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A Robust Comparison of Dynamical Scenarios in a
Glass-forming Liquid

Alessandro Vispa,® Sebastian Busch,” Josep Lluis Tamarit,” Tobias Unruh,¢ Felix
Fernandez-Alonso,*¢ and Luis Carlos Pardo*“

We use Bayesian inference methods to provide fresh insights into the sub-nanosecond dynamics
of glycerol, a prototypical glass-forming liquid. To this end, quasielastic neutron scattering data
as a function of temperature have been analyzed using a minimal set of underlying physical as-
sumptions. On the basis of this analysis, we establish the unambiguous presence of three distinct
dynamical processes in glycerol, namely, translational diffusion of the molecular centre of mass
and two additional localized and temperature-independent modes. The neutron data also provide
access to the characteristic length scales associated with these motions in a model-independent
manner, from which we conclude that the faster (slower) localized motions probe longer (shorter)
length scales. Careful Bayesian analysis of the entire scattering law favors a heterogeneous sce-
nario for the microscopic dynamics of glycerol, where molecules undergo either the faster and

longer or the slower and shorter localized motions.

1 Introduction

An understanding of the dynamics of glass-forming liquids at tem-
peratures significantly above the glass transition still represents a
much-coveted goal so as to establish a sound physical framework
to explore the undercooled liquid state. Although we have exper-
imental access to the equilibrium states of the liquid at high tem-
peratures, the very nature of glasses makes it impossible to probe
these at temperatures below the glass transition. Therefore, if
any theory or explanation is to be extrapolated to understand the
undercooled regime from knowledge of high-temperature equilib-
rium states, a consensus must first exist on the underlying physics
of the liquid phase at temperatures above the glass transition.
Such a consensus remains a challenge to the field, and often
the analysis of experimental data is invariably colored by specific
theoretical considerations. The primary aim of this work is to
provide a detailed and critical appraisal of QuasiElastic Neutron
Scattering (QENS) data by invoking physical models which are
as simple and general as possible. In doing so, we address two
specific questions about the dynamics of liquid glycerol, a pro-
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totypical glass-forming liquid: The first one concerns how many
distinct dynamical processes are present in glycerol in the sub-
nanosecond (ns) regime. The second one concerns whether a
HomoGeneus (dynamically driven, hereafter HG) L2 or HeTero-
geneous (structurally driven, HT) 3-° scenario better describes the
QENS data. To avoid the common pitfalls associated with “classi-
cal” data-analysis procedures (e. g., use of additional parameters
not justified by the information content of the data), we make
extensive use of Bayesian inference methods.

Glycerol is one of the most-studied “classical” glass-forming lig-
uids. %7 The dynamics of glycerol have been studied by dielec-
tric spectroscopy (DS),812 depolarized light scattering,!® Nu-
clear Magnetic Resonance (NMR), 1415 and QENS.16-20 More-
over, Molecular Dynamics (MD) simulations have been performed
in order to explore the dynamics of this glass-forming liquid. 2! An
early and quite extensive analysis of QENS data on glycerol was
performed by Wuttke et al.22-24 in the context of Mode Coupling
Theory (MCT). This study made extensive use of phenomenologi-
cal Kohlrausch-Williams-Watts (KWW) line shapes to describe the
slow dynamics. Very recently, Cicerone et al.# have shown that
the picosecond (ps) dynamics of glycerol and other glass-forming
liquids might be studied by recourse to a two-state scenario where
tightly and loosely caged domains coexist. Moreover, the liquid
dynamics seem to be driven primarily by structural features. In
what follows, we first examine the characteristic time scales of
these processes. Since our experiments have been performed as
a function of temperature, we will also compare relaxation times
with those obtained from DS, in order to gain additional insights
into the nature of fjg-relaxation phenomena. Finally, we ask
whether our QENS data are better described by the HG or HT via
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Fig. 1 (color online) Static structure factor S(Q) for glycerol at 7=380 K
(red circles), 345K (orange triangles), 316 K (green squares) and 292 K
(blue stars). The Q-range analyzed is Omin=0.6 A~! t0 Omax=1.3A"".
This region is sufficiently far away from the structure factor maximum
Smax at around 1.4 A~! to avoid strong contributions of coherent
scattering. 0=1.0 A~ is shown because the dynamic range is maximal
for this momentum transfer, and so is the amount of information
contained in the data. The solid lines are guides to the eye.

recourse to two first-order models built with a minimum number
of assumptions.

2 Materials and Methods

2.1 Measurements and data reduction

All experiments were performed using a glycerol sample pur-
chased from Sigma Aldrich with a purity greater than 99%. QENS
experiments were performed using the TOFTOF spectrometer at
the Heinz Maier-Leibnitz Zentrum (MLZ) in Munich (Germany)
using a resolution of 55 eV (full width at half maximum).2> The
samples were kept in hollow aluminium cylinders with a sample
layer thickness of 0.1 mm. This thin layer ensures a transmission
of ~85%, thereby rendering multiple scattering effects small. The
sample temperature was controlled with a closed-cycle refrigera-
tor, to collect QENS data at T = 292, 316, 345, 380K, correspond-
ing to 7, /T = 0.65,0.60, 0.55, 0.50.

The program FRIDA 26 was used for data reduction. From the
time-of-flight of the neutrons, the energy transfer between neu-
tron and sample was calculated; the measured double differential
neutron scattering cross section was transformed into the scatter-
ing function; an angle- and energy-dependent absorption correc-
tion was performed on both, the sample measurements and the
measurement of a vanadium standard which was used to deter-
mine the detector efficiencies and the instrumental resolution; the
detector efficiencies were normalized; and finally the momentum
transfer Q was calculated from the scattering angle and the en-
ergy transfer and slices of constant 0 were grouped together in
bins of 0.1 A1,

As shown in Fig. 1, the Q-range analyzed is between 0.6 A~!
and 1.3A~! where the coherent contribution is negligible. In en-
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ergy, the spectra were evaluated in the whole accessible region.

2.2 Data evaluation

Following the seminal work of Sivia and Carlile,27-28 the analysis

of the data has been performed using a Bayesian approach. In-
stead of simply finding the set of parameters that best fits the data
and its related minimum y?2, all parameters {P;} and associated
%2 values compatible with the experimental data and associated
uncertainties have been calculated using a Markov-chain Monte
Carlo process. 2930 Using this method, model selection is then
performed by considering the information content of entire yx2
probability density functions (PDFs), as opposed to relying on a
single value of the merit function or its reduced version. All data
analysis presented herein have been performed using the FABADA
and SIDRA software packages developed in our group. FABADA
was used to fit parametric models to the data and has been thor-
oughly described before.29-3! SIDRA was used to fit QENS data
with a free or parametrized distribution of modes so that the scat-
tering function S(Q,E) can be described as a function of momen-
tum (Q) and energy (E) transfer by: 32

n .

SQ.F)=AQ3(E) + L Bi@.T) (Efm> ™
where I is the energy width of the i-th Lorentzian function and
B;(Q,T) is the weight for each Lorentzian, being thus the col-
lection of {B;(Q,I;)},i=1,...,N the normalized probability distri-
bution function describing the dynamics of the system. B;(Q,I';)
can be easily transformed to the time domain so that the inter-
mediate scattering function /(Q,) can be written down as a dis-
tribution of simple exponential functions weighted by B;(Q, 7;).32
There are two main methods to obtain B;(Q, 7;), namely: from a
model-free distribution that can be determined, for example, by a
maximum entropy method; 32 or from a parametrized line shape
such as a Gaussian or the Fourier transform of a KWW distribu-
tion in the time domain.33 The maximum-entropy method has
the drawback that a KWW distribution is equivalent to the sum
of quasi-Gaussian modes,32 i.e., it is not possible to ascertain
whether the data are described by one or more dynamical pro-
cesses. For this reason, we have not adhered to this approach in
the present work, restricting ourselves to parametrized Gaussian
and KWW distributions.

In order to perform the analysis, the theoretical function
S(Q,E) must be convolved with the instrumental resolution
R(Q,E) in the energy dimension before comparison to the mea-
sured data. When the width of the theoretical function I is close
to the width of the energy bins of the data AE, the convolution
process artificially increases the broadening I'.34 This artifact is
especially prominent when fitting a diffusion process, since in this
case I is proportional to Q%. The calculated value of I is therefore
larger than the true one in the low Q region. In other words, as
soon as the line width T is similar to the energy bin width AE, a
deviation from the Q2 behaviour is observed which is not related
to any physical process, but to a numerical problem of the convo-
lution. In order to avoid this effect, the bin width must be chosen
smaller than twice the extracted line width, i.e. AE < 2I".34
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Fig. 2 (color online) (a) Data fits for glycerol at T =380 K and 0 =1.0 A~! using different models: two lorentzians (2L), three lorentzians (3L), a single
KWW relaxation (KWW), KWW plus a Gaussian distribution of relaxation times (KWW+G), and two Gaussian distributions (2G). Using the same

colors, panel (b) shows the corresponding x> PDFs.

3 Results and Discussion

3.1 Determination of the number of processes

To answer our first question, i. e., how many dynamical processes
are present in the measured dynamics of glycerol, a series of plau-
sible (and widely used) models has been analyzed, namely: a two
Lorentzian model (2L), a distribution of modes described by two
Gaussian PDFs, and another one described by a KWW plus a Gaus-
sian PDF (G+KWW). We have also compared all of these two-
component models with a simple three-Lorentzian model (3L)
and, for the sake of consistency, also to a single KWW distribu-
tion. In all cases, fits to the data were performed after convolu-
tion with the spectral resolution of the instrument. Fig. 2 shows
the results of this analysis and the resulting x> PDFs at T = 380K
and Q= 1.0A!. Model selection has been performed with the
program FABADA35-37 at 0 = 1.0 A~! because the dynamic range
and, therefore, the information content of QENS spectra are max-
imal at this particular Q. This momentum transfer is dominated
by incoherent scattering, as it lies significantly below the first and
most pronounced maximum of the measured structure factor lo-
cated at Qmax = 1.4A~! (see also Fig. 1).

Inspection of the resulting x> PDFs evinces that the 3L model
provides the best description of the experimental data (cf. Fig. 2).
Although one might argue that this conclusion could very well be
the result of an increase in the number of fit parameters relative to
simpler models, inspection of the underlying and well-separated
x% PDFs rules out this possibility in glycerol. In other words, the
two-component model fits using any combination of parameters
are invariably worse than those corresponding to the 3L model.

Given the popularity of the G+KWW model, we have also
performed a series of additional fits to obtain values for the
‘stretching’ parameter Bgxww at Q = 1.0 A1 as a function of tem-
perature. At the lowest(highest) temperature, we find Bxww ~
0.5(0.7). These values are in closer agreement with dielectric
spectroscopy®11 than previous QENS studies?3. Notwithstand-
ing this encouraging result, we stress that our Bayesian analysis
does not favour this particular model, as evidenced by the results

shown in Fig. 2.

3.2 Model comparison: homogeneous vs. heterogeneous

In order to gain further insights into the physical basis of the three
processes described by the 3L model in glycerol, we have per-
formed further model selection on the entire scattering function
S(Q,E) accessible in the QENS experiments. The aim of this ex-
ercise is to elucidate whether, in addition to the expected transla-
tional diffusion of the molecular centre of mass, all molecules are
subjected to: either two additional (and distinct) relaxation pro-
cesses affecting the entire ensemble (HG); or if some molecules
are moving faster than others giving rise to so-called islands of
mobility (HT).38:3% Mathematically the HG can be described by a
multiplicative ansatz of dynamical processes in the time domain
and, as such, it affects all molecules on the time scale of the a-
relaxation. The HT, on the other hand, is based on the arithmetic
sum of two processes, each one affecting a certain percentage of
molecules at a-relaxation time scales. With these considerations
in mind, the simplest (two-state) incoherent scattering functions
for the HT and HG read, respectively,

5(0,0)uc = yo+Lp® 2
[a(Q)-0(w) + (1 —a(Q)) La] ®
[b(Q)-6(w)+ (1-b(Q))Ly)

S(Q,0)ur = yot+Lp® 3)

{Pla(Q)-8(@)+ (1 —a(Q)) La] +
(1=P)[b(Q)-6(w) + (1 -b(Q)) L]}

where Lp is a Lorentzian line describing translational diffusion
with a spectral width proportional to the square of the momentum
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Fig. 3 (color online) (a) Representative QENS spectra for glycerol at T = 380 K and associated fits for the HT/HG (solid/dashed lines); (b) x> PDFs
obtained from global fits over the entire scattering function as discussed in the main text.

transfer, that is, I = DQ?, where D is the translational diffusion
coefficient. We note the intrinsic (linear) dependence of D on 02,
a relation that has been used to describe the experimental data
as a function of Q using a single fit parameter D. The remaining
(localized) motions are described by [P;(Q) - §(w) + (1 — P(Q)) Lp]
with P; = a,b. The dependence of the form factors a(Q) and b(Q)
on Q provides a measure of the associated length scales for these
motions.

In order to establish whether the spectral widths I'; associated
with localized motions are Q-independent, we have allowed these
to vary across Q at all temperatures. Results for 7 = 380K are
shown in the inset of Fig. 5 and demonstrate that, within exper-
imental uncertainties, they are Q-independent. In view of the
above, we have replaced a total of 16 parameters (2 Lorentzian
widths across 8 independent Q-values) by 2 Q-independent spec-
tral widths which were then fit simultaneously across all Q slices.
This reduction in the number of adjustable parameters results in
a drastic decrease in error bars. As explicitly shown by Egs. 2-3,
the use of Q-independent spectral widths to describe the localized
modes does not imply that the resulting Lorentzian modes are of
constant width, since convolution with the translational compo-
nent necessarily leads to spectral features of width I'; + DQ?.

The results of this analysis at two Qs are shown in Fig. 3a (an
overview over all fits are shown in Fig. 4), demonstrating that
both scenarios can describe the QENS data well. The resulting
%% PDFs are shown in Fig. 3b, where y? values correspond to
global values across all energy and momentum transfers probed
by QENS. Fig. 3b serves to highlight a significant overlap of the x>
PDFs for both models, which means that model selection in this
particular case is certainly more ambiguous than in the previous
case dealing with a determination of the total number of distinct
dynamical processes. Although in this case the HT is preferred
(both the minimum and maximum of the y2 PDF are located at
lower values), it is still possible that additional information en-
coded in an improved prior (or new measurements over a wider
range of length and timescales) could change the above conclu-
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Fig. 4 (color online) The quasielastic scattering function S(Q,E) of
glycerol (at 380 K) for all values of Q evaluated in this work. Also shown
are the best fits with the two models HG (solid green line) and HT
(dashed orange line).

sion. In any case, given the information at hand, the HT is favored.
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Fig. 5 (color online) Q-dependent linewidth T'; (HWHM) of S(Q, E) for
different temperatures. At each temperature, a clear Q> dependence of
I'; is observed, compatible with a diffusive motion. The lines show the
best fits of the function I'; = DQ? to the data. It is evident that diffusion
coefficients D obtained for the two models HG (full symbols and solid
lines) and HT (open symbols and dashed lines) are very similar.
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3.3 Physical parameters extracted from the HG and HT mod-
els

In both models, the peak is described by a Lorentzian line shape
with a half width at half maximum (HWHM) I'; which is related
to the diffusion coefficient D by I'; = DQ?. The diffusion coef-
ficient is obtained for each temperature and for the two tested
models (cf. Fig. 5). Across the whole temperature range, the
value of the diffusion coefficient is basically independent of the
employed model (HG or HT).

Fig. 6 reports the relaxation times t; = /i/I'; obtained for all
three processes of the HT and HG model. First of all, we find that
the obtained 7;s are independent of the model chosen and, there-
fore, their determination is robust. In addition to the relaxation
times Ty o, and Tp, associated with the two localized processes,
we also show the relaxation time Tmax at Qmax, a dynamical quan-
tity that describes the collective dynamics. As shown in Fig. 6,
the temperature dependence of Tmax is in good agreement with
collective a-relaxation data measured with DS.8-11 These two
datasets deviate slightly from each other as the temperature is
lowered because the timescales associated with translational dif-
fusion increase and, as a result, they approach the intrinsic energy
resolution of the QENS experiments. 40

As discussed previously,! the translational diffusion coeffi-
cients obtained from the QENS data are in line with literature
values. Thus, we may conclude that our quantitative determina-
tion of translational diffusion coefficients is robust, further cor-
roborating the physical validity of the priors defined by Egs. (2)-
(3). Concerning the localized modes, we find g, = 0.2ps and
Tslow = J-3ps, and both are insensitive to temperature. This, per-
haps surprising, insensitivity to temperature has been observed in
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Fig. 6 (color online) Relaxation map of glycerol as a function of
reciprocal temperature. Open (filled) symbols represent DS (QENS)
data. On the scale of this map, relaxation times for the HT and HG are
indistinguishable.
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Fig. 7 (color online) O-dependence of the parameters a (panels a and
b) and & (panels ¢ and d) for each temperature extracted from both, the
HG model (panels a and c) and HT model (panels b and d). Also shown
are fits of Cexp(—n2c20?).

other prototypical strongly associated liquids like hydrogen fluo-
ride.#%43 Whether this behaviour is characteristic of this family
of complex liquids remains an open question. On the basis of
these considerations, it is unlikely that the fjg relaxation mea-
sured by DS 2 is related to these dynamical processes probed by
QENS (see Fig. 6).

The analysis of the neutron scattering spectra does not only al-
low to extract the rates or relaxation times of the processes, it is
also possible to determine the length scale of the two confined
motions. The terms describing these motions of the molecule
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and tagged as slow and fast, respectively, are given in the scat-
tering function by [P,(Q) - 6(®w)+ (1 — P,(Q))Lp| where P, =a,b. In
Fig. 7 we present the Q-dependence of parameters a and b for the
two models and at all temperatures. These parameters exhibit
the same overall behaviour, namely they decrease with increas-
ing Q or T. Length scales ¢ associated with slow (7g,,,) and fast
(7ra50) dynamical processes have been obtained by considering the
first term of the cumulant expansion of the structure factor, 4>
a Gaussian term in Q that may be written as Cexp (—72620Q?).
The prefactor C in this cumulant expansion is used to account for
multiple-scattering effects, which translate into an effective re-
duction of the Elastic Incoherent Structure Factor obtained from
the QENS data.3* The fits to the data can be seen in Fig. 7.

For both the HT and HG, we find that the shorter length scales
correspond to “slow” movements taking place in the picosecond
time range and longer length scales are associated with “fast”
movements. This somewhat counter-intuitive result is physically
plausible provided that these two motions conform to different
microscopic mechanisms. In this context, the microscopic picture
recently proposed by Cicerone et al.# offers a natural explanation
of our results (see below). The o values are model dependent
both in terms of their magnitude and overall temperature depen-
dence, but in both the HT and HG, they increase with temperature
and are invariably larger for faster motions. For the HT, however,
both length scales are distinctly different over the entire temper-
ature range investigated in this work, whereas for the HG both
length scales converge to the same value at the highest temper-
ature investigated — while the two motions stay well separated
with regards to their speed. The HT scenario consists of two pop-
ulations (slow and fast molecules) the ratio of which shifts with
rising temperature in favor of more fast molecules (cf. Fig. 8).

The analysis of the QENS data presented above leads us to the
unequivocal conclusion that there are three distinct dynamical
processes taking place in liquid glycerol: one associated with the
centre-of-mass translational diffusion of the molecule as a whole;
and the other two corresponding to localized picosecond (slow)
and sub-picosecond (fast) motions, both of which are insensitive
to temperature. This result, together with our finding that fast
(slow) motions take place over long (short) length scales are in-
dependent of the underlying model chosen to fit the experimental
data.

Concerning the localized motions, it has to be noted that the
information provided by the measured scattering function is not
sufficient to establish a clear-cut preference for either physical
scenario; the HT is favored over the HG but we cannot exclude
that additional information might revert this order. For the less
likely HG, all molecules would be subjected to the same two types
of motions, which we call rattling and hopping, at all times and
also these two mechanisms would need to hold at all tempera-
tures. The (smaller) rattling motion would need to occur on a
slower time scale than the (larger) hopping and, at temperatures
approaching T = 380K, the two length scales merge (cf. Fig. 8),
although their associated relaxation times are still clearly different
(cf. Fig. 6). Our results for the HG scenario at high temperatures
are also compatible with the microscopic mechanism proposed by
Mamontov, 20 with rattling motions described by confined diffu-
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sion on a sphere and fast motions by intramolecular localized mo-
tions. Given the information encoded in our QENS data, the HT
is the more plausible option, whereby a sizable and temperature-
dependent fraction of the molecular ensemble undergoes faster
motions over longer length scales. Following the work of Cicerone
et al.,* these motions would be associated with molecules belong-
ing to regions in the fluid dominated by collective dynamics. The
remainder of the ensemble would then move more slowly over
shorter length scales, a contribution that one could tentatively
ascribe to “normal-liquid regions”.® These motions are well sep-
arated in relaxation time over the entire temperature range in-
vestigated, and show no signs of merging into a single dynamical
process.
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