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Abstract

The X-ray powder diffraction (XRPD) patterns rethte the first sharp diffraction peak (FSDP)
are registered for Se-rich f£800xglasses (§x<40), subjected to high-energy mechanical milling
in a dry mode with 500 mihrotational speed. The results are treated in tedssructural model
assuming broad diffraction halos in the XRPD patesppeared due to remnantsiraér-planar
“quasi-crystalline” correlations, disturbed by odepping with diffuse halos originated from
strongestinter-atomic correlations, in part, the nearest-neighbor cati@hs between cation-like
atoms. Milling does not influence the FSDP in anity of glassy Se (x<20), while causes increase
in the FSDP widthAQ (the reduced correlation length) in the glasses with 28<40, these
changes being ascribed to disturbed inter-plana@angement in covalent-bonded network due to
structural defects generated under attrition balling. Assuming contribution of the Ehrenfest
diffraction from coordination spheres in the detdctXRPD patterns, the latter is ascribed to
broadening in the distribution of characteristidOiSrelated inter-atomic distances, thus testifying
in a favor of more defective structure of millecgg.
Key words: glass; arsenic selenide; mechanical milling; X-powder diffraction; first sharp
diffraction peak.



Introduction

The high-energy mechanical milling (MM) is known be an effective technological tool
allowing substances preparation in a variety oirthenostructurized states [1-3]. Most commonly,
this technology is applied to crystalline solidsdargoing MM-driven nanonization, often
accompanied by different phase transformationsludieg crystalline-to-amorphous transition
(vitrification) due to large amount of mechanicaljgnerated defects [3]. Nevertheless, the
influence of MM on structurally disordered subsesuas relatively rare addressed.

Recently, numerous experiments probing vitrificatdynamics in the nanostructurized glasses
clearly demonstrates surface effects, revealedegstive deviations from bulk glass-transition
temperaturely (that is theTy depression [4-7]) andaccelerated physical ageing (see, e.g., ref. [8]
and literature therein). This phenomenon was asdrito liquid-like layer at the glass surface,
which diverges asly is approached from below [4,5], while more micasc picture of
responsible transformations remains rather unclear.

In this work, we report first experimental resuttsncerning MM effect on the intermediate-
range structure of Se-rich glassy gB800x taken from domain of their pronounced network
glass-forming ability [9-11], including boundary ropositions of stoichiometric g-ASe; (i.e. g-
AsioSes0) and g-AgSess.

Experimental

The studied alloys were prepared using coarse-guaneces of bulk g-ASe o« (x=5, 10, 15,
17.5, 20, 22.5, 25, 29, 33, 35, 37, 40) preliminagnthesized from high-purity elemental
precursors (As and Se of 5N purity acquired in Sigkidrich, USA) as described elsewhere [9-12].
The synthesized alloys were completely amorphogs,t aollows from their X-ray powder
diffraction (XRPD) patterns showing only broad dgé halos proper to glassy substances, conch-
like fracture of fresh-ingot cut sections and fBrttansparency [9]. The plane-parallel plates (1.0-
1.5 mm in a thickness) cut from thermally-anneategbts (annealed at, temperature of 15-2Q
below glass transition poinky) were used as reference samples for input chaizatien. The
densities p (+0.005 gém®) measured at room temperature by the Archimedsplatiement
technique in ethanol using the Mettler Tolemlmalytical balances, and mid-onset glass transition
temperaturedy (3 °C) determined from DSC scans performed under 10irKheating rate using
TA Instrument Q20 calorimeter (Table 1), testifyfavor of full adequacy of synthesized glasses
with known counterparts from As-Se system [9-11].

The MM was performed in a dry mode using Pulvetis$emill (operated at 500 nifrrotational
speed and protective argon atmosphere) for 20 m@bD mL tungsten carbide chamber (loaded
with 50 tungsten carbide balls each having 10 madilameter), usingB g of coarse-grained glass

of each composition preliminary sieved under 200. The high-energy MM in these conditions



does not change principally the amorphous statheomilled substances, as it follows from diffuse
halos observed in their XRPD profiles. The partgiees in the powders were detected by photon
cross-correlation spectroscopy with Nanophox partsize analyzer (Sympatec) [13,14]. For each
MM-affected sample, the typical single modal dizition was detected with x50 closeld80 nm
(meaning that 50 % of particles were smaller th@d im) and x99 close @270 nm (meaning that
99 % of particles were smaller than 270 nm), ax@mplified in Fig. 1 for milled g-AgSeso.

The identity of the milled phase was clarified I XRPD analysis applied to the first sharp
diffraction peak (FSDP), which is believed to bsignature of specific structural entities in glassy
substances forming a so-called intermediate-ramgering over scale of a few tens of A [15,16].
The XRPD data were collected in transmission mada 8 TOE STADI P diffractometer [17] with
linear position-sensitive detector (Kai-radiation, curved Ge (111) monochromator on prymar
beam, 2/w-scan). The raw results were corrected for emptyrunsent background, X-ray
polarization, sample absorption, multiple and Campscattering, Laue diffuse scattering and
weighting correction, to obtain the total scattgratructure functiors(Q), and its expression as the
reduced scattering structure functiéiiQQ) = Q[SQ)-1], whereQ is the magnitude of the scattering
vector [18]. The X-ray structure factdf§Q) were obtained using the PDFgetX2 software package
[19], the accuracy dQ) calculation according to standard deviations itpotifiles being 0.5 %.

Preliminary data processing was performed with STMABEXPOW [17] and PowderCell [20]
program packages, using information on crystalcsiimes of arsenic selenides taken from known
databases [21,22], in part, the JCPDS card No.3&%Zor monoclinic AsSe; and card No. 73-
0465 for trigonal Se. The processing of the expenital XRPD profiles was performed using these
programs, following normalization procedure takerréspect to the intensity of maximum peak.
Then, the obtained data were used for next préftiag exploring the WinPLOTR program [23].
Under used fitting protocol, we can compare colyezffects of MM on the halos-structured XRPD
patterns of compositionally different g-As-Se saesplparameterized ipeak angular position 20
andfull width at half maximum (FWHM) defined within+0.05 °29 accuracy. The corresponding
values ofscattering vector Q andwidth AQ in a reciprocal space were calculated as:

Q = (4n/2)Sing, Q)
AQ = (4n/2)Sin(FWHM/2). (2

The characteristic distance R (viz. the spacing of “quasi-periodicity” resporisilior the FSDP,
accepted this peak as a signature of remnants ystatlographic inter-planar periodicity) and
correlation length L over which this “quasi-periodicity” is maintainagere calculated as [24-33]:

R=21/Q, 3)
L = 21/AQ. 4)



We also explore the concept of diffuse halos inXRED patterns of amorphous substances as
arising from coordination spheres, i.e. groups lobest inter-atomic distances like in randomly-
packed multiparticle systems [34-36], when scaitgis governed by the Ehrenfest equation [37]:

2d4Sind = 1.232, 5)
wheredsis an averagenter-atomic distance in a structure (i.e. distance between scatterergers

defined as radius of corresponding coordinatioresph

Results and discussion

For a long time during last decades, the compasitioariations in the FSDP-related XRPD
patterns in binary g-As-Se have been in a sphetigltfinterests, since these disordered substances
are archetypal representatives for whole clasoweélent-network glass formers [9-11]. Deviations
in the FSDP position, intensity and width were satgd to scrupulous and systematic research in
[31-33], showing perfect correlation with changingy-As-Se composition.

The experimental XRPD patterns for both unmilled amilled g-AsSeoo.xdemonstrate broad
diffuse peaks (“amorphous” halos) proper to g-A$s5@5-28]) revealed in a vicinity dfil5-22,
[28-32 and 50-60°24. In a reciprocal space, these halos can be stakedpect tQds parameter
(whereds denotes an averaged inter-atomic distance in gletsgork) positioned daiR-3, [(4.6-4.9,
[17.7-8.9 [26-29]. According to the Fourier-transfoamalysis [30], in a case of network-forming
glassy materials, each of these features corresptiné real-space ordering with characteristic
distanceR (“quasi-periodicity”) and correlation length defined respectively by egs. (1) and (2).
For nearest inter-atomic distancesdgf] 2.2-2.6A typical for glassy arsenic chalcogenides (alg.,
02.43A for g-AsSe [9-11]), the first of these halos, associated wetlgth scales commensurable
with intermediate-range ordering of glass-forming structural motifs, is reproduced in the structure
factor as the FSDP positionedQ@t] M-1.5A™. Under the same inter-atomic distandeghe halo
at [28-32°20 (nearQEﬂ.S-Z.ZA'l) referred to as principal diffraction peak (PDP9]is ascribed to
size of local network-forming motifs, which are deterministic for so-callegtended-range ordering
in a glass [15]. Correspondingly, the third peak®-60 °20 associated witmearest-neighbor
separations in a glass [29] corresponds to scattering vem.3-4.02&'1.

The XRPD profiles collected for some unmilled anitled g-As.Seoo-x Specimenas compared
with calculated ones are shown in Fig. 2 and Jeetsvely. The same features are also revealed in
low-Q part of the reduced X-ray structure fackE{Q) = Q(SQ)-1) depicted in Fig. 4. The FSDP
parameters calculated for all these samples ahegat in Table 2.

It is seen that with increase in Se content (deeréax parameter), the FSDP position in g-
As,Seano-x Shifts to higher scattering vecto€y these values for unmilled samples being in an
excellent agreement with data of other authors 33J1- Simultaneously, under decreased

parameter, the FSDP is affected to substantialderdag in the widtlAQ. In the structure factor



F(Q) = Q(S(Q)-1) determination, the FSDP parameters of unmijetsSe; reachQ:1.281§'l and
AQ=0.43 A (Fig. 4), while the PDP observed at 2.83 is wider in a width (0.54™). With
increase in Se content beyond,8g composition X=40), the FSDP becomes merely reduced in its
magnitude and broaden in a width, being shifted ato higher scattering vecto® (so
demonstrating higl@ shift seen from Fig. 4). Under this trend, the PRotes in an opposite
direction demonstrating very strong Idw-shift. Thus, approaching g-Se in g-As-Se, the
intermediate-range ordering determined by the F&Qfepressed being covered by extended-range
ordering due to low® shifted PDP af26-28°2 (corresponding t@[ﬁ.G-l.?A'l).

The high-energy MM does not change principally &arall character of these XRPD patterns.
Thus, in the milled g-ASe00-x(5<x<40), the FSDP positio@ and, respectively, the spacing of the
FSDP-responsible “quasi-periodiciti® remains nearly the same as in unmilled samplesl€éT3b
In contrast, the FSDP widthQ is slightly enhanced under MM and, respectivehg torrelation
lengthL is more reduced, this effect being observed fdlethig-AsSeao.xsamples with 2€x<40.
The relative changes in the correlation lendtliL, calculated in respect to unmilled samples reach
5-6 %, while changes in the periodicfR/R, remains within measuring error-bar (no more 0.8 %),
except close to stoichiometric glass compositioit W0<x<35 (see Table 2). These effects are not
accompanied by changes in the PDP (neither in peakionQ nor in widthAQ), speaking in a
favor of MM-driven modification of intermediate-rge ordering alone.

Despite controversies concerning the FSDP origcovalent-bonded glass formers, this peak is
generally accepted as a manifestation of interntedange order in a glass structure [15,16].
Recently the Gaskel’'s concept on crystalline-likennants in melt-quenched (MQ) glasses [38]
modified with Wright's justification for the FSDRs arising from a periodicity in the distribution of
some “pseudo-planes” for the Bragg diffraction saepag succession of randomly-packed network
cages [39], was applied to interpret crystallinextoorphous transition in arsenic chalcogenides
affected to high-energy MM [40,41]. In respect tostconcept, the flattened cage structure of
covalent-bonded network glasses produces innevaigmit planes at opposite sides of these cages
forming a necessary contribution to the recipradce Fourier component generating the FSDP
[39]. Therefore, the FSDP is ascribed to variatiomghe underlying cage structure of glassy
network defined by interlinked polyhedrons (glassiing building blocks) producing multiple
cycle-type entities, which keep some elements tdriplanar “ordering” proper to crystalline
counterparts of these glasses of close chemicabositions.

Within this concept [38,39] applied to g-+&®00-x (5<x<40), the FSDP can be attributed to
covalent-bonded network structure built of trigoAslSe/, pyramids interlinked by Se-chains, i.e.
inter-planar “ordering” character for crystallines,8e; (with specific 12-membered corrugated
rings withinac plane [9,42-44]), disturbed by incorporated (-®e}Schains of different length
(dependently on a glass composition) [45-54]. WB#h additions to stoichiometric g-/&3s;, the



FSDP-responsible inter-planar ordering does notnghaessentially. The higher content of
homonuclear Se-Se bonds in a glassy network, warehshorter than other covalent chemical
bonds in g-As-Selg(ehSeEQ.szA lps e[ 2.43A, lasas2.53A [9-11]), the shorter average inter-atomic
distanceds, and, respectively, the smaller “quasi-periodici®, while the correlation length
decreases only slightly (see Table 2). These clsaage accompanied by dropping in the FSDP
intensity, this effect being accompanied by evidantease in thé with Se addition when going
over a barrier of BO at. % Se. The boundary composition (i.e. gs8&0) corresponding to the
eutectic in the phase diagram of As-Se system [S92183] can be specified as a threshold between
network of AsSg, pyramids linked by (-Se-Sg-fhains with an essential role of cation-cation
correlations, and network of Se-rich entities irfprentialtrans- (Se-chains) and/otis-atomic
configurations (Se-rings) [39,53,54]. In the lattiére cation-cation correlations responsible fa th
FSDP [31] became inessential diminishing this peik further Se content.

Under high-energy MM, the existing thermodynamigallabilized balance in network-forming
entities is essentially disturbed, providing andevice on their defective states with unfavorable
potential energies. From inspection of Table Zeéms that MM does not influence the FSDP-
responsible correlations in g-/&&8 o-xClose to g-Se (5<x<20), where Se-rich entitiesadmaously
dominated in the structural network. At the sameeti slight increase in the FSDP widikQ for
milled g-AsSeox With 20cx<40 can be ascribed to reduction in the correlal®mgth L due to
different structural defects generated under MMicWidisturb the FSDP-responsible inter-planar
“ordering” due to built-in attrition stress. Thisrapositional domain in binary g-As-Se is known to
be full of different structural-network instabiés, such as local decomposition on As- and Se-rich
fragments or global separation om8&-rich and Se-rich phases [54]. Such anomalies a@etivby
ball MM occur fragmentation effect on the corredatilengthL of the FSDP-responsible “quasi-
periodicity”.

In general, from the point of thermodynamic entlathagram for glass-forming liquids [8,9],
the MQ glassy substance is closer to the equilibratiate than that subjected to high-energy MM.
This conclusion essentially depends on the coalatg of melt liquid (at slow cooling rate, the
near-equilibrium glasses dominate, while far-froguiébrium glasses are preferred at rapid
cooling) [9]. In such consideration, the milled stamce is undoubtedly closer to out-of-equilibrium
state of fine-grained powder. It should be expetied under increased energy transferred to solid
system under high-energy MM (e.g., due to increastational speed or more prolonged milling),
the most out-of-equilibrium state will be achievieecause of large number of structural defects
appeared at such conditions. Thermodynamic chaistate of amorphous solids derived from
different states (melt, super-cooled liquid, orstay) due to applied amorphization technique is
expected to deviate as for extra-rapidly MQ gld#scted to prolonged physical ageing, this effect

being essentially dependent on glass compositi@®j).[8



More straightforward interpretation of the obsenwampositional variations in the XRPD
patterns of g-As-Se can be presented acceptingdifise halos as additionally disturbed by pair
inter-atomic correlations, i.e. superimposed the Ehrenfest diffraction hatogyinated from
coordination spheres (see, e.g., ref. [35] anddditerature therein). In a strong meaning, such
approach alone is confirmed only for randomly-packaultiparticulate substances [34-36], which
are classified in this view agleal amorphous solids obeying geometrical structural model
composed of contacting hard spheres in a spacéqmesi in a random way [36]. In application to
covalent-bonded substances (like chalcogenide egaspossessing atomic-network structure
comprising short- and intermediate-range orderihig, approach is not strictly applicable [24,36].
The governing role of the XRPD signatures attridute®® “quasi-crystalline” inter-planar
correlations in such a case can be credibly doctedeny close similarity between diffuse halos
and strongest reflexes of crystalline homologsheke glasses of close compositions [55,56]. Thus,
Fig. 5 demonstrates the XRPD profiles for unmilead milled g-AgeSes in comparison with
theoretical Bragg diffraction reflexes for monodinAs,Se; and trigonal Se [21,22]. As stated
above, the XRPD patterns of such substances comti@w spatially-separated diffuse haloski-

60, [(28-32 and115-22°20, where third one is referred to as the FSDP [25488th the Ehrenfest
eg. (5), this peak-halo is ascribed to the X-rdfratttion from averageahter-atomic distancesls,
changing smoothly from 6.04 in g-Asi0Sey to 5.42 in g-AsSes (Table 2). In g-As-Se, thesk
correspond to character distances between caliendioms of some fragments belonging to
different more or less separated atomic clustersaqiglayers), formingthird-order nearest-
neighbor (As)---(As) pairscorrelations [15,16,31-33]. At least two of theseter-atomic distances
prevail over others in glassy chalcogenides [9-1,68]. Thus, in the atomic arrangement of both
glassy and crystalline ASe;, the dominateds approaching 5.8 and®.9 A terminated by deep
depopulation regions can be well detected (see Fig. ref. [57]). In this glass, the lowek is
expected for right-sided wing of the FSDP (obseraedhigher diffraction angles#p, while the
longer distances are proper to left-sided parhisf peak (observed at lower diffraction anglés 2

Therefore, we believe the FSDP in gz8800x (5<x<40) monitored at scattering vectors
QEﬂ.28-1.422§'1 can be attributed to commensurable contributioom f(i) inter-planar correlations
due to “quasi-crystalline” remnants of close conipass (monoclinic AsSe; and trigonal Se) with
character Bragg diffraction Iengt}ﬁ€:4.92-4.43,&, and (ii) inter-atomic correlations due to third-
order nearest-neighbor (As)---(As) pairs with cletgads=6.05-5.45A (the digits are given in a
sequence of increasing Se content, Table 2).

This multi-level structure-forming specificity issumed to be a reason for anomalous behavior
of the FSDP under compositional variations, appledssure, temperature or other influences.
Thus, e.g., if thenter-planar distanceR is decreased under some factors, such as appkedype,

thus resulting in higl® shift in the FSDP position, the accompanied changgAs)---(As)inter-



atomic distancedls are inadequate because of orientation displacen@meighboring structural
fragments (molecular clusters or quasi-layers). &oner-atomic distancesls occur to be increased
at a cost of decreased others, both contributinghéosame coordination sphere producing the
XRPD halo neaQ[1L At (the FSDP). Undeacentric displacements of constituting quasi-layers or
molecules, this densification trend may result @amewhat decreased shorter distandgsbut
increased longer ones. Correspondingly, the inecdkaster-atomic distances remote from the
FSDP-related contributions, depressing the FSDé&hsgity and shifting it towards shortgy, these
changes being in excellent agreement with knowneemxpental observations showing FSDP
shifting to higheiQ accompanied by broadening and decaying underfa=ign [16,59,60].

So we can speculate that under MM sonter-atomic distancesls contributing to the FSDP are
destroyed owing to created defects, giving risetters. Essential reduction of such inter-atomic
(As)---(As) correlations in initial (unmilled) ss resulted from atomic pairs distributions detiv
by Renninger and Averbach [57], make g®&q0xWith x<20 stable against MM (no detectable
changes in the FSDP positighand width4Q, Table 2). Presumably, main compositional trend in
the FSDP position showing strong tendency to higllexith Se content is governed by broadened
inter-planar Bragg reflexes from crystalline phases, these goenonoclinic AsSe; [43,44] with
intensive (91.9 %) line frorimter-layer (020) planes (afl17.9°20, d = 4.951851&) and trigonal Se
[61] with more than twice weaker (50 % in intengifine from (100) planes afR3.5 °20
corresponding to 3.7812% distance (Fig. 5).

As to the PDP positioned in g-#/8g; atQEJZ.Z?n&'l (which is equivalent taB1.7°20) [29,36]),
the responsiblenter-atomic correlationsdsfor this peak calculated from the Ehrenfest eq.réach
for g-As-Se 3.6-4.04, the values which can be ascribed to nearest-hergtiistances related to
second-order (As)---(Se) and (Se)---(Se) atomicsp&uch attributes can be found, in part, in the
crystallographic projection of crystalline &g within centrosymmetrically equivalent composite
polyhedrons around two As sites as defined by &tergnd Rentzeperis [43]. That is why angular
positions of bothnter-planar “quasi-crystalline”’R andinter-atomic ds correlations contributing to
this peak coincide merely. As to compositional d®rollowed from atomic radial distributions
derived by Renninger and Averbach [56], thier-atomic correlations atlyB.7 A are full invariant
with Se content in g-As-Se. Therefore, the compmsl changes in this region are governed by
Bragg diffraction of “quasi-crystallineinter-planar correlations, showing strong lo@-shift with
Se content due to preference of broad crystalldgcaeflexes of trigonal Se (Fig. 5), that is 100 %
in intensity (101) planed80.0°26, d = 3.005652'&) and 50 % in intensity (100) pland2@.5°26,
d= 3.78124/&) [61]. Noteworthy, the PDP-relatdadter-atomic distancesds correlate well with
mean inter-atomic spacirlg = (64/ 7£pM) 2 in Table 1 f/— molecular mass of glashla — the

Avogadro’s number) derived from macroscopic deasgiof g-As-Se.



Finally, the diffuse peak in the XRPD patternsC&0-60 °20 (not shown in Fig. 2 and 3),

reproducible via the Ehrenfest eq. (5) as propemé&an inter-atomic distances 0£2.0-2.1A
(which is less than character first-order nearesgtbor bond lengths in binary g-As-Se), is most
controversial in this interpretation. It should &mphasized that strict one-to-one correspondence
within the Ehrenfest eq. (5) is appropriate onlydmorphous substances obeying structural models
built of hard contacting spheres like those proemetallic glasses [24,36]. In semiconductor
network covalent-bonded glasses, where these prakeates from competition between rapidly-
decreasing form-factor for separate structuralsufiitiilding blocks like trigonal As$g pyramids,
GeSa, tetrahedrons, etc.) and raising structure factspeiated with their spatial packaging [62],
this correspondence is not strictly satisfied duéitectionality of covalent bonds preventing glass
structure from close nearest-neighbor packing enstfiortest coordination sphere. Respectively, the
Ehrenfest relation (5) in its original form canroa further applied as the Master equation covering
realistic shortest inter-atomic distancksn covalent-bonded systems without additional ection.
At the basis of data for g-ASe gathered in Table 2, this correction can be singiter with
multiplying coefficient of (11.14, thus giving remarkable correspondence withk pgositionds
attributed to As-Se bond IengtﬁQ(.43A). The governing compositional trend in this peakshn
Se-rich g-As-Se also corresponds to changes in nmganatomic spacinds showing smooth
increase towards Se-rich compositions (see Table 1)

It worth mentioning interpretation of the FSDP-teth dependences in g-As-Se in terms of
XRPD patterns originated from remnants of “quagstalline” inter-planar correlations
supplemented by diffuse halos originated from gjestinter-atomic correlations in a glass
network, has an obvious advantage over modelsettetitese patterrss arising from “quasi-
periodicity” of crystallographic planes only. Indgevithin this approach, we explain appearance of
additional diffuse halos at smaller diffraction &syof [b-7°20 (Fig. 2, 3 and 5) in the region
without any close “quasi-crystallinefnter-planar reflexes (so-calledpre-FSDP [63-67]) as
corresponding to extendeslper-structural units, which reveal more prolongethter-atomic
correlations reachingsEHS-ZOA. An original interpretation can be also provided liigh-angular
shoulder in the right-sided FSDP wing or so-caflest-FSDP [63] observed afP20-22°209 (see Fig.

2, 3 and 5) oQ[1.5 At (see Fig. 4). Such feature causing an essenyatrastry in the FSDP
shape (as was pointed out by Ke. Tanaka for phqpareded chalcogenide films [68]), was
observed often in the XRPD patterns of many bulksgy alloys (especially those doped with
metals), such as g-AS; [28,69] and near-stoichiometric g-ASs>; and g-A$,Ssg [69], ASSs-
In/l/GaShb [64,66], Ge-Sb-S [65], Ge-As-Se [67], €eSaSe [70,71], AsSe-Ga [72], and even
As45Ss5 amorphized by high-energy MM [73]. To the bestoof knowledge, this specificity has
been remained without explanation, giving a grodiod supposition on possible doublet-type

constitution of the FSDP in chalcogenide glassededd, this shoulder correspondingimber-



atomic distances approaching:5.1-5.31§ (irrespectively to glass composition), can beiasd to
the Ehrenfest diffraction from some remnants of dgjtcrystalline” correlations, which also
contribute to the FSDP through more intensive Bragfigction.

From a standpoint of the XRPD in chalcogenide gsswiginated from coordination spheres,
the MM-induced invariance in the FSDP positighfor g-AsSe pox(5<x<40) means unchangeable
behavior ofinter-atomic distancesls contributing to the FSDP-responsible coordinasphere (the
maximal changesgld/dy after milling do not exceed the reliable error-bét1.0 %, see Table 2).
In more Se-rich glasses witk%<20, this effect is concomitant with nearly conste®DP width
AQ (or peak FWHM) for unmilled and milled samplesistleffect being ascribed to unchanged
distribution of thesenter-atomic distancedls. In contrast, the glasses with<2@40 demonstrate
slight increase in the FSDP wid® after high-energy MM owing to broadening in thetdbution
of characteristianter-atomic distancesds contributing to the FSDP, thus testifying in adawf

more destructed glass structure in the milled state

Conclusions

The FSDP-related correlations are studied in tREPR patterns of Se-rich £Sepo.xglasses
(5sx<40), modified by high-energy mechanical ball mijfim a dry mode with 500 mithrotational
speed. The results are treated in terms of stralctnodel assuming appearance of broad diffuse
halos due to remnants after-planar “quasi-crystalline” correlations (in respect tcetlbaskel-
Wright's concept on microcrystalline ordering intwerk glass-formers [38,39]), supplemented by
halos originated from strongestter-atomic correlations, in part, the nearest-neighbor cati@hs
between cation-like atoms. It is shown that higkrgg mechanical milling does not influence the
FSDP positiorQ in a vicinity of glassy Se (5«20), but increase the FSDP widtlp (reduction in
the correlation lengtlh) for g-AsSepoxWith 20sx<40, the latter being caused by disturbed inter-
planar arrangement due to generated structuralktdefdlternatively, this effect is ascribed to
broadening in the distribution of characteristiter-atomic distancesds contributing to the FSDP,

thus testifying in a favor of more destructed glstsacture in the milled state.
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Figure captions:

Fig. 1. Typical particle size distribution in g-4¢Se;o affected to high-energy MM.

Fig. 2. Experimental (red points) and calculated (blackdsine) XRPD profiles for unmilled g-
AssSess (a), 9-AsoSeo (0), g-AscSe (C), g-AseSen (d), g-AssSes (e), g-AseSex (f) showing
the FSDP around 12-220 (the difference curve is given at the bottom hyebdolid line).

Fig. 3. Experimental (red points) and calculated (blackdsline) XRPD profiles for milled g-
AssSes (a), g-AseSeyo (b), 9-AseSeo (C), 9-AseSen (d), 9-AssSess (€), g-AseSeo (f) showing
the FSDP around 12-2820 (the difference is given at the bottom by blugdstihe).

Fig. 4. Low-Q part of the reduced X-ray structure fackgQ) = Q(SQ)-1) for milled g-AsSe oo«
(the x parameter is denoted under the curve, wisiabffset along the axis, for clarity). Slight
shoulder aQ [ Mm.5A" producing the FSDP asymmetry is visible (see fixtmore details).

Fig. 5. Experimental XRPD profiles for unmilled (greeneely and milled (black curve) g-AsSeso
as compared with theoretical Bragg diffraction erfls for monoclinic AsSSe; (red lines) and
trigonal Se (blue lines). The most intense diffi@ctlines of these crystals are denoted, slight

shoulder around20-22°20 is detectable in both g-AsSe, samples (see text for more details).



Table 1.Input characterization of the synthesized ¢S -« alloys.

X Ta P, gim? | Tg,°C |IsA

5 50°C 4.314 65 3.87
10 60°C 4.348 81 3.86
15 65°C 4.385 92 3.84
17.5 | 70°C 4.402 96 3.83
20 75°C 4.420 102 3.83
22.5 | 80°C 4.444 106 3.82
25 90°C 4.468 112 3.81
29 115°C | 4.503 124 3.80
33 130°C | 4.546 138 3.78
35 140°C | 4.567 148 3.78
37 150°C | 4.593 163 3.77
40 160°C | 4.605 184 3.77




Table 2. The FSDP parameterization in unmilled and milledisgSe po-x

Sample x, 20 FWHM | Q 40 | R AR/Ry | L Al/Ly | ds AdJ/dy
state °20 °20 AT AT A % A % A %
x=40; unmilled | 18.014(13)| 6.02(4) |1.28 | 0.43 [ 4.92 | - 14.67 | - 6.05 | -
x=40; milled 17.862(11)| 6.02(3) | 1.27 |0.43 [4.96 | +0.8 [14.65 |-0.1 |6.10 | 0.8
x=37; unmilled | 18.251(13)| 6.20(4) |1.29 | 0.44 | 4.86 | - 14.26 | - 5.97 |-
x=37; milled 18.133(13)[ 6.33(4) |1.28 [0.45 [4.89 | +0.6 |13.96 [-21 |[6.01 |0.7
x=35; unmilled | 18.355(13)| 6.44(4) | 1.30 [ 0.46 | 4.83 | - 13.72 | - 5.94 |-
x=35; milled 18.231(14)| 6.60(4) |1.29 [0.47 |4.86 | +0.6 |13.38 [-25 |[5.98 [0.7
x=33; unmilled | 18.423(14)| 6.25(4) |1.31 |0.44 | 4.81 |- 14.14 | - 5.92 |-
x=33; milled 18.369(15)| 6.70(5) | 1.30 | 0.48 [4.83 | +0.4 [13.18 |-6.8 [5.94 |0.3
x=29; unmilled | 18.697(14)| 6.47(4) |1.32 | 0.46 | 4.74 | - 13.65 | - 5.83 |-
x=29; milled 18.633(14) 6.81(4) |1.32 [0.48 [4.76 | +0.4 |12.97 [-50 |5.85 [0.3
x=25; unmilled | 18.977(17)| 6.43(5) | 1.34 | 0.46 | 4.67 |- 13.73 | - 5.75 | -
x=25; milled 18.917(16)| 6.84(4) | 1.34 |0.49 [4.69 |+0.4 [12.91 |-6.0 [5.77 |03
x=22.5; unmilled | 19.110(22)| 6.64(6) | 1.35 | 0.47 | 4.64 | - 13.30 | - 5.71 |-
x=22.5; milled | 19.092(19)| 7.04(5) |1.35|0.50 | 4.64 |0 1254 |57 |571 |0
x=20; unmilled | 19.323(21)| 6.80(9) | 1.37 [ 0.48 | 4.59 |- 13.00 | - 5.65 |-
x=20; milled 19.236(27)| 6.58(7) |1.36 | 0.47 | 4.61 | +0.4 |[13.43 |+3.3 |567 |0.4
x=17.5; unmilled | 19.490(21)| 6.31(5) | 1.38 [ 0.45 | 4.55 | - 13.99 | - 5.60 |-
x=17.5; milled | 19.532(22) 6.26(5) |1.38 [0.45 |4.54 |-0.2 [14.10 [+0.8 [5.58 |-0.4
x=15; unmilled | 19.621(22)| 6.03(5) | 1.39 | 0.43 | 4.52 | - 14.64 | - 5.56 | -
x=15; milled 19.597(24)| 6.00(5) | 1.39 [0.43 [4.53 | +0.2 |14.71 | +0.5 |557 |0.2
x=10; unmilled | 19.962(28)| 5.54(6) | 1.41 [ 0.39 | 4.44 | - 15.94 | - 5.46 |-
x=10; milled 19.901(26)| 5.58(6) | 1.41 | 0.40 |4.46 | +0.5 |[15.83 |-0.7 |5.48 [0.4
x=5; unmilled 20.011(5) | 4.51(13) | 1.42 [ 0.32 | 4.43 | - 19.56 | - 5.45 |-
x=5; milled 20.101(27)[ 457(8) |1.42 [0.33 [4.41|[-05 [19.31[-1.3 |[5.42 [-05
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Fig. 1. Typical particle size distribution in g-A¢Se;o affected to high-energy MM.
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Fig. 2. Experimental (red points) and calculated (blaaliddine) XRPD profiles for unmilled g-
AssSeys (a), 9-AsoSep (b), 9-AeSeo (C), 9-AsSen (d), g-AssSes (€), g-AsoSep (f) showing
the FSDP around 12-220 (the difference curve is given at the bottom hyebdolid line).
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Fig. 3. Experimental (red points) and calculated (bleakd line) XRPD profiles for milled g-
AssSeys (a), g-AseSep (b), 9-AseSep (C), 9-AseSer (d), g-AssSess (€), g-AseSes (f) showing
the FSDP around 12-2820 (the difference is given at the bottom by blugdstihe).
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Fig. 4. Low-Q part of the reduced X-ray structure fadtg@) = Q(S(Q)—1) for milled g-AsSe 0o«

(the x parameter is denoted under the curve, wikiofffset along thg axis, for clarity).
Slight shoulder a@ [ m.5A" producing the FSDP asymmetry is visible (see fiaxinore details).
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Fig. 5. Experimental XRPD profiles for unmilled (green ey and milled (black curve) g-AsSeso
as compared with theoretical Bragg diffractione®éls for monoclinic AsSe; (red lines) and
trigonal Se (blue lines). The most intense diffi@tiines of these crystals are denoted, slight

shoulder around20-21°20 is detectable in both g-AsSe, samples (see text for more details).



Highlights

Intermediate-range ordering in As,Seioo-x glasses modified under high-energy milling
FSDP position and width are milling-invariant in Se-rich As,Sejo0-x glasses (x<20)
Increased FSDP width in glassy As,Seioo-x (20<x<40) due to milling-derived defects



