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Experimental search for dynamic heterogeneities in
molecular glass formers

F Ladieu , C Thibierge and D L'HGte
Service de Physique de I'Etat Condensé (DSM/DRECAM) and ORRS ,
CEA Saclay, 91191 Gif-sur-Yvette, France

Abstract. We have measured the linear dielectric susceiyitof two molecular
glass formers close @, in order to estimate the size of the dynamicatiyrelated
clusters of molecules which are expected to gotleenphysics of glass formation.
This size has been shown to be related to the dgnalelectric susceptibility
de(a)/dT (¢ dielectric susceptibilityT : temperaturew: frequency). To allow for
an accurate determination of thelerivative, we scanned the interval 192 < 232

K every 1 K for glycerol and 159 €< 179 K every 0.5 K for propylene carbonate.
The resolution ol variations was about 1 mK. The result for glycesothat the
number of correlated molecules increases by arf@&thenT goes from 226 to 195
K. It has been shown that the non-linear suscéipyilprovides a direct measurement
of dynamic correlations. To measure it, we usethadard Lockin technigue yielding
the third harmonic of the current flowing out ofcapacitor. We obtained only an
upper limit on the ratio of the third to the firermonic, due to the non-linear
response of standard electronics.

PACS numbers4.70.Pf, 77.22.-d

1. Introduction

The structurala-relaxation time of supercooled liquids exhibits a fast nomémius
temperature dependence which is among the most striking and ygtlained feature of
glass formers [1-12]. Despite its unsolved origin, Thidsependence is expected to be related
to cooperative effects [9-13]: The dynamics of the system stiws as the temperature
decreases to the glass transition temperalyrdecause larger and larger numbers of
molecules have to move in a correlated way to allow for tbeom of any single molecule.
The idea of such cooperatively rearranging domains has been putddong ago [13-14],
and was reinforced by numerical simulations results [14-21]. @ne#tperimental side,
correlation lengths have been extracted, using various technichiek, lead to length scales
of the order of 5 to 20 particles [9-11, 22-26].

In this paper, we present two experiments devoted to the extraéttbe average number of
correlated particles in a glass formi,,, by using two new methods based on linear [27]
and non-linear [28] dielectric spectroscopy. These methods alloa ficecise determination
of the temperature dependencelNaf,. We stress the experimental specific problems raised
by each of the two methods. The linear dielectric spectroscopy apexturate temperature
dependence, thus a control of the reproducibility and time isyaflihe method we used for
non-linear dielectric spectroscopy needs low level harmonic distortithre @lectronics used.



2. Experimental set-up

The experiments were performed in a cryogenerator whose base tempkratsr&0 K. The
experimental stage was a closed metallic cell (diametig em, height = 3.5 cm) placed in
vacuum and connected to the low temperature stage by a thermadampef 30 K/W).
Since we intend to determine the thermal derivative ofctmplex dielectric susceptibility
&(a), see equation (1) below, we paid special attention to the mesntreof the
temperature as well as to the reproducibility and time Igtabf all our £(«) measurements
(glycerol and propylene carbonate). The temperafuwkthe experimental cell was regulated
by using a PID LakeShofecontroller, which gives a stability af better than 1 mK. The
value of T was measured with a resistive thermometer, previousiyratdd with a refined
method using the triple point of water and the liquefaction temtyper of Nitrogen. The
thermometer was immersed in the supercooled liquid as clgsessible to the samples. The
samples were thin layers of glass formers sandwiched betthee parallel electrodes of the
capacitors. The spacers were small disks (surface 10 ofidgpton or Mylar of thicknesk
=30 um (for glycerol) to 360 um (for propylene carbonate). R@rgtycerol measurements,
electrodes were placed horizontally and were made of highly dolieshsivafers whose
surface (20 cm?) was coated with 0.4 um of gold. For the propghlahenate measurements,
electrodes were placed vertically and were made of brassesgwith a polished surface (5.5
cm?). The electrodes were immersed in the glass former, and ithg dillthe cell was done in
an inert atmosphere of Argon. A pressure of 2 bars of Argon was phé icell at room
temperature, thus the pressure above the supercooled liquithednterger than 1 bar at low
temperature in order to avoid the formation of bubbles of adsorbed.dlse voltag®/(a)
was applied to the sample and the resulting curtent was deduced from the lock-in
measurement of the voltagéw) across a 1@ resistor put in series with the sample. Coaxial
shielding was ensured from room temperature down to the expesinuetit The relation
between («) andv(a) involves the complex impedances of the cables connecting the sample:
The later were carefully measured in order to correcthieir contribution. We verified that
the stray capacitances were extremely small, if anyn{ast a few pF). The overall
consistency was checked by measuring well known capacitoresistbrs on the frequency
interval reported here. Finally, the complex capacitab@® of the sample was deduced
from jwC(w=I (w)/V{a), whereVya) is the voltage really applied to the sample (once the
whole circuit has been taken into account).

3. Linear dielectric spectroscopy experiments

Using this experimental setup, the dielectric response el (purity 99.6%) was
measured at low electric fielel= 50 kV/m. In the following, we use the notatioaéw=0) =
&'(w=0) = £(0) ande(w=w) = &'(w=w) = &, Where&'(a) is the real part oE(c). Figure 1
shows, for a set of temperatures ab®ye 190 K, the real part ofJ(c)—C()]/[ C(0)—C(c0)]
which is equal to§(w)—¢.)/As whereAs= £(0) —&., . Contrary tog(0), we do not directly
measure the value of,, but it can be deduced from fitting o@(wT) data with the
Havriliak-Negami parametrization [29]. It turns out tligte(0) is a small number whose
dependence is sufficiently weak to be of no consequence her@ateequation (1) below).
In our setup, the crystallization of glycerol could start above R1fh a time scale
comparable to that of experiments, yielding distorted curves forRE@(c)] and Im[C(c))].
Below 205K this did not occur: th€(a) curves (i.e. botlRgC(a)] and Im[C(c)]) were
reproducible within 0.1% for days. Starting from 204 K, a @&, 7) curves were recorded
at higher temperatures before coming back to 204 K, recording aigaitd &K the C(w)
values and repeating the cycle for different higher tempestdrhis allows to discard
posteriorithe curves where crystallization had started. The curvegorefiL are those for
which the error due to crystallization is less than 1%.
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Figure 1. The real part of the dielectric susceptibility (normadl by As = £(0) - £.)
measured for glycerol in the supercooled state. The tempegaaesefrom 195.63 K (left
curve) to 228.54 K (right).

Our set of curves of figure 1 can be used to estimate the niNgh@f correlated molecules.
Indeed, definingy = R £(a)-€.)/ 4¢, it was established recently [27] that

2
Neor (@0,T) = E[T di] , )
co \ dT

whereks is the Boltzmann constany; is related to the specific heat (of a molecular volume).
For consistency with reference [27] we have takercdahe specific heat jump & (i.e. the
difference between the specific heat of the supercooled liquidhamhaf the crystal). Note
that if we had used the specific heat of the supercooled liquidhwkiabout twice the
specific heat jump, the values Nf,(cyT) would have been halved. Besides, the right hand
side of equation (1) was obtained in reference [27] by considarifayr point correlation
function whose integral over space givés,(wT) up to a numerical prefactor. Here, for
consistency with reference [27] we have taken this factorl égua This choice, as well as
that concernings, (and its possibl@-dependence that we neglect), will be discussed in a
future publication.

To obtain Neor(awT) from our data, we used two methods: (i) we fit@duT) with the
Havriliak-Negami parametrization [29], and fitted thelependence of these parameters to
finally calculatedy/dT ; or (ii) we directly calculatedly/dT from finite differences of the
curves shown in figure 1. Figure 2 shows that both methods yialthisresults. At a given

T, Neor(a T) reaches its maximum at a frequern@y which is close to the frequenay, at
which the imaginary part”(«) of the dielectric susceptibility is maximum. For claritiie

full set of Neor(ed T ) curves is shown only for method (ii), while for method (i) orilg t
maximum value (overd) Of Neor(cwT) - called Neo* (T ) - is reported for eacii . We
estimated our experimental uncertainty on the quarfiity(dT )? (which appears in equation
(1)) to vary from 1% for the maximum values N, to 5% whenN,, = 1. The overall
experimental uncertainty dd.o, is larger because it includes the uncertaintyonhich is
rather of the order of 10%. In figure 2, it is worth noticingttmethod (ii) yields “clean
curves” despite the fact tat no fitting procedure of the datavolved. This is consistent with
the error bar of at most 1% df..*(T). Analyzing figures 2 and 3 in detail reveals that the
finite difference method fol steps ofl K underestimatebl., by typically 7%. The weak



difference between the two methods (see figure 3) comestliiiinite size of thd steps in
method (ii).

Our main result is the increase Nf,* whenT decreases towards, . The analysis of this
behavior should yield further insight in the understanding of the glasstiman
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Figure 2. NumberN.(eT) of correlated molecules in glycerol obtained from the data
shown on figure 1 and using equation (1). The series of parabolictikes with squares
symbols corresponds to the method (ii) (which does not involve iiimg fprocedure, see
text). By using method (i), the upper solid line is obtained, lwk@rresponds tdl..* (T)
defined in the text as the maximum values, auenf N, () T) for eachT.
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Figure 3. Maximum valueNg* (T) of Neorr(aT), as a function ofT, obtained either with
methaod (i) or (ii) (see text for details).

Figure 4 shows the temperature and frequency dependence of datridiedusceptibility of
propylene carbonate. The non-Arrhenius nature of this very frglgigs [1-12] is visible on

the figure since the interval between two successive clumeesases when the temperature
decreases.
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Figure 4. a: The normalized real part of the measured dielectric subtiyptof propylene
carbonate as a function of the frequency for temperaturesigafigin 159.34 K to 178.34 K
by steps of 0.5 Kb: The same asa], but for the normalized imaginary component of the
dielectric susceptibility. The normalization consists in dividingnde" by Ae = £(0) - &...

4. Non-linear dielectric spectroscopy experiments

On quite general theoretical grounds, it has been shown recentlyh@8the nonlinear
susceptibilityys(e«y T) is directly related to the cooperative lengtly:

X_52| 2
kgT
whereys is the static dielectric susceptibility (not to be confused witl tbieequation (1))

an exponent related to the spatial structure of the four pointatomrefunction,H a function
which should depend only owr, where w is the frequency of the perturbing field, and
T,=1/w, . H is expected to reach its maximum (of order 1yat~ 1, while for wr,>>1 and
wr,<< 1,H should be much smaller.

Experimentally when an electric field is applied to the sampéenbn linear response makes
that a third harmonic curren{3a) ~ xs(wT )E?® is added to the currerifa). By using
standard lock-in techniques [30], we looked 1(8c) with glycerol samples. For each
temperature between 220K and 203K, the frequanayas selected to meet the condition
wr,~ 1, at which the functioi should be maximumie used a standard source (voltage V
< 10 V) and for the thinnest sample (thicknéss 30 um) the fielde = V/L ranged from 10

to 220 kV/m. For a giveh, we detected a third harmonic curré@«) ~ V3. However, by
varying L we found that the expectd@3c«) ~1/L® law was not obeyed. We therefore
conclude that the measurd@3«) is dominated by a spurious contribution from the

X3(@,T)= TTH (wr ) ; )



electronics. This spurious contribution may come, e.g. from théHattny voltage source
has some harmonic distortion: in addition to the volts¢e), the source delivers small
harmonic voltagegV(na) with n = 2,3,... The main features relevant for our study are that,
typically V(na) ~ [V(«)]" and thatdV(3w)/V(w) can reach Ibfor the maximum voltages.
These considerations explain fairly well that the measlf@d) was dominated by the
contribution of the source. As a consequence, we obtanedpper limitfor the third
harmonic current and thus an upper boundNigr~ 1%a® (a® being the molecular volume):
assumingH(wr,=1)=1, we deduce an upper bound Mg, typicallyten times largethan the
values reported in figures 2-3. Current work is in progress taeeithe spurious contribution
of the electronics.

Finally, we note that Richert and Weinstein [31] have recentifopeed non-linear
measurements on glycerol. Their data are accounted for by d wizele both the absorption
of electrical energy and the thermal coupling to the bath arerged by the same time scale
heterogeneously distributed in the sample. To disentangleftbit from that of equation (2)
remains an open question.
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