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ABSTRACT
Structural relaxation in supercooled liquids is non-exponential. In susceptibility representation, χ′′(ν), the spectral shape of the structural
relaxation is observed as an asymmetrically broadened peak with a ν1 low- and ν−β high-frequency behavior. In this perspective article, we
discuss common notions, recent results, and open questions regarding the spectral shape of the structural relaxation. In particular, we focus
on the observation that a high-frequency behavior of ν−1/2 appears to be a generic feature in a broad range of supercooled liquids. Moreover,
we review extensive evidence that contributions from orientational cross-correlations can lead to deviations from the generic spectral shape
in certain substances, in particular in dielectric loss spectra. In addition, intramolecular dynamics can contribute significantly to the spectral
shape in substances containing more complex and flexible molecules. Finally, we discuss the open questions regarding potential physical
origins of the generic ν−1/2 behavior and the evolution of the spectral shape toward higher temperatures.
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I. INTRODUCTION

More than 170 years ago, in his work on the Leyden jar,
Rudolf Kohlrausch demonstrated a non-exponential relaxation of
the electric charge in a cylinder-shaped capacitor.1 At present,
dielectric spectroscopy is routinely used to monitor the relaxation
of permanent molecular dipole moments in all kinds of materials,
in particular in supercooled liquids and glasses.2 While the early
Debye-model of dipolar relaxation suggested an exponential decay
of dipolar correlations,3 it soon became clear that a single relaxation
time τ is the exception rather than the rule, in particular in super-
cooled liquids. In this regard, the term relaxation stretching is used
to indicate that structural relaxation in supercooled liquids is con-
siderably stretched along the time-axis compared to an exponential
decay.4–7

Most often, relaxation stretching in supercooled liquids is dis-
cussed in terms of a relaxation time distribution G(ln τ), so that,
for a frequency dependent complex susceptibility χ̂(ν) that may be
derived, e.g., from a dielectric experiment, where it is known as the

complex dielectric permittivity ε̂(ν), or also from a depolarized light
scattering experiment, one can write

χ̂(ν) = Δχ
∞

∫

−∞

G(ln τ)
1

1 + i2πντ
d ln τ. (1)

Or, equivalently, in the time domain for a time autocorrelation
function C(t),

C(t)∝
∞

∫

−∞

G(ln τ) exp (−t/τ) d ln τ. (2)

Formally, in equilibrium and in the linear response regime, any
relaxation function can be decomposed into a superposition of expo-
nential decays and, therefore, a relaxation time distribution can be
obtained.8 However, the physical meaning of G(ln τ) and whether
there are indeed slow and fast relaxing molecules in the supercooled
liquid at any given time is an entirely different question.
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The universal observation for the structural relaxation or
α-process in supercooled liquids is that the associated loss peak
in χ′′(ν), the imaginary part of χ̂(ν), is asymmetrically broadened
with a high-frequency power law ∝ ν−β, where β < 1, and a low-
frequency power law ∝ ν. From the viewpoint of Eq. (1), the latter
fact implies the distribution of relaxation times to be cut off at large
τ and, therefore, there exists a slowest relaxation mode in super-
cooled molecular liquids.9 The origin of the asymmetrical broad-
ening of the relaxation peak and its implications for the physics
of glassy materials have been a matter of debate for several
decades—yet a widely accepted consensus remains elusive.

This perspective article discusses recent developments regard-
ing the spectral shape of the structural relaxation in supercooled
liquids, with a specific focus on deeply supercooled liquids. By deeply
supercooled, we refer to temperatures well below the critical tem-
perature predicted by the mode-coupling theory,170 where dynamic
heterogeneity is widely considered to play a crucial role. However,
also results regarding the evolution of the spectral shape from the
deeply supercooled to the liquid regime are discussed. The arti-
cle is motivated by a growing body of evidence that the spectral
shape, in particular, of the extensively studied dielectric loss, may be
strongly influenced by dipolar cross-correlations. Therefore, correla-
tions of different molecular dipole moments μ⃗i: ⟨μ⃗i(t) ⋅ μ⃗j(0)⟩, i ≠ j
may contribute to the overall correlation function in a different way
than self-correlations ⟨μ⃗i(t) ⋅ μ⃗i(0)⟩ do.10–13 For this reason, a dis-
cussion of the physical origin and the implications of relaxation
stretching needs to be refined at the point where it was previ-
ously assumed that self-correlations dominate the spectral shape. On
this basis, a detailed comparison of dielectric and light-scattering
spectra recently demonstrated that the broadening in the self-
correlations strongly favors a high-frequency power law exponent
of β = −1/2, suggesting a generic relaxation stretching of orienta-
tional self-correlations in deeply supercooled liquids.10 Therefore,
in the present article, we discuss some perspectives and implications
of these recent findings and how they relate to common concepts
connected to relaxation stretching, like dynamic heterogeneity and
widely discussed correlations of the relaxation time distribution with
other aspects of supercooled liquid dynamics.

The paper is organized as follows: The introduction covers
some general or less recent aspects, including an overview of prior
work on the physical origin of relaxation stretching, a discussion
on how relaxation stretching can be quantified, a glance at the tem-
perature evolution of the spectral shape from the liquid state to the
glass transition and, finally, an overview of some of the proposed
correlations with relaxation stretching. In Sec. II, we review evi-
dence for a generic relaxation stretching with high-frequency power
law behavior ν−1/2. The physical origin for the apparent discrepancy
with results from dielectric spectroscopy is addressed in Sec. III,
where we review evidence of how orientational cross-correlations
can affect the spectral shape of the structural relaxation. In Sec. IV,
we explore how intramolecular dynamics can affect the spectral
shape. Finally, we discuss five open questions in Sec. V, which we
consider important perspectives for future work.

A. On the physical origin of relaxation stretching
The physical origin of the asymmetrically broadened structural

relaxation peak has been a matter of intense debate for decades.

While a brief summary of selected experimental and computa-
tional results is provided below, we emphasize that these matters
have been discussed in more detail in several excellent reviews,
for instance by Böhmer,14,15 Ediger,16 Richert,17 Richert et al.,18

and Sillescu.19 Moreover, we note that the discussion refers to the
spectral shape of the structural relaxation or α-process, while addi-
tional high-frequency relaxation contributions are not considered
explicitly.

Regarding the origin of relaxation stretching in supercooled liq-
uids, two limiting cases have been discussed: the heterogeneous and
the homogeneous scenario (cf. Refs. 14, 17, and 19 and references
therein). In the heterogeneous scenario, it is assumed that relaxation
times of molecules are distributed according to some distribution
G(ln τ), while each molecule relaxes exponentially and contributes
to the susceptibility spectrum as a Lorentzian, thus being associ-
ated with one single relaxation time. The asymmetrically broadened
relaxation peak is then obtained as an ensemble average over all
molecules [see Eqs. (1) and (2)]; therefore, in this scenario, relax-
ation stretching is assumed to originate from dynamic heterogeneity.
On the other side, in the homogeneous scenario, the relaxation
of each molecule is assumed to be intrinsically stretched, while
molecular relaxation times are not distributed. Of course, numerous
in-between scenarios can also be considered that combine a certain
degree of intrinsic stretching and some distribution of relaxation
times.

Unfortunately, many commonly used experimental techniques
are not suited to distinguish between these different scenarios, as
they probe the average over all molecules in the sample using two-
time correlators or respective linear response equivalents. However,
over the years, several experimental approaches have been developed
that are suited to confirm the existence of dynamic heterogene-
ity on the molecular level. The general idea of early experiments
was to selectively probe only a certain dynamic sub-ensemble of
molecules, e.g., by applying a low-pass filter and probing only
the slower-than-average portion of molecules. This can be per-
formed either by using four-dimensional nuclear magnetic reso-
nance (NMR) experiments, where certain stimulated echo sequences
allow for such filtering,14,15,20–22 or by deep photo-bleaching, where
fast-relaxing probe molecules dispersed in a supercooled liquid are
selectively destroyed and, subsequently, the relaxation of the remain-
ing probes is observed.16,23,24 Both experimental approaches found
significantly slower relaxation for the obtained sub-ensemble than
for the entire system. This observation could only be rationalized
in terms of dynamic heterogeneity on the molecular level. Sim-
ilar conclusions could be drawn from dielectric hole burning25

and solvation-dynamics experiments.26 Moreover, it was found that
after waiting sufficiently long, the slow subset displayed the aver-
age behavior, thus indicating that rate exchange limits the lifetime
of dynamic heterogeneity.14,16,24 More recently, insightful contribu-
tions to the ongoing debate came from fluorescence microscopy
experiments.27 While these experiments have to rely on indirectly
probing supercooled dynamics using probe molecules, they offer
the unprecedented opportunity to study the rotational dynam-
ics of single molecules. Collecting relaxation data of many probe
molecules revealed a continuous distribution of relaxation times,
thus confirming the established picture of dynamic heterogeneity.27

While these experimental findings seem to rule out the purely
homogeneous scenario, they are well in line with all in-between
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scenarios, where some degree of intrinsic broadening instead of
pure exponential relaxation exists on the molecular level. In this
regard, experimental findings are more ambiguous: On the one
hand, the degree of intrinsic broadening can be estimated indi-
rectly from solvation dynamics28 and dielectric hole burning25,29,30

as well as NMR experiments.14 Here, the results seem to be most
compatible with the purely heterogeneous scenario. Noteworthy,
this does not necessarily hold for polymers17,31 and binary mix-
tures,30 where the results suggest some degree of intrinsic broad-
ening, possibly related to chain-connectivity effects in the former
and local concentration fluctuations in the latter case. On the other
hand, single-molecule studies explicitly observe stretched expo-
nential relaxation of probe molecules. However, these results are
difficult to interpret, as substantial temporal averaging is required
to obtain adequate data quality.27 Therefore, the observed intrin-
sic broadening of the relaxation could be a manifestation of rate
exchange, in the sense that initially fast relaxing probes become
slow during the window of observation and vice versa. This con-
jecture is supported by the observation that the degree of intrinsic
broadening is reduced when shorter windows of observation are
analyzed.

More insight is provided with recent advances in computer
simulations, which allow the study of the relaxation of single par-
ticles or small clusters with temporal resolution using isoconfigura-
tional averaging, i.e., averaging over parallel simulation runs starting
with identical particle positions but varying particle velocities.32,33 It
was found that the relaxation of fast particles tends to display some
intrinsic broadening, while slow particles relax close to exponential.
These results indicate that intrinsic relaxation broadening results
from dynamic heterogeneity itself, in the sense that the onset of rate
exchange makes single particles experience different heterogeneous
environments already during a single relaxation cycle, which results
in slightly stretched relaxation.33

Another ongoing debate concerns the spatial nature of dynamic
heterogeneity. More specifically, the question is whether mobility is
clustered into slow and fast regions associated with some character-
istic length scale. While this is suggested for supercooled molecular
liquids by some experiments,34–36 a large part of the experimental
evidence comes from microscopic-imaging experiments on col-
loidal systems,37–40 which could be assumed to resemble supercooled
molecular liquids in terms of dynamic heterogeneity. Noteworthy,
recent advances in computer-simulations have opened the pathway
to obtain in-depth information on spatial dynamic heterogeneity
even for deeply supercooled liquids. This is possible by applying
swap Monte-Carlo algorithms41 that allow equilibrating supercooled
liquids down to the experimental glass-transition temperature and
below by performing unphysical particle swaps. With this advance,
the fundamental issue of computer simulations being unable to equi-
librate samples in the deeply supercooled temperature range where
typical experiments are performed is resolved, allowing to extend
the existing evidence from mildly42 to deeply supercooled liquids.
First pioneering studies following such approaches confirmed the
picture of pronounced spatial dynamic heterogeneity, suggesting a
coexistence of slow and fast regions and the importance of dynamic
facilitation.43,44 To summarize, the overwhelming evidence suggests
that the asymmetrically stretched spectral shape of structural relax-
ation in deeply supercooled liquids results from spatial dynamic
heterogeneity.

B. Quantifying the spectral shape
of structural relaxation

In order to compare spectral shapes among different super-
cooled liquids or to study their temperature dependence, the spectral
shape of the structural relaxation has to be quantified using a set
of well-defined parameters. The most commonly considered para-
meter is the high-frequency power-law exponent β. Occasionally,
the logarithmic half-width w1/2 is also analyzed. Both are illus-
trated in Fig. 1(a) for an exemplary spectrum of the silicone oil
DC704. This substance exhibits a particularly simple relaxation spec-
trum, as its spectral shape of structural relaxation is not obscured
by secondary relaxations or pronounced excess wing contributions.
Different procedures have been devised to determine shape para-
meters from experimental data, including curve fitting and model-
free approaches, which all come with certain pros and cons. We will
demonstrate in the following that already a simple relaxation spec-
trum as the one of DC704, the choice of the fit model, and the fit
range can have a substantial impact on the results.

1. Curve-fitting
Curve-fitting procedures rely on empirical model functions

that have proven to describe the spectral shape of supercooled liq-
uids reasonably well. In addition to parameters for the characteristic
peak frequency and the overall amplitude, most of the commonly
used model functions come with only one single free parameter to
control the spectral shape. Consequently, using these models does
not allow for varying w1/2 and β independently, meaning a fit by
these models usually represents a compromise of accurately describ-
ing the width and the high-frequency behavior of the experimental
data. Tuning β and w1/2 by two independent free parameters is only
possible for very few model functions, e.g., the one based on a gen-
eralized gamma distribution of relaxation times (GG)45 or on the
incomplete gamma function.46

In Fig. 1(b), commonly used model functions are displayed,
including the Fourier transform of the Kohlrausch–William–Watts
(KWW) stretched exponential function ΦKWW ∝ exp−(t/τ)βKWW ,1
the Cole–Davidson (CD) function,47 and the relaxation function
based on a generalized gamma distribution of relaxation times
(GG)45 with α = 2. For all model functions in Fig. 1(b), the high-
frequency power law exponent is β = 0.5. Despite that, the shape of
the resulting peak varies strongly between the different models. As
a consequence of that, the values of β obtained by applying curve
fitting procedures to experimental data commonly depend on the
chosen model. This is illustrated in Fig. 1(c), where fitting the loss
peak to data produces values of β ∈ [0.39, 0.54] depending on the
model function. In addition, fitting in the time instead of the fre-
quency domain and on a linear instead of a logarithmic scale can lead
to different results due to a different weight of the residuals applied
in these cases.

Another aspect to consider is that if the intrinsic peak shape
of the model function does not perfectly match the shape of the
loss data, then the resulting parameters depend sensitively on the
fitting range. This is demonstrated in Fig. 1(d), where the Fourier
transform of ΦKWW(t)was applied to the example dataset with vary-
ing fit ranges, resulting in a significant and systematic variation of
the resulting exponent βKWW. This aspect is especially important
to consider because high-frequency relaxation contributions like a
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FIG. 1. Quantifying the spectral shape of the structural relaxation. (a) Exemplary dielectric-loss spectrum of the silicone oil DC704 illustrating the definition of the half-width
w1/2 and the power law exponent β. (b) Different model functions yield a different peak width despite having the same high-frequency power law (here β = 0.5). (c) Fitting
the same dataset by using different model functions leads to different β values. This is a result of the different inherent spectral shapes of these models. (d) Influence of the
fitting range on the resulting stretching parameter in the case of the Fourier transform of a KWW function. The gray lines indicate the high-frequency limit of the fitting range,
while the red symbols indicate the resulting values of β as a function of the high-frequency fitting limit. (e) Comparing the fit of a KWW function with the derivative method
for a spectrum of propylene carbonate. The KWW overestimates β considerably, due to only reaching its maximum slope beyond the onset of the high-frequency excess
wing. (f) Double logarithmic derivative of the data shown in (e) together with the corresponding derivative of the fit function. Applying Eq. (3) yields a model-free estimation
of β = 0.62.

β-process or an excess wing represent a “natural” limit to the appli-
cable fitting range, as they mask the power-law behavior at high
frequencies. Such a scenario is illustrated in Fig. 1(e) for dielec-
tric loss data of propylene carbonate, which feature a distinct excess
wing contribution at ν/νmax > 102. Fitting these data by the Fourier
transform of a KWW yields βKWW = 0.71, while fitting the high-
frequency side of the relaxation peak by a power law gives a much
lower β = 0.62. The apparent discrepancy can be explained consid-
ering that the KWW fit reaches its limiting ∼ν−0.71 behavior only
at ν/νmax ∼ 103, i.e., at frequencies where the structural relaxation
peak cannot be disentangled from the excess wing contribution. In
our opinion, it is not reasonable to assign βKWW = 0.71 despite the
experimental data never visibly reaching such a steep power law
behavior.

Therefore, while fitting procedures can be valuable tools to
analyze relaxation spectra of supercooled liquids over the entire
available frequency range, the resulting parameters need to be

considered with great care. An alternative and more straightfor-
ward procedure is to extract the high-frequency power law exponent
directly from the data without applying any model.

2. Derivative analysis
As an alternative to fitting procedures, the model-free deriva-

tive analysis introduced by Nielsen et al.48 can be used to obtain
more stable results for the high-frequency power law exponent.
Here, β is defined as the power law tangent at the frequency of the
steepest slope of the high-frequency side of the relaxation spectrum,

β = −min(
d log ε′′

d log ν
). (3)

This procedure is illustrated in Fig. 1(f), where the logarithmic
derivative spectrum of dielectric data of propylene carbonate from
(e) is shown (orange). Equation (3) reveals the steepest slope to be
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β ≈ 0.62. In accordance with what has been discussed above, the
derivative analysis also confirms that the Fourier transform of a
KWW function overestimates the high-frequency slope. The deriva-
tive of the fit is included in (f), showing that the power law of ν−0.71

is only reached at frequencies considerably beyond the onset of the
high-frequency excess wing and, therefore, does not correctly reflect
the data.

The disadvantage of using the derivative approach is that there
is no way to quantitatively separate the effects of high-frequency
relaxation contributions to the spectrum. Therefore, the best results
are obtained at temperatures close to Tg, where the dynamic sepa-
ration between the structural relaxation process and high-frequency
contributions is large.

We summarize by pointing out that there exists no single best
way of quantifying the spectral shape of structural relaxation. The
most stable results are obtained by critically comparing results from
different approaches instead of limiting the analysis to fits by using
a single model function. After all, the standard models are purely
empirical.

C. Evolution of the spectral shape with temperature
From slightly below the boiling point down to the glass tran-

sition temperature, structural relaxation in glass-forming liquids
slows down continuously, covering typically 15 orders of magni-
tude in relaxation time. During that process, the overall spectral
shape changes dramatically, as different relaxation processes show
different activation energies. Therefore, processes usually separate
upon cooling, and so the overall composition of the frequency-
dependent loss drastically changes from all processes being super-
imposed in the THz regime above and around the melting point
to relaxations being spread out over the full dynamic range of
15 decades and more around the glass transition. Whether within
this drastic overall change the α-process changes its shape as a
function of temperature has been a matter of debate. Generally
speaking, this is difficult to tell, as the α-process to varying degrees
overlaps with other relaxation modes in different temperature
regimes. Figure 2 shows, as an example, depolarized light scattering
data of 3-phenyl-1-propanol in the temperature range 179–390 K
(Tg ≈ 179 K, Tm = 255 K). Here and in the following, χ′′(ν) denotes
the imaginary part of light-scattering data in susceptibility repre-
sentation,49 while the dielectric loss is denoted as ε′′(ν). As the

superposition of relaxation peaks in Fig. 2(b) reveals, the α-peak
shapes only show little changes as a function of temperature, a fact
that is widely known as time-temperature superposition (TTS)50,51

or frequency-temperature superposition.52 However, due to the
strong overlap with the microscopic dynamics in the liquid at high
temperatures and secondary relaxation processes in the supercooled
liquid, whether TTS holds exactly or what the precise deviations
are, strongly depends on the approach used to analyze the spectral
shape. For instance, a conventional fitting approach may result in an
apparent temperature dependence of the high frequency power law
and width parameters of relaxation peaks simply due to changing
overlaps of different contributions to the relaxation spectra, and in
a similar matter, the derivative analysis mentioned in section B will
fail if contributions to the relaxation spectra are not separated well
enough. Therefore, in some cases, opposite conclusions are drawn
in the literature even for the same set of data.52,53,54 Interestingly,
deviations from TTS in the deeply supercooled regime are mostly
reported for dielectric data.55–57

We also note here that the approximate validity of TTS clearly
challenges the common notion59,60 that orientational correlation
becomes exponential in the liquid regime due to decreasing spatial
dynamic heterogeneity. The existence of relaxation stretching even
in the high temperature regime is not only supported by the obser-
vation of a wide range of stretching parameters in the temperature
range around and above the melting point61 but also by the fact that
for several liquids, TTS holds from T g up to the boiling point.62,63

One of the reasons for the widespread notion that the main relax-
ation process becomes exponential above the melting point may
be the fact that at high temperatures the broad α-relaxation peak
merges with the microscopic dynamics. Another reason may be the
data representation: Fig. 3(a) shows a typical Tandem–Fabry–Perot
spectrum of a liquid [tributyl phosphate (TBP)] above the melting
temperature. When the scattering intensity I(ν) is considered in
a linear–linear representation, a Lorentzian function plus a broad
background, the latter thought to be unrelated to rotational motions,
appears to describe the central line reasonably well, suggesting an
exponential α-relaxation. When showing the data on a logarithmic
intensity axis, as performed in panel (b), it is clear that the fit does
not describe the data at high frequencies; however, no particular fea-
ture is apparent in the data where the fit starts to deviate. Only the
susceptibility representation in Fig. 3(c) clearly reveals the α-peak

FIG. 2. (a) Normalized DDLS susceptibility spectra of 3-phenyl-1-propanol from Tg to far above the melting point. From left to right: 179, 187, 198, and 218 K from photon
correlation spectroscopy and 300, 320, 340, 360, and 380 K from a combination of a tandem Fabry–Perot interferometer and a double monochromator. (b) Same data but
normalized with regard to the respective peak maximum frequencies, revealing an approximately temperature-independent shape of the α-relaxation.
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FIG. 3. Different representations of a typical depolarized light scattering spectrum of a liquid (tributyl phosphate) above the melting point. Scattering intensity as a function
of frequency in linear–linear (a) and semilogarithmic (b) representations. (c) Only the double logarithmic susceptibility representation clearly reveals the broadening of the
structural relaxation. Figure adapted from Ref. 58.

with considerable relaxation stretching, which can be described by a
CD with a high-frequency power law exponent β ≈ 0.5 (red dashed
line), separated from the vibrational dynamics at higher frequencies.

A very recent study used machine learning methods to accel-
erate molecular dynamics (MD) simulations in order to be able to
access times scales on which glassy dynamics could be observed
with first-principles accuracy.64 In this way, it was possible to obtain
relaxation spectra in excellent agreement with experiments, the
relaxation stretching of which was found to be independent of tem-
perature. Interestingly, it was shown that at the same time, the
dynamic heterogeneity drastically increases on lowering the temper-
ature from being basically absent near the boiling point. This shows
that relaxation stretching at the highest temperatures is not due to
dynamical heterogeneity and that the relaxation shape is insensitive
to an increasing dynamic heterogeneity, at least up to timescales of
several hundred nanoseconds.

D. Proposed correlations and scaling
of the spectral shape

Numerous attempts have been made to identify universal char-
acteristics of the spectral shape of the structural relaxation shared
by different supercooled liquids, in particular because a generally
accepted theory of the glass transition is still lacking. Therefore, it
was attempted to relate the various values of the stretching expo-
nent β to several other characteristics of supercooled liquids. In the
following, only a few examples are given.

Böhmer et al., e.g., reported a correlation of β with the fragility
index m = d log τ/d(Tg/T)∣Tg

, a measure for the non-Arrhenius
temperature dependence of relaxation times.65 The analysis also
included polymers and network glasses, while the evidence for
supercooled molecular liquids alone is rather weak and, therefore,
has been discussed critically.66,67

In the coupling model proposed by Ngai (see Ref. 68 and refer-
ences therein), β is assumed to be related to the dynamic separation
of the α- and the Johari–Goldstein secondary relaxation processes.
Here, the latter was argued to be associated with the primitive relax-
ation of the system, i.e., a precursor to the α-relaxation dynamics. So
far, this model has mostly been discussed in the context of dielec-
tric data. It is not directly clear how to include recent results from

depolarized light scattering, nuclear magnetic resonance, or shear
mechanical spectroscopy.

The asymmetric relaxation shape of the α-process was also
linked to the high-frequency vibrational density of states and the
boson peak, and it was pointed out that the vibrational den-
sity of states could determine the stretching power law of the
α-relaxation.69–71 Also in this case it is not yet clear how the
suggested connection is reflected in different experimental probes.

A universal relation of the α-peak width with the high fre-
quency excess wing was suggested by a scaling procedure proposed
by Dixon et al.56 The excess wing feature appears as a deviation
from the simple power law behavior ν−β on the high frequency side
of the dielectric α peak. Although the scaling proved to work to
a certain extent, formal objections were raised,72–74 and modifica-
tions were suggested to circumvent these.75,76 In addition, alternative
approaches were proposed by scaling a certain set of fit parameters
instead of the data45,53 or by scaling the data onto a common enve-
lope.77 Later on, however, physical aging experiments78 and data
on binary mixtures79 indicated that the excess wing could also be
considered as a secondary relaxation that is submerged with the α
process, and, therefore, should be treated separately.

Moreover, as β is commonly considered a measure for the
degree of dynamic heterogeneity, its relation to the length scale
of dynamic heterogeneity has been studied using NMR techniques
by Qui and Ediger.80 Although the somewhat expected correlation
of smaller values of β being associated with a larger dynamic het-
erogeneity length scale was observed, the study considered only
four substances with quite different molecular structures and even
included a polymer; therefore, no definite conclusions can be drawn.

Nielsen et al.48 evaluated possible correlations between β and
temperature, quality of the power law fit, validity of TTS, w1/2,
degree of non-Arrhenius temperature dependence of relaxation
times, and dielectric relaxation strength Δε. Their analysis of dielec-
tric data of a large number of organic glass-formers revealed a
special status for liquids with β = 1/2, which, e.g., tend to strictly
obey TTS and are best described by power law fits, while no signif-
icant correlations were observed for the last three aspects consid-
ered. The authors concluded that β = 1/2 holds a generic status for
supercooled molecular liquids.
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Paluch et al.81 reported a correlation between β and Δε for a
broad variety of supercooled molecular liquids. Here, larger β val-
ues are associated with a larger relaxation strength, meaning the
relaxation spectra of highly polar liquids tend to be less stretched
than those of less polar ones. Later, Körber et al. found that β ≈ 0.55
seems to be the low-polarity limit.82 Initially, this correlation was
rationalized by arguing that strong dipolar interactions increase the
harmonicity of the intermolecular potentials, thus affecting dipolar
self-correlations.81 More recent results, however, indicate that dipo-
lar cross-correlations play a major role when dipolar interactions
become increasingly important.11 This will be discussed in more
detail further below.

Therefore, despite several attempts to find universal features in
the temperature evolution of the spectral shape of the α process,
the results so far have not been clear enough to lead to a generally
accepted picture of the temperature evolution of the spectral shape
of the reorientation dynamics in supercooled molecular liquids, and
possible correlations with various properties of supercooled liquids
keep being controversially debated.

II. THE GENERIC SPECTRAL SHAPE
OF STRUCTURAL RELAXATION

For several decades, dielectric spectroscopy has been the pre-
dominant experimental technique to study the spectral shape of
supercooled organic liquids. One of the main reasons for this is
the superior data quality, as, e.g., reliable values of β can only
be extracted with good accuracy on a logarithmic scale, requir-
ing an excellent signal-to-noise ratio. As a consequence, several
meta-analyses comparing the spectral shape of different supercooled
organic liquids considered mainly dielectric-loss data. It was found
that β (and also w1/2) varies significantly among different super-
cooled liquids.48,65,81 This variety of dielectric-loss spectral shapes
is illustrated in Fig. 4(a), comparing data of a broad variety of

supercooled organic liquids normalized to their respective peak fre-
quencies and amplitudes. Among the presented selection, β varies
from almost 1 for some monohydroxy alcohols to ∼0.35 for some
ionic liquids, as estimated from the dashed gray lines representing
respective power laws in panel (a).

Contrary to these observations from dielectric spectroscopy,
in recent years growing evidence supports the conjecture of a
generic spectral shape of the α-process.10 These observations have
been enabled by advances in other experimental techniques, e.g.,
dynamic light-scattering and rheology, reaching experimental res-
olutions comparable to the previously superior dielectric experi-
ments. Figure 4(b) presents depolarized light-scattering data of a
broad variety of substances normalized to the peak maximum fre-
quency and amplitude. Evidently, all these data follow, to a good
approximation, the dashed black line, featuring a high-frequency
power law ν−1/2. Major deviations are found only at ν/νmax > 102,
where secondary relaxation processes dominate the spectral shape,
the appearance of which is individual for each substance. Figure 4(b)
contains data on monohydroxy alcohols, polyhydric alcohols (PAs),
polar and apolar van der Waals liquids, and ionic systems; therefore,
it covers the full spectrum of organic low-molecular-weight glass
formers. Recently, the same exponent β ≈ 0.5 was observed for the
inorganic glass-former GeO2

91 and mixtures with Na2O92 close to
Tg using polarized dynamic light-scattering, thus suggesting that the
observed generic behavior might also apply for inorganic substances.

Similar conclusions were drawn from rheology experiments:
Bierwirth et al.93 found that the fluidity spectra of several super-
cooled molecular liquids have very similar shapes, well-described
by the random barrier model by Dyre and Schrøder.94 Later, this
observation was extended to an even broader range of glassy materi-
als by Gainaru,77 including polymeric, inorganic, and metallic melts,
and studied in computer simulations.95 Fluidity is the mechanical
equivalent of electric conductivity; therefore, these results cannot
be directly compared to the relaxation spectra from dielectric spec-
troscopy or light-scattering discussed above. Although fluidity data

FIG. 4. Comparing the spectral shapes of different supercooled liquids. (a) Dielectric loss ε′′ and (b) DDLS spectra χ′′. All spectra are normalized with regard to peak-
maximum frequency and amplitude. The shape of the dielectric loss varies strongly among the different systems, with high-frequency power-law exponents ranging from
0.35 to 1.0. On the other hand, all light-scattering data approximately collapse onto a single master curve, which is well-described by the spectral shape based on the
GG distribution of relaxation times with parameters α = 2.0 and β = 0.5 (dashed black line). Abbreviations and reference to original data: 1-phenyl-1-propanol (1P1P),83

3-phenyl-1-propanol (3P1P),83 1-propanol (1P),84 2-ethyl-1-hexanol (2E1H),85 propylene glycol (PG),86 propylene carbonate (PC),10 tributyl phosphate (TBP),87 triethyl
phosphate (TEP), triphenyl phosphite (TPhP),10 N,N-diethylacetamide (NNDEA), 2-methyltetrahydrofuran (MTHF),10 dibuthyl phthalate (DBP), methyl-m-toluate (MMT),
m-toluidine (mTol) (dielectric data from Ref. 88), butyl methacrylate (BM), 1-octylimidazole (Im8), 17% LiCl–water solution (LiCl–H2),10 salol,89 and glycerol.90
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FIG. 5. Figure from Nielsen et al.,48 reporting the high-frequency power law exponent as a function of peak-maximum frequency extracted from dielectric-loss data of 53
organic glass-formers evaluated at several deeply supercooled temperatures each. High-frequency power law exponents were extracted using the derivative technique
(note that αmin ≡ −β). Figure reproduced from Nielsen et al., J. Chem. Phys. 130, 154508 (2009) with the permission of AIP Publishing.

could be transformed into the compliance representation to allow
for a direct comparison in principle, experimental difficulties often
prevent this procedure.

In light of all the evidence supporting the conjecture of a
generic spectral shape with β ≈ 0.5, the question arises why in some
cases considerably different spectral shapes are observed in dielec-
tric experiments, especially for strongly polar liquids, as shown in
Fig. 4(a). In fact, Nielsen et al.48 studied the distribution of β-values
from dielectric spectroscopy among many supercooled organic liq-
uids. Most notably, they found that the median of the distribution
corresponds to β ≈ 0.5 [see Fig. 5(a)]. As shown in Fig. 5, sub-
stances with β-values larger or smaller than 0.5 were found to
converge toward β = 0.5 when approaching low temperatures close
to Tg, as suggested already earlier by Olsen et al.50 While these
results indicate that the ν−1/2 high-frequency behavior is of spe-
cial significance also for dielectric-loss data, they do not provide
an explanation for strong deviations from ν−1/2 observed in some
instances. In addition, they explicitly excluded substances with high
dielectric loss from their analysis, for which the deviations are even
more pronounced. Recently, however, we proposed that contribu-
tions from dipolar cross-correlations seem to be the origin of these
deviations.10,11 Evidence for this conjecture will be discussed in the
following section.

III. THE ROLE OF CROSS-CORRELATIONS
We start by pointing out how dipolar cross-correlations con-

tribute to the dielectric loss, which is best illustrated by considering
the time-autocorrelation function of fluctuations of the electric
polarization P of the sample,

CP(t) = ⟨P(0) ⋅ P(t)⟩. (4)

Through fluctuation–dissipation and linear-response relations,
CP(t) is related to the dielectric loss ε′′(ω) via inverse Laplace
transform,

ε′′(ω) =
Δε
ω

∞

∫

0

CP(t) cos ωt dt. (5)

By relating the macroscopic polarization fluctuations to the micro-
scopic fluctuations of permanent dipole moments, one obtains

CP(t) =
1

V2 ⟨∑
i

μi(0) ⋅∑
j

μj(t)⟩ =
1

V2∑
i
⟨μi(0) ⋅ μi(t)⟩

+
1

V2∑
i≠j
⟨μi(0) ⋅ μj(t)⟩, (6)

where μi(t) is the molecular dipole moment vector of molecule
i at time t. In the last part of Eq. (6), one can distinguish
two contributions: dipolar self-correlations, i.e., orientational time-
autocorrelations of the single molecular dipoles, and dipolar cross-
correlations, quantifying the orientational correlation of dipoles
with respect to surrounding dipoles. It is well established that dipolar
cross-correlations can considerably affect the static dielectric con-
stant of certain types of supercooled liquids, as quantified by the
Kirkwood correlation factor,96

gK = 1 +
1
μ2 ⟨μi ⋅∑

i≠j
μj⟩ =

9kBε0MT
ρNAμ2

(εs − ε∞)(2εs + ε∞)
εs(ε∞ + 2)2 . (7)

Here, εs = limν→0ε′(ν) and ε∞ = limν→∞ε′(ν) are the zero and high
frequency limits of the dielectric permittivity, T is the temperature,
M is the molar mass, ρ is the mass density, and μ is the gas-phase
molecular dipole moment.96,97 As evident from the second part of
Eq. (7), gK > 1 indicates positive orientational cross-correlations due
to preferred parallel alignment of adjacent dipoles, while gK < 1 indi-
cates the opposite. gK = 1 can indicate the absence of any dipolar
cross-correlations; however, it would also be observed if preferred
parallel and anti-parallel alignments coexist.

gK > 1 can be observed for different supercooled liquids,
the most famous examples probably being monohydroxy alcohols
(MAs). In these substances, chain-like supra-structures are formed
via hydrogen bonding, resulting in strong orientational correlations
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between adjacent dipole moments.98 In MAs with certain molecular
architectures, gK < 1 is also observed, indicating the prevalence of
ring-like supra-structures.99–102

While static cross-correlations can be easily identified by cal-
culating gK, determining their dynamic signature is less straight-
forward. While the general necessity of considering the dynamic
signature of cross-correlations has been discussed early,103–105 this
matter has mostly been ignored in experimental studies and has only
recently attracted more attention. In the following sections, we argue
that dipolar cross-correlations can superimpose on self-correlations
as an additional slow and narrow process contributing to the dielec-
tric loss. The spectral shape of the resulting superimposed peak
strongly depends on the strength of these cross-correlations. Finally,
we discuss how these experimental findings are supported by recent
computational work.

A. Identifying cross-correlation contributions
to relaxation spectra

In typical MAs with gK > 1, e.g., 1-propanol, the dynamic
signature of dipolar cross-correlations has been studied
extensively.98,106–108 In the dielectric-loss spectrum, they appear as
the so-called Debye process, a narrow peak at significantly lower
frequencies compared to self-correlations. The Debye process
can be understood as the reorientation of hydrogen-bonded
supra-structures. One current idea is that the latter proceeds via
transient detachments and attachments of molecules from/to the
supra-structures.108

More recently, the observation was made that the self-
correlation contribution to the dielectric-loss spectrum can be
identified by combining dielectric with depolarized dynamic
light scattering experiments.83–85,109 Because light scattering is a

coherent technique that, in principle, can resolve orientational cross-
correlations, this observation is not trivial but is supported by a
broad body of evidence, which will be discussed within the following
chapter.

The procedure of identifying self- and cross-correlation con-
tributions to the dielectric loss is illustrated for the two MAs,
1-propanol84 and 3-phenyl-1-propanol,83 in the left side panels (a)
and (b) of Fig. 6. Here, the dielectric loss ε′′(ν) is shown as blue
and the light-scattering susceptibility spectrum χ′′(ν) as purple sym-
bols. In each panel, the amplitude of the light-scattering spectrum
was scaled such that the two spectra coincide at high frequencies,
where they, judging by the coinciding spectral shape, display the
same relaxation mechanism. By contrast, large deviations due to
dipolar cross-correlations are observed at low frequencies. In both
cases, the dielectric loss spectrum can be obtained by the sum of
the light-scattering spectrum at the same temperature and a slow
Debye-like cross-correlation contribution (gray shaded area).

MAs are not the only substances with a relevant contribu-
tion of slow dipolar cross-correlations to the dielectric loss. Similar
scenarios as known for MAs are observed in the polyhydric alco-
hols glycerol (c) and propylene glycol (d),86 but also for some
non-hydrogen bonding polar supercooled liquids like tributyl phos-
phate87 (e) and N,N-diethylacetamide (f). Again, for these sub-
stances, ε′′(ν) is well-described as a superposition of a fit to χ′′(ν)
and a slow Debye-like process. These observations suggest that,
in addition to chain-like hydrogen bonding, the hydrogen bonded
networks in polyhydric alcohols and dipole–dipole interactions in
polar non-hydrogen bonding substances can also induce notable
cross-correlation contributions.

In fact, a recent theory of dielectric relaxation by Déjardin
et al. suggests that gK > 1 alone is a sufficient condition to observe
a slow cross-correlation contribution to the dielectric loss.110 The
theory determines the static dielectric permittivity of an isotropic

FIG. 6. Identifying contributions of dipolar cross-correlations to the dielectric loss (blue symbols) through comparison to light-scattering data (purple symbols). The substances
in panels (a) and (b) are monohydroxy alcohols, in panels (c) and (d) are polyhydric alcohols, and in panels (e) and (f) are polar van der Waals liquids. The gray shaded
areas illustrate the slow cross-correlation contributions, and the dashed black lines represent the curve obtained by subtracting the cross-correlation contribution from the
dielectric loss.
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polar fluid from the Langevin equations describing the dynamics
of particles.111 Although the theory does not consider any com-
plex intermolecular interactions like hydrogen-bonding, it predicts
that gK > 1 can be observed for polar liquids simply due to elec-
trostatic interactions of permanent dipoles as well as induction and
dispersion forces.112 At the same time, earlier versions of the theory
considered the dynamic susceptibility, where for gK > 1, an addi-
tional slow cross-correlation process is observed, similar to what is
found in experimental data.110

Following a similar path, Matyushov and Richert proposed a
procedure that successfully predicts the collective dielectric spec-
trum (containing dipolar self- and cross-correlations) from the
self-correlation spectrum determined using light-scattering and the
value of gK.113

The identification of a slow and narrow dipolar cross-
correlation contribution to the dielectric-loss spectrum suggests
a qualitative explanation for the apparently contradicting results
regarding the spectral shape compared to other techniques for cer-
tain substances: While the self-correlations have a quite generic
shape with β ≈ 0.5, dielectric loss peaks represent a superposition
of self- and cross-correlations, producing a more narrow peak with
β > 0.5. A corresponding quantitative relation is discussed in one of
the subsequent sections.

Following these notions, it is worth taking a look at low-polarity
supercooled liquids, for which dipole–dipole interactions should
play a minor role. Therefore, one could expect that in these sub-
stances dipolar cross-correlations are absent and, therefore, only
self-correlations contribute to the dielectric loss. In line with this
notion, Fig. 7 reveals the dielectric loss of a selection of low-polarity
substances to follow approximately ν−1/2 at frequencies above the
peak maximum. The figure includes aromatic compounds, branched
alkanes, and silicone oils.

Beyond the discrepancies of spectral shapes due to cross-
correlations, the different ranks of the orientational correlation

FIG. 7. Dielectric-loss data of various low-polarity supercooled liquids. The spec-
tral shapes are very similar and are found to approximately follow a ν−1/2

high-frequency behavior and to correspond to the black dashed line found to
describe the light-scattering data in Fig. 4. Data for the branched alkanes,
2,3-dimethylpentane, 2,4,6-trimethylheptane, and 3-methylpentane, were obtained
from Ref. 116, and toluene data are from Ref. 117.

functions probed by dielectric spectroscopy (ℓ = 1) and depolar-
ized light scattering (ℓ = 2) could already lead to different spec-
tral shapes. At high temperatures, simulation studies have shown
that ℓ = 2 self-correlations tend to be more stretched than ℓ = 1
ones,12,114 which was also suggested by theoretical treatments.115 For
deeply supercooled liquids, however, experimental results suggest
that relaxation stretching is rank-independent, at least for unpo-
lar substances,10 while no conclusion can be easily drawn for polar
substances due to the influence of cross-correlation contributions.

B. More evidence for the relevance
of orientational cross-correlations

The evidence based on the comparison of dielectric-loss spectra
and depolarized dynamic light scattering (DDLS) data is comple-
mented and supported by findings from several other experimental
techniques. In particular, 2H nuclear magnetic resonance (NMR)
plays a crucial role because this technique unambiguously probes
a real orientational self-correlation function. Therefore, the inter-
pretation of the corresponding results is unambiguous. Analyses of
NMR data obtained for a wide variety of different supercooled liq-
uids largely support the findings from DDLS, i.e., spectral shapes
of the structural relaxation from NMR and DDLS agree rather well,
while in many instances deviations from the dielectric spectral shape
are observed.82,118,119 However, NMR observes a slightly broader
variety of high-frequency power-law exponents compared to DDLS.
It is difficult to judge, however, whether some of these discrepancies
might result from the fitting procedures applied to NMR data. This is
supported by the fact that quite different results were obtained using
different fit models like KWW and CD,82 as discussed earlier.

Cross-correlation contributions were also identified in compre-
hensive analyses of shear rheological data. In the case of MAs, the
shear modulus is dominated by the α-relaxation, which is observed
at similar frequencies as in DDLS. In addition, a low-frequency con-
tribution is commonly identified that resembles chain-connectivity
effects in polymers;120,121 therefore, it is thought to reflect cross-
correlations between molecules resulting from hydrogen-bonding.
A similar contribution was also identified for glycerol in the com-
plex viscosity representation by Arrese-Igor et al.122 It was found
to coincide with the peak-maximum frequency of the dielectric loss
spectrum, which supports the conjecture that the latter represents
a cross-correlation contribution. Similar conclusions regarding the
coexistence of self-correlation and collective modes in shear rheo-
logical spectra of glycerol were drawn by Gabriel et al. for the shear
compliance.90 In fact, it is not surprising that hydrogen-bonded
structures considerably contribute to shear rheological quantities,
considering that hydrogen bonds have to be broken in order to
initiate flow.123 There is no consensus, however, as to whether the
same behavior is to be expected for dipole–dipole interactions-
induced cross-correlations. For tributyl phosphate [see Fig. 6(e)],
Moch et al.124 identified only a single relaxation contribution to
the real part of the shear compliance, the average relaxation time
of which roughly coincides with the one extracted from the dielec-
tric loss. This, among other observations, leads these authors to
the conclusion that the collective relaxation mode instead of the
self-correlations is associated with the glass transition. Arrese-Igor
et al.125 came to a different conclusion, as they clearly identified
a self- as well as a cross-correlation contribution to the imaginary
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part of the viscosity and the derivative of the real part of the shear
compliance. The latter can be thought of as an approximation of
the imaginary part of the shear compliance. These findings sup-
port the light-scattering results discussed above and clearly show
that cross-correlational modes contribute differently to the different
shear rheological quantities.

Similar observations were recently reported by Paluch et al.,
who proposed an approach for identifying dipolar cross-correlations
via the dielectric modulus M̂(ω),126 i.e., the dielectric response
upon applying a constant charge instead of a constant electric
field. Because M̂(ω) = ε̂(ω)−1, relaxation processes contribute to the
dielectric modulus with a different weight compared to the dielec-
tric permittivity. Processes with a rather large Δε, like the dipolar
cross-correlation effects in certain supercooled liquids, contribute
to M̂(ω) with a rather small ΔM. As a consequence, the dielectric
modulus in many cases is dominated by dipolar self-correlations, as
shown by Paluch et al. through comparison with DDLS data.126

C. Suppression of cross-correlations
Following the conjecture that dipolar cross-correlation contri-

butions control the shape of the dielectric loss, the spectral shape
of self-correlations should be recovered for the dielectric loss once
cross-correlations are suppressed using a suitable experimental pro-
cedure. Figure 8 presents three examples of such procedures for
two different supercooled liquids. Panel (a) reproduces data of tri-
butyl phosphate (TBP) from Ref. 87, for which a distinct slow
cross-correlation contribution to the dielectric loss was identified
in Fig. 6(e). In an attempt to suppress these cross-correlations,
Pabst et al.87 studied mixtures of TBP with the non-polar solvent n-
pentane. This procedure is thought to increase the average distance
between TBP molecules, thus weakening dipole–dipole interactions.
For a direct comparison, all data in Fig. 8 are normalized to their
respective peak-maximum frequencies and amplitudes. A signifi-
cantly more narrow spectral shape is observed for the dielectric
loss (green symbols) compared to the light-scattering spectrum

(blue symbols). Sufficient dilution by n-pentane, however, leads to
a broadening of the dielectric-loss spectrum, such that it coincides
with the shape of the light-scattering spectrum up to frequen-
cies where secondary relaxations dominate the spectral shape. The
broadening was confirmed to saturate at high n-pentane concen-
trations; therefore, it can be excluded that it is related to enhanced
dynamic heterogeneity in the binary mixture compared to pure TBP.

Panel (b) shows similar results for glycerol, but based on dif-
ferent procedures to suppress cross-correlations, which in glycerol
most likely reflect the hydrogen-bonded network. One way to sup-
press hydrogen-bonding is to apply large hydrostatic pressures,129,130

while a second possibility is to hyperquench glycerol from room-
temperature directly into the deeply supercooled state. The latter
essentially freezes the high-temperature structure of the liquid, as
the system is given insufficient time for structural equilibration.
Since hydrogen bonding is less pronounced at high temperatures,
the state of glycerol obtained by hyperquenching is expected to
feature a less pronounced hydrogen-bonded network. In Fig. 8(b),
dielectric-loss data of pressurized glycerol at 1.8 GPa from Hensel-
Bielowka et al.,127 as well as hyper-quenched glycerol cooled with
80 000 K/s from Gainaru et al.,128 are compared to data obtained
for glycerol at ambient conditions. Similar to what was found for
TBP, both procedures of suppressing hydrogen bonding lead to an
almost perfect collapse of the dielectric loss on the light-scattering
data of glycerol at ambient conditions. In accordance, pressurized
and hyperquenched glycerol display a significantly reduced dielec-
tric relaxation strength and reduced Kirkwood correlation factor
compared to ambient conditions.127,128 Therefore, in line with the
fact that the dynamic cross-correlation contributions seem to be
suppressed, static dipolar cross-correlations are also reduced.

D. Quantitative relation between high-frequency
power law exponent and cross-correlations

While Fig. 6 confirms the contribution of dipolar cross-
correlations to the dielectric loss spectra of selected supercooled
liquids, a quantitative relation between the spectral shape and the

FIG. 8. Verifying whether suppressing dipolar cross-correlations eliminates discrepancies between the dielectric-loss and light-scattering data. Panel (a) shows dielectric-
loss (green symbols) and light-scattering data (blue symbols) of pure TBP, as well as dielectric-loss data from two mixtures with n-pentane with different concentrations as
indicated (red and orange symbols). Figure adapted from Ref. 87. Dilution suppresses dipolar cross-correlations and recovers the generic spectral shape (black dashed
line). Similar data are shown in panel (b) for glycerol, where hydrogen bonding is suppressed either by applying 1.8 GPa hydrostatic pressure (orange symbols)127 or by
hyperquenching from room temperature with 80 000 K/s (red symbols).128 Both procedures recover the generic spectral shape.
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FIG. 9. High-frequency power law exponent β of the dielectric loss, determined
by derivative analysis, as a function of the Kirkwood correlation factor for 25
supercooled liquids. A positive correlation between both quantities is observed
(gray dashed line). The colors of the symbols indicate subcategories of sub-
stances: orange: phthalates, red: phosphates, dark red: aromatic van der Waals
liquids, yellow: non-aromatic van der Waals liquids, blue: polyhydric alcohols,
light blue: phenols, light green: aromatic monohydroxy alcohols, and dark green:
non-aromatic monohydroxy alcohols. See Ref. 11 for more details.

strength of dipolar cross-correlations has recently been established
for a large set of supercooled liquids.11 Figure 9 reports the main
result, i.e., a positive correlation between the strength of dipolar
cross-correlations quantified by the Kirkwood correlation factor gK
and the high-frequency power law exponent β determined using the
derivative analysis [see Eq. (3)]. This result confirms that super-
cooled liquids with strong dipolar cross-correlations tend to have
steeper high-frequency power laws. For supercooled liquids without
any relevant cross-correlations (gK ≈ 1), however, β ≈ 0.5 is found,
in accordance with the spectral shape observed in light-scattering
experiments. The observed relation between gK and β holds for a
variety of different substance classes, which interact via different
mechanisms like hydrogen bonding, as well as dipole–dipole and
possibly also π–π interactions. In all cases, the degree of static cross-
correlations, quantified by gK, predicts how the dynamic signatures
of these cross-correlations affect the spectral shape of the dielectric
loss.

E. Computational evidence
Computer simulations can serve as valuable tools to unambigu-

ously disentangle dipolar self- and cross-correlations by providing
direct access to every molecule’s dipole-moment vector. Contribu-
tions of slow dipolar cross-correlation have indeed been identified
in several computer simulation studies. While such analyses are
inherently limited to higher temperatures beyond the deeply super-
cooled regime, they confirm the experimental observations at low
temperatures discussed earlier.

Koperwas and Paluch13 studied two versions of liquids with
rhombus-like molecules, the only difference being the magnitude of
the molecular dipole moments μ. For the low-μ system, the polar-
ization autocorrelation function CP(t) almost exclusively contained
contributions from self-correlations; however, it was dominated by
cross-correlations in the case of the high-μ system. These dipolar
cross-correlations were confirmed to relax on significantly longer

timescales than the self-correlations and were found to be Debye-
shaped, thus confirming the experimental observations. Moreover,
the choice of a model system with minimal additional types of
intermolecular interactions allows one to unambiguously attribute
the dipolar cross-correlations to originating from dipole–dipole
interactions.

A similar approach was taken by Hénot et al.12 for the “real” liq-
uid glycerol by calculating self- and cross-correlations of the dipole-
moment fluctuations, determined using standard MD-simulations.
The authors identified significant cross-correlation contributions
that decay slower than the self-correlations and with a larger
high-frequency power law exponent. In addition, the geometry of
these cross-correlations was analyzed, revealing a pattern of pre-
ferred orientations of adjacent dipoles that approximately reflect
the dipole–dipole interaction potential, with contributions from
additional effects, e.g., hydrogen-bonding or sterical constraints.
Moreover, correlation functions associated with different Legen-
dre polynomials of order l = 1 and l = 2 were calculated, thus
mimicking a dielectric and a light scattering experiment, respec-
tively. It turned out that the cross-correlations prominently present
in l = 1 are almost entirely absent in l = 2. This result supports
the observation that light scattering is insensitive toward orienta-
tional cross-correlation effects. However, a recent MD study using a
spherical tetrahedron-like molecule emphasizes the fact that cross-
correlations in l = 2 correlation functions must not be neglected
in every case, as they found self- and cross-correlations of similar
amplitude for this model molecule.131 Indeed, light-scattering exper-
iments on certain monohydroxy-alcohols showed a weak additional
slow process, possibly due to cross-correlations.84

Several computational studies investigated the dynamics of liq-
uid water and, just like in the works cited above, observed that its
dielectric response is dominated by slow cross-correlations.132–134

Notably, one of these studies133 used ab initio molecular dynamics
simulations (AIMDs). In contrast to the classical MD simulations
mentioned above, in AIMD simulations the electronic structure is
explicitly taken into account, allowing for a realistic description of
the molecular dipole moment under the influence of the surround-
ing molecules. This resulted in a dielectric spectrum in excellent
agreement with the experiment, highlighting the relevance of the
finding of dominating cross-correlations in the dielectric spectrum
of water. Since the dominant dielectric cross-correlation peak is
absent in the light-scattering spectrum of water,135 it would be
instructive to calculate the light-scattering spectrum based on the
polarizability tensor, which can be obtained from AIMD. In this way,
a more realistic comparison of dielectric and light scattering spectra
could be performed compared to using the l = 1, 2 correlation func-
tion of sometimes rather arbitrarily chosen vectors as performed in
classical MD simulations.

IV. INFLUENCE OF INTRAMOLECULAR DYNAMICS
The observation of a generic shape of structural relaxation for

molecular glass formers with different chemical structures suggests
that molecular details play a subordinate role in the deeply super-
cooled state. However, at temperatures far above the glass transition
temperature, relaxation spectra among different substances were
found to be much more diverse.61 One can imagine several factors
that could lead to this diversity, e.g., anisotropic reorientation,136
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local structure, and dynamic asymmetry in, e.g., ionic liquids,137 as
well as the existence of intra-molecular degrees of freedom.

Zeiβler et al.138 observed bimodal structural relaxation peaks
for a series of 1-phenylalkanes above the melting point, using
high-frequency light-scattering techniques. Exemplary spectra of 1-
phenylalkanes with different chain lengths are shown in Fig. 10,
each normalized with regard to peak-maximum amplitude and fre-
quency. The bimodality becomes more pronounced with increasing
chain-length and has been attributed to the dynamic decoupling of
the ring group from the rest of the molecule, which gives rise to
a fast contribution to the structural relaxation. Similar effects were
observed in dielectric loss spectra of ring-tail structured molecules,
where both the ring and tail carry a significant portion of the molec-
ular dipole moment,138 as well as in sizable glass formers with a
polar group attached to a rigid non-polar core.139 Related effects
of anisotropic molecular rotation were observed, e.g., for partially
deuterated toluene in 2H-NMR experiments.136

Apart from liquids above the melting point, dynamic decou-
pling of different molecular moieties can also persist down into the
deeply supercooled regime, as seen, e.g., for long-chained polyhydric
alcohols (PAs). Figure 10 shows DDLS spectra of supercooled PAs
ranging from propylene glycol to sorbitol.86 While short-chained
PAs conform to the generic spectral shape, longer chained PAs show
deviations from the generic spectral shape already at frequencies
just above the peak maximum. Comparison to results from iso-
tope labeled NMR experiments and to light-scattering results from
above the melting point suggests that dynamic decoupling of differ-
ent CH- and OH-groups within long-chained PA molecules could
be the reason for the strong broadening of the structural relax-
ation peak.86,140,141 Such intramolecular dynamic heterogeneity leads
to deviations from the generic high-frequency behavior. The rea-
son for this effect being particularly pronounced in PAs is thought
to be the hydrogen-bonded network, which prevents long-chained
PA molecules from rotating as rigid entities, while this does not
seem to be the case for short-chained PAs.142 Contrasting interpre-
tations were given by Becher et al.,118 arguing that the difference
of 2H-spin-lattice relaxation rates for different isotope labeled sites

of sorbitol observed at high temperatures decreases upon cooling.
Similar observations as for the PAs have been made for long-
chained MAs in dielectric spectroscopy85 and shear rheology.143,144

Here, dynamic decoupling of the carbon backbone and the hydroxy
group results in an intermediate relaxation contribution between
the Debye- and the α-relaxation. Similar to the broadening of the
structural relaxation peak for the polyalcohols, this interpretation
is supported by NMR spectroscopy,145 where rotational relaxation
times of the OH- or OD-bonds were found to agree well with the
timescale of the intermediate process.

To summarize, the influence of molecular details and internal
degrees of freedom on the spectral shape of structural relaxation can-
not be simply disregarded, especially in the liquid regime above the
melting point. While such effects seem to be less relevant at super-
cooled temperatures,118 they can play a role in certain cases, e.g., in
longer-chained hydrogen-bonding liquids. At this point the results
suggest that the generic shape is observed when the probed dynam-
ics reflect the intermolecular distribution of relaxation times. If
intramolecular motions superimpose on the α-process or the chosen
experimental technique selectively probes the dynamics of specific
parts of a molecule, the probed spectral shape can differ strongly.

V. PERSPECTIVES AND OPEN QUESTIONS
A. What is special about ν−1/2?

The observation of a generic ν−1/2 high-frequency power law
in a broad variety of supercooled liquids is striking and suggests a
deeply rooted connection to the glass-transition phenomenon. An
obvious question is: What is special about ν−1/2? In addition, what
is the underlying physical origin of this exact power law behav-
ior? Interestingly, numerous theoretical studies following different
approaches have predicted the ν−1/2 high-frequency behavior (see
Ref. 146 and references therein for a brief review).

Recently, Dyre provided a review of the solid-that-flows per-
spective on deeply supercooled liquids, which involved a qualitative
discussion of the spectral shape.147 It was argued that structural
relaxation proceeds via various localized flow events that start in

FIG. 10. Examples of effects of intra-molecular dynamics on the spectral shape. (a) Tandem Fabry-Perot spectra of 1-phenylalkanes with varying numbers of carbons n in
the alkyl chain normalized to their maximum amplitude and frequency to collapse their low frequency flanks. (b) DDLS spectra of polyalcohols at temperatures close to the
glass transition with a varying number of OH-groups normalized to their respective peak maximum.
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highly mobile regions with low local energy barriers and finally
induce dynamic facilitation by reducing large local energy barriers
in less mobile regions. The time scale at which dynamic facilitation
mobilizes even the least mobile regions marks the long-time cutoff
of the distribution of relaxation times and, therefore, determines the
frequency below which the ν1 low-frequency behavior is observed.
At larger frequencies, solidity leads to the asymmetric loss peak
with a ν−β high-frequency behavior. In previous considerations,148

β = 1/2 was predicted by translating the solid-that-flows conjecture
into an expression for density fluctuations, which was then solved in
the Gaussian approximation.

Dynamic facilitation in supercooled liquids has also been stud-
ied in recent computer-simulation approaches.43,44 In harmony with
the above-mentioned notions, it was found that relaxation begins
in localized, highly mobile regions that facilitate relaxation events
in their vicinity. Interestingly, close connections were identified
between dynamic facilitation and the high-frequency power-law
exponent of the respective relaxation spectra: The high-frequency
power-law exponent extracted from the relaxation spectra was found
to also describe the short-time evolution of the number of highly
mobile clusters, as well as the waiting time distribution for the
emergence of new clusters.43

Considering these findings, it is tempting to contemplate
whether the generic high-frequency power law might reflect generic
features of dynamic facilitation. Computer simulations are a promis-
ing tool to elucidate this conjecture. However, drawing more
quantitative conclusions for molecular liquids will require mod-
els that more closely resemble molecular liquids, e.g., by reduc-
ing the polydispersity149 or implementing rotational degrees of
freedom.150,151

B. How relevant are slow orientational
cross-correlations to the glass-transition
phenomenon?

While the presented results suggest a generic spectral shape for
self-correlations, the properties of orientational cross-correlations
seem to depend sensitively on molecular peculiarities. It remains
an open question to what degree the relaxation of these cross-
correlations is related to the glass transition phenomenon, i.e.,
the transition from an equilibrium supercooled liquid to a non-
equilibrium glass once its relaxation time exceeds the timescale of
observation. For systems featuring significant contributions of slow
orientational cross-correlations, the question arises as to whether
the timescale relevant for the glass transition is given by the char-
acteristic relaxation time of the self-correlations or that of the
cross-correlations.

Promising approaches to tackle this question involve the study
of physical aging, either during ramp-cooling and subsequent
ramp-heating with fixed rates or after performing instantaneous
temperature-step protocols and monitoring the relaxation to the
new equilibrium state, for instance, by using a recently introduced
experimental approach using light-scattering.152

For monohydroxy alcohols, it is well established that the glass
transition temperature determined using calorimetric techniques,
as well as physical aging, is controlled by the characteristic relax-
ation time of the self-correlations instead of that of the Debye-
process.98,106,153–155 Whether the same holds for other classes of

supercooled systems like polyhydric alcohols or polar van der Waals
liquids remains an open question. First experiments on tributyl
phosphate and propylene glycol suggest that in these systems the
glass transition might instead be coupled to the relaxation time of
cross-correlations.124,156

C. Why does DDLS not resolve cross-correlations
in supercooled liquids?

As discussed earlier, it was found empirically that DDLS
is largely insensitive to orientational cross-correlations and only
probes the self-correlation contributions to the relaxation spectrum.
By contrast, the theoretical treatment of light scattering yields a dif-
ferent picture: Similar to what was discussed earlier for the dielectric
properties, the electric field time-autocorrelation function probed by
DDLS can be approximated as

CE(t) = g1(t)∝∑
i
⟨P2[ui(0) ⋅ ui(t)]⟩ +∑

i≠j
⟨P2[ui(0) ⋅ uj(t)]⟩,

(8)
where u denotes the vector along the principal axis of the molecu-
lar polarizability tensor and P2(x) = (3x2

+ 1)/2 is the second order
Legendre polynomial. By contrast, the dot product in the treat-
ment of dielectric relaxation Eq. (6) corresponds to the first order
Legendre polynomial P1(x) = x. As is obvious from Eq. (8), ori-
entational cross-correlations can, in principle, contribute to the
electric field time-autocorrelation function. The difference to dielec-
tric relaxation is, however, the corresponding angular sensitivity,
e.g., in the case of a P1 correlation function, negative orientational
cross-correlations correspond to an angle of 180○, but to 90○ for a
P2 correlation function. These different angular sensitivities might
explain why cross-correlations contribute strongly to the dielec-
tric loss but are negligible in DDLS, while the dynamics of the
self-correlations are comparable between both techniques. This con-
jecture has recently been confirmed for glycerol by Hénot et al. using
computer simulations.12 The authors showed that cross-correlations
contribute to the P1 correlation function as a slow process, while they
are orders of magnitude weaker in P2. Generalizing these findings
to different types of molecular liquids should be an aim of future
research.

D. Transition between low-
and high-temperature regime

Another perspective concerns the temperature evolution of
the spectral shape of structural relaxation going from the deeply
supercooled to the liquid state. A common notion has been that
the asymmetry of the relaxation peak continuously vanishes upon
increasing temperature, reflecting less pronounced dynamic hetero-
geneity, until, ultimately, the spectral shape converges toward an
exponential far above the melting point where dynamics is thought
to be homogeneous.59,60,157 The results from more recent work seem
to contradict these conjectures, as exemplarily illustrated in Fig. 11,
showing high-frequency light-scattering data of different liquids at
relaxation times of ∼50 ps. All of the included liquids were shown to
have a very similar spectral shape with ν−1/2 high-frequency behav-
ior at deeply supercooled temperatures [see Fig. 4(b)]. By contrast,
much more diverse spectral shapes are found in the liquid regime,
which, however, are not always more narrow than the spectral shape
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FIG. 11. High frequency DDLS spectra (MHz to THz) of several liquids obtained
with a tandem Fabry–Perot interferometer at temperatures above the melting point.
A variety of spectral shapes is observed, including more and less pronounced
relaxation stretching compared to the deeply supercooled regime.

at deeply supercooled temperatures. Instead, for some liquids, the
high-temperature shape is found to be similar or even broader than
at deeply supercooled temperatures. Similar results were obtained
by Schmidtke et al.61 in a study investigating a number of molecular
liquids and room temperature ionic liquids employing mainly high-
frequency light-scattering experiments in the MHz to THz regime.
Not only did this study reveal that the spectral shape of structural
relaxation is rather diverse in the mildly supercooled and liquid
regimes, i.e., stretching parameters of the Cole–Davidson model
ranging from 0.3 to 0.8 were reported, but also that many of the liq-
uids were found to obey TTS in the liquid regime. Recently, Rössler
and Becher158 showed in a detailed comparison of light scattering,
dielectric, and NMR data for several glass formers that the obser-
vation of TTS in the MHz to THz regime is not exclusive to DDLS
but is confirmed by NMR relaxometry. Considering these results,
it seems likely that there exist two regimes obeying TTS, one in
the deeply supercooled and one in the liquid state. Between both
regimes, a transition between low- and high-temperature shapes
has to occur for some liquids. Performing experiments to test this
hypothesis and to characterize the transition should be the subject
of future work.

E. What about polymers?
Apart from low molecular-weight substances, polymers are

another important class of materials that are commonly obtained
in the deeply supercooled liquid state. Yet, we did not discuss
any aspects of the spectral shape of structural relaxation in poly-
mers within this work. The reason for this is mainly that, as stated
by Dyre, “Polymers are different.”66 In contrast to low molecular-
weight supercooled liquids, supercooled polymers do not flow on
time scales associated with the segmental reorientation time as a
result of chain-connectivity effects like entanglement.159 Therefore,
relaxation in polymers is comprised of a complex interplay between
the relaxation of units of different sizes, ranging from single con-
formers, i.e., units involved in local conformational changes, over
segments consisting of a small number of repeat units to, finally, the

whole chain (Rouse modes). Indeed, Baker et al. recently presented
convincing evidence that the structural relaxation in polymers is
incorporated in a hierarchical scheme of relaxations starting with
the relaxation of single conformers, i.e., dihedral rotations.160 These
authors suggest a dynamic facilitation mechanism that can be of
inter- or intra-molecular nature depending on the molecular weight
of the polymer chains. This suggests that, at least to a certain extent,
structural relaxation in polymers reflects more local properties, e.g.,
chemical structure, as well as local environments of conformers. In
fact, structural relaxation in polymers was found to feature intrinsic
relaxation stretching,17,31,33 in the sense that it cannot be described
in terms of a superposition of exponentials with distributed relax-
ation times. The relaxation stretching observed for macroscopic
variables is thus comprised of stretching due to spatial dynamic het-
erogeneity, as well as intrinsic stretching, at least partly, due to chain
connectivity.33

Therefore, we argue that the spectral shape of structural relax-
ation in polymers should be discussed separately from that of low
molecular-weight supercooled liquids. Generally speaking, it is not
to be expected that structural relaxation in polymers conforms to the
generic ν−1/2 high-frequency behavior.

Indeed, previous experimental work on polymeric supercooled
liquids using light-scattering or dielectric spectroscopy showed the
spectral shape of structural relaxation to be more diverse, commonly
reporting values of β ∼ 0.3–0.5.161–168 It should be noted, however,
that these values were mostly obtained from curve-fitting proce-
dures that were applied using linear instead of logarithmic residuals.
Another interesting aspect is the molecular-weight dependence of
the spectral shape. First results in this regard were obtained by Hin-
termeyer et al.169 From dielectric-loss data, these authors found the
spectral shape of structural relaxation to be virtually independent
of molecular weight for PDMS, while PS showed a discontinu-
ous change of the spectral shape at molecular weights associated
with about one Kuhn length. Considering these points, we sug-
gest revisiting the spectral shape of structural relaxation in different
supercooled polymers, taking into account the aspects discussed
within this article and searching for generic features and correlations
with chemical structure.

F. Conclusions
In this Perspective, we discussed the present state of evidence

concerning a generic spectral shape of structural relaxation in the
reorientational susceptibility spectra of supercooled molecular liq-
uids, in particular from dielectric and depolarized light-scattering
spectroscopy. The most prominent generic feature seems to be the
ν−1/2 high-frequency power law in the spectrum of self-correlations
observed in light scattering in a large variety of different systems,
including van der Waals, hydrogen bonding, and even ionic liq-
uids. In the dielectric loss, the generic shape can be superimposed
by orientational cross-correlation contributions, which result from
hydrogen-bond or dipole–dipole interactions. Therefore, generic
features in the dielectric loss are directly evident only in non-
hydrogen-bonding molecular liquids with low dipole moments.
With increasing polarity and, in particular, increasing Kirkwood fac-
tor gK, deviations due to cross-correlations become visible. Such
cross terms can be suppressed, e.g., by dilution, pressurization,
or hyperquenching of the liquid. In addition to cross-correlations,
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deviations from generic behavior also occur due to intramolecu-
lar degrees of freedom and most likely also in the cases of very
anisotropic molecules and of chain connectivity in polymers.

All of these findings point to a generic aspect of supercooled
liquid dynamics, which becomes evident in simple molecular liq-
uids and, so far, remains poorly understood. In particular, the
relation with dynamic heterogeneity and dynamic facilitation and
the special role of the ν−1/2 power law in the deeply supercooled
state need to be further explored. In addition, correlations of the
spectral shape with other aspects of supercooled liquid dynamics,
many of which were suggested in the past, need careful reconsid-
eration, as in most of these previous concepts the crucial role of
cross-correlations for the diversity of spectral shapes was not con-
sidered. One of the benefits of these findings is that, by comparing
light scattering and dielectric spectra, for many liquids the self-
and cross-correlation contributions can, at least approximately, be
separated. Still, it requires further clarification in how far dipolar
cross-correlations play an important role for the relaxation of the
overall structure in the supercooled state, and, most likely, different
types of cross-correlations depending on the type of interaction they
originate from need to be distinguished in that respect. Finally, also
the reason why depolarized light-scattering seems to be largely unaf-
fected by cross correlations is not completely clarified yet, and, like
the other questions posed above, will benefit not only from further
developments of theory but also from molecular dynamics simu-
lations, in particular those that extend into the deeply supercooled
state.
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