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ABSTRACT

The viscoelastic behavior of supercooled Se-deficient liquids in the series AscSe;go-x (40<
x <60) and P,Ass.Se; (0< x <2.8) are studied using parallel plate rheometry. The compositional
variations in the viscosity and fragility of these liquids are shown to be consistent with the
corresponding structural evolution. While the shear relaxation of AscSe;po-x liquids with 40 < x <
50 is associated with the dynamics of As-Se bond scission/renewal, the As-rich liquids with x >
55 are found to display an additional low-frequency process, which is related to a cooperative
interconversion between molecular and network structural moieties. A similar behavior is also
exhibited by the As-rich liquids in the P.Ass.Ses; series. In contrast, the P-rich liquids
characterized by high molecule content display a power-law relaxation behavior resulting from a
rather broad distribution of relaxation timescales associated with various dynamical modes of

single molecules and molecular clusters.



1. INTRODUCTION

Chalcogenide glasses that are primarily sulfides, selenides or tellurides of group IV and/or V
elements, namely Ge, Si, As, P and Sb have found important technological applications in areas
ranging from photonics and environmental remote sensing to energy and memory storage [1-7].
The remarkable compositional flexibility of chalcogenides allows for excellent tuning of their
electronic and optical properties. On the other hand, their atomic structure is intimately linked to
the viscoelastic behavior of the parent liquids, and therefore a mechanistic understanding of this
link is essential for their compositional optimization for various processing techniques [8,9].

Binary Ge-Se and As-Se glasses have long served as the model systems for understanding
the role of structure on the physical properties of chalcogenide glasses and liquids. The structural
control on the viscoelastic behavior of supercooled Se-rich Ge-Se and As-Se glass-forming liquids
has been studied extensively in the past using small amplitude oscillatory shear (SAOS) rheometry
[10—-13]. These studies have demonstrated that in pure Se the primary structural building blocks
are polymeric [Se]. chains formed by two coordinated Se atoms and the corresponding rheological
behavior is shown to be characterized by two coexisting dynamical processes, the fast segmental
chain motion, and the slow Se-Se bond scission/renewal process. In the case of the As-Se system
the progressive addition of As atoms up to ~15 at.% As results in the formation of pyramidal
AsSes. units, which cross-link the [Se], chains and the average chain length decreases [14,15].
This structural evolution results in a progressive decrease in the difference between the fast and
slow dynamical processes in their timescale and eventually the fast relaxation process vanishes
when the average length of the [Se]. chains becomes shorter than ~ 3 to 5 Se atoms [10]. Further
increase in the As content results in a rigid three-dimensional network consisting predominantly

of corner-shared AsSes; pyramids with only minor violation in the chemical order [14,15]. At this



point, the rheological behavior of the As3oSe7o liquid was shown to be consistent with the structural
relaxation being entirely controlled by the As-Se bond scission/renewal process [16].

Previous structural studies have indicated that in contrast to Se-rich and stoichiometric
compositions, the structure of Se-deficient compositions with As >40 at.% consists of As-As
homopolar bonds [14,15]. As expected, the relative concentration of these homopolar bonds
increases progressively with increasing As content and results in the formation of cage like AssSe;3
molecules and tetrahedral Ass molecules and/or fragments of two-dimensional sheets of corner-
shared Ass tetrahedra. However, unlike the Se-rich and stoichiometric As-Se liquids, the role of
homopolar bonding and of the various associated low-dimensional structural moieties in
controlling the rheological behavior of Se-deficient liquids has never been investigated in the past,
in a systematic fashion. It may be noted here that besides the frequency-dependent viscoelastic
relaxation behavior, even the true nature of the compositional variation of viscosity remains
somewhat unclear in these As-rich As-Se glass-forming liquids. Previous studies of viscosity
measurements by Nemilov et al. and Kunugi et al., which are the only such studies in the literature
to the best of our knowledge, yielded inconsistent datasets on stoichiometric and Se-deficient (Se

< 60 at.%) As-Se compositions [17,18]. The viscosity datasets on identical compositions reported

in these two studies often differ by more than 0.5 order of magnitude. Moreover, while Kunugi et
al.’s viscosity data are characterized by relatively large error bars, those reported by Nemilov et al.
are characterized by rather abrupt changes in the temperature dependence of viscosity over
different temperature ranges, which appear to be somewhat unphysical [17,18]. Therefore, in order
to address this gap in knowledge, a systematic investigation of the rheological behavior of Se-

deficient As-Se liquids is carried out in the present work.



A recent rheological study of predominantly molecular P-rich P-Se liquids that contain
cage like P4Ses molecules has indicated that such liquids are characterized by a rather unique
power-law viscoelastic relaxation behavior [19]. Like gels, the dynamic viscosity of these
molecule-rich liquids shows a departure from the Maxwell-type behavior in the frequency
dependence of the storage and loss shear moduli. Such behavior is accompanied by a clear
enhancement of the dynamic viscosity over that of network liquids at frequencies below the onset
of the dynamical behavior with the apparent lack of a frequency-independent regime. It is therefore
interesting to extend such studies to investigate whether this “anomalous” behavior is universal
and can be observed in other molecule-rich chalcogenides. Although, as noted above, cage like
AssSe; molecules that are geometrically similar to the P4Ses molecules appear in the structure of
Se-deficient As-Se glasses, their relative fraction is significantly lower than that observed in the
P-Se glasses with compositions close to the P:Se = 4:3 ratio. Keeping this fact in mind we extend
the rheological study of such molecular liquids along the AssSes—PiSes pseudobinary join.
Accordingly, here we report a comprehensive study of the rheological behavior of Se-deficient
AsxSeiox (40 < x < 60) and PrAss.Se; (0.4 < x < 2.8) chalcogenide liquids using parallel plate
rheometry to investigate the structural control on their viscoelastic behavior. The structure of the
P.Ass .Sej; glasses is characterized using Raman spectroscopy. The corresponding compositional

variations in the temperature dependence of their viscosity are discussed.

2. EXPERIMENTAL

2.1 Sample Synthesis and Physical Characterization

The AsxSe;po-x glasses (40 <x < 60) and PrAssSes glasses (0 < x < 2.8) were prepared in

~12g batches from the constituent elements (=99.999% purity, metal basis) by the conventional



melt-quench method. The mixtures of constituent elements were loaded into quartz ampoules that
were fused and evacuated to 10~ Torr. The ampoules were then loaded in a rocking furnace, slowly
heated to 600 °C over 13 hours and held at this temperature for 36 h to ensure melt homogeneity.
The melts were subsequently quenched to form glasses by dipping the ampoules in water. All
P:As4Se;s glasses were cooled and held at 350 °C for an additional 2 h prior to quenching. The
Raman spectra of all PiAs..Se; glasses were collected in a backscattering geometry with a
resolution of 1 cm™! using a Renishaw 1000 Raman spectrometer equipped with a microscope and
a He-Ne laser operating at a wavelength of 633 nm. The backscattered light was detected using a

charge-coupled device cooled to 200K.
2.2. Parallel Plate Rheometry

All rheological measurements were carried out on an Anton-Paar MCR 302 parallel plate
rheometer equipped with a convection oven (up to 600 °C) under constant nitrogen gas flow. All
samples were first heated inside the oven above their softening point, then trimmed into a disc
geometry with ~ I mm thickness, which was sandwiched between the 8 mm oscillating upper plate
and the stationary lower plate. At each temperature the sample was allowed to equilibrate for 5
min for all measurements. For SAOS measurements an oscillatory strain within the linear
viscoelastic region was applied with varying angular frequency ® between 1 to 600 rad/s and the
induced torque was recorded to calculate the storage and loss moduli G’and G” as a function of ®.
Measurements were carried out at multiple temperatures for each sample and master curves of
G'(w) and G"(w) were constructed using time-temperature superposition (TTS). The Newtonian
viscosity 7 was determined under steady shear as the ratio of stress to strain rate y at various strain

rates ranging between 0.01 s~! and 1 s~! at each temperature.



3. RESULTS AND DISCUSSION
3.1. Rheological behavior of AsxSe;go-xliquids

The experimental G'(w) and G"(®) master curves for these As,Se;po-x supercooled liquids
in the composition range 40 < x < 60, constructed at iso-viscous temperatures corresponding to ~
10® Pa.s are shown in Fig. 1. At low frequencies, in the terminal regime, all liquids exhibit G’ <
G" and follow the frequency scaling of G’ ~ w” and G” ~ w, as expected from the Maxwell model.
On the other hand, in the high frequency elastic regime the G'(®) reaches a plateau that is on the
order of a few GPa and this plateau represents the high-frequency glassy shear modulus G,,. The
Ass0Ses0, AsasSess and AssoSeso liquids display a simple viscoelastic behavior with a single
dynamical process with an average relaxation timescale denoted by the G’ - G” crossover. Previous
studies have shown that this dynamical process is associated with local As-Se bond
scission/renewal in the liquid [12,16]. Further increase in the As content results in a clear change
in the frequency scaling of G’ from ~ ®? in the terminal regime to ~ w“, with a ~ 1.3, in the
intermediate frequency regime over nearly 3 orders of magnitude variation in frequency before the
G’ - G" crossover (Fig. 1). Such change in G’ slope indicates the emergence of a new dynamical
mode and consequently the AsssSess, Ass7.1Se42.9 and AseoSeso liquids are characterized by two
relaxation processes. Indeed, the G'(w) and G"(w) master curves of these liquids can be simulated
well with two distinct relaxation processes that are characterized by significantly different
timescales and G« values (Fig. 2). While the fast (high-frequency) dynamics, characterized by a
G of a few GPa, can be readily assigned to the local bond scission/renewal process observed in
AsxSeigo-x supercooled liquids with 40 < x < 50, the slow (low-frequency) dynamics may be
indicative of the existence of a cooperative process involving a large group of atoms and with a
much lower G on the order of ~ 1 MPa (Fig. 2). Structural studies of As,Se;po-x glasses have
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shown that glasses with x > 55 are characterized by a relatively high concentration of tetrahedral
Ass and cage-like AssSes molecules [15]. A previous study reported the existence of a facile
interconversion between As4 molecules and polymeric chains of As atoms owing to a relatively
low activation energy of polymerization [20]. A molecule-to-network interconversion could also
be likely for the AssSes molecules [21]. Therefore, we hypothesize that the slow dynamical mode
observed in the most Se-deficient As.Se;go.x liquids with x > 55 is likely associated with such

cooperative interconversion processes between molecular and network structural moieties.

The weak van der Waals interaction between these molecular units, present in significant
concentration in As,Sesp-x glasses with x > 55, and the consequent loss in connectivity are
consistent with the compositional variation of the viscosity 7 of these liquids as shown in Fig 3.
The isothermal viscosity decreases and the activation energy for viscous flow near glass transition
increases monotonically with increasing As concentration in these supercooled liquids. Moreover,
these parameters change rather sharply as x increases from 55 to 60 and the concentration of the
molecular units is maximized. It is important to note that, compared to the previous reports in the
literature, the viscosity data obtained in the present study exhibits a systematic compositional trend
for the first time. The activation energy for viscous flow of a supercooled liquid near glass

dlogion

transition is often parametrized by the fragility index m, where m = /T
g T

,and Ty is the glass
=Tg

transition temperature. The fragility index m for these As.Se;go-» liquids is obtained by fitting the

viscosity curves with the MYEGA equation [22,23]:

l =1 +K ¢
0g 1 = 10gigNe + 7 - €xp (T)



where l0g107M«, K, and C are all treated as fitting parameters. The fragility index m is subsequently

calculated from these fitting parameters using the relation [23]:

m=(5)(1+5) e ()

The compositional variation of m obtained for these Se-deficient liquids are compared in Fig. 4
with those reported in the literature for the Se-excess liquids [24]. The general trend in m is quite
similar to that reported in a previous study [25] where m of As,Se;go-x liquids was determined using
the calorimetric technique. The m value sharply decreases from pure Se to ~ 20 at.% As and
reaches a plateau, which continues until the As content reaches ~ 40%. Beyond this point m
increases rapidly as the As content increases to up to 60%. Previous theoretical models related the
drop in m upon the initial addition of As to Se to the increasing degrees of crosslinking of the
selenium chains, while the rise in m in the Se-deficient region has been ascribed to the formation

of molecular units, which weaken the network connectivity thus, lead to an increase in m [25-27].
3.2. Structure and Rheological behavior of PxAss .Se; glasses and liquids

Unlike As.Se;oo-x glasses, the structure of PxAss .Se; glasses along the join has never been
reported in the literature to the best of our knowledge. Here we present a structural analysis of
these glasses based on their Raman spectra (Fig. 5). The structure of P-rich (> 55 at. %) P-Se
glasses are known to primarily consist of cage-like P4Se; molecules that are isostructural with the
AssSes molecules [28-32], which appear in As-rich (> 55 at.% As) As-Se glasses, albeit at a
significantly lower concentration. Although, unlike As4Ses, the P4Ses liquid cannot be quenched
to a glass at normal cooling rates, molecule rich glasses can be obtained for compositions with ~
60% P content. The Raman spectrum of such a glass of composition Pg3Ses7 is shown for
comparison in Fig. 5, which shows relatively sharp bands located at ~133, 213, 366, and 484 cm™

9



! all of which correspond to the various intramolecular modes of P4Se; molecules. On the other
hand, the Raman spectrum of AssSes glass is characterized by a broad band at ~224 cm™
corresponding to the symmetric stretching of As-Se bonds in the pyramidal AsSes;» units, and
superimposed on it are two relatively sharp bands near ~ 203 and 236 cm™' that correspond,
respectively, to Ass and AssSes molecular units with As-As homopolar bonds [15]. It may be
noted that the 203 cm™' band may also correspond to As clusters which consist of randomly
corrugated two-dimensional sheets of 3-fold-coordinated As atoms [14]. The initial substitution
of As with P in AssSes glass causes a drastic decrease in intensity of these molecular bands. The
203 cm! band disappears in the P;2As> sSes glass and the 236 cm ™! band weakens drastically with
further addition of P as the P:As atomic ratio reaches 1:1 in the P2As>Se; glass. As the P:As ratio
continues to increase, new bands appear near 213 cm! and in the 300-500 cm ! region in the
Raman spectra of P2 4As;.sSesand P2.sAs;.2Se; glasses with the highest P:As ratios, that correspond
to various P containing structural units including P4Ses and possibly mixed PrAss xSe; molecules

[33].

When taken together, these results suggest that the P atoms are first incorporated into the
As-rich regions in the AssSes glass and converts the Ass molecular units into network structures
containing As-P heteropolar bonds. Further increase in the P content leads to the decrease in the
relative concentration of As4Ses molecules as indicated clearly by the decreasing intensity of the

sharp band at ~236 cm™!

. The molecule:network ratio appears to reach a minimum for glasses
with compositions P;.sAs24Ses and P2As>Ses. Beyond this point the molecule:network ratio in the
structure increases again as mixed PrAss .Se; molecules form in significant concentration as is

evidenced in the increase in intensity of a new band at ~345 cm™! (Fig. 5). At the same time the

P4Se; molecules start to increase in concentration as evidenced by the growing intensity of the ~
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366 cm ™! band (Fig. 5). A more quantitative estimate of the evolution of the molecule:network
ratio in these glasses can be obtained by tracking the ratio of the intensities of the molecular bands
at 203, 236 and 366 cm™! corresponding, respectively, to Ass, AssSes, and P4Se; molecules, and
the network band at 224 cm™. As can be seen in Fig. 6, this ratio indeed goes through a minimum
for PxAss.Se; glasses with x in the range between 1.6 and 2.0. This compositional evolution of
structure is consistent with the temperature dependence of the viscosity of PrAss.Ses liquids as
shown in Fig. 7. It is clear that the isothermal viscosity monotonically increases with increasing P
content as the molecule:network ratio decreases up to P>As;Ses. Further increase in P content
results in a decrease in isothermal viscosity, which is indicative of a decreasing structural
connectivity as is indeed evidenced in the Raman spectra in the form of an increasing

molecule:network ratio in the structure.

Finally, the corresponding viscoelastic behavior in the form of G'(w) and G"(®w) master
curves for these PrAs.,Ses liquids are shown in Fig. 8. The two relaxation processes that were
observed in AsySe;po-x liquids with x > 55 clearly persist on replacing As with P in the PxAss Se;s
liquids with at least up to x = 0.8. As noted above, beyond this point the molecule:network ratio
rapidly decreases in these liquids and reaches a minimum in compositions P;sAs24Se; and
P2As>Ses. Consequently, the contribution of the molecule-to-network interconversion dynamics
towards shear relaxation is expected to become increasingly weak. This expectation is borne out
in the shear mechanical spectra of liquids with 1.2 < x < 2.0 where the frequency dependence of
the G'(w) below the G’ - G” crossover (Fig. 8) follows the Maxwell behavior and suggests the
dominance of a single dynamical process associated with the network bond scission/renewal. As
evidenced in the Raman spectra in Fig. 5, further increase in the P content results in a rapid increase

in the molecule content in the liquids with P:As > 1:1, which is manifested in a departure from the

11



Maxwell behavior as both G'(w) and G"(®) scale nearly linearly with ® over the entire accessible
frequency range below the G’-G" crossover and the terminal region displays a nearly constant ratio
of G"/G’. As discussed above, such a viscoelastic relaxation behavior was recently observed in
predominantly molecular binary P-Se liquids, which was ascribed to an extremely broad
distribution of relaxation timescales resulting from the coexistence of various elementary and

cooperative dynamical modes of single molecules and transient molecular clusters [19].

4. CONCLUSIONS

The shear mechanical response of supercooled AsxSe;go-x liquids in the composition range
40 < x <60 as evidenced in the frequency dependence of G'(w) and G"(w) indicates that the shear
relaxation of AsxSe;gox liquids with 40 <x < 50 is associated with a single dynamical process that
can be ascribed to the scission/renewal of As-Se bonds in the network. Increasing As content
results in the formation and increasing concentration of AssSes and Ass molecules in these liquids,
and consequently a loss in structural connectivity. This structural evolution is manifested in a
rapid lowering of isothermal viscosity and a sharp rise in m along with the appearance of an
additional low-frequency dynamical process, which is related to a cooperative molecule-to-
network interconversion. As-rich PxAss.Se; liquids along the pseudo-binary AssSes-P4Se; join
share this dynamical behavior up to x = 0.8. Increasing replacement of As with P in this series
results in a minimization of the molecule : network ratio for 1.2 <x <2.0 and the shear mechanical
spectra of these liquids indicate that the slow molecule-to-network interconversion process ceases
to be a major contributor to the shear relaxation. Further increase in the P content results in a rapid

increase in the molecule content in the PiAs,.Se; liquids with x > 2.4. The concomitant

12



emergence of various dynamical modes of single molecules and transient molecular clusters results
in an extremely broad distribution of relaxation timescales that is expressed in the shear

mechanical spectra in the form of a power-law relaxation behavior.
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Figure Captions

Figure 1. Master curves of storage modulus G’ (squares) and loss modulus G" (circles) of
AsySe 00« supercooled liquids. Reference temperature for TTS corresponds to 7~ 10® Pa s in all
cases and is listed alongside the composition in each plot. Solid straight-line segments mark the

slopes in different frequency regions and green highlights indicate segments of constant slope for

G".

Figure 2. A representative simulation of the shear mechanical spectrum of AsssSess supercooled
liquid. Empty squares and circles represent the experimental G’ and G” values, respectively. Long-
dashed and short-dashed lines represent the fitted fast and slow relaxation processes, respectively.

Solid lines are the total fit to the experimental data.

Figure 3. Temperature dependence of viscosity 1 of As,Se;go-x liquids. Solid lines through the
datapoints are fits to the MYEGA equation, where viscosity at T = Ty is taken to be 10'? Pa.s and

T, values are taken from [15].

Figure 4. Composition dependence of fragility index m of AsxSespo-x liquids determined in the

present study (filled symbols) and reported in the literature (open symbols) [24].

Figure 5. Unpolarized Raman spectra of Ps3Ses7 and PrAss «Se; glasses. Glass compositions are

listed alongside the spectra.

Figure 6. Compositional evolution of the molecule:network ratio in PxAs, .Se; glasses as obtained

from Raman spectra in Fig. 5 (see text for details).

Figure 7. Temperature dependence of viscosity n of PxAssSes liquids. Lines through the symbols

are guides to the eye.
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Figure 8. Master curves of the frequency dependence of storage modulus G’ (squares) and loss
modulus G” (circles) of PxAssSes supercooled liquids with reference temperatures for TTS listed
alongside the compositions in each panel. Solid straight-line segments mark the slopes in different

frequency regions and green highlights indicate segments of constant slope for G'.
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Fig. 2
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Fig. 3
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Fig. 4.
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Fig. 5
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Fig. 6

molecule:network ratio

00 04 08 1.2 16 20 24
x value for P As, Se, composition series

2.8

25



Fig. 7
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Fig. 8
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