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Abstract

The shear relaxation behavior of supercooled arsenic selenide liquids is studied using small
amplitude oscillatory parallel plate rheometry. Compositions with >80% Se, characterized by a
low-dimensional network of selenium chain segments cross-linked by threefold coordinated
arsenic atoms, display the coexistence of a nearly-Arrhenius, slow relaxation process and a
strongly non-Arrhenius, fast relaxation process corresponding to bond scission/renewal and chain
segmental motion, respectively. The coupling between the weakly non-Arrhenius bond scission
and the strongly non-Arrhenius viscosity is achieved near T, due to the pronounced temperature-
dependence of the modulus corresponding to this relaxation process. The temperature dependence
of this relaxation modulus is related to the conformational entropy of the chain segments. The large
difference between the activation energy of viscous flow and that of the timescale of the relaxation
associated with bond scission/renewal implies the need for a revision of the existing models of

viscous flow in the literature.



1. Introduction

Viscosity is one of the most important transport properties of glass-forming liquids, both
from a fundamental and a technological applications standpoint. Typically the viscosity 7 of a
glass-forming liquid increases by 12 to 15 orders of magnitude upon supercooling, until the glass
transition temperature 7y is reached. The activation energy of viscous flow usually increases with
the lowering of temperature in a non-Arrhenius manner and 7 is simply related to the shear
relaxation timescale T through the Maxwell relation n = G, t, where G, is the high-frequency
glassy shear modulus. This modulus is considered to be weakly temperature-dependent and is often
treated as a constant over the entire temperature range of supercooling such that the entire
temperature dependence of 7 arises from that of T [1]. The degree of departure of the temperature
dependence of viscosity of a supercooled liquid from an Arrhenius behavior is parameterized by

dlogion

its “fragility” index m, which is defined as: m =
aTg/T |,

[2]. Therefore, higher fragility of a
=Tg

liquid implies stronger departure from Arrhenius behavior.

Several theoretical models have been proposed in the literature to provide a microscopic
understanding of the origin of the non-Arrhenius behavior of viscosity of glass-forming liquids,
which poses one of the most interesting and challenging problems in the physics of the glass
transition. The two most influential models that have gained considerable experimental support
are the configurational entropy model and the elastic shoving model. The configurational entropy
model was originally proposed by Adam and Gibbs (A-G) in 1965 and was later placed on a more
rigorous theoretical footing by Wolynes and coworkers [3,4]. According to the original A-G model,
the temperature dependence of the relaxation time 7 is proportional to exp (ZRA—f), where z is the

size of a cooperatively rearranging region and A4g is the temperature-independent potential energy
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barrier associated with the structural rearrangement. Since z is believed to increase with decreasing

temperature and is inversely proportional to the configurational entropy S., the expression for T

. E . . . .
can be written as: T = 75 exp (E)’ where 7, is a constant and E is the activation energy of an
c

elementary step in structural relaxation. Since E is considered to be independent of temperature,
the temperature dependence of 7 and, hence, that of n is entirely controlled by that of S.(7).
Rouxel has shown that a temperature-dependent E requires the consideration of the temperature

dependence of the high-frequency shear modulus G, (T) [1].

On the other hand, a temperature dependent G, (T) is explicitly taken into account in the
elastic shoving model proposed by Dyre and coworkers [5-7]. In this model the structural
reorganization associated with shear relaxation and viscous flow happens through a local decrease
in the density of the surroundings by elastic deformation which creates free volume. Therefore the

activation energy for relaxation becomes temperature dependent solely via G, (T) and T =

Goo (T)V, . . . :
Toexp [%], where V. is a temperature-independent characteristic volume of the activated
B

region. Both configurational entropy and elastic shoving models have been successful in predicting
the temperature dependence of the experimental viscosity of a wide range of glass-forming liquids
from the knowledge of S¢(7) and G, (T) [8—11]. These results, therefore, suggest some deeper
physical connection between these two quantities [12,13], although it remains unclear as to which

physical picture is correct.

In a recent rheological study of supercooled liquid Se and Se-rich As-Se liquids using small
angle oscillatory shear (SAOS), we have demonstrated the existence of two relaxation processes
with widely different timescales and relaxation moduli [14]. The slow and fast processes were

found to correspond to Se-Se bond breaking/renewal and Se chain segmental motion, respectively



[14,15]. It was shown that the viscosity contribution from the slow process dominates throughout
the whole temperature range of supercooled liquid. The contribution from the fast process becomes
significant only in the immediate vicinity of 7, as the glass transition is approached from above.
In this study, we extend the previous work to As-Se binary liquids with a wide range of fragility.
Results from SAOS rheometry demonstrate the evolution of the two relaxation timescales and their
relative contributions to viscosity, as the structure of the liquid evolves with increasing cross-
linking and shortening of the selenium chain segments. The relation between the two relaxation

timescales and viscosity is examined within the frameworks of the elastic shoving and A-G models.

2. Experimental

2.1 Sample synthesis

The AsxSeioox (5= x <30) glasses were synthesized using the conventional melt-quench
method. Constituent elements (>99.999% purity, metal basis) were loaded in an evacuated quartz
ampoule, which was subsequently flame sealed and held in a rocking furnace at 650°C for 24 hours.

The melts were finally quenched to form glass by dipping the ampoule in cold water.

2.2 Small Amplitude Oscillatory parallel plate rheometry

Two parallel plate rheometers were used in this work: MCR92 (Anton Paar) for
compositions with x<20, and ARES G2 (TA Instruments) for the As3oSe7o liquid. The temperature
in the MCR 92 rheometer was controlled using a Peltier furnace (up to 200°C), and the upper plate
(8 mm diameter) was used to apply strain and measure torque while the bottom plate remained
stationary. The temperature in the ARES G2 rheometer was controlled using a forced convection
oven (up to 600°C), and the upper and lower plates (both 8 mm in diameter) were used to measure
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torque and apply strain, respectively. In both setups, the sample was first rapidly heated up to its
softening point, and then pressed and trimmed to achieve a sandwich geometry between the two
plates with a gap of ~1.5 mm. After reaching thermal equilibrium at each desired measuring
temperature, a sinusoidal strain with varying angular frequency o (600 to 0.01 rad/s) was applied,
with its maximum value controlled within a predetermined linear viscoelastic range.
Simultaneously the torque was recorded to calculate the storage modulus G’, loss modulus G” and
viscosity 1 as a function of . All measurements were carried out under a constant flow of heated
N> gas. The temperature range of the experiments was chosen to cover from ~0.8 to 1 on a Ty/T

scale.

It may be noted that systematic error in the modulus could be introduced during the
measurement of the high-frequency mechanical response of a relatively stiff material such as
inorganic glass-forming liquids using rotational rheometers if the role of instrument compliance is

not taken into account[16]. The magnitude of such errors has been estimated using the relation

1,1 . . . . : . rx
ot for the instrument compliance correction [16]. In this relation the parameters K,,,, K
m s i

and K;" correspond to the measured, true (sample) and instrument complex torsional stiffness
values. The relation between sample torsional stiffness and sample shear modulus is given by: K
= nGR*2h, where R is the plate radius (4 mm) and h is the sample thickness (~1.5 mm). The
instrument can be approximated as an ideal elastic solid and therefore K;" is treated as a real
number. The sample storage and loss moduli can then be calculated from the above relation. All
rheometry data collected in this study were corrected following this protocol using an instrument

compliance of 1/K; = 1.625x107* rad/Nm [17] obtained from the system calibration.



2.3 Creep recovery experiment

The creep recovery experiments were conducted on the MCR92 (Anton Paar) parallel plate
rheometer at various temperatures above Tg. After trimming the sample to the same sandwich
geometry as in the oscillatory rheometry, a constant stress was applied to the sample while the
strain was recorded as a function of time. After reaching steady state where the strain rate no longer
changes with time, the stress was released and the strain relaxation was recorded until equilibrium.

The strain in the recovery phase was fitted to the well-known expression:

e(t) =dJ(t) = o |/max —Jo— i3=1]mi <1 - exp (_ tj"))l M

i

where ¢ is the stress in the loading phase, /4, 1s the highest compliance reached, J, is the glassy
compliance, ¢, is the time when stress load was released. The steady state recoverable compliance

is given by the expression: Joo = Jo + Yiocq Jomi-

3. Results and Discussion

The temperature-dependent G’ and G” spectra of select AsxSei0o-x compositions are shown
in Fig. 1. At each temperature, the whole spectrum is only partially revealed in the fixed
observation window. With increasing temperature, the spectrum gradually shifts from low to high
frequency, which enables a sequential observation of a wide frequency range. It has been shown
in a previous study that time-temperature superposition (TTS) is not strictly obeyed by these
liquids[18]. However, here we have approximated TTS solely for the convenience of visualization
of the data over the entire frequency range, and the corresponding “approximate” master curves

for G’ and G" generated through TTS are shown in Fig. 1. It is well-known that for a simple



viscoelastic system, such as a Maxwell element consisting of a spring and a dashpot in series, the
relaxation frequency corresponds to where G' = G”, i.e. at the G'-G” crossover[19]. For all
compositions, a G'-G” crossover can be clearly observed at low temperatures such that at
frequencies above this crossover G’ gradually reaches a plateau that is on the order of ~1 GPa. This
plateau represents the high-frequency shear modulus G, which for As-Se glasses with <30% As
varies within the range of ~ 3-6 GPa at ambient temperature [20]. Moreover, for compositions with
> 20% As, G’ and G" immediately decrease with decreasing frequency below the crossover
following a slope of 2 and 1, respectively. These two slopes agree with the prediction of the
Maxwell model in the low frequency limit, which signifies that below the G'-G” crossover
supercooled liquids with >20% As enter the terminal regime where the structure is fully relaxed.
Identification of the inverse of the crossover frequency as the average shear relaxation timescale T
allows for the estimation of shear viscosity 7 of these liquids from the Maxwell relation n = G,t.
These estimates obtained using a constant value of G, obtained from Fig. 1 for all liquids, are
compared with the measured viscosity in Fig. 2. The fragility indices obtained from fitting the
MYEGA function [21] to the experimental and the estimated viscosity data are listed in Table 1.
Although G 1s expected to gradually decrease with temperature above Ty, the effect on viscosity,
expressed on a logarithmic scale, of such a drop would be negligible and viscosity will be

dominated by the temperature dependence of 7.

It is clear from Fig. 2 that the estimated viscosity values agree rather well with experiment
for liquids with > 15% As. However, for liquids with < 10% As, the viscosity is significantly
underestimated, and its activation energy is overestimated as the temperature increases beyond 7.
Clearly, this discrepancy in the activation energies will only worsen if a temperature dependent

decrease of G is incorporated in the Maxwell relation for the estimation of viscosity. A similar



observation was reported in a recent study on supercooled Se liquid [14]. An answer to this
apparently puzzling behavior can be sought in Fig. 1 where, for compositions with < 10% As, a
second G'-G" crossover can be observed before the terminal regime is reached at lower frequencies.
The appearance of this second crossover is a clear indication of the existence of a slower relaxation
process, similar to that observed in polymers with strong intermolecular interactions such as chain
entanglement or hydrogen bonding [19,22-24]. It is also clear from Fig. 1 that this relaxation is
characterized by a modulus that is significantly softer than G- in the temperature range of these
measurements. Therefore, similar to G, another shear relaxation modulus can be defined for the
slow process. For the sake of clarity in the following discussion, the two shear relaxation moduli
that correspond to the slow and fast process are denoted Gs and Grand the corresponding relaxation

timescales are denoted s and 1y, respectively.

The temperature dependence of the two relaxation timescales ts and tr for liquids with <
15% As is shown in Fig. 3. It can be seen that, compared to ts which is relatively Arrhenius, tr
has a stronger temperature dependence of the activation energy i.e. the latter is significantly more
non-Arrhenius. This difference can be seen more clearly from Table 2 where the fragility indices
obtained from MYEGA fittings for both relaxation times are demonstrated. Increasing the As
content results in a nearly parallel shift of ts towards shorter times and lower temperatures, while
maintaining a relatively constant activation energy of around 170 kJ/mol for the different
compositions. The relatively constant activation energy of ts across all compositions matches with
the bond energy of Se-Se and As-Se bonds [25]. On the other hand, tr reaches ~ 100s for all
liquids near the calorimetric glass transition (Fig. 3). More interestingly, tr vs. Tg/T remains
practically unchanged until the As content exceeds 10%, from where tr gradually shifts towards

Ts. Eventually the fast dynamical process disappears at higher As content (> 20% As), where the
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Se chain segments become non-existent or too short to sustain any segmental motion. At this point

only one relaxation time can be identified (Fig. 3).

In our previous work on supercooled Se liquid, the slow and fast relaxation processes were
tentatively assigned to Se-Se bond scission/renewal and Se chain segmental motion, respectively,
based on their activation energy and the distribution of relaxation times [14]. A recent high-
temperature ’’Se nuclear magnetic resonance (NMR) spectroscopic study has identified the bond
scission/renewal and Se chain segmental dynamics and the associated timescales in supercooled
Asi0Seg liquid [15]. These timescales are shown in Fig. 4 to be in good agreement with the present
rheological measurements of ts and tf, which provides direct validation of the structural

assignment of the slow and fast processes in these Se-rich liquids.

In the case of the Se-rich liquids with < 15% As, the presence of two different relaxation
processes with significantly different relaxation times and the corresponding relaxation moduli

warrant the use of a modified Maxwell relation to obtain viscosity[26—28], where:

n(T) = Gsrs(T) + (Gr — Gg)7,(T) )

As was shown by Levesque et al.?%, this expression can be derived upon consideration of the
equality between the bulk viscosity 7 of a liquid and the Fourier-Laplace transform of the
transverse current correlation function CAQ,f) at small times (infinite frequency) and in the
hydrodynamic limit of the wavevector Q approaching zero. At this limit, the Fourier-Laplace
transform of C/Q, ) yields the standard Maxwell relation = G, if the liquid is characterized by
a single relaxation time. However, in the presence of two processes with significantly different
relaxation timescales, C(Q,f) becomes the sum of two contributions, which yields Eqn. 2 ?°. In

this expression the first and the second terms represent approximately the viscosity contributions

10



from the slow and the fast process, respectively. The temperature dependence of viscosity in Eqn.
2 originates entirely from that of the relaxation timescales, while the shear moduli are treated to a
first approximation as temperature-independent constants, as they do not show significant
temperature dependence within the observation window in the spectra in Fig. 1. While this

approximation holds well for G near Tg, a previous study by Faivre and Gardissat reported a large

temperature dependence of G, for supercooled Se, where the latter was found to drop by nearly
three orders of magnitude with increasing temperature from 7/7 ~ 1.0 to ~ 0.9, before reaching a
plateau [29]. Moreover, in a study of the rheological behavior of Se, Plazek related the onset of
the slow process in the G’ spectrum to the steady state recoverable creep compliance Jeo, which

can be used to estimate the value of Gs = 1/ Jeo [22].

The Jeo values of AsioSeso and AsisSesgs obtained from creep recovery measurements
carried out in the present study at various temperatures near and above T are plotted in Fig. 5 (a),
together with the data from a previous study by Bernatz et al. for a range of AsxSeioo—~x
compositions [30]. It is clear from Fig. 5a that, for the high Se-containing compositions, there is a
large increase in Jeo (or a decrease in Gs) within a narrow temperature range of 10-20 K above 7.
Jeo reaches a plateau with further increase in temperature and remains constant, which agrees with
the observation of a constant Gs from the rheological spectra in Fig. 1 in the same temperature
range. The extent of the rise in Jeo in the vicinity of 7, decreases with increasing amount of As in
the system such that at x >20 almost no change in Jeo could be observed. From the temperature
dependent behavior of Jeo it can be concluded that, for compositions with multiple relaxation
processes, Gs experiences a significant increase as temperature is lowered to within 15K above T,

(Fig. 5b). Therefore, Eqn. 2 needs to be modified such that:
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n(T) = Go(T)T,(T) + Gy — Go(T)) 74(T) 3)

The viscosity of the Se-rich compositions with < 15% As are then calculated using Eqn. 3 along
with the ts and tr values obtained from rheometry (Fig. 6). It is intriguing to see that viscosities
calculated using the modified Maxwell relation reproduce the experimental data rather well, over
six orders of magnitude variation in viscosity. The viscosity contributions from the slow process
(first term in Eqn. 3) and the fast process (second term in Eqn. 3), as shown in Fig. 6, clearly
indicate that the bond breaking/renewal process is the major contributor to viscous flow over the
entire temperature/viscosity range. However, the strong temperature dependence of Gs in Eqn. 3
(Fig. 5) also implies that the temperature dependence of the activation energy E+7) of ts is rather
different from that of viscosity £,(7) in the immediate vicinity of the glass transition. The coupling
of the slow process to viscosity is governed by the temperature dependence of Gs(T) at T ~ 7, and
the variation of E,(T) results practically entirely from G¢(T). This observation can only be made
consistent with the elastic model of Dyre and coworkers if EA7) is related to the temperature
dependence of the high-frequency elastic modulus GAT), and G¢(T) only appears in the Maxwell
relation linking the viscosity and relaxation time as in Eqn. 3 such that n = G,(T) *
[Toexp(Gf (mv./ kBT)] . It was shown in a previous study of the rheological behavior of
supercooled Se that bond scission/renewal is a Debye-like process with a nearly-Arrhenius
temperature dependence and, therefore, represents non-cooperative isolated events in the structure
[14]. However, the local displacement of the surrounding atoms that needs to happen as a
precursor of bond-breaking/renewal would likely ensure that the activation energy of s is

controlled by G¢(T), as suggested in the elastic model. In contrast with the elastic model, the A-

G model assigns the temperature dependence of E+7) completely to S¢(7) and it is clear from Fig.
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3 that the difference in E«7) between the different compositions in this temperature range is too
small to explain the rather large difference in fragility between pure Se (m ~80) and AsisSegs (m

~35) solely on the basis of the variation in S¢(7).

It is reasonable to speculate that the two relaxation processes in liquids with <15% As may
be interconnected. The physical picture behind this hypothesis is that every bond scission or
renewal event requires the realization of specific local atomic configurations which can be
facilitated through chain segmental motion. However, the mechanism of coupling of the two
processes with viscous flow is quite different at 7~ T,. The chain segmental motion is characterized
by a strongly temperature dependent timescale 74(T), which is consistent with the expectation that
such a dynamical process would involve cooperative displacement of a large number of atoms.
The size of these cooperatively rearranging regions likely increases with decreasing temperature,
while the corresponding elastic modulus does not change appreciably with temperature. Thus, the
coupling between chain motion and viscous flow is consistent with the predictions of both elastic
and entropic models. Nevertheless, this process decouples from viscous flow almost immediately
above Ty (Fig. 2). On the other hand, the bond scission/renewal dynamics couple with viscous flow
over the entire temperature range but yield the correct fragility at 7 ~ T, only via the strongly

temperature dependent relaxation modulus G4(T).

The shear modulus of a supercooled liquid can have contributions from both solid-like
uniform (affine) deformation as well as the liquid-like (non-affine) local atomic rearrangement due
to relaxation, the latter being strongly temperature dependent and unique to amorphous materials
[12,13,31]. The latter contribution from the local atomic rearrangement has been shown to be
always negative, which softens the shear modulus, and is responsible for the significantly lower
shear modulus of a glass compared to its crystalline counterpart. In glass-forming liquids with
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structural units such as chains and rings, substantial cooperative structural rearrangement via fast
chain and ring motion can take place in between low-frequency bond breaking events. As a result,
the two relaxation processes give rise to a two-step decrease in the modulus in Se-rich liquids with

relatively long Se chain segments (Fig. 1).

From a compliance perspective, the change in Jeo is a measure of the configurational
entropy difference between a fully relaxed amorphous chain structure and a structure of well
stretched/aligned chains under a steady state shear flow [22]. Therefore, Gs is closely related to the
available configurational entropy in the system without accessing the configurational states that
require bond scission/renewal. This entropy is then precisely the chain conformation entropy
which is a sensitive function of the length of the selenium chain segments in the structure. In fact,
recent studies have shown that the compositional variation of this conformational entropy closely
follows the corresponding variation in the fragility of the supercooled liquids in the As-Se and Ge-
Se systems [32]. However, as noted above, the difference between E+7) and Ey(7) in Figs. 2 and
6 implies that this conformational entropy is not the same as the configurational entropy in the A-
G model in the sense that the former does not influence the activation energy of t but affects that
of'm as a temperature dependent multiplier of ts in the Maxwell expression. Therefore, when taken
together, the results presented in this work suggest that modifications are necessary to both elastic
and entropic models of viscous flow in order to take into account the roles of multiple dynamical
processes in the shear relaxation of complex glass-forming chalcogenide liquids characterized by

the coexistence of widely different structural elements.
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4. Conclusions

Arsenic selenide liquids with < 20 atom% As are characterized by weakly non-Arrhenius,
slow bond scission/renewal dynamics and strongly non-Arrhenius, fast chain segmental dynamics.
The shear modulus Gr associated with the chain motion corresponds to the traditional glassy
modulus G, and does not display significant temperature dependence. On the other hand, the shear
modulus Gs corresponding to bond scission dynamics is highly temperature dependent — rising up
to 3 orders of magnitude with lowering of temperature, within 20 K above T,. For Se-rich samples,
where two relaxation processes coexist, the viscosity contribution from the fast chain dynamics is
negligible except in the immediate vicinity of 75. On the other hand, the contribution from the slow
bond scission process is found to control viscous flow over the entire temperature range. The
coupling between the strongly non-Arrhenius viscosity and the nearly-Arrhenius bond scission
dynamics near 7y is achieved solely via the strong temperature dependence of Gs, which is related
to the conformational entropy of the selenium chain segments. This conformational entropy is
eventually lost due to the shortening of the selenium chain length at higher As content. As a result,
liquids with 20% As behave as typical network liquids with a single characteristic shear relaxation
timescale and its product with the corresponding temperature-independent glassy modulus,
following the Maxwell relation, yields viscosity values consistent with experiments. The large
difference in the temperature dependence of the activation energy of viscous flow and that of the
corresponding slow relaxation timescale in Se-rich liquids with low-dimensional networks is
unprecedented in glass-forming liquids to date and warrants some revision of the existing models

of viscous flow.
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Table 1

Fragility index obtained from MYEGA fitting of literature viscosity data and 1G« in Fig. 2.

Composition Literature TGoo
Se 7043 80+9
AssSeos 58+4 92+9
Asi10Seq 5542 70+4
AsisSess 4542 44+£5
As20Seso 40+4 43+6
As30Ser 33«1 35+1

Table 2

Fragility index obtained from MYEGA fitting of the relaxation times of slow (ts) and fast (tr)

processes in Fig. 3.

Composition Ts Tf
Se 4343 77+7
As5Se95 35+2 91+7
As10Se90 27+5 7045
As15Se95 27+4 44+5
As20Se80 4448 Not present
As30Se70 4042 Not present




Figure Captions

Figure 1. Frequency dependence of G’ (solid line) and G” (dashed line) at select temperatures for
AssSeos, Asi0Sesn, AsaoSeso and AszoSero liquids. Approximate master curves generated through
TTS, for each composition, are shown in the right column. Corresponding reference temperature

for each master curve is shown in the inset.

Figure 2. 1G« (blue open symbols) as a function of Ty/T obtained from rheometry are compared
with viscosity values (solid symbols or solid lines) from literature [30,33,34]. Dashed blue line

through the data are fits of the Tamman-Vogel-Fulcher (TVF) equation to the 1G., data.

Figure 3. 15 (filled symbols) and tr (open symbols) as a function of T/T for liquids with two
relaxation processes. Solid lines and dashed lines are the TVF fits to the data. The single
relaxation timescale for As»oSego and As3oSe7o liquids are shown as blue diamonds and triangles,

respectively. Dotted and dashed-dotted lines through these data are the corresponding TVF fits.

Figure 4. Dynamical timescales for Asi0Seqo liquid, obtained from rheological measurements
(filled symbols) and 7’Se NMR measurements (open symbols), respectively, as a function of

Te/T. NMR timescales are from (/5).

Figure 5. (a) Steady state recoverable compliance Jeo for all compositions plotted against T—T,.
Compositions are listed alongside each data set. Dashed lines are guides to the eye. (b) Gs = 1/Jeo
as a function of Ty/T. Shaded area demonstrates the approximate values of Ge. Dashed lines are

drawn to guide reader’s eyes.

Figure 6. Total viscosity (open squares) and the contributions from slow (open circles) and fast

processes (open triangles) calculated from the modified Maxwell relation of Eqn. 3. The lines

20



through these data are TVF fits. Solid symbols and solid lines are viscosity data from literature

[30,33,34].
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Figure 4
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Figure 5
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Fig.
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