aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Kinetic fraqgility directly correlates with the many-body
static amorphous order in glass-forming liquids
Indrajit Tah and Smarajit Karmakar
Phys. Rev. Materials 6, 035601 — Published 7 March 2022
DOI: 10.1103/PhysRevMaterials.6.035601


https://dx.doi.org/10.1103/PhysRevMaterials.6.035601

Kinetic Fragility Directly Correlates with the Many-body Static Amorphous Order in
Glass-Forming Liquids

Indrajit Tah'?* and Smarajit Karmakar?f
! Department of Physics and Astronomy, University of Pennsylvania 209 South 33rd Street Philadelphia, PA, USA and
2 Tata Institute of Fundamental Research, 36/P, Gopanpally Village,
Serilingampally Mandal, Ranga Reddy District, Hyderabad, 500107, India

The term “fragility” describes the rate at which viscosity grows when a supercooled liquid ap-
proaches its putative glass transition temperature. The field of glassy materials is actively searching
for a structural origin that governs this dynamical slowing down in the supercooled liquid, which
occurs without any discernible change in structure. Our work shows clear evidence that growing
many-body static amorphous order is intimately correlated with the kinetic fragility of glass-forming
liquids. It confirms that the system’s dynamical response to temperature is concealed in its micro-
structures. This finding may pave the way for a deeper understanding of the different temperature
dependence of the relaxation time or viscosity in a wide variety of glass-forming liquids.

Introduction: The dramatic rise in viscosity or relax-
ation time upon supercooling is a universal hallmark fea-
ture across all glass-forming liquids. Despite extensive
investigations [1-6], one of the fundamentally unsolved
challenges in condensed matter physics is understanding
of microscopic origin of rapid rise in viscosity (n) with rel-
atively small temperature changes while approaching the
calorimetric glass transition temperature (Ty), defined as
the temperature at which 1 becomes 10** Poise. In this
context, it’s also worth noting that, while near-diverging
growth of viscosity is universal in all glass-forming lig-
uids, the rate at which viscosity grows at low tempera-
tures is quite non-universal and varies significantly across
liquids.

The term “fragility” was first coined in Ref. [7] to char-
acterize this rapid non-universal changes in viscosity near
T,. Although, the word “fragility” is used to describe the
dynamical properties, several theoretical and experimen-
tal studies [8-13] demonstrate that the fragility is funda-
mentally connected to thermodynamic properties of the
liquid, like the excess entropy and the specific heat which
are directly linked with the microscopic structure of a
liquid. This connection led to a search for the structural
or thermodynamic origin of fragility. However, the cor-
relation between thermodynamics and dynamical prop-
erties in supercooled liquids remains somewhat contro-
versial, leading to inherent uncertainty, which prevents
researchers from reaching a consensus. In this article, we
have addressed the connection between growing static
amorphous order and fragility by performing extensive
molecular dynamics simulations of a model glass-forming
liquid, showing very large variation in fragility with in-
creasing density.

The temperature dependence of viscosity and relax-
ation time for a wide variety of supercooled liquids can
be well fitted by the Vogel-Fulcher-Tamann (VFT) for-
mula [14-16]:

1
Kypr (T/Typr —1)]’

(1)

To(T) = 1o exp

where 7, is the structural relaxation time (defined later),
7o is the viscosity at infinite high temperature, Ty pr is
the apparent divergence temperature for relaxation time
and Ky pr denotes the “Kinetic fragility”. The fragility
index provides a unifying framework for the classification
of a broad range of systems, from molecular liquids [7] to
colloidal [17] and biological systems [18, 19]. Addition-
ally, material functionality and manufacturability are di-
rectly linked with their fragility index. For example, the
system that have low fragility index, generally has a wide
glass transition temperature range which enhances the
flexibility of material moulding. Moreover, material bulk
properties depend on its molecular mechanisms and an
important question is how the molecular mechanisms of
glass forming liquids differ from each other in such a way
that their dynamic properties vary so widely. Fragility
also plays important role in bio-preservation[20-22]. Em-
pirical evidence suggests that the larger the fragility of
a liquid, the better it will be in preserving biomacro-
molecule when used as a medium. Although, there are
deviations from this hypothesis but this remained as a
rule of thumb in bio-preservation industry. Thus, a bet-
ter understanding of fragility may lead to better under-
standing of the physics of biopreservation.

Models and Methods: We have performed extensive
computer simulations of soft repulsive particles [23-25]
by varying the density, (p), and temperature, (T'), which
cover a broad spectrum of fragility. This model (referred
as Harmonic Potential model) shows a crossover from
strong glass to fragile glass with varying density (p) be-
yond the jamming density (ps) [25]. This provides a
elegant way to tune fragility without changing the parti-
cle composition, interaction potential or curving the con-
figurational space [26]. Simulations are done in three-
dimensions in the density range p € [0.65,0.82] with
N = 108000 particles. More detailed information about
the models and simulations is provided in SI [27]. For
dynamical characterisations, we have computed the av-
erage relaxation timescale, 7, via the two-point overlap
correlation function (Q(t)) (defined in the SI [27]) at each



equilibrium density, p, and temperature, T state points.
The relaxation time 7, is defined as (Q(7,)) = 1/e, where
(---) refers to ensemble average. The calorimetric glass
transition temperature, Ty, for this model in simulations
is defined as 7,(T,) = 5 x 10°.

Results: Fig. 1 shows the Angell plot of the relax-
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FIG. 1. Angell plot of (7o) as a function of rescaled tem-
perature, T, /T at different densities (p). At higher density
the relaxation time exhibits a sharp growth upon decreasing
temperature, a feature of a fragile glass-former, while at lower
density the relaxation time displays Arrhenius behaviour with
temperature, suggesting a crossover to strong glass-former.
Lines are the fit to VFT form. Inset shows the fragility index
against density.

ation time (7,) as a function of rescaled inverse tem-
perature. To have a proper comparison, the data has
been normalized by respective Tj, at different density. At
low density the relaxation time exhibits Arrhenius depen-
dence, indicating a behaviour of a strong glass-forming
liquid, whereas at high density the relaxation time dis-
play super-Arrhenius temperature dependence, often re-
ferred as “Fragile glass-former”. The observed rise in
fragility with increasing density is consistent with a pre-
vious theoretical model [28] in which increased fragility
was linked to rising cooperative rearrangement volume
(Ve). In these models, fragility can be tuned over a broad
range, by only increasing the density This gives us an op-
portunity to look into the precise molecular mechanisms
that cause such large change in fragility. In the inset of
Fig. 1, we plot the fragility index (Ky pr) against density.
One can see that increasing the bulk density by a factor
of 1.26 (p = 0.65 to 0.82) changes the kinetic fragility
by a factor of 17 (Kypr = 0.0295 to 0.5002). Thus
this model is an ideal test-bed for deciphering the mi-
croscopic origin of fragility and its possible connection to
growing amorphous order as envisaged in Random First
Order Transition (RFOT) Theory [29, 30]. In the subse-
quent paragraphs, we will discuss the strong correlation

between changing fragility and the two important grow-
ing length scales in the systems; namely dynamic het-
erogeneity length scale (£;) and static amorphous order
length scale (&s).

Dynamic Length Scale: Since, fragility is measured
from dynamical properties like relaxation time, it is nat-
ural to investigate the temperature dependence of &; for
these model systems and try to understand a possible
correlation between them. Recent work [31] pointed out
that growth of dynamic heterogeneity (DH) in strong lig-
uids is different than in fragile liquids. Thus, a systematic
study of DH [32] in this current set up is indeed warranted
to have a detailed understanding of how heterogeneity
gets affected by changing fragility in the system. DH
can be quantified via the fluctuation of Q(t) [33] and the
length scale associated with DH, can be measured from
the spatial correlation of four-point structure factor (fluc-
tuation of two point correlation function in Fourier space,
Sa(q,t = 7o) [34, 35]. In SI [27], the determination of
&q from S4(q,t = 7,) has been elaborated. Recently, in
Ref. [36], another method of extracting dynamic length
scale has been proposed. In this method the dynamical
properties of the systems is measured at a smaller sub
volume of the systems by dividing the whole systems in
to smaller blocks of length, L. This method can be
easily implemented both in experiments and in numeri-
cal simulations and termed as “block analysis” method.
The method has also been shown to significantly improve
the statistical averaging of the data as well as include all
possible fluctuations (e.g density, temperature, composi-
tion, ete.) that are important in measuring four-point
correlation functions (see SI [27] for further details).

In Fig. 2(a), we show a comparison of £; obtained us-
ing two different methods for systems which reside on
the two extreme ends of the spectrum in the Angell plot;
first one being the most fragile liquid with p = 0.82 (see
Fig. 2(a)), while the other is at the strong liquid end
(Fig. 2(a) inset) with p = 0.65. The quite good agree-
ment between these two ways of estimations of &; for
all state points provides us confidence on the measured
heterogeneity length scale. An interesting question that
naturally comes up is the following: if the two extreme
systems (strong and fragile) have very similar structural
relaxation times, do they have similar dynamic hetero-
geneity? To investigate this we plot x4 as a function
of time in Fig. 2(b) for strong and fragile liquid (7, for
these two systems are close to each other) at roughly the
same block size (Lp). We find that fragile liquid show
stronger dynamic heterogeneity than strong liquid for a
given block size. In the inset of Fig. 2(b), we plot the peak
value of x4(t) as a function of Lp for these two extreme
systems at the same 7,. Fragile liquid shows stronger dy-
namic heterogeneity at each length scale than the strong
glass-former. This observation is in stark contrast with
a recent finding [37] of possible decoupling of relaxation
time and dynamic heterogeneity in active glass-forming
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FIG. 2. (a). Dynamics length scale as a function of tem-
perature for fragile liquid. The legend shows the method of
extraction of length scale. Similar plot for strong glass form-
ing liquid is shown in the inset. (b). x4 as a function of time
for various block size (Lg). Fragile liquids (p = 0.82, solid
lines), shows stronger growth of dynamic heterogeneity com-
pare to strong liquids (p = 0.65, dotted lines). We display
xa(t) for the strong and fragile liquids at roughly the same
block scale. The maximum of x4(t) (x4 ) for fragile and solid
liquids at the same relaxation time (74) is shown in the inset
as a function of block size (Lg). (¢). Dynamic length scales
as a function of rescaled temperature by T,. Solid lines are
fits to the form &; ~ |T/Tvrr — 1|77. (d). Dynamic length
scales are plotted as a function of |T/T. — 1|, where T¢ is
the MCT divergence temperature. The length scale data are
rescaled to make it more comparable to other data sets. The
black line is a power fit with an exponent v = 0.30 (see text
for discussion).

liquids. Next we focus on the temperature dependence
of £; with changing fragility. Fig. 2(c) shows the growth
of dynamic length scale as a function T,/T. It can be
seen that for the fragile glass former, £; shows a sharp
growth upon supercooling, whereas strong glass former
produces a gentle growth resembling the Angell like plot
for 7, (see Fig.1).

Inhomogeneous mode coupling theory (IMCT) [38]
predicts that three-point density correlation function,
X3(t), which can be obtained by measuring the response
of the system under an external perturbation, is inti-
mately related to the four-point susceptibility x4(t) and
shows similarly scaling behaviour near the MCT tran-
sition temperature (7). Thus, according to IMCT, &,
should have a critical like behaviour: as &5 ~ [T — T,|™"
with v = 1/4 being the predicted critical exponent. Re-
cently, Tah et.al, [39] showed for few model glass forming
liquids that the exponent v is in agreement with IMCT
prediction for temperature near T,. However, validity of
this result across a wide range of systems with changing

fragility is not studied before. In Fig. 2(d) we show the
dependence of £; vs (T — T,)/T. for different fragile sys-
tems. The black line shows the power law fit to the few
low temperature data points. We find for all the differ-
ent fragile systems the value of the exponent is ~ 0.30
(near T.) which is not very different from the exponent
v = 0.25 expected by IMCT. The small difference in ex-
ponent may be attributable to the finite dimensions, and
understanding how the exponent shifts in higher dimen-
sions (e.g. near the upper critical dimension d,, = 8), will
be of considerable interest[40—43].

Amorphous order and Fragility: The lack of a priori
knowledge of the nature of the structural order in disor-
der glass forming liquids makes it difficult to measure the
relevant degree of order. However, existing results show
that the system has domains of different mobility near the
glass transition temperature and these domains have re-
laxation rates that are substantially faster or slower than
the average relaxation rate. These different domains of-
ten called as “cooperatively rearranging regions (CRRs)”,
are the primary building blocks of the phenomenological
Adam-Gibbs theory [44] of glass transition and its subse-
quent development, i.e., the random first-order transition
(RFOT) theory [29, 30]. Different mobility domains have
different patch entropy, and the mean patch correlation
length can be easily extracted from the largest groups of
congruent patches which are considered to have a simi-
lar local order [45]. This hints that the origins of het-
erogeneous dynamics may be buried in the local amor-
phous structure. In [46] a non-trivial correlation func-
tion known as point-to-set (PTS) correlation [47] is pro-
posed to calculate the structural or thermodynamic cor-
relation length scale in supercooled glass-forming liquids
in an order-agnostic way as envisaged in RFOT theory.
Growth of this static length scale gives a notion of emerg-
ing thermodynamic order that may be connected to the
dynamical slowing down of the system, even when tra-
ditional structural features (e.g. “pair correlation func-
tion”) are blind to capture the dramatic slowing down of
the relaxation time. Here, we address the crucial ques-
tion of whether the growing thermodynamic amorphous
order can universally explain the origin of a wide spec-
trum of fragility.

To address this, we have computed & using point-to-
set correlation function in cavity geometry (see the SI
[27]) [4, 47-50]. Fig. 3(a) and 3(b) show the nature of
the correlation function with increasing cavity radius, R
for various studied temperatures for a strong and a frag-
ile liquid. The correlation functions for the strong liquid
decay at the same rate for all temperatures, indicating
no growth in the amorphous order (see Fig. 3(a)) with
decreasing temperature. However, for fragile liquid these
correlation functions show significantly slower decay as
a function of R with decreasing temperature. & can be
obtained by simply fitting the correlation functions (see
SI for details). We also extracted & using block analysis
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FIG. 3. Overlap correlation as a function of cavity radius R
for strong glass former (a) and fragile glass former (b) at var-
ious temperatures. (c) Rescaled static length scale (&) as a
function of reduced temperature (re-scaled by onset temper-
ature (Tonset)). Here, E(Tonset) is the value of static length
scale at onset temperature. (d) Rescaled relaxation time
(To/70) as a function of £¢/T yielded a good data collapse
for all the different fragile liquids.

of relaxation time as proposed in Ref. [36] (see SI [27]
for details). The temperature dependence of the length
scale for different fragile liquids determined by point-to-
set method and block analysis method are shown and
compared in Fig. 3(c). We find that the length scales ob-
tained by these two methods are very similar for all the
studied systems. For better representation, we rescaled
&s by its value at onset temperature (temperature at
which the thermodynamic and dynamic properties be-
gin to depart from its high temperature behaviour [51])
and show the data only for temperatures below the on-
set temperature (see SI). For strong glass forming liquid
&s (“red squares”) does not grow much with decreasing
temperature, but for fragile glass forming liquid it (“blue
circles”) grows sharply as system approaches the glass
transition temperature.

Within the RFOT scenario, the structural relaxation
time of a system is related to &, as

»
A0 %(T>:| , (2)

Ta(T) = T exp [
where typical free energy barrier is A(T) = Ay £¥(T)
with ¢ being an apriori unknown scaling exponent. Aq
and 7y set the energy scale and microscopic time scale of
the system. Discussion regarding causal relation between
&s and 7, is elaborated in SI. Now, according to Fig. 3(c),
the typical free energy barrier for a strong glass former
remains nearly constant as & (red squares) stays nearly
constant, but rises (blue circles) sharply for a fragile lig-

uid as the temperature is lowered towards T}, resulting
in super-Arrhenius behaviour. We believe this is the
first numerical evidence that conclusively suggest that
&, controls the relaxation process including the drastic
change in fragility with changing density in supercooled
liquids. We also believe the above results are very gen-
eral and constitute a first clear demonstration that order
agnostic thermodynamic order (applicable to all generic
glass formers) is strongly correlated to fragility, rather
than some specific locally favored structure (LFS) [52-
54]. This result supports the previous theoretical model
[28] by demonstrating that the rise in fragility with in-
creasing density is linked to the increase in amorphous
order.
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FIG. 4. Dynamic length scale (£4) as a function of static
length scale (&) for all different degrees of fragile liquids.
A(p) is a density dependent scale parameter to bring all the
data together and to highlight their universal relationship.

Now, if 7, is solely depended on the thermodynamics
length scales as given in Eq.2, then one should be able to
collapse all the data of relaxation time for all the systems
with varying fragility on to a master curve by plotting
against ¢¥/T. To validate the above argument we plot-
ted the re-scaled relaxation time (7,/79) (re-scaled by
time scale (79) at very high temperature where & — 0)
as a function of Ag&¥(T)/T and find that data for all the
systems with different fragility collapses on to a straight
line as shown in Fig. 3 (d). We keep the exponent ¢ = 2.6
same while varying Ay. Good data collapse implies an
encouraging universality between the relaxation time and
the static length scale across systems with large change
in fragility. Encouraged by this finding, we investigate if
DH [55-57] is linked to the underlying microscopic struc-
ture, i.e. whether static and dynamic length scales are
universally connected. We plot &; against & in Fig. 4
for all the fragile liquids and find that &; has a universal
relationship with &, as & ~ €2 at least for the studied
model system. Universality of this power-law relation-
ship across various model systems can not be ascertained
from this study alone.

Conclusion: Taken together, our findings show that



by fine-tuning the system’s packing fraction, one might
achieve a bigger change in kinetic fragility in soft repul-
sive systems for delving deeper into the relationship be-
tween their kinetic fragility and the microscopic struc-
tural ordering. This could be easily tested experimentally
by using colloidal suspensions [58]. The heterogeneity
length scale for fragile liquid increases significantly faster
as the system approaches the glass transition tempera-
ture, whereas strong liquid shows much smaller increase.
All liquids show MCT critical like behavior near the MCT
temperature (7.), with an exponent v = 0.30 that is
close to the exponent anticipated by IMCT theory. We
show that the distinct temperature dependence of the
order agnostic thermodynamics length scale controls the
temperature dependence of the structural relaxation time
for all the fragile liquids indicting that widely different
temperature dependency of structural relaxation in vari-
ous glass-forming liquids is simply concealed in the local
amorphous order, whose growth determines whether a
system will be strong to fragile glass formers. Since the
material durability is an intrinsic property that is tightly
linked to its fragility index, we expect that our findings
will be useful to better understand the role of micro-
scopic structure in the emergence of fragility in future.
Finally, our observation that dynamic length scale is uni-
versally related to static length scale also hints that prob-
ably static length scale is the sole player in the physics of
glass transition.
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