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The kinetics of homogenization of binary As,Sejp_, melts in the As concentration range
0% < x < 50% are followed in Fourier Transform (FT)-Raman profiling experiments, and show
that 2 g sized melts in the middle concentration range 20% < x < 30% take nearly two weeks to
homogenize when starting materials are reacted at 700 °C. In glasses of proven homogeneity, we find
molar volumes to vary non-monotonically with composition, and the fragility index M displays a
broad global minimum in the 20% < x < 30% range of x wherein M < 20. We show that properly
homogenized samples have a lower measured fragility when compared to larger under-reacted melts.
The enthalpy of relaxation at T,, AH,,(x) shows a minimum in the 27% < x < 37% range. The
super-strong nature of melt compositions in the 20% < x < 30% range suppresses melt diffusion at
high temperatures leading to the slow kinetics of melt homogenization. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869107]

. INTRODUCTION

Fragility of glass forming melt historically emerged from
investigations of the temperature dependence of viscosity.'
The manner in which viscosity () of such melts increases
as melts are cooled to the glass transition temperature 7, can
be used to characterize viscous slow down of supercooled
liquids. Since 7 is proportional to a shear relaxation time
through the Maxwell relation (n = Gy ) Where G, is the
bulk modulus at infinite frequency, it is convenient to define
the fragility M index as

dloglor:|
M=| L2800 . (1)
|: dTy/T lr_g,

The dimensionless slope M, examined in a wide variety
of glass forming liquids,” is found to vary between a high
value® of 214 to a low value* of 14.8. Melts possessing a
high value are termed as “fragile” while the ones with a
low value are “strong.” Fragile melts usually show a highly
non-exponential variation of n(T) over extended tempera-
ture domains®~’ while strong ones have a nearly Arrhenius
variation.? At high T, both variations lead to the same value
of 7.8 The non-exponentiality of 7 in glass forming melts
has been fitted in terms of various functions such as Vogel-
Fulcher-Tammann (VFT?) given by

A 2
T_TO], @)

n="o exp[
where A and 7y are fitting parameters, or the Mauro-
Yue-Ellison-Gupta-Allan (MYEGA'?) or Avramov-Milchev

(AM'") functional forms.
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Since the inception of the strong-fragile melt classifica-
tion, n(T) variation in stoichiometric glass forming melts such
as the oxides, chalcogenides, alcohols, sugars, and organic
polymers has been well documented'? in a plot initially intro-
duced by Laughlin and Uhlmann,'® and subsequently popu-
larized by Angell.'* The case of non-stoichiometric inorganic
glass forming melts has been explored much less. In an early
study on the As-Ge-Se ternary'3 it was recognized that the
fragility index of such alloyed melts shows a minimum near
a mean coordination number 7 = 2.40, identified with the lo-
cation of a mean-field flexible to rigid transition.'®!” More
recent work on the Ge,Sejgy — , binary has shown* that the
fragility index M takes on a rather low value of 14.8(5) near
a Ge concentration of x = 22% corresponding to a mean coor-
dination number 7 = 2.44 residing in the intermediate phase
of corresponding bulk glasses'®?" where the enthalpic relax-
ation at the glass transition temperature is minuscule. A theo-
retical link between enthalpic changes, fragility, and isostatic
character of the glass network has been established from a
simple Keating model reproducing the behavior of covalent
glass-forming liquids.”!

The observation of important fragility minima (i.e.,
super-strong melts) has actually profound consequences. The
super-strong character over selected compositional ranges
has, in fact, deep implications on the homogenization of cor-
responding melts. This is the case because melt viscosity for
such compositions at high temperatures, where melts are equi-
librated, far exceed those of the more fragile compositions
outside of this compositional window. The wide variations
in melt viscosity with composition thus leads — in a natural
fashion — to hindered diffusion which is manifested as a slow
batch homogenization.?* 23

© 2014 AIP Publishing LLC
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In this work we show, for the first time to the best of our
knowledge, that As,Sejoo— melts in the 20% < x < 35%
composition range are super-strong”*2® with a fragility in-
dex M < 20, and the lowest one being found at x = 24%
composition, with a fragility index of M = 16.4. Here we
bring a quantitative connection between fragility measure-
ments and the ease of homogenization. Several broad con-
sequences emerge. First, these conditions, as in the case of
the Ge-Se binary,* also cause As-Se melts to undergo slow
homogenization as we demonstrate here directly from FT-
Raman profiling experiments. Second, the broad fragility win-
dow residing in the mean-coordination number range of 2.20
< 7 < 2.35, correlates more or less with a minimum in the
enthalpy of relaxation at T, in corresponding glasses (re-
versibility window?7), and both are shifted to 7 < 2.40. Third,
because of the slow homogenization of As-Se melts, phys-
ical properties of these melts/glasses are notoriously non-
reproducible.’®?* We highlight this important issue for mo-
lar volumes and fragility index measurements in this context.
Previous conclusions drawn for Ge-Se are fully recovered*
and underscore the generality of the above statements.

The paper is organized as follows. After presenting the
experimental results in Sec. II, we describe the method of Ra-
man profiling which allows to check for the homogeneity of
the samples, and the experimental results on fragility activa-
tion energy for relaxation and molar volume in Sec. III. We
discuss the consequences of the findings in Sec. IV, and show
that general correlations can be drawn. Finally, the conclu-
sions are summarized in Sec. V.

Il. EXPERIMENTAL
A. Synthesis of glasses

Bulk glasses of the As,Sejo — » binary were synthesized
using elemental Se (SN purity, 3-4 mm diameter, Cerac Inc.),
and As;Ses (SN purity, 1-6 mm granules, Noah Technolo-
gies) as precursors. As-rich glasses (x > 40%) made use of
AsySes and AsspSeso; the latter synthesized using pure As
(5N purity, large lumps, Cerac Inc.) and As,Ses precursors.
Prior to their use, the clean ampoules were dried in a vac-
uum oven at 90 °C for 24 h. The ingredients were mixed in
the desired ratio by weight to give a total of 2 g (to an ac-
curacy of 0.1 mg) per sample and subsequently batched in
quartz tubing (5 mm ID, 7 mm OD). The precursors were
not crushed in order to keep to a minimum the surface area
available to oxidation and water adsorption. It is unclear if
As-Se melt homogenization is significantly accelerated by
crushing the precursors; factors such as viscosity overwhelm-
ingly determine the homogenization period. The mostly nodu-
lar precursors served to facilitate attainment of high vacuum
(=3 x 1077 Torr) using a liquid N,-trapped high vacuum
pumping system, and the quartz tubes were sealed using a
hydrogen-oxygen torch. Typical ampoule length was between
75 and 90 mm. The sealed ampoules, positioned vertically in
a T-programmable vertical tube furnace, were reacted by ini-
tially ramping T up linearly from 25°C-700°C over 13 h,
and then held at 700 °C until melts homogenized over periods
up to two weeks in some cases. Prior to removing the sam-
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ples from the furnace, the temperature was lowered to 50°C
above the reported liquidus®*3! and equilibrated at that T for
2 h, prior to a water quench.

Melts were periodically FT-Raman profiled (see below)
to map the diminishing heterogeneity. Once melt homogene-
ity was established, these were T,-cycled in situ by holding
isothermally at T,(x) + 20°C for 30 min (to remove resid-
ual stresses) in a box furnace, and slow cooled at 3 °C/min
to room temperature to realize homogeneous bulk glasses.
Glasses were then removed from evacuated quartz tubes,
and weighed for modulated differential scanning calorimetry
(MDSC) (~20 mg), fragility (~10 mg), and molar volume
(>200 mg) measurements.

B. Melt fragility from complex C, measurements

Melt fragility were established by recording the complex
C, heat flow (C;f“’, C," """y near T, using a TA Instru-
ments Q2000 MDSC system. A 10 mg quantity of a glass
sample sealed in an aluminum pan, was cooled starting from
T, 4+ 50°C across the glass transition temperature and then
heated back to T, + 50°C. Such experiments were under-
taken at 5 modulation periods (60 s, 80 s, 100 s, 120 s, and
140 s). It should be stressed that the choice of the modu-
lation periods limits the investigation of relaxation to tem-
peratures that are very close to T, (Fig. 1) so that only
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FIG. 1. In-phase (real) and out-of-phase (imaginary) parts of the complex
heat capacity C*% for an AsyoSegy glass were obtained from MDSC mea-
surements at a rate of 3°C/min and a modulation amplitude of 1°C over
five periods (1°C/60 s, 80 s, 100 s, 120 s, 140 s). (b) The fragility in-
dex was extracted from the slope of the curves at T,/T = 1 in the Angell
plot.
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the linear behavior of the relaxation time is obtained, this
situation being observed for all systems including those hav-
ing a higher fragility which may lead to a non-Arrhenius be-
havior at higher temperatures. However, Eq. (1) can be safely
used, and the present MDSC technique is found to lead to
results®>? on fragility that are very close to measurements of
M obtained from a VFT fit over extended temperature ranges
using dielectric spectroscopy.**

C. Molar volumes

Mass density provides useful characterization of a glassy
solid. If one inverts it to deduce the molar volume V,,, then
one obtains information on network packing. Unlike scanning
calorimetric methods and Raman scattering that require a mi-
nuscule amount (=20 mg) of the glass, mass density measure-
ments were made using 200 mg of a bulk glass to achieve an
accuracy of 0.25%. Thus, it is possible to get a global average
on a batch preparation and gauge its homogeneity.

We have performed mass density measurements on the
bulk As,Sejo_ . glasses using a quartz fiber and a digital
microbalance model B154 from Mettler-Toledo. A bulk glass
specimen typically 200 mg in size was weighed in air and in
200 proof alcohol, and the density obtained using Archimedes
principle. A single crystal of Si was used to calibrate the den-
sity of alcohol and a single crystal of Ge used to check the
accuracy of density measurements.

lll. RESULTS
A. Raman line profiling of quenched melts

Melt homogeneity was ascertained using an FT-Raman
spectroscopic line profiling method.?>?3 Raman vibrational
density of states of As,Sejgp_ . glasses varies measurably
with glass compositions “x.” Melt heterogeneity was tracked
by recording FT-Raman spectra along the length of the melt
column encased in quartz tubing, first after 72 h of reaction,
and then every 48 h thereafter until all lineshapes recorded
along the melt column became identical and the melt was de-
termined to be fully homogeneous. We used a Thermo Nico-
let NXR FT-Raman module with 1064 nm (1.17 eV) radiation
from an Nd-YAG laser to excite the scattering. The laser spot
size was at 50 um. A typical measurement at a single location
involved 100 scans at 2 cm™! resolution (219.70 s/location)
using a laser power of 105 mW.

Raman spectral acquisition was programmed for typi-
cally 8 equidistant sample-focused points along the length of
the quartz tube. These spectra were baseline adjusted, ampli-
tude corrected, and stacked to qualify spectral overlap. The
uniqueness of a composition’s spectral signature implies that
complete spectral overlap is critical to establishing batch ho-
mogeneity. Observable differences in stacked lineshapes sug-
gest variations in local sample stoichiometry “x,” implying
heterogeneity of the reacted batch composition. After full ho-
mogenization was established, a library of high resolution

Raman spectra was acquired at each composition in the 0%
< x < 50% range. The library provided a basis to track the
evolution of homogeneity over time.

J. Chem. Phys. 140, 134501 (2014)
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FIG. 2. FT Raman profiling of As,Sejoo — » melts at x = 24% taken after
indicated reaction times Tg (a) 24 h, (b) 72 h, and (c) 17 days. Melts are
heterogeneous at Tr < 24 h, but steadily homogenize as the reaction time
increases to several days. In panel (b), spectra labelled a — h correspond to
“a” the lowest, and “h” the highest point of melt column probed in Raman
scattering.

Fig. 2 illustrates an example of a Raman profiled result.
The three panels provide a global view of melt homogeniza-
tion kinetics at x = 24%. It is observed that all 8 Raman
lineshapes taken along the melt column coalesce after heat-
ing at 700 °C for 17 days. Fig. 3 shows an example of how the
As-Se spectra library was used in analyzing the Raman spec-
tra of the x = 24% melt after 3 days of reaction. This corre-
sponds to Fig. 2(b). It is seen that three of the observed line-
shapes in that group of 8 correspond exactly to the spectra of
X = 22%, 24%, and 27% as indicated in Fig. 3. These data
show that the As content along the melt column exhibits a
gradient; it has a maximum value of about x = 28% at the bot-
tom and a minimum value of x = 21% at the top of the melt
column. Thus, we find that for the 2 g sized melt, reacted at
700°C for 3 days, the As stoichiometry varies by nearly 7%
across the melt column, and would inevitably lead to some
spread if physical measurements were to be undertaken from
glasses having been prepared over this reaction time.
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FIG. 3. Fractionation of the Asys4Se7e melt reacted at 700 °C for 3 days is
revealed in this stacked Raman spectra. Some of the observed lineshapes
are characteristic of specific compositions. This plot illustrates the extent to
which the melt resists homogeneity with a spread of nearly 7% As across the
melt column.

B. Fragility measurements

Fig. 1 shows the C;f"l or in-phase C,, to display a rounded
step with the step shifting to higher T as the frequency in-
creases. The C,"“"*"” term or out-of phase C, displays a
Gaussian-like peak and the peak steadily shifts to higher T
as the modulation frequency increases. o

In these scans, the peak location of the C},"“*""*"” term
recorded at 100 s modulation period defines the glass tran-
sition temperature T,. At the peak location, the relaxation is
defined by the condition expressed by wt = 1, where 7t is the
relaxation time at the peak and w is the relaxation frequency.
Thus, the shift of the peak in Cj,"**""“" to higher temperatures
as the modulation frequency is increased signals a reduction
in the melt shear relaxation time. By plotting the variation
of logig 7 against 1/T normalized to 1/T,, we deduced the
fragility index M using Eq. (1). Fig. 1(b) illustrates the re-
sults for the case of 3 melt compositions of x = 10%, 24%,
and 27%. The enthalpic activation energy E, associated with
the fragility M is related to T, by the following relation:

E, = MRT,In 10, 3)

where R is the gas constant. The compositional variation of
the fragility index M(x) and the activation energy E,(x) for
our As,Sejg — x melts of proven homogeneity are displayed
in Figs. 4 and 5, respectively. Our results show both M (x) and
E,(x) to reveal a broad global minimum centered around x =
25%. Specifically, melt compositions in the 20% < x < 35%
display a fragility index M of 20 or less. The lowest fragility
index (16.4) is obtained for a melt at x = 24%. The melts in
this strong region homogenize far more slowly compared to
the more fragile melts, most of which homogenize in under 3
days without rocking. This correlation is remarkable, and we
comment on it below.

In Fig. 4 we have also included fragility results from vis-
cosity measurements of Musgraves et al.?® and complex Gy
measurements of Yang et al.”® There are clear similarities in
global trends in all these data as all display a minimum for
M around the 25% As content. The viscosity derived and
present mDSC derived fragility index for a melt at x = 10%
are in excellent agreement, although such is not the case at

J. Chem. Phys. 140, 134501 (2014)
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FIG. 4. Compositional variation of the fragility index M of the As-Se sys-
tem as reported in present work (red o), compared with other recent reports
(M (Ref. 28); green A (Ref. 29)).

other melt compositions examined. The complex C, derived
fragility index of Yang et al.* are of interest because those
were obtained using the same measuring technique and a sim-
ilar calorimeter as used in the present work.

C. Volumetric measurements

In Figure 6 we compare results of molar volume mea-
surements from the present work with several previous reports
where complete trends across a wide range of compositions
are available.

Several groups report?®33:36 an almost linear variation of
V,u(x) with x in the 0 < x < 40% range. In our case we ob-
serve a variation that departs from linearity particularly in the
20% < x < 30% range. Nonlinear variation of V,,(x) have

— 400 T T T T T

E L _
3 T "
L® 300 —
> - @ .
(@]

S 250 —
c L _
()

5 200 _— —_
150 =
2 | Present work % i

ool v vl
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FIG. 5. Compositional variation of the activation energy E, (red e (present
work)), computed from the fragility index (Fig. 4), and compared to previous
results from Yang et al. (green A (Ref. 29)).
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FIG. 6. Observed compositional molar volume profile V,, in the As-Se sys-
tem (red e, present work), compared to previous measurements: (CJ (Ref. 28))
and (o (Ref. 35)). The large variation in the reported values reflects the dif-
ferences in melt homogenization in the samples.

been reported for other systems as well’” and are related to

the stress-free character of the network.*® Given that the er-
ror in V,,(x) in our measurements is twice the size of the data
point, the variance between different groups exceeds the error
of measurements and is most likely due to sample make up.

IV. DISCUSSION

The present experimental results raise several basic is-
sues on the compositional dependence of physical properties
of melts and glasses. In this section we discuss some of these.

A. Fragility index and physics of melt homogenization

We are not aware of any measurement of viscosity in
As-Se at the reaction temperature of 700 °C, and most of the
available experimental data are found either at much lower
temperatures or are restricted to selected compositions.??3%40
Given the compositional trends in M(x) and the glass transi-
tion temperature T,(x) accessible from the complex C, mea-
surements (Fig. 1), we can calculate the variation of the vis-
cosity n(x) at 700 °C using two seminal models for viscosity
variation with temperature. For the VFT, we obtain 1(T) using

I (12 — logy, Uoo)z
M(T /Ty — 1)+ (12 —log, Noo)
4

which is an alternative form of Eq. (2), and for the MYEGA
equations,'?

logyo n(T') = logg e

T,
log,o n(T) = log neo + (12 — log noo);g

M
| (iogns ~)% 1)
®)

respectively.
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FIG. 7. Left: Fragility index in As-Se melts as a function of As content (same
as Fig. 4). Right axis: Computed viscosity profile using the VFT and MYEGA
equations at the reaction temperature of 700 °C.

It is instructive to consider a model due to Mauro et al.
(MYEGA), which gives n(T) using Eq. (5). At high T, and in
fragile melts, there is evidence that the MYEGA model works
better than the VFT model or the Avramov-Milchev model.
Using Maxwell’s relation 7o, = GoToo and 7o, = 101410
to obtain the viscosity, assuming an infinite frequency shear
modulus G4, ~ 10 GPa for the As-Se system,*' we obtain 7(x)
at the experimental reaction temperature (700 °C) for both the
VFT and MYEGA equations, and these results are summa-
rized in Figure 7.

A remarkable feature of the plot of Fig. 7 is the six or-
ders of magnitude change in viscosity of As,Sejgo— , binary
melts at 700 °C with glass composition. Se-rich (x < 10%)
melts are fragile (M >40) and we note that the viscosity is
quite low as it is estimated at 0.05 Pa.s at the target temper-
ature. On the other hand, melts at x > 24% that are viewed
as strong (M =~ 15-20), the viscosity increases to ~200 Pa s.
The clear evidence of a plateau in viscosity with a rather high
value for melts that are strong or possess a low fragility in-
dex is strongly suggestive that slow homogenization of such
melts is a direct consequence of slow diffusion. The slow
diffusion would naturally lead to a density-dependent orga-
nization of the vertical melt, leading to the melt fractionation
shown, for example, in Figure 3. The high viscosities involved
would hinder mixing, even when subject to rapid agitation.
These striking increase in melt-viscosity will translate in cor-
respondingly lowering of diffusivity D(x).*?

One thus expects a melt at x = 24% weighted from
an appropriate mix of Se glass (x = 0%) and As,Se; glass
(x = 40%), to rapidly (12 h) alloy in the initial stages as Se
diffuses into the 40% glass and lowers the average stoichiom-
etry to the 15% < x < 35% range. At this point, the alloy-
ing process slows down qualitatively since the strong melts
formed now diffuse rather slowly. The decrease (respectively,
increase) of D (1) by 4 orders of magnitude for melts in the
15% < x < 35% composition range slows down melt-mixing
and thus homogenization as evidenced by the Raman profile
data of Figs. 2 and 3. Since the melt alloying process is largely
bottlenecked by diffusive processes, melt-rocking can only
play a minor role in homogenization, a situation that has been
also evidenced for the case of Ge-Se glasses.**?

A corollary to this observation is that melts once reacted
for longer periods (>3 days) have progressively lower fragili-
ties, with the lowest “true” fragility measured eventually for
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the homogenized material. Agitation in a rocking furnace
would essentially spread the fragile melts along the melt col-
umn without aiding the diffusive process necessary for equili-
bration at the weighed composition. It then follows that com-
positions with strong melts exist in a background of fragile
melts. Melts at any arbitrary location would then, on average,
have a higher fragility. It follows quite naturally that larger
quantities of melts (>5 g) would have a greater quantity of
fragile melts, leading to higher fragility indices when mea-
sured at any location along the melt column. In other words,
a mapping of fragilities along the column of underreacted
melts would produce a high average fragility. A perusal of the
sample synthesis methods of several groups”®2%3¢ shows that
typical sample sizes of 20 g were reacted at 750 °C while
rocking for 20 h. Based on the observations stated above, this
length of time is insufficient for homogenizing melts of such
large quantities. Since vastly different degrees of homoge-
nization is achieved in the first 48 h of homogenization, mea-
sured physical properties are likely to be a function of the
reaction time and would differ with the synthesis times and
sample sizes.

B. Calorimetric and fragility anomalies

As highlighted in Figs. 4-6, trends in fragility, activation
energy, and molar volume exhibit an anomaly with As content
for compositions roughly found between 22% and 28% As,
which result in a minimum value for M, E,, and V,,. These
findings can be compared to calorimetric measurements that
have been performed from a MDSC scan in the glass tran-
sition region, and which lead to the non-reversing heat flow
AH,,, a quantity that captures most of the enthalpy of ki-
netic events associated with the slowing down of the relax-
ation. Interestingly, AH,, displays a minimum as well in As-
Se glasses (Fig. 8(a)), similarly to previous findings,?’ and to
other chalcogenides.* '8-20:22:23 The near-vanishing of AH,,,
which defines a reversibility window, is usually correlated
with the existence of an adaptative intermediate phase**~®
that is found between the chalcogen-rich flexible phase, and
the As-rich stressed rigid phase. The existence of the re-
versibility window is, in fact, a direct consequence of the for-
mation of an isostatic (stress-free) glass network that mini-
mizes both stress (present at high As content) and the floppy
modes (present at low As content) which would serve as im-
petus for relaxation. Without stress and without floppy modes,
there is a significantly reduced thermodynamic driving force
for relaxation and also a greater kinetic barrier to be overcome
to induce relaxation. This direct relationship has been estab-
lished from a Keating-Kirkwood model?! showing that for an
amorphous solid in which atoms are constrained by a poten-
tial containing both the stretching and bending interactions,
the enthalpic overshoot in the glass transition endotherm is
large for both flexible and stressed rigid networks, but it is mi-
nuscule for isostatic networks. It has also been demonstrated
from pressure Raman experiments'® showing that when AH,,
=~ 0, networks are stress-free and the Raman lines highly sen-
sitive to small pressure changes, similarly to the well-known
behavior in crystals.*’
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determined compositional windows as a function of As content, and as a
function of the mean coordination number 7. A fragility index (M) minimum
is observed near 7 = 2.24.

In Fig. 8(b), we represent the different compositional
windows obtained from the measurements, and it reveals an
interesting correlation between the different quantities. The
fragility minimum at 24% As is indeed obviously tied to
the compositional window found for the molar volume (22%
< x < 28%) and to the reversibility window in AH,,, for fresh
samples (22% < x < 37%). However, one should note that the
exact boundaries can not be fully inferred as for the case of
Ge-Se.*?3 In particular, the boundaries of the reversibility
window are found to evolve with ageing time, especially on
the chalcogen-rich side (x < 22%) and lead to a window ap-
proximately centred around 30% As after 6 months of ageing.

When represented as a function of the mean coordination
number 7, one obviously finds a slight shift of the location of
these anomalies with respect to the mean-field flexible to rigid
transition of 7 = 2.4. It has been suggested that there may be
some structural features*® specific to the present As-Se or its
sulfide analogue*® which increase the isostatic character of the
network at lower connectedness®’ and bring the onset of rigid-
ity to lower As content. There are at this stage no experimen-
tal indication or signatures for such isostatic local structures
although numerical evidence has been found in deep super-
cooled liquids close to the glass transition®® and in glasses.!
However, since all typical features>? of flexible, intermediate,
and stressed rigid phases are found as the As content is in-
creased, molar volume minima,8 reversibility windows, 823
fragility anomaly,* one can safely assign the flexible phase to
compositions having x < 20%, and the stressed-rigid phase
to glasses with x > 37% As. These boundaries actually also
agree with recent ab initio simulations showing various struc-
tural and dynamic anomalies to occur at ~30% As,>? in
agreement with those found in rigidity transitions driven by
pressure.>*>>
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C. Anomalies in scaling laws

Scaling laws have been widely used for the analysis of
relaxation phenomena in supercooled liquids. Here we inves-
tigate for the As-Se the validity of a scaling law relating the
fragility index to the glass transition temperature. There is in-
deed conventional wisdom suggesting that fragility increases
with the glass transition temperature!* which implicitly un-
derscores the fact that energy barriers for relaxation increase
with increasing T,.

The derivation of this scaling law uses the definition
of Eq. (2), and calculates, using Eq. (1), the fragility and
the activation energy as a function of the glass transition
temperature:

AT,
M= (T, — TO; In10 ©
and
— A—ng. @)
(T, - Ty)?

As T, is of the same order as Ty, one will have M and
E, scale with T, and ng, respectively. Note that this can be
also independently derived from an alternative form using the
Williams-Landel-Ferry (WLF) function for viscosity.'

Using such scaling laws, Qin and McKenna'? have shown
that the correlations (6) and (7) were fulfilled in a large class
of hydrogen-bonded organics, polymeric, and metallic glass
formers as all these systems show a linear increase of M
with T, and E, with ng. On the other hand, these authors
remarked that inorganic glass formers did not seem to fol-
low such scaling laws and M appeared to be nearly inde-
pendent of the glass transition temperature. Figure 9 repre-
sents the behavior of the fragility index (same as Fig. 4)
as a function of the measured glass transition temperature
T,(x) for the present As-Se, together with previous results on
Ge-Se.* It is found that when off-stoichiometric melts are fol-
lowed in detail as a function of composition, one recovers
the scalings laws (6) and (7) for only selected compositions
corresponding merely to the stressed rigid and intermediate
phase, i.e., one has a linear increase in M(T,) for x > 22% in
Ge-Se,* and for x > 27% in As-Se. A least-square fit to such
compositions yields to M = —7.53(5) + 0.061(7)T, and to
M = —17.356 + 0.060(1)T, for As-Se and Ge-Se, respec-
tively. The slope of both curves (~20.06) is found to be some-
what lower than the one obtained'? for metallic glass-formers
(0.17), polymers (0.28), and hydrogen bonded liquids (0.25)
(see Ref. 56). However, as noted earlier,!? no correlation is
found among the various network formers such as B,03,%*
Ge0,,% or As,S5.77

Interestingly, a negative correlation is recovered, as for
the case of Ge-Se,* which obviously cannot be accounted
from the VFT equation given that it would lead to unphysi-
cal behaviors such as the divergence of relaxation at a tem-
perature Ty > T, or an increase of relaxation time v with
temperature.* An inspection of the different viscosity mod-
els shows that only the VFT equation (2) (or (4)) can lead to
a positive correlation (6) between M and T,. In fact, a simple
Arrhenius behavior yields from Eq. (2) M = A/T, In 10 and
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the MYEGA equation (5) written in its compact form'’

K
logo 1 =10gy o + T exp[C/T] (8
leads to
K C
M=—1+— C/T,], 9
Tg( +Tg)exp[ /T ©)

and for the apparent activation energy

C
E. —Kln 10(1 n 7) exp[C/ T, 1. (10)
8

which both decrease as T, increases.

1. Constraints on the apparent activation energy

Obviously, none of the forms for viscosity (Egs. (2) and
(8)) can reproduce the obtained trend in M(T,) of Fig. 9.
Rather than imagining an alternative form for n(T) able to
display both positive and negative correlations in M(T,),
we derive the conditions that should apply at the glass tran-
sition on the apparent activation energy E(7) involved in a
function describing viscosity (or relaxation or diffusion) with
temperature:
E (T)

T

logon =1ogy N + , (11)

for which the fragility index is given by

E Ty) [dELT) _ Ed(T)
T, dT  lr_g,

M= — E(Ty), (12)

8
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out of which we can calculate the slope

dM E/(T,) E.Tp)
——— = —E/(T,) + % — £, 13
T, AT+ = s (13)
One must thus have for flexible glasses the conditions:
" Ea(Tg) Ec/l(Tg)
Ea(Tg) + T > T (14)
g
and
d2
M > 15)
dng

It is easy to check that either Eqgs. (2) or (8) only partially
fulfill the differential inequalities so that they can not be used
for the full trend in M(T) seen in Fig. 9.

2. Competing effects

On a more general ground, it is seen that in order to find
such negative correlations in M(T,), one must either have an
extremum in M or in Ty, the former situation being found
in the present chalcogenides, whereas the latter is encoun-
tered for, e.g., lithium borate glasses (Fig. 9) which show a
steady increase of M with alkali concentration®® but a maxi-
mum in 7. Both situations will lead to a branch with a neg-
ative slope in a (M, T) plot. Such a situation is not met in
other glass-forming liquids where the positive correlation for
M(T,) holds. By varying the molecular weight and cross-
linking density in polymers, several authors>*-! have, indeed,
demonstrated that such changes affect M and T, in a similar
fashion, with an increase in both the fragility and T, as a func-
tion of, e.g., the cross-link density.

The physics which drives the trends in M(T,) actually
results from two independent evolutions M (x) and T,(x) with
composition, yet related to the underlying structural changes.
It has been shown that T is an accurate measure of network
connectivity®?=%* and follows very precisely any coordination
number change induced by chemical alloying. This is not only
true for chalcogenides but also for binary oxides such as al-
kali germanate or borate glasses for which a maximum in T,
is obtained when the population of some higher-coordinated
species maximizes with modifier content.?”-3%95 Ultimately,
it is seen that the change from a negative to a positive corre-
lation is strongly tied to the minimum found for the fragility
index M (Fig. 8) and to the reversibility window. Based also
on the previous findings on Ge-Se melts,* this seems to sug-
gest that flexible chalcogenide glasses will generally display a
negative correlation given that they always exhibit an increase
of T, with connectivity but a decrease towards the fragility
minimum found in the intermediate phase, whereas stressed
rigid glasses will behave the opposite way.

On the other hand, flexible Se-rich supercooled liquids
have the same structural morphology as cross-linked poly-
meric melts for which the VFT or the WLF equations fit quite
accurately the viscosity evolution, and which subsequently
lead to the reported positive correlation'? for M(Ty). Further-
more, the glass transition temperature variation of such flex-
ible As-Se glasses can be quite accurately described®? from

J. Chem. Phys. 140, 134501 (2014)

the Gibbs-Di Marzio equation® derived for cross-linked poly-
mers. When this category of glass-forming liquids is consid-
ered, it is therefore quite unexpected that glasses with a chain-
like structure do not follow the positive correlation.

V. CONCLUSION

Melt homogenization is a critical subject that is, unfor-
tunately, often overlooked in the literature. In this article, we
have shown that for off-stoichiometric compositions impor-
tant physical properties crucially depend on the melt pro-
cessing, and the way melts homogenize at the reaction tem-
perature. For the present case of As-Se liquids, it is found
that while compositional trends (i.e., the relative variation) in
fragility index M do not differ with samples having been ho-
mogenized over smaller reaction times,”® the absolute mag-
nitude of M is substantially altered with differences up to
about a factor two. Carefully homogenized systems over long
periods then lead to melts having one of the lowest known
fragilities (M =~ 16.4 for the 24% As glass), lower than the
archetypal strong-glass former silica. This allows understand-
ing the origin of the slow homogenization dynamics which
arises from the nature of these super-strong melts in the range
of 25%-35% As, having potentially large viscosities, and thus
preventing from fast mixing. Raman profiling confirms the
overall tendencies and clearly shows that an important spread
in composition still exists along the melt column after 3 days
alloying (Fig. 3), a time interval that already exceeds what has
been routinely used in earlier studies. These results appear to
be generic, and parallel to recent findings on another impor-
tant chalcogenide system, Ge-Se.*

Having obtained glasses and melts of proven homogene-
ity, we then investigate the effect of As composition on melt
fragility. The obtained fragility minimum appears to be di-
rectly related to flexible to stressed rigid transitions, and to
the reversibility window revealed by the nearly vanishing of
the non-reversing heat flow AH,,,. It is also found that homog-
enization impacts glass network packing such as molar vol-
umes which display a minimum for the same compositions, a
feature that originates from the stress-free nature of the net-
work backbone. In this respect, the present As-Se reproduces
all the well-established features of isostatic windows such
as space-filling tendencies,*® thermally reversing character of
the glass transition,”® and fragility anomalies.*

Given the reported impact of glass sample make up
on physical properties of network glasses, the crucial role
played by melt homogenization and glass processing should
once again be emphasized at the end. Based on the present
work, and on the previous example of Ge-Se,* we are con-
vinced that glasses of proven homogeneity will certainly ex-
hibit the intrinsic behavior of adaptative networks undergoing
a flexible to rigid transition over a finite width of stress-free
compositions.
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