
HAL Id: hal-04504227
https://hal.science/hal-04504227v1

Submitted on 17 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Crossing the frontier of validity of the material time
approach in the aging of a molecular glass

Marceau Hénot, Xuan An Nguyen, François Ladieu

To cite this version:
Marceau Hénot, Xuan An Nguyen, François Ladieu. Crossing the frontier of validity of the material
time approach in the aging of a molecular glass. Journal of Physical Chemistry Letters, 2024, 15,
pp.3170-3177. �10.1021/acs.jpclett.4c00527�. �hal-04504227�

https://hal.science/hal-04504227v1
https://hal.archives-ouvertes.fr


This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for publication
in The Journal of Physical Chemistry Letters after peer review (Copyright© 2024 American Chemical Society). To
access the final edited and published work see https://doi.org/10.1021/acs.jpclett.4c00527 M. Hénot, X. A. Nguyen,
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Crossing the Frontier of Validity of the Material Time Approach in the Aging of a
Molecular Glass

Marceau Hénot,1 Xuan An Nguyen,1 and François Ladieu1

1SPEC, CEA, CNRS, Université Paris-Saclay, CEA Saclay Bat 772, 91191 Gif-sur-Yvette Cedex, France.∗

We studied the physical aging of glycerol in response to upward temperature steps of amplitude
ranging from 0.3 to 18 K. This was done using a specially designed experimental setup allowing to
quickly heat up a liquid film while measuring the evolution of its dielectric properties. Despite the
non-linear evolution of these observables for large steps, a fictive temperature could be obtained. In
the case of moderate step amplitudes, we checked that the material time approach in its simplest
form, the Single Parameter Aging (SPA) applies well. The memory kernel extracted from the quasi-
linear regime was used to test its frontiers of validity for significant step amplitudes. We showed
that the observations deviate from the prediction of the material time framework and of the SPA
simultaneously. As these approaches link aging to equilibrium dynamics, our results help setting
the bounds beyond which new theoretical arguments are needed.

Glasses are systems whose disordered structure resem-
bles that of liquids, but that appear stuck in an out-
of-equilibrium state due to prohibitively long relaxation
times. They are nevertheless evolving towards their
state of equilibrium through microscopic relaxation [1].
The resulting evolution of their macroscopic properties
is called physical aging and is of practical importance for
a wide range of materials. Its effect during the produc-
tion of network glasses controls their final properties [2]
whereas for final products, it can be responsible for un-
wanted drift of physical properties such as electrical re-
sistivity [3], gas permeability of polymer films [4], or sta-
bility of amorphous pharmaceutical products [5]. From
a fundamental perspective, the study of aging provides
information on the out-of-equilibrium relaxation mecha-
nisms [6, 7].

A typical aging experiment consists in setting a system
out-of-equilibrium, for instance by the application of a
mechanical load [8], a static electric field [9] or a change
in temperature [10–18], and observing its reequilibration
dynamics through the evolution of a quantity such as its
enthalpy [16, 18], density [19], refractive index [18] or di-
electric quantities [12–15]. In an ideal step experiment,
care is taken to destabilize the system quickly enough so
that no relaxation occurs, thus simplifying the interpre-
tation of aging dynamics [9, 14, 15, 20, 21]. When the
amplitude of the perturbation is extremely small, the
response is linear (i.e. simply proportional to the per-
turbation amplitude) [15]. However, temperature step
experiments are usually not in this regime, as an am-
plitude of only a few kelvins already yields a non-linear
response. This is related to the extreme dependence of
the equilibrium relaxation time with temperature that
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easily leads to a significant contrast in the dynamics of
the initial and final states. This is called the fictive tem-
perature effect and leads to an asymmetry of approach:
reaching equilibrium is faster when starting from an ini-
tially higher temperature than from a smaller one. The
Tool-Narayanaswamy (TN) formalism [2, 22] was shown
to be very powerful at quantitatively describing this ef-
fect [9, 14, 15, 17–20, 23–26]. It is based on the idea
of a material time with respect to which the system re-
sponds linearly and homogeneously to even significantly
large perturbations. This material time flows at a rate
controlled by an out-of-equilibrium relaxation time that
itself ages. The performance of this phenomenological
model has motivated recent studies aiming at investigat-
ing the potential deeper physical meaning of the mate-
rial time [16, 27–29]. When the temperature step am-
plitude, and thus the distance from equilibrium, is in-
creased, deviations from the TN prediction start to be
perceptible [15, 18]. An extreme illustration is the hetero-
geneous equilibration dynamics observed in ultrastable
glasses [30] which display an exceptional stability [31, 32].
Their annealing close to the glass transition temperature
Tg can be compared to an extremely large temperature
step experiment. In strong contrast with the homoge-
neous picture of the TN formalism, their aging dynamic
was shown to be controlled by the nucleation and growth
of equilibrated regions [33–35].
In this article, we study the aging of supercooled glyc-

erol in response to upward temperature steps and we fo-
cus on characterizing how the material time approach
starts to fail when increasing the step amplitude. Large
ideal upward temperature steps are notoriously diffi-
cult to achieve experimentally as they either require a
long equilibration phase below Tg or a high tempera-
ture change rate. We developed an original experimental
setup allowing to quickly heat up a 25 µm thick glyc-
erol film and maintain it at a constant temperature while
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measuring the evolution of its dielectric properties. The
40 ms long heating phase, 50 times faster than state of
the art setup [14, 15] and 2000 times faster than commer-
cial setups, allows to apply large ideal temperature steps
from an equilibrium state. Starting from small step am-
plitudes close to the linear regime, we check the validity
of the material time approach in the moderate ampli-
tude regime. By extracting in this framework the out-of-
equilibrium relaxation time, we analyze how it progres-
sively fails when increasing the step amplitude well below
the limit at which the heterogeneous process takes over.

The experimental setup (see fig. 1a and SI) allows to
apply to a liquid, initially equilibrated at T0, a change
in temperature within a time th = 40 ms with an ampli-
tude ∆T ranging from +0.3 to +18 K. The temperature
is then maintained constant at T1 = T0 +∆T during up
to tmax = 50 s by injecting on one side of the film a con-
trolled heat flux through a sequence of heat pulses (see in-
set of fig. 1b) [21]. This technique, is by nature, limited to
upward temperature steps. The response of the liquid is
probed through the complex capacitance C⋆ = C ′ − jC ′′

measured at fixed frequency f of an Interdigitated Elec-
trodes system (IDE) in contact with the other side of the
film. This quantity is directly related to the dielectric
permittivity ϵ⋆ of the liquid in the first few micrometers
near the electrodes [36, 37]. The temperature step itself
can be characterized at a high enough temperature T0 so
that the relaxation time τα(T0 = 207 K) ≈ 8 ms is shorter
than th and the capacitance measurement can be used as
a thermometer. The temperature, denoted Tfrom C(t), is
obtained by mapping the capacitance measured at equi-
librium (see SI). The result is shown in fig. 1b and it can
be checked that beyond the 5% total amplitude sawtooth
oscillations resulting from the heating pulses (see fig. 1b),
the temperature stays constant within a range smaller
than 2% of ∆T . These small variations are reproducible
and are taken into account in the data analysis.

At low initial temperature T0, the relaxation time of
the liquid is much longer than th and a temperature step
sets the liquid out-of-equilibrium in an ideal manner i.e.
without letting the system relax during the heating (see
SI). Fig. 1c displays the measurement of C ′(t) and C ′′(t)
at f = 1.12 kHz (top) and f = 3.0 kHz (bottom) fol-
lowing a step of amplitude ∆T = 10.2 K starting from
T0 = 188 K. For all data, we observe a fast change dur-
ing the heating phase, followed by a slow evolution (here
during ≈ 5 s) before a plateau is reached. As shown
in fig. 1d, these data can be converted in temperature
units Tfrom C by mapping them with the equilibrium ca-
pacitance values. Except for t < 0 and after equilibra-
tion, this quantity does not correspond to the tempera-
ture of the phonons as the system is out-of-equilibrium.
It is interesting to note that, although the four curves
(C ′(t) and C ′′(t) at both frequencies) do not follow ex-
actly the same dynamics (this is especially visible for
f = 1.12 kHz), all those data collapse well once plot-
ted into temperature units. The inset of fig. 1d, which
is a short time zoom, shows that Tfrom C partially fol-

lows the temperature change. This corresponds to the
glassy response of the system that can be associated with
the volume change and the effect of fast processes [38].
The slower evolution that follows corresponds to physi-
cal aging. The quantity, well suited by construction, to
describe this out-of-equilibrium response in temperature
units, is the fictive temperature Tf [39], made continuous
by the subtraction of the glassy response. A traditional
way to obtain it is to assume that the glassy response
varies linearly with T with a constant slope measured be-
low Tg. However, in this frequency range, and for large
∆T , the dielectric response of such a polar liquid does not
evolve linearly with the temperature in the liquid regime.
To overcome this problem, we chose to obtain Tf(t) by
applying the classical procedure to Tfrom C rather than
to C ′ or C ′′. This corresponds to assume that:

∆Tfrom C(t) = κ∆T + (1− κ)∆Tf(t) (1)

where κ is a coefficient characterizing the glassy response,
i.e. the fraction of the ∆Tfrom C step occurring during the
heating phase. It is determined on each dataset by en-
suring continuity of Tf (∆Tf(t = 0) = 0). Increasing the
step amplitude from 0.3 to 18 K leads to a 20 % decrease
in κ which could be due to the effect of β relaxation oc-
curring during the heating phase [15]. For the smallest
step amplitude, the values of κ are almost the same for
C ′ and C ′′, but they differ for larger steps (see SI). This
can be due to the fact that C ′, contrary to C ′′, is sensible
to the high-frequency polarizability of the liquid ϵ∞ that
can have a different glassy response [9]. This is a limi-
tation of the method by which we obtain Tf that starts
to have consequences for the largest steps performed in
this work (∆T ≥ 15 K). But as detailed below, for those
large steps the physical relevance of Tf itself is in ques-
tion. The resulting fictive temperature evolution, locally
averaged over a log time scale to remove the saw-tooth
oscillations, is shown in fig. 1e. The protocol is validated
by the fact that, for already such a large ∆T , C ′ and C ′′

measured at two different frequencies, despite displaying
slightly different evolution, all lead to the same Tf up to
significantly large step amplitudes.

The response of glycerol to temperature steps of am-
plitude ranging from 0.34 K to 17.9 K was measured
with initial temperature between T0 = 193 K and 184 K
chosen to maximize the ideality of the step experiment
(i.e. to keep the initial relaxation time large compared
to th, its decrease with ∆T can to be compensated by
decreasing T0, see more details in SI). The resulting nor-
malized fictive temperature evolution ∆Tf/∆T (obtained
from the average between C ′ and C ′′) is shown in fig. 2a.
For the smallest step amplitude, the transformation time,
i.e. the time needed for complete reequilibration of the
liquid, is of the order of a few τα(T1). As the step am-
plitude increases, the transformation time also increases
with respect to the equilibrium relaxation time, reach-
ing 40τα(T1) for ∆T = 17.9 K. This is a consequence of
the fictive temperature effect: the out-of-equilibrium re-
laxation time of the system is initially much larger than
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FIG. 1. (a) Schematic of the experimental setup consisting of a heating Indium-Tin-Oxyde electrode and an IDE separated by a
25 µm thick spacer and sandwiching a (not shown) glycerol film. A magnified picture of the IDE is shown. (b) Characterization
of the temperature step measured at T0 = 207 K using C′ (blue) and C′′ (red) as a thermometer. The inset shows a zoom on
the heating phase of duration th and on the applied heating flux sequence (grey) used to heat and then maintain a constant
temperature. (c-e) Response of the liquid to a temperature step of amplitude ∆T = 10.2 K starting from T0 = 188 K (c)
Raw measurements of C′ (blue) and C′′ (red) at f = 1.12 kHz (top) and f = 3.0 kHz (bottom). The inset is a zoom showing
saw-tooth oscillations originating from the heating flux sequence. (d) Same as c. plotted in temperature units. The actual
temperature is shown with a dashed grey line. The inset is a short-time zoom. (e) Fictive temperature evolution ∆Tf obtained
from eq. 1.

τα(T1). As for the magnitude of this effect, it can be com-
pared to the 200τα(T1) measured on the same liquid for
∆T = 45 K [21] and the 106τα(T1) for the rejuvenation
of an ultrastable glass (with ∆T ≈ 60 K) [33].

In the TN framework, the material time ξ is controlled
by the out-of-equilibrium relaxation time of the system
dt = τ(T, Tf)dξ. Upon aging, this makes ξ flow at a vari-
able rate compared to the observer time t. The central
assumption is that with respect to the material time, the
system responds linearly to any perturbation T (ξ):

Tf(ξ) = T (ξ)−
∫ ξ

0

M(ξ − ξ′)
dT

dξ′
dξ′ (2)

whereM is the memory kernel of the system. For an ideal
temperature step, T (ξ > 0) = T0 + ∆T , dT

dξ′ = ∆Tδ(ξ′)
where δ is a Dirac delta function. The evolution of fictive
temperature is thus directly linked to M :

∆Tf(ξ) = ∆T (1−M(ξ)) (3)

It was shown that, for organic liquid, the material time
governing aging is the same than the one controlling the
α peak measured by dielectric spectroscopy [14] and that
for moderate temperature steps the out-of-equilibrium
relaxation time has no memory, meaning that τ(t) =
τ(T (t), Tf (t)) [20]. This implies that all relaxation modes
constituting the spatially heterogeneous dynamics, age
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FIG. 2. (a) Normalized response ∆Tf/∆T as a function
of t/τα(T1) to temperature steps of amplitude ranging from
0.34 K to 17.9 K and with decreasing T0 to maximize step
ideality. Solid lines correspond to the SPA prediction with
x = 0.35. (b) Same quantity plotted as a function of the ma-
terial time ξSPA computed from the SPA with x = 0.35. The
black solid line corresponds to the reference kernel obtained
from the smoothed mixed data of ∆T < 0.68 K. The blue
dashed line is a memory kernel obtained from equilibrium di-
electric spectra. The inset shows only these two.

at the same homogeneous rate, controlled by τ , and
obey a time aging-time superposition [40]. This justi-
fies the characterization of the out-of-equilibrium state
by a unique scalar quantity Tf .
The main challenge in applying the TN formalism is

the knowledge of the out-of-equilibrium relaxation time
τ(T, Tf). In the case of an Arrhenian dependence of τα,
one simple way to express it is [2, 41]:

ln τ(T, Tf) = x ln τα(T ) + (1− x) ln τα(Tf) (4)

where x is the non-linearity parameter which is sys-
tem dependent. It expresses the relative importance of
the effects of the temperature bath T and of the out-
of-equilibrium structure characterized by Tf . The case
of liquids displaying a super-activated behavior is, in
principle, more complex, but for small enough temper-
ature step amplitude, the single parameter aging formal-
ism (SPA) leads to an excellent agreement with experi-
ments [15, 24, 25]. In this approach, ln τ(t) is assumed
to be given by:

ln τ(t) = ln τα + Λ(X(t)−Xeq) (5)

where X(t) is a measured physical quantity (that plays
the role of Tf) and Λ is related to x. This is equivalent
to a Taylor expansion of eq. 4 which can be rewritten as:

ln τ(T, Tf) = ln τα(T ) + (1− x)
d ln τα
dT

∣∣∣∣
T

(Tf − T ) (6)

By definition, the memory kernel M is the response
to an extremely small temperature step. With a precise
enough experimental setup, it can be measured directly
as in ref. [15] for relative amplitude ∆T/T1 smaller than
0.06 %, and then used to independently test the SPA and
demonstrate the existence of a material time. Another

way, that does not require a direct measurement of M ,
is to consider the non-linear responses of two steps of
different amplitudes and to transform one data-set into
another using the SPA [25] (eq. 6). In the present work,
we use an intermediate approach by considering the re-
sponse to small step amplitudes ∆T < 0.7 K that are
not strictly in the linear regime. For these, the relax-
ation time is nevertheless dominated by the first term
of eq. 6 and ξSPA is thus only weakly dependent on the
value of x. On the one hand, this does not allow to pre-
cisely determine x and we can only state that it lies in
the range x ∈ [0.1; 0.6] (see SI). On the other hand, this
provides a way to determine the kernel without making a
strong assumption on x or even on the form of τ(T, Tf).
We obtained M(ξ) by merging and smoothing the data
coming from the two datasets ∆T = 0.34 and 0.68 K with
x = 0.35 chosen as the middle of the range. The result
Mref(ξ) is shown in fig. 2b as a solid line. This kernel
characterizes the time distribution controlling the struc-
tural recovery of the system. It is far from exponential
with a stretching coefficient of β = 0.50, almost identi-
cal to the 0.51 determined in ref. [17] on glycerol using
shear rheology as a probe of aging. As the kernel corre-
sponds to the linear response of the system to a change
in temperature, it is interesting to compare it to the lin-
ear response to another kind of perturbation. The blue
dashed line in fig. 2b corresponds to a kernelMα obtained
from dielectric spectra (see SI) which is the response to
a small change in electric field. Although the mean time
scale is very close, Mα appears slightly more exponen-
tial than Mref (β = 0.65). For the reasons mentioned
above related to the paradoxical homogeneous structural
recovery while the structural relaxation is known to be
spatially heterogeneous, the question of how these two
time-scale distributions compare to each other is an ac-
tual question in the literature [9, 40, 42].

The reference kernel Mref can be used to compute
the prediction of the SPA. The non-linearity parameter
giving the best agreement at moderate step amplitude
(∆T < 4 K) is x = 0.35 with the result shown with
solid lines in fig. 2a. This value is not very far from
the x = 0.29 obtained in ref. [17] on glycerol. As ex-
pected, the agreement with experiments is very good in
this range of moderate ∆T but progressively worsens as
∆T increases (see SI). It qualitatively captures the in-
crease of the transformation time with ∆T but underes-
timates it by a factor of 2 for ∆T = 17.9 K. Another way
to assess the validity of the SPA is to plot the normalized
response as a function of ξSPA as in fig. 2b: it is the kernel
that would reproduce the experimental results with the
SPA. While the data collapses well on the reference ker-
nel for moderate step amplitude, this is not the case for
larger steps. As shown in the SI, with the SPA, no value
of x gives a satisfactory agreement for large temperature
steps. This is not a surprise as it is expected by construc-
tion that the SPA should fail when Tf − T is too large.
The quantitative limit that we find (≈ 4 K or ≈ 2 %
of relative temperature change) is of the same order as
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what was reported for glycerol [25] or other systems in
the case of upward steps [15, 18].

The value of the non-linearity parameter x extracted
above deserves to be commented as it gives quantita-
tive information on the role of T and Tf for this partic-
ular system. Ideal temperature steps are assumed to be
isostructural transformations: contrary to the tempera-
ture bath, the structure of the liquid has not had the
time to change. Under the assumption that the out-
of-equilibrium states can be mapped onto equilibrium
states [20], some authors have taken advantage of the
density scaling approach [16, 43]. Indeed, the equilib-
rium relaxation time of liquids can usually be described
by only one parameter Γ that itself depends on T and on
the specific volume [44, 45]. Recently Di Lisio et al. [16]
assumed that the mapping between τ and its equilibrium
values could be obtained by considering Γ at the tempera-
ture of the phonons and at the out-of-equilibrium density,
thus allowing to compute τ without any free parameter.
However, in the specific case of glycerol and in the limit
of small step amplitude, this approach gives x ≈ 0.85
([45, 46] see SI), out of the range of acceptable values
mentioned above. This discrepancy may be related to
the low density scaling exponent of glycerol compared to
the five liquids studied by the authors. Nevertheless, it
is important to note that the aforementioned approach
is not the only one proposed in the literature. Niss [43]
made a different conjecture that carefully separates the
effect of the kinetic temperature bath (controlled by Γ
computed as above) and of the scaled activation energy
(described by a ”fictive” Γ). Although our experiments
do not allow to check quantitatively this conjecture, we
note that, in comparison with the approach mentioned
above, it predicts a smaller x value by reducing the in-
fluence of the temperature bath in τ , and thus bringing
its value closer to our measurements (see SI).

As the SPA is a version of the TN in which τ(T, Tf) has
a particularly simple form, one might ask whether there is
a range of step amplitude for which a more complex form
of τ(T, Tf) would give a better agreement. For example,
the next order of the Taylor expansion may be required to
describe larger distances from equilibrium. There are also
a lot of different analytical forms for τ proposed in the
literature [19, 47]. In order to answer this question, we
take advantage of the reference kernel determined above
to extract τ(T, Tf) from the experimental data by relying
on a TN central assumption: M(ξ) is independent of ∆T .
As shown in fig. 3a, the measured normalized response
is mapped onto the reference kernel to link the observer
and material times using the relation:

∆Tf(t)

∆T
= 1−Mref(ξ) (7)

The result t(ξ) is plotted with markers in fig. 3b for var-
ious step amplitudes. For the smallest one (in blue),
the relationship is almost linear. This is expected as in
the case of an infinitely small step: t = τα(T1)ξ. For
the largest step (in red) the concave shape connects the

initial slow dynamics to the final faster one. The out-of-
equilibrium relaxation time is given by:

τ(T, Tf) =
dt

dξ

∣∣∣∣
T,Tf

(8)

The result of the differentiation of the experimental data
is shown in fig. 3c alongside with the equilibrium relax-
ation time τα(T ) (in grey). This procedure, although not
identical, is equivalent to the one used in ref. [20]. All
datasets follow the same behavior: the upward tempera-
ture jump corresponds to a downward jump in relaxation
time from τα(T0) to τ0 = τ(T1, Tf = T0). A progressive
decrease follows until the final value τ1 = τ(T1, Tf = T1)
is reached. As a reference, the SPA with x = 0.35 is
shown as solid black lines. A way to compare all datasets
with respect to each other, shown in fig. 3d, is to plot the
ratio τ/τα(T1) as a function of the distance from equilib-
rium (Tf − T1)|d ln τα/dT |T1 . Following eq. 6, with the
SPA, all data should collapse on a single straight line of
slope 1− x. As expected from the above discussion, it is
the case only for the moderate steps (∆T < 4 K). Surpris-
ingly, in all cases, the initial relaxation time τ0 is close to
the one predicted by the SPA and the discrepancy comes
from the final time τ1. For the smaller steps, it meets
well the equilibrium relaxation time τα(T1) (shown as
black crosses). However, as ∆T increases, a discontinu-
ity between these two values appears and grows. The
ratio τ1/τα(T1) is plotted in fig. 3e. For ∆T < 0.7 K
it is equal to 1 by construction as those data are used
to determine Mref . It then displays a small but visible
increase even for moderate step amplitude and excess 2
for the largest steps. This is much larger than the uncer-
tainty on τ1 resulting from the ±1% uncertainty on ∆T .
It is important to recall that τ is not measured here, it is
deduced assuming that the TN holds. This discontinuity
of the relaxation time which seems physically impossible
should be seen as a consequence that the TN does not
apply. Imposing τ1 = τα(T1) would require making M
dependent on ∆T and would be incompatible with the
linear response assumption of the TN. Consequently, in
the case of upward temperature steps of more than a few
percent of relative amplitude, the memoryless assump-
tion of τ(t) becomes less and less valid. This means that
changing the form τ(T, Tf) beyond the SPA would not
lead to a better agreement and the frontier of validity
of the material time approach is very close to the one of
the SPA. It should be noted that the deviation from the
TN that we discuss here is visible but weak. By letting
some freedom in the kernel (which would not make sense
in the framework of this study), it would be possible to
get a better agreement. This is consistent with the fact
that in ref. [21], despite the larger distance to equilib-
rium, the TN approach helped in getting a qualitative
understanding of the aging behavior following a complex
thermal treatment.

The aging of very far-from-equilibrium systems has
been reported to be very different from the homoge-
neous picture of TN approach. The reequilibration of



6

T0 = 192 K T0 = 190 K T0 = 188 K

T0 = 184 KT0 = 185 KT0 = 186 K

ΔT

T1

T0

Tf (K)

(s
)

x = 0.0
x = 0.35

a.

c.

d. e.

b.

ln

1-Mref

SPA
Exp.

ln ΔT

FIG. 3. (a) Schematic showing the determination of ξ(t) by combining an experimental dataset (left) and the reference memory
kernel (right). (b) Observer time t as a function of the material time ξ for some of the data shown in fig. 2a with the same
colorcode. (c) Out of equilibrium relaxation time τ(T1, Tf), computed assuming the validity of the TN, as a function of Tf

(colored markers). The grey markers and solid lines correspond to τα. The vertical dashed lines locate the initial fictive
temperature T0 while black crosses locate the final equilibrium state at T1. The solid black lines correspond to the SPA with
x = 0.35. (d) Out-of-equilibrium relaxation time as a function of the distance from equilibirum plotted in a way that would
lead for the SPA to a collapse on a straight line. The black solid line corresponds to x = 0.35. (e) The ratio of the final
relaxation time τ1 deduced in the TN framework with the final equilibrium relaxation time as a function of the step amplitude
from T0 = 184 K (dark purple) to 193 K (yellow).

ultrastable glasses, also called rejuvenation, was shown,
both experimentally and numerically, to be very hetero-
geneous [33–35, 48] with patches of equilibrated liquid
nucleating and growing inside a matrix of still far-from-
equilibrium material. By varying the initial stability of
the glass, Vila-Costa et al. [35] have evidenced a transi-
tion between this heterogeneous mechanism and a pro-
gressive and cooperative behavior more in line with what
we observe in the present work. This was rationalized by
the strong dynamic contrast that can exist between the
out-of-equilibrium initial state and the final equilibrated

liquid. It could be quantified by a threshold separating
the two regimes at a transformation time (180±60τα(T1))
for a TBD glass. In the present work on glycerol we
are significantly below this limit with a transformation
time reaching at maximum 40τα(T1) for ∆T = 17.9 K.
But there likely is a smooth transition connecting the
SPA/TN compatible homogeneous mechanism to the het-
erogeneous picture. In this region, it should become
harder and harder to characterize the state of the system
with only one quantity (for example Tf) and it is some-
thing we observe for the largest step amplitudes tested
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in this work with an increasing difference in Tf obtained
from C ′ and C ′′ (see SI). For larger steps, more use-
ful physical information could be obtained by measuring,
during aging, the dielectric loss much closer to the α re-
laxation frequency as it is done for example in high elec-
tric field aging experiments [40]. This should be made
possible by the large transformation time allowing to use
a probe frequency close to the final relaxation rate.

We further improved the experimental method de-
scribed in ref. [21] that now allows to set a supercooled
liquid out-of-equilibrium by applying upward tempera-
ture steps with a wide range of amplitude while mea-
suring its dielectric response during reequilibration. The
significant separation between the heating time and the
relaxation time of the system, allowed us to perform
ideal temperature step experiments for relative ampli-
tude reaching 10 %. For a fragile liquid such as glycerol,
this corresponds to a contrast between initial and final
relaxation time reaching 2× 104, thus leading to signifi-
cant non-linearity in the response. The same setup was
used to perform experiments for small temperature steps
close to the linear regime. We constructed a fictive tem-
perature consistent with both real and imaginary parts of
the dielectric measurements for almost the whole range
of amplitude steps. The material time approach in its
simplest form (the SPA) was shown to give an excel-
lent agreement for steps reaching a few percent of rel-
ative amplitude, in agreement with the literature. In the
TN framework, and relying on the response measured
at small amplitudes, we deduced the out-of-equilibrium
relaxation time. We showed that the concept of mate-

rial time, based on the idea of a memory-less relaxation
time, progressively shows its limits as ∆T/T1 exceeds a
few percent. Notably, it appeared that the TN could not
be extended beyond the SPA by assuming a more com-
plex form for the relaxation time or by pushing further
its Taylor expansion. In other words, for the molecular
glass former studied here, the TN approach and its sim-
pler form, the SPA, fail simultaneously. In the future, it
would be interesting to test this on other glassformers.
The experimental setup presented in this work could be
pushed further in order to reach a wider range of tem-
perature step amplitude with the hope of probing aging
following upward steps continuously from the quasi-linear
regime to the heterogeneous one.

I. MATERIALS AND METHODS

Materials and methods for this study can be found in
the Supporting Information.

Experimental methods. Determination of the α relax-
ation time, of the equilibrium relaxation kernel, of the
fictive temperature from dielectric measurements. Justi-
fication of the step ideality. Application of the SPA and
determination of the non-linearity parameter related to
density scaling concepts.

The authors are grateful to LABEX PALM, IRAMIS
Institute and Paris-Saclay University for financial sup-
port. This work was supported by ANR PIA funding:
ANR-20-IDEES-0002.
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I. EXPERIMENTAL METHODS

The experimental setup, shown in fig. 1a of the main text, consists in a 25 µm thick layer of glycerol (purchased
from Sigma-Aldrich, ≥ 99.5 %), sandwiched between a heating plate and a set of Interdigitated Electrodes (IDE)
separated by a mylar spacer. The former is a 1 mm thick glass plate covered by a 80 nm thick ITO (Indium-Tin-
Oxyde) layer whose electrical resistance between each side is r = 49 Ω (copper layers are vapor-deposited on the sides
to ensure electrical contact). The heating power is supplied by a Fontaine ALS3020 DC power supply and the pulse
sequence is controlled by a MOSFET transistor and an Arduino Due micro-controller.

The IDE consists of 240 pairs of 3 mm long, 100 nm thick copper lines of width w = 6 µm and separated by each
other by a distance l = w. They were made on a 1 mm thick glass plate using optical lithography and a lift-off process
(with S1805 and LOL2000 photoresists). The IDE capacitance C = C ′ − jC ′′ was measured by associating it with
a R = 50 kΩ resistor, by applying (with a SR830) a sinusoidal voltage valim(t) of RMS amplitude ⟨v2alim⟩ = 4 V and
frequency f = 1.12 or 3 kHz to the whole. Both valim(t) and the voltage across the resistor vR(t) were acquired using
a RTB2004 oscilloscope. The amplitude ratio and phase shift between both signals were determined for each period,
allowing to obtain C ′(t) and C ′′(t) (see fig. 1c of the main text). The measurements performed at f = 1.12 kHz (for
the smaller ∆T ) were averaged between 220 and 25 times depending on the noise level. For larger ∆T , at f = 3.0 kHz
only one measurement was made.

The heating pulse sequence required to maintain the temperature constant is determined using a 1D thermal
numerical simulation is used for t < 0.5 s [3]. For t ∈ [0.5, 50] s, it is determined by trial and error using the IDE as
a thermometer at T0 = 207 K.

∗ Corresponding author: marceau.henot@cea.fr
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II. DETERMINATION OF τα(T )

The complex capacitance C⋆ of the IDE is given by:

C⋆ = ϵ0leq(ϵ
⋆ + ϵsubtrate) (S1)

where ϵ0 is the dielectric permittivity of vacuum, ϵ⋆ and ϵsubstrate are the complex relative permittivity of the liquid
and of the substrate respectively and leq = Nl with N the number lines attached to each electrode and l their length.

The dissipation in the substrate can be neglected, and the imaginary part of the IDE capacitance is directly
proportional to the dielectric loss of the liquid C ′′ ∝ ϵ′′.

The spectra C ′′(w) shown in fig. S1a were measured at equilibrium at different temperatures. The α peak is well
visible for T ≥ 194 K and the α relaxation time (solid markers in fig. S1c) was obtained from the peak angular
frequency τα = 1/ωα. For T ≤ 190 K for which the peak was not visible, τα was determined by taking advantage
of the fact that the maximum of the dielectric loss is proportional to 1/T up to negligible corrections and thus that
all spectra should collapse (at least close to the α peak) when plotted as TC ′′ as function of ωτα (see fig. S1b). The
values of τα obtained this way are shown in fig. S1c with empty markers.

A VFT law τα(T ) = τ0 exp(
A

T−TK
) was fitted on the data and is shown in black in fig. S1c, with best parameters

τ0 = 0.96 fs, A = 2380 K and TK = 127 K.

a.

b.

c.

188 K

204 K

Exp. data
GGE fit

FIG. S1. (a) Imaginary part C′′ of the capacitance formed by the comb-type electrode as a function of the pulsation ω
measured at equilibrium at temperature ranging from 188 to 204 K with 2 K increment. (b) Same data vertically scaled by
T and horizontally scaled by τα. The red dashed line is a GGE fit [4]. (c) Corresponding values of τα as function of T . Solid
markers correspond to a determination from the α peak in a. while empty markers are obtained from the collapse of the high
frequency wing in b. The solid line is a VFT fit.

III. EQUILIBRIUM RELAXATION KERNEL Mα

The equilibrium relaxation kernel corresponds to the Laplace-Fourier transform of the dielectric spectra ϵ⋆(ω) [5].
However because this method is sensitive to noise, we instead relied on the relaxation time distribution G(ln τ).
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The dynamics of glycerol can be described by the GGE distribution introduced by Blochowicz et al. [4] with the
following expression: GGE fit [4].

GGGE(ln τ) = NGGEe
(−β/α)(τ/τ0)

α

(
τ

τ0

)β
(
1 +

(
τσ

τ0

)γ−β
)

(S2)

Where NGGE is a normalization coefficient, τ0 is a time scale, α, β parameterize the α peak and γ, σ parameterize
the excess wing. The loss spectra is obtain from the imaginary part of:

ϵ(ω)− ϵ∞
∆ϵ

=

∫ ∞

−∞
G(ln τ)

1

1 + jωτ
d ln τ (S3)

The following parameters are used in fig. S1b: α = 10, β = 0.8, γ = 0.2 and σ = 300 and lead to a very good
agreement. They are close to what is reported in ref [4] for the same system. Here the time is made dimensionless
using τα and the time scale log τ0 = 0.28 is chosen so that the α peak occurs at 1.
The α memory kernel is then obtained from:

Mα(ξ) =

∫ ∞

−∞
G(ln τ)e−ξ/τd ln τ (S4)

The result is shown with a dashed blue line in fig. 2b of the main text.

IV. FICTIVE TEMPERATURE FROM DIELECTRIC MEASUREMENTS

The fictive temperature was obtained from dielectric measurements in two steps:

• The measured values of C ′(t) and C ′′(t) were first converted in temperature units Tfrom C(t) by using a mapping
measured at equilibrium (shown in fig. S2). The result is shown for example in fig. 1d of the main text and in
fig. S4 (top).

• The glassy response of the system, well visible during the heating phase, was then subtracted. The fictive
temperature was obtained from : ∆Tfrom C(t) = κ∆T + (1 − κ)∆Tf(t) where κ was determined to ensure that
∆Tf(t = 0) = 0. The values of κ are shown in fig. S3.

f = 1.12 kHz f = 3.0 kHz

a.                                                                                              b.

Meas. at eq.
Meas on ramp
Smoothed data

FIG. S2. Real (blue) and imaginary parts (red) of the capacitance measured at equilibrium at f = 1120 Hz (a) and 3000 Hz
(b) as a function of T and used in this work to obtain Tfrom C . Circles correspond to measurement at equilibrium while crosses
correspond to measurement during positive and negative temperature ramps with rate < 0.4 K/min. The black lines correspond
to a cubic interpolation of the smoothed data.

While at small step amplitude, the real and imaginary parts of the capacitance gave the exact same result when
converted into temperature units and thus led to the same fictive temperature, it is not the case for very large
temperature steps. This is visible in fig. S3 and S4 with C ′ and C ′′ showing different sensitivity to the glassy response
leading to different values of κ. For ∆T = 17.9 K, this makes a visible difference in the obtained fictive temperature
(see fig. S4 bottom right).
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f (kHz)
1.12
3.00

a. b.

FIG. S3. Fraction of the fast response κ plotted as a function of the initial temperature T0 (a) and of the step amplitude ∆T
(b). In this work the parameters T0 and ∆T are correlated (with T0 decreasing for ∆T increasing).

T0 = 184 K
ΔT = 17.9 K
f = 3.0 kHz

T0 = 188 K
ΔT = 7.33 K
f = 3.0 kHz

T0 = 192 K
ΔT = 1.36 K
f = 1.12 kHz

from

FIG. S4. Normalized temperature obtained by mapping the capacitance C′(t) (red) and C′′(t) (blue) with the equilibrium
values (top) and normalized fictive temperature (bottom) for three temperature steps of increasing amplitude (left to right).

V. APPLICATION OF THE SPA MODEL

V.1. Determination of the memory kernel

The reference memory kernel Mref(ξ) was obtained here from the experiments corresponding to the smallest am-
plitudes (∆ = 0.34 and 0.68 K). Although these amplitudes are too large to be in the linear response regime, the
memory kernel that can be obtained by using the SPA is only weakly dependent on the exact value of x in the range
[0.1; 0.6] as shown in fig. S5.

Fig. S6 illustrates the application of the SPA to the data shown in fig. 2 of the main text with different values
of x from 0.2 to 0.4. It is visible that no value of x can lead to a good agreement for the largest step amplitude.
The agreement between the experimental data and the SPA can be quantified by computing the mean of the squared
difference between the data and the model (without considering the data corresponding to ξ < 10−3 which are very
noisy). The result is shown in fig. S7. It is visible that x = 0.35 leads to the best agreement and that this agreement
becomes worse when ∆T is increased.
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T0 = 193 K 
ΔT = 0.34 K

x = 0.1
x = 0.6

T0 = 192 K 
ΔT = 0.68 K

x = 0.1
x = 0.6

FIG. S5. Illustration of the low sensitivity of ξSPA to x for small temperature steps. Normalized liquid response as a function
of ξ computed using the SPA with x = 0.1 (blue) and x = 0.6 (red).

x = 0.4

x = 0.3

x = 0.2

FIG. S6. Same quantities than fig. 2 of the main text. (Left) The experimental data (markers) are compared with the SPA
model (solid lines) for different values of x. (Right) Normalized response as a function of the material time computed using the
SPA model.

V.2. Step ideality

In this work, the temperature steps were assumed ideal. For the moderate temperature steps, this can be checked
a posteriori with the help of the SPA. A quantitative characterization of the ideality is the ratio τ(0+)/th with
τ(0+) = τ(T = T1, Tf = T0) that should be as large as possible. Due to the nature of the present experiments, the
total duration tmax is limited. A trade-off has thus to be made between this ratio and tmax that should be at least
100 times larger than the final relaxation time τα(T1) in order to reach equilibrium. The most constraining case
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0.15
0.25
0.35
0.45
0.55

x

FIG. S7. Comparison between experimental data and the SPA prediction for the memory kernel for different values of x. The
sum of the squared difference between the memory kernel obtained from the data and the reference kernel is shown as a function
of the temperature step amplitude.

corresponds to the smallest step amplitude for which τ(0+) ≈ τα(T1). In this case T0 is chosen so that th, τα(T1)
and tmax are evenly log spaced. Increasing the step amplitude is favorable in that regard as τ(0+) can become much
larger than τα(T1). In all cases, T0 was chosen to ensure that th/τ(0

+) ∈ [100− 250]. All this relies on the fact that
the SPA applies, which is less and less the case as ∆T increases.
For larger steps, we checked that the initial evolution rate of the normalized fictive temperature with respect to

the heating time was not higher for the largest steps than for the smallest ones. Fig. S8 shows the normalized fictive
temperature evolution for the data shown in fig. 2a of the main text. The initial temperature T0 is decreased when
∆T is increased in order to prevent as much as possible relaxation during the heating phase. For all experiments, this
leads to the same initial evolution of the normalized fictive temperature. In particular, it is the same for the largest
and the smallest temperature step amplitudes.

(K)
193  0.34
192  0.68
192  1.36
192  2.68
190  3.80
190  5.32
188  7.33
186  10.4
185  12.3
185  14.9
184  17.9

(K)

th

FIG. S8. Normalized fictive temperature evolution as a function of time (with t = 0 corresponding to the end of the heating
phase). The heating time is shown as a vertical dashed line.

VI. DETERMINATION OF THE NON-LINEARITY PARAMETER USING DENSITY SCALING
CONCEPTS

VI.1. Density scaling at equilibrium

The density scaling approach consists in accounting for the temperature T and the specific volume v dependence
of the equilibrium relaxation time through one parameter Γ [6, 7]:

τα(T, v) = f(Γ), Γ =
1

Tvγ
(S5)
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where γ is the density scaling exponent which is system dependent and f is a function that can be fitted on the
experimental data (it can be for instance a VFT or an Arrhenius law).

VI.2. Approach of Di Lisio et al. [1]

The approach of Di Lisio et al. [1] is to estimate the out-of-equilibrium relaxation time τ(T, Tf) using the density
scaling approach with the phonon bath temperature T and the out-of-equilibrium specific volume v.

Let us consider an ideal temperature step from T0 to T1 = T0+∆T and denote v0 and v1 the equilibrium initial and
final specific volume. The change in v is related to the liquid expansion coefficient αl by: v1 − v0 = αl∆T . Just after
the temperature step, the out-of-equilibrium specific volume v(0+) takes an intermediate value: v1 − v(0+) = ∆α∆T
with ∆α = αl − αg where αg is the glassy expansion coefficient. The relaxation time τ(0+) = τ(T = T1, Tf = T0) is
thus:

τ(0+) = f

(
1

T1v(0+)γ

)
= f

(
1

T1(v1 −∆α∆T )γ

)
(S6)

In the following we consider the small ∆T limit (compared to v1/∆α) in order to quantitatively compare this approach
to the SPA model. A first order Taylor expansion of ln τ+0 gives:

ln τ(0+) = ln f

(
1

T1v
γ
1 (1− ∆α∆T

v1
)γ

)
≈ ln f

(
Γ1

(
1 + γ

∆α∆T

v1

))
≈ ln f (Γ1) + Γ1γ

∆α∆T

v1

d ln f

dΓ
|Γ1

(S7)

On the other side, if we assume that ln τ(T, Tf) = x ln τα(T )+(1−x) ln τα(Tf) with τα(T ). A similar first order Taylor
expansion gives:

ln τ+0 = x ln τα(T1) + (1− x) ln τα(T1 −∆T ) ≈ x ln τα(T1) + (1− x)(ln τα(T1)−∆T
d ln τα
dT

|T1 (S8)

≈ ln τα(T1)− (1− x)∆T
d ln τα
dT

|T1
(S9)

An identification between eq. S7 and eq. S9 leads to:

(1− x) = −γΓ1
∆α

v1

d ln f
dΓ |Γ1

d ln τα
dT |T1

(S10)

This formula can be applied to the specific case of glycerol in order to determine a value of x. Win and Menon [7]
measured τα(Γ) for glycerol and reported γ = 1.4. An Arrhenius fit of their data (τα(Γ) ∝ e−CΓ) gives C =
(1.1 ± 0.1) · 104 K(g/cm3)γ around T = 200 K and ambient pressure. Using a VFT fit for τα(T ) (with A = 2380 K
and TK = 127 K), eq. S10 becomes:

(1− x) = γΓ1
∆α

v1

C(T1 − TK)
2

A
(S11)

With ∆α = 4.10−4 K−1 [8] and v(200 K) = 0.76 cm3·g−1, this leads to x ≈ 0.86± 0.02.

VI.3. Niss conjecture [2]

The density scaling approach can be formulated in such a way as to reveal an activation energy [6] which depends
on T and v.

τα(T, v) = τ0 exp(ΓF (Γ)), Γ =
e(v)

T
(S12)

where τ0 is a microscopic time. This is equivalent to eq. S5 but gives a physical interpretation of the role of Γ: the

first term in factor Γ = e(v)
T contains an energy scale e of the barriers height in the energy landscape (that depends

only on v) and the thermal energy of the phonon bath set by T . The topology of the energy landscape is characterized
by the function F that depends on both v and T through Γ.
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In this framework, Niss [2] makes the conjecture that out-of-equilibrium, the energy scale is set by the volume v
and the kinetic bath temperature T (the first term in factor is thus Γ = e(v)/T ) while the topology of the energy
landscape is set by a fictive Γf that has the constrain of being continuous following a temperature jump:

τ = τ0 exp(ΓF (Γf)) (S13)

This means that, just after a temperature step:

τ(0+) = τ0 exp

(
e(v(0+))

T1
F

(
e(v0)

T0

))
(S14)

This result is different from eq. S6. As Γ0 > Γ(0+) and F (Γ) is an increasing function [6], the following inequality
can be written:

τ0 exp
(
Γ(0+)F (Γ0)

)
> τ0 exp

(
Γ(0+)F

(
Γ(0+)

))
(S15)

τNiss(0
+) > τDi Lisio et al.(0

+) (S16)

Niss conjecture thus lead to value of x smaller than 0.85.
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