forming region in As-S system,® the melt-quenched glasses of this type attain
unusual plasticity.

Such inter-molecular correlations are believed to be revealed in over-stoichiometric As-Se glasses
through Ehrenfest diffraction obeying relation (5), where average inter-atomic distance ds is
replaced by centroid-centroid B-B distance between densely packed As4Ses and/or AssSe3
molecules. As a result, the FSDP is essentially narrowed in a width and highly enhanced with these
contributions (in addition to inter-planar correlations from crystalline remnants of these
arsenoseleniden Q1 and width AQ1, as it was demonstrated on Figure 5). The high-energy MM
occurs destructive impact on these inter-molecular correlations, tending the structure of milled over-
stoichiometric glassy As-Se towards network-like topology character for stoichiometric As2Se3
glass. This reamorphization effect in over-stoichiometric glassy arsenoselenides driven by MM
results in substantially broadened and high-Q shifted FSDP (in full respect to the obtained
experimental data as shown, eg, in Figure 9).s), its position Q1 being stabilized in a very close
vicinity to these d®'s_g distances.

The question on topological identity of these molecular entities in over-stoichiometric
arsenoselenide glasses is still remaining open. Indeed, the spatial positioning of barycenter B of
As4Seq (or AssSe3) molecules does not change substantially under partial polymerization of these
molecules in glassy network, if some elements of these molecules such as small 3-, 4- and/or 5-
folded circles are kept, as it was in the case of MM-driven amorphization in [-As4S4
polymorph.*>% Appearance of such inter-molecular correlations between cage-like As4Ses and
As4Se3 molecules and their partially polymerized remnants in melt-quenched over-stoichiometric
As-Se glasses leads to anomalous compositional behavior of the FSDP (drastic decrease in the
FSDP position Q1 and width AQ1, as it was demonstrated on Figure 5). The high-energy MM
occurs destructive impact on these inter-molecular correlations, tending the structure of milled over-
stoichiometric glassy As-Se towards network-like topology character for stoichiometric As>Se3
glass. This reamorphization effect in over-stoichiometric glassy arsenoselenides driven by MM
results in substantially broadened and high-Q shifted FSDP (in full respect to the obtained
experimental data as shown, eg, in Figure 9).



4. CONCLUSIONS

Effect of high-energy dry MM on medium-range structural ordering of glassy AsxSei100 - x
(5<x<75) is studied employing XRPD analysis applied to their diffuse halos ascribed to
intermediate- and extended-range ordering, respectively revealed in the FSDP at the scattering

vectors Q1 = ~1-1.5 Al and PDP at Q2 = ~19-2.3 AL Straightforward interpretation of the
observed changes in the XRPD patterns is developed within modified microcrystalline approach,
accepting diffuse halos in As-Se glasses as superposition of inter-planar- and inter-atomic
correlations originated from remnants of some crystalline homologs. The sources of inter-atomic
correlations contributing to the FSDP (the Ehrenfest diffraction) are third-order As—As correlations
belonging to remnants of crystallographic planes forming most prominent Bragg-diffraction
reflexes, and inter-molecular correlations between more extended entities, such as partially
polymerized cage-like As4Se4, As4Se3 and/or As4 molecules.

Under milling, the thermodynamically stabilized balance in network-forming entities in glassy As-
Se is disturbed, providing evidence on defects with unfavorable energies. Milling does not influence
the FSDP in Se-rich AsxSe100 - x (x < 20), but causes an increase in the FSDP width AQ1 for glasses
with 20 < x <40. This effect is ascribed to disturbed inter-planar ordering in these glasses due to
generated defects. In over-stoichiometric AsxSe100 - x (40 < x < 65), the FSDP position Q1 grows
towards the line extrapolated from under-stoichiometric glasses, this effect being inessential at high
As content. In contrast, the FSDP width AQ1 shows pronounced enhancement with growing x. It is
assumed that milling destroys remnants of cage-like molecules (As4Ses, As4Se3) promoting
formation of chain-like network structures. Therefore, the milling-driven reamorphization results
in a drastic increase in the FSDP position and width, producing the fragmentation impact on the
correlation length ascribed to the FSDP-responsible entities. Destruction of intermediate-range
ordering in the milled over-stoichiometric As-Se is accompanied by changes in their extended-range
ordering, revealed in high-angular shift in the PDP position and broadening in the PDP width.

Assuming the doublet nature of the FSDP and PDP, the observed changes in the XRPD patterns of
As-Se are ascribed to milling-induced destruction of some remnants of inter-planar and inter-
molecular correlations proper to their crystalline homologs. Milling-driven changes in the
intermediate-range ordering are concomitant with the destruction of most distant inter-atomic
correlations belonging to quasi-crystalline planes contributing to the FSDP, while longer inter-
atomic correlations (~3.2 A) become dominant in their extended-range ordering.
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Figure 1. Experimentally observed (red points) and calculated (black solid line) X-ray powder diffraction profiles for
unmilled AssSegs (A), As40Seso (B) and AssoSeso (C) showing the first sharp diffraction peak and principal diffraction
peak (the difference curve is given at the bottom by blue solid line)
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Figure 2. Experimental X-ray powder diffraction profiles for unmilled (A) and dry-milled (B) under-stoichiometric
glassy AsxSe100-x (5 < x < 40) showing diffuse halos (for clarity reason, each curve is offset along y axis)
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Figure 3. Experimental X-ray powder diffraction profiles for unmilled (A) and dry-milled (B) over-stoichiometric
AsxSe100 - x (40 < x < 65) showing diffuse halos (for clarity purposes, each curve is offset along y axis)
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Figure 4. Low-Q part of the calculated reduced X-ray structure factor F(Q) = Q(S(Q)-1) for dry-milled AsxSe100 - x
(for clarity purposes, each curve is offset along y axis)
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Figure 5. Compositional variations in the first sharp diffraction peak position Q1 (A) and width AQ1 (B) for
AsxSe100 - x in unmilled (black squares) and milled (red circles) state
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Figure 6. Compositional changes in the first sharp diffraction peak-related X-ray powder diffraction parameters (A,
characteristic distance R; B, correlation length L) for AsxSe100 - x in unmilled (black squares) and milled (red circles)
state
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Figure 7. Relative deviation from linear Q(x) dependence for unmilled (black squares) and milled (red circles)
AsxSe100 - x (linearization is performed for unmilled under-stoichiometric glasses, 5 < x < 40)
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Figure 8. Compositional variations in the PDP position Q2 (A) and width AQ2 (B) for AsxSe100 - x
in unmilled (black squares) and milled (red circles) state
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Figure 9. Experimental X-ray powder diffraction patterns of unmilled and dry-milled arsenoselenides As40Ses0 (A),
Ass0Ss50 (B), and AssS40 (C) showing diffuse halos at ~15-22 °2@ (FSDP), ~28-33 °26@ (PDP) and ~50-60 °2@ (TDP).
Theoretical Bragg-diffraction reflexes for Se, As2Se3, As4Se4, As4Se3 and As are shown for comparison (see text for
more details)
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Figure 10. Schematic presentation of neighboring atomic sheets in the layered structure of monoclinic As2Se3 separated
by (020) xz-plane. Selected inter-planar (As)—(As) distances for As atoms belonging to these sheets (in A) are denoted
by dashed lines, As and Se atoms being respectively depicted in red and gray (see text for more details)
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Figure 11. Schematic presentation of neighboring As4Se4 molecules in the monoclinic As4Se4. For chosen As atom
within one As4Se4 molecule, selected (As)—(As) distances between As atoms belonging to neighboring molecules (in A)
are denoted by dashed lines, the As and Se atoms being respectively depicted in red and gray (see text for more details)
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Figure 12. Fragment of As4Se4 crystal structure (SG P21/n, structure type a-As4S4 in respect to Kyono’), showing all
possible inter-molecular centroid-centroid distances B-B in A (left); packing of AsaSes cage-like molecules (only one
molecule is shown for clarity) as the B[B11] polyhedron (right), which can be considered as an incomplete distorted
cubooctahedron (face-centered cubic close packing of Cu structure type shown at the bottom left); together with the
family of (120) planes corresponding to the hkl reflection (120) in the crystal structure of AsaSe4 (I = 97%)
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Figure 13. Fragment of As4Se3 crystal structure (SG Pnma, structure type a-As4S3 imorphite high-temperature
modification, or B-dimorphite in respect to)*” showing all possible inter-molecular centroid-centroid distances B-B in A
(left); packing of As4Se3 cage-like molecules (only one molecule is shown for clarity) as the B[B12] polyhedron, which
can be considered as deformed anticubooctahedron (hexagonal close packing of Mg structure type shown at the bottom
left); together with the family of (111) crystallographic planes corresponding to hkl reflection (111) in the crystal
structure of AsaSe3 (I = 100%)
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