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Abstract

Several experimental aspects of the aging dynamics are discussed. We first in-
troduce the general features of aging. We then describe several experimental pro-
cedures, based on the response function, which have been useful to study memory
and rejuvenation effects in various materials. A comparison of the results obtained
in the different materials is done. The experimental analysis of the violation of the
fluctuation-dissipation theorem (FDT) in aging materials is presented. We describe
several experiments where the violation has been studied in some details. The ampli-
tude, the persistence time and the observable dependence of the violation observed in
the experiments are analyzed. The relevance of these experimental results for recent
models of aging is discussed.

1 Introduction

Many physical systems in nature are not in thermodynamic equilibrium because they present
very slow relaxation processes. A typical example of this phenomenon is the aging of glassy
materials: when they are quenched from above their glass transition temperature 7, to a
temperature 7' < T}, any response function of these systems depends on the aging time
t, spent at T. For example, the dielectric and elastic constants of polymers continue to
evolve several years after the quench [1]. The magnetic susceptibility of spin-glasses depends
on the time spent at low temperature [2]. Another example of aging is given by colloidal-
glasses, whose properties evolve during the sol-gel transition which may last a few days
[3]. An important feature of aging materials is the dependence of their physical properties
on the thermal history of the sample. Indeed experimental procedures, based on multiple
cycles of cooling, heating and waiting times, have shown the existence of two spectacular
effects: memory and rejuvenation. Specifically, aging materials present a rejuvenation for
any negative temperature perturbation and at the same time during heating they remind the
stops at fixed temperature done during cooling (see for example [4, 5] and references therein).
In the first part of this lecture we will describe these two effects and the experimental
procedures used to characterize them. These procedures have been extremely useful to fix
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several constraints for the phenomenological models [6, 7] and thus they merit to be described
in some details.

In the second part of the lecture we will address another important problem of the aging
dynamics. Indeed glasses are out of equilibrium systems and usual thermodynamics does
not necessarily apply. However, as the time evolution is slow, some concepts of the classical
approach may be useful for understanding the glass aging properties. A widely studied
question, is how the temperature of these systems can be defined. One possible answer
comes from the study of the deviation to the Fluctuation Dissipation Theorem (FDT) in
an out of equilibrium system (for a review see ref.[9, 10] and Cugliandolo lecture in these
proceedings). In this lecture we will describe a series of experiments where this question is
analyzed in some details on real materials. The implications of these experimental results
on the models of aging are finally discussed.

2 Aging, memory and rejuvenation

The aging of glassy materials is a widely studied phenomenon [1, 2] which is experimentally
analyzed by measuring as a function of time the dielectric susceptibility, the elastic constants,
the density and the thermal properties of the materials. In the next subsection we will give
an example of the aging of the dielectric constant of plexiglass (PMMA), which is a polymer
glass with T, = 388K [12]. We will show first the aging properties and then, in the next
sections the memory effects in the same material.

2.1 Aging range: a simple quench experiment

To determine the dielectric constant, we measure the complex impedance of a capacitor
whose dielectric is the PMMA sample. In our experiment a disk of PMMA of diameter
10cm and thickness 0.3mm is inserted between the plates of a capacitor whose vacuum
capacitance is C, = 230pF (see fig.1 for details). The capacitor is inside an oven whose
temperature 7" may be changed from 300K to 500K. The temperature stability is within
0.1K. The maximum heating and cooling rate |R| = |dT'/dt| is about 180K /h. We checked
that the temperature difference between the two capacitor plates is always smaller than 1K
both during the heating and the cooling cycles.

The capacitor is a component of the feedback loop of a precision voltage amplifier whose
input is connected to a signal generator. We obtain the real and imaginary part of the
capacitor impedance by measuring the response of the amplifier to a sinusoidal input signal.
This apparatus allows us to measure the real and imaginary part of the dielectric constant
€ = € + 1 € as a function of temperature 7', frequency f and time ¢. Relative variations
of € smaller than 1073 can be measured in all the frequency range used in this experiment,
ie. 0.1Hz < f < 100Hz. The following discussion will focus only on ¢; (thus we will omit
subscript 1), for which we have the best accuracy, but the behaviour of €5 leads to the same
conclusions.

The measurement is performed in the following way. We first initialize the PMMA
history by heating the sample at a temperature 7},,,, > T}. In this case the applied thermal
cycle is that shown in fig.1(b). The sample is left at T},,, = 415K for a few hours, so that
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Figure 1: (a) Experimental set-up for PMMA. PMMA is the dielectric of a capacitor
whose vacuum capacitance is Cy = 230pF’. This impedance Z is inside an oven which controls
the temperature and acts like an electrical screen. The dielectric temperature is measured
by two platinum probes (Pt). (b-d) Typical thermal cycles applied to the sample. (b)
Temperature quench from above to below Tg. (c) Temperature ramp at constant cooling
and heating rates. (d) Cooling stop for 10 hours at Ty,

equilibrium can be assumed for the initial condition. The temperature is rapidly decreased at
R = —180K/h to a temperature T, < T,, where it is regulated by the oven. The zero of the
aging time is taken at the instant, during the quench, when the sample temperature is equal
to T,. Typical aging curves of € as a function of time are shown in fig.2, for different T, at
f = 1Hz and different f at Ts,, = 365K . We clearly notice a logarithmic dependence on
time of the dielectric constant as soon as the temperature is stabilized, in all the temperature
and frequency range we have explored. However the aging curve depends on T, and f :
the sample properties evolve faster when Ty, is close to T, and f is small.

Specifically one can write €(Tysiop, t, f) = A(Lstop, f) — B(Tstop, f) log(t/t,) with t, = 1h.
Here A is the value of € at t =¢,. It is found that A and B are functions of Ty, and of the
frequency f at which the dielectric constant is measured. Note that as A and B depend also
weakly on the cooling rate R, we always use R = —180K/h in these experiments. The values
of B, measured at f = 1Hz, are plotted in fig.3(a) as a function of Ty,,. B is an increasing
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Figure 2: Dependence on ¢ of ¢ after a quench. (a) Aging measured at f = 1Hz after
a quench at various Ty,p. (b) Aging measured after a quench at T, = 365K at various f.
A logarithmic fit in time of all these curves is accurate as soon as temperature is stabilized,
except for Tyop = 395K > T,
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Figure 3: (a) Dependence on Ty, of B at f = 1Hz, where B is the parameter of the
logarithmic fit of the dielectric constant €(Tsop, t, f) = A(Tstops f) — B(Tstop, f) log(t/1h)
after a quench at Ty,,. (b) Dependence on f of B at Ty, = 365K.

function of Ty, till a temperature T, close to T}, but goes down to 0 if T, > T;,. Indeed
for a quench temperature larger than 7} the sample can reach a thermodynamic equilibrium,
so no aging is observed but only a relaxation of € toward its stationary value. The long time
behaviour is stationary and B goes to 0.

The values of B, measured at Ty, = 365K, are plotted in fig.3(b) as a function of f. B
is a slowly increasing function for f — 0. Indeed aging is smaller at high frequencies than
at low frequencies (a theoretical justification of such a behaviour can be found for example
in ref.[9]).

These curves determine the region where to work. In our dielectric measurement aging
can be accurately observed between 335K and T, = 388K. We will probe f = 0.1Hz and
f = 1Hz where aging effects are the largest in our frequency range.

2.2 Memory and rejuvenation
2.2.1 Historical background

In spite of the interesting experimental [13]-[23] and theoretical progress [2, 9, 25|, done
in the last years, the physical mechanisms of aging are not yet fully understood. In fact
on the basis of available experimental data it is very difficult to distinguish which is the
most suitable theoretical approach for describing the aging processes of different materials.
In order to give more insight into this problem several experimental procedures have been
proposed and applied to the study of the aging of various materials, such as spin-glasses
(SG)[13, 4, 16, 21, 22, 23|, orientational glasses (OG)[14, 17], polymers [1, 18, 45, 20, 26]
and supercooled liquids (SL)[15].

The very well known Kovacs [26] experiment was probably among the first in showing that
the state of a glass is strongly determined by its thermal history. In the Kovacs experiment
the material is submitted to the following temperature cycle sketched in the insert of fig.4(a).
The material is rapidly quenched from the liquid at a temperature T, to the glass phase at
a temperature T at which the volume of the glass is V;. The material is maintained at T}
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Figure 4: Kovacs’s experiment.(a) Volume of a sample versus temperature during a
quench from a temperature T, > T, to a temperature 77 < T,. The sample is aged about
100 hours at T} and volume decreases from V; to V5. The temperature is then changed to T5
at which V5 is the equilibrium volume. In the insert we sketch the sample temperature as a
function of time. (b) Time evolution of §V' =V — V, when the sample is directly quenched
from T, to Ty (curve I) and when the temperature is changed from 7} to Ty (curves II and
IIT) for two different 77. The amplitude of the peak increases by increasing the difference
T2 — Tl.

for about 100 hours. Because of aging the volume of the material decreases as a function
of time going from V; to V4, as shown in fig.4(a). Then the material is rapidly heated at a
temperature T3 at which V5 is the equilibrium volume. One could think that no appreciable
evolution appears as a function of time. Instead the time evolution of the sample volume at
temperature Ty, sketched in fig.4(b), is quite different. The volume first increases, reaches
a maximum and then decreases to reach again the value V5. As shown in fig.4(b), the
amplitude of the maximum depends of course on T} and on the waiting time at 7. Figure
fig.4(a) points out the difference between the time evolution of the volume after a quench
from T, to T, and after the aging at T;. Another example of history dependent effect is that
induced by the aging at low temperature, known as prepeak in polymer literature [18]. Such
an aging does not produce important changes in the enthalpy. However when increasing
temperature, a peak in the curve of the heat capacity versus temperature is observed at a
temperature close to 7.

Other procedures were proposed for spin glasses and applied to other materials. Among
these procedures we may recall the applications of small temperature perturbations to a
sample during the aging time [13, 14, 15, 45]. One of the main results of these experiments
is that the time spent at low enough temperature does not contribute to the aging behaviour
at the higher temperature. Most surprisingly, the aging at low temperature is independent
on the aging at an higher temperature. In order to have a better understanding of the free
energy landscape of SG and OG, a very smart protocol has been proposed [4] and used in
several experiments [4, 16, 17]. This protocol, which is characterized by a temporary cooling



stop, has revealed that in SG and in OG the low temperature state is independent of the
complete cooling history (Rejuvenation) but that these materials keep the memory of all
the aging history (Memory effect) [4]. In the next section we describe in some details the
application of this procedure to the aging of PMMA.

As we already mentioned, several kinds [18, 26] of "memory effects” for polymers have
been described in literature. The most famous one is that of Kovacs [26]. However the
thermal cycles used in these experiments are quite different from those proposed in [4].
Thus it is interesting to check how polymers behave when they are submitted to this new
thermal procedure, which can give new insight on the aging of these materials. Moreover,
the use of the same protocols makes the comparison between different kinds of glasses easier.
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Figure 5: (a) Evolution of ¢, at f = 0.1Hz as a function of 7T". Reference curve obtained
with |R| = 20K /h. (b) Hysteresis of the reference curve (difference between the heating
and cooling curves €., — €,..) for 3 different |R|: 5K /h (A), 10K/h (o) and 20K /h (V).

2.2.2 Memory experiment on PMMA

We describe experiments following the protocol first proposed in ref.[4]: a temporary stop
is done during the cooling of the sample, and its consequence on the dielectric constant
behaviour are studied. The measurement is performed in the following way: the PMMA
history is first reinitialized by heating the sample at a temperature T},,q, > T, and leaving it
at Thuar = 415K for a few hours. Then it is slowly cooled from T,,,, to a temperature T},;, =
313K at the constant rate R and heated back to T}, at the same |R|. The dependence
of € on T obtained by cooling and heating the sample at a constant |R| (temperature time
evolution of fig.1(c), is called the reference curve €, ).

As an example of reference curve we plot in fig.5(a) €., measured at 0.1Hz and at |R| =
20K /h. We see that €, presents a hysteresis between the cooling and the heating in the
interval 350K < T < 405K. This hysteresis depends on the cooling and heating rates.
Indeed, in fig.5(b), the difference between the heating curve (¢,4) and the cooling curve (€,.)
is plotted as a function of T for different |R|. The faster we change temperature, the bigger
hysteresis we get. Furthermore the temperature of the hysteresis maximum is a few degrees
above Ty, specifically at 7" ~ 392K. The temperature of this maximum gets closer to 7
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Figure 6: Memory effect (a)Evolution of € at f = 0.1Hz as a function of 7. The dashed
line corresponds to the reference curve (e,) of Fig.5(a). The solid bold line corresponds
to a different cooling procedure: the sample is cooled, at R = —20K/h, from T4 to
Tsop = 374K, where cooling is stopped for 10h. Afterwards the sample is cooled at the
same R till T},,;, and then heated again at R = 20K /h till T},,,. (b) Difference between the
evolution of €, and ¢,,. Downward filled arrows correspond to cooling (€, — €,.) and upward
empty arrows to heating (€,,, — €.4).

when the rate is decreased. We neglect for the moment the rate dependence of the hysteresis
and we consider as reference curve the one, plotted in fig.5(a), which has been obtained at
[ =0.1Hz and at |R| = 20K /h. The evolution of € can be quite different from e, if we use the
temperature cycle proposed in ref.[4] and shown in fig.1(d). After a cooling at R = —20K/h
from T'y,40 t0 Tstop = 374K the sample is maintained at Ty, for 10h. After this time interval
the sample is cooled again, at the same R, down to T,,;,. Once the sample temperature
reaches T, the sample is heated again at R = 20K /h up to T).. The dependence of € as
a function of T', obtained when the sample is submitted to this temperature cycle with the
cooling stop at Ty, is called the memory curve €,,. In fig.6(a), €,, (solid line), measured
at f = 0.1Hz, is plotted as a function of 7. The dashed line corresponds to the reference
curve of fig.5(a). We notice that €, relaxes downwards when cooling is stopped at Tsop:
this corresponds to the vertical line in fig.6(a) where €, departs from e,. When cooling is
resumed €,, merges into €, for 7' < 340K . The aging at T, has not influenced the result
at low temperature. This effect has been called rejuvenation in recent papers [22].

During the heating period the system reminds the aging at Ty, (cooling stop) and
for 340K < T < 395K the evolution of ¢,, is quite different from ¢,. In order to clearly
see this effect we divide €, in the cooling part €, and the heating part €. In fig.6(b)
we plot the difference between ¢, and ¢.. Downward filled arrows correspond to cooling
(€me — €rc) and empty upward arrows to heating (€,,, — €4). The difference between the
evolutions corresponding to different cooling procedures is now quite clear. The system
reminds its previous aging history when it is reheated from T,,;,. The amplitude of the
memory corresponds well to the amplitude of the aging at T, but the temperature of the
maximum is shifted a few degrees above Ty;,,. On fig.7 we show that this temperature shift
is independent of T, for temperatures where aging can be measured in a reasonable time



(above 335K). In contrast the amplitude of the downward relaxation at Ty, is a decreasing
function of Ty, as expected from the first section measurements: no aging can be measured
at Tstop < 335K (see fig.3(a)).
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Figure 7: Dependence on Ty,,. Difference between ¢, and ¢, for 3 different cooling stops
measured at f = 0.1Hz for |R| = 10K /h and ty,, = 10h. (a) Writing memory (cooling):
€me — €re With T, = 344K (A), 364K (e) and 374K (V). (b) Reading memory (heating):
€mn — €-p (same symbols as in (a) ).
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Figure 8: Dependence on the cooling and heating rate. Difference between ¢, and
em (aging at Ty, = 374K for 10h) measured at f = 0.1Hz for 3 |R|. (a) Writing memory
(cooling): €, —€.. at 5K /h (A), 10K /h (o) and 20K /h (V). (b) Reading memory (heating):
€mn — €rn at DK /h (A), 10K/h (o) and 20K /h (V).

This memory effect seems to be permanent because it does not depend on the waiting
time at T,,;,. Indeed we performed several experiments in which we waited till 24h at T,
before restarting heating, without noticing any change in the heating cycle. In contrast
the amplitude and the position of the memory effect depend on R and on the measuring
frequency. As expected from the measurements of section(2.1), the higher is the frequency,
the smaller is the downward relaxation, so the smaller is the memory effect. Furthermore the
faster is the rate | R|, the larger is the downward relaxation of the dielectric constant during



the cooling stop. As the amplitude of the memory effect is equal to that of the relaxation,
we just expect the memory effect to increase with |R|. But as we can see on fig.8, the
temperature positions of the maxima are rate dependent too: the larger is |R|, the farther
the temperature of the maximum is shifted above the aging temperature T,,. The cooling
rate is not the only control parameter of the memory effect, the heating rate is relevant too.

2.2.3 Advanced memory experiments

In this section we apply to the PMMA sample more complicated temperature histories
(inspired from spins glasses experiments [4, 21]): What happens if we try to read a memory
twice 7 If we make two cooling stops 7

2.2.4 Deleting memory

In this experiment, we show that a memory can be read only one single time: reading a
memory effect also deletes it. This experiment is inspired from similar ones done in spin
glasses [21]. First we follow the classic procedure described in the previous section: during
the cooling ramp at R = —20K/h, a temporary stop is done for ¢4, = 20h at Ty, = 345K,
and then heating the sample from 7,,;, with the same |R|. In fig.9(a) we plot the difference
between the heating branches of €,, and ¢, measured at f = 0.1Hz. The departure from
the reference curve above Ty, when lowering temperature is due to a smooth cutting of
cooling, but this imperfection has no detectable effect on the heating curve. We can follow
the memory of the cooling stop at Ty, and when the memory curve almost merges the
reference one, for T; = 368K, we quickly stop heating and resume cooling at R = —20K/h.
Notice that this inversion temperature 7; is smaller than 7T}, which means that the sample has
not been reinitialized. When T,,,;, is reached again, we make a classic heating at R = +20K/h
(see the temperature history of the sample in the inset of fig.9(a)).

This second heating curve is really different from the first one: there are no tracks of the
cooling stop at Ty, = 345K, but something like the memory of a stop around 370K. What
we see now is in fact only the memory of the stop at T;: as the sample stays a few minutes
around 7; (the time needed to inverse R to —R), it ages a little at T; and we find a memory of
this event. This can be checked on fig.9(b), where we only show the memory of the inversion
at the same temperature T;, without the first memory. The curves corresponding to the
second heating are exactly the same for the two experiments, showing that the first heating
deletes all information about temperatures lower than T;, even though T; < 7.

2.2.5 Double memory

More insight on the properties of the memory effects can be obtained by submitting the
sample to a more complex cooling procedure consisting of two cooling stops. This procedure,
which has been called the double memory effect, has been carried out successfully in spin
glasses [4] where it has been observed that if two stops are done during cooling, the heating
curve will present a memory effect for both stops. The difficulty that arise when trying to
reproduce this experiment in PMMA is the narrowness of the aging range: when cooling the
sample under Ty, €, rejoins the reference curve only for temperatures where aging almost
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a memory by reading it. (a) Difference between heating curves €,
and €,,;, after the temperature history shown in the inset: after a classic reading the memory
of a 20h stop at Ty, = 345K with |R| = 20K /h and f = 0.1Hz (4), the sample is cooled
again when the temperature reaches T; < T,. The second reading (o) is very different since
found but a sort of memory of the inversion temperature 7;. This can
be checked on (b), where we only test the memory of the inversion. The difference between
the second heating curves (o) €,, — €, is exactly the same for both temperature histories.
Heating the sample up to 7; reinitializes the lower temperature behaviour, even though
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vanishes. It is therefore difficult to record two well distinct cooling stops. This is illustrated
in fig.10, where Ty, = 375K and Typ2 = 345K €, has not completely merged into e,
when we stop cooling for the second time.
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Figure 10: Double memory recording. Difference between cooling curves ¢,,. and €.
during the temperature history shown in the inset, for |R| = 20K /h, and f = 0.1Hz: one
10h stop at Tstop1 = 375K (+), one 10h stop at Typpe = 345K (x), and two 10h stops at
Tstopr = 375K and Tsope = 345K (o). The low temperature state is independent of high

temperature history: aging during 10h at Tgpe produces the same relaxation, whatever
happened before at higher temperatures.
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Figure 11: Double memory reading. Difference between heating curves €,,, and €.,
corresponding to the cooling curves of fig.10: reading of a single stop at Tsop = 375K (+)
and Tyope = 345K (x), reading of a double stop at Tiiop1 and Tyiope (0). The dashed line is
the sum of the two single stop curves, it is a very good approximation of the double memory

reading. Memory effects thus appear only additive in this case, where Tsy,1 and Tpp are
sufficiently far from each other.
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The double memory experiments allow us to point out another important property of
PMMA aging: when temperature is lowered after the first stop, the system not only recover
the same value of €, but also the same aging properties. Indeed, a 10h stop at 345K produces
the same downward relaxation of €, whatever the previous history is. The low temperature
state is thus completely uninfluenced by the high temperature history.

If we now heat the sample after the two cooling stops, we obtain the bolt curve of fig.11.
If the memory of Ty is obvious, the lower temperature stop at T2 must be hidden in
the first part of the curve. In order to check the presence of the memory effect of the second
stop, let us suppose that this effect is just additive, that is the memory of a double stop
is just the sum of the memory of both individual stops if their temperature is sufficiently
different. So we plot with a dashed line in fig.11 the sum of the single memories of Tl
and Tyope. Within errors bars, the two curves are the same, so we conclude that even if the
memory effects overlap in the narrow aging range of PMMA, double memory experiments
also work in this polymer.
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Figure 12: Memory and rejuvenation in a spin glass. Multiple memories on the
magnetic susceptibility, measured at 0.1H z, of a spin glass. The sample has been cooled by
successive stops (see insert for the temperature history) and heated at constant rate. At each
cooling stop the sample ages (downward relaxation). During heating the sample remembers
all the cooling stops.(see text for details)

2.2.6 Direct comparison with the memory effects in spin-glasses

In the previous section we have described the behaviour of a PMMA sample submitted to
the same temperature cycle used to study memory and rejuvenation effects in various kinds
of spin glasses and in orientational glasses. Our dielectric measurements clearly show the
presence of rejuvenation and memory in PMMA. However these effects are less strong in
PMMA than in spin-glasses. In order to stress this difference we consider the results of an
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experiment performed by V. Dupuis, on a spin glass CdCry 71ng 35, with T, ~ 17K [23, 24].
One of the main results of this experiment is shown in fig.12, which has been kindly given
to us by E. Vincent. The temperature cycle applied to the sample is sketched in the insert.
The sample is heated at 25K and then cooled by steps of 2K till 3K. It is then heated again
at a constant rate till 25K. Between two successive cooling steps the temperature is kept
constant for 2000s. During this temperature cycle the magnetic susceptibility is measured
at a frequency of 0.1H z. The imaginary part x” of the magnetic susceptibility is plotted in
fig.12 as a function of temperature. The open symbols correspond to cooling and the filled
symbols to heating. The isothermal aging is observed on the downward relaxation at each
temperature plateau. At the same time we see that a cooling step produces an upward jump
of X" and a restart of aging: this is the rejuvenation effect. When the sample is heated
again, x” presents minima exactly at the temperatures where the sample was aged during
the cooling: this is the memory effect.

Comparing fig.12 with the results on PMMA, described in the previous section, we im-
mediately notice that there are analogies but very important differences. We clearly see
that the SG has no hysteresis and the memory effect occurs at the same temperature of
the cooling stops. Most importantly multiple stops are quite well remembered by the SG,
whereas are weakly seen in PMMA.

2.3 Discussion on the memory effect

As we already mentioned in sect.(2.2.1) the observation of a memory of the thermal history
in polymers is not new and various thermal protocols have been used to show this effect.
The thermal protocol described in sect.(2.2) of this lecture is the same used to study aging
phenomena in SG and OG. Thus the application to a polymer glass of the same procedure
used in OG and SG allows us to address the question of the universality of the memory and
rejuvenation phenomena in different materials. This is a very important point in order to
understand whether the same theoretical approach can be used to describe aging phenomena
in different materials.

Let us summarize the main results of these low frequency dielectric measurements on

PMMA:

a) The reference curve ¢,, obtained at constant cooling and heating rate |R| is hysteretic.
This hysteresis is maximum a few degrees above Tj.

b) The hysteresis of ¢, increases with |R|.

¢) Writing memory: a cooling stop produces a downward relaxation of €,,. The amplitude
of this downward relaxation depends on Ty, and it decreases for decreasing Tyop. It
almost disappears for T, < 335K.

d) When cooling is resumed € goes back to the cooling branch of the reference curve. This
suggests that the low temperature state is independent on the cooling history.

e) Reading memory: upon reheating €, reminds the aging history and the cooling stop
(Memory). The maximum of the memory effect is obtained a few degrees above T,),.

14



f) The memory effect does not depend on the waiting time at low temperature but it
depends both on the cooling and heating rates. The memory effect increases with |R).

g) Double memory effects are observed with more difficulty in PMMA than in SG. The
difference comes from the fact that aging effects are reduced when temperature is low-
ered. However a careful analysis of experimental data allows us to show the existence
of double memory effects in PMMA.

h) The memory effect is deleted by a reading, even if the temperature remains smaller
than Tj.

It is interesting to discuss the analogies and the differences between this experiment and
similar ones performed on SG [4, 16, 22, 23] and on OG [17]. It turns out that, neglecting
the hysteresis of the reference curve of PMMA and of OG, the behaviour of these materials
is quite similar to that of SG. A strong rate dependence has been observed in Ising spin-
glasses too [22]. During the heating period PMMA, SG and OG remember their aging
history, although the precise way, in which history is remembered, is material dependent.
Furthermore in these materials the low temperature state is independent on the cooling
history. One can estimate the temperature range §1" where the material response is different
from that of the reference curve because of the cooling stop. It turns out that the ratio
0T /T¢ is roughly the same in PMMA, in SG and in OG, specifically 67'/T¢ ~ 0.2. The
important difference between SG and PMMA is in the dependence on T, of the amplitude
of the downward relaxation: it is strong in PMMA and weak in SG (compare fig.12 with
figs.10,11).

Our results seem to indicate that memory and rejuvenation phenomena in the aging
process may be described by models based on a hierarchical free energy landscape, whose
barriers grow when temperature is lowered [13, 4]. However the dependence of the memory
effect on |R| and the independence on the waiting time at 7),;, mean that, at least for
PMMA, the free energy landscape has to depend not only on temperature but also on |R|.
Many models [6, 7, 9, 13, 27] and numerical simulations [38, 40] do not take into account
this dependence because they consider just a static temperature after a quench. In contrast
point f) indicates that the cooling history is relevant too.

These difficulties can be avoided if one considers models based on a slow domain growth
and domain walls reconformations in the pinning field created by disorder (see for example
ref.[25] and references therein). These models imply the existence of a hierarchy of length
scales [ with a characteristic time 7 o [*. Recent numerical simulations [28] show that this
is an important ingredient in order to have memory/rejuvenation effects. However one of
the drawbacks of such a model is that memory is recovered only if the time spent at low
temperature is short enough [25]. This effect does not seem to be true for PMMA and other
materials at least on reasonable laboratory time scales.

As a conclusion the "memory” and rejuvenation effects seem to be two universal features
of aging whereas the hysteresis is present in PMMA and in OG but not in all kinds of spin
glasses. It would be interesting to know whether these effects are observed in other polymers
and in supercooled liquids. These measurements show that many features of aging seem to
be "universal” in several materials and that models based on spin glasses may be useful to
describe aging in polymeric materials.
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3 Effective Temperature of an aging material

The experimental procedures described in the previous section have been extremely useful to
fix several constraints for the phenomenological models [6, 7], but these procedures are mainly
based on the study of the response of the system to an external perturbation. Therefore they
are unable to give informations on the system dynamics. Therefore, from an experimental
point of view, it is extremely important to study not only the response of the system but
also its thermal fluctuations. The analysis of thermal fluctuations is related also to another
important aspect of aging dynamics, that is the definition of the temperature. Recent
theories [11, 30] based on the description of spin glasses by a mean field approach proposed
to extend the concept of temperature using a Fluctuation Dissipation Relation (FDR) which
generalizes the Fluctuation Dissipation Theorem (FDT) for a weakly out of equilibrium
system (for a review see ref. [9, 10, 11]).

In order to understand this generalization, we recall the main consequences of FDT in
a system which is in thermodynamic equilibrium. We consider an observable V' of such a
system and its conjugate variables ¢ . The response function xv,(w), at frequency f = w/2,
describes the variation 6V (w) of V' induced by a perturbation dg(w) of ¢, that is xy,(w) =
0V (w)/éq(w). FDT relates the fluctuation spectral density of V' to the response function
Xvq and the temperature T of the system:

S(w) = 2kp T

Im [xvq(w)] (1)

where S(w) =< |V (w)|?* > is the fluctuation spectral density of V, kp is the Boltzmann
constant, Im [yv4(w)] is the imaginary part of yy,(w). Textbook examples of FDR are
Nyquist’s formula relating the voltage noise to the electrical resistance and the Einstein’s
relation for Brownian motion relating the particle diffusion coefficient to the fluid viscosity
[31].

When the system is not in equilibrium FDT, that is eq.1, may fail. For example violations,
of about a factor of 2, of eq.1 have been observed in the density fluctuations of polymers in
the glassy phase [32]. The first to propose that the study of the FDT violations are relevant
for glassy systems was Sompolinsky [33]. This idea, which was generalized in the context
of weak turbulence [34], has been reconsidered by Cugliandolo and Kurchan [11, 30] and
successively tested in many analytical and numerical models of glass dynamics ([10],[35]-
[41]) and in a few experiments.

Let us briefly recall the main and general findings of these models, which are very well de-
scribed in this prooceedings in the Cugliandolo lecture [11]. Because of the slow dependence
on t,, of the response functions, it has been proposed to use an FDR which generalizes eq.1
and which can be used to define an effective temperature T,¢(w,t,,) of the system [10, 11]:

Tore) = ot ) T 2

In the time domain the effective temperature is usually defined by means of correlation
functions C(t,t,) (Fourier transform of S(w,t,)) and integrated response R(t,t,) (Fourier
transform of xyq(w,t,)) [11]:
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—C(t,ty) + Clty, tw)
kg R(t,ty) (3)

It is clear that if eq.1 is satisfied T.r = T', otherwise T.¢; turns out to be a decreasing
function of ¢,, and w. The physical meaning of eq.2 is that there is a time scale (for example
tw), which allows one to separate the fast processes from the slow ones. In other words
the low frequency modes, such that wt,, < 1, relax towards the equilibrium value much
slower than the high frequency ones which rapidly relax to the temperature of the thermal
bath. Therefore it is conceivable that the slow frequency modes keep memory of higher
temperatures for a long time and for this reason their temperature should be higher than
that of the high frequency ones. This striking behavior has been observed in several models
of aging ([10],[35]-[41]). Further analytical and numerical studies of simple models show that
eq.2 is a good definition of temperature in the thermodynamic sense [11, 10]. In spite of the
large amount of theoretical studies there are only a few experiments where FDR is studied
in aging materials. The experimental analysis of the dependence of T, s(w,t,) on w and ¢,
is very useful to distinguish among different models of aging because the FDT violations are
model dependent ([10],[35]-[41]). Furthermore the direct analysis of the noise signal allows
one to understand if the dynamics is either intermittent or continuous in time. this is another
important characteristic of the aging models. Let us consider for example the trap model
[6] which is based on a phase space description. Its basic ingredient is an activation process
and aging is associated to the fact that deeper and deeper valleys are reached as the system
evolves [8]. The dynamics in this model has to be intermittent because either nothing moves
or there is a jump between two traps. This contrasts, for example, with mean field dynamics
which is continuous in time [30]. This is not the only difference because in the trap model
T.rs depends on the observable whereas it is observable independent in mean field model
8, 42].

FDT violations in aging materials have been measured just in a few experiments ([44],[45,
46], [47, 48], [49]). In the next sections we will first describe the x-ray experiment where
the violation of FDT have been first observed and we will describe the reasons why these
measurements are not sufficient to test FDR. We then briefly analyze another experiment
[44] where FDR has been studied in some details. This is a single frequency experiment and
thus T¢ss is not completely characterized. For this reason we summarize the main results of
two experiments where the FDT violation has been studied in the dielectric measurements
of a gel [45, 46], during the sol-gel transition, and of a polymer, after a quench. In both cases
the effective temperature defined using eq.2 is huge and the persistent time of the violation
is extremely long. We have therefore analyzed directly the time evolution of the noise signal
in both experiments and we find a strongly intermittent behaviour in both materials. In this
lecture we will describe the main results of this analysis and we want also to point out the
common features observed in the slow relaxation dynamics of these two materials.

In the case of the gel we want to address another important question. Specifically we
have analyzed whether T.;; does depend on the couple of conjugated variables used in the
measure of FDR. This is actually another important information because this dependence
of T.ry on the observables is not the same in all the models [11, 42].

Teff(tv tw) =
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Figure 13: Xray experiment Schematic drawing of the response versus correlation. The
response is in this case the isothermal compressibility and the correlation is given by the
density fluctuations. The continuous straight line of slope 1/7" is the prediction of FDT in
this plot. See text for more details.

3.1 The x-ray scattering experiment

The violation of the FDT in aging polymers was already pointed out by Wendorff and Fisher
[32]. Indeed in a x-ray scattering experiment, the intensity (0) of scattered x-rays at small
angles is related to the density fluctuations dp:

< 6p* >
g = (o) (4)
From FDT one finds:
Kg T p?

where yr is the isothermal compressibility of the polymer under study. They separately
measured y7 by standard techniques and < dp? > by x-ray scattering. Weandorf and Fisher
found that eq.5 was satisfied by standard liquids, whereas a violation between 2.5 and 5 of
eq.b was observed for various polymers. Although this measurement is a strong indication
that FDT is violated in an aging polymer, it is not very useful to know the behaviour of
Ters(t,t,) and to compare it with theoretical models. Indeed to compare with theory one
has to consider the equation [11]:

Oty + 7 tw) + Cllu, tw) = Kp Topp(t,tw) Rltw + 7, tw) (6)

In order to construct T.rs(t,t,) one has to measure, as a function of ¢,, and 7, both the
correlation —C'(t,, + 7,t,) of the density fluctuations and the integrated response R(t, +
T, ty),that is the isothermal compressibility. Eq.5 is just the limit for 7 — oo of eq.6, that is
lim, o C(ty+7,t,) =0 and lim, o R(t, +7,t,) = R,. Thus only two points are available
on the plane (C(ty, + 7,tw), R(ty + 7,ty)), specifically the point (C(t,,t,),0), obtained
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Figure 14: Experiment on supercooled fluids (a) Electrical circuit used to measure the
FDT violation in Glycerol (b) T, measured at 7THz, versus time, after a quench from 220K
to 180K. The sample thermal history is sketched in the inset. See text for more details

from the measure of < §p? >= C(ty,t,), and the point (0, R,) where R, is the response
(isothermal compressibility) measured at large 7 and t,,. As it is shown in fig.13 these two
points are not enough to determine T,;f(¢,¢,). In this figure the solid line has slope 1/T
and corresponds to the FDT. In the figure R, is certainly smaller then the value predicted
by FDT and thus there is a violation. However the curves I and II indicates that several
possibilities exist to make the connections between the measured R, and C(t,, t,,) measured
by the x-ray scattering. For example curves I and II correspond to an infinite T¢;¢ and to
Ters ~ 3T respectively.

The main conclusion of this discussion is that the experiment of Wendorff and Fisher
[32] is certainly useful to point out that a violation of FDT exists in polymers, but this is
not enough to determine 7¢ ;s and more experiment are needed in order to understand FDR
in more details. In the next sections we will describe several experiments whose aim is just
that of studying FDR in several materials and with different techniques.

3.2 Supercooled liquid experiment

This experiment has been performed by Grigera and Israeloff [44] by realizing an experiment
first proposed in ref.[10]. The idea is in some way that of measuring the temperature an
electric harmonic oscillator, composed by a perfect inductance L and a capacitor C' whose
dielectric is just an aging material. As the dielectric constant is complex then C' = C’ +iC”.
In the experiment of ref.[44] the dielectric is just Glycerol which is a liquid with T, = 196 K.
The schematic diagram of the circuit is drawn in fig.14. The electrical impedance of this
circuit is:

B 1w L (1)
1w C'L it C L
The FDR for an electrical impedance Z(w) is given by a generalization of the Nyquist

Z(w)
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formulas:

Sy (w, ty) = 2kpTeps(w, tw) Re[Z(w, ty)] (8)

™

where Sy (w,t,) is the spectrum of the voltage thermal fluctuations measured on the
impedance. For the circuit of fig.14(a), eq.8 becomes :

2kBTeff (w, tw)ngQC”

Sy, tw) = 7 [(1 —w? L C")?2 + w2072 ©)

The idea of this experimental configuration is very smart because from the single measure
of Sy (w,t,) one can extract simultaneously the value of T.;; and C. Indeed, if L is known,
the resonance frequency is w, = 1/v/ LC", the resonance width is proportional to C” and
the amplitude at resonance is proportional to T,¢s. Except for several experimental details
this is the technique used to study FDR in glycerol [44]. In the experiment of ref.[44] the
resonance frequency is 7H z. The glycerol sample is heated at 210K and quenched at 180K
in about 103s (see inset of fig.14(b)). The zero of t,, is taken when the temperature is equal
to T,. The main result of the experiment of ref.[44] is that T,¢(w,, t,) evolves as sketched
in fig.14(b). In spite of the fact that, at ¢, = 1000s the sample temperature is already at
the thermal bath temperature, we see that FDT is violated and the violation lasts for a time
which is much larger than 1/w,. It finally relaxes to 180K after 10°s.

The drawback of this interesting experiment is that one has access only to Tesr(wo, ),
that is to the value of the effective temperature at resonance. Therefore there is no idea on
how the effective temperature evolves as a function of w at different ¢,,. The experiments
described in the next sections analyze this problem.

3.3 Gel electric properties

FDR, eq.1, is studied during the colloidal glass formation in Laponite RD [50], a synthetic
clay consisting of discoid charged particles. It disperses rapidly in water and solidifies even
for very low mass fraction. Physical properties of this preparation evolves for a long time,
even after the sol-gel transition, and have shown many similarities with standard glass aging
[3, 51]. Recent experiments [51] have proved that the structure function of Laponite at low
concentration (less than 3% mass fraction) is close to that of a glass. As in our experiment
the Laponite concentration is low, we call the solid like Laponite solution either a colloidal
glass or simply a glass.

3.3.1 The experimental apparatus

The Laponite [50] solution is used as a conductive liquid between the two golden coated
electrodes of a cell (see fig.1). It is prepared in a clean Ny atmosphere to avoid CO5 and Oy
contamination, which perturbs the electrical measurements. Laponite particles are dissolved
at a concentration of 2.5% mass fraction in pure water under vigorous stirring during 300s.
To avoid the existence of any initial structure in the sol, we pass the solution through a 1um
filter when filling our cell. This instant defines the origin of the aging time ¢,, (the filling
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Figure 15: Laponite experimental set-up The impedance under test Z is a cell filled
with a 2.5wt% Laponite sol. The electrodes of the cell are golden coated to avoid oxidation.
One of the two electrodes is grounded whereas the other is connected to the entrance of a
low noise voltage amplifier characterized by a voltage amplification G. With a spectrum
analyzer, we alternately record the frequency response FR(w) =< Vo /Ve*¢ > (switch A
closed) and the spectrum S(w) =< |[V°“|? > (switch A opened). The input voltage V¢ is
a white noise excitation, thus from FR(w) we derive the impedance Z(w) as a function of w,
that is Z(w) = Ro/(G/FR(w) — 1); whereas from S(w), we can estimate the voltage noise of
Z, specifically Sz(w) = [S(w) — Sa(w)]/G?* where S,(w) is the noise spectral density of the
amplifier

of the cell takes roughly two minutes, which can be considered the maximum inaccuracy of
tw). The sample is then sealed so that no pollution or evaporation of the solvent can occur.
At this concentration, the light scattering experiments show that Laponite [50] structure
functions are still evolving 500k after the preparation [3]. We only study the beginning of
this glass formation process.

The two electrodes of the cell are connected to our measurement system, where we alter-
nately record the cell electrical impedance Z(t,,,w) and the voltage noise density Sz(t.,w)
(see fig.15). Taking into account that in this configuration Im [xv,(tw,w)] = wRe [Z(t,,w)],
one obtains from eq.2 that the effective temperature of the Laponite solution as a function
of the aging time and frequency is:

Tepp(tw,w) = mSz(tw,w)/2kpRe [Z(ty,w)] (10)

which, as already mentioned in sec.3.2 (eq.8) is an extension of the Nyquist formula.
The electrical impedance of the sample is the sum of 2 effects: the bulk is purely con-
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ductive, the ions of the solution follow the forcing field, whereas the interfaces between the
solution and the electrodes give mainly a capacitive effect due to the presence of the Debye
layer [52]. This beahvior has been validated using a four-electrode potentiostatic technique
[53] to make sure that the capacitive effect is only due to the surface. In order to test only
bulk properties, the geometry of the cell is tuned to push the surface contribution to low
frequencies. Specifically the cell is composed by two large reservoirs in contact with the
electrodes which have an area of 25cm?. The reservoirs are connected by a rigid tube (see
fig.15) whose section and length give the main contribution to the bulk electrical resistance.
Thus by changing the sizes of the tube the bulk resistance can be changed from 3002 to
100K 2. We checked that the dynamics of the system does not depend on the value of the
bulk resistance. For a bulk resistance of about 10°Q the cutoff frequency of the equivalent
R-C circuit (composed by the series of the Debye layers plus the bulk resistance) is about
0.02Hz. In other words above this frequency the imaginary part of the cell impedance is
about zero.

(a) (b)
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Figure 16: Laponite response function (a) Frequency dependence of a sample impedance
for 2 different aging times: continuous line ¢, = 3332s; (e)t,, = 44825s.(b) Time evolution
of the resistance. This long time evolution is the signature of the aging of the sol. In spite
of the decreasing mobility of Laponite particles in solution during the gelation, the electrical
conductivity increases.

3.3.2 FDR measurements

In fig.16(a), we plot the real part of the impedance as a function of the frequency f, for a
typical experiment and two different times. The time evolution of the resistance of one of
our sample is plotted in fig.16(b): it is still decaying in a non trivial way after 24h, showing
that the sample has not reached any equilibrium yet. This aging is consistent with that
observed in light scattering experiments [3].

As the dissipative part of the impedance Re(Z) is weakly time and frequency dependent,
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Figure 17: Voltage fluctuations for Laponite Voltage noise density of one sample for
different aging times. The horizontal dashed line is the FDT prediction
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Figure 18: Effective temperature of Laponite. Effective temperature as a function of
frequency for different aging times. As Sy in fig.17, T, s strongly increases and reaches huge
values for low frequencies and short aging times.

one would expect from the Nyquist formula that so does the voltage noise density Sz. But
as shown in fig.17, FDT must be strongly violated for the lowest frequencies and earliest
times of our experiment: Sz changes by several orders of magnitude between highest values
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Figure 19: Effective temperature of an NaOH solution in water. The effective tem-
perature is plotted as a function of frequency for two different times after the preparation.
This solution has a pH close to that of the Laponite, and no violation is observed in this
case for any aging time.

and the high frequency tail !. This violation is clearly illustrated by the behavior of the
effective temperature in fig.18 2. For long times and high frequencies, the FDT holds and
the measured temperature is the room one (300K); whereas for early times T¢;; climbs up
to 3.10°K at 1Hz. Moreover, T.;; could be even larger for lower frequencies and lower aging
times: indeed, we found in all the tested samples no evidence of a saturation of this effective
temperature in our measurement range. In order to be sure that the observed violation is not
due to an artifact of the experimental procedure, we filled the cell with an electrolyte solution
with pH close to that of the Laponite sol such that the electrical impedance of the cell was
the same. Specifically we filled the cell with NaOH solution in water at a concentration of
1073 mol.It. The results of the measurements of T,;; are shown in fig.19 at two different
times after the sample preparation. In this case we did not observe any violation of FDT at
any time.

3.3.3 Statistical analysis of the noise

In order to understand such a behavior we have directly analyzed the noise voltage across
the Laponite cell. This test can be safely done in our experimental apparatus because the
amplifier noise is negligible with respect to the thermal noise of the Laponite cell even when
FDT is satisfied. In fig.20(a) we plot a typical signal measured 2h after the gel preparation

IThis low frequency noise cannot be confused with the standard 1/f noise observed in many electronic
devices. We recall that the 1/f appears only when an external current produced by an external potential
goes through the device. In our cell no external potential is applied.

2The usual representation of the effective temperature in simulations is the slope of the response versus
correlation plot, but it is not suited for our experimental data: the system being almost only dissipative, the
response function is close to a delta distribution, thus FDT is only one point in this representation.
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Figure 20: Voltage noise signal in Laponite . (a) Noise signal, 2 hours after the Laponite
preparation, when FDT is violated. (b) Typical noise signal when FDT is not violated.
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Figure 21: PDF of the voltage noise in Laponite . Typical PDF of the noise signal
at different times after preparation, with from top to bottom: (...)t, = 1lh, (——)t, =
2h, (+)t, = 50h. The continuous line is obtained from the FDT prediction.

when the FDT is strongly violated. The signal plotted in fig.20(b) has been measured when
the system is relaxed and FDT is satisfied in all the frequency range. By comparing the
two signals we immediately realize that there are very important differences. The signal
in fig.20(a) is interrupted by bursts of very large amplitude which are responsible for the
increasing of the noise in the low frequency spectra (see fig.17). The relaxation time of the
bursts has no particular meaning, because it corresponds just to the characteristic time of
the filter used to eliminate the very low frequency trends. As time goes on, the amplitude of
the bursts reduces and the time between two consecutive bursts becomes longer and longer.
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Finally they disappear as can be seen in the signal of fig.20(b) recorded after 50h when
the system satisfies FDT. The evolution of the intermittent properties of the noise can be
characterized by studying the probability density function (PDF) of the signal as a function
of time. To compute the PDF, the time series are divided in several time windows and the
PDF are computed in each of these windows. Afterwards the results of several experiments
are averaged. The PDF computed at different times are plotted in fig.21. We see that at
short ¢,, the PDF presents very high tails which slowly disappear at longer ¢,,. Finally a
Gaussian shape is recovered at t,, = 16h. This kind of evolution of the PDF clearly indicates
that the signal is very intermittent at the very beginning and it relaxes to the Gaussian noise
at very long times.

The comparison of these results with aging models will be done in the conclusions. We
prefer to describe now another experiment in a completely different material.

3.4 Polycarbonate dielectric properties

In order to give more insight into the problem of the violation of FDT and of the intermit-
tent beahvior discussed in the previous section we have done wide band (20mHz — 100H z)
measurements of the dielectric susceptibility and of the polarization noise in a polymer glass:
polycarbonate. We present in this lecture several results which show a strong violation of
the FDT when this material is quenched from the molten state to below its glass-transition
temperature. The effective temperature defined by eq.2 slowly relaxes towards the bath
temperature. The violation is observed even at wt,, > 1 and it may last for more than 3h
for f > 1Hz.

3.4.1 The experimental apparatus

The polymer used in this investigation is Makrofol DE 1-1 C, a bisphenol A polycarbonate,
with T, ~ 419K, produced by Bayer in form of foils. We have chosen this material because it
has a wide temperature range of strong aging [1]. This polymer is totally amorphous: there
is no evidence of crystallinity [54]. Nevertheless, the internal structure of polycarbonate
changes and relaxes as a result of a change in the chain conformation by molecular motions
[1],[55],[56]. Many studies of the dielectric susceptibility of this material exist, but no one
had an interest on the problem of noise measurements.

In our experiment polycarbonate is used as the dielectric of a capacitor. The capacitor
is composed by 14 cylindrical capacitors in parallel in order to reduce the resistance of the
sample and to increase its capacity. Each capacitor is made of two aluminum electrodes,
12pm thick, and by a disk of polycarbonate of diameter 12cm and thickness 125pum. The
experimental set-up is shown in fig.22(a). The 14 capacitors are sandwiched together and
put inside two thick aluminum plates which contain an air circulation used to regulate
the sample temperature. This mechanical design of the capacitor is very stable and gives
very reproducible results even after many temperature quenches. The capacitor is inside
two Faraday screens to insulate it from external noise. The temperature of the sample is
controlled within a few percent. Fast quench of about 50K /min are obtained by injecting
Nitrogen vapor in the air circulation of the aluminum plates. The electrical impedance of
the capacitor is Z(w,t,) = R/(1 +iw R C), where C' is the capacitance and R is a parallel
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Figure 22: (a) Polycarbonate experimental set-up (b) Typical temperature quench:
from T; = 433K to Ty = 333K, the origin of ¢, is at T = T,,.

resistance which accounts for the complex dielectric susceptibility. It is measured using a
Novocontrol Dielectric Analyzer. The noise spectrum of this impedance Syz(w,t,,) is

4k3 Teps(f tw) R

Sz(fitw) =4 kg Tess(f, tw) Re[Z(w, ty)] = T (w RO (11)

where T.;f is the effective temperature of the sample. In order to measure Sz(f,t,), we
have made a differential amplifier based on selected low noise JFET(2N6453 InterFET Cor-
poration), whose input has been polarized by a resistance R; = 4GS). Above 2H z, the input
voltage noise of this amplifier is 5nV/v/Hz and the input current noise is about 1fA/v/Hz.
The output signal of the amplifier is analyzed either by an HP3562A dynamic signal analyzer
or directly acquired by a NI4462 card. It is easy to show that the measured spectrum at the
amplifier input is:

4kg RR; (Tor(fitw) Ri+ Tr R+ Se(f) R Ry)
R+ R+ (wRR C)P

Sv(frtw) = +5(f)  (12)

where TF is the temperature of R; and S, and S¢ are respectively the voltage and the current
noise spectrum of the amplifier. In order to reach the desired statistical accuracy of Sy (f, t,),
we averaged the results of many experiments. In each of these experiments the sample is first
heated to T; = 433 K. It is maintained at this temperature for 4 hours in order to reinitialize
its thermal history. Then it is quenched from 7; to Ty = 333K in about 2 minutes. A typical
thermal history of the quench is shown in fig.22(b). The reproducibility of the capacitor
impedance, during this thermal cycle is always better than 1%. The origin of aging time t,,
is the instant when the capacitor temperature is at T, ~ 419K, which of course may depend
on the cooling rate. However adjustment of Ty of a few degrees will shift the time axis by
at most 30s, without affecting our results.
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3.4.2 FDR measurements

In fig.23(a) and (b), we plot the measured values of R and C as a function of f at 7} and
at Ty for t,, > 200s. We see that lowering temperature R increases and C' decreases. At
T} aging is small and extremely slow. Thus for ¢,, > 200s the impedance can be considered
constant without affecting our results. From the data plotted in fig.23 (a) and (b) one finds
that R = 101°(1 4+ 0.05) f~195£001 O and C' = (21.5 4 0.05)nF. In fig.23(a) we also plot
the total resistance at the amplifier input which is the parallel of the capacitor impedance
with R;. We see that at T the input impedance of the amplifier is negligible for f > 10Hz,
whereas it has to be taken into account at slower frequencies.

10” 25
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Figure 23: Polycarbonate response function (a) Polycarbonate resistance R as a function
of frequency measured at T; = 433K (<) and at Ty = 333k (o). The effect of the 4GQ
input resistance is also shown at 7' = 433K (0J) and at 7' = 333K (x). (b) Polycarbonate
capacitance versus frequency measured at T; = 433K (<) and at Ty = 333k (o).

Fig.24(a) represents the evolution of Sy (f,t,) after a quench. Each spectrum is obtained
as an average in a time window starting at t¢,,. The time window increases with ¢, so to
reduce error for large t,,. Then the results of 7 quenches have been averaged. At the longest
time (f, = 1 day) the equilibrium FDT prediction (continuous line) is quite well satisfied.
We clearly see that FDT is strongly violated for all frequencies at short times. Then high
frequencies relax on the FDT, but there is a persistence of the violation for lower frequencies.
The amount of the violation can be estimated by the best fit of T.sf(f, ) in eq.12 where
all other parameters are known. We started at very large ¢,, when the system is relaxed and
Terr = T for all frequencies. Inserting the values in eq.12 and using the Sy measured at
tw = lday we find T,5y ~ 333K, within error bars for all frequencies (see fig.24b). At short
t, data show that T,.p¢(f,t,) >~ Ty for f larger than a cutoff frequency f,(¢,) which is a
function of t,,. In contrast, for f < f,(t,) we find that T, is: T.sr(f,tw) fAt)  with
A(t,) ~ 1. This frequency dependence of T,¢s(f,t,) is quite well approximated by
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Tops(ft) =Ty [1 + () 4] (13)
Jo(tw)

where A(t,) and f,(t,) are the fitting parameters. We find that 1 < A(¢,,) < 1.2 for all
the data set. Furthermore for ¢,, > 250, it is enough to keep A(t,) = 1.2 to fit the data
within error bars. For t,, < 250s we fixed A(t) = 1. Thus the only free parameter in eq.13
is f,(tw). The continuous lines in fig.24(a) are the best fits of Sy found inserting eq.13 in
eq.12.

In fig.24(b) we plot the estimated T.¢(f,t,) as a function of frequency at different
tw. We see that just after the quench T,¢¢(f,t,) is much larger than 7% in all the frequency
interval. High frequencies rapidly decay towards the FDT prediction whereas at the smallest
frequencies T.;; ~ 10°K. Moreover we notice that low frequencies decay more slowly than
high frequencies and that the evolution of T.ss(f,t,) towards the equilibrium value is very
slow. From the data of fig.24(b) and eq.13, it is easy to see that T, ¢ ( f,t,) can be superposed
onto a master curve by plotting them as a function of f/f,(t,). The function f,(¢,) is a
decreasing function of ¢,,, but the dependence is not a simple one, as it can be seen in the
inset of fig.24(b). The continuous straight line is not fit, it represents f,(t,,) o 1/t, which
seems a reasonable approximation for these data. For t,, > 10*s we find the f, < 1Hz. Thus
we cannot follow the evolution of T¢;¢ anymore because the contribution of the experimental
noise on Sy is too big, as it is shown in fig.24(b) by the increasing of the error bars for
tw =1day and f < 0.1Hz.

Before discussing these experimental results we want to compare them to the single
frequency experiment performed on glycerol (sec.3.2) [44]. In this experiment, T.;; has been
measured only at THz. Thus we studied how T.;;(7Hz2,t,) depends on t, at THz in our
experiment. The time evolution of T, ;¢(7H z, t,,) is plotted as a function of ¢,, in fig.25a). The
time evolution of T, ¢(2H z,t,,) is also plotted just to show the large temperature difference
between two frequencies. Let us consider the evolution at 7Hz only. As in the experiment
described in sec.3.2 ref.[44], we confirm the fact that the violation is observed even if wt,, >>
1, which is in contrast with theoretical predictions. The biggest violation is for short times
after the quench where the effective temperature is surprisingly huge: around 800K at 7H z
and t,, = 300s. In the experiment on glycerol the first data reported are for t,, > 1000s.
Thus if we consider only data at ¢,, > 1000s in fig.25a) we see that our results are close to
those of ref.[44]. Indeed at t,, = 1000s we find in our experiment (T¢;; —T17)/(T,—T}) ~ 2.4.
The glycerol data give (T.pr — Ty)/(T, — Ty) ~ 1. Thus the relative violations of FDT at
THz are very close in glycerol and polycarbonate. However it would be interesting to check
whether at shorter times and at lower frequencies large T.¢s could be observed in glycerol
too.

In order to compare with theoretical predictions [30, 10] and recent spin glass experiment
[47] we may plot the integrated response R(t,t,,) as a function of the correlation C(t,t,).
The latter is obtained inserting measured T,;¢(f,t,) in eq.11 and by Fourier transforming
this equation. R(t,t,) can be computed by Fourier transforming Real[Z(w,t,)]. FDR now
takes the form [10, 11]:

—C(t,tn) + Cllu, tw) = ki Tops(t tw) Rt ) (14)
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Figure 24: Voltage noise and effective temperature in polycarbonate. (a) Noise
power spectral density Sy (f,t,) measured at Ty = 333K and different t,,. The spectra are
the average over seven quenches. The continuous line is the FDT prediction. Dashed lines
are the fit obtained using eq.12 and eq.13 (see text for details). (b) Effective temperature
vs frequency at Ty = 333K for different aging times: (<) tw = 200 s, (x) tw = 260s,
o tw = 2580s, (X)t,, = 6542s, (o)t,, = 1 day. The continuous lines are the fits obtained using
eq.13. The horizontal straight line is the FDT prediction. The dot dashed line corresponds
to the limit where the FDT violation can be detected. In the inset the frequency f,(t,),
defined in eq.13, is plotted as a function of ¢,. The continuous line is not a fit, but it
corresponds to f,(ty,) o< 1/t,.

In the inset of fig.25(b), we see that for ¢,, > 300s the shape of the decay of C(t,,?) remains
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Figure 25: Violation of FDT in polycarbonate. (a) Effective temperature at 7THz (o)
and 2H z (<) measured as a function of ¢,, at Ty = 333K. b) Plot of the integrated response
R(t,t,) as a function of —C'(t,t,,) + C(tw,ty) at different ¢,,. Symbols correspond to the
data: (o) tw = 256s, (e)t, = 353s, (O)t, = 4200s, (<)t, = 6542s. The dashed lines are
obtained from the best fits (see text for details). The continuous straight line is the FDT
prediction. In the inset C(t,t,) — C(ty, ) is plotted as a function of time for several tw =
250s; 353s; 503s; 1120s; 1624 5; 2583s; 4200s. The correlation functions have been superposed
by scaling t — t,, by a characteristic time ¢,(t,,) which is an increasing function of t,,.

31



essentially the same. Indeed data for different ¢, can be scaled onto a single master curve
by plotting C'(t,,t) as a function (t —t,)/t,(t,), where t,(t,) is an increasing function of t,,:
approximately t,(t,,) o log(t,) for t,, > 500s. The self-similarity of correlation functions,
found on our dielectric data, is a characteristic of the universal picture of aging [9, 10, 36, 37,
57], which has been also observed in spin-glass experiment [47] and in the structure function
of the dynamic light scattering of colloidal gels [58]. Thus our results confirm that this
picture of aging applies also to the polymer dielectric measurements. To further investigate
this aging, we plot, in fig.25b), R(t,t,) as a function (—C(¢,t,) + C(tw, tw))/kp at different
tw. The slope of this graph gives 1/T.;;. The symbols correspond to the data whereas the
dashed line are obtained by inserting the best fit of Tt ;7 in eq.13, in eq.11. We clearly see that
data at small C(¢,t,) asymptotically converge to an horizontal straight line, which means
that the system has an infinite temperature. At short time, large C(t,t,,), FDT prediction is
recovered (continuous straight line of slope 1/T). This result is quite different to what has
been observed in recent experiments on spin glasses where T,¢; ~ 5T} has been measured
[47]. In contrast infinite T.s; has been observed during the sol gel transition [45] and in
numerical simulation of domain growth phenomena [38].

(a) (b)
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Figure 26: Voltage noise signal in polycarbonate Typical noise signal of polycarbonate
measured at 1500s < t,, < 1900s (a) and t,, > 75000s (b).

3.4.3 Statistical analysis of the noise in Polycarbonate

In order to understand the origin of such large deviations in our experiment we have analyzed
the noise signal. We find that the signal is characterized by large intermittent events which
produce low frequency spectra proportional to f~* with o ~ 2. Two typical signals recorded
at 1500s < t,, < 1900s and ¢, > 75000s are plotted in fig.26. We clearly see that in the signal
recorded at 1500s < t,, < 1900s there are very large bursts which are on the origin of the
frequency spectra discussed in the previous section. In contrast in the signal (fig.26b), which
was recorded at t,, > 75000s when FDT is not violated, the bursts are totally disappeared.
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Figure 27: PDF of voltage noise in polycarbonate Typical PDF of the noise signal of
polycarbonate measured at various t,,

As for Laponite we have studied the PDF of the signal as a function of ¢,, for polycar-
bonate. The results are shown in fig.27. We clearly see that the PDF, measured at small
tw, has very high tails which becomes smaller and smaller at large ¢,,. Finally the Gaussian
profile is recovered after 24h. This strongly intermittent dynamics is reminiscent of the in-
termittence observed in the local measurements of polymer dielectric properties [59] and in
the slow relaxation dynamics of a colloidal gel [60].

3.5 Rheological Measurements

In the previous section we have shown that the FDR is strongly violated by the electrical
properties of Laponite. We want to understand whether a violation can be observed in the
measurements of other physical properties. Of course there are no reasons to assume that
Ter is the same for all the variables [42, 43] but the differences and the analogies found
in the evolution of T,¢; obtained by the measurements of several variables may give new
insight on aging theories and on the coupling of the different variables in an aging material.
Therefore we performed rheological measurements on Laponite and we checked FDR in these
measurements.

3.5.1 Experimental apparatus

To achieve this result we built a new rheometer which is sensitive to thermal fluctuations.
The principle of the rheological measurement is a standard one and is illustrated in fig.28.
We describe here only the main features, more details can be found in ref.[62, 63]. A rotor
of diameter 12mm is inserted in a cylindrical cell. The gap of 1mm between the rotor
surface and the cell is filled with the fluid under study. The rotor is suspended by two
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steel wires. On the top of the rotor we fixed an optical prism. This prism is part of a
Nomarski interferometer [64] which is used to measure the rotation angle 6 of the rotor. The
sensitivity of this system is better than 10~'%rad/v/Hz corresponding to a torque on the
rotor of about 10N - m/v/Hz. An external torque I'.,; can be applied to the rotor by
using the electrostatic interaction of a capacitor (see fig.28). One of the two electrodes of the
capacitor is fixed on the rotor whereas the other is fixed on the cell walls. When a voltage
difference V, is applied on this capacitor the attractive force between these two electrodes
produces a torque on the rotor which is equilibrated by the stiffness of the steel wires.

optical axis

H

filling hole

a) b)

Figure 28: Rheometer Vertical (a) and horizontal (b) cross section of the rheometer. The
torque is applied through the electrostatic interaction of electrodes A; 5 and B o when the
voltage V. is applied to this capacitor.

Let us consider the simple case of a Newtonian fluid of viscosity 1. The response of this
torsion pendulum in Fourier space is

00 1

XOT et Cewe (k= Jw?) —ianw (15)

where J is the rotor inertia moment, k the steel wires stiffness and « is a geometric factor.

In the experiment we have access to two quantities : the angular position # of the rotor,
and the voltage V. driving the torque. I'.,; being quadratic in V., we add a constant offset
to it in order to linearise this relation. For small displacements, the response function xgr,,,
is then simply proportional to xgy,. The missing constant can be found by performing a
inertial calibration of the response: the real part of 1/xer,,, is a parabola whose quadratic
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coefficient is the rotor inertia moment J. J is known with a good precision, and thus can be
used to calibrate the measurement.
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Figure 29: Response of the rheometer to a white noise excitation. The real (a) and
imaginary (b) part of 1/xer,,, are plotted as a function of frequency. The rheometer is filled
with a viscous oil with 7 = 2Pa s. The dashed curve in (a) corresponds to a quadratic fit
of the data, and allows inertial calibration of the measurement (see text for details). The
dashed line in (b) is a linear fit of low frequency data, it is consistent with a newtonian
behaviour of the fluid.
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Figure 30: Spectrum of the thermal fluctuations of . The rheometer is filled with the
same oil used to measure the response reported in fig.29. The continuous line is the result
of the measurement whereas the dashed line is computed inserting in eq.16 the measured
response of the rheometer and 7' = 300K.

This rheometer has been tested using a silicon oil with n = 2Pa s. We first measure the
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response by using a white noise voltage exitation for V. with an amplitude corresponding
to a torque ey ~ 107N m/y/Hz. The real and imaginary part of 1/xgr,,, are plotted
as a function of frequency in fig.29(a) and fig.29(b) respectively. We see that in agreement
with eq.15 the real part of 1/xgr,,, is very well fitted by a parabola whereas the imaginary
part is linear for small f. The deviation of the data from the linear behaviour is due to
the non-newtonian character of the silicon oil at higher frequencies. Once the response is
known one can set the external torque to zero and measure Sy, the spectrum of the thermal
fluctuations of . In this case the fluctuation dissipation relation is :

Ak T
Sy = B

Im(XGFext) (16>

By inserting the measured xor,,, in eq.16, we get an estimation of the fluctuation spec-
trum Sp. The comparison between this computed Sy and the measured one is done in fig.30.
Except for the existence of the peaks due to environmental noise the agreement is quite
good. Thus the rheometer has enough sensitivity to verify FDR in viscous fluids.
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Figure 31: Aging of the viscoelastic module of Laponite at a 3% mass concentration
in water. The real (a) and imaginary (b) part of the viscoelastic module are plotted as a
function of frequency.

3.5.2 FDR on the rheology of Laponite

We have studied the rheological properties of Laponite at 3% mass concentration in water.
Laponite has been prepared in the way described in section 2) for electrical measurements
and the rheometer is mounted inside a container filled with a clean Nitrogen atmosphere.
Moreover, a thin oil layer on top of the Laponite solution ensures no evaporation can occur.
We first measure the response at different times t,, after the preparation. The measured
elastic and viscous modules of Laponite are plotted as a function of frequency in fig.31 (a)

36



Te 1 [electric]

1 2 4 5 6 7 8910

Figure 32: Thermal fluctuation spectrum of the rheometer filled with Laponite.
The line with o is the the result of the measurement. The line with x is the FDT prediction
for T' = 300K. The line with + is obtained from eq.16 by inserting in 7" the values of T¢ss
estimated from electric measurements.

and (b) respectively. We clearly see that at short ¢,, the liquid like solution has only viscous
response. As time goes on an elastic modulus appears and the viscosity grows of about one
order of magnitude. After 24 hours the solution has a solid like aspect with a viscoelastic
response. The measurement the thermal fluctuation spectrum Sy averaged on the first hour
of the aging processes of Laponite is plotted in fig.32. The peak at 1.5H z has no physical
meaning and is due to a mechanical resonance of the table. Whereas the resonance at 7H z is
the resonant frequency of the torsion pendulum of the rheometer. The measure is compared
to the prediction of the fluctuation dissipation theorem by inserting in eq.16 the measured
values of the Laponite viscous response and T' = 300K. We also inserted in eq.16 the effective
temperature obtained by the electrical measurements averaged on the first hour. We clearly
see that in the case of rheological measurements no violation of FDR can be detected within
experimental errors. If a violation exists, it is much smaller than that observed in the electric
measurements.

3.6 Discussion and conclusions on the effective temperature

Let us resume the main results of the experiments described in the previous sections. We
have seen that dielectric measurements of Laponite, during the sol-gel transition, and of
polycarbonate, after a temperature quench, show a strong violation of FDT. In agreement
with theoretical prediction the amplitude and the persistence time of the FDT violation is a
decreasing function of frequency and time. The effective temperature defined by eq.2 is huge
at small f and t,, and slowly relaxes towards the bath temperature. In contrast to theoretical
predictions the violation is observed even at wt,, >> 1 and it may last for more than 3h for
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f > 1Hz. We have than investigated the behaviour of the noise signals and we have shown
that the huge T¢ss is produced by very large intermittent bursts which are at the origin of
the low frequency power law decay of noise spectra. Furthermore we have also shown that for
both materials the statistic of this event is strongly non Gaussian when FDT is violated and
slowly relaxes to a Gaussian one at very long t,,. Thus these two very different materials have
a very similar relaxation dynamics, characterized by a strong intermittency. This strongly
intermittent dynamics is reminiscent of the intermittence observed in the local measurements
of polymer dielectric properties [59]. Furthermore recent measurements done, using Time
Resolved Correlation in Diffusing wave spectroscopy, have shown a strong intermittency in
the slow relaxation dynamics of a colloidal gel [60].

The first striking result which merits to be discussed is the huge T.;; measured in
Laponite and polycarbonate. Such a large T,¢; is not specific to our systems but it has
been observed in domain growth models [10, 38] and in models controlled by activation
processes [42, 43]. The question is whether these models may have some connections with
our observations. We have seen that in our experiments the high effective temperature is
produced by a very intermittent dynamics. This kind of behavior can, indeed, be interpreted
on the basis of the trap model [6, 42], which predicts non trivial violation of FDT associated
to an intermittent dynamics. The system evolves in deeper and deeper valleys on the energy
landscape. The dynamics is fundamentally intermittent because either nothing moves or
there is a jump between two traps. In our case these jumps could explain the presence in the
dielectric voltage noise of very large and rare peaks with a slow relaxation after the jump.
Clear answers to this question can be given by a detailed study of the statistics of the time
intervals between large peaks. This study is in progress.

However it is important to point out that intermittent dynamics and very large T.s¢ are
not observed in all the systems. Indeed spin-glass experiments [47, 48] have a behaviour,
which, at least for temperatures close to T}, is coherent to mean field predictions. Instead
on the basis of the available experimental data nothing can be said about the supercooled
liquid dynamics, because, as we have seen in sec.3.2, only single frequency measurements
have been done on these materials.

Another important point that we have discussed is the dependence of T,f; on the ob-
servable. In sect.(3.3) we have studied this problem by measuring FDR of the rheological
properties of Laponite. These measurements show that, within experimental errors, either
there is no violation of FDT or this violation is certainly much smaller than that observed
in the dielectric measurements. The reasons of this difference between electrical and me-
chanical measurements are unclear and much work is necessary to give new insight on these
problems. However it is important to stress that this difference is coherent with trap models,
which predict not only an intermittent dynamics, but also an observable dependent T ¢.

4 General conclusions

The purpose of this lecture was that of discussing several experimental approaches which are
useful to characterize the aging dynamics. In the first part we have discussed methods based
on the analysis of the response functions, showing the existence of very spectacular effects
such as memory and rejuvenation. However we have seen that, although these two effects
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are extremely useful to fix constraints for the models of aging, the informations extracted by
these techniques are not enough to make a distinction among the different models. For this
reason in the second part of the lecture we have discussed the measurement of the FDR for
different materials and observables. As the FDR is strongly model dependent, the association
of thermal noise and response measurements is extremely useful to give new insight on the
aging dynamics.

As we have already mentioned many questions are still open. For example it will be very
useful to clarify whether the intermittent dynamics is always associated with an observable
dependent Tisr. Further, it will be important to understand whether the intermittency
observed on global variables is related to local rearrangement inside the sample. Much work
is needed in order to answer to these questions.
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