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ABSTRACT 

Synchrotron X-ray diffraction and neutron scattering studies are performed on As-Se glasses 

in two states: as-prepared (rejuvenated) and aged for ~23 years. The first sharp diffraction 

peak (FSDP) obtained from the structure factor data as a function of composition and 

temperature indicates that the cooperative processes that are responsible for structural 

relaxation do not affect FSDP. The results are correlated with the composition dependence of 

the complex heat capacity of the glasses and concentration of different structural fragments in 

the glass network. The comparison of structural information shows that density fluctuations, 

which were thought previously to have a significant contribution to FSDP, have much smaller 

contribution than the cation-cation correlations, presence of ordered structural fragments or 

cage molecules.   

 

HIGHLIGHTS 

 Aged and non-aged As-Se glasses are studied with synchrotron X-ray diffraction and 

neutron scattering techniques 

 Compositional and temperature dependences of the first sharp diffraction peak are 

analyzed  

 FSDP parameters (width and position) are correlated with isothermal and non-

isothermal structural relaxation data of temperature modulated DSC 
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1. Introduction 

 

Correlation between the medium-range order (MRO) [1-7] and structural relaxation 

[8] in network glasses is one of the least studied and controversial problems in solid state 

physics. According to S.R. Elliott [1], MRO is defined as a higher level of structural 

organization beyond the short-range order (SRO) in amorphous (glassy) materials, extending 

up to ~20 Å from a given atom. It is common to classify MRO into three categories [1-6]: the 

short-range MRO (~3-5 Å), which indicates mutual orientation of neighbored coordination 

polyhedra comprising the glass network; the intermediate-range MRO (5-10 Å), which 

originates from triplet correlations between network forming units (correlations between pairs 

of dihedral angles, which is usually associated with clusters formation); and the long-range 

MRO (~10-20 Å), which is assumed to be determined by local dimensionality (1D, 2D or 3D) 

of glass network.  

From this perspective, the chalcogenide glasses (ChG) can be considered as unique 

model objects, where all of these types of MRO can be purposefully realized. Thus, for 

example, different kind of network-forming units (pyramids on the basis of three-fold 

coordinated P, As, Sb or Bi; tetrahedra on the basis of four-fold coordinated Si, Ge or Ga 

cations; polymeric chains on the basis of S, Se, Te anions) can result in MRO focusing on a 

short-range or intermediate-range scales; degree of  dimensionality of the network can be 

easily modified by varying the composition of a glass (e.g. by increasing/decreasing the 

content of two-fold coordinated chalcogen atoms) leading to a controlled modification of 

long-range MRO, etc. [9,10]. In addition, high purity ChG can be obtained with relatively 

simple SRO that can be unambiguously derived from conventional structural probe data and 

verified by theoretical models, giving a possibility to link the observed regularities directly 

with the structural features [11,12]. Also, a very large database on various physical-chemical 



 3 

properties of these materials is available in scientific literature, which can be used as 

additional information for validating the interpretations of data [9-12].
 

Structural relaxation occurs as a result of thermodynamic forces driving the non-

equilibrium glassy system towards a state of thermodynamic equilibrium of supercooled 

liquid [8]. The associated enthalpy losses (H) can be measured with differential scanning 

calorimetry (DSC) by heating the glass through the glass-to-supercooled liquid transition [13]. 

Degree of structural relaxation depends on the waiting time below the glass transition 

temperature (Tg), the relevant processes being known as physical ageing (excludes any 

chemical reactions, crystallization or phase separation) [13,14]. The greater ageing duration, 

the greater is the enthalpy loss (H) expressed through the endothermic peak at Tg in DSC 

scans [13]. In general, the H follows a sigmoidal time dependence, which is defined by a 

choice of ageing temperature Ta in respect to Tg (increasing Ta accelerates structural relaxation 

kinetics) [8]. For glasses with low Tg, significant enthalpy losses can be observed at room 

temperature over a short period of time, while for glasses with higher Tg, longer periods of 

storage are needed to observe physical ageing at room temperature [15-17]. The investigated 

arsenic selenide glasses show decrease in the value of physical ageing at room temperature 

towards the stoichiometric As2Se3 composition [17], which has the highest Tg among all As-

Se glasses [9,11].  

Different theoretical and experimental methods have been used so far to elucidate 

structural transformations during physical ageing in ChG. Most popular experimental 

techniques include Raman spectroscopy, nuclear magnetic resonance (NMR), extended X-ray 

absorption fine structure (EXAFS), high-resolution X-ray photoelectron spectroscopy (XPS) 

and positron annihilation lifetime spectroscopy (PALS) [14-18]. However, the data from these 

techniques show insignificant difference between the SRO structural parameters of the aged 

and non-aged glasses. The SRO remains practically invariant during physical aging. Although 

some minor structural transformations were detected, like 5-7% redistribution of Se atoms 
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between different structural fragments [14-16], they could not explain the large changes in Tg 

value and enthalpy losses (H) observed with thermal analysis technique after prolong 

storage [17], as well as plateaus and steep regions in long-term kinetics of enthalpy relaxation 

[13]. Therefore, significant changes at MRO were anticipated. The deviations from monotonic 

linear temperature dependence of nearest neighbor distance and Debye-Waller factor found 

recently with quick EXAFS [19] had created additional reasoning for such expectations. 

To study possible correlations between the MRO in ChG and their structural relaxation 

(physical ageing), the same as-prepared (rejuvenated) and aged samples should be 

investigated with the probes sensitive to the changes at MRO and those giving the magnitude 

of structural relaxation or physical ageing effect. However, contrary to structural relaxation 

processes, which can be conveniently characterized with thermal analysis techniques, the 

experimental investigation of MRO is a non-trivial task. Traditional structural probes such as 

X-ray, neutron or electron diffraction are sensitive to pair correlations between atoms, and 

therefore provide very limited information on MRO features. On the other hand, vibrational 

spectroscopies such as IR or Raman are more sensitive to the mutual correlations between 

coordination polyhedra, but usually they are suffered from the ambiguities in the 

interpretation of experimental spectra due to a great number of different possible vibrational 

modes that overlap. The information on MRO, which can be obtained using diffraction 

methods, is believed to be contained in the so-called first sharp diffraction peak (FSDP) [1-7]. 

It is observed as a prominent low-Q (0.8 < Q < 1-1.6 Å
-1

) feature in the structure factor S(Q) 

of network glasses. Although FSDP has been a subject of extended interest in the last three 

decades, its origin is still debated [20-25]. It is clear that FSDP can arise for various reasons 

in different systems [20,23,25], but in general it reflects features of the glass network at both 

the MRO and SRO length scales, for example, homopolar bonds, cage molecules, 

random/nonrandom distribution of the network-forming clusters, prevailing structural motif, 

etc. [3,23,25].
 
A characteristic length scale associated with the FSDP position typically 
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implies 2–4 interatomic distances (~3.5–10 Å), which correspond to the intermediate MRO. 

The FSDP is distinguished from other S(Q) peaks by at least two anomalies relative to the 

usual behavior of S(Q) in solids: (i) it remains invariant with increasing temperature 

(sometimes may even become more intense and narrower) in contrast to the thermal 

broadening of usual peaks in S(Q) [26-28], and (ii) its amplitude decreases with increasing 

pressure, again contrary to the response of other S(Q) peaks [29,30]. The models used to 

explain the FSDP rely on the existence of layer-like structures in the glass network or 

regularities in the void distribution [1-5,31]. Others have recently proposed the FSDP as 

having a topological origin, arguing for a structural origin of the so-called topological 

“intermediate phase” in AsxSe1-x glasses [24]. The neutron diffraction with isotopic 

substitution and anomalous X-ray scattering clearly show that the main contribution to the 

FSDP in network glasses usually comes from network-forming cation-cation (metal-metal) 

correlations [21,22], although the physical picture of these correlations in real glass structure 

remains unclear.  A review of the theories of the FSDP for amorphous materials is given by 

Moss & Price [31] and Wright [3]. 

To determine the potential of FSDP analysis in application to MRO and structural 

relaxation in network glasses, we have studied FSDP compositional trends in AsxSe1-x glasses 

(0 < x < 0.55) with complementary X-ray diffraction (XRD) and neutron scattering 

techniques. Samples aged over a long period of time are compared to rejuvenated (thermal 

prehistory is erased by the annealing above the glass transition temperature Tg) samples 

derived from the same aged material, to investigate the influence of isothermal structural 

relaxation. Some of the aged Se-rich samples are additionally studied with neutron scattering 

in-situ during their heating through the glass transition interval, to study the effect of non-

isothermal structural relaxation. The obtained evolution of FSDP parameters with 

composition and temperature is correlated with isothermal and non-isothermal structural 

relaxation data of temperature modulated DSC (TMDSC). 
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2. Experimental 

 

The samples of binary AsxSe100-x (x = 10, 20, 30, 40, 45, 50, 53, 55) were prepared in 1985 by 

conventional melt-quenching route in evacuated quartz ampoules from a mixture of high 

purity (99.999 %) As and Se precursors. The furnace was rocked to obtain highly 

homogeneous melt. All ingots were quenched by switching off the furnace. Amorphous state 

of the as-prepared chalcogenide glasses was established visually by a characteristic conch-like 

fracture as well as by X-ray diffraction. All the samples were then sealed in hermetic plastic 

bags and stored in the dark, in sealed plastic bags under ambient conditions for ~27 years 

before the measurements. The purity and the composition of the samples after the storage 

were confirmed by X-ray photoelectron spectroscopy [32]. Before the experiments, part of the 

aged samples were rejuvenated in order to achieve the structural state close to the initial as-

prepared one [9,12,13]. This procedure comprised heating the samples above Tg, waiting 

equilibrium at (Tg + 30) K and subsequent cooling in the chosen regime.
 

The neutron scattering experiments were performed at Nanoscale-Ordered Materials 

Diffractometer  (NOMAD)  at Spallation Neutron Source, Oak Ridge National Laboratory 

[33]. The bulk samples were measured in 2 mm quartz capillaries in an argon atmosphere to 

reduce scattering from the air. The temperature was controlled with non-liquid argon Cobra 

cryostream from Oxford Cryosystems. Three independent measurements for each sample’s 

composition and thermal history were performed to confirm the reproducibility of the results. 

The high-energy XRD experiment was performed at the beamline 11-ID-B, Advanced Photon 

Source, Argonne National Laboratory, using X-rays with wavelength 0.2127 Å and position 

sensitive Perkin Elmer amorphous silicon detector. These measurements were carried out at 

room temperature using coarse powdered (with mortar and pestle) samples sealed in 

Polyimide capillaries.  
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In general, the scattered intensity I(Q) from an array of atoms is given by three terms: 

 )()()()( int QIQIQIQI incself      (1) 

where Q=4/ sin is the scattering vector (2 is the scattering angle and  is the x-ray or 

neutron wavelength). 

The first )(QI self  term in equation (1) is the sum of scattering from individual atoms; the 

second )(int QI  term represents interference scattering from different atoms and contains all 

the structural information in terms of spatial distribution of constituent atoms; and the third 

Iinc(Q) term accounts for incoherent scattering. The first and third terms in equation (1) are 

usually subtracted from the experimentally measured I(Q) using appropriate polarization, 

absorption and normalization corrections [6,33]. In the present experiment, neutron scattering 

data were normalized with respect to the scattering from solid vanadium rod, and the XRD 

data were corrected for background scattering, X-ray transmission and Compton scattering 

using PDFgetX2 software package [34]. After correction, the structure factor S(Q), which 

contains information on the atomic pair correlations in the investigated material, was 

extracted from the I(Q) data. For a glass or liquid with two atom types  and  (e.g. As and 

Se in the case under consideration) [6]: 

 
 


)1)((1)( QSWQS     (2) 

where the double summation covers the partial structure factors S(Q) = sin Qr /Qr  

between all pairs of atoms (S, S and S); r is the distance between atoms  and  ; W 

are the normalized weights for the partial structure factors.  

 Temperature dependent in situ neutron scattering studies were performed on Se-rich 

aged samples at 2 Kmin
-1

 heating rate. Heating was provided by hot argon gun with a 

thermocouple located just below the samples using Cobra cryostream temperature controller. 

 

3. Results  
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Structure factors S(Q) obtained from the neutron scattering and high-energy XRD 

experiments on the aged and rejuvenated AsxSe100-x glasses are shown in Fig. 1 for 

representative compositions. The FSDP is clearly visible for all the investigated As-

containing glasses but not for pure Se, which is a typical behavior for the As-Se glass system 

[23]. Its characteristic parameters (position, width and height) are obtained using Gaussian fit 

of FSDP and the first principal peak (PP1) of S(Q) spectrum after linear background 

subtraction and normalization to PP1 peak intensity (inserts to Fig. 1). After such a procedure, 

any observed difference between the overall principal peak intensities in [S(Q)-1] as obtained 

from NS and XRD data of the aged and rejuvenated samples (Fig. 1) is eliminated from 

further consideration, restricting our analysis solely to the changes in FSDP parameters. It 

should be noted that neither Gaussian nor Lorentzian function reproduced the exact shape of 

FSDP peaks, but the former was significantly better for the less intense peaks and was 

therefore used systematically for all investigated glasses, similar to Ref. [23]. The obtained 

average values for the FSDP position and width (full width at half maximum) are plotted in 

Fig. 2 as a function of As concentration. The results obtained from neutron scattering and 

XRD agree fairly well with each other. Compositional dependence of FSDP position (Fig. 2a) 

fully corresponds to a general trend observed earlier for AsxSe100-x glasses [23]: increase in As 

concentration (x) leads to a decrease in FSDP position. Four regions can be distinguished in 

the observed compositional dependence: x < ~20, where the FSDP position is almost 

independent of As concentration; ~20-40  at.% of As content, where compositional 

dependence becomes steeper;  ~40-50  at.% of As with the strongest dependence on As 

concentration; and x > ~50, where the slope of characteristic parameters decreases again. 

Similar kind of FSDP position dependence on composition was obtained earlier for AsxSe100-x  

glass system too, even, though, the first region (x < ~20) was not considered to be meaningful 

[23].  
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Compositional dependence of FSDP width (Fig. 2b) as obtained from Gaussian fit of 

FSDP peak demonstrates an unexpected behavior. Instead of the predictable extremum at 

x=40 at.%, which corresponds to stoichiometric As40Se60 composition and rigidity percolation 

point where many physical properties show extrema in compositional dependences [9-11,35], 

a broad maximum is observed at around x  30 at.% of As (Fig. 2b). Remarkably, a similar 

behavior was observed recently in the compositional dependences of fragility, activation 

energy for viscous flow, enthalpy of structural relaxation and heat capacity throughout and 

above the glass transition temperature domain [36]. Although a tendency of an increase in the 

width of FSDP after long-term physical ageing can be assumed from the obtained neutron 

scattering data for the aged and ex situ rejuvenated samples (Fig. 2b), the noise level 

precludes a strong confidence in such a conclusion.  

To obtain more precise information on the possible changes in FSDP parameters 

caused by long-term physical ageing and to eliminate possible inaccuracies associated with ex 

situ rejuvenation of the samples, neutron scattering spectra were collected in situ during 

heating and cooling of Se-rich glasses with 2 K/min rate through their glass transition 

interval. Raw S(Q) spectra obtained in a heating mode for As20Se80 glass are shown in Fig. 3a 

as an example. Typical S(Q) data after linear background subtraction, which have been used 

for fitting, are compared in Fig. 3b for As20Se80 glass sample before heating (at 300 K), at 

maximum temperature (500 K) and after cooling back to 300 K. The obvious effect of heating 

can be observed for the PP1 peak, while changes in FSDP parameters as a function of 

temperature are within the experimental accuracy.  

 

4. Discussion  

 

As for crystalline Bragg peaks, it can be assumed that FSDP in a glass is an evidence 

of some kind of periodicity in real space, which owing to the FSDP position should occur at 
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MRO scale [3]. The much greater width in comparison to the peaks of crystalline materials 

indicates that the associated Fourier component decays after relatively few periods, which 

means that such periodicity is not global (like long-range ordering in crystalline materials). It 

is shown for several vitreous stoichiometric ChG compositions that the FSDP position is close 

to the Bragg reflection peaks from certain interlayer planes in corresponded crystalline 

structures [3]. Thus, for example, for vitreous As2S3 or As2Se3 the FSDP position is close to 

020 Bragg reflection peak in the monoclinic structures of crystalline counterparts (As2S3 and 

As2Se3) [37,38]; in vitreous GeSe2 and GeS2 the FSDP is found to be consistent with 002 

Bragg reflection in high-temperature modifications of GeSe2 and GeS2 crystals [39,40]. This 

led to a conclusion that ChG should possess fragments of layer-like structures reminiscent of 

corresponding crystalline compounds [4,6]. However, as it was shown by Wright [3], 

formation of such layer-like structures does not necessarily require residual layers of 

crystalline counterparts, but could be inferred directly from Zachariasen's model of random 

glass network [41]. According to this approach, a few adjacent cages in Zachariasen network, 

flattened in the same direction, can approximate a set of layers and give rise to the Fourier 

component necessary for generating the FSDP even without an actual layered structure 

formed in its traditional meaning [3]. The Van-der-Waals forces determining the size of such 

cages are assumed to be the same as those between the equivalent planes in the corresponding 

crystalline phase and, thus, FSDP reflects the characteristic periodicity associated with this 

type of interaction. This is considered as a reason why FSDP position for ChG roughly 

coincided with the interlayer Bragg peak for the relevant polycrystalline powders [3].  

On the basis of these arguments, Wright has suggested that there is no unambiguous 

evidence through FSDP for the existence of MRO in vitreous silica and other single 

component network glasses in excess of that is expected from Zachariasen network [3]. 

Although such an explanation looks attractive, it cannot fully account for the nonlinear 

compositional dependences of FSDP parameters (position and height) in different ChG 
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systems [23]. The reason is that Zachariasen’s network is not always a good approximation of 

ChG structure, especially for non-stoichiometric chalcogen-rich glasses, whose structure is 

more polymer-like. Therefore, the FSDP could reflect spatial ordering between 1D and 2D 

structural fragments bonded with Van-der-Waals forces. Likewise, for the cation (e.g. Si, As 

or Ge)-rich compositions, the structure may include well-established MRO structural motifs, 

cage-like molecules or deviations from fully polymerized network. Therefore, it was further 

suggested on the basis of FSDP studies in binary Se-based ChG that FSDP reflects multiple 

changes in the glass network on both SRO and MRO scales: random vs. nonrandom 

distribution of the network-forming cation structural units, homopolar cation-cation bond 

formation, network-forming vs. modifier-like behavior, the appearance of cage molecules, 

and the effect of local coordination of the atoms [23].  

It is obvious from the obtained results (Fig. 1) that FSDP becomes more pronounced 

with the increase of As concentration in the samples, testifying previous conclusion on the 

origin of FSDP from cation-cation correlations (As metal plays role of cations in these ChG) 

[23]. Simultaneously, FSDP position shows a clear shift towards lower Q values (Fig. 2). As 

the position of FSDP should reflect some repetitive characteristic distance (R  2π/Q1) 

between the structural entities in real space, the obtained results suggest that this distance 

increases from ~4.4 Å for Se-rich ChG to ~6.0 Å for As-rich ones. Owing to the typical SRO 

distances in As-Se glasses (bond lengths are within the range 2.35-2.43 Å) [9-11,42], we can 

ascertain that correlations which contribute to FSDP should occur on a scale of 2-3 

coordination spheres. Therefore, it would be useful to compare the observed compositional 

dependence in FSDP position with statistics of structural fragments in these glasses, which 

would include at least triplet correlations between atoms. The quantitative information of that 

sort can be obtained with high-resolution XPS analysis, which gives exact moieties of Se-Se-

Se, As-Se-Se, As-Se-As, Se-As<(Se)2, As-As<(Se)2 and Se-As<(As)2 structural fragments in 

glass network [43]. It can be clearly seen (compare Fig. 2a and Fig. 4a) that FSDP position 
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starts to decrease (or first change the slope in the compositional dependence) with the 

appearance of As-Se-As complexes in ChG structure (roughly for x>20 compositions). Within 

the 40 < x < 50 composition range, the FSDP decrease becomes steeper and coincides with 

the range where the concentration of As-As<(Se)2 complexes increases drastically (Fig. 4b). 

Further change in the slope of FSDP compositional dependence at x>50 corresponds to the 

range of the increase in concentration of Se-As<(As)2 complexes and decrease of the former 

As-Se-As and As-As<(Se)2 ones (Fig. 4). So, we may conclude that FSDP position is 

dominated by MRO correlations within the neighboring Se-As<(As)2, As-Se-As and As-

As<(Se)2 structural fragments. This result is consistent with the recent first principles 

molecular dynamic simulations, suggesting dominant input into FSDP from As-Se partial 

structural factor SAsSe(k) [24]. However, the minimum in FSDP width of the partial structure 

factor SAsSe(k) obtained by Bauchy et al. [24] at a composition near 30% of As, and used to 

justify the structural origin of a so-called “intermediate phase” [44], is not confirmed by the 

present experimental results. Moreover, a more careful examination of the FSDP width ΔkFSDP 

in Fig. 3 of their work [24] shows that it is virtually identical for compositions with 40%, 30% 

and 25% As and clearly larger for 20% and 35% of As (Fig. 5).  

Our investigations reveal a maximum of ΔkFSDP in the vicinity of x=20-30 (Fig. 2b). As 

the width of FSDP is indicative of the coherence length, following the well-known Scherrer 

equation for microcrystals (connecting the width of a Bragg peak with the average size of 

microcrystals), it seems reasonable to associate this parameter with the existence of some kind 

of domains in the glass structure. Following these arguments, the origin of the domains could 

be associated with density fluctuations in the vitreous matrix, “frozen in” as the supercooled 

liquid cools into below-Tg regime. A hypothesis on the origin of FSDP from the density 

fluctuations in glass structure was previously put forward in Ref. [45,46], but was not further 

developed. Although the existence of density fluctuations in glass networks can be verified by 

numerous experimental techniques, such as small angle X-ray scattering (SAXS) [6,47], small 
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angle neutron scattering (SANS) [3,47,48] or light scattering [49], their correlation with 

FSDP parameters is not well established. To verify the hypothesis, glasses with various 

degrees of density fluctuation but same chemical nature should be studied thoroughly; As-Se 

ChG series seems to be a perfect model system for this purpose.  

Recently, we have shown that the width and asymmetry of the peak of the imaginary 

part of heat capacity, Cp’’ (T), as obtained from TMDSC scans, contains information on 

length scale and magnitude of density fluctuations in As-Se glass matrix [50,51]. When 

heated through the glass transition during TMDSC scans, the low density domains achieve 

molecular mobility first, giving rise to the low temperature wing of the Cp’’ (T) curves, 

whereas at higher temperatures high density domains start to relax too, being responsible for 

the high-temperature wing. Following this interpretation, the width of Cp’’ (T) peak can be 

associated with density fluctuation distribution and the length-scales of the domains [50]. Any 

asymmetry of this peak would be caused by an interplay between the relaxation of low and 

high density domains in the glass structure (in the absence of other phenomena like network 

depolymerization or phase separation), serving as a measure of magnitude of density 

fluctuations [51]. So, it is useful to compare the results of TMDSC obtained for the same 

glasses with FSDP parameters in the aged and rejuvenated states. As can be seen from Fig. 6, 

the compositional dependence of asymmetry in Cp’’ (T) peak correlates well with ΔkFSDP for 

the aged ChG (Fig. 6a), while Cp’’ (T) peak width more or less resembles the compositional 

dependence of ΔkFSDP for the rejuvenated ChG with x<50 (Fig. 6b). So, there appears to be 

some contribution from density fluctuations to the width of FSDP: the higher degree of 

density fluctuations as derived from Cp’’ (T) peak makes the FSDP peak broader.  

The density fluctuations are shown to evolve with time during isothermal structural 

relaxation (physical ageing) of Se-rich glasses at below-Tg temperatures [51]. These changes 

are envisioned as a sequence of repeated cycles of increase/decrease in density fluctuations, 

leading to a general shrinkage of glass network after prolonged storage [13]. Corresponding 
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changes in the balance between fast and slow relaxation times at Tg were recorded with 

TMDSC as changes in the asymmetry of Cp’’ (T) peak (Fig. 6) [51]. Also, significant changes 

in the fluctuation density distribution can be assumed from the changes in the width of Cp’’ 

(T) peak as a result of prolonged physical ageing. Nevertheless, only a slight (within the 

experimental accuracy) decrease in ΔkFSDP for Se-rich rejuvenated samples is inferred from 

the neutron scattering data as a result of long-term physical ageing (Fig. 2b). The observed 

discrepancy in the compositional dependences of Cp’’ (T) peak width and asymmetry, and 

ΔkFSDP for the aged (Fig. 6a) and rejuvenated (Fig. 6b) samples suggests that density 

fluctuations have only a minor effect on the FSDP width. The influence, however, cannot be 

ruled out completely, since the shoulder at Q~1.4 Å
-1

 is observed in compositions with very 

low As content and even in amorphous Se (both aged and rejuvenated samples, Fig. 7), which 

does not contain As cations at all. Although generally FSDP is not expected in pure Se, we 

believe this shoulder develops into a peak when we introduce As into its structure (track the 

FSDP evolution in the samples with low As content in Fig. 1). So, we hypothesize that low-Q 

shoulder at PP1 of amorphous Se originates from density fluctuations in vitreous matrix, 

having contribution also to FSDP in As-Se samples with low As content. Indeed, in 

homogeneous As-poor compositions (x<10) the As atoms are separated by long Se chains and 

the cation-cation (metal-metal) correlations should occur at the distances much longer than 

those, determined from the position of FSDP (shoulder). With an increase in As 

concentration, the cation-cation correlations overrule FSDP behavior.  

There are other factors that influence FSDP width, which should be considered: the 

chemical nature of network itself (distribution of various fragments), general ordering at 

MRO scale due to increase in the concentration of As atoms, and appearance of ordered 

structural units in the glass matrix such as cage-like molecules or other crystalline-like 

structures. Thus, for example, demixing of As4Se4 and As4Se3 cage molecules from the 

network of As-rich glasses (x>40) after rejuvenation [51] would cause FSDP to become 
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sharper (ΔkFSDP smaller) at x>40. At the same time, density fluctuations as obtained from 

TMDSC are shown to increase drastically for the rejuvenated samples in this compositional 

range (Fig. 6b) [51,52]. Therefore, FSDP has a complex origin, which cannot be described 

explicitly by only one structural parameter (concentration of cations, degree of density 

fluctuations, order/disorder ratio, etc.).  

The fact that FSDP parameters do not change significantly after prolonged physical 

ageing (or rejuvenation) (Fig. 2) suggests on a low sensitivity of FSDP to structural 

perturbations at MRO scale beyond the first two coordination spheres. This conclusion is also 

supported by in-situ neutron scattering experiments on heating of the aged Se-rich glasses 

through the glass-to-supercooled liquid transition interval, which show no FSDP signature of 

non-isothermal structural relaxation at Tg (Fig. 3) where the strong endothermic peak 

indicating cooperative structural rearrangements is observed with TMDSC [17].   

At the same time, several regularities are noticed with respect to the temperature 

dependence of FSDP and PP1 parameters. During the heating of Se-rich samples the position 

of FSDP shifts towards lower Q values with increasing temperature (Fig. 8, As10Se90 and 

As20Se80 samples) and follows almost the same path back during cooling, retaining its original 

value at room temperature (Fig. 8, As20Se80 sample). This effect is not observed for the As-

rich samples (Fig. 9), where the position of FSDP was found to be almost independent of 

temperature. Additionally, a decrease in the slope of temperature dependence of FSDP 

position can be noticed for the Se-rich samples in the above-Tg regime (Fig. 8). On the other 

hand, FSDP width demonstrates much weaker temperature dependence for Se-rich samples 

than for the As-rich glasses (Figs. 8,9), decreasing slightly in both cases with temperature 

(FSDP becomes slightly sharper). The neutron scattering data for vitreous silica showed 

previously a temperature dependence behavior similar to that of the FSDP position and width 

for Se-rich samples [53]. However, the available temperature dependent studies of FSDP in 

ChG have been restricted either to stoichiometric compositions or to the FSDP intensity 
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(height) analysis. Thus, the anomalous temperature dependence of the FSDP height (that 

increases when approached Tg) has been reported for several stoichiometric compositions 

(like As40Se60, GeSe2) and As-S glasses by means of XRD studies [26-28,54]. This behavior 

was accompanied by a decrease in the intensity (height) of all other SRO peaks in S(Q), their 

broadening and shifting to lower Q values [26,27]. We have observed similar trends in S(Q) 

of SRO peaks in the As-Se ChG. In particular, PP1 position and height decrease, and PP1 

peak width increases with increasing temperature (Fig. 8,9). However, anomalous increase in 

FSDP height was observed neither for Se-rich, nor for As-rich glasses. Moreover, FSDP 

height was found to decrease after Tg in over-constrained As50Se50 glass (Fig. 9). This 

discrepancy with previous results obtained through XRD studies can be attributed to the 

influence of the neighboring PP1 peak width, which increases with temperature and overlaps 

with FSDP. The method to determine FSDP height used previously was based on the 

comparison of absolute S(Q) intensity regardless of the contribution from such broadening 

[26,27], whereas we have determined this value through the fit of both FSDP and PP1 peaks 

after appropriate background subtraction. Perhaps, the physical origin of the information 

obtained through the neutron scattering and X-ray diffraction should be taken into account 

additionally. In fact, more in-situ studies on glasses of different families are needed to derive 

a general conclusion on the behavior of FSDP with temperature. 

 

5. Conclusions 

 

The neutron scattering and synchrotron XRD studies of As-Se glass series shows that 

structural relaxation during long-term natural storage has little impact on FSDP parameters, 

which are much more sensitive to the glass chemical composition variation. Therefore, it is 

concluded that the FSDP for this system is more sensitive to the regularities in SRO and MRO 

on a scale within the first two coordination spheres. Consequently, FSDP analysis is not 
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suitable for the investigation of structural relaxation in network glasses, which is essentially a 

cooperative process. Absence of the pronounced peculiarities in temperature dependence of 

FSDP parameters through the glass transition interval, where a strong endothermic peak is 

usually observed for the aged samples by thermal analysis, just confirms this conclusion. By 

comparing the compositional dependence of the width and asymmetry of out-of phase 

component, CP”(T), of the complex heat capacity C*(T) at Tg and compositional dependence 

of FSDP parameters, it is shown that density fluctuations, which were thought previously to 

have a significant contribution to FSDP, have smaller impact on FSDP than the cation-cation 

correlations.   

The width and height of FSDP during heating/cooling do not show any strong 

dependence on the temperature. Thus, anomalous increase in the intensity of FSDP with 

temperature is not observed. On the other hand, FSDP position for Se-rich samples exhibits a 

low-Q shift with temperature. The observed temperature dependence can be approximated by 

two linear curves with different slopes before and after Tg. 
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Figure captions 

Fig. 1. Structure factors S(Q) as obtained from neutron scattering (NS) and high-energy XRD 

data for aged and rejuvenated AsxSe100-x glasses. Insets show the magnified region with FSDP 

and PP1 peaks, normalized to PP1 intensity after background subtraction. 

Fig. 2. Compositional dependence of FSDP position (a) and width (b) for aged and 

rejuvenated AsxSe100-x glasses as obtained from fitting. 

Fig. 3. Temperature evolution of NS data obtained in situ during heating of aged As20Se80 

sample (a); comparison of the FSDP and PP1 peaks after baseline subtraction for sample at 

different temperatures and thermal prehistory (b). 

Fig. 4. Compositional dependences of structural moieties for Se-based (a) and As-based (b) 

complexes as obtained from XPS analysis [43].
 

Fig. 5. Comparison of the FSDP data presented in Ref. [24] for the partial structure factor 

SAsSe(k). FSDP peak is distinguished by dashed rectangle.  

Fig. 6. Comparison of compositional dependences of FSDP width (circles), Cp’’ (T) peak 

width (triangles) and Cp’’ (T) asymmetry (asterisk) as obtained from TMDSC scans for aged 

(a) and rejuvenated (b) samples [51,52].
 

Fig. 7. Neutron scattering structure factors S(Q) for aged and rejuvenated Se samples. 

Fig. 8. Temperature dependences of FSDP and PP1 fit parameters for Se-rich As10Se90 and 

As20Se80 samples (open symbols – during heating, closed symbols – during cooling. Lines 

correspond to linear fits (heating mode), which slopes are indicated on graphs.  
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Fig. 9. Temperature dependences (heating mode) of FSDP and PP1 fit parameters for As-rich 

As50Se50 example. Lines correspond to linear fits, which slope is indicated on a graph. 
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Figure 8. 
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Figure 9. 

 

 


