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The slowing down of molecular dynamics when approaching the glass transition generally proceeds

much stronger than expected for thermally activated motions. This strange phenomenon can be formally

ascribed to a temperature-dependent activation energy EðTÞ. In the present work, via measurements of

the third-order nonlinear dielectric susceptibility, we deduce the increase of the number of correlated

molecules Ncorr when approaching the glass transition and find a surprisingly simple correlation of EðTÞ
and NcorrðTÞ. This provides strong evidence that the noncanonical temperature development of glassy

dynamics is caused by a temperature-dependent energy barrier arising from the cooperative motion of

ever larger numbers of molecules at low temperatures.

DOI: 10.1103/PhysRevLett.111.225702 PACS numbers: 64.70.pm, 77.22.Ch, 77.22.Gm

The glass transition is of general importance not only for
the conventional silicate glasses but also for the large field
of polymers, for metallic glasses, for new types of electro-
lytes (e.g., ionic liquids), and even for biological matter
(e.g., proteins). Nevertheless, and despite many decades of
intense research, this phenomenon still is one of the great-
est mysteries in condensed-matter physics and material
science [1–3]. For centuries, glass blowers have made
use of the gradual increase in viscosity when a liquid
approaches the glass transition under cooling. However,
in all classes of glass-forming matter the corresponding
slowing down of the motion of the structural units (atoms,
molecules, ions, polymer segments, etc.) proceeds signifi-
cantly stronger than predicted by the Arrhenius law [1–6].
The latter is expected, making the reasonable assumption
that these units have to overcome an energy barrier E via
thermal activation to allow for translational motion and,
thus, to enable viscous flow. An often proposed explanation
of the found deviations from this naive expectation is
an increase of the effective energy barrier EðTÞ at low
temperatures [1–4,7,8]. It may arise from an increasingly
cooperative character of molecular motions when approach-
ing the glass transition, i.e., an increase of the number of
correlated molecules (or ions, polymer segments, etc.) and a
concomitant growth of correlation length scales [1,4,9,10].
However, until now an experimental proof of this close
relation of apparent energy barrier andmolecular correlation
is still missing.

The experimental determination of correlation lengths in
glass-forming materials is a challenging task. In principle,
the measurement of a four-point correlation function, which
is known to probe the cooperative length scales [11,12],
would do the job. However, it seemed that the corresponding
susceptibility is not directly accessible by experiment. Thus
it was a breakthrough when it was shown that the nonlinear
3! harmonic of the susceptibility �3ð�Þ, which can be
determined, e.g., by dielectric spectroscopy, is directly
related to the four-point correlation function [13,14].

Subsequently, in a seminal work by Crauste-Thibierge et al.
[15], �3 spectra of a glass-forming liquid were determined
anda significant increase ofNcorrwithdecreasing temperature
was indeed found.
In the present work, we present �3 of four glass-forming

liquids: glycerol, propylene carbonate (PC), 3-fluoroaniline
(FAN), and 2-ethyl-1-hexanol (2E1H). The departure of their
�ðTÞ curves from Arrhenius behavior, � ¼ �0 exp½E=ðkBTÞ�
(�0, inverse attempt frequency; E, activation energy), differs
significantly: PC [6] and FAN [16] show marked deviations
and they thus can be classified as ‘‘fragile’’ within the com-
monly employed strong or fragile classification scheme of
glassymatter [1–4,17]. In contrast, these deviations aremuch
smaller for glycerol [6] and the main relaxation in 2E1H
approximately follows theArrhenius law [18]. If the growing
number of correlated molecules indeed explains the increase
of the apparent activation energy at low temperatures, the
much stronger non-Arrhenius behavior in PC and FAN
should be reflected by a stronger temperature dependence
ofNcorr. Moreover, relatingNcorrðTÞ in these glass formers to
their �ðTÞ should shed light on the microscopic mechanism
leading to the puzzling non-Arrhenius behavior of glassy
matter.
The experiments were performed using a frequency-

response analyzer in combination with two high-voltage
boosters, HVB 300 and HVB 4000, from Novocontrol
Technologies, enabling measurements with peak voltages
up to 150 or 2000 V and frequencies up to about 100 or
1 kHz, respectively. Two different ways of sample prepa-
ration were employed. (i) The sample materials were put
between two lapped and highly polished steel plates, form-
ing thin films with thicknesses of 1–20 �m. No spacer
materials were used, which significantly reduced the
probability for electrical breakthroughs. (ii) Glass-fiber
spacers of 30 �m diameter were used to separate the ca-
pacitor plates. For the larger plate distances, measurements
were performed using the HVB 4000 high-voltage booster
to reach sufficiently high field amplitudes. The consistency
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of the results from the two devices and preparation methods
was carefully checked. To exclude field-induced heating
effects, successive high- and low-field measurements were
performed, as described in detail in Ref. [19]. Field-induced
sample contraction effects due to attracting forces between
the capacitor plates were excluded as discussed in Ref. [19]
and by comparing measurements with and without spacers.

Figure 1 shows spectra of the modulus of �3, measured
in glycerol for various temperatures when approaching the
glass temperature of 185 K. (We plot j�3j times the squared
field E because of the relation �total ¼ �1 þ �3E

2 þ � � � ,
making this quantity dimensionless and comparable with
the linear susceptibility �1, i.e., the permittivity.) The
simplest contribution to the nonlinear susceptibility arises
from the well-known saturation of dipolar reorientation at
high fields [20], which should lead to a plateau in �3ð�Þ at
low and a continuous decrease at high frequencies [21].
These two features are indeed found in Fig. 1, where a
low-frequency plateau and a high-frequency power law,
extending over more than four frequency decades, are
revealed in unprecedented precision. However, superim-
posed to this general trend, �3ð�Þ shows significant humps,
which shift towards lower frequencies when the tempera-
ture decreases. These humps appear at frequencies some-
what lower than the well-known peaks in the linear
dielectric loss spectra [6], which arise when the probing
frequency matches the relaxation rate 1=ð2��Þ, character-
izing molecular motion. The found humps nicely agree
with the results reported in the pioneering work by
Crauste-Thibierge et al. [15]. As discussed there, within
the model by Biroli and co-workers [13,14] the humped
shape of the �3 spectra is indicative of the collective nature
of glassy dynamics. It was shown that the amplitude of
the quantity X ¼ j�3jkBT=½ð�"Þ2a3"0� is proportional to
the number of correlated molecules [13,15,22]. Here, �"
is the relaxation strength deduced from linear spectra,

a3 the volume taken up by a single molecule and "0 the
permittivity of free space. The inset of Fig. 1 shows the peak
amplitudes of X, Xmax / Ncorr, obtained from the present
experiment on glycerol. NcorrðTÞ increases with decreasing
temperature similar to the findings in Ref. [15].
It should be noted that recently it was shown that the

humped shape of �3ð�Þ can also be explained in the frame-
work of other models [23–25]. This includes the so-called
box model [23], assuming the selective heating of dynami-
cally heterogeneous regions by the applied field, which
originally was introduced for the explanation of dielectric
hole-burning experiments [26]. Thus, our experimental
data may also be consistent with this model. However, it
was noted in Ref. [23] that the predictions of the box model
and the model of Refs. [13,14], concerning the link of X to
the number of correlated molecules, are at least formally
similar.
Figure 2 shows corresponding results for PC. Again,

low-frequency saturation, high-frequency power law, and
the hump are observed. Remarkably, NcorrðTÞ of this more
fragile glass former, shown in the inset of Fig. 2, increases
significantly stronger than for glycerol, despite a much
smaller temperature range. Qualitatively similar �3 spectra
were also found for FAN and its NcorrðTÞ also strongly
increases towards low temperatures [27]. Figure 3 presents
the results for 2E1H, again revealing the characteristic
spectral features including the hump. It should be noted
that 2E1H belongs to the class of monohydroxy-alcohol
glass formers, which are known to show unusual relaxation
dynamics [18,28,29]: Their main relaxation process is
not due to the structural relaxation, i.e., the motion of the
molecules determining, e.g., viscous flow. Instead, it is
usually ascribed to the motion of supramolecular structures
(clusters) formed by several hydrogen-bonded alcohol
molecules [18,29]. Interestingly, in marked contrast to
the other investigated glass formers, NcorrðTÞ of 2E1H,
shown in the inset of Fig. 3, does not exhibit any significant

FIG. 1 (color). Third-order harmonic component of the dielec-
tric susceptibility of glycerol. Spectra of j�3jE2 are shown for
various temperatures, measured at a field of 565 kV=cm. The
inset shows the hump amplitude in the quantity X as determined
from �3 (see text), which is proportional to the number of
correlated molecules Ncorr. The line is a guide to the eye.

FIG. 2 (color online). Third-order harmonic component of the
dielectric susceptibility of PC. Spectra of j�3jE2 are shown for
various temperatures measured at a field of 225 kV=cm. Shaded
areas show the hump. Arrows indicate the peak positions in the
dielectric loss [6]. The inset shows Xmax / Ncorr. The line is a
guide to the eye.
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temperature variation. This seems to be related to the
almost Arrhenius-like �ðTÞ of this process [18].

The inset of Fig. 4 shows the temperature dependences
of the relaxation times of the investigated materials as
determined by linear dielectric spectroscopy [16,18,30].
We use the commonly employed representation of
log10ð�Þ vs inverse temperature, which linearizes the
Arrhenius law according to log10ð�Þ ¼ log10ð�0Þ þ E=
ðkBT ln10Þ. Obviously, 2E1H comes rather close to a linear
increase while the other glass formers exhibit different
degrees of deviation. For Arrhenius behavior, the activa-
tion energy E can be determined from the slope read off in
this plot. Following the notion that a temperature-
dependent activation energy is responsible for the found
deviations, it is suggestive to plot the derivatives of these
curves, revealing information on its temperature variation.
(It should be noted that, strictly speaking, the quantity
H ¼ dðln�Þ=dð1=TÞ determined in this way corresponds
to an apparent activation enthalpy [31].) The resulting
curves are shown in the main frame of Fig. 4 (lines, right
scale). Here, instead of analyzing the original data, which
partly leads to excessive data scatter, we provide the
derivatives of the fit curves that are shown as lines in
the inset of Fig. 4. These fits were performed using the
empirical Vogel-Fulcher-Tammann (VFT) function, � ¼
�0 exp½B=ðT-TVFTÞ], commonly employed to parameterize
�ðTÞ data in glass formers [1–4]. We also tested an alter-
native parameterization [30] according to Mauro et al.
[32], which leads to qualitatively similar results [27]. The
different degrees of deviation from the Arrhenius law are
closely mirrored by the temperature dependence of
dðln�Þ=dð1=TÞ: While the activation energy is nearly con-
stant for 2E1H, it shows strong temperature variation for
PC and FAN and glycerol lies somewhere in between these
cases.

Are the markedly different temperature dependences of
the activation energies revealed in Fig. 4 related to the
number of correlated molecules in these glass formers?

The simplest imaginable relation of the two quantities
would be a linear one as assumed within the Adam-
Gibbs theory of the glass transition [10]. To check for
this notion, in Fig. 4 we have included the results for
NcorrðTÞ of the four investigated glass formers (symbols,
left scale). Here we have adjusted the scaling of the ordi-
nate to achieve a rough match of dðln�Þ=dð1=TÞ and Ncorr

for all materials. Additional scaling factors (glycerol: 1.15,
PC: 0.72, FAN: 1.30, 2E1H: 0.39) were applied, aiming at
an optimized match of dðln�Þ=dð1=TÞ and Ncorr for each
material (see Supplemental Material [27] for an unscaled
plot). This scaling works astonishingly well: Symbols and
lines agree reasonably in Fig. 4. This correlation also holds
for the data on glycerol published by Crauste-Thibierge
et al. shown as open circles in Fig. 4 [15]. This finding
implies that the apparent activation energy is directly
proportional to the number of correlated molecules,
i.e., H / Ncorr (note that both ordinates start from zero,
i.e., no offset was necessary to make the data match).
From the definition of Ncorr it follows immediately that
H / Ncorr � L3, where L characterizes a dynamic length
scale. Hence, the apparent effective energy barriers depend

FIG. 3 (color online). Third-order harmonic component of the
dielectric susceptibility of 2E1H. Spectra of j�3jE2 are shown
for various temperatures measured at a field of 460 kV=cm.
Shaded areas show the hump. Arrows indicate the peak positions
in the dielectric loss [18]. The inset shows Xmax / Ncorr. The line
demonstrates nearly constant behavior.

FIG. 4 (color online). Correlation of apparent activation
enthalpy with the number of correlated molecules. Lines: de-
rivatives of the relaxation-time fits revealing the temperature-
dependent apparent activation enthalpies (right scale). Symbols:
scaled hump amplitudes of X, determined from �3, which are
proportional to the number of correlated molecules Ncorr

(left scale). The open circles show the results on glycerol from
Ref. [15]. The Ncorr data points (including those from Ref. [15])
were multiplied by separate factors for each material (glycerol:
1.15, PC: 0.72, FAN: 1.30, 2E1H: 0.39) leading to a good match
with the derivative curves. (For FAN, two separate measurement
runs were performed. The deviation of the results at given
temperature provides an estimate of the error bars.) Inset:
temperature-dependent relaxation times of the investigated glass
formers in Arrhenius representation, taken from Refs. [30]
(glycerol, PC), [16] (FAN), and [18] (2E1H). The lines are fits
with the VFT function.
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linearly on the size of the cooperatively relaxing regions,
which grows on decreasing temperature. However, our
experiments cannot answer the question if the length scales
diverge at zero or at finite temperature. As stated earlier,
the VFT law with a critical Vogel-Fulcher temperature as
well as the formalism proposed by Mauro et al. [32], with
no divergence of �ðTÞ at T > 0 K, yield similar scaling.

It should be noted here that the above considerations are
primarily based on the model by Biroli and co-workers
[13,14] directly relating the quantities X and Ncorr but, as
mentioned above, a similar relation may also be consistent
with the box model [23]. However, within the latter frame-
work the activation energy may also more directly affect
the nonlinear behavior via the frequency shift of the spec-
tral features that arises from the field-induced increase of
the fictive temperatures of the heterogeneous regions [33].
A detailed analysis would be necessary to understand the
exact implications of our experimental results within this
model, which, however, is out of the scope of the present
work.

Notably, except for 2E1H, the mentioned scaling factors
applied in Fig. 4 only moderately depart from 1. This
indicates that the proportionality factor in H / Ncorr is of
similar order for glycerol, PC and FAN. Thus, not only the
temperature development of the activation energies for
each single glass former can be explained in this way but
even the absolute values of H to a large extent seem to
be governed by Ncorr. Can the findings in 2E1H also be
understood within this scenario? In comparison to the other
materials, the scaling factor that is needed to make Ncorr of
2E1H match its dðln�Þ=dð1=TÞ curve is significantly
smaller. Ncorr is deduced from the amplitude of X, which
itself is inversely proportional to the volume a3 available to
a molecule [13,15,22]. Just as for the other materials, here
we have used the volume occupied by a single molecule
calculated from the density and molar mass. However, as
mentioned above, in monohydroxy alcohols supramolecu-
lar structures of hydrogen-bound molecules are assumed
to cause the main relaxation process and these clusters
can be regarded as ‘‘supermolecules,’’ whose correlation
is measured by Ncorr. While the details of molecule cluster-
ing in these alcohols are a matter of debate, it is clear that
simply using the single-molecule volume for a3 should
result in too large values of Ncorr as indeed mirrored by
the found smaller scaling factor.

In conclusion, our results on the third-order harmonic
susceptibility in four glass formers provide experimental
evidence for an often considered but never proven
conception used to explain one of the great mysteries of
condensed matter: The noncanonical slowing down of mo-
lecular motion at the glass transition is caused by an increase
of the number of correlated molecules when approaching
the glass transition, which induces an increase of the appar-
ent activation energy. Moreover, we find that both quantities
are astonishingly simply related as the activation energy is

revealed to be approximately proportional to Ncorr. Finally,
the similar magnitude of the proportionality factor for differ-
ent molecules indicates that their activation barriers are
mainly governed by the number of correlated molecules
and only to a lesser extent by the type of the molecule or
the interaction between them (H bonds in glycerol and FAN
vs van der Waals interactions in PC).
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